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and background signatures. In addition, a thorough investigation of the related systematic
uncertainties is presented for the first time. When implemented, this new methodology
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the previous trigger strategy, reaching the dense Galactic bulge. It is now expected that,
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independently from other experiments.
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1 Introduction

Hot compact objects such as core-collapse supernovae (CCSNe) and binary neutron-star
mergers are characterized by the thermal emission of MeV-scale neutrinos. The first and
only observation of such neutrinos occurred in association with the SN1987A core-collapse
supernova in the Large Magellanic Cloud [1]. This observation confirmed that around 99% of
the gravitational binding energy of a collapsing star is released in the form of neutrinos [2],
supporting the hypothesis that neutrino-driven mechanisms power supernova explosions. A
total of only about 24 neutrinos were observed across the Kamiokande [3], IMB [4], and
Baksan [5] detectors, leaving significant gaps in our understanding. The mechanisms by which
neutrino heating in the stalled shock wave leads to a successful explosion and asymmetric
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neutrino emission contributes to the explosion, remain subjects of active research [6]. To
address these and other open questions [7], detecting the next CCSN neutrino emission is
essential. The CCSN neutrino signal precedes electromagnetic emissions from a supernova.
Consequently, a fast combination of measurements from neutrino telescopes around the globe
to triangulate the source’s position [8, 9] would allow for alerting optical telescopes to the
upcoming visible counterpart. Such coordinated efforts between neutrino observatories and
optical telescopes promise to provide a better understanding of these cataclysmic phenomena.

KM3NeT is a network of large-scale underwater neutrino telescopes currently under
construction in the Mediterranean Sea [10]. It comprises two detectors: ARCA, off-shore
Capo Passero, Sicily, Italy, at a depth of 3.5 km and ORCA, off the coast of Toulon, France,
at a depth of 2.5 km. They are respectively optimised for the observation of astrophysical
neutrinos in the TeV–PeV energy range and for the study of atmospheric neutrinos with
energies between 1–100 GeV. Both detectors consist of a 3-dimensional array of Digital Optical
Modules (DOMs) [11] that detect the Cherenkov light along the path of charged particles
emerging from a neutrino interaction. These DOMs are arranged along vertical string-like
detection units (DUs) which are anchored to the seafloor. Each DOM is equipped with
31 photomultiplier tubes (PMTs) uniformly distributed in almost all directions. Although
thermal supernova neutrinos have energies of the order of only 10 MeV, i.e. far below the
nominal sensitivity range of KM3NeT, the combination of the large instrumented volumes of
KM3NeT with the multi-PMT design of the DOM makes the detection and characterization
of a CCSN possible. In [12] and [13], new methods to record the CCSN neutrino luminosity as
a function of time, constrain the CCSN neutrino energy spectrum, and detect the signature of
hydrodynamical instabilities were presented. Moreover, these articles proposed a strategy to
identify CCSN neutrinos without relying on information from other experiments, exploiting
the fact that O(10 MeV) neutrino interactions will lead to the observation of multiple PMT
hits within a single DOM in a narrow, O(10 ns), time window. A supernova burst could thus
be detected by observing an increase of such hit coincidences above the expected background
level. Using this strategy, the probability for the completed ARCA and ORCA detectors,
combined, to identify the next Galactic core-collapse supernova independently from other
experiments will be higher than 95%. However, this detection probability is significantly
lower for the presently-deployed partial detector configurations. Assessing and improving the
CCSN detection capabilities of these partial configurations is therefore essential.

In this paper, a new strategy is introduced, which improves the identification of low-energy
signals in KM3NeT by characterizing the associated multi-hit coincidences using machine
learning techniques. This strategy is used to provide an accurate estimate of low-energy
backgrounds in KM3NeT, thus enhancing the detectability of CCSN neutrinos. A description
of the KM3NeT detectors is given in section 2. In section 3, the search for CCSN neutrinos
with KM3NeT is presented and the set of new observables exploiting the structure of the
KM3NeT DOMs is introduced. Section 4 describes how these new observables can be used
to characterize the background signatures produced in KM3NeT by radioactive decays in
the seawater and atmospheric muons. The new strategy based on machine learning to
detect CCSN neutrino interactions is detailed in section 5. The resulting sensitivity of
KM3NeT to a CCSN neutrino burst is presented in section 6. Finally, concluding remarks
are given in section 7.
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2 The KM3NeT infrastructure

While both KM3NeT detectors rely on the same detection principle, the density of instru-
mentation used in ORCA and ARCA is optimised for their respective science objectives. All
KM3NeT DUs support 18 DOMs, whose spacing is dictated by the energy range of interest
for each detector. In ARCA, the vertical DOM spacing is ∼ 36 m and the horizontal DU
spacing is of ∼ 90 m. In ORCA, the vertical DOM spacing is ∼ 9 m and the horizontal DU
spacing of ∼ 20 m. When completed, ARCA and ORCA will be composed of 230 and 115
DUs, respectively, grouped in building blocks of 115 DUs. Each building block will hence
contain 2070 DOMs. At the time of writing, 51 DUs have been installed for ARCA and 28
DUs for ORCA. In the following, partial configurations of ARCA and ORCA are referred to
by the detector name followed by the number of deployed DUs at the time. For example,
the current configurations are named ARCA51 and ORCA28.

A significant challenge for a seawater detector like KM3NeT is the presence of large envi-
ronmental backgrounds due to living organisms (bioluminescence) and ambient radioactivity.
Characterizing and monitoring these backgrounds has been one of the main motivations
for the multi-PMT design of the KM3NeT DOM [11]. A DOM consists of 31 three-inch
photomultiplier tubes, enclosed in a pressure-resistant glass sphere of radius 22 cm. Each
photomultiplier measures the time of detection of incoming photons with nanosecond accuracy.

The multi-PMT structure of the DOM leads to an improved reconstruction of high-energy
neutrino signatures, by providing sensitivity to the direction of incoming photons. The design
also enhances the KM3NeT sensitivity to MeV-scale charged particles. Indeed, these particles
induce the emission of Cherenkov light over distances of O(10 cm), potentially resulting in
multiple PMT hits within a single DOM.

The data acquisition system of KM3NeT is based on the “all-data-to-shore” concept [10].
The data stream, consisting of all PMT hits above a threshold of 0.3 photoelectrons, is
subdivided into 100 ms segments called timeslices. The baseline hit rate within these timeslices
is about 7 kHz per PMT, mainly due to radioactivity from 40K in water and to bioluminescence.
Bioluminescence manifests itself as a superposition of sudden intense bursts of light above a
slowly-varying seasonal component [14]. To reduce the amount of these bursts, PMTs with a
data-taking rate exceeding 20 kHz in a given timeslice are deactivated for the entire timeslice
duration. This high-rate veto affects the performance of CCSN searches [13]. In this article,
following the convention from [13], the impact of the high-rate-veto is assessed using the
fraction of active PMTs, fA, computed over all working DOMs. As in [12], the capability
of KM3NeT to detect CCSNe is evaluated for timeslices with fA > 99%. The impact of fA

on the performance of KM3NeT is discussed in section 6.
In the primary data stream, the hits stored in timeslices are used to identify triggered events,

defined as groups of causally-connected hit coincidences distributed over multiple DOMs and
corresponding to specific topologies. These triggers are used to identify and characterize
high-energy neutrinos and atmospheric muons [15]. For CCSN neutrino studies, multi-hit
coincidences within single DOMs are saved in a separate data stream called a SN timeslice.
Such coincidences require at least 4 hits observed in a single DOM within a 15 nanosecond
window from PMTs whose axes lie within an angle of 90◦. [13]. With these conditions,
contributions from bioluminescence in the SN timeslice stream are negligible. Thus, with
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triggered events and SN timeslices, KM3NeT monitors neutrino interactions over two length
scales: the inter-DOM scale, primarily sensitive to particles with energy in the GeV to
PeV range, and the intra-DOM scale, which allows for probing particles down to an energy
of a few MeVs.

3 Searching for CCSN neutrinos

A core-collapse supernova occurring at a distance of 10 kpc would generate an intense burst
of neutrinos, with fluxes potentially as high as 1010–1011 cm−2 within the first few hundred
milliseconds of the collapse. The interactions of these neutrinos in water are expected to
produce multi-hit coincidences in individual DOMs, which would be recorded in the SN
timeslices introduced above. Thus, KM3NeT could detect a nearby supernova by identifying
an excess of such coincidences above the expected background.

3.1 Analysis overview

The analysis presented here aims at improving the performance of the search for CCSN
neutrinos discussed in [12] and [13]. It adopts the same definition of a single-DOM event
as a cluster of PMT hits observed in a DOM within a 10 ns time window. Single-DOM
events are preselected by requiring that they belong to SN timeslices and pass a dedicated
triggered event veto which removes events associated with highly energetic particles (e.g.
atmospheric muons) and PMT afterpulses [12].

In the CCSN analysis of [12], the preselected single-DOM events were further filtered
according to their multiplicity, i.e. the number of hits they contain. The analysis proposed here
increases the KM3NeT sensitivity to CCSN neutrinos by considering, for each single-DOM
event, not only the number of PMT hits but also their position, timing, and charge. Since a
DOM contains 31 PMTs, accounting for the properties of all the hits in each event would
significantly increase the complexity of the analysis. To address this challenge, a set of
single-DOM observables has been defined that reflects the properties of individual hits.

3.2 Single-DOM observables

The observables defined in this section describe four properties of a single-DOM event: the
position of the hit cluster on the DOM, the spatial and temporal correlations of the hits,
and the intensity of the signal.

• Five observables are considered to describe the spatial distribution of hit PMTs across
the DOM, taking the center of the DOM as the origin of the Cartesian coordinate
system: i) the mean cosine of the angle between the axes of the hit PMTs consecutive
in time, ⟨cos αi,i+1⟩; ii) its standard deviation, σ(cos αi,i+1); iii) the mean cosine of the
angle between next-to-consecutive hit PMTs, ⟨cos αi,i+2⟩; iv) its standard deviation,
σ(cos αi,i+2); v) the hit concentration |R|, defined as the magnitude of the vector

R⃗ = 1
M

M∑
i=1

d⃗i, (3.1)
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Figure 1. Picture representing a single-DOM event with multiplicity 4, with the hit PMTs highlighted
in blue. The R⃗ vector from equation (3.1) is shown in red. Its magnitude |R| is correlated with the
spatial concentration of the PMT hits. In this particular case, since the PMT hits are close together,
|R|, cos αi,i+1 and cos αi,i+2 will be close to 1, while σ(cos αi,i+1) and σ(cos αi,i+2) will be close to 0.
Here, cos θ ∼ −0.7 as the hits are located in the lower hemisphere of the DOM.

where M is the multiplicity and d⃗i are the directions of the axes of the hit PMTs. A
value of |R| close to 1 indicates a concentrated signal, with PMT hits occurring close
together, whereas |R| is close to 0 if the hits are randomly distributed across the DOM.

• Four observables are used to investigate the temporal spread of the signal: the mean
and the standard deviation of the time differences between consecutive hits, ⟨∆ti,i+1⟩
and σ(∆ti,i+1); the average hit timing ⟨∆t⟩ = ⟨ti − t0⟩, where t0 is the time of the first
hit, and the corresponding standard deviation σ(∆t).

• The position of the hit cluster on the DOM is described using the zenith angle θ of the
R⃗ vector defined in equation (3.1) (see figure 1). A value of θ = 0(π) corresponds to
the North (South) Pole of the DOM.

• The signal intensity is described by two observables: the multiplicity and the total
time-over-threshold (ToT), defined as the sum of the time-over-thresholds of the PMT
hits [16].

3.3 Comparison of signal and background

The discriminating power of the single-DOM observables introduced above is investigated by
comparing their distributions for CCSN signal and background events. Background events,
mainly due to radioactive decays in the seawater and atmospheric muons, are modeled
using ORCA6 data (see appendix A). While radioactive decay products generate localized
signatures that activate a small cluster of PMTs on a single DOM, atmospheric muons can
travel hundreds of meters, resulting in many PMT hits across multiple DOMs along their
track. Signal events are generated by simulating single-DOM events weighted by the CCSN
spectrum of interest (see appendix B.1). Only single-DOM events passing the preselection
steps of the CCSN search, i.e. belonging to SN timeslices and passing the triggered event
veto, are considered. Here and in the rest of this paper, unless indicated otherwise, only
data-taking periods with a fraction of active PMTs fA larger than 99% are considered.
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Figure 2. Multiplicity distributions for simulated CCSN signal events (orange) and background
events from a 60-day period of ORCA6 data (blue). The areas under the distributions are normalized.
Only events passing the triggered event veto introduced in [12] are included. For the signal, the 11 M⊙
progenitor from [18] is used.

The multiplicity distributions for background and simulated signal events are shown
in figure 2. Intermediate multiplicities, between 6 and 14, are associated with the highest
signal-to-background ratio. The shape of the background distribution, similar to a broken
power law, reflects the background composition: radioactivity dominates up to multiplicity
7 and atmospheric muons dominate above multiplicity 8 [17].

The distributions of total ToT, |R|, cos θ, and ⟨∆t⟩, for background and signal, are
presented in figure 3 for multiplicities 6, 8, and 9, corresponding to radioactivity-dominated,
mixed, and muon-dominated backgrounds, respectively. For a fixed multiplicity, MeV-scale
neutrinos, radioactive decays, and atmospheric muons produce distinct hit patterns. In all
cases, a larger fraction of events with high-ToT is expected for the signal compared to the
background. This can be explained by the fact that CCSN neutrino interactions close to
DOMs can lead to large ToTs, while high-ToT background events are mostly associated
with triggered muons, which are largely removed by the triggered event veto. Furthermore,
the |R|, cos θ, and ⟨∆t⟩ distributions at low multiplicity (radioactivity-dominated region)
and high multiplicity (muon-dominated region) show opposite trends, with the CCSN signal
occupying an intermediate position (see also [17]). This behavior relates to the fact that hits
from radioactive decays are concentrated in both time and space since ∼1 MeV radioactive
decay products travel short distances and must be produced close to a DOM to be detected.
Moreover, radioactive decay signatures are typically observed near the bottom of the DOM
since the lower DOM hemisphere is the most densely instrumented. Conversely, hits from
atmospheric muons are dispersed over a large area and time interval, as muons travel long
distances, and are mostly observed in the upper DOM hemisphere since atmospheric muons
are downward-going. Finally, CCSN signal events have topologies similar to radioactivity
events but are associated with more energetic particles. Hence, they often have intermediate
|R|, ⟨∆t⟩, and cos θ values and can thus be distinguished from both background components.
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The distributions shown in figure 3 highlight the potential of single-DOM observables
to both separate radioactivity and atmospheric muons in KM3NeT data, and distinguish
CCSN neutrino signatures from backgrounds. In this analysis, these capabilities are exploited
to i) improve the characterization of low-energy backgrounds at KM3NeT and ii) expand
KM3NeT’s CCSN detection horizon for a wide range of supernova progenitors.

4 Background characterization at KM3NeT

In this section, a data-driven method is presented to estimate the radioactivity and muon
background rates. In the 6–10 multiplicity range used in CCSN studies, radioactivity and
muon backgrounds coexist and their relative proportions have, to date, been evaluated using
simulations [19]. Measuring the muon and radioactivity rates separately for each multiplicity
is essential to estimate the sensitivity of upcoming ARCA and ORCA configurations to CCSN
neutrinos and assess the accuracy of the KM3NeT detector simulations. Beyond the CCSN
analysis, estimating the radioactivity background rates over a wide range of multiplicities could
enhance searches for other MeV-scale phenomena related to e.g. beyond-the-Standard-Model
physics, and improve the modeling of high-energy neutrino signatures in ARCA and ORCA.

Although the total background rates in individual DOMs can be directly measured for all
multiplicities [20], determining the relative fractions of atmospheric muon and radioactivity
events for a given multiplicity can be challenging. This is especially true in the CCSN
multiplicity search region, where both backgrounds are present in comparable amounts once
the event preselection described in section 3 is applied. However, radioactivity and atmospheric
muons leave distinctive hit patterns on individual DOMs, which can be distinguished using
the single-DOM observables introduced in section 3.

4.1 Background properties

As shown in figure 3, the maximum separation between radioactivity and atmospheric muons
is obtained for the hit concentration |R| and cos θ, the cosine of the zenith angle of R⃗.
In particular, at multiplicity 8, where radioactivity and atmospheric muon contributions
are comparable, the |R| and cos θ distributions are bimodal with the signal occupying an
intermediate position between the two modes. To further characterize these distributions
for each background component, muon and radioactivity backgrounds are modeled using
the KM3NeT simulation software described in appendix B.2. The two-dimensional (|R|,
cos θ) distributions for simulated radioactivity events, simulated muon events, and data, with
multiplicity 8, are shown in figure 4 for the ORCA6 configuration. As anticipated in section 3.3,
muon and radioactivity events occupy separate corners of the (|R|, cos θ) space. Hence, using
these two observables is sufficient to identify muons and radioactivity single-DOM events.

4.2 Estimating radioactivity and muon background rates

To estimate radioactivity and muon rates for a given dataset and multiplicity, rectangular
control regions containing a fixed, large, fraction of either radioactivity or atmospheric
muons are defined in the (|R|, cos θ) space based on the respective background simulations.
The radioactivity and atmospheric muon rates in data are then obtained by rescaling the
background simulations to match the number of observed events in each region. Thus, each
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Figure 3. Distributions of the total ToT (first row), hit concentration |R| (second row), cos θ (third
row), and ⟨∆t⟩ (fourth row) for signal (orange) and background (blue) considering only events with
multiplicity 6 (left), 8 (center), and 9 (right). The simulated signal is based on the 11M⊙ model
from [18]. The background is taken from ORCA6 data and is composed of atmospheric muons and
radioactive decays. The areas under all the distributions are normalized to unity. Only events that
passed the triggered event veto are included.
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Figure 4. Two-dimensional (|R|, cos θ) distributions for data and for simulated ORCA6 background
events of multiplicity 8 passing the CCSN preselection. Radioactivity and muon events, simulated as
described in appendix B.2, are shown in the left and middle panels while the data are shown in the
right panel. In the region on the left of the dashed red lines (on the right of the solid red lines) 99%
of the background is due to atmospheric muons (radioactivity).

background simulation is associated with a multiplicity-dependent scaling factor. In this
study, to account for potential mismodeling of the background composition in the control
regions, multiple scaling factors are derived for each background component and multiplicity,
by defining control regions with dominant background fractions ranging from 90% to 99%.
The mean of these scaling factors is used to estimate the background rate, while the total
variation is taken as an uncertainty.

The radioactivity and muon rates have been estimated using the method described above
for different data samples. For muons, several runs of ORCA6, ORCA15, and ARCA21 have
been considered, without imposing any triggered event veto. For all the data samples, the
size of the control regions increases with the multiplicity: in the 6–10 multiplicity range, the
maximal |R| and minimal cos θ values range from 0.43 to 0.70 and 0.90 to −1.0, respectively.
For radioactivity, only one dataset was considered since the background rates depend only
weakly on the detector geometry —as radioactive decay signatures are associated to single
DOMs. This dataset was built by combining all the good-quality runs of ORCA6 (see
appendix A). This configuration was chosen due to i) the long data-taking period of more
than 1 year, ii) the large fraction of events with a high fraction of active PMTs fA, iii) the
superior performance of the triggered event veto of ORCA compared to that of ARCA. To
allow identifying radioactivity up to high multiplicities, the triggered event veto introduced
in section 3 has been applied. Here, the control regions shrink as the multiplicity increases.
For the 5–10 multiplicity range the minimal |R| and maximal cos θ values lie in [0.68, 0.8]
and [−0.96, −0.26], respectively.

For all tested samples, the muon rates do not vary significantly with the multiplicity
and remain within 15% of the simulation predictions. Conversely, the radioactivity event
rates evaluated using this data-driven method for multiplicities 5 to 10 differ by up to 60%
from the simulated rates, as shown in figure 5. These rates also significantly differ from the
values used in the previous CCSN analysis [12], which were exclusively based on previous,
simplified, simulation tools. Although these differences are expected to have a negligible
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Figure 5. Radioactivity rates predicted by the simulations described in appendix B.2.1 (dashed line)
and rescaled for each multiplicity using the procedure described in section 4.2 (blue triangles). The
uncertainty bars on the rescaled rates account for both the finite statistics in the control regions and
the modeling uncertainties on the background fractions. The red dots indicate the radioactivity rate
estimations obtained using simulations tools, as in the previous CCSN analysis [12].

impact on the results from [12], they could sizably affect multivariate analyses, such as the one
presented in sections 5 and 6, where this method is used to evaluate systematic uncertainties
on the CCSN signal acceptance (i.e. the fraction of simulated CCSN events that survive
the selection), and to estimate background levels for the final ARCA and ORCA detector
configurations. Improving low-energy background estimates using single-DOM observables
will allow for refining reconstruction algorithms and reducing systematic uncertainties across
various KM3NeT searches.

5 Single-DOM event selection for CCSN neutrino searches

In this section, a strategy is presented to identify the single-DOM signatures of CCSN
neutrino interactions using Boosted Decision Trees.

5.1 Identifying CCSN signals and selecting observables using Boosted Decision
Trees

Boosted Decision Trees (BDTs) are trained to separate CCSN neutrino signatures from the
background events that survive the triggered event veto. The signal is simulated assuming
the 11 M⊙ model of [18]; the choice of supernova model has been found to have little impact
on the performance. Data from the ORCA6 and ARCA21 detector configurations are used
for modeling the background. Since the background composition in the multiplicity range
5 − 9 strongly depends on both the detector structure and the multiplicity, five BDTs are
used for ARCA and ORCA separately: one for each multiplicity from 5 to 8 and one for
multiplicities ≥ 9.

– 10 –
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Figure 6. Acceptance of the BDT selection for ARCA21 events of multiplicity 7, for simulated signal
(orange) and background modelled using data (blue). The optimal cut derived in section 6.1 for this
detector configuration is shown by the vertical line. The lower panel shows the relative systematic
uncertainty on the BDT acceptance for the signal (obtained by comparing simulated backgrounds to
data for a dedicated event sample as described in section 5.2).

The BDTs employed for this analysis are built with the gradient boosting method of
the XGBoost library [21]. For each multiplicity and detector configuration, the BDTs
are trained using various subsets of the observables introduced in section 3.2 as features,
and the classification accuracy is optimized using a mean-squared-error loss function. The
predictability of the BDT is ensured through cross-validation, with a 3:1 splitting between the
training and test samples. Finally, the BDT hyperparameters are optimized by maximizing
the background rejection for a benchmark signal acceptance of 50%.

An example of the performance of the BDTs trained for this work is illustrated in figure 6,
for the ARCA21 detector. For all detector configurations and multiplicities, the use of a BDT
significantly enhances KM3NeT’s ability to identify CCSN neutrinos. Moreover, training
BDTs on subsets of single-DOM observables demonstrated that the physics of MeV-scale
signals can be effectively captured with only four variables: |R|, cos θ, total ToT, and ⟨∆t⟩.
These four observables will hence be the only ones used for the rest of the analysis.

5.2 Systematic uncertainties

Inaccuracies in the modeling of signal and background single-DOM signatures will lead to
systematic uncertainties on the signal and background acceptances. Both are evaluated by
comparing simulated background events to data, taking the associated relative difference
as the measure of the systematic uncertainty. The simulations are corrected using the
data-driven procedure described in section 4.
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Figure 7. Veto acceptances for ORCA (left) and ARCA (right). For partial ARCA and ORCA
configurations, the data and the atmospheric muon simulations are shown as solid blue and dash-dotted
orange lines, respectively. The predicted veto acceptances for ORCA115 and one 115-DU building
block of ARCA230 are shown as dashed green lines.

The main source of uncertainties on the background rates is the extrapolation of the
fraction of background events surviving the triggered event veto, or “veto acceptance”, when
considering future detector configurations. Radioactivity backgrounds are not affected by
the triggered event veto, whereas atmospheric muon backgrounds are strongly suppressed
in a manner that is dependent on the detector geometry [12]. Consequently, for a given
event sample, the veto acceptance is determined by two quantities: (1) the relative frac-
tion of radioactivity events in the sample before the veto, which is obtained through the
data-driven method described in section 4, and (2) the fraction of atmospheric muon events
that are found to survive the veto, evaluated using simulations. Following the procedure
from [12], uncertainties on the veto acceptance are estimated by comparing data and sim-
ulations for the ORCA15 and ARCA21 configurations for each value of the multiplicity
and the BDT discriminant. To avoid underestimating the systematic uncertainties, simu-
lations are corrected before the triggered event veto is applied. The veto acceptance as a
function of the multiplicity is presented in figure 7 for both ORCA and ARCA, showing
that discrepancies between data and simulations and the resulting systematic uncertainties
are well under control.

To evaluate systematic uncertainties on the CCSN signal acceptance, background simula-
tions (see appendix B.1) are compared to data. Since the properties of the signal events do
not depend on the detector configuration, data and simulations are compared for a single
ORCA6 run. As demonstrated in figure 6, systematic uncertainties remain within 10% for
low and intermediate cut values, but increase for high values of the BDT discriminant. This
behavior is therefore taken into account during the cut optimization procedure.

Systematic uncertainties on the neutrino interaction cross section, water optical proper-
ties, and PMT characteristics are also considered both for the cut optimization and when
computing sensitivities to CCSN models. The uncertainty values from [12] are used for the
cut optimization, and these values are re-evaluated when computing the sensitivities.
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6 KM3NeT sensitivity to CCSN neutrinos

A key objective of this analysis is to position KM3NeT as a strong contributor to the Supernova
Early Warning System (SNEWS) [8], which combines the information received from multiple
detectors to reliably identify a CCSN (with a false alarm rate of one per century), locate the
supernova using triangulation, and notify telescopes for prompt electromagnetic follow-up.
The procedure developed in this paper is designed to identify potential CCSN neutrino signals
and issue rapid alerts to this global network of observatories and detectors, following the
realtime analysis procedure described in [13]. In this section, the sensitivity of the new
CCSN analysis based on BDTs, incorporating the selection steps and systematic uncertainty
evaluation procedure described above, is estimated for different detector configurations and
CCSN models. The number of selected single-DOM events is computed within a 0.5 s time
window, corresponding to the high-rate neutrino emission phase predicted by most models,
and compared to the background expectation. As in the previous analysis [12, 13], the
selection steps are optimized to maximize the distance up to which a CCSN with a neutrino
flux corresponding to the 11 M⊙ model from [18] can be detected at 5σ.

6.1 Selection procedure

In the previous CCSN analysis [12], the optimal multiplicity range was defined using a
simple analytical approximation of the signal detection significance, neglecting systematic
uncertainties. In this analysis, the signal detection significance is evaluated using the Rolke
method [22], which accounts for systematic uncertainties.

Four detector configurations have been considered to optimize the BDT and multiplicity
cuts for a CCSN spectrum corresponding to the 11 M⊙ model considered in [12]: ARCA29,
ORCA24, ARCA230 and ORCA115. The former represent the first ARCA and ORCA
configurations for which the method presented here was used to search for CCSNe in real time.
The latter represent the final ARCA and ORCA configurations. In each case, the background
is modeled using data from the ARCA21 and ORCA15 configurations, respectively, and the
signal is simulated using the average PMT efficiencies associated with these detectors. Since
the typical fA values for ORCA15 range between 97 and 98%, the associated background
rates have been rescaled to model the fA > 99% scenario. With this choice of detector
configurations, for ARCA29 and ORCA24, background rates can be rescaled linearly to
account for the increase in detector size, as the variation of the background rate per DOM
between the different configurations is negligible. For ARCA230 and ORCA115, an additional
step is required to account for the reduced veto acceptance for background muons resulting
from the increase in detector size. For this, the background evaluation method described
in [12] is used: the background rates are evaluated from data before applying the triggered
event veto, rescaled to match the increase in the number of DOMs, and then multiplied by
the veto acceptances obtained from simulations (shown in figure 7).

The numbers of selected CCSN candidates after the optimization procedure are shown
in the top panel of figure 8 for the ORCA24 and ARCA29 detector configurations and
for ORCA115-ARCA230. The optimal multiplicity ranges for the ORCA24-ARCA29 and
ORCA115-ARCA230 detector configurations are 6 − 11 and 7 − 10, respectively, close to the
range found in [12]. As in the previous KM3NeT CCSN analysis, ORCA backgrounds are
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Source of the uncertainty Variation Systematic uncertainty
ORCA24-ARCA29 ORCA115-ARCA230

Muon veto acceptance (B) N/A 6.0%
Single-DOM signal event modeling (S) 7.9% 8.4%

Instrumentation efficiency variabilitya 1 year (S,B) 11%
PMT efficiency ±5% (S) 11%

Water transparency ±10% (S) 1%
Finite generation volume +5 m (S) < 1%

IBD/ES cross sections < 1% (S) < 1%
1 In [12], the source of the corresponding uncertainty was considered to be the fraction of active PMTs.

“Instrumentation efficiency variability” is a more accurate terminology which was introduced in a
subsequent study [13].

Table 1. Systematic uncertainties of the analysis. The third column indicates the resulting systematic
uncertainties on the signal and background rates denoted as (S) and (B), respectively. The evaluation
of the uncertainties on the muon veto acceptance and single-DOM signal event modeling is described in
section 5.2. These uncertainties are quoted here for the optimal BDT cuts corresponding to the recent
and final detector configurations. The monthly variability of the instrumentation efficiency [13] has
been evaluated over a period of 1 year. The variations and uncertainties on the water transparency, the
finite generation volume and the inverse beta decay (IBD) and elastic scattering (ES) cross sections are
taken from [12]. The impact of the cross-section uncertainties for neutrino charged-current interactions
with 16O are neglected, as these processes account for less than 1% of the detected events.

less dominant thanks to ORCA’s higher atmospheric muon identification capabilities at low
energies. For the signal, the 11 M⊙, 27 M⊙, and 40 M⊙ models used in [12] are shown for a
CCSN at 10 kpc. For all three models, the signal is dominating over the background, indicating
that even with a partial configuration, KM3NeT is sensitive to most CCSN candidates in the
dense Galactic bulge. To assess the impact of the BDT selection, the signal and background
distributions obtained before this selection are shown in the bottom panel of figure 8. The
background rates differ from [12] as they have been evaluated using the method described in
section B.2 but the resulting impact on KM3NeT’s detection horizon is negligible. Applying
BDT selection criteria significantly improves the signal-to-background ratio, in particular
by improving the muon rejection rate at ARCA.

6.2 Sensitivities to CCSN models

The number of detected single-DOM signal events associated with a given significance is
estimated using the same Rolke method as in section 6. The systematic uncertainties
associated with the selection cuts are summarized in table 1.

Sensitivities are evaluated for the CCSN signals in the case of the 11 M⊙, 27 M⊙, and
40 M⊙ progenitor mass models and are shown in figure 9, as a function of the distance
to the CCSN, for the ORCA24-ARCA29 (left) and ORCA115-ARCA230 (right) detector
configurations. Introducing the BDT selection leads to a 25 to 30% increase of the 5σ

distance horizon as compared to the one obtained with the method from [12]. For the
11 M⊙ CCSN model, associated with the lowest neutrino flux, KM3NeT’s recent partial
configurations have been sensitive to CCSNe up to a distance of 13 kpc and the detector
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Figure 8. Numbers of selected CCSN candidates for signal and background using the BDT-based
method presented in this article (top) and the method from [12] (bottom), as a function of the
multiplicity for ORCA24-ARCA29 (left) and ORCA115-ARCA230 (right). The multiplicity range
shown for each detector configuration and selection procedure is the one providing the optimal
sensitivity, as discussed in section 6.1. For the signal, the 11 M⊙, 27 M⊙, and 40 M⊙ models
used in [12] are shown. The light-blue upward-pointing and dark-blue downward-pointing triangles
represent the ORCA and ARCA backgrounds, respectively. The dark blue histogram is the sum of
the two backgrounds.
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Figure 9. Sensitivity, in units of σ, as a function of the CCSN distance to Earth for the 11 M⊙ [18],
27 M⊙ [18], and 40 M⊙ [24] models already considered in the previous KM3NeT CCSN search [12].
Left: sensitivities for the ORCA24-ARCA29 detector configuration. Right: projected sensitivities for
the completed ORCA115-ARCA230 detector. The sensitivities obtained with the selection from [12]
are indicated by the dotted lines. For ORCA115-ARCA230, these detection horizons agree with the
ones from [12] despite the different background estimation method.

will achieve full Galactic sensitivity when completed. The current reach of KM3NeT allows
probing at least 79% of Galactic CCSN candidates [23], 46% more than with the previous
analysis strategy [12]. The results highlight both KM3NeT’s potential for characterizing MeV
neutrino bursts and the interest of investigating the structure of single-DOM hit coincidences
to study low-energy signals.

The 5σ CCSN detection horizons for the considered ARCA and ORCA configurations
have also been evaluated for each detector separately and are shown in figure 10. For the
11 M⊙ CCSN model, the 5σ detection horizons for ORCA24 and ORCA115 are 11.2 kpc and
19.0 kpc, respectively. The horizons for ARCA29 and ARCA230 are similar: 10.0 kpc and
19.6 kpc, respectively. Despite the different numbers of DOMs in the two detectors, their
performances are comparable because the larger size of ARCA is compensated by the superior
performance of the triggered event veto at ORCA. Thus, ORCA is the best-performing
detector when the number of expected CCSN neutrino interactions is low, e.g. for the partial
detector configurations, while ARCA is more efficient for close-by supernovae, for which
the background is negligible. Overall, each detector is currently sensitive to at least 57% of
supernova candidates in the Milky Way, and will reach nearly full Galactic sensitivity once
completed. Since ARCA and ORCA work independently, these results show that KM3NeT
will have a high duty cycle for supernova detection.

6.3 Impact of variations in data-taking conditions

The sensitivities presented above have been evaluated assuming a fraction of active PMTs
fA > 99%. While this value is now achieved for more than 99% of ARCA’s data-taking period,
fA can reach values as low as 50% at ORCA, where bioluminescence levels are typically higher.
To account for these variations, the parameterization of the background rate dependence
on fA proposed in [13] is adapted to the BDT-based single-DOM event selection procedure.
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Figure 10. Sensitivity, in units of σ, as a function of the CCSN distance to Earth for the 11 M⊙ [18],
27 M⊙ [18], and 40 M⊙ [24] models already considered in the previous KM3NeT CCSN search [12].
In this figure, the performances of ARCA and ORCA are evaluated separately. The sensitivities for
the ORCA24 (solid lines) and ARCA29 (dashed lines) detector configurations are indicated in the
left panel, and the projected sensitivities for the ORCA115 (solid lines) and ARCA230 (dashed lines)
detectors are indicated in the right panel.

The rate of single-DOM background events as a function of fA is shown in figure 11 for
ORCA18. For more than 95% of ORCA18’s data-taking period, background rates can be
successfully predicted using a parameterization obtained for the ORCA6 configuration. This
predictability enables a reliable estimation of the expected background level when searching
for CCSNe in real time, even when the bioluminescence activity is high. For ORCA, during
68% of the data-taking time, fA will range from 91% to 99%, resulting in variation of ORCA’s
CCSN detection horizon by only 8%. The variation of the combined ORCA+ARCA detection
horizon is expected to be even smaller due to the lower bioluminescence activity (hence
typically larger fA) at ARCA. Hence, KM3NeT’s CCSN identification capabilities are robust
even in the highly dynamic environment of the Mediterranean Sea.

7 Conclusions

In this paper, a novel approach is proposed to improve the sensitivity of KM3NeT to CCSN
neutrinos, by selecting single-DOM hit clusters based on their topology. A multi-variate
analysis using BDTs has demonstrated that most of the hit information in a single-DOM event
can be encapsulated into a small set of observables. With these observables, the ability to
identify CCSN neutrino signals and separate them from radioactivity and atmospheric muon
signatures, thereby allowing the estimation of the corresponding systematic uncertainties,
is enhanced. Consequently, KM3NeT’s CCSN detection horizon is extended by 30% for
both current and future detector configurations and variations in the detector’s performance
due to bioluminescence activity remain below 10% for most of the data-taking time. When
implemented in KM3NeT’s realtime analysis system, the new, BDT-based, method led to a
46% increase of the detection horizon. Even for the most pessimistic model considered here,
the current detector configurations could probe the vast majority of CCSN candidates in the
Milky Way and, once completed, KM3NeT will achieve full Galactic sensitivity. Hence, even
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Figure 11. Background rates for the CCSN analysis as a function of the fraction of active PMTs fA.
The blue dots with error bars indicate the rates measured at ORCA18 and the orange band shows
the rates predicted using a parameterization based on ORCA6 data. The regions to the right of the
dashed, dash-dotted, and dotted lines correspond to 50%, 68%, and 90% of the data-taking time,
respectively. The ratio of the observed and predicted rates is represented in the lower panel, with the
dashed lines indicating ±5% differences.

with its current partial configuration, KM3NeT can play an important role in the detection
and localization of the next Galactic supernova, in particular as part of the Supernova Early
Warning System [8]. The results of this study highlight the versatile performance of the
multi-PMT design to characterize environmental backgrounds and investigate low-energy
phenomena at neutrino telescopes deployed in natural, dynamic environments.
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A Data samples for low-energy searches

To evaluate the sensitivity of KM3NeT to low-energy neutrinos, data samples corresponding to
different detector geometries and specific fA ranges are built. In this study, only data-taking
runs classified as “good”, i.e. without major data-acquisition issues, are considered. For
the background estimates and CCSN sensitivity studies presented in sections 3, 4, 5, and 6,
the following three samples are used:

• ORCA6: this is an ORCA configuration for which fA > 99% for a sizable fraction of the
data-taking time. The sample is used to evaluate radioactivity and muon background
rates for ORCA in section 4 and to compute the systematic uncertainties on the CCSN
signal efficiency in section 5.

• ARCA21: for this configuration, the fraction of active PMTs is larger than 99% for most
of the data-taking time. The high-fA sample is used to evaluate radioactivity and muon
background rates for ARCA in section 4, compute the systematic uncertainties on the
CCSN signal efficiency and the muon veto acceptance in section 5, and model the total
background for CCSN sensitivity estimates in section 6.

• ORCA15: here, SN timeslices with 97% < fA < 98% are selected. This relaxed require-
ment on fA is due to the lack of observation periods with fA > 98% for the recent
ORCA configurations. The sample is used to evaluate the systematic uncertainties
on the muon veto acceptance in section 5 and model the total background for CCSN
sensitivity estimates in section 6.

B Signal and background simulations

B.1 Signal simulation

The CCSN neutrino simulation for KM3NeT has been designed to enable the study of a
wide range of supernovae, with different locations and neutrino energy spectra. For this,
positrons are simulated with directions and energies uniformly distributed within 4π sr and
0–100 MeV, respectively. The detector modeling is reduced to that of a single DOM, since
CCSN neutrino signatures spanning multiple DOMs are expected to be extremely rare [12].
The production vertices of IBD positrons are taken to be uniformly distributed in space
within a 20 m radius around the DOM. The corresponding volume has been shown in [12] to
contain more than 99% of the single-DOM events with multiplicities greater than 1. Light
propagation, PMT response, and the generation of associated timeslices are then simulated
using GEANT4-based KM3NeT simulation tools [25, 26].

For a given supernova model, neutrino interaction process, and CCSN position in the
sky, the corresponding supernova signal is modeled by weighting the simulated single-DOM
events1 by the CCSN neutrino spectrum multiplied by the following kinematic factor:

wi = σ(Ep,i, cos θi)∫ 1
−1 σ(Ep,i, cos θ′) dcosθ′

dEp,i

dEν,i
. (B.1)

1Since electrons and positrons are indistinguishable in KM3NeT, the simulated positrons can be used to
model electrons from e.g. neutrino-electron elastic scattering or neutrino interactions with Oxygen.
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40K water 238U water 40K glass 238U glass 232Th glass
M ≥ 5 78% 6.1% 3.5% 8.1% 4.5%
M ≥ 7 62% 22% 1.0% 6.5% 9.1%

Table 2. Radioactivity background composition for multiplicities greater than or equal to 5 (top
row) and 7 (bottom row). While 40K decays in water overwhelmingly dominate at low multiplicities,
other decay processes can contribute by up to ∼ 10% of the total background in the multiplicity range
considered for CCSN studies.

Here, Ep,i is the positron energy, Eν,i the neutrino energy and σ the cross section of the
process considered. θi is the angle between the positron and neutrino directions. In this
analysis, the neutrino direction is set to θ = π/3, and ϕ = 4π/3, corresponding to a CCSN
located in the Galactic plane (most probable location for an observable supernova). The
impact of the neutrino direction on the sensitivity of KM3NeT is however negligible.

The CCSN simulation described above is used to assess the discriminating power of
single-DOM observables, design a new single-DOM event selection strategy, and evaluate the
sensitivity of KM3NeT to CCSNe. Simulated events are weighted according to the models
used in the initial KM3NeT CCSN search [12].

B.2 Radioactivity and atmospheric muon background simulations

B.2.1 Modeling radioactive decays

Radioactive decays are simulated using the KM3NeT software package OMGsim [26]. This
GEANT4-based package models the propagation of the decay products as well as the production
and propagation of the Cherenkov photons. As for the CCSN signal, interaction vertices
are simulated as being uniformly distributed within a sphere around a single DOM. A
detailed technical description of this DOM is used to simulate photon propagation within
its material and the final photoelectron production in the PMT photocathodes. The five
dominant sources of radioactivity background in KM3NeT (using the respective decay rates
in the deep seawater given in [27]) are the decays of 40K and 238U in water, and of 40K,
238U and 232Th in the DOM glass. The relative contributions of these decays to the total
radioactivity background are given in table 2. For decays occurring in water, vertices are
simulated within a radius of up to 1 m around the DOM. This radius has been shown to
contain 99.5% of the decays for events with multiplicity 4 and above.

B.2.2 Modeling atmospheric muons

Muon energies, entry points, and momenta are simulated using MUPAGE v1.5.1 [28, 29]. The
muon entry points are generated on the surface of a cylinder surrounding the detector. The
radius and height of this cylinder are chosen such that muons passing up to 140 m (280 m)
away from ORCA (ARCA) are simulated, with contributions from other muons amounting
to less than 0.5% of the single-DOM event rate for multiplicities 6 and above. The muon
propagation and detection is simulated using the JSirene software [30], which models the
Cherenkov light emission induced by muons using tabulated probability density functions
instead of tracking each photon individually. The high computational efficiency of JSirene
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makes it possible to model muon backgrounds for multiple ARCA and ORCA geometries
with minimal computational cost.
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