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The detection of a neutrino burst from the next Galactic Core-Collapse Supernova (CCSN) will
provide us invaluable information on this extreme phenomenon. Furthermore, the detection of its
gravitational waves and electromagnetic signals would give us a complete picture of all emitted
messengers. KM3NeT is a neutrino telescope consisting of two detectors, ORCA and ARCA,
currently under deployment in the Mediterranean Sea. By looking for an excess of coincidence
events above the optical background, it will be able to detect low-energy neutrinos from CCSN. A
sensitivity to Galactic and near-Galactic events is expected when data from the two infrastructures
is combined. With its integration in the SNEWS global alert network and the ongoing work to
compute and combine the neutrino light-curves of different detectors, KM3NeT will play a key
part in notifying other telescopes before the arrival of the other messengers. In this contribution,
we present the real-time detection capabilities of KM3NeT, the additional information that can be

brought by light-curve computations and the follow-up of external alerts.
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1. Detection of CCSN neutrinos with KM3NeT

KM3NeT [1]is a distributed water Cherenkov neutrino telescope currently in construction in the
Mediterranean sea. It is made of two detectors, ORCA offshore Toulon (France) at 2500 km depth
and ARCA offshore Sicily (Italy) at 3500 km depth. Its detection principle is the reconstruction of
neutrinos from the light induced from secondary interaction products using three dimensional arrays
of photo-multipliers. The base component of these arrays is the Digital Optical Module (DOM)
[12]: it is a pressure-resistant sphere containing 31 photo-multiplier tubes (PMTs) and embedded
electronics to digitize the signal of the PMTs, as well as orientation sensors used to locate the DOM
in real time. The DOMs are installed in groups of 18 in a vertical string called Detection Unit (DU)
anchored to the seabed, with different spacing according to the detector. ORCA is more compact,
optimized for the detection of tens of GeV neutrinos (mainly atmospheric neutrinos) and ARCA
is a more voluminous, less dense detector, whose main goal is to discover astrophysical neutrino
sources in the TeV to PeV energy range. KM3NeT is currently taking data with 16 DUs for ORCA
and 21 DUs for ARCA and new DUs are continuously added to reach the objective of respectively
115 and 230 DUs by 2028.

Core-collapse supernovae are explosive phenomena ending the life of massive stars (above 10
solar masses) releasing a massive amount of energy (about 3 X 10°3 erg) and causing a luminous
stellar explosion. During the collapse, 99 % of the energy is released as low energy neutrinos
(~ 10MeV), emitted during a time window of a few hundreds of ms to one second. As the medium
surrounding a proto-neutron star stays opaque to electromagnetic radiation for a few hours after
the first emission of neutrinos, it is possible to detect those neutrinos on Earth before the CCSN
becomes visible to light telescopes. This phenomenon allows for the possibility of alert systems:
neutrino detectors could detect the neutrinos emitted during the core-collapse, eventually locating
the source of those neutrinos, so that telescopes could observe all electromagnetic radiation emitted
by a CCSN.

The main detection channel of KM3NeT for CCSN neutrinos is through inverse beta decay
(IBD) of electron anti-neutrinos on free protons in the water (v, + p — e* +n). As KM3NeT is
optimized for the detection of neutrinos above the GeV scale, the individual positron trajectories
cannot be reconstructed. Instead, the strategy adopted is to search for an excess of coincidences
between PMTs in single DOMs above the expected background of the detector [2]. Apart from
the PMT dark rate (about 1kHz to 2kHz) there are three main sources of optical background
with KM3NeT: radioactive decay in the sea water (mostly “°K), bioluminescence and atmospheric
muons [10]. Radioactive decay causes a constant background in every PMT with a hit (PMT
voltage rising above 0.3 photo-electrons) rate of about 7 kHz. Bioluminescence leads to a localized
increase of the hit rates up to the MHz range, causing the need to veto rates above 20 kHz with the
embedded electronics of the DOMs [11]. Finally, atmospheric muons generate long, downgoing
tracks, inducing Cherenkov radiation detected by multiple DOMs, allowing to identify them.

In order to reject sources of optical background, a coincidence is defined as at least four
hits within one DOM and with PMTs within 90 degrees of each other, with all the hits in a time
window of 10 ns. The multiplicity of a given coincidence is the number of unique PMTs involved.
Some of those coincidences are caused by atmospheric muons, but can be discarded using the
muon reconstruction capabilities of the detector. The multiplicity distribution of the number of
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coincidences due to optical background in 500 ms can be seen in Figure 1 left: in light blue markers
for ORCA and dark blue markers for ARCA, shown for a fully built detector. On this plot, the
number of coincidences that would be measured in the event of CCSN with progenitors of different
masses at 10 kpc can be seen.

The optimal sensitivity is obtained for a multiplicity range between 6 and 10 and the coincidence
level is defined as the number of coincidences in 500 ms within this multiplicity range. The right
plot of Figure 1 shows the sensitivity of KM3NeT as a function of the distance of the CCSN. In the
most conservative scenario (progenitor of mass 11 Mg), KM3NeT is able to observe 95 % of the
Milky Way, and can go up to the Large Magellanic Cloud.
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Figure 1: Left: expected number of events in a KM3NeT building block as a function of the multiplicity.
The background is shown with markers in light blue for ORCA and dark blue for ARCA. The signal is
represented with colored bars in orange shades for the different models: light for 11 Mg, intermediate for
27 Mg, dark for 40 M. Right: KM3NeT detection sensitivity as a function of the distance to the CCSN for
the three progenitors considered: 11 Mg (green), 27 Mg (gray) and 40 Mg (purple). The error bars include
the systematic uncertainties. Figures from [2].

Those results describe the expected sensitivity with the analysis currently implemented within
the current KM3NeT online system. Another method, which uses new observables to characterize
the optical background, is also presented during this conference [3]. This new selection improves
the overall sensitivity to a CCSN by ~ 23 % and will be implemented in the online system before
the end of 2023.

As the expected Galactic CCSN rate is 1.5 per century and the typical emission duration is a
few hundred ms, a fast online system is needed to be ready for the next CCSN.

2. Description of the CCSN online pipeline

The CCSN online pipeline is part of the real-time multi-messenger analysis platform of
KM3NeT [7], whose main goals are CCSN monitoring, which is presented in this contribution,
searching for neutrinos correlated with external electromagnetic, gravitational waves (GW) or neu-
trinos alerts, which is presented in [8] and sending all-sky all-flavor neutrino alerts to external
observatories for follow-up.

An overview of the CCSN online pipeline is given in Figure 2. It consists of multiple modules
(small independent programs running on a common server to both detectors), which are organized
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in three sections: the real-time CCSN search pipeline, in blue, analyzing the data collected by
both KM3NeT detectors in order to evaluate a time-dependent significance that can be exploited to
identify a CCSN signal and generate alerts; the quasi-online pipeline, in red, which is activated on
special occasions to obtain and analyze data containing all detected coincidences, without selection
on multiplicity or angle between PMTs; the triggered analysis pipeline, in yellow, made to follow-up
external multi-messenger alerts in order to provide a fast response using a semi-automated analysis
[6]. Those modules communicate through a common dispatcher, which is also running on the
common server. The different networks connected to the pipeline to send or receive alerts and data
are also represented in green.
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Figure 2: Scheme describing the dataflow of the CCSN online pipeline. The colors describe the three

sections of the pipeline: in blue, the real-time CCSN search pipeline, to identify a CCSN signal and generate
alerts; in red, the quasi-online pipeline, to extract parameters from all detected coincidences during an alert;
in yellow, the triggered analysis pipeline, to follow-up external multi-messenger alerts.

The goal of the real-time CCSN search pipeline is to evaluate a time-dependent significance
used to identify a CCSN and generate alerts that can be shared with networks such as SNEWS [4].

The first module of the chain is called Supernova Processor and computes every 100 ms the
coincidence level. One Supernova Processor is running on each shore station, receiving low-level
data in the form of timeslices (pack of segments of 100 ms of data) from the Data Acquisition (DAQ)
system. As a reminder, the coincidence level is the number of coincidences between multiple PMTs
with a maximal opening angle between them in single DOMs in a given time window length on
which only coincidences with an optimal multiplicity are selected, before applying a veto to remove
muon induced coincidences and finally summing the number of coincidences over 500 ms.

Coincidence levels from both detectors are sent to a common server, where the Supernova
Trigger computes the combined Gaussian significance and the False Alarm Rate (FAR). The
combined significance is obtained using a weighted linear combination of the ORCA and ARCA
significance, where the weights are chosen as the detection sensitivity at a reference distance of
10 kpc for a benchmark flux model. In order to insure that the significance is computed correctly
also in the case of an event during the downtime of one detector and to accommodate for the
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variations of delay between the two detectors, the incoming data are queued for an configurable
maximum amount of time, at the end of which the module computes the significance for only one
detector. If data from the second detector arrive after this delay, they are stored for a potential
triggered follow-up analysis, but are not considered in the real-time computation of the significance.
A description of the method to compute the significance can be found in section 3.

The Supernova Alert module selects messages whose significance is above a threshold before
triggering the last module, the SNEWS handler, which transmits the alert to the SNEWS network.
Four thresholds are currently defined: test, alerts with an hourly FAR, used for internal monitoring
purposes; snews-1low, alerts with a FAR below one per day, sent as sub-threshold alerts; snews,
alerts with a FAR below one every eight days, sent to SNEWS for alerting purposes; high-Z,
alerts with a FAR below one per year, aimed at public advertising via the Gamma-ray Coordinates
Network (GCN).

The quasi-online pipeline aims to retrieve all hits belonging to coincidences without selection in
order to be able to perform further analyses based on the neutrino light-curve characterization, such
as fit of the precise arrival time or detection of the standing accretion shock instability [2]. As this
data cannot be stored continuously because of storage limitations, a circular buffer is implemented
in the DAQ system to continuously cache 10 minutes of data. On request, a file containing the
circular buffer is written on each shore station, and recovered to the common server. Currently,
the events considered significant enough to trigger this writing are the following: snews alert sent
by KM3NeT; reception of an external SNEWS alert; external gravitational wave observation of a
compact binary merger involving at least one neutron star; GW detection of a significant burst event.

Once the data containing all coincidences have been written and retrieved using the Buffer
Trigger module, the analysis is performed by the Buffer Analyzer module in order to build the
neutrino light-curve and to fit it with given models. From this fit, the signal arrival time called Tj
is precisely determined, and transmitted along with the light-curve to the SNEWS2.0 network [5].

At the reception of an external alert, either through the GCN for the follow-up of GW or through
the SNEWS system, the follow-up pipeline is automatically triggered. The principle of the search
is to look for the maximum significance during a given time-window, which differs according to the
type of alert: [0, 2 s] for GW detection and [-5 s, 5 s] for external CCSN alerts.

3. Adaptive background expectation

As written previously, bioluminescence in the sea may lead to a localized increase of the hit
rates up to the MHz range per PMT, causing the need to veto rates above kHz within the embedded
electronics of the DOMs. This leads to a non-constant number of active PMTs over the whole
detector, which also causes variation in the expected background. This veto occurs more often
with the ORCA detector due to the common bioluminescence in its location, thus the following text
focuses on ORCA data.

If a constant expected background b and a coincidence level » for a given period of 500 ms is con-
sidered, computing the one sided p-value p, associated Gaussian significance zscore and daily FAR
is straightforward using the following definition: p = Ppgisson(X = n;b), p = fz :ct)nrfe PGaussian (x) dx
and FAR [per day] = 10 x 86400 x p. The FAR is calculated as the product of the p-value and the
update frequency of the search window, corresponding to 100 ms~!.
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For a non-constant expected background, the relationship between b and the number of active
PMTs needs to be properly established. Two previous determinations of the expected background
as a function of the number of active PMTs have been done in the past, respectively for ORCA4 and
ORCAG6 [6, 9]. The first one, shown in Figure 3 left, considers a variable called “instrumentation
efficiency”, defined as the ratio between the expected background measured with a given fraction
of active PMTs and the expected background measured with a fully active detector. The second
one, which can be seen in Figure 3 right, considers directly the expected background (mean rate on
the plot) as a function of active PMTs. For both plots, a binning is applied to the fraction of active
PMTs and a linear relationship is found between expected background and number of active PMTs.
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Figure 3: Left: Measured instrumentation efficiency as a function of the fraction of active PMTs in ORCA4
detector. The blue line shows the averaged measured efficiency with bins of width 0.01, monthly variability
is covered by the shaded area and the dashed red line shows the linear fit applied to the date. Figure from [6].
Right: Mean rate of the coincidence level as a function of the fraction of active PMTs for ORCA6. Every
black dot represents the computed mean rate averaged for the whole detector, for a given fraction of active
PMTs. The blue crosses indicate averaged values in bins of width 0.05 and the orange dashed line is a linear
fit of the binned data. Figure made to characterize the background for the MeV analysis of [9].

The issue with those two previous plots arises when drawing a scatter plot of values averaged
over groups of ten minutes, as shown in the left of Figure 4, instead of applying a binning to the
number of active PMTs. On this scatter plot, the mean number of active PMTs as a function of the
mean expected background (ie coincidence level) is displayed, with the color representing the mean
number of active DOMs during those 10 minutes. The relationship is no longer linear but seems to
be quadratic, with multiple behaviors depending on the number of active DOMs.

The behavior seen in the left plot of Figure 4 can be easily explained by the fact that the detector
with all lines and half of the PMTs active does not behave the same way as the detector with half of
the lines and all PMTs active. The solution is to normalize both the coincidence level and the number
of active PMTs by the number of active DOMs, as done in the right plot of Figure 4. On this figure,
it can be seen that the detector follows a single quadratic function. A non-negligible variability is
however still visible and needs to be taken into account. The goal of the following analysis is to
show that a new quadratic fit needs to be performed frequently to factor in this variability and to
insure a good estimation of the significance.

Data from the beginning of ORCA10 (December 2021) to ORCA18 (middle of June 2023)
were processed using two different methods. In the first method, a single fit is performed with the
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Figure 4: Left: Scatter plot of average over groups of 10 minutes of coincidence level vs number of active
PMTs. The colors represent the average number of active DOMs during the 10 minutes period. Right: Scatter
plot of average over groups of 10 minutes of coincidence level vs number of active PMTs both normalized
by number of active DOMs. Time of the 10 minutes group is shown as a color. Both plots are made with
data from ORCA10 to ORCA18.

first 30 days of data. For every timeslice, the expected background is computed from the fit, which
is used to compute a zscore and an expected zscore distribution. In the second method, multiple fits
are performed on groups of 30 days of data, and the expected background for a given timeslice is
computed from the fit of the previous group. The choice of the 30-day period is a good compromise
between the need to have enough data to be able to have a variation in the number of active PMTs
to perform the fit and the need for the most recent behavior of the detector to be taken into account.
The two distributions are computed in the same way as in the first method.
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Figure 5: Cumulative distribution of timeslices from the right as a function of zscore computed for data
from ORCA10 to ORCA18. The distribution of a normal variable is drawn in a dotted pink line; the expected
number of timeslices in a purple dashed line; the number of timeslices obtained from data in a full blue
line. Two threshold levels, snews (1 per 8 days) in red and test (1 per hour) in green are displayed for
reference. A comparison between data and expected number of timeslices is also shown at the bottom. Left:
distribution for a single fit (done from the first 30 days of data). Right: distribution for fits performed every
30 days.

The cumulative distributions from high zscore to low zscore for both methods are displayed
on Figure 5 (left for single fit, right for multiple fits). This distribution gives the number of alerts
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that would be sent for a given zscore threshold. A good agreement between the zscore distribution
obtained from data (full blue line) and the expected zscore distribution (dashed purple line) would
show that the expected background is properly estimated. The bottom plots of Figure 5 showing the
relative comparison between them clearly indicate that for zscore below 4, the agreement between
data and expected is much better using the second method. For zscore above 4, the statistical
uncertainty starts to be predominant.

4. Conclusions

The CCSN online pipeline of KM3NeT is currently running with data from ORCA18 and
ARCAZ21. The real-time CCSN search pipeline, looking for an excess of coincidences above the
optical background, will be able to detect the next Galactic CCSN with a 5o discovery potential.
With the quasi-online pipeline, it is possible to perform further studies from the neutrino light-curve,
such as the fit of the time of arrival of the neutrino burst. The triggered follow-up analysis can
provide fast response to external alerts, whether from GCN or the SNEWS network. Finally, an
improved estimation method for the expected background was also presented.
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