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The KM3NeT research infrastructure in the Mediterranean is a multi-purpose cubic-kilometre
neutrino observatory consisting of two detectors optimised to study cosmic and atmospheric
neutrinos between GeV to PeV energies. Additionally, KM3NeT multi-photomultiplier optical
modules allow the detection of nearby MeV interaction products by selecting nanosecond co-
incidences within the photomultipliers of the same module. The distribution of the number of
photomultipliers forming a coincidence (multiplicity) for the whole supernova emission is used as
a proxy of the average neutrino energy. Using an optimised coincidence selection the KM3NeT
detectors will be sensitive to supernovae in our Galaxy and beyond. A high number of detected
events from a core collapse supernovae explosion is expected in KM3NeT thanks to its large
effective volume. The measurement of the neutrino light curve properties, such as the light curve
start time and the presence of the standing accretion shock instability oscillations is possible with
such statistics. Sub-millisecond time synchronisation between KM3NeT detectors allows joint
observation. Such a scheme can be also a viable solution to synchronise the KM3NeT telescopes
with other detectors aiming to observe neutrino emission from core collapse supernovae through
the SNEWS network.
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1. Detection of CCSN neutrinos in KM3NeT

The KM3NeT neutrino detectors, ARCA and ORCA, are under construction in the Mediter-
ranean Sea [1]. Composed primarily of three-dimensional optical module arrays, their granularity is
optimised for the detection of atmospheric GeV neutrinos (ORCA) to study the neutrino oscillations
and cosmic TeV-PeV neutrinos (ARCA) to perform astronomical searches.

Each KM3NeT optical module is composed of thirty-one 3 inch photomultipliers (PMTs).
Although for 10 MeV scale neutrino energies the light detection by multiple KM3NeT optical
modules is rarely possible, several PMTs of the same module are typically hit simultaneously. An
increased rate of such events with high number of hit photomultipliers (so-called multiplicity) on
a second time scale is a signature of the supernova neutrino emission as it is studied in this work.
The optical modules are installed in groups of 18 on flexible lines moored at the bottom of the sea
at depths of about 3500 m (ARCA) and 2500 m (ORCA). The detectors installation is modular and
currently ARCA and ORCA are continuously taking data with 6 lines each (ARCA6 & ORCAO).

In our work [2], the supernova detection sensitivities are evaluated using the fluxes and neutrino
light curves predicted by 3D simulations. The considered fluxes correspond to the cases of two
CCSNe from progenitors with respective masses of 11Mg and 27Mg [3, 4], and a so-called failed
supernova with a progenitor of 40Mg, [5] collapsing into a black hole. A fourth CCSN progenitor
of 20Mg, [3, 4], with enhanced accretion shock oscillations, is used in the light curve studies.

The following interaction channels of low-energy neutrinos in water producing CCSN signal
in KM3NeT are considered:

* inverse beta decay (IBD) of electron anti-neutrinos on free protons (v, + p — e* + n):
88-93% of neutrinos are detected through this channel, favoured by its relatively large cross
section and efficient transfer of the incident neutrino energy to the outgoing positron;

* elastic scattering on electrons (v + e~ — v + e~ ): 3 — 5% of the events, all neutrino flavours;

* interactions with oxygen nuclei (v, +'© 0 — = +!°F, ¥, +16 O — ¢* +!6 N): 2-8% of the
events, depending on the progenitor;

1.1 Optical background

The background for this analysis is composed of three main components, as described below.

* Uncorrelated single photoelectron background originated from PMT dark rates and single-
photon bioluminescence emission. For a 10 ns coincidence time window, these are negligible
for multiplicity values above two. Bioluminescence can, however, impact the overall instan-
taneous number of active PMTs in the detector, as the signals from the PMTs which are above
the high rate veto threshold are suppressed.

» Radioactive decays, dominating at low multiplicities, with a rate of 500 Hz for a multiplicity
of two, decreasing roughly by one order of magnitude for every step in multiplicity.

* Cherenkov light from atmospheric muons, relevant for multiplicity values above 5 and dom-
inating at multiplicities > 8.
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The background from atmospheric muons can be reduced by exploiting the correlated coin-
cidences on multiple DOMs. As a first step to reduce this background and spurious PMT pulses
(mainly afterpulses) coincidences on the same or on different DOMs are grouped with a time
window of 1 us for the ORCA detector and 3 us for the ARCA detector. The KM3NeT trigger
algorithms are designed to identify a minimum number of causally connected hits within extended
cylindrical sections or localised spherical sections of the instrumented volume [1]. The data from
the triggered events are used to define a veto on all the DOMs that have detected at least one
triggered hit to further suppress the muon background. The effectiveness of the approach is verified
on data taken with the previously operated ARCA2 and ORCA4 detectors. The us-scale average
duration of a muon veto multiplied by a muon trigger rate of ~ 10 Hz per building block results in
a dead time fraction below 0.1%, which is negligible.

The efficiency of the background rejection is evaluated for one ARCA and one ORCA building
block with Monte Carlo simulations. ARCA reaches a 65% rejection efficiency for multiplicity
values above seven. In the same range, the denser geometry of the ORCA detector allows for the
identification and suppression of more than 95% of the background. The difference is due to the
fact that lower energy muons are not triggered in ARCA as efficiently as in ORCA. The impact of
the filtering strategy on the signal is negligible, since the low energy CCSN neutrino interactions
do not significantly contribute to the trigger rate.

2. Detection sensitivity

The sensitivity of KM3NeT to a CCSN neutrino burst is evaluated considering the number of
signal and background events in a 500 ms time window. The length of the time window is chosen
to cover the majority of the detectable neutrino emission, occurring in the accretion phase. In order
to be compared with the signal simulation, the measured background rates are corrected for the
measured average PMT detection efficiency. Then, the efficiency of the muon background rejection
estimated in the ARCA and ORCA building block simulations is applied to the corrected rates to
obtain the event rate of the background as a function of the multiplicity. In Figure 1 (left), the
number of expected events for a single KM3NeT building block of 2070 DOMs is reported. The
estimated backgrounds in ARCA and ORCA are compared with the simulated signal for the 11Mg,
27Mg and 40My CCSN progenitors. From hereon, the computations account for the respective
size of the complete KM3NeT detectors: two building blocks for ARCA and one for ORCA.

The sensitivity of a Poisson counting experiment to a given signal hypothesis can be defined
as the expected median significance of its observation. In the large sample limit, the sensitivity,
expressed in terms of Gauss standard deviations, can be approximated by the formula [7]:

Z-= \/2 ((ns + ) In (1 + ”—) - ns), (1)
np

where the expectation values for the number of signal () and background events (n,) are used.

Considering the number of signal events as a function of the distance to the source, ny(d) =
ns(do)(do/d)?, with dy = 10kpc, the 5o discovery distance is evaluated as a function of the
minimum and maximum multiplicities. The optimal sensitivity is achieved across the 7-10(12)
multiplicity ranges for ARCA and in the (7)8—10(12) multiplicity ranges for ORCA, the parentheses
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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 coloured bars in orange shades for the different models: light for 11Mg, intermediate for
27Mpg, dark for 40Mg. Right: KM3NeT detection sensitivity as a function of the distance to the CCSN for
the three progenitors considered: 11Mg (green), 27Mg (blue) and 40Mg (purple). The error bars include
the systematic uncertainties.

indicating that the same sensitivity is reached for both cuts. The final multiplicity range 7-11 is
chosen by maximising the overall number of events and excluding the last multiplicity bin (12)
where the background estimation is not reliable due to statistical fluctuations.

The sensitivity estimation includes the uncertainties on the determination of the neutrino
interaction cross-sections (< 1%), detection efficiency due to the water absorption variation (1%),
PMT quantum efficiency variation (+£10%) and fluctuating number of active PMTs (3%). The finite
simulated volume has a negligible impact (< 1%). The uncertainty of +15% affecting the filter
efficiency underestimation is coming from the comparison of data with muons simulation.

Considering Z in (1) as a function of the distance, Z(d), the KM3NeT combined sensitivity is
obtained by using a weighted linear combination of the ORCA and ARCA sensitivities:

2 ae{ARCA,ORCA} WaZa(d)

) 2

Zxmanet(d) =

) Wa
a€{ARCA,ORCA} Wa

where the weight is defined as the sensitivity at a reference distance , w, = Zo(d = 10kpc).

Taking into account the expected distribution of CCSNe as a function of the distance to the
Earth [8], in the most conservative scenario considered in this work (11Mg), more than 95% of the
Galactic core-collapse supernovae can be observed by the KM3NeT detectors.

2.1 Estimation of the neutrino spectrum parameters

The neutrino energy spectrum can be described in a simplified form as a quasi thermal distri-
bution, which depends on the neutrino energy, E, and the time, ¢, relative to the core bounce [9]:

d® L) E* [1+a\"™ et
Ef) = i ) 3
aE i BD 47rd2F(1+a)( I ) ¢ " )
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where E is the mean neutrino energy, L is the neutrino luminosity, d is the distance to the source,
and « is the spectral shape parameter. The sensitivity to the averaged in time neutrino spectral
parameters is estimated assuming perfect flavour equipartition.

The simulated data from ARCA and ORCA are combined in a 500 ms search window. The
neutrino spectrum is characterised by three parameters: E, @, and the signal scale, A. The signal
scale depends on the total energy released and the distance to the source. It is defined with respect
to the benchmark values, Ly, 0 =4 - 1052 erg and dy = 10kpc, as:

_ e (@)2
Ly,o \d)

The ability to constrain the parameters describing the neutrino energy spectrum is evaluated using a

“

chi-square method on a multiplicity distribution of the detected events. Three different assumptions
on the range of the @ and A parameters are considered: they are known a priori (fixed), they are
known in a constrained range given by aqye = 10%, Agye = 10%, and « is a free parameter in the
range of 2 — 4,. The results are the following: the mean neutrino energy estimation has a 90% CL
range of about = 0.5 MeV (~ 4%) when @ and A are fixed and it stays below + 1.5 MeV if these
two parameters are known within a +10% range. The sensitivity to the spectral parameters is lost
if A and « are left free.

2.2 CCSN arrival time measurement

The arrival time of the burst, 7y, can be independently measured by KM3NeT. The first
significant excess of selected events in the multiplicity range 7 — 11 is used to define the time range
of the fit and the starting point of the Ty parameter. Then for the light curve analysis events with
multiplicity > 2 are considered. The background expectation value is subtracted and the obtained
light curve is fitted with the function [10]:

R(t) = Ry®(t - Ty) (1 e ) (5)

where @ is the step function, 7 is the time constant of the light curve rise, and Ry is the scale.

An average time resolution of 8 ms is achieved at the Galactic Centre (8 kpc) for the 20Mg
progenitor, improving up to 3 ms for an equivalent source at 5 kpc. At 13 kpc, the uncertainty
degrades down to 70 ms, with the fit failing in about 25% of the cases. At 14 kpc, the estimation
becomes unreliable as the fraction of failed fits reaches 80%. For the 11M progenitor, a resolution
of 7.5ms is obtained at 5 kpc, degrading to about 70 ms at 8 kpc, with 35% of failed fits. The
fraction of failed fits increases to about 85% at 9 kpc.

2.3 Detection of the standing accretion shock instability

A spectral analysis of the detected neutrino light curve is performed using a fast Fourier
transform algorithm. From the model prediction, a time interval of [-150,50] ms centred on the
peak of the light curve is analysed. Two different strategies are adopted to estimate the probability
of detecting the light curve oscillation expected in case of the standing accretion shock instability
(SASI) [4, 11]. The first one (Method 1) is based on the measurement of the maximum of the
power spectral density scanning over all frequency range and it is model-independent. Method 2
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Table 1: Estimation of the sensitivity to SASI oscillations obtained combining ORCA and ARCA.

Progenitor d[kpc] Method1 Method2 Peak frequency (Hz) Galactic coverage

27 Mg 3 28+£0.70 41+090 80 3%
20 Mg 5 32070 45+090 80 10%
40 Mg 8 38+£0.70 >50 140 35%
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Figure 2: KM3NeT data acquisition scheme for the multi-messenger alert program.

is based on the integrated power in a designated frequency range, which is chosen to be +20 Hz
from the oscillation peak frequency known a priori. The significance is estimated by evaluating
the average of each quantity on signal plus background simulation and calculating the p-value of
the distribution of the same quantity estimated on the pure background. The p-value is expressed
in sigmas (e.g. 30~ = 0.27%). The results are summarised in Table 1.

3. Multimessenger program

The experience of the multi-messenger community together with the enhanced capabilities of
current and near-future neutrino detectors set a wider perspective for the coordinated detection of
the next CCSN. A large multi-messenger follow-up campaign will be the key to achieve this goal.
The SNEWS2.0 network [12], successor of the SNEWS [13], is also based on the detection of a
coincident neutrino signal between experiments all around the world, and it will be enhanced with
localisation, time-domain and spectrum studies. The combined false alert rate (FAR) of less than
one per century is achieved by requiring a maximum FAR of one per 8 days in each single detector,
and the coincidence between two or more detectors within 10's.

An overview of the KM3NeT data acquisition system (DAQ) and real-time analysis framework
is given in Figure 2. The KM3NeT detectors adopt an all-data-to-shore concept. The data filtering
happens onshore. For the detection of high energy events the set of triggers searches for time-spacial
correlations between DOMs with several photons detected. For the purpose of CCSN detection the
DAQ records a separate stream containing all hits in coincidences with at least three other hits on
PMTs within 90° axes and a time window of 15 ns.
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This SN data stream is stored without preserving any coincidence information. In a dedicated
application (supernova processor) a coincidence building algorithm is applied again on this data. The
muons are vetoed using high energy event triggers and coincidences between DOMs as discussed in
Section 1.1. Then, events with a PMT multiplicity of 7—11 are selected as explained in Section 2 and
they are referred to as SN events. While currently operating with small detectors, the multiplicity
range is extended to 6—11 to compensate for the lower statistics of the background sample.

The probability of observing the given number of unique DOM detecting at least one SN event
is calculated for the number of SN events and the total number of DOMs in both detectors. A low
value of this probability may indicate the anomalies in the detector, i.e. excessive DOMs activity.
A predefined probability threshold is required for a sample of SN events to validate the alert.

The detector efficiency is not constant in time since the number of active PMTs can be slightly
reduced during periods of high bioluminescence activity. By performing simulations following the
PMT rates in the previously collected data, the detector efficiency is parameterised as a function of
the number of active PMTs. This is used to correct the signal expectation value according to the
measured rates.

The combined sensitivity is estimated for 500 ms sliding windows with step of 100 ms using (2).
The significance can be converted to the p-value and correspondingly to the false alarm rate
considering sliding window rate of (100 ms)~'. The FAR threshold of 1/8 days is used to generate
SNEWS alerts according the their requirements. Typically, the alert message is sent in less than 20 s
from the arrival of the corresponding data on-shore. This makes KM3NeT one of the fastest alert
sending experiments among the neutrino detectors participating in SNEWS, together with NOvA
and HALO [12]. For the currently currently operating ARCA6 and ORCAG6 detectors combined,
KM3NeT is expected to be sensitive to CCSNe at distances below 11kpc for the 27M, progenitor.
Events with an especially high significance, for which the equivalent FAR is below one per year,
will be publicly advertised as a GCN circular.

An internal 10 min buffer in the onshore KM3NeT data filters is implemented to collect
coincidences with multiplicity > 2 within a 25 ns time window. This buffer can be dumped to
storage upon an alert. The buffer is analysed to reconstruct the time profile of the signal filling
time series of 1 ms with the number of coincidences. Here the time window for the coincidences is
reduced to 5 ns to suppress the random background. The emission time, and the oscillation presence
is then internally estimated according to the procedures defined in Sections 2.2, 2.3. The significance
results together with the time series are planned to be distributed within SNEWS2.0. In particular,
matching such light curve time series between several detectors may allow CCSN triangulaton on
the sky in a model-independent way [14]. The internal dump of the buffer and subsequent analysis
can be also triggered externally. The principal destination for this feature is the future SNEWS2.0
infrastructure. The data exchange will rely on the HOPSKOTCH publish-subscribe message system
developed within the SCIMMA program [15].

The external triggers are analysed to derive the detection significance according to (2). In case
of a low significance, an upper limit on the number of signal events can be set following Feldman
and Cousins approach. A limit on the combined total energy and distance L, d~> can also be derived
assuming detailed (27Mg etc) or simplified quasi thermal distribution (3).

The GW event S200114f was identified on 14th January 2020 by the un-modelled LIGO-Virgo
pipeline. This alert could could indicate the supernova emission in a region compatible with the
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Galactic plane location. Two SN events were found in the ORCA4 data, while 1.4 were expected
from background, after correcting for the estimated instrumentation efficiency. This excess is
not significant, having a p-value of 0.4. The excluded distance corresponds to 6 kpc for 11Mg,
11.5 kpc for 27M¢ and 21 kpc for 40M which excludes one of the most promising progenitors, the
Betelgeuse star which is close to the S200114f alert localisation.

4. Conclusions

The KM3NeT detectors are nowadays taking data with 6 lines on each of two sites. With
this configuration KM3NeT is participating to the SNEWS network aiming for the detection of
supernovae in our Galaxy or nearby. Once completed the KM3NeT detectors will have a joint 5o
sensitivity for more than 95% of the Galactic progenitors. High number of detected supernova
neutrino interaction will allow time profile studies. Using this data a Galactic supernova position
triangulation with other detectors is expected within the upcoming SNEWS2.0 network.
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