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Abstract. The KM3NeT neutrino telescope is currently being deployed at two different sites in
the Mediterranean Sea. First searches for astrophysical neutrinos have been performed using data
taken with the partial detector configuration already in operation. The paper presents the results
of two independent searches for neutrinos from compact binary mergers detected during the third
observing run of the LIGO and Virgo gravitational wave interferometers. The first search looks for
a global increase in the detector counting rates that could be associated with inverse beta decay
events generated by MeV-scale electron anti-neutrinos. The second one focuses on upgoing track-like
events mainly induced by muon (anti-)neutrinos in the GeV-TeV energy range. Both searches yield
no significant excess for the sources in the gravitational wave catalogs. For each source, upper limits
on the neutrino flux and on the total energy emitted in neutrinos in the respective energy ranges have
been set. Stacking analyses of binary black hole mergers and neutron star-black hole mergers have
also been performed to constrain the characteristic neutrino emission from these categories.
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1 Introduction

The first detection of a gravitational wave (GW) signal from a binary compact merger [1] initiated in
2015 a new era in multi-messenger astronomy. The subsequent observation in 2017 of a GW signal
from the binary neutron star merger event GW170817 and of prompt and afterglow electromagnetic
emission from the associated short gamma-ray burst [2] was the first and so far unique multi-messenger
observation of its kind.

The relativistic jets associated with such mergers are also expected to generate neutrinos. This
is more likely for mergers involving neutron stars such as binary neutron star mergers (BNS) [3] or
neutron star-black hole mergers (NSBH) [4], though some models also predict neutrino emissions
from binary black hole mergers (BBH) [5]. Although most of the studies focus on hadronic processes
leading to high-energy neutrino production (E, 2 GeV), thermal neutrinos in the MeV regime may
also be produced [6].

Searches for neutrinos associated with GW signals from compact binary mergers have already
been performed with other neutrino telescopes across the globe e.g., ANTARES [7, 8], IceCube [9-11],
and Super-Kamiokande [12], without positive evidence of a common signal so far.

The KM3NeT detector, currently under construction, was taking data with a partial configura-
tion during the third GW observation campaign in 2019-2020, allowing for a first search for neutrino
counterparts. The article presents the dedicated analyses that have been developed for the search and
the first results obtained with KM3NeT data, using the latest GW public catalogs as detailed below.

Two independent analyses have been performed, each of them optimized for the detection of
a prompt signal in a short time window around the GW event, and for a specific neutrino energy
range. Section 2 describes the search for neutrinos in the 5-30 MeV range using a similar method to
the one used to detect Core-Collapse Supernovae (CCSN) [13], while section 3 presents the search for
neutrinos with energies from GeV to TeV.

The results of both searches are presented in section 4. The observations are converted into
constraints on the incoming neutrino flux and on the total energy radiated in neutrinos for an isotropic
emission around the source, in the relevant energy ranges, assuming a quasi-thermal distribution for
MeV neutrinos and a single power law for GeV-TeV neutrinos. Additionally, for the latter, a stacked
analysis has been performed to constrain the typical emission from BBH and NSBH objects. Results
and prospects for future observations are discussed in section 5.



1.1 The KM3NeT neutrino telescope

The KM3NeT Collaboration is building two large-volume neutrino detectors in the depths of the
Mediterranean Sea [14]. They rely on the detection of the Cherenkov light induced by charged
particles produced in neutrino interactions, using about 200,000 three-inch photomultiplier tubes
(PMTs). The PMTs are arranged in digital optical modules [15] (DOMs, with 31 PMTs each),
deployed along vertical lines anchored at the sea bed, with 18 DOMs per line.

The KM3NeT/ORCA detector, located near Toulon (France), will be equipped with 115 such
lines, with inter-line and inter-DOM spacings that are optimized for the detection of GeV-scale neu-
trinos and the study of atmospheric neutrino oscillations. The KM3NeT/ARCA detector is located
near Capo Passero in Sicily (Italy) and will consist of two blocks of 115 lines, with larger spacings
optimized for TeV-PeV astrophysical neutrinos.
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Figure 1. Footprint of the planned ORCA detector, with the ORCA4 and ORCAG6 configurations highlighted
in blue and red, respectively.

Detection lines are currently being deployed on both sites. At the time of the GW observations
in 2019-2020, ORCA was taking data with two lines (ORCA2) before July 1, 2019, with four lines
(ORCA4) during the period from July 1, 2019 to January 17, 2020, and then with six lines (ORCAG6),
as illustrated on the detector footprint in Figure 1. The ORCA2 configuration is not considered in the
following, as it is not large enough to perform a proper astrophysical search. The KM3NeT/ARCA
detector has no data available for physics analysis during the considered period.

KM3NeT data is organized in consecutive runs of a few hours, and two main categories of neutrino
events can be identified within the data. As it will be detailed in section 2, MeV neutrinos produce
individually a very faint signal such that they can only be detected through a global increase of the
detector counting rate linked to many MeV neutrinos interacting simultaneously. For higher energies
(GeV and above), the total amount of deposited Cherenkov light distributed over multiple DOMs
is sufficient to define unambiguously an event. This event would eventually be associated with an
individual neutrino candidate.

1.2 The gravitational wave catalogs

The paper focuses on candidate binary mergers detected during the third observing run (O3) of the
LIGO and Virgo GW interferometers reported in the three catalogs:

e GWTC-2 [16]: it reports 39 significant detections made during O3a, the first half of O3, running
from April to September 2019.



e GWTC-2.1 [17]: this is an update of GWTC-2 with eight additional events detected during O3a
but not reported in the previous catalog.

e GWTC-3 [18]: it reports 35 significant detections during O3b, the second half of O3, from
November 2019 to March 2020. In addition, the catalog reports seven marginal candidates,
out of which GW200105.162426 has been identified as an interesting NSBH candidate and is
therefore included in the analysis, making the total number of selected events 36 for GWTC-3.

The data releases provided by the LIGO-Virgo Collaboration contain detailed information for
each GW event including its timing tgw, the localization skymap P (), and the full posterior samples
with all relevant source parameters: direction €2, luminosity distance Dy, masses mi2, and total
radiated energy in GWs Egw (defined as the difference between the final object mass and the sum
of the masses of the initial objects). The different categories of events (BBH, NSBH, BNS) are
determined on the basis of the individual masses of the merging objects, with a chosen boundary at
m = 3 Mg separating between neutron stars (below) and black holes (above). Other parameters are
used in the follow-up analyses detailed in the following sections.

The ORCA4 data-taking period overlaps with 19, 6, and 17 GW events in the GWTC-2, GWTC-
2.1, and GWTC-3 catalogs, respectively, while ORCAG6 overlaps with 19 GW events reported in the
GWTC-3 catalog, for a total of 61 GW events. The remaining 20 (2) events in the GWTC-2 (GWTC-
2.1) catalogs occurred before ORCA4 started.

2 Search for neutrinos in the 5-30 MeV energy range

In a DOM, a hit is recorded when the voltage of a PMT rises above a 0.3 photoelectron threshold.
Every hit is recorded and digitized before being grouped in segments of 100 ms called timeslices. Most
of the recorded hits originate from optical noise due to radioactive decays in seawater, mainly °K
(around 7kHz per PMT), bioluminescence which can cause localized increases up to the MHz range,
and atmospheric muons, as characterized in [19, 20].

In the 5-30 MeV energy range, KM3NeT is mainly sensitive to the inverse beta decay channel,
where electron anti-neutrinos interact with free protons in the water to produce low-energy positrons.
Those secondary particles emit Cherenkov light for only a few tens of centimeters. As the distance
between optical modules is optimized for the detection of higher energy neutrinos (above few GeV),
one such neutrino would only produce hits in a single DOM. Optical noise would also produce such a
localized signal, making it indistinguishable from a single neutrino interaction.

Therefore, MeV neutrinos can only be detected as a global increase in the rate of coincidences
between PMTs in single DOMs. The current method implemented to detect MeV neutrinos with the
KM3NeT detector is optimized for the detection of a Galactic or near-Galactic CCSN, as described
in [13, 21]. The method assumes a quasi-thermal neutrino distribution and an emission duration of
around 500 ms, similar to what is expected for CCSN.

To reduce the contamination from optical noise, the concept of coincidence is defined. A coin-
cidence consists of at least four hits within one DOM and with PMTs within a 90-degree opening
angle, with all the hits in a time window of 10ns. The coincidence level is then defined as the number
of coincidences over the whole detector in a sliding window of 5 timeslices (with a total duration of
500ms) and is estimated every 100 ms. This parameter is expected to follow a Poisson distribution,
characterized by a parameter b, referred to as the “mean rate” in the following.

The search focuses on prompt neutrino emission coincident with the GW event, with similar
timing as expected for a CCSN [22]. Existing models for prompt MeV neutrino emission from binary
mergers have most of the signal in tens of milliseconds after the merger [6, 23], though the signal
may extend up to a few seconds. However, to determine the time window during which the temporal
correlation search is performed, it is necessary to consider the time-of-flight difference ATjjgnt between
gravitational waves and MeV neutrinos (assuming the former travel at the speed of light):

1 1 Dmax 2.4 ]-Dmax 2.4
AThight < Dina ( - > — T ( 14+ e 1) ro o e (2.1)

v, c c p2c? 2 ¢ E2°



where D, is the estimated distance of the farthest GW source, v,, m,, p,, and E, are respectively
the speed, mass, momentum, and energy of the neutrino. Given the current constraints on the
neutrino mass [24, 25] and the distances of GW events reported in considered catalogs, it is found
that ATﬂight < 2s.

The search window should be as short as possible to keep the trial factor (number of times the
coincidence level is computed) low. A fixed time window of 2s after the GW event, covering solely
the bulk of the expected prompt signal and the maximum expected time-of-flight difference, is thus
considered in the following.

The search consists of three steps: the selection of runs with sufficient quality, the characterization
of the background, and the search for a time-correlated signal in the 2s window.

2.1 Run selection

The characterization of the coincidence levels due to the expected background is needed to perform
the analysis. For each GW event, all data from the run covering the GW time is used, in addition
to the specific coincidence levels during the corresponding 2s time window. For five of those GW
events, data acquisition issues prevented data from being retrieved. In order to remove occasional
anomalies such as sparking PMTs, which may result in multiple coincidences happening in a single
DOM during 100 ms, a quality score is computed in association with every coincidence level. The
quality score, as described in [21], checks the consistency between the number of coincidences and
the number of DOMs detecting at least one coincidence. A low score would indicate that one or
several DOMs are producing an anomalous number of coincidences, which is not compatible with the
expected background or signal. One additional GW event was removed from the studied sample due
to a low-quality score within the 2s time window, taking the total number of disregarded GW events
to six. The analysis described below focuses on the 55 remaining GW events.

2.2 Background characterization

In the sea bioluminescence may lead to a localized increase of the hit rates up to the MHz level,
causing the need to veto PMT with rates above ~ 100kHz with the embedded electronics of the
DOMs [26]. This leads to a non-constant number of active PMTs over the whole detector, which
also causes variation in the mean rate. The typical timescale of those variations is a few hours. The
relation between these quantities is shown in Figure 2, where every dot is the computed mean rate
averaged for the whole detector, for a given range of fraction of active PMTs, as obtained from ~ 200
runs, uniformly distributed in the ORCA4 and ORCAG6 data-taking periods. As expected, a smaller
fraction of active PMTs leads to a smaller mean rate.

For each run containing a GW event, the expected coincidence mean rate is inferred from the
observed fraction of active PMTs based on a linear fit as shown in Figure 2. The agreement between
this expectation and the observed rate has been found to be sufficient for most of the runs containing
a GW event, except the six ones between December 19, 2019 and January 25, 2020. The disagreement
is due to a network issue between the ORCA detector and the shore station. Instead of using the
linear fit, the mean rate is directly taken from data for the six runs in question. As the fraction of
active PMTs is relatively stable in the runs of interest, this mean rate estimation is adequate.

2.3 Statistical analysis

As there is no event-by-event direction reconstruction of neutrinos at the MeV scale, the analysis
consists only of a time coincidence search. For every GW event the 20 coincidence levels in the
[taw,tew + 2s] time window (every 100ms in the search window) are retrieved, as shown on the
left panel of Figure 3, and the maximum coincidence level ¢y« is extracted. Pseudo-experiments are
then generated using the mean rate b, inferred from the observed fraction of active PMTs (Figure 4)
averaged over the 2 s time interval. From those pseudo-experiments, the expected distributions of ¢y ax
are computed assuming only background (with the expected mean rate) and background-signal.
Example distributions of cpay for different measured values of b, are shown on the right panel of
Figure 3. Comparing these distributions with the observed cpax allows for the estimation of the
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corresponding p-value p and the 90% confidence level upper limit on the number of coincidences due
to a neutrino signal ugiog% using the Feldman-Cousins [27] statistical approach.
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Figure 3. Timeline of the coincidence levels around GW101204-110529 (left) and distribution of the maximum
coincidence level cmax for different values of the mean rate b. (right). On the left, the solid black line indicates
the GW event time, and the dashed black line is the end of the 2s time window during which the search is
made.

In order to translate this quantity into physical limits, the number of expected signal events
Hsig futldet (Fo, Do) is computed for a reference CCSN at a distance Dy, o with a neutrino fluence @
and a total released neutrino energy Fj, in a full ORCA detector (115 x 18 DOMs), and with perfect
efficiency (n = 1, where 7 is the ratio of the measured mean rate to the expected one when all PMTs
are active). By correcting for the number of active DOMS nactive Doms and for 1, an upper limit is
obtained on the total neutrino fluence ®?°% and on the total energy emitted in MeV neutrinos by the
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Figure 4. Time series (left) and distribution (right) of the fraction of active PMTs for the run covering
GW191204-110529. On the left, the top plot shows the variability of the fraction of active PMTs during the
run while the bottom plot is a zoom on the 2s time window starting from the GW event time. On the right,
the distribution of the fraction of active PMTs is shown in blue for every timeslice of the run and in orange
for the 20 timeslices inside the 2s time window.
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where the reference values are computed assuming thermal emission, as described in [13, 21]:
Hsig,fulidet (Eo, Dro) = 132.5, D, o = 10kpe, &g = 8.2 x 10!% cm ™2, and Ey = 3 x 10°3 erg.

3 Search for neutrinos in the GeV-TeV energy range

The search focuses on track-like events, mostly generated by muons produced in charged-current (CC)
interactions of muon (anti-)neutrinos in the vicinity of the detector. Other event topologies are not
investigated in this search.

The muon direction can be reconstructed by fitting the PMT hit patterns to the expected
Cherenkov emission [28]. Only tracks reconstructed as upgoing or close to horizontal (i.e., with a
reconstructed zenith direction € such as cos(f) > —0.1) are selected, in order to significantly re-
duce the bulk of background events caused by downgoing atmospheric muons. After this selection,
the remaining backgrounds affecting the search for cosmic neutrinos are atmospheric neutrinos and
atmospheric muons wrongly reconstructed as upgoing. At this level, the muon contribution is still
dominant as it represents more than 99% of the observed event rate.

To further reduce the background, only events in time coincidence and in a direction compatible
with the GW localization are considered. The time correlation is performed by selecting events in a
time window [tgw — 500s, tgw + 500s], a conservative estimate of the expected delay between the
high-energy neutrino and the GW emission [29]. The source is assumed to be located within the
region Rgg containing 90% of the GW probability as built directly from the GW skymap Pgw. Then,
the space correlation criterion corresponds to considering only events reconstructed with direction &
within Ry defined as:

Ry = {f| min (arccos (fcf)) < Agi)} . (3.1)
JGRQO

This extension aims to cover the detector’s angular resolution and corresponds approximately to the

90% containment angle. In the following, A¢ is fixed to 30°; such a large value is due to the small

3



size of ORCA4 and ORCAG6 detectors which leads to a large tail in the angular error distribution,
as illustrated in Figure 7 in section 3.2. It should be significantly reduced with the expansion of the
detector.

The analysis pipeline consists of three steps: a pre-selection of data to be analyzed according to
its quality (section 3.1), an optimized event selection (section 3.2), and a statistical analysis to extract
observation significance or upper limits on the neutrino emission (section 3.3).

3.1 Run selection

Careful checks have been implemented to ensure data quality and data-taking stability around each
GW event. Conservative cuts are applied to remove all runs with non-stable trigger rates, or with
other issues in terms of data quality, acquisition, or calibration. It reduces the considered total
livetime (entire period of data taking, also beyond O3) from 181 to 174 days for ORCA4 and from
366 to 343 days for ORCAG.

It excludes nine GW candidates for which a follow-up is not possible as the corresponding
detector runs are not selected. Furthermore, two additional GW events (GW200224_222234 and
GW200311.115853) are excluded as they have been constrained by GW observations as being fully
above the KM3NeT horizon. A total of 50 GW sources remain, including 44 BBHs and 6 NSBHs. The
number differs from the one reported for MeV neutrinos in section 2, the chosen quality criteria being
different as analyses rely on separate data streams with distinct responses to data-taking conditions.

The average rate of neutrino candidate events in the upgoing and horizontal region, in 2-day
intervals, is shown in Figure 5 for the two detector configurations superimposed on the time periods
covered by the GW catalogs. The main cause of fluctuations in the rate of reconstructed events is
the variability of the bioluminescence at the detector. This affects the number of active PMTs as
discussed in section 2 which leads to fluctuations in the number of events and changes in the efficiency
of track fitting.
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Figure 5. Rate of reconstructed upgoing events averaged over intervals of two days, for the two detector
configurations ORCA4 (blue points) and ORCAG6 (red points) in the data set. The shaded regions indicate
the O3a and O3b periods.

3.2 Analysis pipeline

The number of events in the ON-zone region in the search time window and in the direction of the
GW event is compared to the expected background from mis-reconstructed atmospheric muons and
atmospheric neutrinos, as estimated from OFF-zone data.

A Boosted Decision Tree (BDT, based on gradient boosting [30]) model is applied to select
signal-like events from the dominant atmospheric muon background [31]. It is trained with Monte
Carlo simulations of v, CC interactions (with neutrino energies up to 5 TeV) generated with gSeaGen
[32] and muons simulated with MUPAGE [33]. The training uses a collection of 24 (14) features for



ORCA4 (ORCAG), including low-level variables on the detected light as well as higher-level variables
from track maximum likelihood fit results. The distribution of the final BDT scores is shown in
Figure 6 for data and for Monte Carlo simulations.

The ON-zone region refers to events within a £500s time window centered on the GW event
time, reconstructed as upgoing or horizontal tracks and in R;{O. The OFF-zone events are track-like
events reconstructed within the same region in local coordinates, but at times incompatible with the
GW. The OFF-zone background sample consists of a subset of runs during the same data period
(ORCA4 or ORCAG) and with similar data-taking conditions with the run containing the GW event,
as evaluated based on the event rate Rjyose after a loose cut on the BDT score. Runs with rates in the
range (R . — 0, Ry .. + 0] (where Ry . is the event rate for the run containing the GW event) are
selected, and the value of § is optimized for each GW event to ensure < 10% statistical uncertainties
while having a representative background estimate. The remaining data of the run containing the
GW time, outside the 4500 s time window, is also part of the background sample. The ratio between
the livetimes of the ON-zone and the OFF-zone regions is denoted aon/oFF-

A model rejection factor (MRF, [34]) minimization is used to optimize the cut on the BDT
score, with the signal being defined as an all-flavor £~2 neutrino spectrum, and the background being
estimated from the OFF-zone region scaled by aon/orr. The final cut may vary for each GW event
so that the final expected background in the ON region depends on the detector conditions at the time
of each GW. The detector effective area and acceptance after all cuts are estimated with the same
E~2 signal Monte Carlo simulations. The sky is divided into pixels using the HEALPix method [35]
and the direction-dependent acceptance A(2) is obtained for all pixels within the region Rgq.

Average effective area, event distributions, median angular resolution (defined as the 50% con-
tainment angle), and angular error are shown in Figure 7 after score selection optimizations for a
vy + v, flux of 107*E2 GeV~'em2s7!. It should be noted that in terms of angular resolution,
ORCAA4 seems to outperform ORCAG6 at energies below 100 GeV as the optimized selection is stricter
in this energy range for the 4-line configuration due to its smaller size so that only higher-quality
events remain. It is reflected in the event distributions, as the rate of selected low-energy events is
lower. When averaged over an E~2 spectrum, the median angular resolution for ORCA4 and ORCA6
are 1.85° and 1.63°, respectively. It corresponds roughly to containment angles in the energy re-
gion above 100 GeV on the bottom left plot of Figure 7, as the events at these energies are those
contributing the most to the overall expected flux.

The numbers of ON-zone events Non and OFF-zone events Nopr, are respectively the number
of events in the ON-zone and OFF-zone regions with a BDT score above the optimized cut. The
mean expected number of background events in the ON-zone region is then

b = aon/orF X NoFF. (3.2)

The corresponding Poisson p-value p, the Poisson probability of observing at least Non events with an
expected background of b events (neglecting the related statistical uncertainty for this computation),
can thus be estimated.

3.3 Upper limit computation
Limits on the incoming neutrino flux for individual GW events

The number of detected events after all cuts is compared to the background expectation from the
OFF-zone region. In the absence of a significant excess, upper limits on the neutrino emission are
extracted using the Bayesian framework JANG [36].

Upper limits on the flux normalization ¢ assuming an all-flavor time-integrated neutrino spectrum
dN/dE = ¢ - (E/GeV)~? are obtained, under the assumption of equipartition at Earth between
neutrino flavors (ve : v, : vz =1:1:1). The corresponding likelihood is defined as:

(b+A©)-p) 0+ A(Q) - g)Nox
Non! ’

L(Non|b, ¢, A(2)) = e~ (3.3)

where b is the expected background and A(Q2) = a- f(€) is the direction-dependent detector acceptance,
estimated with Monte Carlo simulations for each GW follow-up.
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Figure 6. Comparisons of the score for upgoing events in data and Monte Carlo simulations, for the ORCA4
(left) and ORCAG6 (right) detector configurations.
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A Poisson prior m(b) on the background with parameter A = b/aon/orr encodes the information
obtained from the measurements in the OFF-zone region. A 15% (10%) systematic uncertainty on the
detector acceptance for ORCA4 (ORCAG) is reflected by defining a Gaussian prior on the acceptance
normalization a. The GW localization skymap provided in the LIGO/Virgo catalogs is employed as
prior knowledge on the source direction ©: 7(Q) = P(€Q). Finally, a flat prior is considered for the
parameter of interest ¢. The posterior is then marginalized over nuisance parameters:

P(¢) = C///QERWS L(Non|b, ¢, A(2)) x m(b; Norr, ®on/orr) (a) T(2) 7(¢) dbda dS2 (3.4)

where the integration is performed with Monte Carlo integration techniques and C' is a normalization
constant. The marginalization over the source direction is only performed over the intersection Ry
between the region Rgg containing 90% of the GW probability and the visible sky using the KM3NeT

upgoing track sample. The 90% upper limit on the time-integrated flux normalization ¢°°% is obtained
90%
by solving [7 P(¢)d$ = 0.90.

Limits on the total energy for individual GW events

Similarly, upper limits on the total energy emitted in neutrinos Eéi‘%u =4rD3 [ 5::" Ex(dN/dE)dE,
or on the ratio between the neutrino emission and GW emission f*° = E¢ /FEqyy, assuming an £ 2
spectrum and isotropic emission, are also derived. The procedure is similar to the ones described above
with the luminosity distance Dy, as an additional parameter (and the total radiated energy Eqw as
well for limits on f,,). The integration bounds are fixed to Epin = 1 GeV and Epax = 100 PeV though
the obtained results may be easily scaled for different choices of bounds (e.g. Eéffgy x log(Fmax/Emin)
for an E~2 spectrum).

Population studies

A stacking analysis of all BBH events is also performed by combining the individual follow-up results
and constraining the typical EfS? , (f5°) from those objects, assuming they have the same total
energy released in neutrinos (the same ratio between neutrino and GW emissions). To account for
the current analysis being limited to neutrinos below the horizon (and not all-sky sensitive), stacking
pseudo-experiments are performed which include each GW follow-up with a probability equal to the
visibility of the corresponding Rgg region. This quantity is defined as the ratio between the integrated
GW probabilities in Ry and in Rgp:

f%s P(Q)dQ
V= Ty, P(2)AQ (35)

The quoted limit is the median value obtained from these pseudo-experiments. A similar population
study is performed considering the 6 NSBH candidates in the catalogs.

4 Results

The final results for the two analyses described in section 2 and section 3 are presented in Table 1
and Table 2 respectively. No excess has been found in any of the samples and follow-ups. Therefore,
only upper limits on the neutrino emission are computed and reported in the same table.
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Table 1: Summary of O3 follow-up results of the MeV analysis. For each GW event, the third and
fourth columns give the expected mean rate b. and the maximum observed coincidence level ¢pax
during the 2s window after the GW event. The next two columns report the False Alarm Rate (FAR,
number of times per day one expects to observe ¢y coincidences originating only from background)
and the p-value. The last two columns provide the obtained upper limits on the neutrino emission,
in terms of the incoming fluence and the total energy emitted in neutrinos.

Merger | b.  Cmax FAR p 0% Eif)‘z:‘zoc"
type d—! cm ™2 erg
ORCA4 period
5.04 x 10*  0.70 [ 3.6 x 100 5.6 x 10°T
1.94 x 10°  0.99 | 1.7 x 1010 1.2 x 1062
2.84 x 10*  0.49 | 4.5 x 1010 9.8 x 1059
2.90 x 10*  0.50 | 4.5 x 1010 1.3 x 105!
2.10 x 10> 1.00 | 1.6 x 1019 9.1 x 105!
90.24 x10%  0.19 | 9.4 x 109 3.8 x 106!
1.34 x 10*  0.27 | 8.4 x 10'° 3.3 x 1092
1.16 x 10>  0.94 | 2.2 x10° 6.0 x 109
7.54 x 10*  0.84 | 3.1 x 100 1.2 x 1062
9.64 x 10>  0.02 | 8.6 x 100 8.9 x 1062
754 x10*  0.84 | 3.1 x 109 6.6 x 10
7.67x10*  0.84 | 3.1 x 109 5.1 x 106!
2.05x10° 1.00 | 1.6 x 1019 1.5 x 105!
6.11 x 10>  1.00 | 2.0 x 1010 1.0 x 1062
8.44 x 10*  0.87 | 3.0 x 100 5.7 x 109
8.98 x 10*  0.89 | 2.9 x 100 3.5 x 1059
8.18 x 10* 0.86 | 3.0 x 10'° 9.6 x 1050
230 x 10°  1.00 | 1.5 x 1019 7.9 x 105!
230 x 10°  1.00 | 1.5 x 1010 2.5 x 106!
2.14 x 10°  1.00 | 1.6 x 100 3.3 x 109
8.44 x 10*  0.87 | 3.0 x 109 1.1 x 10!
9.39 x 10* 090 | 2.9 x 1019 1.4 x 106!
3.23x10* 053 | 4.2 x 109 2.5 x 105!
8.71 x10* 0.88 | 3.0 x 10'® 2.0 x 10!
8.14 x10® 0.17 | 6.3 x 10° 6.0 x 105!
8.18 x 10*  0.86 | 3.0 x 10'0 1.3 x 1062
718 x 10°  1.00 | 1.1 x 109 2.4 x 1090
2.24 x 104 041 | 4.8 x 1019 5.7 x 106!
6.11 x 10*  0.77 | 3.4 x 100 5.2 x 1059
2.19x10°  1.00 | 1.6 x 1010 2.1 x 105!
2.16 x 10°  1.00 | 2.8 x 10'0 3.1 x 109
2.19 x 10°  1.00 | 2.8 x 1019 9.2 x 106!
3.88 x 10  0.09 | 1.0 x 10" 6.8 x 1092
2.49 x 104 0.44 | 6.9 x 1010 1.9 x 1090
2.56 x 10*  0.45 | 6.9 x 1010 3.9 x 106!
9.49 x 10*  0.90 | 4.5 x 100 1.4 x 109
A6 period
1.06 x 10° 0.93 | 6.4 x 101 2.7 x 10%2
1.10 x 10>  0.93 | 3.3 x 10'° 9.8 x 109
3.61x10° 1.00 | 7.5 x 100 4.6 x 1050
1.18 x 10°  0.95 | 3.2 x 1010 5.8 x 108!
3.72 x 10*  0.59 | 5.9 x 1010 3.7 x 1062
3.19x 10° 1.00 | 3.2 x 10'0 1.3 x 1062

GW name

GW190701.203306 BBH | 1.44
GW190706.222641 BBH | 1.63
GW190707.093326 BBH | 1.75
GW190708-232457 BBH | 1.76
GW190719.215514 BBH | 1.70
GW190725.174728 BBH | 0.84
GW190727.060333 BBH | 0.94
GW190728.064510 BBH | 1.26
GW190731.140936 BBH | 1.66
GW190805.211137 BBH | 1.55
GW190814 NSBH | 1.66
GW190828.063405 BBH | 1.67
GW190828.065509 BBH | 1.68
GW190909.114149 BBH | 1.23
GW190917.114630 NSBH | 1.73
GW190924.021846 BBH | 1.77
GW190925.232845 BBH | 1.71
GW190926_.050336 BBH | 1.79
GW190929.012149 BBH | 1.79
GW190930-133541 BBH | 1.72
GW191103.012549 BBH | 1.73
GW191105.143521 BBH | 1.80
GW191109.010717 BBH | 1.24
GW191113.071753 BBH | 1.75
GW191126_115259 BBH | 1.26
GW191127.050227 BBH | 1.71
GW191129.134029 BBH | 1.78
GW191204_110529 BBH | 1.64
GW191204.171526 BBH | 1.54
GW191215.223052 BBH | 1.74
GW191219.163120 NSBH | 0.96
GW191222.033537 BBH | 0.97
GW191230.180458 BBH | 1.05
GW200105.162426 NSBH | 1.14
GW200112.155838 BBH | 1.15
GW200115.042309 NSBH | 1.15

OR!

GW200128 022011 BBH | 1.21
GW200129.065458 BBH | 1.23
GW200202.154313 BBH | 0.54
GW200208-130117 BBH | 1.27
GW200208-222617 BBH | 1.30
GW200209.085452 BBH | 1.29
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Table 1: (continued)

W e Merger [ b emax  FAR P oWt B
type d cm erg

GW200210-092254 NSBH | 1.25 3.07 x 10° 1.00 | 3.3 x 10" 1.1 x 10!
GW200216.220804 BBH | 2.39 5.96 x 10°  1.00 | 1.5 x 1010 8.1 x 108!
GW200219.094415 BBH | 1.86 1.02 x 10° 0.92 | 4.2 x 10'° 1.8 x 1062
GW200220.061928 BBH | 2.43 1.97 x 10°  0.99 | 1.7 x 1010 2.2 x 1062
GW200220.124850 BBH | 2.58 1.03 x 10°  0.92 | 3.0 x 1010 1.8 x 1062
GW200224.222234 BBH | 2.17 599 x 10*  0.76 | 3.6 x 10'® 3.8 x 106!
GW200225.060421 BBH | 2.18 2.07 x10*  0.38 | 5.4 x 10 2.6 x 106!
GW200302.015811 BBH | 2.57 4.10 x 10°  1.00 | 1.6 x 100 1.3 x 105!
GW200306.093714 BBH | 2.45 3.35 x 104 0.55 | 4.8 x 1010 7.8 x 10!
GW200308.173609 BBH | 2.56 4.07 x 10°  1.00 | 1.4 x 100 1.5 x 1092
GW200311.115853 BBH | 2.39 1.89 x 10°  0.99 | 1.7 x 1010 8.5 x 1050
GW200316.215756 BBH | 2.53 9.75 x 10* 091 | 3.1 x 1019 1.4 x 105!
GW200322.091133 BBH | 2.60 424 x10*  0.63 | 4.5 x 1010 2.2 x 1062

ST WO WO OOtk NN

Table 2: Summary of O3 follow-up results with the high-energy analysis. The second and third
columns indicate the most probable merger type given the masses in the catalog and the GW local-
ization visibility V at ORCA at the time of the merger. The next three columns report the mean
expected number of background events b, the observed number of events in the ON-zone region Non,
and the corresponding Poisson p-value p (in case of non-zero observations), and the last three are the
obtained upper limits on the neutrino emission, in terms of the incoming time-integrated flux, the
total energy emitted in neutrinos, and the ratio between neutrino and GW emissions.

T 90% 150,90% 50,90%
GW name Merger | V b Non P ¢,1 72 Eioty 1E
type % GeV™ ' cm erg
ORCAA4 period
GW190706_222641 BBH 72 | 0.050 0 - 2.2 x 102 2.5 x 10°8 2.6 x 103

- 1.5 x 102 5.0 x 106 3.3 x 102
- 2.9 x 102 7.2 x10% 3.1 x102
- 2.1 x 102 2.1 x 108 4.7 x 103
- 1.7 x 102 1.2 x 10°7 1.1 x 103
- 1.1 x 102 6.0 x 1057 1.1 x 103
- 1.6 x 102 5.5 x 1056 3.3 x 102
- 1.0 x 10? 8.1 x10°" 1.6 x 103
- 5.4 x 102 3.2 x10%® 6.8 x 103
- 1.4 x 102 4.5 x10°® 7.0 x 103
- 1.3 x 102 3.0 x 10°® 6.8 x 10!
0.06 | 2.9 x 102 5.7 x 10°7 1.1 x 103
- 1.0 x 102 1.3 x 1057 5.8 x 102
- 1.9 x 10? 2.7 x10%® 5.0 x 103
- 3.7 x 102 5.0 x 10°7 1.1 x 103
- 1.5 x 102 4.0 x 10°® 6.6 x 103
- 1.8 x 102 4.9 x10% 1.4 x103
- 1.6 x 102 2.6 x 10°6 2.7 x 102
- 1.4 x 10? 5.9 x 10 1.9 x 102
- 1.6 x 10? 2.9 x 10°%® 6.2 x 103
- 1.6 x 102 1.3 x 10°® 2.0 x 103

GW190707-093326  BBH 71 | 0.055
GW190708-232457 BBH 53 | 0.110
GW190719.215514 BBH 45 | 0.064
GW190725_174728  BBH 46 | 0.059
GW190727.060333 BBH 83 | 0.045
GW190728.064510 BBH 77 | 0.050
GW190731.140936  BBH 78 | 0.057
GW190803.022701  BBH 49 | 0.102
GW190805-211137 BBH 73 | 0.070
GW190814 NSBH | 100 | 0.038
GW190828.063405  BBH 62 | 0.057
GW190828.065509 BBH 77 | 0.067
GW190909.114149  BBH 53 | 0.076
GW190915.235702 BBH 90 | 0.061
GW190916-200658  BBH 56 | 0.075
GW190917.114630 NSBH 73 | 0.066
GW190924.021846  BBH 40 | 0.043
GW190925.232845 BBH | 100 | 0.059
GW190926_050336  BBH 53 | 0.052
GW190929.012149 BBH 67 | 0.075

OO OO DODDODODOOHOODODOODODOO OO
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Table 2: (continued)

W namme Merger | V [ b Non p . e
type % GeV 'ecm™2 erg
GW190930.133541 BBH 2210073 O - 4.6 x 102 1.4 x 10°7 9.9 x 102
GW191103.012549 BBH 43 | 0.063 0 - 4.0 x 102 2.4 x 10°7 1.6 x 103
GW191105.143521 BBH 85 1 0.067 0 - 1.5 x 102 9.5 x 10° 6.9 x 102
GW191109.010717 BBH 88 10.070 0 - 1.3 x 102 1.5 x 10°7 2.3 x 102
GW191113.071753 BBH 72 10070 0 - 1.3 x 102 1.7 x 10°7 1.3 x 103
GW191127.050227 BBH 43 10079 0 - 1.4 x 102 1.5 x 10°® 2.4 x 103
GW191129.134029 BBH 62 ] 0.059 0 - 1.2 x 102 3.2 x10% 2.5 x 102
GW191204.110529 BBH 45 | 0.084 0 - 1.4 x 10? 4.9 % 10°7 1.6 x 103
GW191204_171526 BBH 85 | 0.041 0 - 1.2 x 102 2.1 x10°6 1.3 x 102
GW191215.223052 BBH 64 | 0.052 0 - 1.6 x 102 3.1 x 10°7 9.8 x 102
GW191219.163120 NSBH | 70 | 0.065 0 - 1.7 x 102 3.6 x 1056 2.4 x 103
GW191222.033537 BBH 75 10.054 0 - 1.1 x 102 6.2 x 10°7 1.1 x 103
GW191230.180458 BBH 59 | 0.054 0 - 1.1 x 10? 1.2 x 10°%® 1.9 x 10°
GW200105.162426 NSBH | 53 | 0.158 0 - 1.9 x 102 6.7 x 105 1.7 x 102
GW200112_155838 BBH 45 | 0.116 0 - 1.9 x 102 1.1 x 1057 2.1 x 102
ORCAG perio
GW200128.022011 BBH 60 [ 0.255 0 - 6.8 x 107 4.8 x 10°7 8.7 x 10?
GW200129.065458 BBH 910175 0 - 7.5 x 10! 3.0 x 10° 5.7 x 10!
GW200208.130117 BBH | 100 | 0.127 0 - 5.3 x 101 1.3 x 10°7 2.6 x 102
GW200209.085452 BBH 43 | 0.358 0 - 1.2 x 102 8.6 x 10°7 1.9 x 103
GW200210.092254 NSBH | 27 | 0258 0 - 7.6 x 10! 3.2 x 10° 6.8 x 102
GW200219.094415 BBH 91 | 0213 0 - 7.6 x 10! 4.7 x 1057 1.0 x 103
GW200220.061928 BBH 60 | 0.290 0 - 6.2 x 10* 1.8 x 10°® 1.8 x 103
GW200220.124850 BBH 54 1028 0 - 7.6 x 10! 1.0 x 10°® 2.2 x 103
GW200302.015811 BBH 61 | 0.497 1 0.39 2.1 x 102 2.9 x 10°7 7.2 x 102
GW200306_093714 BBH 49 | 0.367 0 - 2.1 x 102 7.7 x 107 2.5 x 103
GW200308.173609 BBH 55 | 0.335 1 0.28 | 1.2 x10? 1.3 x 10°° 4.5 x 10*
GW200316_215756 BBH 3| 0.261 1 0.23 | 7.9x10' 5.4 x 10° 3.7 x 102
GW200322.091133 BBH 50 | 0.376 0 - 1.7 x 102 1.3 x 10°° 3.7 x 10°

Individual limits for the 5-30 MeV energy range

Only four events have a p-value lower than 0.2, with a minimum of 0.02, which is fully compatible with
the background expectation. For the considered 2s time window, the upper limits on the neutrino
fluence range between 10'° and 10! cm ™2, and on the total energy emitted in neutrinos between 10%°
and 1093 erg, as reported in Figure 8. Given that these limits are not very constraining with respect
to the total available energy budget in the merger (< 10%°-1056 erg), stacking limits have not been
estimated for this energy range.

Individual limits for the GeV—TeV energy range
The obtained upper limits on the total all-flavor isotropic energy Eéffgyl, and on the ratio between the
energy radiated in neutrinos and in GWs f5° = E¢ | /Eqw, for each of the 44 BBH and the 6 NSBH
events, are shown in Figure 9.

The most constraining individual limits for the BBH events are Eéi‘z:?f]% = 2.1 x 10°% erg (for
GW191204_171526) and f$90% — 57 (for GW200129.065458). Similarly, the most constraining
individual NSBH event is the closest one, GW190814, with limits Etif;z:i()% = 3.0 x 10° erg and

f;so,90% = 68.
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Figure 8. 90% upper limits on the total energy Eiff'w, emitted in neutrinos assuming a quasi-thermal distri-
bution centered at 13MeV, as a function of the source luminosity distance, assuming an E~2 spectrum and

isotropic emission.

Limits from the stacking analysis in the GeV—-TeV range

A stacking analysis is performed using the 44 BBH events followed up with KM3NeT. Assuming that
all BBH emit the same typical total energy in neutrinos, a limit of E;Z(;?,O% = 3.0 x 105 erg is obtained.
Assuming instead that all sources have the same ratio between neutrino and GW emission, the limit
is fis0:90% — 12, The stacked total energy limit is seven times better than the most constraining
individual event in this category.

The stacking of the six NSBH candidates followed with KM3NeT gives E50%°% = 1.9 x 10% erg

tot,r
and fi$990% — 46. Given the small number of NSBH events in the catalogs, the gain relative to the
individual limits is moderate.

5 Discussion and conclusions

The limits presented in this paper cover two neutrino energy ranges: 5-30 MeV and GeV-TeV. Fig-
ure 10 illustrates the typical differential limits as a function of neutrino energy for ORCA4, ORCAS6,
and ANTARES [8], overlaid with the corresponding detector effective areas. For the two ORCA con-
figurations, the bin at the highest neutrino energies is always the most constraining as the expected
number of signal events in this bin is still relatively high (as shown in the top right panel of Figure 7).
The constraints derived here, with only a very partial ORCA detector (3-5% of the total number of
lines to be deployed), already bring complementary information as the two ORCA configurations are
sensitive in a lower energy range than ANTARES and they provide better differential limits in that
region of the spectrum. The small size of the ORCA4 and ORCAG6 configurations, combined with this
difference in terms of energy range, lead to worse integrated limits when comparing to ANTARES or
to IceCube high-energy limits [11], as illustrated on Figure 11.

In the MeV range, the obtained limits are of the same order as the ones reported by KamLAND
[37], although one to two orders of magnitude worse than Super-Kamiokande’s [12], as shown on
Figure 11.

As of autumn 2023, 18 lines are operating for ORCA and 28 for ARCA, with more lines sched-
uled to be deployed later in 2023 and in the following years. During the following GW observation
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Figure 9. 90% upper limits on the total energy Fig , emitted in neutrinos of all flavors (top) and on the
ratio fis° = éf,‘iﬁ,,/EGw (bottom) as a function of the source luminosity distance, assuming an £~ spectrum
and isotropic emission. The horizontal bars indicate the 5-95% range of the luminosity distance estimate, and
the markers/colors correspond to the different source categories. The dashed bars correspond to the upper
limits from the stacking analysis for BBH and NSBH categories.

—15 —



r---g---1 ... ANTARES 6
v ——. ORCA4 10
—— ORCA6
('\‘_' 103 i v r 104 N'_'
! -
S o
S 102
> ©
@) g
O 1024 ©
= 100 o
4 >
S O
< e -1072 Q
o~ 101 4 ;— Y
w fovees ; ..... Y}
_10—4
100 10-°

10 10' 102 10® 10* 105 10
Energy [GeV]
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GW190814 (for ANTARES and ORCA4) and GW200208-130117 (for ORCA6). The two GW events have
very similar sky coverage and thus comparable limits. The differential upper limits (horizontal lines) were
obtained by considering independently bins in true neutrino energy and computing the corresponding limit
on the flux normalization assuming an E~2 spectrum only within each bin (and zero elsewhere).
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Figure 11. Range of 90% upper limits on the total neutrino fluence for both analyses. For MeV-scale
neutrinos, these are directly the limits reported in Table 1. For all reported results above 1 GeV, the fluence
is computed integrating energies above 1 GeV (® = fl Gev $E~2dE), and the horizontal widths of the bands
delimit the central energy range expected to contain 90% of the signal events (except for IceCube and Super-
Kamiokande results where the full sensitive range is shown). The ANTARES limits are reported in [8]. The
IceCube results are extracted from [10], [38], and [11], from left to right. The Super-Kamiokande results are
obtained from [12, 39].
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campaigns, especially O4 which has started in spring 2023, follow-ups will be performed with much
larger detectors than discussed in this article, leading to improved sensitivities and an extended energy
range coverage. More detailed neutrino emission models may also be explored, beyond the isotropic
E~? and quasi-thermal spectra investigated in the present study.

The ARCA configuration, which did not contribute to the present results for O3, is expected to
participate for the first time in the follow-ups during O4. Its energy coverage at very high energy
(Z TeV) is complementary to ORCA, hence enhancing KM3NeT sensitivity and the discovery lever
arm, especially for hard spectra. As the field of view of KM3NeT is very different from that of IceCube,
even partial KM3NeT detectors will be able to contribute significantly to the searches, especially for
sources localized in the Southern Sky.

For MeV neutrinos, the gain is directly proportional to the size of the detector, as outlined in
Equation 2.2, and KM3NeT is expected to reach similar sensitivities as Super-Kamiokande by the
end of the construction.

The KM3NeT telescope is also performing real-time follow-ups during O4, planning to release
results as fast as possible to help constrain the localization of a potential joint source and guide elec-
tromagnetic observations. It will improve the chance of identifying the corresponding electromagnetic
emission and thus eventually constrain source models, jet structure, and production mechanisms.

Furthermore, the increasing number of detected GW sources, especially binaries involving neu-
tron stars, will enhance the capability of stacking analyses. Even in the absence of individually
significant sources, some hints of neutrino emission may arise for a sub-population of these sources, as
a slight deviation from background-only predictions. Though the underlying production mechanisms
are very different, covering different energy ranges from MeV to PeV with KM3NeT may help reveal
the nature of the sources or identify sub-populations.
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