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ABSTRACT: Gamma-ray bursts are promising candidate sources of high-energy astrophysical
neutrinos. The recent GRB 221009A event, identified as the brightest gamma-ray burst
ever detected, provides a unique opportunity to investigate hadronic emissions involving
neutrinos. The KM3NeT undersea neutrino detectors participated in the worldwide follow-up
effort triggered by the event, searching for neutrino events. In this paper, we summarize
subsequent searches, in a wide energy range from MeV up to a few PeVs. No neutrino events
are found in any of the searches performed. Upper limits on the neutrino emission associated
with GRB 221009A are computed.
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1 Introduction: GRB 221009A

On October 9, 2022, at 13:16:59.0 UT (T hereafter) the Fermi satellite detected an ex-
traordinarily bright transient phenomenon by the Gamma-Ray Burst Monitor (GBM) [1].
Shortly after that, at 14:10:17 UT, the Swift Burst Alert Telescope (BAT) detected with
better angular accuracy a transient event consistent with the location of Fermi-GBM, with
additional detection of candidate counterparts by Swift-XRT and Swift-UVOT [2]. This
transient phenomenon was identified as a long Gamma-Ray Burst (GRB), whose most likely
origin is a collapsar, i.e., core-collapse of a fast-spinning massive star [3].

The light curve measured by Fermi-GBM is composed of two consecutive emission periods:
a first single isolated peak followed by a longer multi-pulsed episode in the 10-1000 keV
energy range. The duration corresponding to 90% of the central emission from this GRB
(Too hereafter) is around 327s [4]. As the exceptional brightness of this event saturated
the Fermi GBM and LAT instruments during the main emission period, this value may be
an overestimation of the real Tyo [5].

An accurate location for GRB 221009A has been provided by the Swift spacecraft at
R.A.(J2000) = 288.26452° and DEC.(J2000) = + 19.77350°, with a 90% confidence error
radius of 0.61 arcseconds [2]. This location has been supported by the observations of
multiple observatories [6-8]. The afterglow phase was detected and characterized in a wide
frequency range, with X-ray [9], optical [10, 11], and radio [12, 13] observations, in one of
the largest follow-up campaigns ever.

The LHAASO Water Cherenkov Detector Array detected photons from 200 GeV up to
energies above 10TeV, the highest energy observed so far from a GRB [14, 15]. Additionally,
the Fermi-LAT satellite detected photons with energies close to 99 GeV, which is to date the
highest-energy detection by this instrument for a GRB [16]. A GRB as extraordinary as
GRB 221009A is expected to occur only once every ten thousand years [17].



The exceptional intensity of this GRB may be explained by its proximity, together
with the fact that the jet emission is considered to be very collimated [18]. A dedicated
study suggests that the broadband afterglow emission can indeed be explained by a broad
structured jet [19]. The redshift has been estimated to be z = 0.151, following the optical
observations of the X-shooter VLT and the 10.4m GTC telescopes [3, 20]. This corresponds
to a luminosity distance dy, = 745 Mpc [21]. The isotropic-equivalent energy and luminosity
are estimated to be 10%° erg and 9.9 x 10%3 ergs™!

values known for a GRB to date [5].

respectively, which are among the highest

1.1 Neutrino emission from GRB 221009A

High-energy neutrinos (in the TeV-PeV energy range) are expected to be generated through
a wide variety of astrophysical processes in GRB events. This is of particular interest in
the case of GRB 221009A, as a recent study [22] hinted towards a significant contribution
of hadronic processes in its multi-wavelength emission.

Current models of the prompt emission from a GRB describe it as a high-temperature
compacted plasma whose kinetic energy can be released through internal shocks. These
shocks can accelerate protons and other atomic nuclei from the relativistic outflow, which
may produce TeV—PeV neutrinos through photo-meson production from the interaction with
surrounding photon fields [23]. Currently, this is expected to be the main mechanism for
neutrino production [24]. Nevertheless, there are still many other models proposed that could
explain neutrino emissions from GRBs such as subphotospheric neutrino production [25],
neutrino eruptions in jet propagation processes [26], regular core-collapse processes [27] or
even detectable neutrinos from neutron collisions [28].

Although numerous experiments have conducted different searches for neutrinos orig-
inating from GRBs, no significant detections have been reported up to date. In order to
enhance the signal-to-noise ratio, the usual approach is to perform stacking analyses. In the
TeV—PeV energy range, such searches have been done by the ANTARES and the IceCube
Collaborations [29, 30]. For MeV energies, the most restrictive limits have been provided
by the KamLAND and Super-Kamiokande Collaborations [31, 32].

Despite the general approach of stacking GRB observations, the exceptional nature
of GRB 221009A motivated a dedicated search. For this particular case, the KM3NeT
Collaboration performed a real-time search for neutrino emission, reporting a non-detection
of candidate events during the [Tp — 50s, Tp + 5000s] time window [33].

The IceCube Collaboration also reported a non-detection of neutrinos coming from GRB
221009A [34]. The real-time analyses, conducted using the time windows [Ty — 1 hr, Ty + 2 hr]
and Tp + 1day, were based on a Fast Response Analysis (FRA) framework optimized for TeV—
PeV neutrino detection. Refined upper limits in the time-integrated energy-scaled neutrino
emission from GRB 221009A were further reported [35]. The Baikal-GVD Collaboration also
performed an independent neutrino search with no significant detection [36].

In this paper, the results of refined searches in the KM3NeT detectors for a neutrino signal
compatible with the location of GRB 221009A are shown, covering various time windows.
The data were analyzed with improved calibrations with respect to the real-time search
and considering systematic effects such as the angular uncertainty in the reconstruction
of the events.



2 The KM3NeT neutrino detectors

KM3NeT [37] is an international research collaboration currently deploying two deep-sea
neutrino telescopes in the Mediterranean Sea: ARCA (Astroparticle Research with Cosmics
in the Abyss) and ORCA (Oscillation Research with Cosmics in the Abyss). These detectors
consist of three-dimensional arrays capable of detecting the Cherenkov light emission induced
by the motion of relativistic charged particles resulting from neutrino interactions.

The active component of the KM3NeT detectors is the Digital Optical Module (DOM),
a pressure-resistant glass sphere housing 31 Photomultiplier Tubes (PMTs) [38]. The DOMs
are embedded in vertical strings called Detection Units (DUs), with 18 DOMs incorporated
in each DU.

ORCA is located 40 km from Toulon (France) at a depth of 2.5 km. The distance between
DOMs is optimized for detecting neutrino events in the GeV energy range. Although the
main physics goal of ORCA is the study of neutrino oscillation properties by the detection
of atmospheric neutrinos, the energy range covered makes it a well-suited instrument to
perform GeV neutrino astronomy as well.

ARCA, a larger array that will instrument about 1km? of deep-sea water, is located
100 km offshore from Capo Passero (Sicily, Italy) at a depth of 3.5km. The separation
between DOMs makes this detector sensitive to neutrino events from sub-TeV energies up to
a few PeV. The main physics goal of ARCA is the study of high-energy neutrinos originating
from astrophysical sources. MeV neutrinos can also be detected in ARCA and ORCA by
looking for an increase in the rate of PMT coincidences in each DOM [39, 40].

The high duty cycle of the detectors above 95%, the energy coverage from MeV to
PeV, the full-sky coverage and the angular resolution below one degree for energies above
10 TeV for the searches performed in this work, turn the KM3NeT detectors into suitable
instruments to perform multi-messenger studies.

The final detector configurations will comprise 115 DUs for ORCA and 230 DUs for
ARCA. When GRB 221009A took place, ARCA was operated with 21 DUs, while ORCA
had 10 DUs in operation.

3 Search methods and results

The methods and results of the different refined searches performed using the KM3NeT
detectors are presented in this section. A description of the analysis method employed in
the GeV-PeV energy range is provided in section 3.1. The results for the TeV—PeV analyses,
using ARCA data, are presented in section 3.2. The GeV—TeV neutrino searches, using
ORCA data, are detailed in section 3.3. Finally, the method and results in the MeV range
are presented in section 3.4.

3.1 Search method: GeV—PeV neutrinos

At Tp, the location of GRB 221009A was above the horizon in the local sky of the KM3NeT
detectors, as shown in figure 1. Therefore, neutrinos coming from the direction of this source
are reconstructed as downgoing events. The downgoing data sample used in this analysis
is composed of events reconstructed with a cosine of the zenith angle larger than 0.1. This
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Figure 1. Skymap with the position of GRB 221009A in equatorial coordinates (J2000). The green
shadowed region denotes the instantaneous visibility for upgoing events of ARCA at Tj. In the case of
ORCA, the visibility region is similar.

part of the sky is dominated by atmospheric muon events, and strict event selections must
be applied to reduce this background.

Two time windows, shorter than 24 hours, are considered: one for [Ty, Too], and another
longer one for [Ty — 50s, Tp + 5000s], the latter covering the high-energy emission seen by
Fermi-LAT [16] and LHAASO [14]. In these two time windows, the GRB remains above
the horizon. Furthermore, two searches are conducted in the 7y £ 1 day range: one using
only events reconstructed as upgoing, and another one employing events reconstructed as
downgoing. The search using upgoing events is motivated by the fact that the location of
GRB 221009A in the local detector sky is below the horizon for about 45% of one day.

For events with reconstructed energy above a few GeV in ORCA and a few hundred GeV
in ARCA, two main topologies can be identified: track-like events, where the Cherenkov PMT
pulses (hits) are compatible with a straight line, and cascade-like events, where the spatial
distribution of the hits is compatible with a quasi-spherical light emission. These topologies
are associated with the flavor of the interacting neutrino and with the kind of interaction.
Track-like signatures primarily arise from the charged-current interactions of muon neutrinos
and some charged-current interactions of tau neutrinos. Cascade-like topologies arise from
the interactions of the neutrinos of the remaining flavors and neutral current muon neutrino
interactions [41]. In the analyses described in this paper, only track-like events are considered,
because of their superior angular resolution.

The search method is based on a binned ON/OFF technique [42]. The ON region is
defined as the region of the sky where a signal is expected. The OFF region corresponds
to a fraction of the sky where the background level is comparable to the ON region but
only background events are expected. As ON region, a circular area centered on the GRB
position, i.e. the Region of Interest (Rol) is used. For the OFF region, declination bands



are considered for searches over time windows longer than one day, where the atmospheric
background depends only on the declination due to the Earth’s rotation. For shorter time
windows, elevation bands are used as the OFF region to account for the dependence of the
background on the local sky. In both cases, the number of events in the OFF region is
re-scaled to the solid angle and to the time covered by the ON region.

The event selections are determined to obtain a background level such that the detection
of one event in the ON region is sufficient to obtain a 30 excess above the background-only
hypothesis. Using a 2-sided convention, this corresponds to an expected background lower
or equal to 2.7 x 1073 events. This optimization takes into account the performance of
the detector through two instrument response functions: the Point Spread Function (PSF)
and the detector effective area.

The PSF describes the dispersion of a signal coming from the direction of the GRB
due to the angular resolution of the detector. Systematic uncertainties are included in the
PSF, mainly coming from the determination of the absolute orientation of the detectors and
the geometrical shape of the detection units as reconstructed through acoustic triangulation
methodologies. The resulting median of the PSF for the data sample considered in this work
is estimated at 0.8° for ARCA and at 1.2° for ORCA, for an E~2 neutrino spectrum.

The detector effective area A% (E) at a declination J is defined as the quantity that
provides the number of expected signal events Ng when convoluted with the differential
neutrino flux ®(F),

N, = /dt/dE-(I)(E) A% (E). (3.1)

The instrument response functions are computed using dedicated Monte Carlo simulations of
neutrino interactions generated with the gSeaGen software [43] in the energy range between
1GeV and 10TeV for ORCA and from 100 GeV to 100 PeV for ARCA. The systematic
uncertainty on the detector effective area is conservatively estimated to be 30%, mainly due
to the uncertainties on the properties of the seawater medium and of the PMT, such as the
light absorption length or the PMT quantum efficiency [44].

A differential neutrino flux ®(E) = ®¢(E/Ep)~7, with spectral index v = 2 and Ey =
1 GeV, is considered in all searches. The normalization factor ®( is left as a free parameter in
order to determine its value or an upper limit in the non-detection case. This power-law shape
for the expected neutrino spectrum, corresponding to that of cosmic ray hadrons emerging
from diffuse shock acceleration processes [45, 46], is assumed for simplicity.

3.2 Results of the TeV-PeV neutrino searches with the ARCA detector

A dataset with approximately 70 days of livetime is used to estimate the expected back-
ground in the ARCA searches. The selection criteria are based on the quality of the event
reconstruction, the estimated angular uncertainty of the event, the number of hits used in
the reconstruction, and the estimated length of the reconstructed track. In the analyses
of downgoing tracks the estimated energy of the events is also considered. The results for
all searches are summarized in table 1.

For the Ty + 1 day searches, the Rol radius obtained for the upgoing search is larger than
in the case of the downgoing study, as expected due to the lower atmospheric background. In
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Results for neutrino flux ®(E) = <I>0(E/E“)72 at Ep = 1GeV
ARCA Expected

Rol ®y UL Emin ~ BEmax  Fluence F UL E*F(E) UL
(TeV-PeV) background
radius [GeVv™lem™2s71] [TeV] [PeV] [GeVem™2] [GeV em™?]
(x1073)

Too 2.1° 2.64 £ 0.02 2.5 x 107° 34 13 4.9 0.83
To[—50s, +5000s] 1.1° 2.53 +0.04 2.8 x107% 110 27 7.9 1.4
To+1d downgoing 1.0° 2.6+ 0.1 2.5 x 107° 220 36 22 4.4

To+1d upgoing 1.7° 2.74+0.2 6.2 x 1076 8.1 7.7 7.4 1.1

Results for neutrino flux ®(E) = ®¢(E/Eo)~? at Eg = 1 GeV
ORCA Expected

Rol &, UL Emin Emax  Fluence F UL E?F(E) UL
(GeV-TeV) background
radius [GeVv™lem™2s7!] [GeV] [TeV] [GeVem™2) [GeVem™?]
(x107%)

Too 2.0° 2.61 £ 0.04 14 150 9.1 1.9 x 10* 4.5 x 10°
To[—50s, +50005] 5.4° 2.6+ 0.2 1.9 54 8.7 4.9 x 10* 9.6 x 10°
To+1d downgoing 1.0° 2.74+0.3 1.0 x 1072 68 8.8 8.5 x 10° 1.7 x 108

To+1d upgoing 1.2° 2.7+0.3 4.7 x 1074 130 9.8 3.5 x 102 81

Results for quasi-thermal neutrino flux Fj, (E) o< E2exp(—3E/(E)) at (E) = 15 MeV
MeV Maximum

Expected Emnin Emax Total ve flux Eif,?'ZO%
search coincidence p-value -
background [MeV] [MeV] [cm™2] lerg]
level
Too 27 29 0.99 50 2.5 x 10° 5.1 x 10°?
5
To[—50s, +5000s] 32 33 0.79 4.8 x 10° 9.7 x 10%2

Table 1. 90% CL upper limits on the neutrino emission from GRB 221009A for the different time
windows studied in each data sample. E.;, and Ey,., correspond respectively to the 5% and 95%
quantiles in the energy range of the expected neutrino flux for each search. For the GeV to PeV
analyses, the searches for the Tyg and Tp[—50s, +5000s] time windows are only downgoing. The
expected background level for each search is also presented.

the searches for downgoing neutrino candidates, the Rol radius increases as the time window
duration decreases, which is expected since the use of shorter windows reduces the background.

No candidate neutrino event coming from the ON region around GRB 221009A direction
is found in any of the time windows. Upper limits (UL) on the neutrino emission from
GRB 221009A are evaluated, taking into account the instrument response functions of the
current detector configurations.

The upper limit on the flux normalization factor ®( is determined as

@UL — Iugé] (nb) (3 2)
O " Jdt[dE-(E/E)) " A%(E)’ '

where the quantity ,ugoc(nb) denotes the 90% confidence level upper limit on the number of
events according to the Feldman-Cousins method [47], and A% (E) is the detector effective
area at the declination of GRB 221009A.

The upper limit on the radiant fluence, defined as the per-flavor neutrino flux integrated
in energy and time, over a given search time window is

FUL = AT axdE-E-tl)EL- () ! (3.3)
0 ’ :
Emin EO



where AT is the emission period considered, and Epi, and Ey.x correspond to the 5% and
95% quantiles of the energy range for the neutrino flux [48].

The upper limit on the energy-scaled time-integrated neutrino flux, defined as E2F(E) =
AT - <I>6] L, Eg, was computed in order to perform a comparison with the upper limits reported
by the IceCube Collaboration [35].

3.3 Results of the GeV—-TeV neutrino searches with the ORCA detector

A dataset with ~ 41 days of livetime is used in the ORCA searches to estimate the expected
number of background events. The same four time windows as for the ARCA analyses
are inspected. The main difference comes from the use of a machine learning classification
algorithm [49] in the event selection, which aims to reject atmospheric muons. The classifier is
introduced considering the larger impact of the atmospheric muon background in the ORCA
analyses, due to the lower depth of the site. The event selection optimization procedure
was applied to determine the best classification score and Rol radius for each considered
time window.

No candidate neutrino event is found in coincidence with the position of GRB 221009A in
any of the searches. As in the case of ARCA, upper limits on the neutrino flux normalization
factor, time-integrated energy-scaled flux, and time-integrated energy-integrated flux are
determined. The results are provided in table 1.

3.4 Method and results for MeV neutrinos

The KM3NeT detectors can identify a burst of electron anti-neutrinos in the 5-30 MeV
energy range through the observation of a global increase in the rate of coincidences between
PMTs in single DOMs. This method was developed to look for neutrinos from core-collapse
supernovae [39, 40]. A coincidence is defined as at least four hits (PMT voltage above
a given threshold) within 10ns inside single DOMs for PMTs within 90 degrees of each
other. Coincidences are aggregated in sliding windows of 500 ms computed every 100 ms
independently for each detector before being summed together. This number of coincidences
is referred to as the coincidence level.

The search for MeV neutrinos is made considering two time windows: [Ty, Tyo] and
[To — 505, Ty + 50005s]. To compute the significance and associated p-value, the maximum
coincidence level is evaluated for each time window and compared to the expected background,
obtained using 30 days of data around 7Tj.

The 90% confidence level upper limits on the number of coincidences due to a neutrino
signal is computed following the Feldman-Cousins method [50]. This quantity is used to

compute the upper limit on the total time-integrated neutrino flux and on the total energy
Eiso,QO%

emitted in isotropically distributed MeV neutrinos by the source Ei5,

taking into account
the inferred GRB distance. These upper limits are computed assuming a quasi-thermal

emission of electron anti-neutrinos. The results are presented in table 1.

4 Discussion

In figure 2 the main results of this work are presented and compared with the upper limits
derived by the IceCube Collaboration [35]. As a reference the observations of the photon
flux by Fermi-GBM [5], Fermi-LAT [16], and LHAASO [14] are included.
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Figure 2. 90% CL upper limits on E?F(E), the energy-scaled time-integrated per flavor neutrino
flux from GRB 221009A, for KM3NeT/ORCA (red lines) and KM3NeT/ARCA (blue lines). The
results from IceCube, taken from [35], are also shown (green lines). Only the results for the Ty + 1 day
and Tyg searches are included, using a neutrino spectral index v = 2, as they are the most relevant
ones. For visualization purposes, the gamma-ray observations are also included (gray dashed lines),
from Fermi-GBM [5] (section 8), Fermi-LAT [16], and LHAASO [14] (table S2, assuming an intrinsic
spectrum and standard EBL). The right axis indicates the differential isotropic equivalent energy.

The right y-axis of figure 2 denotes the differential isotropic equivalent energy EdEis,/dE.
The upper limit on E2F(FE) is translated into an upper limit on FdE,/dE using the relation
E?F(E) = Ed&so/dE x (1 + 2)/(4wd3?), accounting for the redshift z and the luminosity
distance dy, [35].

In the case of the ARCA detector, the most restrictive upper limit on the neutrino flux
normalization ®q is provided by the searches for upgoing neutrino candidates, see table 1.
This can be explained by considering the lower atmospheric muon contamination in the
upgoing sky. Instead, for the case of E2F(E) the most restrictive value is provided by the
Too time window, as shown in figure 2. This is expected since E2F(E) is a time-integrated
quantity, which favors shorter time window searches.

Although the same argument applies in ORCA, due to the larger atmospheric muon
contamination in the ORCA energy range, the performance of the downgoing searches for
this detector is a factor 20 worse than for the upgoing sky, as can be seen in table 1.

The limits presented in this paper are not as restrictive as the ones provided by the
IceCube Collaboration. This can be explained by considering the position of the GRB in



the local sky of the KM3NeT detectors, which happened to be above the horizon at the
time of the event, in contrast to the case of IceCube. Furthermore, the current partial
configuration (~ 10% of the full configuration) of the ARCA and ORCA telescopes results
in a limited effective area.

5 Conclusions

Searches for a neutrino signal coming from GRB 221009A have been performed with the
KM3NeT ARCA and ORCA detectors. No candidate neutrino events were found in coincidence
with the GRB location. Taking into account the effective area of the current detector
configurations, upper limits on the neutrino emission were obtained. Despite the reduced size
of the detectors at the time of GRB 221009A, about 10% of the final KM3NeT configuration,
the results of these analyses can be used to provide constraints on different neutrino emission
models for the case of GRB 221009A.

The ongoing construction of KM3NeT will increase the sensitivity for cosmic neutrino
detection in the coming years, enhancing the relevant impact on forthcoming searches for
neutrinos originating from GRBs. An improvement of a factor ~15 in these results is expected
once the detector construction is completed, for similar searches. Furthermore, the future
addition of cascade-like events will also improve the current results, especially for analyses
conducted within short time windows.

For a significant neutrino detection in coincidence with GRB phenomena, it is crucial
to continuously monitor the sky with full coverage, using events coming from both the
upgoing and downgoing sky regions. This can be achieved by exploiting the complementarity
sky visibilities of the KM3NeT and the IceCube observatories, together with the high duty
cycle of the detectors.
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