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ABSTRACT

In 2024, a failed supernova candidate, M31-2014-DS1, was reported in the Andromeda galaxy (M31),
located at a distance of approximately 770 kpc. In this paper, we search for neutrinos from this
failed supernova using data from Super-Kamiokande (SK). Based on the estimated time of black hole



formation inferred from optical and infrared observations, we define a search window for neutrino events
in the SK data. Using this window, we develop a dedicated analysis method for failed supernovae and
apply it to M31-2014-DS1, by conducting a cluster search using the timing and energy information of
candidate events. No significant neutrino excess is observed within the search region. Consequently,
we place an upper limit on the electron antineutrino luminosity from M31-2014-DS1 and discuss its
implications for various failed SN models and their neutrino emission characteristics. Despite the 18
MeV threshold adopted to suppress backgrounds, the search remains sufficiently sensitive to constrain
the Shen-TM1 EOS, yielding a 90% confidence level upper limit of 1.76 x 10°% erg on the electron
antineutrino luminosity, slightly above the expected value of 1.35 x 10%? erg.

Keywords: Core-Collapse supernovae (304) — Neutrino astronomy (1100) — Gravitational collapse

(662) — Andromeda Galaxy (39)

1. INTRODUCTION

In 2024, M31-2014-DS1, a failed supernova (failed SN)
candidate—stellar deaths in which the explosion is un-
successful and the star collapses into a black hole with-
out a bright optical display—was reported in M31 at a
distance of about 770 kpc (K. De et al. 2024). The ob-
ject exhibited a 50% increase in mid-infrared (MIR) flux
over a two-year period starting in 2014 (E. L. Wright
et al. 2010; A. Mainzer et al. 2014), while remaining
undetected in optical and near-infrared (NIR) imaging
observations as of 2023. The progenitor is estimated to
have been a massive hydrogen-depleted supergiant, with
an estimated mass of around 20Mg, for which models
indicate that the explosion may fail (T. Sukhbold et al.
2016). In addition, the radius of the inner shell was
found to decrease more than 1000 days after the ini-
tial MIR brightening. These observations suggest that
a black hole was likely to be formed sometime between
2014 and 2017.

In the final stage of stellar evolution, massive stars
develop iron cores through successive fusion processes.
Stars exceeding 8 M undergo core collapse, resulting
in core-collapse supernovae (CCSNe). In an archety-
pal CCSNe the initial implosion rebounds, ejecting the
star’s outer layers and leaving behind a neutron star.
However, in some cases—especially in more massive
stars—the shock wave does not revive, due to the infall
of the surrounding stellar material. The star then col-
lapses into a black hole, with minimal electromagnetic
emission.

Both successful and failed SNe release more than 99%
of their gravitational binding energy in the form of neu-
trinos, making them a powerful probe of stellar core
physics (see, e.g., A. Burrows et al. 1987; K. Kotake
et al. 2006; K. Nakazato et al. 2013; S. Horiuchi & J. P.
Kneller 2018; T. Takiwaki & K. Kotake 2018; H. Na-
gakura et al. 2021; M. Mori et al. 2021). In the case of
a successful SN, the emission of neutrinos is expected

to last for several tens of seconds up to about 100 sec-
onds. The luminosity of neutrinos decreases as they
carry away the energy of the proto-neutron star, and
it cools down. In contrast, failed SNe are expected to
exhibit short-lived neutrino emission, lasting only up to
a few seconds. This behavior arises from the formation
of a black hole at the core, after which neutrinos can
no longer escape. The electron antineutrino luminosity
tends to increase only until it is cut off by black hole
formation. (M. Liebendérfer et al. 2004; T. Kuroda &
M. Shibata 2023).

CCSNe are commonly observed in various electro-
magnetic bands, such as optical and infrared bands,
and extensive catalogs of such events are maintained
by public databases like the Transient Name Server
(TNS; A. Gal-Yam (2021)) and the Astronomer’s Tele-
gram (ATel; R. E. Rutledge (1998)). SNe occurring
within the sensitive range of current neutrino telescopes,
which typically extends only to our galaxy, are very
rare. The estimated rate is about one every several
decades (G. A. Tammann et al. 1994).

In contrast to CCSNe, the confirmed observations of
failed SNe are rare, with only a few candidates reported.
For instance, a failed SN candidate was identified using
the Large Binocular Telescope (LBT; J. M. Hill et al.
(2014)) data in the survey by J. R. Gerke et al. (2015).
The survey monitored 27 galaxies within 10 Mpc over a
period of seven years, searching for massive stars that
disappeared without a bright optical SN. Among the
monitored stars, one candidate whose mass is estimated
to be 18 — 25M¢ in NGC 6946 showed a steady decline
in luminosity and vanished from the first to the last
observation. This suggests that it may have experienced
a failed SN.

The reported observation on M31-2014-DS1 has
drawn attention to the possibility of detecting neutri-
nos from M31-2014-DS1. The prediction of the expected
neutrino emission and comparison of these predictions
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with observational limits from Super-Kamiokande (SK)
are discussed in Y. Suwa et al. (2025). In that study,
several nuclear equations of state (EOS), including Lat-
timer & Swesty (J. M. Lattimer & D. F. Swesty 1991),
Shen (H. Shen et al. 1998, 2020), Togashi (H. Togashi
et al. 2017), and SFHo (A. W. Steiner et al. 2013) mod-
els, are examined to evaluate how the emission depends
on neutron-star properties and nuclear-physics uncer-
tainties. The expected neutrino detection events at the
SK detector, assuming a failed SN at the distance of
M31, are estimated. However, these predictions in Y.
Suwa et al. (2025) do not fully take into account aspects
of neutrino detection such as signal efficiency and the
energy threshold effect.

In this paper, we present the result of a search for
neutrinos from M31-2014-DS1 using data from the SK
detector. Section 2 describes the details of supernova
neutrino observation in SK, and Section 3 explains the
analysis method. The results of the present search, in-
cluding the derived upper limits on the electron antineu-
trino luminosity, are presented in Section 4. Finally,
Section 5 summarizes the study and discusses its future
prospects.

2. SUPERNOVA NEUTRINO OBSERVATION IN SK

Supernova neutrinos have been observed only once,
from SN1987A in the Large Magellanic Cloud. A total
of 24 neutrino events were detected by Kamiokande (K.
Hirata et al. 1987), IMB (R. M. Bionta et al. 1987),
and Baksan (E. N. Alexeyev et al. 1988), demonstrating
these detectors are highly effective for observing super-
nova neutrinos.

SK is a large water-Cherenkov detector experiment
located 1000 m underground in Kamioka, Japan (S.
Fukuda et al. 2003). It contains 50,000 tonnes of ultra-
pure water, of which 22,500 tonnes are used as the fidu-
cial volume. In the present analysis, we use data from
the pure-water phase, prior to the addition of gadolin-
ium sulfate (i.e., before the SK-Gd phase J. F. Beacom &
M. R. Vagins 2004; K. Abe et al. 2022). This represents
the most stable operation period. The energy threshold
is 3.49 MeV of electron kinetic energy (K. Abe et al.
2016a).

SK is highly sensitive to neutrinos from CCSNe in the
Milky Way. For a CCSN at a distance of 10 kpc, about
O(1000) inverse beta decay (IBD; . +p — et + n)
events are expected to be observed. In IBD interac-
tions, the prompt positron emits Cherenkov light, while
the delayed neutron is captured on a proton, producing
a 2.2 MeV gamma ray. However, this delayed signal is
often undetectable in the pure-water phase due to the
low detection efficiency. Taking into account the detec-

tion efficiency, the expected number of detected neutrino
events from CCSNe occurring in nearby galaxies (e.g.,
within 1 Mpc) is significantly reduced to O(0.1). Since
supernova neutrinos are emitted over a timescale of sev-
eral to tens of seconds, the few events expected from
such distances would appear as a small cluster of events
in the SK data. Therefore, we adopt a time-clustering
analysis to search for such event grouping.

SK has conducted several searches for SN burst neu-
trinos (M. Ikeda et al. 2007; M. Mori et al. 2022). These
analyses scanned the full dataset with multiple cluster
definitions reflecting theoretically motivated timescales,
including the initial collapse and bounce, shock revival,
and proto-neutron star cooling. The searches are not di-
rected at known astrophysical objects, but rather aimed
to identify SNe in a blind manner, including those that
might have occurred but remained undetected in opti-
cal observations due to dust obscuration. A search of
the 2008-2018 dataset likewise found no burst-like clus-
ters (M. Mori et al. 2022). In the present analysis, we
specifically applied a cluster search criterion optimized
for M31-2014-DS1, as described in Section 3.4, repre-
senting a more targeted approach than previous blind
searches.

3. ANALYSIS METHOD

We performed a time-clustering analysis of SK data
to search for neutrino signals potentially associated with
the failed SN candidate M31-2014-DS1. Since supernova
neutrinos are emitted over a timescale of a few seconds,
a signal from M31 would likely appear as a small cluster
of temporally correlated events. We defined a 10-second
time window and cluster criteria, and then evaluated
the expected background to determine the optimal en-
ergy threshold. The 10-second window is motivated by
numerical simulations of failed SNe, which predict black
hole formation within a few seconds after core bounce.
At the distance of M31, the expected number of detected
neutrinos in SK is O(1). The estimated background rate
corresponds to approximately 1 x 107> events per 10-
second window above the 18 MeV threshold, indicating
that the observation of two or more events within such
a time window would represent a statistically significant
excess over background expectations. The event selec-
tion applied in this search is described in Section 3.4.

3.1. Determination of the search region

The exact determination of black hole formation time
is difficult with optical telescope observations, because
the stellar core where the black hole forms is not di-
rectly visible due to the surrounding stellar envelope.
Therefore, we defined the “signal time range” as the



period fully encompassing the expected timeframe for
black hole formation, and the “background time range”
as the periods immediately before and after it to esti-
mate the background rate. The details are summarized
in Table 1. The effective livetime fraction during the
signal time range was evaluated. Although the possi-
bility that the SK data were unavailable at the time
of the M31-2014-DS1 event (e.g., due to calibration or
maintenance periods) cannot be completely excluded,
the yearly averaged livetime efficiencies were evaluated
as shown in Figure 1. The efficiencies were 89.1 + 2.4%,
84.9 + 4.6%, 91.5 + 1.6%, 82.2 &+ 6.4%, and 76.8 + 6.0%
for 2013, 2014, 2015, 2016, and 2017, respectively, indi-
cating that the detector was generally operational dur-
ing this period. For the background time range, the
efficiency were evaluated to be 88.2 + 3.6% before and
77.4 + 3.1% after the signal time range.

The pre-signal background time range is defined as
the interval following a known supernova candidate,
SN2012aw, observed in March 2012 (D. Poznanski et al.
2012), and extending up to the beginning of the signal
time range. The post-signal background time range is
defined until the end of the pure-water phase after the
signal time range.

3.2. FEwvent selection

The IBD reaction is the target of the diffuse super-
nova neutrino background (DSNB) search in the neu-
trino detector; therefore, the event selection and recon-
struction follow the previous DSNB search in the pure-
water phase (K. Abe et al. 2021). The event selection
requires a reconstructed electron or positron total en-
ergy above 8 MeV to avoid entering radioactive back-
ground events into the data sample. However, to secure
the signal event, we did not apply neutron tagging in
this search.

In SK, the main background events in the SN neutrino
energy region are radioimpurities, spallation events, de-
cay electrons from muons, and atmospheric neutrinos.
In the case of radioimpurities, backgrounds mainly orig-
inate from the radio impurities dissolved in purified wa-
ter (Y. Nakano et al. 2020), the material of the detec-
tor structure, and the surrounding rock of the SK tank.
Such backgrounds can be reduced by a fiducial volume
(FV) cut, which excludes events occurring within 2 m
of the tank wall. As a result, the tank volume is re-
duced from the entire inner detector (ID) volume of
32,500 tonnes to 22,500 tonnes.

A “spallation event” originates from the decays of un-
stable isotopes produced when atmospheric muons in-
teract with oxygen nuclei in water (S. W. Li & J. F.
Beacom 2014, 2015a,b). The primary spallation pro-
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cess generates hadrons such as pions and neutrons, while
the subsequent nuclear interactions produce a variety of
beta decay nuclei. The final observables, including beta
and gamma rays, have energies from a few MeV up to
~ 20 MeV. Such spallation events are removed by a
spallation cut, which considers pairs of two low-energy
events passing the preselection, including information
on muons that precede low-energy events within 30 sec-
onds (S. Locke et al. 2024; Y. Zhang et al. 2016). An
additional cut removes events within 4 m and 60 s of
another low-energy event, to suppress correlated spalla-
tion backgrounds. Details can be found in K. Abe et al.
(2021).

The dominant background above 20 MeV originates
from charged-current quasi-elastic (CCQE) interactions
of atmospheric neutrinos. However, constraints on the
CCQE event rate are limited by statistics in the back-
ground time range, making it difficult to estimate the
background events. Therefore, as described in the next
section, we estimated the CCQE background using a
simulation.

3.3. Background event estimation

To reliably estimate the background rate, we use an
atmospheric neutrino Monte Carlo (MC) simulation cor-
responding to 500 years based on the HKKM 2011 at-
mospheric neutrino flux (M. Honda et al. 2007, 2011)
and the NEUT 5.3.6 neutrino interaction simulator (Y.
Hayato 2009). The flux of atmospheric neutrino CCQE
events in the simulation is normalized by fitting the re-
constructed energy spectrum in the range 30 < Ep. <
60 MeV to the data. The fit employed the full ~10-
year data set, including the signal time range, in order
to ensure sufficient statistics. Although the signal time
range is included, this energy region is above the typical
expected neutrino energies from failed SN, and even if a
few signal events were present, their contribution to the
spectrum would be negligible.

As a result, the estimated background rate is
10.58 day ! for 8 MeV < Eyec < 80 MeV and 0.09 day !
for 18 MeV < E,e. < 80 MeV.

3.4. Fwaluation of background cluster

To determine the optimal positron energy threshold
for the cluster search, we estimate the background event
rate and probability of background-induced clusters.
The total background estimate consists of two compo-
nents: (1) a data-driven component estimated by the
background in SK below 20 MeV during the background
time range, as summarized in Table 1, and (2) an MC-
based atmospheric neutrino background above 20 MeV,
as described in Section 3.3. We calculated the cluster



Effective Livetime Fraction

= Yearly average
= Monthly values

Figure 1. Livetime fraction of SK used in this analysis. The blue line indicate the effective livetime fraction for each month,
while the red solid lines show the yearly averaged effective livetime fraction. The red dashed lines represent the standard
deviation of the yearly mean. The loss of livetime is mainly attributed to detector calibrations and maintenance periods.

Table 1. Definition of the signal and background time ranges.

Time range Period Duration (days)
Signal time range 2013 Jun. 1 — 2017 Dec. 31 1416.3
Background time range (before) 2012 Mar. 15 — 2013 Jun. 1 390.5
Background time range (after) 2018 Jan. 1 — 2018 May 31 118.1

probability using a toy MC approach. For each energy
threshold, we simulated 107 trials, where background
events are randomly distributed according to the esti-
mated rate. The background events are expected to fol-
low a nearly random distribution. Although some cor-
relation between atmospheric neutrinos and spallation
products may exist due to their association with atmo-
spheric muons, such effects are not expected to signif-
icantly impact the results of this study. In each trial,
we searched for clusters defined as > 2 events within
a 10-second window, and counted the number of such
occurrences. The cluster probability is defined as the
fraction of trials that contain at least one cluster:

N> 1 cluster
P = y 1
Ntrials ( )

where N>1 cluster 1S the number of trials with one or more
clusters, and Nias is the total number of trials. We
require the probability to be below the 3o level (P <
0.003), ensuring that any observed cluster is not likely to
be due to statistical fluctuations of the background. As
shown in Figure 2, the cluster probability decreases with
increasing energy threshold. Based on this evaluation,
we set the energy threshold to 18 MeV, which satisfies
the 30 criterion. At this threshold, the observation of

two or more events within 10 seconds would constitute
a detection.

4. RESULT

Following the cluster search procedure, no clusters
consisting of two or more events within a 10-second win-
dow were found in the signal time range.

Based on this result, we set the upper limit on the
electron antineutrino luminosity using two complemen-
tary methods. In both methods, the expected number of
signal events in SK is estimated by taking into account
the detector response and signal efficiency.

In the first approach, we derive an upper limit on the
neutrino luminosity by calculating the 90% confidence
level upper limit on the neutrino fluence at SK, based on
the assumption of specific failed SN models. The fluence
upper limit is calculated as (K. Abe et al. 2016b):

Ngo

® = Ny JdE, NB,)o(E,)R(E., Bve)e(Bor)

(2)

Here, ® is the upper limit on the neutrino flux. Nyg,
E., Es represent the 90% confidence level (C.L.) up-
per limit on the number of neutrino events in the search
window, the true electron energy, the reconstructed vis-
ible energy, respectively. Since no clusters are observed
within a 10-second time window, we set Ngg = 3.89,
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Figure 2. The expected probability of observing clusters
due to background events at each energy threshold. The
red points indicate the probability of observing one or more
clusters within the signal time range. The black and green
lines represent the fractions of trials without any clusters at
the 20 and 30 levels, respectively.

based on the probability to observe at least 2 events.
Nrp is the number of target particles in the detector.
A(E,) denotes the normalized neutrino energy spec-
trum, o(E,) is the neutrino interaction cross section
from Strumia-Vissani model (A. Strumia & F. Vissani
2003), R(FEe., Eyis) is the energy response function that
connects F, to Eyis, and €(Eyis) is the detection effi-
ciency as a function of visible energy. The effect of
R(E., E,;is) is expected to be small in the energy range
relevant to this analysis, and is therefore not taken into
account in this analysis. Using the fluence upper limit
®, we derive a corresponding upper limit on the total
emitted electron antineutrino luminosity under the as-
sumption of isotropic emission. The relation is given
by:

L, = 4rD*(E;,) - ®, (3)

where D = 770 kpc and (Ey,) = [;° A(E)dE is the mean
energy of the emitted electron antineutrinos based on
the failed SN model spectrum (K. Nakazato et al. 2021;
K. Sumiyoshi et al. 2007, 2008; L. Choi et al. 2025). Al-
though neutrinos of all flavors are emitted in a CCSN,
only the detectable electron antineutrinos are taken into
account in this calculation. In Figure 3, the luminosity
upper limits for each failed SN model are shown. For
models such as Shen-TM1(40Mg ), which predict both
high luminosity and higher mean neutrino energy, the
upper limit derived from our analysis approaches the
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Figure 3. Upper limits on the neutrino luminosity for each
failed SN model. The models are arranged from left to right
in order of decreasing predicted luminosity. The star marks
the predicted luminosity of the model, while the black down-
ward arrow indicates the 90% C.L. upper limit obtained in
the present work. The circle points show the average energy
for each model, plotted with the right vertical axis, while
the luminosity is shown with the left axis. From left to
right, the models correspond to K. Nakazato et al. (2021);
K. Sumiyoshi et al. (2007, 2008); L. Choi et al. (2025).

predicted neutrino luminosity. In contrast, for models
like SFHo (23Mg ), which have lower mean neutrino en-
ergy, the fluence upper limit is more affected by the anal-
ysis energy threshold, resulting in upper limits that tend
to be farther from the model predictions.

In another approach, we estimated the number of ex-
pected events for IBD using a Fermi-Dirac neutrino
spectrum characterized by a temperature 7" and a to-
tal electron antineutrino luminosity L,. The expected
number of events is calculated as:

T Nr - 6(By) - o(By) - (By) - By (4)

Etn

Nevent =

Here, ¢(E, ) is the neutrino flux at the Earth, and other
variables are the same as Equation 2. The flux ¢(E,) is
derived from a Fermi-Dirac distribution assuming a T'
and L,, with zero chemical potential. The distribution
is normalized to satisfy the condition:

o0 dN
L, = FE, - —dFE,.
/O o (5)

The distance to the source, D, is assumed to be 770 kpc,
and the flux is given by ¢(E,) = 1/4nD?-dN/dE,. Fig-
ure 4 shows the relationship between L, and the mean
neutrino energy, (E,). The shaded regions represent
the excluded parameter space derived from the nonde-
tection of time-clustered events in SK, assuming Pois-
son statistics. The contours represent confidence levels
of 50%, 68%, 90%, 95%, and 99%, respectively, which
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translates to a Poisson upper limit of 1.68, 2.35, 3.89,
4.74, and 6.64 events in the search window. Contours in-
dicate combinations of emission parameters (L,, (E,))
for which the probability of detecting two or more events
would have exceeded the given confidence level. While
the 18 MeV threshold in the cluster search was cho-
sen to reduce the number of backgrounds effectively, the
sensitivity remains sufficient to constrain the Shen-TM1
relativistic mean-field EOS, which is relatively stiff and
yields a maximum cold neutron star mass of 2.2M), at a
confidence level exceeding 68%, demonstrating that this
method can effectively constrain optimistic black hole
formation scenarios.

As a notional future scenario, we consider a detector
with a fiducial volume ten times larger than that of SK,
representative of the scale of Hyper-Kamiokande (HK,
K. Abe et al. (2018)). In this estimation, we adopt the
same analysis conditions as in this study, such as the
signal efficiency and the positron energy threshold. In
Figure 4, the blue dashed line indicates the upper limit
at 90% C.L. based on the Poisson expectation when no
clusters are observed. Under this assumption, many
failed SN models can be constrained, highlighting the
significant discovery potential of future large-scale detec-
tors. We note that more detailed and dedicated studies
are being carried out for HK, which will provide a more
realistic assessment of its sensitivity.

5. SUMMARY AND FUTURE PROSPECT

We searched for neutrinos from M31-2014-DS1 using
SK data. The timing of black hole formation is uncer-
tain, as the inner core is obscured in optical and infrared
wavelengths. Accordingly, the search period was defined
from June 1, 2013, to December 31, 2017. In this analy-
sis, we developed a cluster search method optimized for
M31-2014-DS1, where a failed SN at the distance of M31
is expected to produce a short neutrino burst. A clus-
ter is defined as two or more events within 10 seconds,
and an 18 MeV positron energy threshold was applied to
sufficiently reduce backgrounds. This procedure can be
applied to other failed SN searches by re-optimizing the
energy threshold for the search based on the telescope’s
observation period and the cluster criteria inferred from
the expected number of events at a given distance. In
the case of M31-2014-DS1, no cluster satisfying the se-
lection criteria was found in the signal time range.

From the result, we derive upper limits on the neu-
trino luminosity using two spectral assumptions: failed
SN model predictions and a Fermi-Dirac distribution.
For failed SN models, the limits depend on the spectral
characteristics. Models such as Shen-TM1 (40Mg ) with
high luminosity and mean energy yield limits close to

the predicted energy, whereas models like SFHo (23Mg)
with lower mean energy are more affected by the 18 MeV
threshold, showing larger deviations. In the Fermi—
Dirac-based analysis, models with lower average neu-
trino energy require higher luminosity to maintain the
same expected number of detected events. As a result,
the exclusion contours shift toward higher luminosities
as the assumed average energy decreases. This behav-
ior is reflected in the limit contours shown in Figure 4.
Although these contours do not directly provide the nu-
merical limits, the upper limits are evaluated separately
under each EOS model assumption as shown in Figure 3.
Following this procedure, the search demonstrates suffi-
cient sensitivity to constrain the Shen-TM1 EOS, result-
ing in a 90% C.L. upper limit of 1.76 x 10°3 erg on the
electron antineutrino luminosity, which is slightly above
the expected value of 1.35 x 10%3 erg.

Improved estimation of the black hole formation time
would allow for a narrower signal time range and a lower
energy threshold, thereby enhancing the sensitivity to a
wider range of failed SN models. In addition, future
advances in optical observations may also contribute to
narrowing the signal time range. Ongoing optical sur-
veys with facilities such as the LBT and the Subaru
Telescope equipped with Hyper Suprime-Cam (HSC, S.
Miyazaki et al. (2018)) already contribute to searches
for failed SNe. In the future, the Large Synoptic Sur-
vey Telescope (LSST, Z. Ivezi¢ et al. (2019)) will extend
these efforts with a ten-year, all-sky time-domain sur-
vey. Furthermore, upcoming neutrino detectors such as
HK, JUNO (F. An et al. 2016), and DUNE (B. Abi et al.
2020) will offer significantly improved sensitivity to ex-
tragalactic failed SNe. These next-generation detectors
are expected to detect such events and thereby place
much stronger constraints on theoretical models.
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