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Abstract

We present the results of a search for core-collapse supernova neutrinos, using long-term KamLAND data from
2002 March 9 to 2020 April 25. We focus on the electron antineutrinos emitted from supernovae in the energy
range of 1.8-111MeV. Supernovae will make a neutrino event cluster with the duration of ~10 s, in the
KamLAND data. We find no neutrino clusters and give the upper limit on the supernova rate to be 0.15 yr' with a
90% confidence level. The detectable range, which corresponds to a >95% detection probability, is 40-59 kpc and
65-81 kpc for core-collapse supernovae and failed core-collapse supernovae, respectively. This paper proposes to
convert the supernova rate obtained by the neutrino observation to the Galactic star formation rate. Assuming a
modified Salpeter-tyP initial mass function, the upper limit on the Galactic star formation rate is
<(17.5-22.7) M. yr— with a 90% confidence level.

Unified Astronomy Thesaurus concepts: Supernova neutrinos (1666); Neutrino astronomy (1100)

1. Introduction

On 1987 February 23, neutrinos from SN 1987A, a
supernova explosion in the Large Magellanic Cloud, were
observed. This was the first observation of a supernova

neutrino burst, and extrasolar neutrino astronomy begun at
this time. Even though the number of detected events was only
24 (Bionta et al. 1987; Hirata et al. 1987; Alexeyev et al. 1988),
these results played an important role in confirming the
mechanism of supernova explosions (Pagliaroli et al. 2009) and
made many studies of neutrino properties, such as limits on the
neutrino mass, neutrino lifetime, gravitational attraction of
neutrinos, and so on. In order to establish and discuss the
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detailed mechanisms of supernovae and refine our knowledge
of neutrino properties (Horiuchi & Kneller 2018), further
supernova neutrino signals have been searched for about
40 yr with various detectors. The average energy of supernova
neutrinos is about 10 MeV and the typical timescale of neutrino
emission is about 10 s. These supernova neutrinos are observed
as event clusters in a neutrino detector. Unfortunately, there has
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been no significant event clusters observed except for SN
1987A.

Currently, the most sensitive detector is Super-Kamiokande,
which has a fiducial volume of 22.5 kt. They reported searching
for supernova neutrinos from 1996 May to 2005 October and set
the upper limit on the supernova rate: 0.32yr ' within
100 kpc (Ikeda et al. 2007). Recently, a newer result was reported
in Mori et al. (2022). The Large Volume Detector (LVD) and
Baksan have also reported supernova neutrino searches with their
long-term experimental data. The LVD set the supernova rate
smaller than 0.114 yr ' within 25 kpc from their data of 1992
June-2013 December (Agafonova et al. 2015). Baksan provided
the constraint on the supernova rate, <0.070 yrfl, within our
Galaxy from their data of 1980 June—2018 December
(Novoseltsev et al. 2020). Additionally, Sudbury Neutrino
Observatory (Aharmim et al. 2011), MiniBooNE (Aguilar-
Arevalo et al. 2010), and the Irvine-Michigan-Brookhaven
detector (Miller et al. 1994) have also searched for astronomical
neutrino bursts. From historical supernovae in astronomy, the
Galactic supernova rate is predicted as 0.03270:05 yr' (Adams
et al. 2013). In other studies, its rate is predicted as
0.0163 4 0.0046 yrfl (Rozwadowska et al. 2021). This value is
calculated by combining various determinations of the supernova
rate, which include neutrino observations.

KamLAND, an antineutrino detector using a 1kt liquid
scintillator, also has a significant sensitivity to electron
antineutrinos from supernovae owing to a low radioactive
environment, the largest target volume among world liquid
scintillator detectors, and a low energy threshold. This paper
presents the results from a neutrino burst search using the
KamLAND data set. In Section 2, we describe the KamLAND
detector and data set employed. The neutrino event selection
criteria and background studies are summarized in Section 3.
We present the result of the neutrino cluster search and the
upper limit on the rate of neutrino clusters in Section 4. In
Section 5, we evaluate the detectable range of supernova
neutrinos in KamLAND. Then we confirm that the obtained
upper limit is considered as the upper limit on the supernova
rate in our Galaxy. We also discuss the Galactic star formation
rate (SFR) from the obtained supernova rate in that section. The
Galactic SFR estimated from astronomical observations has a
large uncertainty: 1-2 M, yr ' (McKee & Williams 1997;
Murray & Rahman 2009; Robitaille & Whitney 2010;
Chomiuk & Povich 2011; Davies et al. 2011). The constraint
on the Galactic SFR from neutrino experiments presents
independent and complementary information. A summary is
given in Section 6.

2. KamLAND Detector and Data Set

KamLAND is located 1000 m underground from the top of
Mt. Ikenoyama in the Kamioka mine, Japan. The KamLAND
detector consists of an inner liquid-scintillation detector (ID)
and an outer water-Cherenkov detector (OD). A 1kt organic
ultrapure liquid scintillator is filled in a nylon/EVOH (ethylene
vinyl alcohol copolymer) balloon, which has a 13 m diameter.
The balloon is suspended in nonscintillating mineral oil
contained inside of an 18 m diameter spherical stainless steel
tank. The nonscintillating mineral oil shields the liquid
scintillator from external radiations; 1325 17 inch photomul-
tiplier tubes (PMTs) and 554 20 inch PMTs are mounted on the
inner surface of the tank. ID consists of these components
described above. The outside of the tank is OD with 140 20
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inch PMTs for muon vetoes. Absolute time accuracy in
KamLAND is less than O(100) us. Details of the detector are
described in Suzuki (2014).

KamLLAND began the data taking in 2002 March. To
eliminate radioactive impurities in the liquid scintillator, two
distillation campaigns had been conducted from 2007 March to
August and from 2008 July to 2009 February. From 2011
August to 2015 September, a 3.08 m diameter inner balloon
had been installed at the center of the detector for the
KamLAND-Zen 400 experiment, which searches for neutrino-
less double-beta decay of '*°Xe using a xenon-loaded liquid
scintillator (Gando et al. 2016). This inner balloon was
extracted at 2015 December. From 2016 January to June, the
OD system had been refurbished to replace 225 PMTs reused
from the Kamiokande experiment with 140 new PMTs
including high-quantum efficiency ones (Ozaki & Shirai 2017).
From 2018 May, a 3.80 m diameter inner balloon has been
installed for the KamLAND-Zen 800 experiment (Gando et al.
2021; Abe et al. 2022a). We use all the data from 2002 March 9
to 2020 April 25 except for minor noisy periods during the
distillation campaigns, inner-balloon installation, and unin-
stallation works, and OD refurbishment works.

3. Selection Criteria

We focus on electron antineutrinos (%,’s) detected via the
inverse beta decay (IBD) interaction (&, + p — e + n) for
this neutrino burst search. The incident neutrino energy and
event vertex are reconstructed based on the timing and charge
distributions of the PMT waveforms. IBD events are detected
by the delayed coincidence (DC) method, which tags a
sequential pair of prompt (positron and annihilation gamma-
rays) and delayed (neutron capture gamma-rays) events with
space and time correlations.

We select the prompt energy range of 0.9-100MeV
corresponding to 1.8-111 MeV of the neutrino energy. The
delayed event is a thermal neutron capture gamma-ray on a
proton or carbon. The delayed energy range is required to be
1.8-2.6 MeV for the neutron capture on a proton and
44-55MeV on a 'C. The time difference between the
prompt event and delayed event is required to be in 0.5 to
1000 ps, and the vertex distance is to be within 160 cm. We use
a spherical fiducial volume with a 600 cm radius from the
center of ID, for both prompt and delayed events, corresp-
onding to Marge[ = (5.98 £ 0.13) x 103! of target protons.
During the KamLAND-Zen phases, we additionally veto
delayed events in the inner-balloon region. The cut region is
a 250 cm radius spherical volume from the center and a 250 cm
radius cylinder volume in the upper half of the detector.

In order to suppress accidental DC contamination, we use the
maximum likelihood selection, which depends on the energy
and vertex of the prompt and delayed events, and the time
difference and distance. At the energy above 4 MeV, selection
efficiencies (e.;(E)) for IBD events are almost constant, and
whose values are ~77% in the KamLLAND-Zen periods with
the inner-balloon volume cut and ~94% in other periods
with the full fiducial volume. As a result of the likelihood
selection, these efficiencies are decreased due to radioactive
impurities at the energy below 4 MeV.

To reduce multiple neutron capture gamma-rays induced by
cosmic-ray muons, they are tagged by Cherenkov radiation in
OD and scintillation light in ID. We apply a 2 ms veto for the
whole detector volume and a 2 s veto for the cylindrical volume
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Figure 1. DC event rate (top) and accidental cluster rate, and accumulation of the number of accidental cluster events (bottom) as a function of date. In the top panel,
the orange line shows the expected DC event rate of reactor -7 and the green line shows that of '*C(«, n)'°0 interaction. In the bottom panel, blue dots represent
averaged accidental cluster rates. Error bars show the period and the statistic error comes from the weighted average based on the livetime. The red curve means the
accumulated number of accidental clusters. Vertical light green bands are the distillation campaigns. The vertical violet band in 2011 is the balloon-installation
campaign for KamLLAND-Zen 400, and the band in 2016 is the OD refurbishment period. For another balloon installation for KamLAND-Zen 800, we have a too

short deadtime period to be shown here.

along the muon track after muons (Gando et al. 2012). Due to
muon vetoes, the typical livetime ratio is ~88% and the total
livetime in our report is 5011.51 days.

To detect supernova neutrinos with the KamLAND data, a
cluster of DC events is required: two DC events within a 10 s
window. The very low DC rate enables us to use the minimum
cluster condition (two DC events). An accidental DC event
cluster is a background for supernova neutrinos. Based on the
DC event studies, we evaluate the number of accidental cluster

secidentaly via Monte-Carlo (MC) simulation. Acci-

events (Encluster .
dental cluster rates and accumulation of n3%9m4! are shown in

Figure 1. Before distillation campaigns, the DC event is mainly
caused by reactor -7,, and 13C(a, n)lGO interaction has a
secondary contribution (Abe et al. 2008). After distillation
campaigns, the DC event by '*C(q, 1)'°0 interaction decreases
but reactor -7, is still a dominant component (Gando et al.
2011). Japanese reactors were shut down after the Great East
Japan Earthquake in 2011. In the reactor-off phase (Gando
et al. 2013), the rate of reactor -7, events is decreased. These
trends of DC event rate are also shown in Figure 1. In an
energy region above 10 MeV, fast neutrons and atmospheric
neutrinos have dominant contribution on the number of DC
events (Abe et al. 2022b). Typically, the DC candidate rate is
~1day ! in the reactor-on phase and 0.1 day ' in the reactor-
off phase. Usually, we call a KamLAND data set a “run,”
which consists of typically 24 hr data. The number of expected
DC events is estimated in run by run and the number of
accidental clusters is calculated from that. Taking into account
that time differences between each run are more than 10 s, there
should be no accidental clusters that occur across two runs. As
a result, the accumulated number of accidental clusters is

Gecidental _ () 321902 clusters, and this rate is 0.023 cluster yr '

on average. The error of nidmal jncludes systematic

uncertainties of the number of expected DC events by reactor
-7,, atmospheric neutrino, and fast neutron.

4. Analysis and Result

We have selected DC candidates and searched for neutrino
clusters from all the data sets of KamLAND. The Figure 2
shows time differences among the DC candidates. We find no
clusters within the 10 s time window (n¢jusier = 0). The closest
time difference of DC candidates is 41 s, observed at 2003
September 24 15:26:15 (UTC) and 2003 September 24
15:26:56 (UTC). The second and third closest time differences
are 42 and 103s; the expected distribution of the time
difference assuming no supernova bursts show agreement with
real time differences, and the total number of estimated
accidental clusters is nc<i9na — (.32 which is referred to in
Section 3. Following the Feldman—Cousins approach (Feldman
& Cousins 1998), we set the upper limit as n¢jyger < 2.1 with a
90% confidence level (CL) in the livetime of 5011.51 days.
From this result, we can derive the upper limit on the cluster
rate as R cjuger < 0.15 yr71 with a 90% CL.

5. Discussion

In the previous section, we found no clusters and set the
upper limit on the number of observed clusters. In this section,
we consider that the clusters are originated from supernovae,
and evaluate the detectable range. We use the number of
neutrinos emitted from core-collapse supernovae (ccSNe) and
failed ccSNe, which result in black hole formations, derived
from the Nakazato model (Nakazato et al. 2013). This model
provides 20 s supernova neutrino data and is parameterized by
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Figure 2. Distribution of the time differences between DC candidates. Red points represent observed events. The blue histogram represents expected events and the
light blue band shows systematic uncertainties as described in Section 3. The orange vertical hatched region corresponds to a time difference less than 10 s, for a
supernova burst neutrino observation. Gray vertical lines represent time differences between 1 minute, 1 hr, and 1 day for each other.

an initial mass M, metallicity Z, and shock revival time
tevivee The electron antineutrino flux arriving at Earth,
Fogam (1), 1s written as (Dighe & Smirnov 2000)

207 2
! (,;MJFU_I;)M), )

Fé r, E, t) =
Eart )= a2\ P dEar dEdt

where r is the distance from the Earth to a supernova,
d’Ny /dEdt is the number of emitted electron antineutrinos
per MeV per second, dszO/dEdt is that of the antineutrinos
U,, - and p is the survival probability, which is 0.665
(normal mass ordering) or 0.0216 (inverted mass ordering) with
sin? 6@}, = 0.320 and sin?6f;3 = 0.0216 (de Salas et al. 2018).
We multiply Fzgan(r, E, 1) by the cross section of the IBD
omp(E) (Strumia & Vissani 2003), selection efficiency €. E),
livetime ratio 7)jjyeimes and number of target protons in
KamLAND Margeta then integrate with the time of 20s and
the neutrino energy of 1.8—-111 MeV. The expected number of
observed supernova events Nk (r) at KamLAND as a function
of r is estimated from

NKL(P) = 1 jivetime Marget
xfdtdEFéEanh (r, E, t)omp(E) et (E). 2

Actually, observed events in KamLAND follow a Poisson
distribution with mean N; . To reproduce the time distribution
of supernova neutrinos in KamLAND, we make the probability
density function (PDF) of them. We carry out MC simulation
based on the above Poisson distribution and PDF, then search
for a neutrino cluster that requires two DC events within a 10 s
window. Nk yields 10-30 events for a ccSN within 10s in
case of r=25kpc. Here, the number of accidentally con-
taminated DC events in the supernova neutrino burst is
negligibly small (10> events) within the distance we expect
N1 > 1. These calculations provide detection probabilities as a
function of distance as shown in Figure 3. We use all available
parameter combinations in this estimation, thus blue and red

bands include model and neutrino mass ordering uncertainties.
KamLAND has a 95% probability to the supernova neutrino
burst detection with the distance for r<40-59kpc and
r < 65-81 kpc for the ccSN and failed ccSN, respectively. In
either case, our Galaxy (r < 25kpc) is covered with a >99%
detection probability. Consequently, this result gives an upper
limit on the supernova rate within our Galaxy, which includes
ccSN rate and failed ccSN rate, R & < 0.15 yr—! (90% CL)
assuming that the SN rate on the Large Magellanic Cloud and
Small Magellanic Cloud are much smaller than the Galactic SN
rate (Tammann et al. 1994).

Next, we try to convert the Galactic SN rate into a constraint
on the Galactic SFR. According to Horiuchi et al. (2011) and
Botticella et al. (2012), a cosmological SN rate is linked to the
cosmological SFR as

f;slfv Prvp(m)dm
Rsn(2) = — Ysrr(2) = ks Ysrr(2), (3)
fml me g (m)dm

where R sn(z) is the SN rate, 1¥)spr(z) is the SFR as a function
of redshift (z), ¢ is the initial mass function (IMF), m is the
mass of a star, (m~m,,) is the mass range of IMF, (mISN—muSN) is
the mass range of SN stars, and k gy is the scaling factor
between R gy and isgr by the number fraction of stars per unit
mass. We apply this relationship for the Galactic SN rate and

averaged Galactic SFR; therefore, R &' = k gy &% . We show

the constraint on 1/15‘51?]1z and k gy with 90% CL as shown in
Figure 4. The yellow vertical band is an expected range of
k sn = (0.0068-0.0088) M ! assuming the (modified) Salpeter-
type IMF (Salpeter 1955; Horiuchi et al. 2011; Madau &
Dickinson 2014), which contains uncertainties from astronom-
ical observations and models. The lowest value of kgy is
calculated from the IMF with a power index of the mass
v=—2.35 in the mass range of 0.1-100 M. On the other
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Figure 4. Upper limits on the parameter space between kgy and 1) g;‘R with
90% CL. The upper right region is disfavored, and the lower left region is
favored. The yellow vertical band is an expected range based on the Salpeter-
type IMF. The horizontal bands are the allowed regions from astronomical
observations.

hand, the highest value of k gy is obtained by combining the
IMF with y= —1.5 in the mass range of 0.1-0.5 M., and the
one with v = —2.35 in the mass range of 0.5-100 M., In either
case, the mass range of SN stars is set in 840 M. The colored
horizontal lines and bands correspond to an allowed 1/15%1{ range
reproduced from the astronomical observation to be
(1-2)M_ yr~' (Murray & Rahman 2009; Robitaille &
Whitney 2010; Chomiuk & Povich 2011; Davies et al. 2011;
Licquia & Newman 2015). Our result thus provides the upper
limit on the SFR as ¢&% < (17.5-22.7) M yr~ ' with 90% CL
assuming the Salpeter-type IMF within our Galaxy. This result
disfavors a large SFR in our Galaxy and is consistent with the
constraints from the astronomical observations.

6. Summary

We have presented the results of the search for supernova
neutrino clustering events in the KamLLAND data set from 2002
March 9 to 2020 April 25.

The expected number of accidental neutrino clusters is 0.32
and the observed number of neutrino clusters was zero. We set
a 90% CL upper limit on the supernova rate in our Galaxy as
R < 0.15 yr~!. This result corresponded to a 90% CL upper

limit on the Galactic SFR of &% < (17.5-22.7) M yr .
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Further studies of supernova neutrinos will provide impor-
tant insights not only into the explosion mechanism and the
nature of neutrinos, but also into the SFR of the Milky Way.
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