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ABSTRACT

Among multi-messenger observations of the next galactic core-collapse supernova, Super-Kamiokande
(SK) plays a critical role in detecting the emitted supernova neutrinos, determining the direction to
the supernova (SN), and notifying the astronomical community of these observations in advance of the
optical signal. On 2022, SK has increased the gadolinium dissolved in its water target (SK-Gd) and has
achieved a Gd concentration of 0.033%, resulting in enhanced neutron detection capability, which in
turn enables more accurate determination of the supernova direction. Accordingly, SK-Gd’s real-time
supernova monitoring system (Abe et al. 2016b) has been upgraded. SK_SN Notice, a warning system



that works together with this monitoring system, was released on December 13, 2021, and is available
through GCN Notices (Barthelmy et al. 2000). When the monitoring system detects an SN-like burst
of events, SK_SN Notice will automatically distribute an alarm with the reconstructed direction to the
supernova candidate within a few minutes. In this paper, we present a systematic study of SK-Gd’s
response to a simulated galactic SN. Assuming a supernova situated at 10 kpc, neutrino fluxes from
six supernova models are used to characterize SK-Gd’s pointing accuracy using the same tools as the
online monitoring system. The pointing accuracy is found to vary from 3-7° depending on the models.
However, if the supernova is closer than 10 kpc, SK_SN Notice can issue an alarm with three-degree
accuracy, which will benefit follow-up observations by optical telescopes with large fields of view.

Keywords: Particle astrophysics(96) — Supernova neutrinos(1666)

1. INTRODUCTION

The Super-Kamiokande (SK) detector (Fukuda et al. 2003) is a 50,000 m® water Cherenkov detector with a fiducial
volume of 22.5k m?, consisting of a cylindrical stainless steel tank (39.3 m in diameter and 41.4 m in height) lined
with by photo-multiplier tubes (PMTs). It has an optically separated concentric structure with an inner detector (ID)
covered with 11,129 PMTs in 50 cm diameter and an outer detector (OD) with 1,885 outward-facing 20 cm PMTs.
SK observes neutrinos from various sources, searches for proton decay, and searches for exotic particles such as dark
matter. One of the vital roles of SK is to detect core-collapse supernova (SN) neutrinos', to determine the direction
of the SN, and to issue an alarm to astronomical observatories for multi-messenger observations of the event. For
accurate pointing to the SN, it is essential to extract as many elastic scattering (ES) events (v +e¢~ — v +e7) as
possible, since the outgoing electron’s direction tracks that of the incoming neutrino. These events must be separated
from inverse beta decay (IBD) events (7, + p — et +n), that dominate the event rate but whose positron is weakly
correlated with the neutrino direction. This can be achieved by tagging the IBD interactions via their emitted neutron,
which produces delayed gamma ray signals after capturing on nuclei in SK and can be used to form a coincidence
with the positron. Prior to 2020 neutron capture on hydrogen was used to identify such neutrons with roughly 25%
efficiency, but thereafter gadolinium has been dissolved in the detector water to improve the tagging efficiency (SK-Gd
project) (Abe et al. 2022a, 2024).

The observational importance of neutrinos from SN burst neutrinos lies in the fact that they rarely interact with
matter before reaching a terrestrial detector and therefore carry information from the dying star at the moment of their
production. Figure 1 shows a typical SN neutrino energy spectrum; all the neutrino flavors are emitted, with energies
less than ~30 MeV. Ultimately, SN neutrinos carry 99% of the energy released by the star’s gravitational collapse. The
neutrino emission process starts shortly before the core’s collapse for stars heavier than 10Mg where Mg is the total
mass of the Sun when the star’s silicon shell begins to burn (pre-SN neutrinos (Odrzywolek et al. 2004)). When an iron
core is formed in the innermost part of the star and fusion stops, gravity induces electron capture (p +e~ — n + 1)
and photodisintegration of iron nuclei initiating the core’s collapse. The star collapses from within and when the
matter at the star’s center exceeds nuclear density, the core rebounds against itself (core bounce). Within ~ 0.1 s
after the core bounce there is a sharp increase in the number v, (neutronization burst), whose observed luminosity
typically reaches ~10%3 erg s~! (c.f. Figure 7 below). The shock wave generated at the core bounce propagates
outward but loses energy due to photodisintegration (stagnation of the shock wave). Electromagnetic signatures of the
burst become visible when this shock wave regains energy by some mechanism and reaches the photosphere near the
stellar surface. Typically, it takes a few hours to a day to blow off the outer stellar layer and produce electromagnetic
radiation?. While shock revival is considered to be caused by neutrino heating (e.g., Bethe & Wilson (1985) and Janka
(2001)), the details of the heating mechanism are still unknown. Several scenarios have been proposed; hydrodynamical
mechanisms such as convection (e.g., Herant et al. (1994)) and the standing-accretion-shock instability (SASI, e.g.,
Marek & Janka (2009)), acoustic oscillations (e.g., Burrows et al. (2006)), and magnetic fields (e.g., Kuroda (2021)).
Neutrinos are expected to carry information about the explosion mechanism, making their detection during the next

* also at BMCC/CUNY, Science Department, New York, New York, 1007, USA.
T also at University of Victoria, Department of Physics and Astronomy, PO Box 1700 STN CSC, Victoria, BC V8W 2Y2, Canada.
1 Hereafter, the word “supernova” or “SN” in this paper always means a core-collapse supernova.

2 The time becomes shorter if the collapsing star is a Wolf-Rayet star with no hydrogen layer.
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SN burst. However, SN burst neutrinos have not been observed since their first detection in 1987 (Bionta et al. 1987;
Alexeyev et al. 1988).

10 P T T T T T T T T T T T T
9 m—... Ly 4
— 8- Ve :
'> - — vt tr+0;) A
o 7k -
= |
2 o :
z st ]
z af 1
W
g 3- T
€ 7l 1
=
= 2F -
1F -
0- radl s s s bl l sl e aala | |

0 5 10 15 20 25 30 35 40 45
Neutrino Energy [MeV]

[0,
o

Figure 1. SN neutrino energy spectrum of the Nakazato model (see Section 4.1.2) for each flavor. The red, black, and blue
lines represent ve, Ve, and vy (= v, + vr + U, + U7 ), respectively.

To understand SK’s response to SN in advance and evaluate the performance of SK-Gd’s SN monitoring system,
it is crucial to simulate SN bursts using SN models. This paper aims to understand the SK’s response to galactic
SN systematically and pointing accuracy (angular resolution) since the start of SK-Gd. We studied SK’s response to
a simulated SN burst located at a distance of 10 kpc and pointing accuracy for six SN models considering neutrino
oscillations.

This paper is organized as follows. Section 2 summarizes the overview of SK-Gd. In Section 3, we describe the
SK-Gd’s SN monitoring system. Section 4 explains the SN models used in this paper, simulations for event generation,
and detector simulation. In Section 5, we show the simulated SN interaction events for a simulated SN neutrino burst
located at 10 kpc using several SN neutrino emission models and their SK-Gd’s response. The performance of the
SK-Gd’s real-time SN monitoring system including pointing accuracy is presented in Section 6 before concluding in
Section 7.

2. SK-Gd

In 2020, ultra-pure gadolinium sulfate octahydrate (Gd2(SO4)3 - 8H20) was added to SK’s ultra-pure water target
marking the start of the SK-Gd phase of operations Abe et al. (2022a). The motivation, as originally posed in
Beacom & Vagins (2004), is to enhance SK’s ability to detect neutrons due to Gd’s large neutron capture cross section,
254000 barn for 7Gd compared to 0.33 barn for proton, followed by the deexcitation emission of 8 MeV in gamma
rays, which is easier to detect than the 2.2 MeV emitted following neutron capture on a proton. During the initial Gd
loading, from July to August in 2020, a total concentration of 0.011% Gd was added to the detector, resulting in a
neutron capture efficiency of 50%. From May to July 2022 the concentration was increased to 0.033%, resulting in a
75% capture efficiency (Abe et al. 2022a, 2024). This increased efficiency is expected to improve SK’s sensitivity to the
diffuse supernova neutrino background (DSNB) as well as its accuracy for locating a nearby SNe using the neutrino
signal.

There are four channels for SN neutrino interaction in water Cherenkov detectors: inverse beta decay (IBD), elastic
scattering (ES), charged current interactions on oxygen (hereafter denoted *O CC), such as

Ve + 190 —e™ + 16F (1)
Te + 160 et + 16N, (2)



and neutral current interactions on oxygen (hereafter 0 NC) such as

v+1%0 v+ 150" (3)
160*_>15N+p+,y (4)
60* 5150 +n+~ (5)

(Kolbe et al. 2002). Figure 2 shows the relevant cross section as a function of neutrino energy. As can be seen in
the figure, IBD interactions dominate in the energy region below ~30 MeV, accounting for about 90% of SN neutrino
events in SK. The outgoing positron from these interactions is isotropically emitted, providing little correlation with
the incoming neutrino direction. In contrast, ES interactions account for only about 5% of the expected events in
SK, but as a forward scattering process, ES interactions provide a tight correlation with the neutrino direction. At
around ~20 MeV the inelastic interactions on oxygen, 0 CC and 'O NC, overtake the ES cross section. About
30% of 150 CC interactions are expected to be observed with a delayed neutron capture signal, because the resulting
excited nucleus (1°F and 'N) may emit one or two neutrons together with gamma rays (typically 5-9 MeV) Further,
the reaction (5) is also expected to be accompanied by neutron capture. In both cases, these neutron captures may
cause these interactions to be misidentified as IBD.
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Figure 2. Cross sections for neutrino interactions on water as a function of neutrino energy. The solid red represents IBD and
the green lines represent ES for ve (solid), e (dotted), v, (dashed), and 7, (dot-dashed). The solid blue and dashed blue lines
stand for 0 CC interactions of ve and Ue, respectively. The dot-dashed light blue line indicates 160 NC interactions. Cross
sections are calculated according to Strumia & Vissani (2003) for IBD, Bahcall et al. (1995) for ES, Suzuki et al. (2018) and
Nakazato et al. (2018) for **0O CC interactions, and Langanke et al. (1996) and Kolbe et al. (2002) for *0 NC interactions.

3. REAL-TIME SUPERNOVA MONITORING SYSTEM

SK’s real-time SN monitoring system, SNWATCH (Abe et al. 2016b), monitors events in the detector to detect
SN-like event bursts. Upon SNWATCH’s detecting such a burst, SK_SN Notice, SK’s SN warning system working
together with SNWATCH, issues a prompt warning to astronomical networks as the first alarm of an SN-like event
occurrence, SNWATCH determines its direction, and then SK_SN Notice broadcasts an announcement of an SN-burst-
like detection together with this reconstructed direction and the expected pointing accuracy to astronomical networks.
Figure 3 outlines the flow of SNWATCH. To announce the reconstructed SN direction with the best possible pointing
accuracy, SNWATCH needs to identify every interaction channel to extract ES events’ SN direction sensitivity as
much as possible. However, there is a trade-off between accuracy and the time it takes to issue the alarm. Prioritizing
accuracy would increase the time to the alarm issue, making it impossible to fulfill the role of SK, which is to detect
neutrinos at the very early stages of an SN to enable observations of the optical burst from the beginning to the end.
Therefore, to reduce the time to the alert as much as possible, SNWATCH prioritizes identifying “IBD-like” events
for extracting “ES-like” events at the expense of pointing accuracy. To identify “IBD-like” events, SNWATCH uses
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delayed coincidence between IBD events and the following neutron capture events on proton and Gd. Identifying a
positron emission event in an IBD event and the following neutron capture event is called IBD tagging. In this section,
we describe the flow of SNWATCH: current event reconstruction, selection, and IBD tagging in Section 3.1, the SN
direction determination updated to use information from SK-Gd in Section 3.2, its pointing accuracy and the alarm
issue in Section 3.3.

Event Reconstruction

| |
v
SNWATCH | Event Selection |
SK's v
SN monitoring | IBD tagging |
system | 2 |

Supernova Direction Fit

v

Pointing Accuracy

Figure 3. Overview of SK’s real-time SN monitoring system, SNWATCH. When an SN-like event burst is detected, SNWATCH
performs event reconstruction, event selection, and IBD tagging (see Section 3.1), before applying SN direction fit (see Sec-
tion 3.2). The resulting reconstructed SN direction is announced with the expected pointing accuracy to astronomical networks
(see Section 3.3).

3.1. FEwvent Reconstruction, Selection, and IBD tagging

SNWATCH uses a custom online version of the standard SK event reconstruction program (Abe et al. 2022b, 2016a)
to identify events and reconstruct their vertex position, direction, and total energy. It differs from the standard program
due to the need for a fast real-time reconstruction: it uses a simpler and faster muon reconstruction algorithm. It
uses preliminary calibration values to compute PMT hit times and charges. This program reconstructs every event
detected at the SN-like event bursts, including SN neutrino interactions (IBD, ES, **O CC, and *O NC) and neutron
capture events. After reconstruction, SNWATCH concentrates on identifying “IBD-like” events as fast as possible to
extract “ES-like” events using IBD tagging, as explained in Section 3. To utilize delayed coincidence in performing IBD
tagging, SNWATCH divides reconstructed events according to their reconstructed energy into two samples: “prompt”
candidates, such as IBD positrons or ES electrons, and “delayed” candidates, i.e., “neutron capture” candidates. We
call this event selection. The conditions for “prompt” candidates and “delayed” candidates are listed in Table 1. In
the selection of “prompt” candidates, three software triggers that store the data within the time window from —5
to +35 us around the triggered time are relevant: low energy (LE) trigger and high energy (HE) trigger with the
threshold of ID PMT hits at 49 and 52, respectively, and OD trigger whose threshold is set at 22 OD PMT hits.

Table 1. Conditions for “prompt” candidates and “delayed” candidates. E is the reconstructed energy. g7 and gf) represent the
PMT timing goodness and the PMT hit pattern goodness, respectively. N/S ratio is the ratio between the number of low-charge
PMT hits (below single photo-electron level) and the total number of PMT hits (Hosaka et al. 2006). LE trigger and HE trigger
represent software triggers with ID PMT hit thresholds of 49 and 52, respectively, and OD trigger is set at 22 OD PMT hits.
dwan 1s the distance between the reconstructed vertex and the inner detector walls.

conditions for “prompt” candidates | conditions for “delayed” candidates

E > 7 MeV E <10 MeV

g; > 04 gt —g5>0
Number of PMT hit < 500 Within the fiducial volume
N/S <04 Not a “prompt” candidate

dwair > 200 cm
LE- or HE-triggered event

Not an OD triggered event
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Next, SNWATCH searches for IBD-like interactions, pairing “prompt” candidates with “delayed” candidates based
on differences in their trigger times and the spatial separation of their reconstructed vertices. This process is called
IBD tagging and is illustrated in Figure 4. The algorithm was designed to be fast and simple. Each possible pair of
“prompt” and “delayed” candidates with a trigger time difference AT < 500 us and a vertex separation of AR < 300 cm
are tested and the pair with the smallest spatial distance is selected as an IBD candidate. This algorithm provides
a tagging efficiency 46.86 & 0.04% of IBD interactions and results in a 98.82 & 0.01% sample purity as is discussed
below in Section 6.1 and Table 5. Hereafter, we label “prompt” events that have been tagged as an IBD candidate
as “IBD-like” and otherwise as “ES-like.” Separating these two event samples improves SNWATCH’s accuracy for
determining the direction to an SN as described in the following Section 3.2).

“prompt” candidates

“delayed” candidates

Figure 4. Schematic illustration of IBD tagging algorithm used in SNWATCH. Every possible pairs of “prompt” and “delayed”
candidates with time difference AT < 500 us and spacial difference AR < 300 cm are tested, and the pair with the smallest
AR is selected as an IBD candidate.

3.2. SN Direction Fit Algorithm

Though the neutrino direction itself cannot be known directly, the detected recoil electrons of ES can be utilized to
reconstruct the SN direction since the outgoing lepton preserves the neutrino’s direction, as mentioned in Section 2.
Accordingly, it is essential to collect as many ES events as possible. Since ES-like events have high ES purity, separating
them from IBD-like events is effective in improving the accuracy of the SN direction determination.

SNWATCH uses a maximum-likelihood (ML) fit to extract the SN direction. An unbinned likelihood taken over all
events

L =exp E:NT,;C HLi (6)
k,r A

is constructed. Here, N, j is the number of events of the interaction r in the k-th energy bin. We note that the index
r and k are the same as those described in detail in Section 3.1 of Abe et al. (2016b). The index r stands for the type
of neutrino interaction, i.e., r = IBD, ES of 7, ES of other neutrino flavors, or 0 CC interactions®. The index k
running from 1 to 5 represents the bin of the reconstructed energy F of the “prompt” candidates in the unit of MeV:
T<E<10,10<E <1515 <E <22 22 <FE <35, and 35 < F < 50, respectively.

L; in equation (6) is a likelihood function for i-th event, defined as

Li = " Nyt (e (v, dis d50). @)

Compared to the likelihood function described in Abe et al. (2016b), a term ¢,(f;) has been added. This term is
defined according to the IBD flag f; of i-th event and the reaction r as:

IBD tagging efficiency  (f; = TRUE)
tr=1BD(fi) =

8
1 — (IBD tagging efficiency) (f; = FALSE) ®)

3 The division of the four interactions represented by the index r, introduced in Abe et al. (2016b), does not correspond to the division of

the four interaction channels described in Section 2, but the likelihood in the current SNWATCH still use this division of r.



0 (fi = TRUE)

tr2BD (fi) :{ (

Lor 9)
f; = FALSE).

pr(Ey, di; dreco) indicates a probability density function (PDF) for interaction r as a function of the energy E; and an
inner-product of reco -d; = cos 055°. E; is the total electron energy of i-th event and uniquely identifies the index
k. d; is the reconstructed dlrectlon of the i-th event and dreco is the SN direction we would like to determine. In
the determination of the PDF, SNWATCH utilizes the SK Monte—Carlo (MC) simulations (described in Section 4.2):
The generated MC samples are divided into one-MeV bins from 7 to 35 MeV and a combined energy bin greater than
35 MeV. Next, using the known true SN direction dtr“e illustrated in Figure 5 and a model function, cos gy = dtrue nd
distribution of the generated MC samples is ﬁtted, where di\/lc indicates the i-th event direction of a generated MC
sample.

/46,
dtrue ,& J
II 7
/ 7 Jreco
/I /’ dS
y /
L
o
, //
v j
/. _ Osn
¢',' e dtrue
/./,I
4 ’ —~
/ / COoSs BSN = dtrue 0 di

Figure 5. Schematic illustration of fsx and Af. sy is the angle between i-th event direction in SK d; (the blue arrow in the
gray box) and the true SN direction d%¢® (~ SN neutrino arrival direction) (the red arrow in the gray box). An ES event is
illustrated as an example. The direction of the recoil electron corresponds to d;. By applying maximum likelihood fit to the
distribution of cos fsx, the reconstructed SN direction dis° (the green dashed line) that we would like to determine is obtained
in 1 set of MC. A is the angle difference between rcco and dtsrﬁc, and used to estimate pointing accuracy (see Section 3.3).

3.3. Supernova Warning with Direction Information

SNWATCH’s alarm is based on two variables: the number of events in a 20 s time window opened behind the
time of each reconstructed event (Njyster) and a parameter that characterizes the spatial distribution of vertices (D).
SNWATCH issues a golden alarm when N¢juger > 60 and D = 3, indicating the vertices are uniformly distributed
(“volume-like”) (see Abe et al. (2016b) for details). The alarm then provides information about the burst candidate,
including the number of observed neutrinos, the duration of the neutrino burst, the GPS-based time stamp of the
beginning of the burst, and the estimated SN direction with its uncertainty (i.e., pointing accuracy) in the equatorial
coordinates.

Pointing accuracy in SNWATCH indicates the performance of determining the SN direction. To estimate the
pointing accuracy in an SN model-independent way, SNWATCH uses a 15x15 resolution matrix with each matrix
element containing 3000 MC samples as described in Abe et al. (2016b). SK-Gd aims to realize the SN direction
pointing with the accuracy of ~3° for SN bursts located at 10 kpc, which allows the follow-up observation with large
telescopes such as Subaru and LSST (Large Synoptic Survey Telescope) (Nakamura et al. 2016).

An improved SN warning system at SK, SK_SN Notice,* started on 2021 December 13 and its alarms can now
be received through GCN (General Coordinates Network) Notices® (Barthelmy et al. 2000) and are generated in a
machine-readable format. If an SN signal is sufficiently large, an alarm will be automatically published within some

4 https://gen.nasa.gov/missions/sksn
5 https://gen.nasa.gov
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minutes of detecting the neutrino burst. Signals with a lower significance generate an alarm after undergoing a cross
check by analyzers within < 1 h. SK_SN Notice can be received through the same framework as other GCN Notices;
gamma-ray bursts, gravitational waves, and high-energy neutrino alarms. A dummy (test) alarm is published as a test
on the first day of every month.

Based on SNWATCH’s alarm, SK also issues warnings on several networks, currently being SNEWS 1.0 (SuperNova
Early Warning System 1.0) (Antonioli et al. 2004; Scholberg 2008), IAU CBAT (International Astronomical Union
Central Bureau for Astronomical Telegrams)®, and ATEL (The Astronomer’s telegram)” (Rutledge 1998). SNWATCH
has been running since 1996, and no golden alarm has been sent so far.

The time between the detection and the alarm issue is limited by the processing time of (1) event reconstruction,
(2) SN direction fit, and (3) announcement. So far, (1) and (3) have reduced to less than one minute; however, (2)
still takes ~ 5 minutes for an SN located at 10 kpc with the current maximum likelihood fitter. A new direction fitter
is under development for faster alarm (within less than 1 minute from the SN neutrino burst detection in SK).

4. SIMULATIONS

Since the rate of core-collapse SNe in the galaxy is low, the only way to study the SK detector response to an SN
burst is to use simulations. Figure 6 shows the flow of the SK SN simulation. First, we choose an SN model (see
Section 4.1), the distance to and the galactic coordinates of the SN, and neutrino oscillation parameters as input to
our event generator, SKSNSim (see Section 4.2). The output of SKSNSim is then given to the SK detector simulation,
SKG4, before noise from random trigger data in the actual detector is added to the events via the mccomb _sn process. It
additionally applies software triggers (see Section 4.3) to produce a simulated set of events with the same characteristics
as the SK data. Finally, SNWATCH reconstructs these events, determines the direction of the SN, and estimates the
pointing accuracy (explained in Section 3). Note that this offline analysis uses the same software as the online version
SNWATCH. The details of these processes are described below.

Input Supernova | Distance | Supernova Neutrino
parameters Model [kpc] Position Oscillation

N ¥

SKSNSim (event generation)

SK MC I T
for I SKG4 (detector simulation) |
SN simulation T
in SK I mccomb_sn (adding noise, etc.) |
v
SNWATCH SK’s SN monitoring system

Pointing Accuracy

Figure 6. Overview of SN simulation in SK. An SN neutrino emission data produced by an SN model (Section 4.1), a distance to
the SN, a position of the SN, and a neutrino oscillation scenario (no oscillation, oscillation with normal mass ordering (NMO), or
oscillation with inverted mass ordering (IMO)) are input into the SK’s event generator, SKSNSim (Section 4.2). The simulated
SN neutrino events in SK-Gd are generated with SKSNSim. Then they are processed with SK’s detector simulation, SKG4, and
mccomb_sn (Section 4.3). SNWATCH processes the events before applying SN direction fit as described in Section 3. Pointing
accuracy is estimated by repeating these sets of simulations 3000 times per an SN model, an SN distance, an SN position, and
an oscillation type.

4.1. Supernova models

Since SN burst simulations consume considerable computational resources, models often simulate only the first ~ 1 s
post bounce (e.g., Marek & Janka (2009)). However, the typical SN neutrino emission timescale is known to be ~ 10 s
based on observations of SN1987A, indicating that long-time simulations are also necessary. To overcome computational
resource limitations, SN burst neutrino emission simulations impose simplified assumptions and approximations on

6 http://www.cbat.eps.harvard.edu/

7 http://www.astronomerstelegram.org/
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the physics involved, such as employing one-dimensional spherically symmetric simulations. In many one-dimensional
simulations the shock wave does not revive and results in a failed explosion. Such models therefore assume shock revival
mechanisms or artificially enhance neutrino reaction rates in order to produce a successful explosion (see Section 4.1.5,
for example). Changing these mechanisms, the progenitor mass and equation of state (EoS) contribute to a diversity
of SN models.

To look at SK’s response to different models and to demonstrate our capability to differentiate between them, we
selected the following five relatively long-term one-dimensional SN models: the historically significant Wilson model
(see Section 4.1.1), two long-term one-dimensional models (the Nakazato model and the Mori model, see Section 4.1.2
and Section 4.1.3, respectively), and two electron-capture SN models (the Hiidepohl model and the Fischer model,
see Section 4.1.4 and Section 4.1.5, respectively). We also study the Tamborra model, a pioneering three-dimensional
model (see Section 4.1.6). Table 2 summarizes the main characteristics of the six models above. The time evolution
of each neutrino flavor’s luminosity and mean energy for these models over the first ~ 0.1 s and over the whole time
range (20 s) are shown in Figure 7 and Figure 8, respectively. The following sub-sections summarize each model.

Table 2. Summary of six SN model data employed in this article. Shen, DD2, and LS mean equation of state (EoS) by Shen
et al. (1998); Shen et al. (1998), EoS based on density-dependent relativistic mean-field model (Hempel & Schaffner-Bielich
2010), and EoS by Lattimer & Swesty (1991), respectively. Note that the start times and the durations shown in the table are
after the linear extrapolation described in Appendix A.1 and do not necessarily correspond to that of the published models.

Model Name Wilson Nakazato Mori Hiidepohl Fischer Tamborra
Dimension 1D 1D 1D 1D 1D 3D
progenitor mass [Me] 20 20 9.6 8.8 8.8 27
start time [s] 0.03 -0.05 -0.256 -0.02 0.0 0.011
duration (] 14.96 20.05 19.95 8.98 6.10 0.54
EoS - Shen DD2 Shen Shen LS

4.1.1. The Wilson model

The Wilson model (Totani et al. 1998) (also called “the Livermore model”) is a one-dimensional core-collapse SN
model with a long duration, stretching from the start of the collapse to ~ 18 s after the core bounce, which was a
pioneering work in the 1990s. Though it is now dated and no longer preferred in the literature, it remains a baseline
reference in SN model papers today (Abe et al. 2016b, 2021). It is based on a numerical simulation code developed by
Wilson and Mayle (Wilson et al. 1986; Mayle et al. 1987) and with a 20M¢, progenitor, it can reproduce SN1987A’s
light curve. In this article, data scanned from Figure 1 of Totani et al. (1998) are used in our simulations, covering
neutrino emission up to 15 s after the core bounce.

4.1.2. The Nakazato model

The Nakazato model (Nakazato et al. 2013) is a long-time one-dimensional model that includes eight sets of progen-
itor masses and metallicities (four masses: 13, 20, 30, 50 M, and two metallicities: Z =0.02, 0.004). The simulation
realizes neutrino emission from the start of the collapse to 20 s after the core bounce by combining a general relativis-
tic neutrino-radiation hydrodynamic simulation (vVRHD) for the early phase and quasi-static evolutionary neutrino
diffusion calculations for the PNS cooling phase. This model uses the Shen EoS Shen et al. (1998); Shen et al. (1998)
and makes use of three times (100, 200, and 300 ms after the bounce) for the possible shock revival time. We focus
on the 20 Mg, Z = 0.02 (solar metallicity) progenitor model with a shock revival at 200 ms after the bounce in this
article. Hereafter, “the Nakazato model” refers to this case.

4.1.3. The Mori model

The Mori model (Mori et al. 2021) is a one-dimensional core-collapse SN model with a 9.6 Mg progenitor that
simulates neutrino emission from the onset of core collapse through the PNS cooling phase up to 20 s after the core
bounce. It uses a general relativistic hydrodynamics code with a spherically symmetric geometry for the accretion
phase known as GR1D (O’Connor 2015) to cover the PNS cooling phase. This model employs an EoS based on the
density-dependent relativistic mean field (DD2) (Mori et al. 2021).
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Figure 7. Time evolution of luminosity (top) in the unit of 10°° erg s~ and mean energy (bottom) in the unit of MeV for six

SN models listed in Table 2 for each neutrino flavor, from -0.02 s to 0.12 s (the core bounce occurs at 0 s). Here, v, means any
of vu,vr, Uy, and Ur. The red, black, blue, orange, purple, and green lines represent the Wilson model, the Nakazato model, the
Mori model, the Hiidepohl model, the Fischer model, and the Tamborra model, respectively, as indicated by the legend in each
panel. The striking peak in (a) for some models corresponds to the neutronization burst, and a dip before the neutronization
burst seen in the Mori model and the Hiidepohl model corresponds to neutrino trapping.

4.1.4. The Hiidepohl model

The Hiidepohl model (Hiidepohl et al. 2010) is a one-dimensional electron-capture SN model with a spherically sym-
metric geometry. An 8.8 M progenitor with an O-Ne-Mg core modeled by Nomoto (1987) is adopted. The simulation
was performed using the neutrino radiation hydrodynamics code PROMETHEUS-VERTEX, which is composed of
the hydrodynamics solver PROMETHEUS (Fryxell et al. 1991) and the neutrino transport code VERTEX (Rampp
& Janka 2002). Shen’s EoS (Shen et al. 1998; Shen et al. 1998) is used. For the set of neutrino interactions, the model
considers two cases: the Sf case with a “full” set of neutrino interactions listed in Appendix A in Buras et al. (2006)
and the Sr case with a “reduced” set of neutrino interactions omitting pure neutrino interactions listed in Bruenn
(1985). We use the results of the Sf case in this article, referred to as “the Hiidepohl model” hereafter. This case
covers the PNS cooling phase but has a shortened simulation period lasting up until ~ 9 s because its high-density
effects suppress neutrino opacities.

4.1.5. The Fischer model
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Figure 8. Same as Figure 7 but shows longer time range up to 20 s (the core bounce occurs at 0 s). Note that luminosity is
expressed in logarithmic scale in the unit of ergs.™!

The Fischer model (Fischer et al. 2010) is a one-dimensional SN model including three progenitors: the 8.8 Mg O-Ne-
Mg core progenitor modeled by Nomoto (1987), which is the same as the one used in the Hiidepohl model, and the 10.8
and 18 M Fe-core progenitors in Woosley et al. (2002). This model utilizes AGILE-BOLTZTRAN (Liebendéorfer
et al. 2004), a spherically symmetric, general relativistic hydrodynamics code (AGILE) with a Boltzmann neutrino
transport solver (BOLTZTRAN). It also uses Shen’s EoS (Shen et al. 1998; Shen et al. 1998). While the 8.8 Mg
progenitor explodes successfully, the 10.8, 18 M, progenitors do not explode naturally. In the latter two cases, neutrino
reaction rates have been artificially enhanced to produce a successful explosion. In this article we have selected the
naturally-exploding 8.8 M model and use data scanned from Figures 2 and 14 of Fischer et al. (2010) which include
emission up to ~ 6 s after the core bounce. Hereafter, “the Fischer model” indicates these data.

4.1.6. The Tamborra model

The Tamborra model (Tamborra et al. 2014) is a pioneering three-dimensional simulation with energy-dependent
neutrino transport. It has three progenitors with different masses (11.2, 20, 27 Mg). The simulated time range is up
to ~ 350 ms for the 11.2 and 20 Mg progenitor cases and up to ~ 550 ms for the 27 Mg progenitor case, however none
of these explodes successfully within these simulation periods. The model uses the neutrino radiation hydrodynamics
code PROMETHEUS-VERTEX and the Lattimer EoS with compressibility K =220 MeV Lattimer & Swesty (1991),
often referred to as LS EoS. For the 20 and 27 My progenitor cases, quasi-periodic oscillations appear in the neutrino
signal due to SASI effects Marek & Janka (2009). Since this signal modulation depends on the angular direction of
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the observer relative to the progenitor, the model considers three observer directions for each progenitor mass. We
use data for the 27 Mg progenitor with the “black” observer direction in Tamborra et al. (2014) provided by the SN
simulation pipeline SNEWPY (Baxter et al. 2022). Hereafter, “the Tamborra model” indicates this case.

4.2. FEvent generation

We generate events in SK using SKSNSim (Super-Kamiokande Supernova Simulation), an event generator for SN-
related neutrino interactions (Nakanishi et al. 2024). As illustrated in Figure 6, for an SN at a given distance in
an arbitrarily chosen position and a given neutrino oscillation case, SKSNSim computes the expected number of the
neutrino interactions listed in Section 2 and generates events from the fluxes of the input SN model and cross sections.
For each interaction r, the expected number of events in each true time and energy bin (E,,t) is calculated as:

do(E,,t)
dE,

d*N,.(E,,t)

dtap,  ror(E)

(10)
where N, represents the number of targets (protons, electrons, or oxygen nuclei, available to interaction ) in the full
inner volume of SK (32.5k m?), o(E,) is the cross section for interaction r as a function of the neutrino energy, E,,
and d¢(E,,t)/dE, stands for the neutrino flux. We note that the neutrino flavor in equation (10) depends on the
interaction r. The cross section calculations are taken from Strumia & Vissani (2003) for IBD, from Bahcall et al.
(1995) for ES, from Suzuki et al. (2018) and Nakazato et al. (2018) for 60 CC interactions, and from Langanke et al.
(1996) and Kolbe et al. (2002) for 80O NC interactions. The backward anisotropy of the angular distribution in the
event topology of the 10 CC interactions (Tomas et al. 2003) and the isotropic gamma-ray emission from the 60 NC
interaction are considered. By integrating equation (10) over time and energy, the expected number of events for the
interaction r for a single SN explosion is obtained. SKSNSim then generates events using this value as the mean of a
Poisson random process for each r.

Three-flavor neutrino oscillations including matter effects inside the SN are considered based on the calculation
in Dighe & Smirnov (2000). Assuming the normal mass ordering (NMO), the relationship between the number of
neutrinos generated in a collapsing star NJ" and the number of neutrinos at the stellar surface N;*" for each flavor
1= e, u,T is given by

Npm=Ng (11)
N3 = Ngem 4 Ngen (12)
ouT = N x cos® 012 + N x sin® 015 (13)
(14)

NUm = NI x sin® 015 + NI x (1 + cos® b12),

Vg

where NJ¢" represents N or NJ", while Nj*" = Nj"" 4+ Nj*". For the inverted mass ordering (IMO) the relations
are

sur __ prgen L2 gen 2
N7 =NJ" x sin” 012 + NJ" x cos” 012 (
NS = NI x cos® 012 + NI x (1 + sin® 012) (16
INSUT — yIen (
e Vg
sur __ prgen gen
Nﬁz = NDe + NDT, : (

Note that matter effects within the earth are not considered in SKSNSim.

SKSNSim was initially developed to read flux data from the Nakazato model’s data format (denoted “Nakazato
format” hereafter) which provides the differential neutrino flux and the differential neutrino luminosity at each time ¢
for each neutrino flavor in bins of energy. To process other SN models with different data formats, we converted each
to “Nakazato format” (data format unification) as presented in Appendix A.

4.3. Detector simulation

Events generated with SKSNSim are next processed with SKG4 (Super-Kamiokande GEANT4-based simulation) and
mccomb_sn (Monte Carlo Combine for Supernova) as illustrated in Figure 6. SKG4 (Harada 2020) includes Cherenkov
radiation, photon scattering, absorption, and reflection in the water (or Gd solution) as well as similar processes on
other detector materials. Further it simulates the response of the SK PMTs to photons and the subsequent response
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of their readout electronics. In this work SKG4 adopts GEANT4 version 4.10.05.p01 with several modifications. In
particular, the Gd neutron capture model of neutron capture ANNRI-Gd (Hagiwara et al. 2019; Tanaka et al. 2020)
has been implemented for this work. All analyses in this article are performed under the assumption of 0.033% Gd
concentration.

After processing with SKG4 the mccomb_sn program is responsible for adding realistic dark noise, building events,
and applying the software trigger. Given the complexity of radioactive backgrounds in the SK detector, it is impossible
to reliably simulate them with MC models alone. Instead, hits from randomly triggered data 1 ms in length in the
actual detector are added to the simulated events. Since most of these hits are generated by backgrounds, this creates
a realistic simulation of how SN burst events would appear in SK. In the next step, sequences of simulated events are
altered to have the same time structure as expected during a real neutrino burst. Ideally, each neutrino interaction
would represent a single event in the detector. However, multiple neutrino interactions can occur within the standard
SK DAQ timing block of 17 us (Nishino et al. 2007; Orii 2016; Orii et al. 2014) and further hits from neighboring
interactions may overlap in time with one another. To simulate this, events are assigned random times consistent with
their expected event rate evolution, and all hits from all events are then laid out in time. These are then separated
into 17 us blocks, as is done with the real data, and the software trigger is applied. Based on the triggers raised, the
hits are repackaged into events using hits before and after the trigger condition was met. For this reason, all hits in the
final event may not necessarily have a one-to-one correspondence with those from the initial interaction that created
them; they may be associated with a neighboring event via this process.

5. SIMULATED INTERACTION EVENTS IN SK-Gd AND THEIR DETECTOR RESPONSES

In the following, we discuss simulated interactions in SK-Gd and the response of the detector assuming an SN
burst located at 10 kpc for each of the six models as described in Section 4. For each model, three types of neutrino
oscillation scenarios are studied: without oscillation (No Osc.) and neutrino oscillations under NMO and IMO.
The calculation assumes sin® 61, = 0.307 (Particle Data Group et al. 2022). As mentioned in Section 3.3, though
SNWATCH typically uses 3000 MC trials to determine the pointing accuracy to an SN, due to limited computing
resources for this study, 1000 MC trials are used here for each combination of SN model and oscillation scenario. We
note that all simulations use a common SN position, arbitrarily chosen to be the position of the Sun at 0:00 on 23rd
March 2011 (i.e., RA = 1"41™43.56, Dec = +0°39'12.”5).

Table 3 shows the average number of events taken from 1000 MC trials of each SN model with events in each
trial generated in the full 32.5k m?® of the ID. The number of oxygen-interaction events in Table 3 shows significant
differences among models (c.f. Figure 13). These differences originate from the energy spectra of incoming neutrinos;
since the inelastic interaction cross section is larger at higher neutrino energies (c.f. Figure 2), the detected number of
oxygen interactions depends on the neutrino energy.

Table 4 shows the average number of events for each interaction reconstructed in SK-Gd’s 22.5k m? fiducial volume.
Note that the original interaction information generated by SKSNSim is lost during the mccomb_sn process as explained
in Section 4.3. Therefore, the interaction type that created each reconstructed event is estimated by matching the time
of the reconstruction to the time generated by SKSNSim. The closest MC event within 0.02 us of the reconstructed
time is considered the parent. Although the fiducial volume is about 70% of the full volume of the detector, more than
half of ES events are lost during the event selection process. Low energy ES events and 0 NC events are removed
mainly by the 7 MeV cut in the “prompt” candidate selection (c.f. Figure 10).

5.1. SK-Gd’s Response with the Nakazato Model

This section presents SK-Gd’s response to an SN burst located at 10 kpc simulated with the Nakazato model (20M,,
Z = 0.02) assuming the NMO scenario as a representative example. Similar studies and figures for other models under
the IMO scenario are presented in Appendix B. Reconstructed events in the following figures correspond to events
after reconstruction in SNWATCH in Figure 3 and after the time matching between the reconstructed time and the
generated time by SKSNSim described in Section 5.

Figure 9 shows the time evolution of each interaction across different time ranges and Figure 10 shows the corre-
sponding time-integrated energy spectra. Most events are concentrated in the first second, as is expected from the
luminosity evolution (Figure 8), and IBD events dominate. In Figure 10 , energy indicates the reconstructed energy
of each mode’s visible particles: et for IBD events, e~ for ES, et or e~ for 10 CC, and gamma rays from 0 NC
events. These energy spectra are similar in shape over the considered time ranges. The three panels in Figure 11
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Table 3. Average number of events at SK generated by SKSNSim (corresponding to the events after “SKSNSim (event
generation)” in Figure 6) in the 32.5k m® full volume for 1000 simulated SN bursts located at 10 kpc for the Wilson model, the
Nakazato model, the Mori model, the Hiidepohl model, the Fischer model, and the Tamborra models. Note that v, represents
v, and v-. No energy cut is applied.

Generated by Wilson Nakazato Mori
SKSNSim No Osc. || NMO IMO | No Osc. || NMO IMO | No Osc. || NMO IMO
IBD (7.) 7431 || 8207 9970 3542 || 3893 4693 3275 || 3422 3745
ES (ve) 223 231 229 173 172 171 177 148 156
ES (%) 97 97 98 63 66 72 60 61 63
ES (v2) 80 79 80 60 60 60 52 57 56
ES (72) 69 69 69 52 51 48 45 45 44
160 CC (ve) 44 || 1034 729 48 180 139 8 86 62
160 CC (7e) 195 329 633 46 68 116 30 42 71
160 NC (ve,'"N) 4 89 63 4 15 12 1 8 5
160 NC (7,'"N) 22 43 89 5 8 16 3 4
160 NC (vs,'"N) 177 93 119 31 20 23 15 8 10
160 NC (7,,'°N) 177 156 112 31 28 21 15 14 10
60 NC (v,'°0) 1 24 17 1 4 3 0 2 1
60 NC (7,'50) 6 12 24 1 2 4 1 1 2
60 NC (v,,'50) 48 25 32 9 5 6 4 2 3
50 NC (7,,'70) 48 42 30 8 8 5 4 4 3
total 8622 || 10530 12294 4074 || 4580 5389 3690 || 3904 4239
Generated by Hiidepohl Fischer Tamborra
SKSNSim No Osc. || NMO IMO | No Osc. || NMO IMO | No Osc. || NMO IMO
IBD (7.) 3048 || 3052 3049 1884 || 1990 2242 3830 || 3487 2718
ES (ve) 146 124 132 90 87 88 135 82 99
ES (%) 53 53 53 35 35 37 50 45 35
ES (vz) 43 47 46 31 31 31 28 38 35
ES (7,) 38 38 38 27 26 25 25 26 30
160 CC (ve) 12 32 26 5 27 21 55 90 80
160 CC (7e) 30 31 33 15 18 27 97 90 7
160 NC (ve,'"N) 1 3 2 0 2 2 5 8 7
150 NC (7,'"N) 3 3 3 1 2 2 11 10 8
50 NC (v, N) 6 4 4 5 3 4 16 13 14
160 NC (7,'"N) 6 6 6 5 4 4 16 17 19
160 NC (ve,'°0) 0 1 1 0 1 1 1 2 2
160 NC (7,'°0) 1 1 1 0 0 1 3 3 2
160 NC (v,'%0) 1 1 1 1 1 1 4 3 4
60 NC (7,,'50) 2 2 1 1 1 1 4 5 5
total 3390 || 3398 3396 2100 || 2228 2487 4280 || 3919 3135

describe the time-integrated angular distribution of the reconstructed events that satisfy the same criteria described in
Section 3.1. Figure 11 (a) shows the angular distribution for each interaction. Here, fgn represents the angle between
the true SN direction and the reconstructed direction of the visible particle in each interaction. The shape of the
cos gy distribution reflects the event topology assumed in SKSNSim as mentioned in Section 4.2. The distribution
of IBD events (red) has an almost flat but slightly forward inclination due positrons being slightly more likely to be
emitted in the forward direction at higher neutrino energies. ES (green) events are the result of a forward scattering
process, so the distribution peaks at cosfgn~1. On the other hand, 10 CC events have a backward bias and while
the distribution for 0 NC should be flat, the number of events is too small for it to be observed here.
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Table 4. Average number of reconstructed events at SK-Gd (with 0.03% Gd concentration) (corresponding to the events after
“Event Rectonstruction” in Figure 6) in the 22.5k m? fiducial volume for 1000 simulated SN bursts located at 10 kpc with
the Wilson model, the Nakazato model, the Mori model, the Hiidepohl model, the Fischer model, and the Tamborra model.
Here, the word “reconstructed events” means the events reconstructed in SNWATCH from the PMT signal of the SKSNSim-
generated events, and the IBD tagging is not applied to them yet. The event with energy 7 MeV or more are selected as
“prompt” candidates (see Section 3.1 for detail). With this 7 MeV energy cut, the number of reconstructed 160 NC events
are zero. As the original information generated by SKSNSim is lost during the mccomb_sn process, to identify the interaction
of the reconstructed event, the reconstructed events are associated with the SKSNSim-generated event; the condition of less
than 0.02 us time difference between the SKSNSim-generated event and the closest reconstructed event is applied. Note that
v, represents v, and v,.

Reconstructed Wilson Nakazato Mori

No Osc. || NMO IMO | No Osc. || NMO IMO | No Osc. || NMO IMO
IBD (%) 4879 || 5364 6465 2221 || 2434 2921 2048 || 2144 2355
ES (ve) 69 106 95 43 57 53 44 46 45
ES () 22 25 30 10 11 13 9 9 10
ES (v2) 34 28 30 18 16 17 15 14 14
ES (72) 28 27 26 15 14 13 12 11 11
160 CC (ve) 27 660 465 29 108 83 4 56 40
160 CC (7e) 126 208 394 28 41 69 19 27 45
160 NC (ve,'"N) 0 0 0 0 0 0 0 0 0
160 NC (7,'"N) 0 0 0 0 0 0 0 0 0
160 NC (vs,'"N) 0 0 0 0 0 0 0 0 0
10 NC (7,,'°N) 0 0 0 0 0 0 0 0 0
160 NC (ve,'%0) 0 0 0 0 0 0 0 0 0
160 NC (2.,%°0) 0 0 0 0 0 0 0 0 0
160 NC (v,,'50) 0 0 0 0 0 0 0 0 0
160 NC (7,,'50) 0 0 0 0 0 0 0 0 0
total 5185 || 6418 7505 2364 || 2681 3169 2151 || 2307 2520

Reconstructed Hiidepohl Fischer Tamborra
No Osc. || NMO IMO | No Osc. || NMO IMO | No Osc. || NMO IMO
IBD (7.) 1936 || 1939 1935 1186 || 1260 1437 2505 || 2283 1786
ES (ve) 38 39 39 22 20 26 46 33 37
ES (7c) 9 8 8 5 6 6 12 10 8
ES (va) 12 12 12 9 8 8 10 12 12
ES (7,) 10 10 10 7 7 8 9 10
160 CC (ve) 7 19 16 3 17 13 35 58 51
160 CC (7e) 19 20 21 9 11 17 62 58 49
50 NC (ve,"N) 0 0 0 0 0 0 0 0 0
160 NC (7,'°N) 0 0 0 0 0 0 0 0 0
50 NC (v, N) 0 0 0 0 0 0 0 0 0
160 NC (7,'"N) 0 0 0 0 0 0 0 0 0
160 NC (ve,'°0) 0 0 0 0 0 0 0 0 0
160 NC (7,'°0) 0 0 0 0 0 0 0 0 0
50 NC (v,,'50) 0 0 0 0 0 0 0 0 0
50 NC (7,,'50) 0 0 0 0 0 0 0 0 0
total 2031 || 2037 2041 1241 || 1338 1514 2678 || 2463 1953

Figure 11 (b) and (c) show cosfgsn vs. energy distribution for all events and for only ES events, respectively. One
might think that using only the high-energy component of ES events would be effective in determining the direction
to the SN because those scattered electrons populate the region cosfsn~1. However, as Figure 11 (c¢) suggests, the
number of high-energy ES events is insufficient to make a significant contribution to the direction estimation.
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Figure 10. The time-integrated energy spectra of each interaction for the Nakazato model for an SN burst located at 10 kpc
with neutrino oscillation in NMO, in the different time range: (a) up to 0.12 s, (b) up to 1.5 s, and (c) up to 20 s. Here, the
energy indicates the reconstructed energy of et for IBD, e, for ES, et and e~ for '°0 CC, and the gamma rays for 0 NC
events. The energy region below the 7 MeV threshold for selecting “prompt” candidates is shaded in light blue.

5.2. Comparison among Models

This section reports the differences in SK-Gd’s response to an SN burst located at 10 kpc, comparing the six SN
models described in Section 4.1 and focusing on the NMO oscillation scenario. Appendix B presents corresponding
figures for the IMO scenario.

Figure 12 compares the time evolution of reconstructed events among models for each interaction type over three
different time ranges. IBD events in the Tamborra model have an increasing feature after the first peak in the event
rate, as shown in the top middle of Figure 12, corresponding to Figure 8 (b). In the right panel of the second row, the
ES peak from the neutronization burst appears in the first 0.1 s for the Mori model (blue). The same feature is seen at
around ~0.04 s in the Wilson model (red) but is unclear in the other models. To determine whether or not the timing
of the neutronization burst can be seen in SK-Gd, we consider the optimistic scenario given by the Mori model. Note
that the excess of ES events over the flat component corresponds to NS"" in equations (11)-(12). Integrating from
0.04 s to 0.12 s yields the flat component, 93.8 events per second, or 1.4 events expected from —0.002 s to 0.017 s.
This can be subtracted from the peak component, 4.31 events, obtained by integrating over the same time region, to
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Figure 11. Angular distribution of events for the Nakazato model for an SN burst located at 10 kpc with neutrino oscillation
in NMO. (a) 1D cosfsn distribution. The red, green, blue, and light blue histograms represent IBD events, ES events, 0 CC
events, and 0 NC events, respectively. The grey histogram includes all the interactions. (b) Energy vs. cosfsn for total
events. (c¢) Energy vs. cosfsn for ES events.

yield 2.9 events. From the low number of events, it is clear that it would be difficult to observe this difference with
any significance for an SN burst located at 10 kpc.

Figure 13 shows comparison of energy spectra among models considering neutrino oscillation in NMO. The Wilson
model and the Tamborra model have higher energy neutrinos than the other models. As seen in panel (c), the energy
spectra of 10 CC interaction have significant differences among models, resulting in a large variation in the number
of interactions on oxygen in Table 4. Note that 0 NC interaction events shown in panel (d) are low in energy and
small in number as presented in Table 4.

Figure 14 shows comparison of angular distribution of events among models. We note that the general shape of the
cos fsn distribution does not depend on the model choice. However, the slope of the cosfgy distribution for IBD and
160 CC events is steeper in the models with higher mean energy.

6. PERFORMANCE OF IBD TAGGING AND SN DIRECTION FIT

This section discusses the performance of SNWATCH. In Section 6.1, we report the IBD-tagging performance,
focusing on an SN burst located at 10 kpc assuming the NMO scenario. The SK-Gd’s response to events tagged as
either IBD-like or otherwise represents the two main event categories that can be observed in SK-Gd. In Section 6.2,
we present the pointing accuracy for each SN model assuming an SN burst located at 10 kpc for both NMO and IMO
assumptions.

6.1. IBD tagging Performance

For each interaction X (IBD, ES, ¢O CC, O NC, neutron capture by Gd (Gd-n), or other), the IBD-like selection
efficiency, IBD-like purity, and ES-like purity are defined as follows:

true interaction X tagged as IBD

IBD-like selecti ffici = 19

e sefeckion efiaiency total number of true interaction X’ (19)
. . true interaction X tagged as IBD

IBD-lik ty = 20

e PUHLY = {otal number of events tagged as IBD’ (20)

ES-like purity = true interaction X tagged as not IBD (21)

total number of events tagged as not IBD’

We note that the IBD-like selection efficiency for IBD events is about 46-48% for all six models, but this could
potentially be improved by tightening the tagging criterion described in Section 3.1. Further, many true 0 CC
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Figure 12. Comparison of time evolution among models for each interaction for an SN burst located at 10 kpc with neutrino
oscillation in NMO. The left, middle, and right columns show the time evolution up to 0.12 s, 1.5 s, and 20 s, respectively. Each
row represents IBD, ES, 0 CC, and 0 NC from top to bottom.

events are mistakenly tagged as IBD-like. We achieved about 97-99% IBD-like purity for IBD events from all six
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Figure 13. Comparison of energy spectra among models for each interaction: (a) IBD, (b) ES, (c) '°0 CC, and (d) *°0 NC.
The energy region below the 7 MeV threshold for selecting “prompt” candidates is shaded in light blue.

models. The purity of true IBD events tagged as ES-like varies ~ 69-84% depending on the model and is consistently
the largest contributor to that sample. However, the true ES component of the ES-like sample still provides pointing
to the SN as demonstrated below.

SK-Gd’s response after IBD-tagging is shown in Figures 15-17 for the Nakazato model assuming the NMO as a
representative example. Figure 15 shows the time evolution of the IBD-like (pink) and ES-like (light blue) samples.
After IBD tagging the time evolution of true ES events and oxygen events is washed out as is shown in Figure 9.
The shape of the time evolution of the ES-like events is similar to that of the IBD-like events in Figure 9 for all time
ranges due to the large impurity of true IBD events in the sample. Figure 16 shows the time-integrated energy spectra
of the IBD-like (pink) and ES-like (light blue) samples. The peak near 7 MeV in the ES-like sample corresponds to
gamma-ray emission from Gd-n capture events. Figure 17 (a) shows the angular distribution of the IBD-like (pink)
and ES-like (light blue) events. Panels (b) and (c¢) show two-dimensional plots of the reconstructed energy and cos fsn
distributions, respectively. The effect of IBD tagging can be seen by comparing these two panels. Since IBD-like events
are removed from (c), there is a stronger peak near cosfgn~1 than in (b), which improves the pointing accuracy to
the SN.

Similarly the time evolution of the models after sample selection, time-integrated energy, and angular distributions
are shown in Figure 18 and Figure 19. The time and energy structures of the events after IBD tagging differ among
models.
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Figure 14. Comparison of cos fsn distribution among models for each interaction: (a) IBD, (b) ES, (c) *°0 CC, and (d) *°0 NC.

6.2. Pointing Accuracy for Supernova at 10 kpc

Finally, we derived pointing accuracy for each SN model using the distribution of Af, where cos(Af) = thSrl{I‘e . cigel\clo

and where dAgrl{}e and A‘é‘j\?o are described in Section 3.3. The pointing accuracy at 1o is then defined as the value of

Af at which the integral of this distribution contains 68% of the 1000 MC samples when integrating above from zero.
Figure 20 shows the distribution of A8 from 1000 simulations of each model and oscillation assumption. Table 6 shows
the derived pointing accuracy for the six models, which is seen to vary from ~3° to ~7°. Although the statistical
error is large in some models, it can be seen that the best resolution depends on the oscillation assumption. When
neutrino oscillations are considered, better pointing accuracy is achieved in the NMO scenario in the Wilson model,
the Nakazato model, and the Fischer model, while in the Mori model, the Hiidepohl model, and the Tamborra models,
better pointing is achieved in the IMO scenario.

Figure 21 shows the distribution of the reconstructed SN position from each event using IBD tag information for
each model for one MC simulating an SN burst located at 10 kpc with neutrino oscillation in NMO. For each skymap,
pointing accuracies at 1, 2, 30 are overlaid as contours in blue. While the reconstructed SN positions from the IBD-like
events (pink points) are uniformly distributed, the ES-like events (light blue points) are concentrated around the true
SN position represented as a black cross. The density of each skymap is in proportion to the number of events in the
model, and the contour size corresponds to the pointing accuracy of the model.

7. CONCLUSION AND PROSPECTS
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Table 5. The IBD-tagging performance for the six SN models for an SN burst located at 10 kpc in the NMO scenario. IBD-like
selection efficiency (equation (19)), IBD-like purity (equation (20)), and ES-like purity (equation (21)) are shown in units of
percent. The errors are the statistical uncertainty of Monte-Carlo samples.

Wilson true IBD true ES true 10 CC  true '*0 NC  true Gd-n Other
efficiency (%) 48.98 £ 0.03 0.35 &+ 0.02 8.12 + 0.03 0.13 £ 0.01 0.01 £ 0.01 -
IBD-like purity (%) 97.2+0.01 0.04 £ 0.01 2.68 £+ 0.01 0.01 £0.01 0.03 &= 0.01 0.03 &= 0.01
ES-like purity (%) 69.09 + 0.03 4.94 + 0.02 21.16 £ 0.03 0.0 &£ 0.01 4.69 £ 0.02 0.12 £ 0.01
Nakazato true IBD true ES true %0 CC  true **0O NC  true Gd-n Other
efficiency (%) 46.86 £ 0.04 0.23 £ 0.02 8.0 & 0.08 0.14 £ 0.02 0.01 £ 0.01 -
IBD-like purity (%) 98.82 & 0.01 0.04 + 0.01  1.07 £ 0.01 0.01 £0.01 0.04 &+ 0.01 0.02 &+ 0.01
ES-like purity (%) 787 £0.04 6.52+£0.03 9.06 £ 0.03 0.0 £ 0.01 5.49 £ 0.02 0.23 £ 0.01
Mori true IBD true ES true %0 CC  true **0O NC  true Gd-n Other
efficiency (%) 47.04 +£0.04 0.21 +£0.02 8.85 + 0.1 0.13 £ 0.03 0.01 £+ 0.01 -
IBD-like purity (%) 99.21 + 0.01 0.04 & 0.01 0.7 &+ 0.01 0.0 +£0.01 0.03 £ 0.01 0.02 + 0.01
ES-like purity (%) 81.81 + 0.04 6.38 +0.03 5.93 4+ 0.03 0.0 +£ 0.01 5.64 +0.03 0.24 + 0.01
Hiidepohl true IBD true ES true 10 CC  true '*0O NC  true Gd-n Other
efficiency (%) 47.78 £ 0.04 0.19 £0.02 11.75 £ 0.16 0.12 £ 0.04 0.01 & 0.01 -
IBD-like purity (%) 99.42 + 0.01 0.03 +0.01 0.5 £ 0.01 0.0 + 0.01  0.03 &+ 0.01 0.01 + 0.01
ES-like purity (%) 84.64 + 0.04 6.26 + 0.03  3.09 + 0.02 0.0 +£0.01 5.77 £ 0.03 0.24 + 0.01
Fischer true IBD true ES true 10 CC  true '*0O NC  true Gd-n Other
efficiency (%) 47.64 £ 0.05 0.18 £0.02 9.29 £+ 0.17 0.17 &£ 0.06  0.01 4+ 0.01 -
IBD-like purity (%) 99.48 + 0.01 0.03 & 0.01  0.44 4+ 0.01 0.0 &£ 0.01 0.03 £ 0.01 0.01 £ 0.01
ES-like purity (%) 83.74 &£ 0.05 6.81 +0.03  3.52 4+ 0.03 0.0+ 0.01 5.68 +0.03 0.25 + 0.01
Tamborra true IBD true ES true 10 CC  true 'O NC  true Gd-n Other
efficiency (%) 48.58 £ 0.04 0.51 £0.03 14.49 £ 0.1 0.12 £ 0.02 0.01 & 0.01 -
IBD-like purity (%) 98.37 &£ 0.02 0.06 & 0.01  1.52 4+ 0.02 0.0 £ 0.01 0.04 + 0.01 0.01 £ 0.01
ES-like purity (%) 82.47 £ 0.04 4.71 £ 0.02 7.25 4+ 0.03 0.0 £ 0.01 5.42 + 0.02 0.16 £ 0.01

Super-Kamiokande plays a crucial role in multi-messenger observations of upcoming galactic SNe by serving as
an SN neutrino detector capable of determining the SN direction. With enhanced ability to determine the SN di-
rection following the detector upgrade in 2020 (SK-Gd), we have improved SK’s real-time SN monitoring system,
SNWATCH (Abe et al. 2016b), and launched the SN warning system, SK_SN Notice. To evaluate the performance of
the current SNWATCH, we have investigated SK’s response to an SN burst located at a distance of 10 kpc simulated
with neutrino fluxes from six SN models.

The studies described above indicate that the response of SK accurately reflects time and energy differences among
the SN models that can be used to discriminate between them in the event of an SN burst. Further, using the Gd-
loaded detector we have demonstrated the capabilities of IBD tagging on this discrimination and on determining the
direction to an SN burst. For example, for the simulation using the Nakazato model with a 20Mg, Z = 0.02 progenitor,
SNWATCH identifies IBD events with an efficiency of 46.86+0.04% and results in a sample with 98.82+0.01% purity
after IBD tagging. Separating into IBD-like and ES-like samples, SNWATCH achieves a pointing accuracy ranging
from 3° to 7°, depending upon the SN model.
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Figure 15. Time evolution of the IBD-like (pink) and ES-like (light blue) events for the Nakazato model for an SN burst located
at 10 kpc with neutrino oscillation in NMO. (Same as Figure 9 but for the IBD-like (pink) and ES-like (light blue) events.)
(a) up to 0.12's, (b) up to 1.5 s, and (c) up to 20 s. The grey histogram is the sum of the pink and light-blue histograms.
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Figure 16. Time-integrated energy spectra of the IBD-like (pink) and ES-like (light blue) events for the Nakazato model for
an SN burst located at 10 kpc with neutrino oscillation in NMO in the different time range: (a) up to 0.12's, (b) up to 1.5 s,
and (c) up to 20 s. (Same as Figure 10 but for the IBD-like (pink) and ES-like (light blue) events.) Here, the energy indicates
the reconstructed energy of et for IBD, e, for ES, e* and e~ for 0 CC, the gamma rays for 0O NC events, the gamma
rays from neutron capture events, and the other events. The energy region below the 7 MeV threshold for selecting “prompt”
candidates is shaded in light blue. The grey histogram is the sum of the pink and light-blue histograms.

In order to facilitate follow-up observations using optical telescopes with large fields of view, SK-Gd was designed
to achieve a 3° precision using the Wilson model. This has been demonstrated successfully above and marks an
improvement of about 20% compared to our previous study. Given that this 3° accuracy has not been attained in
other models due to their lower neutrino fluxes, further improvements to SNWATCH are planned. Going forward
it will be important to further quantify SK-Gd’s ability to distinguish among models and to determine its ability to
extract features of the progenitor from the neutrino data.
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Table 6. Pointing accuracy at 1o in the unit of degree for six models with three oscillation scenarios.

Wilson Nakazato
No Osc. NMO IMO No Osc. NMO IMO
Pointing accuracy [°] | 3.0+0.1 || 2.5+0.1 | 2.840.1 | 4.54+0.1 || 4.0+0.1 | 4.34+0.1

Mori Hiidepohl
No Osc. NMO IMO No Osc. NMO IMO
Pointing accuracy [°] | 4.940.2 || 4.6+0.1 | 4.6+0.1 | 5.4+0.2 || 5.14+0.2 | 5.04+0.2

Fischer Tamborra
No Osc. NMO IMO No Osc. NMO IMO
Pointing accuracy [°] | 7.24+0.2 || 6.1+0.2 | 6.9£0.2 | 4.64+0.2 || 5.1£0.2 | 4.7£0.2
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evolution up to 0.12 s, 1.5 s, and 20 s, respectively.
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Figure 19. (top) Comparison of energy spectra among models for (a) the IBD-like events and (b) the ES-like events. The
energy region below the 7 MeV threshold for selecting “prompt” candidates is shaded in light blue. (bottom) Comparison of
cos fgn distribution among models for (c¢) the IBD-like events and (d) the ES-like events.

Software: ROOT (Brun & Rademakers 1997), matplotlib (Hunter 2007), NumPy (van der Walt et al. 2011),
SciPy (Virtanen et al. 2020), astropy (Astropy Collaboration et al. 2013, 2018), Cloudy (Ferland et al. 2013), Source
Extractor (Bertin & Arnouts 1996)

APPENDIX

A. DATA FORMAT UNIFICATION

SKSNSim has a class to read “Nakazato format” in which the differential neutrino flux ANy ., (¢,)/AE}) and dif-
ferential neutrino luminosity ALy, ., (t,)/AE}) at the time ¢,, are provided for each neutrino flavor v; (i = e, u, 7) and
energy bin Ej, as described in Appendix of Nakazato et al. (2013)%. We prepared the lists of time-luminosity pairs
(t, Ly, (t)) and time-mean-energy pairs (¢, (F,,)(t)) by scanning the plots of the time evolution of luminosity and mean
energy in the published papers. How this “data format unification” is conducted is described below.

8 The “Nakazato format” data of Nakazato et al. (2013) and their guide are available on the Web site http://asphwww.ph.noda.tus.ac.jp/snn/
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Figure 20. The Af distribution of each oscillation scenario for each model for an SN burst located at 10 kpc. The blue, green,
and red histograms represent No Osc., NMO, and IMO, respectively. The dashed line and the arrow in each histogram of the
corresponding color indicate the pointing accuracy at 1o, i.e., the value of Af up to which the integral of the histogram covers
68% of the 1000 simulations (see Section 3.3). The pointing accuracy for each oscillation assumption in units of degree is also
shown in the legend. The shaded region (light blue) indicates the target pointing accuracy (< 3°).

A.1. Linear Interpolation and Extrapolation

Besides the Nakazato model, the Mori model is provided in “Nakazato format” with slightly different energy binning
Ej. Other non-“Nakazato format” models (the Wilson model, the Hiidepohl model, the Fischer model, and the
Tamborra model) need data format unification. For these four models, we used the same energy binning as that of
the Nakazato model. For the Hiidepohl model, the lists of (¢, L,,(t))-pairs and (¢, (E,,)(t))-pairs are already provided
in the repository of SK database’. Regarding the Wilson model and the Fischer model, we scanned the figures of
luminosity vs. time and mean energy vs. time using a web-based plot digitizing tool WebPlotDigitizer (Rohatgi 2022)
for each neutrino flavor to make the lists of (¢, L,,(t)) and (¢, (E,,)(t)). Since the time data points t of these three
models are not identical among neutrino flavors v;, we performed linear interpolations and extrapolations to each list
before making them into “Nakazato format” (described in the following Sections A.2-A.3).

Note that the Fischer model’s v, luminosity curve (the upper left panel of Figure 2 in Fischer et al. (2010)) starts
later than that of other flavors, which requires extrapolation of v, luminosity so that it has the same time range as
the other flavor’s luminosity data points. Since the maximum luminosity and the rising edge of v, luminosity is out
of the plotted region, linear extrapolation is the only possible way to realize this. For the Tamborra model, we took

9 Prepared for developing SNWATCH. The data are confirmed to reproduce the published plots.



28

60°

60°

60°

IY 120" 60"

—60°

=120

120°

—60°

=120

(a) the Wilson model

60°

—60°

I
2

W
S

(b) the Nakazato model

—60°

T
S

I
2

oo
1807 120° 600 o O

-120"

(c) the Mori model

60°

—60°

)
2

3

]Y 120° 607 NI Of

—60°

—120°

1207

—60°

—120°

—60°

|
©
5

—60°

N

!
)
&

1807 207 607 N 0

—=120°

|
w
s

(d) the Hiidepohl model (e) the Fischer model (f) the Tamborra model

Figure 21. Distribution of the reconstructed SN position from each event using IBD tag information for one MC simulating an
SN burst located at 10 kpc with neutrino oscillation in NMO. The light red points represent the reconstructed SN positions from
the IBD-like events, and the light blue points stand for the reconstructed SN positions from the ES-like events. For each skymap,
pointing accuracies at 1, 2, 30 are shown as solid, dashed, and dotted contours in blue, respectively. The black cross at the
center of the contour circles represents the true SN position that is arbitrarily selected as RA = 1"41™43%.6, Dec. = 0°39'12 5").

advantage of SNEWPY (Baxter et al. 2022)' that has the lists of (¢, L,,(t)) and (¢, (E,,)(t)) with the identical time
data points among flavors.

A.2. Differential Neutrino Flux Calculation

The goal of this “data format unification” is to obtain the differential neutrino flux ANy, (t,)/AE; [s7*MeV 1]
and differential neutrino luminosity ALy ,,(t,)/AE) [erg sT!MeV ] at the time ¢, [s] for each neutrino flavor v;
(i = e, u, 7) and energy bin Ej from the available pairs of (¢, L,,(t)) and (¢, (F,,)(t)). The time-integrated flux of SN
neutrino [MeV~! kpc~2] is represented as

dF(E,) 1

Eu,- total
- i E,). Al
dE,  4ndZ, (E..) () (A1)

where dgn [kpc] is the distance to the SN, E,. tota1 [MeV] represents the total energy emitted by v;, (E,,) [MeV] stands
for the average energy of v;, and f(FE,) is a normalized distribution function (Nakazato et al. 2018). Since SKSNSim
calculates the distance term 1/47wdZ%y, it does not need to be considered here. As f(E,), we assume a Fermi-Dirac
distribution

fonlFy) = o e (A2)
T BT BT 41
where ((3) &~ 1.202 is the zeta function and
180 (E,.)
T, = — E,)~ > A
= BB ~ (43)

is the neutrino temperature in the units of MeV. By replacing the total energy E,, tota1 [MeV] with the luminosity
L,,(t) [erg s71] and substituting (E,,) = (E,,)(t) in equations (A1)-(A3), the expression of the differential neutrino

10 Available on the GitHub https://github.com/SNEWS2/snewpy
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flux [s7'MeV~!] is obtained as

d2N, Ly, () 2 E’? (Ad)
(t

dE,dt ~ (B,,)(t) 3¢(3)T3 B/ 11

where T,,, = (E,,)(t)/3.151 [MeV].
The differential neutrino luminosity [ergs™'MeV ~!] can be computed from the differential neutrino flux [s~*MeV 1]

as

ALy, (tn) _ ANy, (tn) « By, x 1.6022 x 10~ %erg

AEk AEk MeV

(A5)

A.3. Normalization for Reproducing Original Luminosity
In order to reproduce the original luminosity vs. time plot and mean energy vs. time plot from the “Nakazato format”

table, a normalization factor is necessary. Such normalization factor is written as

original luminosity at ¢
Normalizing Factor at t = & Y

A6
reproduced luminosity at ¢’ (A6)
where the original luminosity is L,,(¢) provided in the list and the reconstructed luminosity Ly, reco(t) is obtained by
the energy-integration of the differential neutrino luminosity as

B ALy ,,(t)

Ly, veco(t) = AR, X (Egx+1 — Eg). (A7)

k

By multiplying equation (A6) by the results of equations (A4)—(A5) and arranging them, the normalized “Nakazato
format” tables of other models are obtained.

B. COMPARISON OF SK-GD’S RESPONSE AMONG MODELS FOR SUPERNOVA AT 10 KPC

This appendix contains figures showing comparison of SK-Gd’s response among models for SN burst located at
10 kpc with neutrino oscillation in the NMO and IMO scenarios, which could not be included in Section 5. We note
again that reconstructed events in the following figures correspond to events after reconstruction in SNWATCH in
Figure 3 and after the time matching between the reconstructed time and the generated time by SKSNSim described in
Section 5. Figure 22 shows the comparison of time evolution of the number of events up to 20 s among interactions for
each model in the NMO scenario (top six panels) and the IMO scenario (bottom six panels). Figure 23 and Figure 24
show the same as Figure 22 but up to 1.5 s and 0.12 s, respectively. From Figure 23, we can see significant differences
in the time structure of ES events (green) and 10O CC events (blue); In the Mori model (top right panel in Figure 23),
the ES events excess over "0 CC events is observed at 0 s, which corresponds to the neutronization burst mentioned
in Section 5.2. The ES excess over 10 CC is seen in all the models other than the Nakazato model. In the Nakazato
model, characterized by the large number of 160 CC events within the first 0.25 s as shown in the top middle panel
in Figure 23, the yield of 160 CC events exceeds the number of ES events. The time structure of the Wilson model
regarding 10 CC is characterized by the long-lasting 10 CC events excess over the ES events. These excesses of
160 CC events over ES events are caused by the larger cross section of 0 CC interaction in higher energy regions
(shown in Figure 2). The Tamborra model has a similar characteristic to this; however, it differs from the other five
models in the feature of an increasing number of events after the first neutrino emission peak; the number of events in
the other models attenuates after the first neutrino emission peak. Figure 25 shows comparison of time evolution of
events among models for each interaction covering three different time ranges in the IMO scenario, similar to Figure 12.
The peaks due to the neutronization burst are stronger than those observed in Figure 12; they are also observed in
the Hiidepohl model (orange), slightly in the Nakazato model (black) and the Fischer model (purple), as well as for
the Mori model (blue) and the Wilson model (red). Note that the reconstructed events in Figures 22-25 satisfy the
same event selection described in Section 3.1.

Figure 26 shows the energy spectra among interactions for each model in the NMO scenario (top six panels) and
the IMO scenario (bottom six panels). It is obviously seen that the energy contribution from IBD events is dominant
for all models. Comparison of energy spectra among models in the IMO scenario is shown in Figure 27, similar to
Figure 13. Note that the reconstructed events in Figures 26—27 satisfy the same event selection described in Section 3.1
except for the energy condition.
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Figure 22. Comparison of time evolution up to 20 s among interactions for each model for an SN burst located at 10 kpc in
the NMO scenario (top six panels) and the IMO scenario (bottom six panels).
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Figure 23. Comparison of time evolution up to 1.5 s among interactions for each model for an SN burst located at 10 kpc in
the NMO scenario (top six panels) and the IMO scenario (bottom six panels).



32

L L R Spr T T 3 R N RN S
45— Wilson. (NMO) E 45-Nakazato (NMO) il = 3 45— Mori (NMO) E
E — total r,mé E — total J"f . H-.IJ ] E — total B
45 1BD ::;-.r‘ 45 1BD AT E 45 1BD E
35 —ES ,—""P E a5k —ES { Iy E ssb. —ES E
w [ —"occ 3, E —rocc r 1 o | —locc P Py ]
S 3; *0-NC rJr_:ﬂr[ ; € 3; *0-NC f il ; € 3; 0N :l&r/)qum %
B asf 1 B st 2B asf
S L fﬁf 1 g JJ 1 57 l,,{r’ E
> 2F 1 > 2F = > 2F =
o C rj)jr]'f i ] C Illl'r | o C J(; i
150 ﬁ, ] 1.50 ﬂ ] 150 H{"r -
e jﬂF f t l,?’ e e 1 i ,f f
05F ] 0.5] 3 05F =
E\ Ll Ll g e i S R Lol Ll \: E\ Ll L. T R R Lol - Lol L: E‘ ‘gm_\ I ] e A e B - B B e . \:
Boz 0002 004 006 008 04 012 80270002 004 006 008 04 012 Bz 0" 002 004 006 008 01 012
time [sec] time [sec] time [sec]
R R e B B A ST T T T T T T T 5“‘;&;]”..,.
45t Hudepohl (NMO) ] 4+5F Fischer (NMO e 45 Tamborra (NMO) /1 ]
F— total B F— total 3 E— total p B
ACBD E R{ma—1:1)} ] 4CIBD El
as— ES 1 asp-—ES. 1 asi —ES. 1
w F —"occ i1 - F —®occ i , F —®occ rd"' E
E 3 *oNe 1 E 3 *oNe 1 E 3 *o N:r:P... E
8 2s5f i 1 8 ast 1 8 a5 1
=S Féﬂﬂ ] 5 F 18 & 1
> 2r > C G = > 2r ]
© £ Pﬂ 1 o £ J;u ll E [0} E s 1
1.5F #, = 155 J;:r( HWMPHF? 151 J'l :
05F J‘lF ] 0.5F F ] 05F I’F 1
8620 o0z 004 006 008 0.1 012 8oz 0" 002 004 006 006 01 012 802000z 004 006 008 01 0.2
time [sec] time [sec] time [sec]
SET T T T T T T L AL I RO B R R R N RN
45 Wilson_(IMO) R "mh‘l:: ofNakazato (IMO) E 45— Mori (IMO) — total E
L total A g™ E — total 1 i " ks E
4 8 4 —
F = 1BD g ] F==1BD ] E —T™occ E
35: —ES l __h“,f 3 7: —ES 3 35: o %0 NC 3
PF g ce e ] L —rocc i hi: .II W“'"‘"’Mﬂ’ . ]
2 E 180 NE 1 2 160 NE e, B 2 E l'ﬂﬁ M el 1
E 3: UING )Pr,.l B E U: UING ""“"'\l\_l B E 3: JIJ"'Ilf Uﬁr Bl
8 2sf . a st R TR ] 8 25t " an gy
T r{r‘ 1 5 T, 2 T III( E
o o T2 B B P .
o E [ | ] E 'lr | o E [ |
1.5 1 3F ﬂ,— = 1.5 1
05F ’f 1 1 ﬁ - : g 1
Bl o e A A S e e e i O e P i i i e e e |
Boz 002 004 006 008 01 012 86270002 004 006 008 04 012 02 0 002 004 006 008 01 012
time [sec] time [sec] time [sec]
ast Hudepohl (IMO) ] a5t ischer (IMO) ] a5t RN
£ total B £ — total B ): ) Mﬂﬂ""ﬂl’w L
F —IBD 7 £ —IBD 7 £ L ]
35— ES 1 ast —E8 1 35¢ P 1
w [ —"occ I . F —"*occ E E
£ 3f *oNC 1 E 3¢ *oNC -4 E 3 i 1
@ osF . 1 @ a5t IF:EM"H 1 @ osf j Tamborra (IMO) E
T TF 1 & 7% IF 1 'ﬁJ' — total 1
g o |2 I :
° ﬁf' i o lﬂ II i ° % / - = f
157 E 15F S SRS R 15[ —Es .
£ ,l}rl" E F E E —"*occ E
g )ﬂ’ E t E 2 o NC E
05f ] 0.5] 3 05F -
8620 002 004 006 008 0.1 012 8oz 0 002 004 006 008 0.1 012 8oz "0 002 004 006 008 01 0.2
time [sec] time [sec] time [sec]

Figure 24. Comparison of time evolution up to 0.12 s among interactions for each model for an SN burst located at 10 kpc in
the NMO scenario (top six panels) and the IMO scenario (bottom six panels).
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Figure 25. Comparison of time evolution among models for each interaction for an SN burst located at 10 kpc in neutrino
oscillation with IMO. The left, middle, and right columns show the time evolution up to 0.12 s, 1.5 s, and 20 s, respectively.
Each row represents IBD, ES, 0 CC, and 0 NC from top to bottom.
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Figure 26. Comparison of energy spectra among interactions for each model in the IMO scenario. The energy region below
the 7 MeV threshold for selecting “prompt” candidates is shaded in light blue.
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Figure 27. Comparison of energy spectra among models for each interaction for an SN located at 10 kpc: (a) IBD, (b) ES,
(c) %0 CC, and (d) 'O NC. The energy region below the 7 MeV threshold for selecting “prompt” candidates is shaded in light
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Figure 28 shows the cosfgn distribution of each interaction for each model for an SN burst located at 10 kpc in
the NMO scenario (top six panels) and the IMO scenario (bottom six panels). Comparison of angular distribution of
events among models for each interaction for an SN burst located at 10 kpc is shown in Figure 29, similar to Figure 14.
Note that the reconstructed events in Figures 28-29 satisfy the same event selection described in Section 3.1.
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