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Timing the neutrino signal of a Galactic supernova
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We study several methods for timing the neutrino signal of a Galactic supernova (SN) for different
detectors via Monte Carlo simulations. We find that, for the methods we studied, at a distance of 10 kpc
both Hyper-Kamiokande and IceCube can reach precisions of ~1 ms for the neutrino burst, while a
potential IceCube Gen2 upgrade will reach submillisecond precision. In the case of a failed SN, we find that
detectors such as SK and JUNO can reach precisions of ~0.1 ms while HK could potentially reach a
resolution of ~0.01 ms so that the impact of the black hole formation process itself becomes relevant. Two
possible applications for this are the triangulation of a (failed) SN as well as the possibility to constrain
neutrino masses via a time-of-flight measurement using a potential gravitational wave signal as reference.
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I. INTRODUCTION

Massive stars above ~8 M g most often end their livesin a
great explosion outshining an entire galaxy for a short period
of time. For such core-collapse supernovae (CCSNe),
it is predicted that ~99% of the released gravitational
binding energy is emitted via neutrinos [1-4]. State of the
art multidimensional simulations model the supernova
explosion mechanism as well as the neutrino emission
properties [5—11].

In the case of a Galactic CCSN, current and near future
neutrino detectors will be able to detect thousands of events
in a time period of ~10s. The detection of such SN
neutrinos offers interesting possibilities.

In contrast to photons, neutrinos travel freely through the
outer shells of the SN. Therefore in the case of a Galactic
CCSN, the neutrino signal will reach us long before any
optical signal can be detected. This way it can serve as an
early warning system (see SNEWS [12]). Besides other
methods such as studying the statistics of neutrino-electron
elastic scattering [13,14], the precise timing in multiple
neutrino detectors can also be used to locate the SN via
triangulation [14-18]. This is not only important to enable
early astronomical observations of the SN, but also to
locate it in the case of a failed SN which would not result in
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any optical signal. In the latter case, locating the SN will
allow us to search for and study the SN remnant, potentially
observe the progenitors collapse to a black hole, as well as
to include and study the impact of Earth-matter effects that
can be included only if the direction of the neutrino signal is
known. Furthermore, combining neutrino and gravitational
wave signals might allow us to determine the mass of
neutrinos. This is another application that needs a very
precise timing of the neutrino signal.

In this work, we present several methods on how
characteristic structures of the neutrino signal can be used
for precise timing. This is based on simulations of neutrino
signals for different detectors using a set of both successful
and failed supernova neutrino simulations from the
Garching group [19,20].

This paper is structured as follows: In Sec. II, we give a
short overview on the general neutrino emission properties.
In Sec. 111, we study the neutrino signal in several detectors.
In Sec. IV, we use a Monte Carlo simulation based on the
results of Sec. III to study several methods for timing the
neutrino signal using characteristic structures. Finally, we
study two possible applications namely triangulation and
the neutrino mass determination in Sec. V. Throughout the
paper we use natural units ¢ = a4 =k = 1.

II. THE NEUTRINO SIGNAL

A. Phases of emission

Typically, the neutrino emission from a supernova can be
separated into three different phases which are shown
in Fig. I:

(1) v, Burst: During collapse, vast amounts of v, are

produced via electron capture. When the collapsing
core exceeds a certain density, the neutrinos get
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FIG. 1. Phases of emission in a typical CCSN taken from the

s11.2 cooling model of Hiidepohl [19]. Note that 7, and v, are
scaled up. One can clearly see the three different phases of
emission, namely the large v, burst during the first ~10 ms, the
following accretion phase, and the cooling of the neutron star at
the end up to ~10 s.

trapped inside. Shortly after core bounce, they are
suddenly released resulting in a characteristic sharp
v, burst with a typical luminosity of ~3.5 x 10°* &,

(2) Accretion: Ongoing accretion onto the newly
formed protoneutron star produces all types of
neutrino flavors via thermal (v,) or charged current
(v, and D,) processes. As usual, v, is used to
represent v,,v;,7,, and 7, as they to a good
approximation behave similarly due to the absence
of muons and taus inside a supernova.

(3) Cooling: After the explosion sets in, the accretion
stops. However, the protoneutron star continues to
emit all types of neutrinos while getting rid of its
remaining gravitational binding energy.

See, e.g., [21] for a detailed review on the neutrino
emission properties.

B. Neutrino spectra

The neutrino spectrum can be well described by a
normalized gamma distribution function [22,23]

R I e U

with the pinching parameter

_2AE? - (F?)
ENGECE >

and the mean neutrino energy (F). Typically, the pinching
parameter is in the range of 2 < @ < 3 except for the initial
v, burst which has a stronger pinching of a ~ 6 [21].
We will mostly focus on the first 100 ms of the signal,
i.e., the initial burst and the rise of the signal during
the accretion phase. We used a set of 18 spherically

symmetric SN simulations from [19,20] based on the
Lattimer and Swesty equation of state (EOS) with a bulk
incompressibility of 180 MeV and 220 MeV. However, the
different choices of this parameter do not influence the
neutrino signal that we are interested in. The models span
from SN progenitors with 11.2 Mgy up to 40.0 M.
Multidimensional effects seem to not change the general
shape during the first 100 ms postbounce as, e.g., [22,24]
indicate. Also the influence of different EOS on the early
signal is very small [24,25] and should therefore not
significantly change our results for timing the onset of
the burst. For the black hole forming case, however, the
EOS could have a significant impact. Besides influencing
the black hole (BH) formation probability, a stiffer EOS can
shift the formation time further away from the core bounce
[25]. This would result in a change in the event rate for late
time collapses and thereby impact our results.

III. DETECTION

We focused on three different types of detectors: a liquid
scintillator detector (JUNO) [26], two Water-Cherenkov
detectors Super-Kamiokande (SK) and Hyper-Kamiokande
(HK) [27], and IceCube [28]. JUNO will be a liquid
scintillator detector filled with 20 kton of linear alkylben-
zene (LAB). The expected threshold for e* detection is

Mo = 0.2 MeV (3)
and due to quenching
TgTibeo ~ 1 MeV (4)

for proton detection [29]. Note that the detection of elastic
scattering on protons is very sensitive to this value.

Super-Kamiokande is a Water-Cherenkov detector with a
fiducial mass of 22.5 kton and a threshold for electron and
positron energies of [30]

Tk =7 MeV. (5)

In the case of a Galactic supernova, however, the detection
rate will be much higher than the background so that it will
be possible to use the full inner detector volume of 32 kton
for detection. Therefore following the Hyper-Kamiokande
design report [27], we use the entire inner detector mass of
32 kton for SK and presumably 220 kton for HK in our
calculations. Although HK is expected to have a lower
electron kinetic energy threshold of ~3 MeV, we keep the
more conservative SK threshold for HK too. Note that the
event rates after core bounce in SK and HK are not very
sensitive to the chosen threshold, since in the major inverse
beta decay (IBD) channel most events are above 10 MeV.

Unlike low background detectors with a high photo-
multiplier tube coverage such as SK/HK and JUNO,
IceCube (IC) will not be able to detect single SN neutrino
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events. Instead, IC will see a simultaneous increase in
Cherenkov light in all of its digital optical modules
(DOMs). We calculated the IceCube SN neutrino signal
only including the IBD channel [31] both for IC with 5160
DOMs and for a future IC Gen2 with additional 9600
DOMs with a 25% increased dark noise [32,33].

A. Calculating event rates

In general, the event rate for a certain interaction process

x can be calculated from the differential cross section g—;
and the spectral flux given in terms of the flavor dependent

luminosity L, with v € (v,, D,,v,) and the distance D as

1 L,

Fa,u = Fufa.u = m@f&u (6)

via
G T max (Eh) 86
Rx N Nt; /Ev.lnin dEU \/Tl,min Fa,l/ (ED) 8—7{ th' (7)

Here, N, is the number of target particles, and 7, is the
kinetic energy of the directly detected particle. The sum ),
runs over all neutrino flavors relevant for the considered
interaction. T, is given by the detector threshold and
E, min 1s the corresponding minimal neutrino energy. The
mean energy of the detected neutrinos is given by

1 8l Tl.max(Eu> 80'
E =— dEE F,,—dT, (8
< v,det> R ; /Ebmm v v/ ay 8Tt t ( )

Tl.min

where R = >, R,.

To calculate the expected signal for each detector, we
included up to three different detection channels, namely
the IBD, neutrino-electron elastic scattering, and, in the
case of JUNO, also neutrino-proton elastic scattering which
accounts for a significant fraction of the overall signal in
JUNO due to its lower threshold. Also, we assume the SN
to be at a distance of 10 kpc.

In the case of IBD, the recoil energy of the proton can be
ignored so that the energy of the detected positron is given
by

E, =E, —Am Am,, = 1293 MeV. (9)

nps

For IBD we implement a low energy approximation of the
cross section valid for E, < 300 MeV [34]

Oipa = 108 cm?T,E,EXE) (10)

with

K(E,) =—0.07056 +0.02018log E, —0.001953(log E, )?.
(11)

The differential cross section for neutrino-electron elastic
scattering at tree level is given by [35,36]

do,, © T,\? m,T,
Sone— 20 (g (r (1-12) — i (1)
with
v, U, () 1
gy = gy =sin" Oy + 3~ 0.73, (13)
g =g =g =gy =sin?0y~023 | (14)
v U 2 1
g7 = g5" =sin“ Oy — 3~ -0.27 , (15)
and
2GEm;
oy — ﬂ (16)
n

For the neutrino-proton elastic scattering, we implement the
differential cross section [29]

Jo oon,,

T AnlE [(gv + 94)°EZ + (9v — 9a)*(E, = T,)?
P ey

_(g%/ _gg\)mpr] (17)

with the neutral current axial and vector couplings

1.27
= 18
ga 3 ( )
1 —4sin%6
Jv="5 u (19)

B. Neutrino flavor conversion

To convert the individual fluxes and spectra of each
neutrino flavor at the supernova to the observed signal at
Earth, neutrino flavor conversion must be taken into
account. A recent study suggests that in the case of a
failed supernova, collective oscillations can be ignored [37]
such that only matter effects need to be considered. In
general, however, collective effects could play an important
role in determining the final fluxes [3,38]. In the following
we will only consider adiabatic Mikheyev-Smirnov-
Wolfenstein (MSW) conversion. Also we assume the SN
and the detectors to be within the same hemisphere so that
we can ignore any Earth-matter effects.

In the high density neutrinosphere, the Hamiltonian
becomes effectively diagonal in flavor space such that
pure Hamiltonian eigenstates vy, ,,,, and v3,, are pro-
duced [39]. Those propagate outwards through the SN and
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TABLE I. Initial F| ,9“ and final F,, total fluxes for neutrinos v
and antineutrinos v depending on the mass hierarchy.

Normal ordering (NO)

Inverted ordering (10)

v v 12 v
F, =F) F; = Fge F, =F) Fy =F)
F, =F) F;, =F) F,, =F) Fy =F)
F, =F) Fp, =F) F, =F) F;, = Fge

are converted to the vacuum eigenstates vy, v,, and vs.
Depending on the mass hierarchy, one finds the final fluxes
of the different neutrino mass eigenstates in terms of
the initial flavor fluxes FY as it is shown in Table I
Consequently, the final fluxes of the different flavors at
Earth are given by

Fu(, = Z'UaiPFv,» (20)

with U being the Pontecorvo-Maki—Nakagawa—Sakata
(PMNS) matrix. Correspondingly, the final normalized
spectra are given by

_ Zi|Uai|2f?Fv,-
ZiFui

Since the difference in the mean energies of the different
neutrino mass eigenstates are small compared to the width
of the initial spectra, these final neutrino spectra for the
different flavors at Earth are also described well by a
gammalike distribution. Note that this works only if the
initial spectra overlap strongly.

fu, (21)

C. Background

Compared to the event rate during a SN, the background
in the relevant energy range is many orders of magnitude
smaller. In JUNO 0.001 background events are expected
per second [40] while 0.01 per second are expected for SK
[41]. Therefore these backgrounds are negligible in JUNO
as well as in SK when being compared to the enormous SN
rate. Treating HK as an up-scaled SK, we expect ~0.1
background events per second in HK [27]. Since we are
considering intervals of 100 ms or less, we did not include
any background events in our MC simulations for those
three detectors. In the case of IceCube, however, a SN will
be detected by noise excess rather than a measurement of
single events. For IC the background can be treated as a
Poissonian background with an expectation value of
280 Hz per module (+25% expected for the IC Gen2
modules) [31-33].

D. Event rates in the detectors

The expected event rates calculated by the above means
using the 1s180s12.0 SN simulation from Hiidepohl [20]

are shown for each detector and both normal and inverted
ordering in Fig. 2. By comparing the three panels in Fig. 2,
we clearly see the benefit of a larger detector as the 1o error
bands shrink as we go from JUNO/SK to HK and to IC. On
the other hand, the most promising feature for timing the
signal is the onset, and here IC suffers from the high
background rate, which means that the fluctuation in the
number of events at time zero is comparatively large.
Another feature that is worth noticing is the difference in
the rise of the signal between NO and IO. As pointed out in
[20], this can be used to pinpoint the neutrino mass
ordering in the event of a reasonably nearby Galactic
supernova.

IV. TIMING THE SIGNAL

We have investigated several methods using charac-
teristic structures of the neutrino signal for timing
purposes. This is done with a Monte Carlo (MC)
simulation of the neutrino signal with 10000 realizations
in each detector for each of the 18 SN simulations
available to us. Each MC simulation was done both for
NO and for I0. For each Monte Carlo run, we use the
average detector rates calculated and assume a
Poissonian distribution. The total time period of the
signal is binned into 1 us bins to produce “single”
neutrino events. One of the MC realizations for HK is
shown in Fig. 2 for comparison with the mean rates. It
is clear that the NO and IO will be different despite the
random scattering of the events. We also notice that
there are a few events before the time of the burst. In
Fig. 3 we show a visualization for each of the timing
methods presented below for a single Monte Carlo
realization in Hyper-Kamiokande for both normal and
inverted ordering.

In the following, we present the investigated methods.
The averaged results are summarized in Table II. It shows
the standard deviation of the timing variable for each
method presented below averaged over all SN models.
The average is taken over the uncertainties as the absolute
timing in many cases is expected either to be of little
importance (e.g., when using the timing for triangulation
with identical detectors) or to be determined by detailed
modeling (e.g., for doing a time of flight measurement
relative to gravitational waves where the two signals need
to be related through a model in the first place). The
absolute timings as well as the standard deviation for each
single MC simulation can be found in Appendix A while
results assuming different nonzero neutrino masses are
presented in Appendix B.

A. Exponential Fit

A method for timing the supernova neutrino burst
that was already explored for IC [42] is fitting a function
of the form
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FIG. 2. Mean event rates in HK (upper), SK, JUNO (left), and IC (right) using the 1s180s12.0 simulation from Hiidepohl [20]. The
shaded areas show the 1o deviation. The blue dots in the upper panel show one MC realization in HK assuming normal ordering. Note
that the rates for IC are given per bin, i.e., per 1.6384 ms. The black horizontal line in the lower right panel represents the constant
background noise of 280 Hz per module in IC. A sample MC realization for IO as well as more details on the timing methods are

displayed in Fig. 3.

0
(1 —exp[(z=10)/7])

<ty

Rexp:Rmax'{ >t
0

to the measured rate, where ¢, represents the onset of the
signal that we want to determine (¢, is the timing variable).
We further explore this possibility for SK, HK, and JUNO
detectors as well as a potential IceCube Gen2 upgrade by
fitting the first 100 ms of the signal.

To fit the rate in SK, HK, and JUNO, the signal was
rebinned into 1 ms bins. The results depend only weakly on
this choice, but tend to be slightly worse for much larger
bins. The two fits in Fig. 3 show how R, rises and then
goes to a plateau. For NO in the left panel, the plateau is
only reached at times larger than 50 ms, but for IO in the
right panel, the plateau starts around 30 ms. The uncertainty
in timing the onset of the signal is just above a ms for NO
and just below for 10 in the case of HK.

B. Gauss Fit of the initial v, burst

Having a look at the first part of Fig. 1, the characteristic
structure of the strong v, burst seems to be a promising
candidate for a timing reference. However, looking at the
early times of the simulated signals in Fig. 2, it only leads to
a very small bump in the signal. This has mainly two
reasons:

(1) The cross section for elastic scattering on electrons is
much smaller than the cross section for IBD.

The cross section for elastic scattering on electrons is
higher for v, and v, than for other flavors since both
NC and CC elastic scattering can occur while it is
larger for v, than for 7, due to the different helicities
of neutrinos and antineutrinos. Because of matter
effects, the initial v, flux F 9{/ corresponds to F,, in
case of NO and F,, in case of 1O (see Table I). Since
the initial v burst consists almost only of v,, the final

2
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FIG. 3. Visualization of the different methods in Sec. IV for HK (Exponential Fit, First Bulk, Energy Threshold, and First IBD) for NO

(left panel) and IO (right panel). The (light-)blue dots represent the total binned signal of one specific Monte Carlo realization, the red
curve shows the fit resulting from Eq. (22), the green squares show the binned events that produce secondary e* with a kinetic energy
T, > 20 MeV, and the (light-)blue stars show the binned elastic scattering event rate. Therefore, the first green square shows the bin
with the event that triggers the energy threshold method, while the first bin in which the blue dot and star do not match shows the bin in
which the first IBD event is located. The gray area shows the 2.5 ms time period of the first bulk that was found. Note that the timing of
the single events is taken to be the actual time of the event and not the time of the corresponding bin, thus obtaining sub-ms resolution.

v, flux at the detector is suppressed by the smallness
of |U,5|*>~0.02 (NO) or |U,,|> ~ 0.3 (1I0).
The small bump in the expected detector rate resulting from
elastic scattering events will therefore not be visible in the
total signal since it will be dominated by the Poissonian
fluctuations. JUNO, however, will be able to distinguish
elastic scattering and IBD events via neutron capture [26].
The same might be achieved in SK/HK with the use of
gadolinium [43].
Assuming a (rather optimistic) perfect identification of
IBD vs elastic scattering events, we further explored the
possibility of detecting and timing the peak by fitting

0 1<ty
R = _(t_tbursl)z
a-exp|—p~| +Rep 1>1p

to the first 100 ms and determining #,, as the timing
variable. Taking a look at Fig. 4 for HK, one would expect
to see the peak in some of the MC realizations in the case of

(23)
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FIG. 4. Mean elastic neutrino-electron scattering rates +1o in
HK for NO (solid line) and IO (dashed line).

IO since it differs from the following plateau by a little
more than 1o (v/R), while one would expect to see no peak
in most of the MC realizations for NO. To prevent over-
fitting we only took into account fits with a peak full width
at half maximum (FWHM) of 30 ms > FWHM > 3 ms.
Our MC simulations (see Gauss Fit in Table II) show that
the fits for SK and JUNO have high fail rates, so there is
little to no chance to see the peak as expected, while for HK
it might be possible under the given assumptions in some
cases. As we mentioned, however, the assumption of a
perfect identification is rather optimistic, and in reality, the
IBD identification efficiency in a gadolinium filled water

TABLE II. Averaged uncertainties. For each method the lo
standard deviation of the timing variable as described in
Secs. IVA-IV D averaged over all 18 SN simulations is given.
The failed fit percentages correspond to fits that either did not
converge or were rejected to prevent overfitting (see Sec. IV B).

Method Ordering HK SK JUNO IC IC Gen2

NO 1.2 32 38 1.1 07

Exponential Fit [ms]

10 09 26 30 09 06
Gauss Fit [ms] I;Ig ‘2‘2 22 ig

NO 42 60 45
10 26 49 44

NO 09 22 26
10 06 14 17

NO 1.0 28 32
10 07 22 28

Failed Gauss Fit %

First IBD [ms]

First Bulk [ms]

20 MeV Energy NO 1.3 27 32
Threshold [ms] 10 09 20 24
Black Hole Collapse NO  0.012 0.08 0.09

[ms] I0  0.017 0.11 0.12
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Cherenkov detector the size of SK will be ~50%—-90% [44]
depending on the amount of gadolinium. In HK, the
expected efficiency is 73% without and up to 90% with
gadolinium [27].

C. Identifying the first neutrino after core bounce

Detectors such as the Kamiokande detectors or JUNO
provide the unique opportunity to identify the timing of
single neutrino events, therefore eliminating statistical
errors that may arise from the above fitting methods.

Looking at the two MC realizations in Fig. 3, however, it
is clear that the first neutrino that is detected was emitted
prior to the neutrino burst itself. Hence a method to exclude
preburst neutrinos is necessary.

D. First Bulk

After core bounce, the neutrino event rate increases
rapidly. It is therefore quite natural to define the first “bulk”
of neutrino events as the start of the supernova neutrino
burst. To define this bulk more quantitatively, we can use
the Exponential Fit from Sec. IV A and integrate it over the
first 2.5 ms in HK and 20 ms in SK/JUNO. Then we can
search for the earliest neutrino event that is inside such a
bulk with N > Njjcoraiea DEULrino events and take the time
of that event as our timing variable. The results depend only
weakly on the integration time as long as it is sufficiently
large to catch several events. In Fig. 3, the First Bulk is
marked by the grey region. For the example with NO, there
is a slight offset to earlier times, while for 10 it is to later
times when compared to the timing of the Exponential Fit.
This is the typical behavior for HK. In SK and JUNO due to
the smaller event rate, the First Bulk timing is offset to later
times in both NO and IO. The timing uncertainty is on
average slightly smaller than for the Exponential Fit
method. We attribute this to the sharp rise in the event
rate which is captured by the First Bulk method, without
being affected by random fluctuations at later times which
the Exponential Fit is more prone to.

E. Energy Threshold

Another approach to distinguish preburst neutrinos from
postburst neutrinos is to look at the energies of the single
events that are detected. Looking at Fig. 5, one can see that
there is a sudden increase in the mean energy of the
detected neutrinos at the core bounce. In a detector, we do
not measure the neutrino energy directly, but rather the
energy of the secondary particle (e™, e*, p....) which will
be lower. Still, it is possible to define the first postbounce
neutrino as the first event with a secondary particle energy
above Eyeshold Which we put to 20 MeV for most of our
analysis. The time of this event is our timing variable for the
Energy Threshold method. In our Monte Carlo realizations,
the energy of the scattered electrons was simulated assum-
ing that the spectrum of the detected neutrinos follows

351 — E,,qer in SK/HK
—— Eydetx1lo
30
3 25
Z
g 20
=
w
15 1
10 ] f/
—2'00 —1'00 (') l('JO 2(')0 3(')0
time [ms]
FIG. 5. Evolution of the mean energy of the detected neutrinos

in SK/HK for the 1s180s12.0 star. The features are found to be
independent of the progenitors and the EOS of stars in the
dataset used.

the gamma distribution of Eq. (1) with the pinching
parameter fixed by (E) and (E?) according to Eq. (2).
This assumption is reasonable since the spectra of the
different neutrino flavors are quite similar, and the detector
thresholds are well below the mean energy (E) during the
relevant time after core bounce. Since we are only inter-
ested in events above 20 MeV, we can define the spectral
difference as

fg:"eshuld dE[fgamma(t’ E) - freal(tv E)]

Af = ,
fﬁreshnld dE[ gamma(t’ E) + freal(tv E)]

(24)

where fgamma 18 @ gammalike spectrum as in Eq. (1) given
by the mean and squared mean electron recoil energy while
frear 18 the exact spectrum given the full neutrino spectrum
from the SN simulations. During the relevant time this
difference is 1% < Af < 2%. In general, this approxima-
tion overestimates the spectrum near its peak while under-
estimating the spectrum for higher energies. The energies
of preburst neutrinos, however, are overestimated by this
approximation because the mean neutrino energy is still
close to the detector thresholds. However, due to the low
mean neutrino energy at these early prebounce times, the
normalized spectra are close to zero, in the energy range
E > Egeshola Televant for our analysis, i.e.,

freal(t < Tpounces E > Ethreshold)

< fgamma(t < Thounces E> Ethreshold) ~0 (25)

such that the overestimation is not relevant for us. In other
words, although we overestimate the energy of the neu-
trinos during prebounce time, the spectral shape is such that
the probability to detect a neutrino above Eyeshold 15
practically zero. The spectrum of the scattered electrons
for a fixed neutrino energy is then given by the differential
cross section (12). For IBD events, the energy of the
produced positrons is well approximated by (9). For our

123018-7



HANSEN, LINDNER, and SCHOLER

PHYS. REV. D 101, 123018 (2020)

purpose, we can ignore the scattered protons in liquid
scintillator detectors here since their energy is significantly
lower than the energy of the secondary particles from IBD
and electron elastic scattering due to the higher mass of the
proton.

The events with energies above the threshold are shown
by green squares in Fig. 3. For NO, the first event above
threshold is located a few ms after the times of Exponential
Fit and First Bulk, while for IO the first event is before the
timing of the other two methods. Since the Energy
Threshold method has a high chance of rejecting the first
few neutrinos after bounce, we expect the general offset to
be larger as one can see in Appendix A. For SK and JUNO
the timing uncertainty of this method is ~0.5 ms better than
for the Exponential Fit method while for HK it turns out to
be only slightly larger.

F. First IBD

Again assuming perfect identification of IBD events, one
can define the timing of the First IBD event as the start of
the burst (and our timing variable) since the preburst
neutrinos consist only of v, (see Fig. 1).The IBD timing
scales with

1
VRigp

to a good approximation, where Rigp is the neutrino IBD
rate. This is due to the linear increase in the event rate seen
in Fig. 2. Since

At (26)

Ripp x €, (27)

where € is the neutron tagging efficiency, one can rescale
our results to any neutron tagging efficiency by multiplying
with ﬁ For an expected efficiency of 73%, we estimate the

average lo standard deviation for HK and IO to be

0.6 ms/+/0.73 = 0.7 ms. Also, fluctuations in the delay
of the neutron capture will play a role for very nearby SN
with significantly higher event rates.

For the MC realizations in Fig. 3, the First IBD timing is
represented by the first time when the blue dot and star do
not match. In the left part of the figure, one can see that for
NO the first such event is just before the timing of the
Exponential Fit, and the same is the case in the right part of
the figure for IO. This behavior is typical for NO, while for
10 the larger elastic scattering rate before core bounce shifts
the Exponential Fit to earlier times such that the first IBD
event is on average shortly after the timing of the
Exponential Fit. For SK and JUNO the first IBD event
generally happens a few ms after the timing of the
Exponential Fit independently of the mass ordering. This
is due to the lower event rate for these two detectors.
However, in any case the uncertainty in determining the
offset is better than for any of the other methods. As is the
case for the First Bulk method, the power of the First IBD

method is to take full advantage of the quick rise of the
signal without relying on a fit to a larger portion of the
signal.

G. Black Hole Collapse

Although the exact fraction is still unknown, it is
expected that some CCSNe will collapse to a black hole
(BH) [45,46]. Observationally, the fraction of these so-
called failed supernovae is estimated to be [47]

Fraitea = 0.145073 (28)

at 90% confidence. Other more theoretical works predict a
fraction between ~0.1 and 0.4 [48.,49]. In the case of BH
formation happening while the neutrino signal is still
measurably high, the neutrino emission will be cut off
abruptly when the neutrinosphere falls inside the horizon of
the BH. This characteristic cutoff provides another pos-
sibility for timing the neutrino signal.

For detectors such as SK, HK, or JUNO, it is possible to
define the cutoff time (our timing variable) as the time of
the last detected neutrino event so that the timing resolution
is given by the average time between two events, i.e., the
inverse detection rate at the time of the cutoff

1
Rdet ’

At (29)

where Ry is the rate in the detector. Looking at the Black
Hole Collapse line in Table I, this is O(10) us for HK. At
such small time scales, the formation process of the BH
itself will start to play a significant role. Assuming a
protoneutron star radius of 10 km, we can estimate the BH
formation timescale with the help of the light-crossing time
which in this case will be ~70 ps, i.e., more than 4 times
larger than the estimated resolution in Hyper-Kamiokande.
Early numerical SN simulations show that the collapsing
time for an actual observer at Earth will be O(0.5) ms [50].
In the case of a failed SN happening in our galaxy, Hyper-
Kamiokande might therefore allow us to observe the
process of a protoneutron star collapsing to a black hole.
However, this will strongly depend on the real distance D to
the failed supernova since the event rate, and therefore the
timing resolution scales with D=2,

H. Timing results

The averaged 1o timing uncertainty results are shown in
Table II while the full set of results including the absolute
timing offset from core bounce for each SN simulation
and each timing method are shown in Appendix A. The
timing distributions for each method obtained from the
1s180s12.0 and BH 1s220s40s7b2¢ models in HK are
shown in Fig. 6. Except for the BH method, which is
strongly influenced by the hard cutoff, they follow a
Gaussian-like distribution. In addition, the Gauss Fit has
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FIG. 6. Histograms showing the distribution of the timing variable for the different methods (light blue) around their respective mean #
for NO (left) and 10 (right) with a Gaussian fit on top (dark blue) except for the BH Collapse method which is best described by a half
Breit-Wigner fit (dark blue). The shaded area shows the 1o standard deviation around the mean timing for each method. Except for the
BH Collapse method, the timing variables of all other methods are well approximated by a Gaussian distribution. The different behavior
for the BH method is due to the hard cutoff at the time of collapse. As an example, we show the timing distribution for the 1s180s12.0
model and the BH 1s220s40s7b2c model for the BH Collapse both in Hyper-Kamiokande. The normal ordering scenario is shown in the
left half of the figure while the right half displays the inverted ordering scenario. For the BH Collapse method the timing was separated
into 1 us bins while all other methods were separated into bins of 200 us. Note that the fits are only displayed for the purpose of
comparison. They are not used in our determination of the timing resolution.

significant non-Gaussian tails. These would be even more
prominent if some of the fits had not been rejected. To
summarize, the standard deviation gives a quite good
description of the distributions, so little information is lost
when reporting our results in the tables.

In Fig. 7 we show how the timing resolution based on the
1s180s12.0 model develops over distance in HK. For this
we simulated the signal and timing for distances between 1
and 20 kpc in steps of 1 kpc. The Gauss Fit of the initial v,
burst was not included in the plot due to its bad timing and
to keep the plot as clean as possible.

As it was pointed out in Sec. I1I C, the background event
rates are very low for all detectors, and to highlight this, the
effect on the different timing methods can be considered:
For the Exponential Fit, the fit range of 100 ms implies that
up to 1% of the MC realizations will be affected. However, a
single background event would not change the fit appreci-
ably, and the results are therefore robust. The Gauss Fit has
very optimistic assumptions, so adding the assumption of no
background will not change the conclusions that can be

drawn. For the methods First Bulk, Energy Threshold, and
First IBD, a single background event could in principle
change the results of one MC realization significantly, but
the background event would have to be within the first
10 ms. In HK where the background rate is highest, this will
occur for 0.1% of the cases, and hence cannot affect the
overall averaged results.

The timing of First IBD and Exponential Fit increases
almost linearly with distance demonstrating a /N depend-
ence on the number of events in the detector. The First Bulk
method loses linearity at ~10 kpc, which is the distance it
was optimized for. Using a larger integration time would
make it more competitive also for larger distances. The
Energy Threshold method has the opposite problem that
too many neutrinos exceed the threshold for short dis-
tances. When raising Ej,eenold 10 25 MeV, this problem is
mitigated at the cost of an overall worse timing.

Over all, the First IBD method is performing the best
although Exponential Fit and First Bulk are slightly better
at small distances.
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FIG. 7. Distance dependency of the timing resolution for four of the five methods studied to time the onset of the signal. The plot

shows the different timing values for the 1s180s12.0 model between 1 and 20 kpc. One can see that for close supernovae below 5-7 kpc,
the 20 MeV energy threshold is no longer sufficient and a larger threshold of 25 MeV is necessary. The opposite is true for the First Bulk

method, which is limited by low statistics for large distances.

One important aspect to further inspect is how the
different neutrino energies will affect these results if the
neutrinos have non-negligible masses. The main effect of
massive neutrinos is to shift the total signal a few ms away
from the core bounce. In addition to that, there could be
some influence on the shape of the signal due to time of
flights (ToF) differences resulting from different energies of
the detected neutrinos.

Looking at Fig. 5, we see that with time evolving, the
mean neutrino energy increases such that for massive
neutrinos, we would expect the total signal to be com-
pressed slightly. In the case of a black hole formation,
however, the hard cutoff at the end of the signal could
(depending on the mass scale) become a smooth transition.

To inspect the effect of nonzero neutrino masses, we take
the current upper limit on the effective (anti-)electron-
neutrino mass from tritium decay experiments [51]. (Very
recently, KATRIN has released first results putting a limit
of 1.1 eV at 90% confidence level on the electron-neutrino
mass [52].) Thus,

my™ =12 eV, (30)
and we simulate the signal shift resulting from differences
in the ToF for different neutrino masses down to the
theoretical lower limit for the heaviest mass eigenstate in
the three flavor mixing scheme

min =y /Am3, ~0.05 eV.

This is done for HK, the two models 1s180s12.0 and BH
1s220s40s7b2¢c, and 1000 Monte Carlo realizations each.
The results for some of these MC simulations are shown in
Appendix B. As expected, the timing variables for methods
at core bounce are only affected by the inclusion of neutrino

(31)

masses through a shift in the mean arrival times. The BH
formation cutoff, however, is significantly influenced by
the energy dependent ToF in such a way that the abrupt
hard cutoff in the detection rate becomes a rather smooth
transition depending on the absolute mass scale. This effect
is well-known and already discussed in, e.g., [53].

Taking the most stringent cosmological limits on the sum
of all neutrino masses [54]

> mi <017 eV (32)

into account constrains the absolute neutrino masses to be
below 0.1 eV. For this mass range, the BH timing resolution
would grow at most by a factor of ~2. All in all this
supports the conclusion that the timing accuracy is not
reduced significantly when considering massive neutrinos.

V. APPLICATIONS

A. Triangulation

First, we apply our results to estimate the angular
resolution that could be achieved via triangulation.
Locating the SN is not only relevant to allow for early
astronomical observations, but it is especially important in
the case of a failed SN where there is no strong optical
signal. In general, by measuring the arrival time of the
neutrino signal, two detectors separated by a distance D can
determine the position of the SN via the measured time
difference Ar to be on a cone along their axis with an
opening angle €. We can easily calculate 8 using the law of
cosines as

cosf =

(33)
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Consequently, the uncertainty in the angular resolution is

50059:@. (34)

To exemplify which angular resolution the above timing
results can achieve, we calculate it for the combination of
IC Gen2 and HK in the non-BH case as well as HK and
JUNO in the case of BH formation. Applying the above
Eq. (34), we find

6(cos O) gk junon = 0.01. (36)

While the latter is limited by the relative proximity of both
detectors and JUNOs relatively small size compared to HK,
triangulating a SN in reality will utilize up to four different
detectors. Thereby other promising candidates such as
NOvA [55] or DUNE [56] (located in the United
States), which both will reach similar event rates as
JUNO [16], come into play. The combination of the first
HK tank with a possible second tank in Korea ~800 km
away would also reach resolutions similar to the HK-JUNO
combination in the BH case despite the very short distance
between the detectors.

The actual angular resolution 60 will depend on the real
angle 0. For large and moderate angles up to 8 ~ 90°, the
angular resolution is given by

5(cos0)
00 = , 37
sin@ (37)

while for small angles around 6 ~ 0°, it is given by [14]

50 = /25(cos 0). (38)
Taking the above results on the resolution of cos 6, we can
constrain the angular resolution for these examples to

1.8° < 80ic ux < 14.5°, (39)
0.6° < 60uk yunou < 8.4°. (40)

In comparison, the angular resolution achieved by SK via
neutrino-electron elastic scattering is 3°-4° [41], while,
based on the same calculations, HK’s angular resolution is
estimated to be 1°-1.2° [27].

B. Neutrino mass determination

Precise timing of the SN neutrino signal also offers a
possibility to constrain neutrino masses. A conceptually
easy way to constrain or even determine the masses of
neutrinos is to use the above mentioned mass induced ToF

difference in comparison to the ToF of the SN gravitational
wave signal propagating at the speed of light.

In general, for a SN at distance D and two signals with
masses m; and m; both at energy E, the ToF difference is
given by

D Am?2. E -2
Aty 5.1 i (41
i ms<10 kpc> (1 eV2> (10 MeV> (41)

Precise timing of the neutrino signal therefore allows one to
distinguish even small ToF differences and hence allows for
precise constraints on the upper mass limit. With the largest
mass squared difference between the neutrino mass eigen-
states being at the order of Am? ~2.5 x 1073 eV?, ToF
differences between the different mass eigenstates will be at
the order of ~3 us for a neutrino energy of 20 MeV. We can
therefore safely ignore them since none of the above
techniques will reach such resolutions.

After LIGO’s historical detection of GW150914 [57],
gravitational wave astronomy has become reality, and
Galactic CCSNe are promising candidates for such a
measurement. To compare the neutrino signal with the
gravitational wave signal, we need correlated structures in
both. To first order, gravitational waves are produced by the
second time derivative of the energy density quadrupole
moment tensor. Although it is null for spherical symmetric
objects, SN simulations show that the flattening of the
collapsing core due to its own rotation can induce a
nonvanishing quadrupole moment high enough to produce
a detectable gravitational wave signal (see, e.g., [58—060]).

There are generally two characteristic signals of a short
timescale that one can expect to see in the gravitational
wave signal of a rotating SN. The first is the core bounce
and the second is the collapse to a black hole. Luckily, the
neutrino signal also shows characteristic structures at both
these times, namely the onset of the signal rise and the
cutoff at BH formation time.

To quantify how the above methods for finding and
timing characteristic structures in the neutrino signal can be
used to constrain neutrino masses, we assume that the
model dependent mean timing value for each method is
known. In this case, only the method uncertainty contrib-
utes to the overall timing uncertainty. We also assume that
the gravitational wave signal will be timed with a high
precision such that the neutrino signal is the limiting factor.

To determine the constrainable masses for each method,
we simulated the time shift induced by different nonzero
neutrino masses from 0.05 eV up to 2 eV in steps of 0.1 eV
in the range of 0.1-2.0 eV for all models with each 1000
realizations and determined the lowest mass that could be
distinguished from zero at 90% confidence level in at least
90% of the MC realizations. The averaged results for HK
are shown in Table III and selected simulations are in
Appendix B. We can compare these mass limits to possible
limits resulting from a likelihood analysis [61]. For SK, this
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TABLE III. Average neutrino masses that could be distin-
guished from zero at 90% confidence level in at least 90% of
the MC realizations for each method.

Method Ordering HK
Exponential Fit [eV] Tg }47;
First IBD [eV] If(()) }jﬁ
First Bulk [eV] TS }:T
20 MeV Energy Threshold [eV] TC()) >1280
Black Hole Collapse [eV] Tg 3:52

analysis allows one to constrain masses down to
m ~ 0.8 eV, resulting in a possible limit of m ~ 0.45 eV
for HK taking a scaling factor of m? o ﬁ with N being the

number of detected neutrinos [61]. This comparison shows
that timing single characteristic structures and their delay
only gives reasonable sub-eV limits in the case of a failed
SN where the timing is very precise. However, using the
time delay of the Exponential Fit also allows IC to constrain
the mass from SN neutrinos. The possible limits for IC will
be comparable to HK’s First IBD limits.

VI. CONCLUSION

We investigated six possible methods for timing the
neutrino signal of a Galactic supernova for three (five for
Exponential Fit) existing and future detectors. Our results
show that HK will be comparable to today’s IceCube
detector both being able to achieve ~1 ms precision, while
in the case of a failed SN, even the smaller SK and JUNO
detectors can reach sub-ms precision. Additionally, we
found that the very intuitive idea of timing the characteristic
initial v, burst shortly after core bounce fails in most of
the scenarios. The only candidate that our analysis finds
could potentially see the v, burst is Hyper-Kamiokande.
However, if the v, burst is detected by the future HK
experiment, it would be a hint toward an inverted mass
hierarchy. Another interesting candidate for observing the
v, burst is DUNE [62] which should be included in future
studies, once its systematics have been studied in more
details. The detectability and timing of the initial burst was
also investigated by [63] using a different fit function. The
results are comparable.

In the exciting case that the next Galactic supernova will
fail and result in the protoneutron star collapsing to a black
hole during accretion or early cooling phase time, Hyper-
Kamiokande might be able to actually observe how the
formation process proceeds in the neutrino signal. This will
depend on the actual distance.

Three methods (Exponential Fit, First Bulk, and Gauss
Fit) use a fit over several neutrino events. While the latter
does not work in most cases, the Exponential Fit method
results in stable timings, and due to the fact that it is using
many neutrino events, it is not affected by background
events. The same holds for the First Bulk method. The other
methods (First IBD, Energy Threshold and BH Collapse)
all use the statistical fluctuations in the timing of single
neutrino events, making them more background sensitive.
However, compared to the event rate during a SN, the
background in the relevant energy range is negligible
[26,27,41]. Especially the First IBD method, due to its
characteristic signature of a positron followed by neutron
capture, is rather insensitive to backgrounds. One should
note that for closer supernovae a slightly higher energy
threshold of 25 MeV results in a better timing than the
20 MeV threshold.

Comparing the different detectors, the future IceCube
Gen2 update will deliver the most precise timing resolution
in the non-BH case while HK, SK, and JUNO allow very
precise timings in the case of a BH formation. Here
IceCube is again limited by the fact that it will detect a
SN by noise excess rather than single events. However,
with the addition of the HitSpooling system, IC will be
capable of resolving the BH collapse with a resolution
similar to that of HK and even provide internal triangula-
tion of the location [64,65]. The improved data binning
should, however, not influence the timing of the onset of
the burst significantly since this is limited by the still
existing noise rate rather than the data binning.

In the last section, we studied the impact of the timing
results on two possible applications, the first being the
location of the SN via triangulation. Taking the example of
HK + IC, we found that, for a SN that is approximately
perpendicular to the connecting axis between the two
considered detectors, the angular resolution is comparable
to the method of locating the SN via neutrino-electron
elastic scattering. In the case of a failed SN, the HK +
JUNO combination can potentially reach subdegree reso-
lution. Similar results can be obtained by combining the
Japanese HK tank with a second Korean tank.

At last we studied the possibility to constrain neutrino
masses via ToF differences in comparison to gravitational
waves. In the non-BH case, we found that by timing
the onset of the signal, HK can limit neutrino masses
to ~1eV. This improves to ~0.3eV in the BH
forming case considering a SN at 10 kpc. The latter
result is comparable to the goal of the KATRIN experi-
ment [66].
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APPENDIX A: SUMMARIZED SIMULATIONS

Here we show the full set of results including the absolute timing off-set from core bounce for each SN simulation and
each timing method are shown in Figs. 8 and 9 as well as in Tables IV, V, VI, and VIIL.
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FIG. 8. Visualization of the timing performance, i.e., average and standard deviation for each detector, method (except BH), and
supernova model used assuming normal mass ordering. The plot shows the average timing compared to the core bounce at t = 0 as well
as the 1o deviation band.
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FIG. 9. Visualization of the timing performance, i.e., average and standard deviation for each detector, method (except BH), and
supernova model used assuming inverted mass ordering. The plot shows the average timing compared to the core bounce at r = 0 as well
as the 1o deviation band.
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TABLE IV. Summary of the results of the different timing methods in Super-Kamiokande for each of the 18 SN models used.

SK—AIl simulations

Exponential Gauss Failed Gauss Energy Threshold First IBD  First Bulk BH Collapse
Simulation Fit [ms] Fit [ms] Fit [%] (20 MeV) [ms] [ms] [ms] [ms]

180s12.0 NO 56436 95+62 62 9.9+29 75424 84429
: 10 42426 85+49 48 78+2.1 56+1.6 56422
180s13.8 NO 66433 92+64 60 9.6+2.8 72423 89429
: 0 37+26 87447 48 75420 53415 53422
141808155702 NO 50436 96+6.1 63 10.0+2.9 76424 82429
0 35+29 86445 49 78+2.1 56416 56424
11808178 NO 65433 92+69 60 97428 73423 88430
: 10  30+27 88446 50 76+2.1 53415 53422
11805200 NO 60+33 95+63 61 9.7+2.8 74423 85429
. 0 32+28 87449 49 76420 54415 54422
14180825.0 NO 67430 96+63 58 92427 69422 87427
S10U8£0. 10 33425 9.1+46 49 72420 51414 51421
14180835.0 NO 67432 92+69 59 95427 71422 89429
: 10 37426 89+46 49 74420 53415 53422
141808360 NO 64432 94463 59 95427 70422 87428
: 0 37+27 90447 48 74420 53415 53421
141808400 NO 67431 92465 58 93427 70422 88428
81OV 0 35426 89+44 50 73420 52414 52421
208112 NO 57436 93+63 63 10.1+29 76424 8.6+3.0
: 10 40426 83+48 47 79422 56+1.6 56424
20138 NO 67433 9.1+68 60 9.6+2.8 72423 89430
: 0 34+27 86448 49 74420 53414 53422
19208206 NO 65431 93+66 56 93428 69+22 87428
$£2U8 LY. 0 34427 89+46 50 72420 51414 51422
1920835.0 NO 68433 92463 58 95428 71422 9.043.0
. 10  35+27 88446 48 73420 52414 52422
1220536.0 NO 66432 92+64 60 94428 70423 88+3.0
. 0 35+27 87445 49 73420 52414 52422

NO 49429 96+57 58 82423 66+19 75424 43493 +0.05

BH Is180s40s702 1" 15404 91443 49 64415 50412 S5S0L18 43493 +0.05

BH 122002500 NO 60£30  04+62 58 8.5+2.6 62421 80427 127734+0.11

: 10 34426 91+47 50 6.5+1.9 45413 45422 1277.3+0.15

NO 63431 91+66 59 91427 68421 85428 210548+0.12

BH 15220540.0c 10 38426 90449 49 71419 51413 51422 2105.41+0.19

NO 57431 97+56 59 92427 67422 81426 567.88 +0.05

BH1s220s40s7b2¢ 1y 9107 93442 50 70420 50413 50420 567.88 % 0.05
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TABLE V. Summary of the results of the different timing methods in JUNO for each of the 18 SN models used.

JUNO—AII simulations

Exponential Gauss Failed Gauss Energy Threshold First IBD First Bulk  BH Collapse
Simulation Fit [ms] Fit [ms] Fit [%] (20 MeV) [ms] [ms] [ms] [ms]

S180512.0 NO 37441 90456 48 109 +33 82427 71433
S1oUsES. 10 26429 84+44 46 85425 50+19 59427
1S180513.8 NO 49439 90+57 44 104 +32 78426 7.6+34
: 0 19429 88+43 44 82425 56+1.8 56427
1$18081557b2 NO 33443 91+56 48 109+ 3.4 81427 7.0+33
STOUSIOS 0 17432 86+43 46 8.6 +2.6 50419 59429
151805178 NO 47440 9.0+55 45 10.6 +3.3 78427 15434
STOUSES. 0 12431 87+43 45 82424 56+1.8 56429
11805200 NO 43440 9.1+54 46 10.7 4+ 3.3 79426 72+33
: 0 14432 88+43 45 8.3+ 2.4 58+1.8 58+2.8
1$180525.0 NO 52436 94+52 43 10.1 +3.1 74425 17431
S10U8L0. 10 18430 93440 43 78424 54417 54428
1$180535.0 NO 51438 90+56 44 10.4+3.2 77425 17433
: 0 19430 9.1+44 43 80425 56417 56427
1$180536.0 NO 48438 91+56 45 104+ 3.3 76426 715+33
S16US20. 0 19430 9.1+43 43 8.1+2.4 56417 56427
1$180s40.0 NO 50437 92459 44 102 4 3.1 75425 76432
S 1OV 0 19430 94+42 44 79424 55417 55427
12205112 NO 35442 90+56 48 11.0+3.4 83428 7.0+35
: 0 23429 84+45 45 8.6+2.6 6.0+£2.0 6.0+3.0
20138 NO 49440 87+59 46 1054 3.3 77427 1.6+3.4
: 0 15430 87+43 43 81425 56+1.7 56429
1920520.6 NO 50438 9.1+59 44 102432 75425 76432
$£2U8 LY. 0 18430 9.1+43 43 78425 54417 54427
1$220535.0 NO 51439 88+64 44 10.44+3.3 76425 717434
8250839 10 16430 89443 43 8.0+2.5 55+17 55428
1220536.0 NO 48439 89460 45 103 +3.2 76426 15+3.4
: 0 16430 89+40 43 80+25 55417 55+2.8

NO 33433 98448 45 9.0+2.7 70423 64426 43492+ 0.06

BH ISI80s40s7b2 5 (1128  96+37 44 70420 52415 52428 43492+ 0.06

BH 192200050 NO  46£36 9455 44 94+32 68424 70430 1277.33+0.11

: 10 17429 92442 44 71423 48+16 48426 12773+0.15

BH 15290540.0 NO 48437 93+56 45 10.0 + 3.1 73425 74431 210546+ 0.14

SeUSAl.ue 10 19429 92441 44 77+24 53416 53426 210541+0.19

NO 41437 97455 45 10.0+3.2 72425 70430 567.88+0.05

BH 1s220s40s702¢ 4 1131 96439 45 77424 52416 52429  567.88 % 0.06
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TABLE VI. Summary of the results of the different timing methods in Hyper-Kamiokande for each of the 18 SN models used.

HK—AII simulations

Exponential Gauss Failed Gauss Energy Threshold First IBD First Bulk BH Collapse
Simulation Fit [ms] Fit [ms] Fit [%] (20 MeV) [ms] [ms] [ms] [ms]

1$180512.0 NO 51413 94450 43 6.3+ 1.4 45410 47+1.1
S1eUsES. 0 38409 82432 23 524+ 1.0 37407 37407
180s13.8 NO 62413 92448 42 6.1+13 44410 47+1.1
: 0 32409 84+28 26 51410 36406 3.6+07
1S18051557b2 NO 46413 95447 44 6.4+ 1.4 45410 46=+1.1
STOUSIOS 0 31410 83+29 26 53409 37407 37407
151805178 NO 61+13 93+44 40 6.1+ 1.4 44410 47+1.1
STOUSTS. 10 26+09 85+25 26 514+1.0 36406 3.6+07
1$180520.0 NO 56412 94+45 42 6.2+ 1.4 44410 47+1.0
: 0 28409 84+27 26 51409 36407 3.6+07
1$180525.0 NO 64+1.1 93+44 43 590+12 42409 47+1.0
S1OU8L0. 0 30408 91427 28 494 1.0 34406 34+07
1S180535.0 NO 64+12 94+44 42 6.0+ 1.2 43410 47410
S1OUSI. 0 32+09 87+28 26 50409 35406 3.5+07
1$180536.0 NO 61412 94+43 42 6.0+ 13 43409 47+1.0
: 0 32409 88+29 26 504009 35406 3.5+07
1$180s40.0 NO 63412 95+44 4 50412 43409 47+1.0
S 1OV 0 31408 90+28 26 49409 35406 3.5+0.6
12208112 NO 52414 91+49 42 6.3+ 1.4 46410 47+1.1
secUStL: 10 36409 81+30 21 524+1.0 38406 3.8+0.7
208138 NO 63413 9.1+45 41 6.0+13 44409 47410
: 0 29409 82+28 26 50+ 1.1 36406 3.6+07
1920520.6 NO 62412 93445 43 58412 43409 45+1.0
$£2U8L0. 10 31409 89+30 27 48409 35405 3.5+0.6
1$220535.0 NO 64+13 93+45 41 59+13 43409 46+1.0
: 0 31409 86428 26 494 1.0 36406 3.6+06
1220536.0 NO 62413 93446 41 59+13 43409 46=+1.0
: 0 30409 86+30 27 49409 36405 3.6+0.6

NO 47410 97441 40 54410 42408 43408 434973 + 0.008

BH Is180s40s702 ' 14 108 91+024 22 4.640.7 35405 35406 434.973+0.008

BH 16220525.0 NO 58+1.1 9.1+47 43 52412 37408 40+1.0 1277.432+0.016

$eE8EUC 10 29409 85433 29 42+41.0 30405 3.0+06 1277.426+0.022

BH 19290040.0c  NO 6012 03444 44 58412 42408 45409 2105583 +0.018

: 0 33409 88+30 27 48409 36405 3.6+06 2105573+ 0.029

NO 54+1.1 98+4.1 42 57413 41408 43409 567.924 + 0.008

BH 1s220s40s7b2¢ 1y 16109 93425 24 47408 35405 35407 567.924+0.008
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TABLE VII. Summary of the results of the different timing methods in IceCube and its potential IceCube Gen 2
upgrade for each of the 18 SN models used. The time is measured relative to core bounce.

IC IC Gen2
Simulation Exponential Fit [ms] Exponential Fit [ms]
1s180512.0 I;Ig jﬁ; i H jg i 8:2
1s180s13.8 Tg §jZi i:(l) ;:218:2
1s180s1557b2 1}1(()) ié i ﬁ ijé i 8:2
1s180s17.8 Tg ;:g i (1):; ;3 i 8:2
15180520.0 T(()) 2;}) i }:(1) ;:; i 8:;
15180525.0 I}Ig 3? i 813 gg i 8:2
15180535.0 o Tit0 iy
15180536.0 T(()) §§ i é:(g) §§ i 8:2
15180540.0 I}Ig 33 i (1)2 33 I 8:2
15220s11.2 1}1(()) ijZ i }; ij§ i 8:2
15220513.8 Tg ;Z i 12(2) §§ i 8:2
15220520.6 1}1(()) §§ i (1):(9) 2; i 8:2
15220535.0 o Y1t o Yy
15220536.0 T(()) §j§ i (1):; iji’ i 8:;
BH 15180s40s7b2 1}1(()) ‘1‘;3 i (0):2 ?:? i 8;5;
BH 15220525.0c 1}1(()) g:é i 8:2 ;:S i 8:2
BH 15220540.0¢ T(()) §§ i 8:2 §§ i 8:2
BH 15220540s7b2¢ 1}1(()) ?:(6) i 8:: ?12 i 8:2
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APPENDIX B: SIMULATIONS WITH MASSIVE NEUTRINOS

Here we show some selected simulations with neutrinos of different masses in Table VIII. The simulations were done for
the 1s180s12.0 and BH 1s220s40s7b2¢ models.

TABLE VIII. Summary of the results of the different timing methods in Hyper-Kamiokande assuming different neutrino masses and
their influence on the time of flight. The time is measured relative to core bounce. The results are shown for two different SN models as
examples. For each SN model and neutrino mass 1000 simulations have been performed.

HK—Different neutrino masses

Exponential ~ Gauss Fit Failed Gauss Energy Threshold First IBD First Bulk BH Collapse

Simulation Fit [ms] [ms] Fit [%] (20 MeV) [ms] [ms] [ms] [ms]
1$180512.0 NO 51413 94450 43 6.3+ 1.4 45410 47+1.1
S1OUS L. [0 38409 82432 23 5241.0 37407 37407

NO 54411 98+41 42 57413 41408 43409 567.924 + 0.008
BH1s220s40s7b2¢ 1 16709 93125 24 47408 35405 35407 567.924 4 0.008

0.05 eV Neutrinos

1$18012.0 NO 50413 9.0+49 43 6.3+ 1.4 46410 47410
S1oUsLe. 0 38409 82429 23 53410 37407 37407

NO 53411 98+45 42 57412 42408 43409 567.926 + 0.008
BH1s220s40s7b2¢ ' 15109 93423 23 48409 35405 3.5+0.7 567.925+0.008

0.1 eV Neutrinos

11808120 NO 51413 95+48 45 63+ 1.4 45411 47+1.1
: 0 37409 82427 24 53410 37407 37407
NO 55412 96+41 39 57412 41408 43409 567.931+0.011
BH 1s220s40s702¢ 1 16109 93127 21 47408 35405 35407 567.93+0011
0.5 eV Neutrinos
11808120 NO 54413 92449 45 6.5+ 1.4 51410 51+1.0
: 0 41+08 86427 23 54409 43406 43407
NO 57411 99+37 41 59412 46408 48+09  568.63+0.32
BH 1s220s40s7b2¢ 45 50108  97+24 25 49107 41405 41407 56851 +032
1 eV Neutrinos
1808120 NO 64413 97+48 44 71413 64409 63+1.1
S1oUsts. 0 53408 9.0+4.1 23 6.0 + 0.9 56406 56+06
NO 68+1.1 103+39 44 6.5+ 1.2 59408 60409  5721+1.1
BH1s220s40s7b2¢ 15 31109 109+ 23 30 56407 52405 52407  5718+13
2 eV Neutrinos
11808120 NO 101413 78+65 36 93413 93412 97+12
: 10 90410 105+65 34 82409 82409 82+09
NO 107+12 83+70 4 87+ 12 87+1.1 95+12 5893435
BH1s220s40s7b2¢ 1 69109 124454 38 77408 77408 77408  588.6+43
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