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ABSTRACT

We present a new method by which to retrieve energy spectrum for all falvours of neutrinos from core-collapse supernova
(CCSN). In the retrieval process, we do not assume any analytic formulas to express the energy spectrum of neutrinos but rather
take a direct way of spectrum reconstruction from the observed data; the singular value decomposition algorithm with a newly
developed adaptive energy-gridding technique is adopted. We employ three independent reaction channels having different
flavour sensitivity to neutrinos. Two reaction channels, inverse beta decay on proton and elastic scattering on electrons, from
a water Cherenkov detector such as Super-Kamiokande (SK) and Hyper-Kamiokande (HK), and a charged current reaction
channel with Argon from the Deep Underground Neutrino Experiment (DUNE) are adopted. Given neutrino oscillation models,
we iteratively search the neutrino energy spectra at the CCSN source until they provide the consistent event counts in the
three reaction channels. We test the capability of our method by demonstrating the spectrum retrieval to a theoretical neutrino
data computed by our recent three-dimensional CCSN simulation. Although the energy spectrum with either electron-type or
electron-type antineutrinos at the CCSN source has relatively large error compared to that of other species, the joint analysis
with HK + DUNE or SK + DUNE will provide precise energy spectrum of all flavours of neutrinos at the source. Finally, we

discuss perspectives for improvements of our method by using neutrino data of other detectors.
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1 INTRODUCTION

Kamiokande (Hirata et al. 1987) and IMB (Bionta et al. 1987)
detected ~20 neutrinos of a few tens of MeV from SN 1987A, which
is the first and only core-collapse supernova (CCSN) whose burst
of neutrinos was directly observed. An important information on the
CCSN environment can be extracted from the signal; the total energy
of emitted neutrinos is of the order of 10%3 erg, which is consistent
with our basic picture of CCSN. The detected neutrinos, however,
seem to be only electron-type antineutrinos (7.), indicating that the
energy of other flavours were less constrained. The statistics is also
paltry, which prevents us from ascertaining the energy spectrum
and its time evolution (but see Loredo & Lamb 2002; Mirizzi &
Raffelt 2005; Yiiksel & Beacom 2007; Vissani 2015), implying that
the detailed characteristics of the neutrino signals remains largely
unconstrained.

Since 1987, the scale and sensitivity of neutrino detectors have
been improved considerably (see Horiuchi & Kneller 2018) and
references therein for a recent review). Super-Kamiokande (SK),
which is a current operating water Cherenkov detector, is capable of
detecting ~10000 neutrinos for CCSNe at a distance of 10 kpc
(Ikeda et al. 2007). The flavour-dependent information may be
obtained through utilizing its multiple reaction channels: inverse
beta decay on proton (IBD-p), charged current reactions on Oxygen,
elastic scattering on electrons (eES), and that on Oxygen (Minakata
et al. 2008; Gallo Rosso, Vissani & Volpe 2017), although the
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reaction channels except for IBD-p are feeble interactions for
the typical energy of CCSN neutrinos, implying that the neutrino
signals extracted from those channels will be low statistics. On
the other hand, the issue will be alleviated in the future. For
instance, Gallo Rosso, Vissani & Volpe (2018a) suggested that
spectrum reconstructions on u- and t-neutrinos (hereafter, they
are denoted as v, and v., respectively, and being sometimes
collectively expressed as v,) are possible through a statistical
approach by using the multiple reaction channels in a future water
Cherenkov detector, Hyper-Kamiokande (HK). The project has been
officially approved very recently and it will be fully operational from
2027.

A future liquid scintillator detector, JUNO (An et al. 2016), which
is currently under construction and planned to take data from 2021,
will be also useful to probe each flavour information. They are the
most sensitive to ¥, via IBD, and the channel of neutrino proton
elastic scattering (pES) may bring us to measure the energy spectrum
of v, (Beacom, Farr & Vogel 2002; Dasgupta & Beacom 2011).
Recently, Li et al. (2019) demonstrated that energy spectra for all
flavours of CCSN neutrinos can be retrieved by utilizing its three
reaction channels: IBD-p, pES, and eES. The obtained v. and v,
spectra are, however, rather noisy due to low statistics even in the
case with very nearby CCSN (<1 kpc), and they also suffer from a
large systematic bias of energy threshold on the pES channel in the
energy range of < 20 MeV, which corresponds to the most important
energy range for CCSN neutrinos, though (see also Dasgupta &
Beacom 2011).

The retrieval of energy spectrum of all flavours of neutrinos can
be done more accurately if coincident neutrino data from multiple
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detectors with different flavour sensitivities are available.! In SK,
HK, and JUNO, for instance, they are sensitive to v, through IBD
reactions, meanwhile the Deep Underground Neutrino Experiment
(DUNE), which is a proposed neutrino experiment with ~40
kton liquid-argon time-projection-chamber (Acciarri et al. 2016;
Ankowski et al. 2016; Abi et al. 2020), will provide high statistics
data of electron-type neutrinos (v.) via charged current reaction with
Argon (CCAre). It is also planned to be operational in 2027, the
same year as that of HK; hence, the simultaneous observations of
CCSN neutrinos by these large-scale detectors may be realized in
near future. It is, hence, interesting to consider how we can maximize
the scientific return by combining the data of multiple detectors,
which is the main subject in this paper.

Given theoretical models of CCSN and detector configurations, we
can simulate data analyses of neutrino signals from CCSNe, and then
study what information on CCSN dynamics can be extracted from
them. One of the theoretical models of the neutrino signal frequently
used in the literature is the so called ‘Garching model’ (Hiidepohl
etal. 2010), in which they numerically simulated an electron-capture
8.8-Mg, supernova under spherically symmetric geometry; its time-
dependent neutrino signals are publicly available. Nakazato et al.
(2013) also provided theoretical templates of neutrino signals from
CCSNe with various mass progenitors based on their spherically
symmetric CCSN simulations with full Boltzmann neutrino trans-
port. Employing the Nakazato models, Suwa et al. (2019) estimated
their neutrino count rates at SK with covering the time duration of
~10 s. More recently, the characteristics of late time neutrino signal
(>10 s) starts to be investigated based on spherically symmetric
CCSN models numerically (Weishi Li, Roberts & Beacom 2020)
and analytically (Suwa et al. 2020).

Similar analyses are now possible to any numerical CCSN models
by using a detector simulation software, SNOWGLOBES,” in which
detector responses to many reaction channels are provided (see e.g.
Scholberg 2012, 2018, for more details.). For instances, O’Connor
& Ott (2013) employed SNOWGLOBES to estimate IBD-p count rate
in a water Cherenkov detector like SK to their spherically symmetric
CCSN models: Seadrow et al. (2018) developed an analysis pipeline
based on SNOWGLOBES and estimated neutrino count rate on multiple
detectors to their spherically symmetric and axisymmetric CCSN
models: Warren et al. (2020) carried out a systematic study of neu-
trino signals for 600 CCSN numerical models by SNOWGLOBES and
analysed their correlation to gravitational waves; very recently, we
studied the detailed neutrino signals based on our three-dimensional
(3D) CCSN models with SNOWGLOBES (Nagakura et al. 2020a). As
such, the capability of these detector software has been well matured
and it still keeps evolving. Those efforts will further fill the gap
between theoretical models to the observations.

Although those detector simulations are very useful, the actual data
analysis is more complicated. One of the practical goals in the data
analysis is to retrieve energy spectra of neutrinos from observed data,
which will be performed by taking unfolding or statistical processes
to the data of each reaction channel. The neutrino signal is, however,
inevitably smeared out by various effects; for instances, detector

I'We refer readers to Scholberg (2012) and references therein for the facilities
having capabilities to contribute analyses of neutrinos from CCSNe. We also
refer readers to previous works (see, e.g. Nikrant, Laha & Horiuchi 2018) to
retrieve energy spectrum of all flavours of neutrinos by using data of multiple
detectors.

2SNOWGLOBES is available at https://webhome.phy.duke.edu/~schol/snowglo
bes/.
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responses may be one of the primary causes of the smearing, which
depends on the instrument and reaction channel. This issue can be
handled with a so-called response matrix to the injected signals,
which is usually determined through Monte Carlo simulations of
detector responses. It should be noted, however, that the unfolding
process is not easy, since the spectrum inversion by using the response
matrix belongs to the case of ill-posed problem, in which artificial
oscillations are easily arisen in the retrieved energy spectrum even by
small errors and noises; hence, it should be treated with appropriate
manners.

Aside from the detector response, the presence of noise is an-
other obstacle in the data analysis. In noisy data, template-based
signal extraction techniques are usually adopted®; however, it is not
appropriate approach to the analysis of CCSN neutrinos. This is
attributed to the fact that the internal dynamics of CCSN involves
a non-linear interplay between fluid dynamics, weak interactions,
and neutrino transport; they are inherently stochastic and highly
progenitor dependent. Instead, many previous studies have employed
analytic formula to retrieve spectra of neutrinos, in which the
spectrum is assumed to be fully characterized by a set of parameters.
The parameters estimation is compatible with statistical methods
and the capability has been well studied in previous works (see e.g.
Barger, Marfatia & Wood 2002; Minakata 2002; Minakata et al. 2008;
Laha & Beacom 2014; Lu, Li & Zhou 2016; Gallo Rosso et al. 2017,
2018a; Nikrant et al. 2018)). However, this approach heavily relies
on the analytic formula and potentially discards some important
characteristics of neutrino signals. Therefore, new approaches for
the retrieval of neutrino energy spectrum without analytic formulas
is necessary as an independent approach.

In this paper, we propose a novel method to retrieve energy spectra
for all flavours of neutrinos at a CCSN source, having in mind the use
of data on multiple detectors: HK (SK) and DUNE. In the spectrum
reconstruction process, we do not take any statistical approaches
(these are still possible options, though) but rather adopt a determin-
istic way with a singular value decomposition (SVD) technique that
does not require analytic formulas. It should be also mentioned that
any neutrino oscillation models can be applied in principle, although
our demonstrations presented in this paper are limited in the simple
neutrino oscillation models. After reviewing detector characteristics
in Section 2, we describe the essential idea of our method in
Section 3.1 and then get into the detail in Section 3.2. Although
we mainly focus on the technical aspect of the proposed method in
this paper,* we assess the capability of the method by demonstrating
spectrum reconstructions to neutrino signals computed by our recent
3D CCSN simulations (Nagakura et al. 2019a; Burrows, Radice &
Vartanyan 2019) in Section 4. In the demonstration, the expected
observed data (EOD) to the theoretical neutrino signals are estimated
by using SNOWGLOBES. We appropriately handle smearing effects by
detector response and Poisson noise in our analysis. We retrieve the
energy spectra of neutrinos at the CCSN source by applying our
method to the EOD, and then compare them to the answer (results
of our CCSN simulations). We believe that this paper will be an
important reference to address the issue of how we can combine
observed data on multiple detectors to retrieve the energy spectra
for all flavours of neutrinos at a CCSN source, although there still
remains work needed to improve the method.

3For instance, template-based matched filtering has been widely used in
gravitational wave data analyses (see, e.g. Shibata 2016).
4Some scientific discussions regarding the spectrum reconstruction have been
presented in our previous paper (Nagakura et al. 2020a).
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2 DETECTOR CHARACTERISTICS

Before we get into details of the method, we first summarize detector
characteristics relevant to this study; two channels from HK (SK) and
one channel from DUNE. We note that this choice is not definitive
but rather an example; indeed, these channels may be replaced (or
supplemented) by others in different detectors. For instances, data
of pES in liquid scintillator detectors would be useful to measure v,
spectrum as proposed by previous studies (see, e.g. Beacom et al.
2002; Dasgupta & Beacom 2011); charged current reactions with
12C in the same type of detectors are sensitive to v, (Laha, Beacom
& Agarwalla 2014); and coherent elastic neutrino scatterings in dark
matter detectors are sensitive to all flavours of neutrinos, i.e. they may
be more useful reaction channel to reconstruct the energy spectrum
of heavy leptonic neutrinos if the detector volume is tonne-scale (see,
e.g. Lang et al. 2016). We note, however, that it requires further study
of what combination of channels at different detectors provides the
most precise measurement of energy spectra of neutrinos, which may
depend on CCSN models, progenitors, distances to the source, etc.
We postpone the detailed study in future work.

We adopt two reaction channels at HK (SK) detector, which are
IBD-p,

Do+ p—et+n, (1)
and eES,
v+e —v+te . 2)

The former corresponds to the primary interaction channel for CCSN
neutrinos. The energy and angular dependences of the reaction are
well known and the detection procedure has been well established;
we identify the events through the photo-multiplier tubes installed
in the wall of the tank, which detect Cherenkov lights emitted from
positrons produced by the IBD. The latter is, on the other hand, a
subdominant reaction channel but has some useful properties: (1) Itis
sensitive to all flavours of neutrinos including their antiparticles: and
(2) the scattered electrons flight in the forward directions, which
provides a way to untangle eES and IBD events.’ It should be
also mentioned that the addition of gadolinium to detectors further
enhances the sensitivity to distinguish them (see, e.g. Laha & Beacom
2014). In this paper, we assume full tagging efficiencies for the two
channels. It should be noted that eES counts are detected through
Cherenkov lights from scattered electrons, implying that the flavour-
independent counts of eES reactions are not resolved; hence, we use
the flavour-integrated counts as the observed quantity in this study.
In this study, we assume that the available detector scale in SK and
HK is 32.5 (Abe et al. 2016a) and 220 ktons (Hyper-Kamiokande
Proto-Collaboration et al. 2018), respectively. We note that the latter
is a factor of a few smaller than that used in previous studies (see, e.g.
Minakata et al. 2008; Gallo Rosso et al. 2018a,b; Nikrant et al. 2018),
indicating that the detection count is smaller than that estimated in
the previous studies. We also remark on other reaction channels
relevant to Oxygen. They are also useful to retrieve the neutrino
spectra from CCSN, in particular for the high energy neutrinos (2,
50 MeV). Those reactions are, however, though to be subdominant
to CCSN neutrinos and the interaction rates have large uncertainties,
which may be improved in future.® Although we need to take into

3Since angular distributions of all IBD counts are almost isotropic, the
excess of Cherenkov counts in the angular distribution would reflect the
eES contribution.

SNote that there have been many efforts to estimate accurate cross-sections
for neutrino—nucleus interactions from both theoretical and experimental
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account those reactions in real observations, we omit them in this
study just for simplicity.

In DUNE (Acciarri et al. 2016; Ankowski et al. 2016; Abi et al.
2020), the detector volume is assumed to be 40 kton and we employ
the charged-current reaction channel with Argon (CCAre) :

Ve + *Ar — e~ 4+ “°K*, 3)

which provides the most accurate estimation of v. among current-
and future-planed detectors. By virtue of the high sensitivity to v,
DUNE has been expected to play a pivotal role to probe the neutrino
mass hierarchy by observing CCSN neutrinos at the earlier phase
of the burst (< 20ms), in which energy luminosity of v, exceeds
10% erg s~!. Meanwhile, the luminosity of other species of neutrinos
are more than an order of magnitude smaller than that of v, indicating
that the detection count at DUNE would be very sensitive to the
neutrino oscillation model and the mass hierarchy. For instance,
in the case of the normal-mass hierarchy with taking into account
adiabatic Mikheyev—Smirnov—Wolfenstein (MSW) effects, the sharp
rise of v, event rate on CCAre would disappear due to the substantial
mixing of v, (see e.g. Nagakura et al. 2020a). In this paper, on the
other hand, we suggest to utilize the advantage of DUNE in another
way. It is used to distinguish flavour-dependent counts on the eES
events at HK (SK), which enable us to retrieve the energy spectrum
for all flavours of neutrinos (including v,) at a CCSN source. More
details will be given in Section 3.

We assume that background noises can be neglected for the
two detectors, whereas Poisson noise is taken into account in this
study. This seems to be a reasonable assumption for HK (SK) and
DUNE to the analysis of neutrinos from a CCSN (see, e.g. Ikeda
et al. 2007; Zhu, Li & Beacom 2019, for more details), although
the impact of background noise may need to be considered for
more quantitative arguments (see, e.g. Abe et al. 2016b; Super-
Kamiokande Collaboration et al. 2016; Suwa et al. 2019).

3 SPECTRUM RECONSTRUCTION

3.1 Basic idea

Here we outline the core of our method how energy spectra of all
flavours of neutrinos at a CCSN source can be retrieved by using
observed data of HK (SK) and DUNE. In this study, we assume that
all heavy leptonic neutrinos and their antiparticles have an identical
spectrum at a CCSN source.” Under the assumption, neutrino fluxes
at the Earth can be expressed with taking into account flavour
conversions as (see also Dighe & Smirnov 2000)

Fi(e) = p'(e)F2(e) + (1 — p'(e)) Fl(e), 4)

Fi(e) = p'(e)F2(e) + (1 — p'(e)) Fl(e), Q)
. 1 . 1 .

Fie) =5 (1= pi(e)) Fo(e) + 3 (1+ pi(e)) Fl(e). (6)

approaches. See Formaggio & Zeller (2012) and references therein for a
review.

7 Although it is a reasonable approximation to CCSN neutrinos, this is not
true in reality. This is attributed to the fact that neutrino—matter interactions
are not exactly the same among them; for instance, the correction of weak
magnetism is different between neutrinos and antineutrinos (see e.g. Horowitz
2002) and the difference increases with the energy of neutrinos. Analyses at
high-energy neutrinos require different methods from those presented in this
paper, which are being currently undertaken (Nagakura and Hotokezaka in
prep).
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_ 1 . _ 1 . _
Fi(e) = 3 (1=p'(®) e+ 3 (14 5'(e) F(e), O]

where F, p, and & denote the number flux (fluence), survival
probability and energy of neutrinos, respectively; F° corresponds
to the neutrino flux without flavour conversions; ‘A’ represents A
of antineutrinos; the subscripts indicates neutrino species; and the
superscript ‘i’ distinguishes detectors,® i.e. it is either HK (SK) or
DUNE in this study. We note that Fi and F! are distinguished in our
method, although many previous works treat them collectively. As
we shall discuss below, the distinction is necessary, since they are not
identical at the Earth® and their cross-section to eES is also different
from each other.

The goal of our method is to obtain the energy spectrum of F°
for all falvours of neutrinos and then we convert them into those
at a CCSN source.'® Although the detailed procedure is complex
(see Section 3.2), the concept is quite straightforward. Given the
survival probability of neutrinos (p) and that of antineutrinos (p), i.e.
assuming a neutrino oscillation model, there remain three unknown
variables in equations (4)~(7); F, F2, and FO(= F?). This implies
that three independent observed data with different flavour sensitivity
is required to solve the equations. As the first step, we retrieve the
energy spectra of v, at DUNE and v, at HK (SK) independently from
the data of CCAre and IBD-p channels, respectively, by employing
an SVD technique (see Section 3.3 for more details). They provide
FPUNE and FHKSK) which corresponds to the left-hand side of
equation (4) with i = DUNE and that of equation (5) with i =
HK(SK), respectively. !

To close the equations, we need one more data, which is given by
the data of eES channel. We introduce a trial flux to one of Fs, and
then we iteratively search the solution which the flux satisfies the data
of eES channel (within a certain error). During the iterative process,
the energy spectrum of either v, or ¥, at HK (SK) is retrieved by
applying SVD unfolding technique to its eES event. We note that the
eES event with v, or 7, can be estimated by subtracting other species
contribution from the total (see Section 3.2 for more details).'? Tt
should be also emphasized that v, has a dominant contribution in
the eES counts, since it interacts electrons through not only neutral
current reactions but also those of charged current. As a result, the
cross-section of eES with v, is several times higher than that with
v,. This indicates that the small error in the energy spectrum of v,
substantially affects the estimation of v, or ¥, eES events; hence,
the accurate spectrum retrieval of v. by DUNE is highly valuable for
this purpose.

It should be noted, however, that the obtained eES events with v,
and 7, by the subtraction process would be inevitably noisy, even
if the accurate subtraction can be made. The Poisson noise of the
total eES counts is ~ +/N, where N denotes the species-integrated

8The survival probability of neutrinos is different among detectors since
Earth matter effects depend on the position of detector at Earth (Lunardini &
Smirnov 2001).

9This can be understood by equations (6) and (7). Fe0 and Feo (ve and De
at the CCSN source, respectively) are, in general, different from each other,
implying that F1 and F! are also different.

10We assume that the distance to a CCSN is known.

""Note that those two equations are degenerated only if pPUNE = pHKGK) —
0. However, it is not realistic; hence, we do not consider the peculiar case in
this paper.

2The idea of subtraction technique to determine flavuor-dependent eES
counts has been already proposed in the literature (see, e.g. Nikrant et al.
2018)
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counts of eES channel, meanwhile the eES counts with v, (or b,) is
~1/6 of the total one, implying that its signal-to-noise ratio (SN-r) is
~ /N /6. In a rough estimation, the SN-r of energy-integrated eES
counts with v, in HK is less than 10 for a CCSN at a distance of
10 kpc. Note also that the energy-dependent SN-r is further reduced
with roughly a factor of ,/n, (where n, denotes the number of energy
grid points), implying that our method may be only applicable to
nearby CCSNe. For such noisy data, statistical methods may be
powerful approach, for instance, Nikrant et al. (2018) proposed a
spectrum retrieval method by x? statistical analysis with employing
analytic formula of neutrino spectrum. This method would be useful
and may be compatible with ours, although we postpone further
studies in future work.

3.2 Details of the procedure

In this section, we describe a detailed procedure of our method.
We start with retrieving v. and 7. spectra by applying the SVD
unfolding technique to the data of CCAre on DUNE and IBD-p on
HK (SK), respectively; the procedure is straightforward, and then
we obtain FPUNE and FHKSK) consequently. As the next step, we
proceed the retrieval of energy spectrum of v, or ¥,, which is carried
out with a fixed-point iteration method. As the preparation, we first
determine which F° is selected as a trial neutrino flux. Although
the final solution does not depend on the selection, it affects the
convergence of the iteration. It is determined by comparing four
quantities expressed with survival probability of neutrinos: pPUNE,
(1 — pPUNEy GHEGK) "and (1 — pHKEK)) 13 Below, we first describe
the detail of the selection procedure and the reason why those four
quantities are relevant to the convergence of the iteration.

If pPYNE is the smallest among the above four quantities (this
corresponds to a neutrino oscillation model of adiabatic MSW effect
in the case with normal-mass hierarchy), we select F? as the trial
variable; the reason is as follows. The energy spectrum of v, retrieved
from the data of CCAre at DUNE (FPUNE) gives a relation between
those of v, (FeO) and v, (Ff) at the CCSN source (see equation 4).
If pPUNE is very small, F? (=F?) is almost identical to FPUNE. By
using the 70, we can also retrieve F from equation (5) with FHKSK),
which is the energy spectrum of 7, retrieved from the data of IBD-p
at HK (SK). These facts indicate that F° (=F?) and F? are mostly
associated with the data of CCAre at DUNE and IBD-p at HK (SK),
and F? should be determined mainly through the data of eES channel;
hence, F? is selected as the trial variable.

In the case that pHKSX is the smallest (this corresponds to a
neutrino oscillation model of adiabatic MSW effect in the case with
inverted-mass hierarchy), F is appropriate to be selected as a trial
variable. In this case, FKSK) provides a close solution of FO (= F?)
but being not sensitive to /- due to the small p7XSK) (see equation 5).
By using FC, F? can be also determined from equation (4) with
FPYNE_ This indicates that FO (=F") and F? are well constraint
from the data of CCAre and IBD-p channels, and F e(’ is determined
mainly by data of eES channel; hence, we select 70 as a trial variable.
Finally, if either (1 — pPUNE) or (1 — pHKGK) is the smallest, we
select FO(= F?) as a trial variable.

We can start the iterative process by setting the trial flux to be zero
initially. We confirm that all cases in our demonstrations achieve
convergence of the iteration by virtue of the appropriate selection
of the trial variable. As the next step, we compute the rest of

I31f we consider the case with energy-dependent survival probabilities, we
suggest to take an average over the energy.
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DUNE FHK(SK)
F, F, .

F% through equations (4) and (5) by using and
Here, we emphasize an important fact that the energy spectra of all
falvours of neutrinos at Earth can be uniquely determined, albeit
tentative, from the three F's. The determination of FFKGSK of a]l
flavours of neutrinos enable us to estimate the flavour-dependent
eES events, although the flavour-integrated eES channels computed
from the FPKSKg is not consistent with data of eES channel; hence,
we iteratively search the trial flux of F° to be consistent with it.
The detailed iterative procedure depends on the neutrino oscillation
model, meanwhile the essence is basically common among all the
cases. Thus, we first provide the procedure in the case that pPUNF is
the smallest, and then we briefly mention in other cases with focusing
on the difference.

In the case that p°UNE is the smallest, FPYNE and FHGX provide
close solutions of FC, FO, and F?; indeed, they are exact if pPUNE
is zero. This indicates that X% computed from equation (7) is
also close to the actual energy spectrum of ¥, at HK (SK), i.e. it
is not necessary to use spectrum unfolding techniques to obtain the
spectrum. Similarly, we can estimate FXSK) by an algebraic relation
of equation (4) with F2 and F?. Note that FXK) s close to FPUNE,
unless the Earth matter effect significantly affects neutrino flavour
conversions.

By using the retrieved energy spectra of v, V. and v, at HK (SK),
we estimate a number of eES counts with each flavour of neutrinos.
In this study, we use SNOWGLOBES, in which the energy spectrum of
those neutrinos is injected to the eES channel of HK (SK), which
provides the flavour-dependent eES counts as a function of energy.
We subtract the sum of those eES counts from the flavour-integrated
one, which provides the eES counts with v,. We then apply the SVD
method to obtain FHXGSK) By using the FIKEK) and FO, we compute
F? from equation (6) with i = HK(SK). The obtained F is a solution
if it is the same as the one we set in a priori as a trial flux.

We adopt a fixed-point iteration method, in which the trial flux
(F?) is updated with the one obtained through the above procedure.
Despite the fact that the method does not guarantee the convergence
of the iteration, it works quite well, which is by virtue of the
appropriate selection of the trial variable. To see it more clearly,
let us consider the case that pPYNE is zero. In this case, FO, F?,
and F? can be computed from FPUNE and FHKGK) (see equation 4);
meanwhile £ is nothing to do with those observed data. Instead, the
observed data of eES with v, (see equation 6) is fully responsible for
the determination of F?. If we further assume that the Earth matter
effect in flavour conversion is neglected, we can obtain FCO without
iteration. This fact indicates that, in the case with finite value of pPUNE
(but small), the obtained F by the proposed procedure is close to
the solution, i.e. the convergence would be achieved easily.'* In the
case of the normal-mass hierarchy with adiabatic MSW effects, we
find that the convergence is achieved with a few iterations.

Below we describe the procedure in other cases with different
survival probabilities. As mentioned already, it is essentially the
same as that described above; hence we only focus on the difference
from the above case. In the case that p5%/™P is the smallest, F is
selected as the trial value. During the iteration, we use the SVD to
eES counts with 7, to obtain the energy spectrum of ¥, and search the
consistent solution of £ by using a fixed-point iteration method. For
the case that either (1 — pDUNE) or (1 — ﬁHK(SK)) is the smallest, on
the other hand, we need to iteratively search a solution of FO(= F?).

14We note that this is a multivariable root-finding problem (the number of
unknown variables corresponds to that of the energy mesh in the spectrum of
neutrinos), indicating that it is, in general, not easy to achieve the convergence.
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In this case, however, there are no preferable choices that we carry
out a spectral inversion by SVD to eES counts by v, or 7,; thus, we
can pick up one of them.

Here we need to mention a caveat. In Section 4, we demonstrate
the capability of our method, meanwhile they are only for simple
neutrino oscillation models, which are adiabatic MSW effect in the
case with normal- or inverted-mass hierarchy. This indicates that
our demonstration is limited only in the case that either pP"NE or
pIEEK) s the smallest; hence, we do not know whether the fixed-
point iteration method works in other neutrino oscillation models.
Thus, it may be necessary to use more stable multivariable root-
finding algorithms (see, e.g. Okawa et al. 2018); the issue will be
addressed in future work.

3.3 Unfolding procedure

We adopt an SVD technique to retrieve energy spectrum of neutrinos
from observed data of each reaction channel. The SVD unfolding
technique has been widely used in various fields, and the procedure
has been well described in the literature. Hence, we refer readers to
previous studies for the detail (see, e.g. Hocker & Kartvelishvili
1996; Li et al. 2019). Instead, we describe other essential parts
of the procedure in this section; for instance, we present a new
adaptive energy-gridding technique, which is compatible with the
SVD technique. We note that there still remains work needed to
improve the technique, which will be done in collaboration with data
analysts of each detector in future.
The unfolding process can be formulated with a matrix equation,

A x=b, ()

where A, x, and b denote the response matrix, energy distribution
(spectrum) of neutrinos, and measurements, respectively.’> Note
that x is directly associated with the number flux (fluence) of
neutrino at each detector (see in equations 4—7). In our demonstration
(see Section 4), we retrieve time-integrated energy spectrum of
neutrinos, ¢ i.e.

5= /F(t,e,«) ar, ©)

where ¢; denotes the grid-centre energy of the ith bin.

We prepare a common energy grid for x and b vectors; i.e. the
number of elements (dimensions) in the both vectors is n,. This also
implies that A is a matrix with n, x n,. In this study we set a uniform
energy grid of n, = 100 zones to cover from 0 to 100 MeV. Hereafter,
we refer to the energy grid with a ‘base grid’. We note that the base
grid is not directly used to the SVD computations but rather be used
as a reference to construct the adaptive grids (see below).

We start with generating response matrices of all reaction channels
by using SNOWGLOBES. In the software, smearing effects by detector
responses are included and the energy resolution of each detector is
also taken into account in the output. The response matrices can be
constructed by computing detection counts to each reaction channel
for the following neutrino energy spectrum:

ijl,

xp =0 forall k(£ j). (10)

1SWe note that SNOWGLOBES provides angular-integrated counts in each
detector. In real data analyses, the angular distribution will be available for
some reaction channels, which will provide useful information on the signal.
16To study the time-dependent signal, the time integration is carried out with
a certain time bin.
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120Z 4890100 Gz uo Jasn Ateiqr] AlsisAlun uolaoulid Aq 6G99€6S/6 L E/1L/00S/3191e/SBIUW/WOo2 dNo oIwapede//:sdily Woll papeojuMo(]



324  H. Nagakura

The output, energy-dependent counts on each channel, is stored into
b and it gives a;; as

ajj = bi . (1 1)
By running from j = 1 to j = n., we obtain all the elements of the
matrix A.

According to the instruction of SNOWGLOBES, however, the data
format of input/output in SNOWGLOBES is fixed; for instance, the
input data have a format with 501 rows for neutrino energy ranging
from 0.1 to 100.1 MeV uniformly (i.e. the cell width is 0.2 MeV),
and it has 200 rows from 0 to 100 MeV (not exactly uniformly but
the cell width is roughly ~0.5 MeV) for the output. This indicates
that the energy grid is not the same as those we adopt in our method.
Hence, we need to define a rule to remap energy spectra from one
grid to another.

Let us consider to remap an energy spectrum from grid A to grid B.
We first compute the number of the signal on each energy bin of grid
A. In the case that a bin of grid A is completely covered by a bin of
grid B, the number of the signal on the bin of grid A is simply added
to the bin of grid B. On the other hand, if a bin of grid A is partially
overlapped with a bin of grid B, the signal on the bin of grid A is
added to the bin of grid B with a weight. The weight is determined
with an assumption that the energy spectrum is flat inside the bin, i.e.
it is given by the ratio of the energy width of the overlapped region
to that of the bin of grid A (see also Nagakura, Sumiyoshi & Yamada
2014, for the similar technique). This rule uniquely determines
remapping an energy spectrum between the two grids, and it also
guarantees that the number of energy-integrated signal is exactly
conserved.

As discussed in Hocker & Kartvelishvili (1996), the re-scaling
of the matrix equation may improve the accuracy of the spectrum
reconstruction. We define the normalization factor by using the
matrix elements,

ne

o= ay. (12)
j=1

It should be noted, however, that some elements of the vector ¢ are
zero due to the energy threshold of each reaction channel. This
implies that we can not directly use ¢ to normalize the matrix
equation. As shown below, however, this issue is resolved with our
newly developed adaptive energy-gridding technique.

In real observations, energy-dependent detected signals are input
data, and they are expressed with b in our formulation. In this
study, we estimate b by using SNOWGLOBES based on our 3D CCSN
neutrino signals. It should be noted, however, that the neutrino
signal in our model does not contain noise (since it is purely
a theoretical signal), which is not realistic. Hence, we generate
Poisson noise to each energy cell'” and add them into the b in
our demonstrations (see Section 4). Note also that, for the case
of spectrum reconstruction of v, (or v,) from the eES channel, the
Poisson noise is computed from the flavour-integrated eES events. As
described in Section 3.2, we compute b of v, (or , ) by taking the sub-
traction process from the flavour-integrated b included the Poisson
noise.

Although we can compute x by applying the SVD method to the
matrix A with b, we exercise an ingenuity in our method. This effort
is motivated by a fact that the accuracy of the retrieval of neutrino
energy spectrum depends on the energy grid. If the bin width is too

17Since we have already known the noiseless number of events in our
theoretical models, the Poisson noise can be easily generated.
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small (i.e. high resolution in the energy spectrum), the Poisson noise
in each bin tends to be high and may even dominate the signal. In
this case, the resultant energy spectrum of neutrinos would be very
noisy or yield artifacts due to extensive stabilization treatments in the
SVD method, implying that the outcome would be worthless. On the
other hand, if the bin width is too large, the coarse energy resolution
smears out the energy-dependent feature of the signal. Therefore, it is
important to set appropriate energy grids to maximize the accuracy of
the spectrum retrieval. We also note that, since the SN-r of neutrino
observations varies with various factors such as reaction channels
and distance to the CCSN source, etc., the energy grid needs to be
adapted accordingly.

Hence, we develop an adaptive energy-gridding technique; the
procedure is described below. As mentioned already, we have already
set the ‘base grid’, which provides the finest energy resolution in the
spectrum. We note that our procedure guarantees that, if the SN-r
is very high, the energy grid becomes identical to the ‘base grid’
except for the bins with low-energy and null measurements (see
below for more details). At first, we search energy bins with the
number of measurement is zero (i.e. b; = 0), and then combine the
corresponding bin to a neighbor cell of the lower energy side. Next,
we further bundle the energy bins in the range of 0 MeV to E;,. This
treatment stabilizes the SVD method, since the event counts in the
low-energy region would be smaller than those at the region around
~10 MeV due to the less neutrino flux and the smaller cross-sections
of the reaction rate on each detection channel, which cause large
statistical fluctuations and the result in destabilizing the spectrum
retrieval. Although the coarse energy resolution at the low-energy
region discards extracting detailed energy-dependent features in the
spectrum, we prioritize the stability here. Ey;, is determined based
on the detector response of each reaction channel and we set E i, =
6, 7, and 8 MeV for IBD-p, CCAre, and eES, respectively. Finally,
we further combine the energy bins by imposing a condition that
the number of counts per energy (NCPE) has a single-peak in the
spectrum. We compute the NCPE on each bin from low-energy side,
and if the second peak emerges in the spectrum, we combine the
corresponding bin to the neighboring cell of the lower energy side.
We repeat the procedure until the NCPE in the spectrum has a single-
peak.

In Fig. 1, we show an energy spectrum of eES event counts with
v, (NCPE) by using two different energy grid'®; the black open
circles correspond to the energy spectrum expressed with the base
grid, and the red filled-circles are the counterparts with the adaptive
energy grid. As shown in the figure, oscillatory features emerge in
the spectrum on the entire energy regime for the case with the base
grid (which is due to the Poisson noise). In contrast, those features
are smeared out in the case with the adaptive grid. We confirm that
this treatment stabilizes the spectral retrieval by the SVD algorithm;
indeed, the retrieved energy spectrum of neutrinos becomes smooth
consequently.

We make a remark on a single-peak condition in the procedure,
since the real observation may have multiple peaks in the spectrum.
In this case, energy bins would be combined excessively and it is
inevitable to miss catching multiple peaks. We note, however, that
the obtained spectrum is still informative to study neutrino signals
(since we do not change the raw observed data), and it will be possible
to judge whether the multiple peaks in the spectrum are real signal
or emerging due to statistical noises. If the peaks are recognized

18We pick up the spectra from the demonstration which we present in
Section 4.
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Figure 1. Energy spectrum of time-integrated event counts on the base grid
(black) and adaptive (red) one. The corresponding reaction channel is eES
with vys. We select a 3D 19-Mg model in our CCSN simulations and the
neutrino signal is computed under the assumption of normal-mass hierarchy
with adiabatic MSW effect. See the text for more details.

as signals,' we can redo the same analysis with decomposing the
energy grid at the corresponding region in the spectrum. Although
it can be automated in our analysis pipeline, it is much beyond the
scope of this paper.

In accordance with the change of the energy grid, the matrix
equation (equation 11) needs to be modified. To do this, we define
a mapping function G, which connects to the index of the bin in the
base grid to that for the adaptive one,

I =G(i), (13)

where i (lowercase) and / (uppercase) denote the index of bin for
the base grid and that for the adaptive one, respectively. We then
determine a response matrix S for the adaptive grid as

Sy = Zaij ‘SG(i).I 56(,‘).17 (14)
ij
where s;; and § denote the matrix elements of S and the Kronecker

delta, respectively. Similarly, the elements of the source- and nor-
malized vectors can be obtained as

dr =Y b Sca. (15)
hy = ZCi 5G(i),l- (16)

Since there are no zero components in &z, we can apply it to normalize
the matrix equation. The normalized matrix S and the vector d can
be written as

~ S1y
= —, 17

Sty h (17)
~ d;
dy = —, 18

s (18)
and the matrix equation can be rewritten as
Sy=d, (19)

19This determination hinges on the confidence level of the analysis.
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wherey represents the energy distribution of neutrinos on the adaptive
energy grid. We apply the SVD method to equation (19) and then
obtain y.

Finally, we make a few remarks. As mentioned already, the
adaptive energy grid varies with the reaction channel, which is not
a convenient property for joint analysis among different detectors.
Hence, we compute x of each reaction channel by linearly interpo-
lating the logarithm of y. Another remark is that we find a large
error in the spectrum at the low-energy regime (< 6 MeV) regardless
of reaction channel, which is mainly due to the low sensitivity of
detectors (energy threshold) and large Poisson noise. Since we are
not interested in such a low-energy region in our method, we take an
ad hoc prescription to suppress large errors. In the energy region with
< 6 MeV, we modify the spectrum by interpolating linearly from x
at 6 MeV. Although this is a crude prescription, we confirm that it
does not compromise the accuracy of our analysis, since the typical
energy of CCSN neutrinos is higher than 10 MeV.

4 DEMONSTRATION

4.1 CCSN model

We test the capability of our method by demonstrating the retrieval
of neutrino energy spectra. We employ theoretical neutrino data
of a 19-Mg 3D CCSN model?® simulated by a neutrino-radiation
hydrodynamic code, FORNAX (Skinner et al. 2019), in which essential
input physics of CCSN is incorporated. The neutrino transport is
solved with multigroup two-moment method, in which the effects of
fluid-velocity and gravitational redshift in neutrino transport are ap-
proximately handled. The details of the fluid dynamics and neutrino
emissions are discussed in Nagakura et al. (2019a,2020b), Vartanyan,
Burrows & Radice (2019), and Burrows et al. (2020). In the post-
bounce evolution, the model goes through a stalled accretion shock
phase and then transits into a phase of runaway shock expansion at
~400 ms after the core bounce. Since there are no artifices in the
explosive dynamics, the essential characteristics of fluid dynamics
and the neutrino signal of CCSN would be captured adequately.

We note that the neutrino data of our CCSN models are publicly
available.”! In this demonstration, we use the time-integrated energy
spectra of neutrinos at the end of the simulation (871 ms after the
bounce), i.e. our CCSN model covers only the accretion phase of
CCSN but does not include PNS cooling phase. This indicates that
the total neutrino energy (TONE) in our model is roughly four times
smaller than the actual total energy of neutrinos from CCSN. It
implies that our method is capable of retrieving energy spectra of
neutrinos with the same accuracy at approximately two times greater
distance. In the following demonstrations, the corrected distance will
be also displayed as a reference.

In this paper, we focus only on two simplified cases of neutrino
oscillation models, which are adiabatic MSW models in normal- and
inverted-mass hierarchy. Given the neutrino oscillation model, we
compute the energy spectra of event counts in each reaction channel;
IBD-p at HK, CCAre at DUNE, and eES (flavour-integrated) at HK,
which are displayed in Fig. 2. The source distance is assumed to be
3 kpc.?? The smearing effects due to detector responses are taken
into account in the plots. Given the event counts, Poisson noise are

20See Nagakura et al. (2020a) for the progenitor dependence.

21See https://www.astro.princeton.edu/~burrows/.

22We note again that our CCSN model only covers the accretion phase,
indicating that including also the cooling could allow similar up to approx-
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Figure 2. Energy spectrum of event counts in each reaction channel for our
CCSN model; from the top to bottom, IBD-p at HK, CCAre at DUNE, and
eES (flavour-integrated counts) at HK. The line type represents the neutrino
oscillation model. In the spectrum, smearing effects due to detector responses
are included, meanwhile Poisson noise will be added later (see the text for
details). The distance to the CCSN source is assumed to be 3 kpc, indicating
that the corrected distance is 6 kpc.

computed and then added to the spectrum in each realization. In this

study, 1000 Poisson noise realizations are performed, and we discuss
the capability of our method with ~20 confidence level.

imately double the distance, i.e. the corrected distance is 6 kpc (displayed
with parentheses in the figure).

MNRAS 500, 319-332 (2021)

4.2 Retrieving energy spectrum of neutrinos

Figs 3 and 4 display retrieved spectrum of v, flux (fluence) at
DUNE and that of 7. at HK, respectively. These are obtained by
applying the SVD method (see Section 3.3) to the data of CCAre
at DUNE and IBD-p at HK, respectively. We find that there are
relatively large errors around 10 MeV. This is mainly due to a
systematic error of detector response. As a common property among
all reaction channels, they are less sensitive to low-energy neutrinos,
indicating that small noises in event counts yield large errors in
the retrieved spectrum.?® The error is, however, less than 20 and
10 per cent for ve and ¥, fluxes, respectively, indicating that the
retrieved energy spectra agree reasonably well with the solution of the
spectrum.

Fig. 5 displays retrieved energy spectra of v, (top panels) and
v, (bottom panels) at HK. As described in Section 3.2, we apply
the SVD method to the data of eES events to retrieve v, (v,) for
the case of normal- (inverted-) mass hierarchy. Since the data of
eES with heavy leptonic neutrinos is very noisy, they are retrieved
with lower accuracy than those of v. and . (see Section 3.2 for
more details). On the other hand, the spectrum of ¥, (v,) in the case
of normal- (inverted-) mass hierarchy is retrieved from algebraic
relations of equation (7) (equation 6), indicating that its precision
is mainly determined with the data of CCAre of DUNE and IBD-p
of HK; hence, the resultant spectrum has the similar precision with
those of v, and ve.

Fig. 6 corresponds to the final goal in our method, i.e. it portrays
the retrieved energy spectrum for all falvours of neutrinos at the
CCSN source. In the case with normal-mass hierarchy, the survival
probability, p, is nearly zero, indicating that ve spectrum retrieved
from CCAre at DUNE is mainly responsible for high-precision v,
spectrum at the CCSN source (see Section 3.1 for more details). This
also indicates that ¥, spectrum at the source is retrieved precisely.
It allows us to reconstruct 7, at the CCSN source by using the v,
spectrum retrieved from IBD-p at HK, which is also done with a
high precision. The large error found in v. energy spectrum at the
CCSN source is directly associated with that of v, at HK (see the
top and left panels in Fig. 5), which is mainly retrieved from the eES
channel with v,. For the case with inverted-mass hierarchy (right
panels), the 7. spectrum retrieved from IBD-p at HK provides the
high-precision spectrum for 7, (=v,) at the CCSN source. The v,
energy spectrum at the CCSN source is also retrieved precisely by
virtue of high precision of v, spectrum at DUNE and v, spectrum
at the CCSN source. The large error in 7, energy spectrum at the
CCSN source is mainly due to the low precision of ¥, spectrum
retrieved by eES channel with 7, at HK. These trends which we find
in this demonstration is consistent with our expectation described in
Section 3.

As a reference, we make two more demonstrations; one of them
is that we change the source distance from 3 to 1 kpc. The results
are displayed as red shaded regions in Fig. 7. We find that the error
in v, (V) energy spectrum for the case of normal- (inverted-) mass
hierarchy under the HK detector configuration becomes substantially
smaller than those in Fig. 6. This is simply due to the reduction
of Poisson noise in eES events at HK by virtue of the shorter
distance to the CCSN source. On the other hand, we do not find any
substantial improvements to retrieve energy spectra for other species
of neutrinos, indicating that systematic errors seem to be dominated

BAs pointed out in Section 3.2, we, hence, replace the retrieved spectrum at
very low energy region (<6 MeV) to that interpolated from the value at 6
MeV.
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Figure 3. Energy spectrum of v, flux (fluence) at DUNE, which are retrieved by applying the SVD technique to the observed data by CCAre reaction channel.
The black line corresponds to the original (true) spectrum, while the red shaded region corresponds to the retrieved spectrum with 20 confidence level. The
source distance is assumed to be 3 kpc (the corrected one is 6 kpc). The left- and right panels show the result with the case of normal- and inverted-mass

hierarchy, respectively.
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Figure 4. The same as Fig. 3 but for v, retrieved from observed data of IBD-p channel at HK.

for them. However, the error in the spectrum is within a few per
cent in the energy range of < 30 MeV, which would be sufficient
to analyse neutrino signals from CCSN. It should be also noted that
there are other ingredients to cause systematic errors; for instance,
the uncertainty in the cross-sections of each reaction channel. Indeed,
the cross-section of CCAre is poorly determined in the low-energy
neutrinos, and the uncertainty could be one of the major uncertainties
in the retrieved spectrum. As such, the further improvements of our
method needs to be done with removing these uncertainties. In Fig. 7,
we display the result of another demonstration; we use a detector
configuration of SK instead of that of HK (see blue shaded regions
in the figure). We confirm that the spectrum retrieval for all flavours

of neutrinos are possible with SK and DUNE, if the CCSN source is
very nearby, < 1(2) kpc.

Finally, we show the retrieved average energy and total energy
for each flavour of neutrino in Fig. 8. The precision of the retrieval
to each quantity can be understood through that found in retrieved
energy spectrum as discussed above. Importantly, either v, or v, has
relatively large errors in these quantities, meanwhile those of the
rest of the species are determined precisely (even in the case with
the SK configuration). These characteristics lead us to an important
conclusion that we can estimate the total neutrino energy (TONE)
precisely (see also Nagakura et al. 2020a). We also find that our
method may be capable of investigating the hierarchy of average

MNRAS 500, 319-332 (2021)
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Figure 5. The same as Fig. 4 but for vy (top panels) and 7, (bottom panels) at HK.

energy of CCSN neutrinos if the source distance is less than 1(2)
kpc and HK detector is available (see the middle and left panels in
Fig. 8), although it hinges on neutrino oscillation models.

5 SUMMARY AND CONCLUSION

In this paper, we present a new method of retrieving energy spectra
for all flavours of neutrinos by using data with multiple detectors. In
our method, we employ data of IBD-p and eES reaction channels at a
water Cherenkov detector such as SK and HK, and CCAre of DUNE.
At each detector, we retrieve the energy spectrum of neutrinos by
using the newly developed SVD unfolding algorithm with adaptive
energy-gridding technique. Given the neutrino flavour conversions,
we iteratively search the energy spectra of v., ¥, and v, at the
CCSN source, which provides consistent spectrum of event counts on
each reaction channel. Although it belongs to the multivariable root-
finding problem, the fixed-point iteration method works quite well
by virtue of the appropriate selection of a trial variable. During the

MNRAS 500, 319-332 (2021)

iteration, we need v, and 7, eES events at SK or HK, which is possible
by subtracting contributions of other neutrinos from the total eES
events. The v, spectrum retrieved at DUNE plays an important role
to make the subtraction precisely, indicating that the joint analysis
with data of multiple detectors is highly valuable. In Section 4, we
show the capability of our proposed method by applying it to one
of theoretical models of CCSN neutrinos provided by our recent 3D
CCSN simulations. The retrieved energy spectrum of all flavours of
neutrinos agrees reasonably well with a solution of each spectrum,
lending confidence to our method. We also note that our method is
capable of yielding useful measurements of the spectra as a function
of time, although the demonstration is postponed to future work. The
time axis information will be helpful to extract physical information
on CCSN.

On the other hand, there is a relatively large error in the energy
spectrum of either v. (¥.) at the source in the case of normal-
(inverted-) mass hierarchy, which is directly associated with large
Poisson noise of eES events with v, or ¥,.. This is apparently the major
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Figure 6. The time-integrated energy spectrum for all flavours of neutrinos at the CCSN source retrieved by our method. From the top to bottom, ve, V., and
vy, respectively. The left- and right panels correspond to the case of normal- and inverted-mass hierarchy.

source of errors in our method, which should be improved in future.
One feasible way would be to use other reaction channels having
sensitive to heavy leptonic neutrinos; for instances, coherent elastic
neutrino scatterings in tonne-scale dark matter detectors potentially
improve the precision of spectrum retrieval (Lang et al. 2016); the
channels of neutral-current interactions are also another candidate

(see, e.g. Beacom et al. 2002; Li et al. 2019), although it will
improve only in the energy range above ~20 MeV, indicating that the
relatively large error at ~10 MeV may not be substantially improved.
We currently study how we can effectively combine the data of more
than three independent reaction channels to improve the precision of
the spectrum retrieval.

MNRAS 500, 319-332 (2021)
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Figure 7. The same as Fig. 6 but the distance to the CCSN source is assumed to be 1(2) kpc. For the blue colour, we employ EOD of IBD-p and eES on SK

instead of those on HK.

Last but not least, it is important to test the capability of our
method under more complicated neutrino oscillation models. As
pointed out in Abbar et al. (2019, 2020), Nagakura et al. (2019b),
Morinaga et al. (2020), Delfan Azari et al. (2020), and Glas et al.
(2020), the fast pair-wise neutrino flavour conversion, one of the
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collective neutrino oscillation models, would commonly occur in the
post-bounce phase of CCSNe. We also note that the Earth matter
effect should be incorporated in real observations if we analyse data
of multiple detectors (see, e.g. Lunardini & Smirnov 2001). These
tests are currently underway and will be published elsewhere.
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Figure 8. The retrieved average energy (left panels) and total energy (right panels) for each flavour of neutrino. Purple and green denote the case of normal-
and inverted-mass hierarchy, respectively. The open circles correspond to the answer (i.e. results from our CCSN simulations), and the error bar corresponds to
20 confidence level. In the top panels, we show the result in the case with employing HK and the distance to the source is assumed to be 3(6) kpc. In the middle
ones, we change the distance to 1(2) kpc. In the bottom panels, we change the detector configuration of HK to that of SK in the demonstration and the source

distance is assumed to be 1(2) kpc.
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