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SK-Gdにおける超新星ニュートリノ観測
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現在

50 億年前

100 億年前

138 億年前ビッグバン

過去の超新星爆発からの
ニュートリノを観測

超新星背景ニュートリノ 
Diffuse Supernova Neutrino Background 

(Supernova Relic Neutrino)

Pre-Supernova Neutrinos – an even earlier 
warning?

• Neutrino emission is rapidly 
increasing before core collapse
• Lower energies, lower rates
• Could conceivably be detected 

for a very nearby star

->Extra early warning
->Probe late stellar fusion and SN 
progenitor evolution

19/12/2018 Charles Simpson - NuPhys 2018 39

Figure from Odrzywolek & Heger, 2010

超新星爆発ニュートリノ 
Supernova Burst Neutrino

超新星前兆ニュートリノ 
Supernova Precursor  
(Si-burning neutrino)



超新星背景ニュートリノ
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超新星背景ニュートリノ
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• 過去の超新星爆発で作られ、現在の宇宙に蓄積し
ていると考えられるニュートリノ


• 爆発が起こった時期によって赤方偏移したスペク
トルの重ね合わせ


• 多くの物理モデルが存在


• 星形成の歴史


• 超新星爆発のメカニズム


• ニュートリノ自身の性質

Diffused Supernova Neutrino Backgrounds 
Supernova Relic Neutrino 

• Neutrinos produced from the 
SDVW�61�EXUVWV�DQG�GL⒐XVHG�LQ�
the current universe.
• ~ a few SN explosions every 

second ˢ O(1018) SNe so far in 
this universe

• Can study history of SN bursts 
with neutrinos

62020.6.3 ugap2020 

宇宙のどこかで、毎秒数個の超新星爆発が起こっている
これまでの宇宙の歴史ではO(1018)回の爆発があったはず
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Figure 2. (a) SRN flux in units of f∗ cm−2 s−1 MeV−1 calculated with three
reference models of original neutrino spectrum: LL, TBP and KRJ. The flux
of atmospheric neutrinos [66, 67] is also shown for comparison. (b) The same as
(a), but indicating contribution from various redshift ranges. LL is adopted as the
supernova model. These figures are taken from [17].

the distant detector is

dNν̄e

dEν̄e

= |Ue1|2
dNν̄1

dEν̄1

+ |Ue2|2
dNν̄2
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= |Ue1|2
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ν̄e

dEν̄e

+ (1 − |Ue1|2)
dN0

νx

dEνx

, (7)

where the quantities with superscript 0 represent those at production, Uαi is the mixing matrix
element between the α-flavour state and ith mass eigenstate, and observationally |Ue1|2 = 0.7.
In other words, 70% of the original ν̄e survives; on the other hand, the remaining 30% comes
from the other component νx. Therefore, both the original ν̄e and νx spectra are necessary for the
estimation of the SRN flux and spectrum; since the original νx spectrum is generally harder than
that of the original ν̄e, as shown in table 1, the flavour mixing is expected to harden the detected
SRN spectrum.

3. Flux and event rate of SRNs

3.1. Flux of SRNs

The SRN flux can be calculated by equation (3) with our reference models given in section 2.
Figure 2(a) shows the SRN flux as a function of neutrino energy for the three supernova models,
LL, TBP and KRJ. The flux of atmospheric ν̄e, which becomes a background event for SRN
detection, is shown in the same figure [66, 67]. The SRN flux peaks at !5 MeV, and around this
peak, the TBP model gives the largest SRN flux because the average energy of the original ν̄e

is considerably smaller than in the other two models but the total released energy is assumed to
be the same. On the other hand, the model gives a smaller contribution at high-energy regions,
Eν > 10 MeV. In contrast, the high-energy tail of the SRN flux with the LL model extends

New Journal of Physics 6 (2004) 170 (http://www.njp.org/)

S.Ando et al., Astrophys.J.607:20-31,2004



超新星背景ニュートリノの信号
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Supernova Relic Neutrino

I The Supernova Relic Neutrinos (SRN) or
“Di↵use Supernova Neutrino Background”
are an expected background of ⌫ produced
by all the past supernovae.

I Theoretical flux prediction :
0.3 ⇠ 1.5 /cm2/s (17.3MeV threshold)

I Signal: Inverse � decay reaction:

⌫e

p

n

e+

I Large background rate is a↵ecting the
analysis

ICRR research Joint meeting, December 14th, 2019 7/18 pronost@km.icrr.u-tokyo.ac.jp

非常に稀な信号: a few interactions / year / SK

JPS Autumn meeting, September 14th 2021 2/10 pronost@km.icrr.u-tokyo.ac.jp

Super-Kamiokande and Supernova
▶ In case of supernova (SN) a burst of neutrinos is 

produced and may be detected on Earth if the 
supernova is close enough (<~100 kpc for SK).

▶ Super-Kamiokande (SK) collaboration is getting 
ready and looks forward this rare event

▶ In water cherenkov detectors like SK, the main 
interactions from SN neutrinos are: Inverse Beta 
Decay (IBD) ~90%, and Electron Scattering (ES) 
~5%, (+ 16O interactions ~5%)

2/10

• 宇宙線による核破砕事象のカット 

• 陽電子選別: チェレンコフリングの「電子らしさ」 

• 中性子タグ

• 信号事象: 逆ベータ崩壊 (Inverse Beta Decay) 
( )ν̄e + p → e+ + n

イベント選択



8Background: Spallation Products

µ

n

π

16O

• Cosmic-ray muon spallation  
• ~2 Hz cosmic-ray muons at SK.  
• Radioactive isotopes are produced by muons, some of which decay into β/γ(+n).   
• Estimated with data-driven method.  

• Spallation 9Li  
• Most annoying background in the analysis.  
• Up to Erec ~ 14 MeV

β or γ only 
β+n

Spallation: hunting for correlations

Pair each candidate event with muons up to 30 s before
Investigate correlations using a likelihood analysis

Observables Extracting distributions

�t, Lt, Ll: distance and time di�erence
resQ: charge deposited by the muon in addition
to minimum ionization

Final performance: > 90% background rejection
40-90% signal e�ciency (depending on reconstructed energy)

7 / 15

核破砕事象の削減
• スーパーカミオカンデ: 約2 Hzで宇宙線が検出器内を通過


• 核破砕(spallation)反応により、バックグラウンドとなるベータ
崩壊核種を作る


• 10 MeV付近では一番「ありふれた」イベント


• 中性子を伴わない崩壊をする核種 (>99%)


➡ミューオンとの相関と中性子タグの合わせ技で落とす


• 中性子を伴う崩壊をする核種 (9Liなど, < 1%)


➡ミューオンとの相関で落とすしかない


• 実際のデータを元に、ミューオンとの距離・時間差・シャワー
の情報などを用いたカットを開発


• 核破砕事象の除去率: > 90%


• Signal efficiency: 50-90% (エネルギーによる)
6



純水中での中性子検出
• スーパーカミオカンデ(純水中)での中性子の信号：


• 中性子の水素原子核による吸収: 



• 平均7PMTヒット (11,000本中)


• 環境放射線等のノイズに埋もれている


• ~9 MeV以上のイベントがあった場合、その後約500 
usの間の全てのヒットを記録


• 機械学習を使った、中性子選択アルゴリズムを開発


• 18-30%の信号検出効率と0.2-3%の誤検出率を達成

n + H → D + γ(2.2 MeV)

7

CHAPTER 6. NEUTRON TAGGING

Figure 6.3: Example of raw PMT hit time distribution of a ν event (MC) which
has two true neutron captures on hydrogen nucleus. The red and blue correspond
the PMT hits simulated in MC and extracted from dummy spill data, respectively.
In the red histogram, spikes around +190µs and +250µs are due the two neutron
captures.

• If time difference is shorter than 3µs, then the two hits used for the calculation
of the time difference are identified as the time correlated hits, and thus both
hits are removed.

The width of 3µs was determined empirically, because this cut removes the hits
originating from 2.2MeV γ rays as well as noise hits. In the primary selection, this
cut results in about 60% reduction of background events while keeping ∼90% of
2.2MeV γ events compared to the case of the absence of this cut. After this noise
hits reduction, the primary selection moves to the next step, in which clusters of
PMT hits in time are searched for.

As a Compton scattered electron produced by 2.2MeV γ ray can be treated as a
point source of Cherenkov photons, PMT hits associated with the γ ray are ideally
well clustered in time. However this is not the case in practice, because distance
of light traveled from the emission point to hit PMT position is different among
these hits. In order to make these hits clustered in time, subtraction of time-of-flight
(TOF) need to be done for each individual hit. Although the TOF calculation from
neutron capture position is an ideal way for this purpose, in reality this is impossible,
because the capture position is unknown. The TOF is computed from ν interaction
vertex reconstructed by fiTQun which was mentioned in Section 5.3. As shown in
Figure 6.5, most of the neutrons are captured within 2m away from the ν interaction
vertex. In addition, the vertex resolution of fiTQun is good enough in comparison
to the 2m scale as was shown in Figure 5.6. The use of the fiTQun vertex as an
alternative of neutron capture vertex is therefore a good approximation.

94

From R. Akutsu Ph. D Thesis

信号事象のシミュレーション 
雑音事象（実データ）

Preliminary

AmBe 中性子線源のデータ



SK-IV(純水) での探索結果
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the associated systematic uncertainties using T2K measurements from Ref. [6]. Conversely, non-
NCQE backgrounds, mainly composed of electrons from invisible muon and pion decays, are
evaluated using the 29.5�79.5 MeV region as a sideband. Finally, we evaluate the uncertainty on
the 9Li rate using samples of muons and DSNB candidate events, reweighted to account for the
9Li half-life. NCQE and 9Li backgrounds are the leading source of systematic uncertainty in this
analysis, with uncertainties of around 60%. Since accidental backgrounds can be directly estimated
from data, however, the total systematic uncertainty in the analysis window ranges from 10 to 20%.

The observed and predicted background spectra after the di�erent reduction steps are shown in
figure 2, as well as an example of a DSNB spectrum, using the 6 MeV blackbody emission model
described in Ref. [4]. This figure also shows the corresponding expected and observed 90% C.L.
upper limits on the DSNB flux as a function of energy. These limits are the world’s most sensitive
over the whole analysis range.
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Figure 2: Left: Reconstructed energy spectra after data reduction for the background expectation and
observation including the signal window and the side-band region. The shaded bars represent the systematic
uncertainties. The red dashed line represents a DSNB signal expectation from the Horiuchi+09 model [4]
shown only for the signal window. Right: upper limits on the extraterrestrial electron antineutrino flux from
the present work, in comparison with previous published results from SK [1, 2] and KamLAND [7] and
theoretical predictions from Refs [2, 8–13] (in gray).

5. Spectral fitting

For this search, we fit the energy spectra of the DSNB signal and of the atmosheric backgrounds
in the 15.5�79.5 MeV energy range. This analysis is based on the search performed in Ref. [2], which
constrained atmospheric backgrounds using sidebands for events with low and high Cherenkov
angles. Here, in addition to these sidebands, we exploit the neutron tagging capabilities of SK-IV
by defining separate regions for events with exactly one neutron and for events with zero or >1
neutron and energies larger than 19.5 MeV. Our final analysis thus considers 6 di�erent regions:
two signal regions and four sidebands.

Following the strategy described in Ref. [2], we consider four categories of atmospheric
backgrounds, with distinct spectral shapes. First, electrons from invisible muon and pion decays

5

SK-IV Preliminary



バックグラウンド: 大気ニュートリノCC反応
• ミューオンがチェレンコ
フ閾値以下で見えず崩壊
電子のみが観測される


• エネルギー分布はよく知
られたMichael spectrum
になる
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the associated systematic uncertainties using T2K measurements from Ref. [6]. Conversely, non-
NCQE backgrounds, mainly composed of electrons from invisible muon and pion decays, are
evaluated using the 29.5�79.5 MeV region as a sideband. Finally, we evaluate the uncertainty on
the 9Li rate using samples of muons and DSNB candidate events, reweighted to account for the
9Li half-life. NCQE and 9Li backgrounds are the leading source of systematic uncertainty in this
analysis, with uncertainties of around 60%. Since accidental backgrounds can be directly estimated
from data, however, the total systematic uncertainty in the analysis window ranges from 10 to 20%.

The observed and predicted background spectra after the di�erent reduction steps are shown in
figure 2, as well as an example of a DSNB spectrum, using the 6 MeV blackbody emission model
described in Ref. [4]. This figure also shows the corresponding expected and observed 90% C.L.
upper limits on the DSNB flux as a function of energy. These limits are the world’s most sensitive
over the whole analysis range.

 [MeV]recE
10 20 30 40 50 60 70

Ev
en

ts
/2

-M
eV

1

10

SK-IV Data
 (non-NCQE)νAtmospheric-

 (NCQE)νAtmospheric-
Li9Spallation 

νReactor-

Accidental coincidence
DSNB (Horiuchi+09 6-MeV, Maximum)

 Energy [MeV]eν

10 15 20 25 30

/s
ec

./M
eV

]
2

 F
lu

x 
Up

pe
r L

im
it 

[/c
m

eν

1−10

1

10

210

SK-IV 2970 days, Observed 90% C.L. (This work)

SK-IV 2970 days, Expected 90% C.L. (This work)

SK-IV 960 days (Astropart Phys 60, 41, 2015)

SK-I/II/III 2853 days (Phys Rev D  85, 052007, 2012)

KamLAND 2343 days (Astrophys J 745, 2012)

DSNB Theoretical Predictions

Figure 2: Left: Reconstructed energy spectra after data reduction for the background expectation and
observation including the signal window and the side-band region. The shaded bars represent the systematic
uncertainties. The red dashed line represents a DSNB signal expectation from the Horiuchi+09 model [4]
shown only for the signal window. Right: upper limits on the extraterrestrial electron antineutrino flux from
the present work, in comparison with previous published results from SK [1, 2] and KamLAND [7] and
theoretical predictions from Refs [2, 8–13] (in gray).

5. Spectral fitting

For this search, we fit the energy spectra of the DSNB signal and of the atmosheric backgrounds
in the 15.5�79.5 MeV energy range. This analysis is based on the search performed in Ref. [2], which
constrained atmospheric backgrounds using sidebands for events with low and high Cherenkov
angles. Here, in addition to these sidebands, we exploit the neutron tagging capabilities of SK-IV
by defining separate regions for events with exactly one neutron and for events with zero or >1
neutron and energies larger than 19.5 MeV. Our final analysis thus considers 6 di�erent regions:
two signal regions and four sidebands.

Following the strategy described in Ref. [2], we consider four categories of atmospheric
backgrounds, with distinct spectral shapes. First, electrons from invisible muon and pion decays
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• 50 MeV以上の主要な成分


• DSNB領域の寄与は小さい

これらのバックグラウンドを 
30 MeV以上のイベントを用いて制限 
系統誤差: ~20%

SK-IV Preliminary



バックグラウンド: 大気ニュートリノNC反応

• 反応数やスペクトルに大きな不定性
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the associated systematic uncertainties using T2K measurements from Ref. [6]. Conversely, non-
NCQE backgrounds, mainly composed of electrons from invisible muon and pion decays, are
evaluated using the 29.5�79.5 MeV region as a sideband. Finally, we evaluate the uncertainty on
the 9Li rate using samples of muons and DSNB candidate events, reweighted to account for the
9Li half-life. NCQE and 9Li backgrounds are the leading source of systematic uncertainty in this
analysis, with uncertainties of around 60%. Since accidental backgrounds can be directly estimated
from data, however, the total systematic uncertainty in the analysis window ranges from 10 to 20%.

The observed and predicted background spectra after the di�erent reduction steps are shown in
figure 2, as well as an example of a DSNB spectrum, using the 6 MeV blackbody emission model
described in Ref. [4]. This figure also shows the corresponding expected and observed 90% C.L.
upper limits on the DSNB flux as a function of energy. These limits are the world’s most sensitive
over the whole analysis range.
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Figure 2: Left: Reconstructed energy spectra after data reduction for the background expectation and
observation including the signal window and the side-band region. The shaded bars represent the systematic
uncertainties. The red dashed line represents a DSNB signal expectation from the Horiuchi+09 model [4]
shown only for the signal window. Right: upper limits on the extraterrestrial electron antineutrino flux from
the present work, in comparison with previous published results from SK [1, 2] and KamLAND [7] and
theoretical predictions from Refs [2, 8–13] (in gray).

5. Spectral fitting

For this search, we fit the energy spectra of the DSNB signal and of the atmosheric backgrounds
in the 15.5�79.5 MeV energy range. This analysis is based on the search performed in Ref. [2], which
constrained atmospheric backgrounds using sidebands for events with low and high Cherenkov
angles. Here, in addition to these sidebands, we exploit the neutron tagging capabilities of SK-IV
by defining separate regions for events with exactly one neutron and for events with zero or >1
neutron and energies larger than 19.5 MeV. Our final analysis thus considers 6 di�erent regions:
two signal regions and four sidebands.

Following the strategy described in Ref. [2], we consider four categories of atmospheric
backgrounds, with distinct spectral shapes. First, electrons from invisible muon and pion decays
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NC(QE)

不定性の要素: 
（大気ニュートリノフラックス） 
　　X（NCQE 反応断面積） 
　　　X (中性子生成数） 
　　　　X (中性子検出効率）

T2K実験の測定から制限

T2K実験のCC測定から評価
AmBe中性子線源を用いた

測定結果から評価

系統誤差: 60-80% (エネルギーに依存)
これを理解して削減することが今後の最大の課題 

詳しくは次の小汐さんの講演で

SK-IV Preliminary



バックグラウンド: AccidentalとSpallation
• Accidental: 

• 主に(中性子を伴わない) 核破砕
事象 + fake neutron


• Spallation 9Li: 

• Beta + n崩壊をするので信号と
トポロジーが同じ


• Spallation cutのみが武器
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the associated systematic uncertainties using T2K measurements from Ref. [6]. Conversely, non-
NCQE backgrounds, mainly composed of electrons from invisible muon and pion decays, are
evaluated using the 29.5�79.5 MeV region as a sideband. Finally, we evaluate the uncertainty on
the 9Li rate using samples of muons and DSNB candidate events, reweighted to account for the
9Li half-life. NCQE and 9Li backgrounds are the leading source of systematic uncertainty in this
analysis, with uncertainties of around 60%. Since accidental backgrounds can be directly estimated
from data, however, the total systematic uncertainty in the analysis window ranges from 10 to 20%.

The observed and predicted background spectra after the di�erent reduction steps are shown in
figure 2, as well as an example of a DSNB spectrum, using the 6 MeV blackbody emission model
described in Ref. [4]. This figure also shows the corresponding expected and observed 90% C.L.
upper limits on the DSNB flux as a function of energy. These limits are the world’s most sensitive
over the whole analysis range.
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Figure 2: Left: Reconstructed energy spectra after data reduction for the background expectation and
observation including the signal window and the side-band region. The shaded bars represent the systematic
uncertainties. The red dashed line represents a DSNB signal expectation from the Horiuchi+09 model [4]
shown only for the signal window. Right: upper limits on the extraterrestrial electron antineutrino flux from
the present work, in comparison with previous published results from SK [1, 2] and KamLAND [7] and
theoretical predictions from Refs [2, 8–13] (in gray).

5. Spectral fitting

For this search, we fit the energy spectra of the DSNB signal and of the atmosheric backgrounds
in the 15.5�79.5 MeV energy range. This analysis is based on the search performed in Ref. [2], which
constrained atmospheric backgrounds using sidebands for events with low and high Cherenkov
angles. Here, in addition to these sidebands, we exploit the neutron tagging capabilities of SK-IV
by defining separate regions for events with exactly one neutron and for events with zero or >1
neutron and energies larger than 19.5 MeV. Our final analysis thus considers 6 di�erent regions:
two signal regions and four sidebands.

Following the strategy described in Ref. [2], we consider four categories of atmospheric
backgrounds, with distinct spectral shapes. First, electrons from invisible muon and pion decays

5

いずれもSpallation cutと中性子検出条件を
厳しく設定することで減らすことができるが 
信号事象の検出効率とのトレードオフ
→エネルギー毎にカット条件を最適化

SK-IV Preliminary



Model-
independent limit 

• Eν > 13 MeVで最も強い制限


• いくつかのモデルに既に感度が
到達
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the associated systematic uncertainties using T2K measurements from Ref. [6]. Conversely, non-
NCQE backgrounds, mainly composed of electrons from invisible muon and pion decays, are
evaluated using the 29.5�79.5 MeV region as a sideband. Finally, we evaluate the uncertainty on
the 9Li rate using samples of muons and DSNB candidate events, reweighted to account for the
9Li half-life. NCQE and 9Li backgrounds are the leading source of systematic uncertainty in this
analysis, with uncertainties of around 60%. Since accidental backgrounds can be directly estimated
from data, however, the total systematic uncertainty in the analysis window ranges from 10 to 20%.

The observed and predicted background spectra after the di�erent reduction steps are shown in
figure 2, as well as an example of a DSNB spectrum, using the 6 MeV blackbody emission model
described in Ref. [4]. This figure also shows the corresponding expected and observed 90% C.L.
upper limits on the DSNB flux as a function of energy. These limits are the world’s most sensitive
over the whole analysis range.
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Figure 2: Left: Reconstructed energy spectra after data reduction for the background expectation and
observation including the signal window and the side-band region. The shaded bars represent the systematic
uncertainties. The red dashed line represents a DSNB signal expectation from the Horiuchi+09 model [4]
shown only for the signal window. Right: upper limits on the extraterrestrial electron antineutrino flux from
the present work, in comparison with previous published results from SK [1, 2] and KamLAND [7] and
theoretical predictions from Refs [2, 8–13] (in gray).

5. Spectral fitting

For this search, we fit the energy spectra of the DSNB signal and of the atmosheric backgrounds
in the 15.5�79.5 MeV energy range. This analysis is based on the search performed in Ref. [2], which
constrained atmospheric backgrounds using sidebands for events with low and high Cherenkov
angles. Here, in addition to these sidebands, we exploit the neutron tagging capabilities of SK-IV
by defining separate regions for events with exactly one neutron and for events with zero or >1
neutron and energies larger than 19.5 MeV. Our final analysis thus considers 6 di�erent regions:
two signal regions and four sidebands.

Following the strategy described in Ref. [2], we consider four categories of atmospheric
backgrounds, with distinct spectral shapes. First, electrons from invisible muon and pion decays

5

KamLAND(2021)のデータ点は入っていません。すみません。

Preliminary
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Figure 3: Observation and best-fit signal and background predictions for the spectral analysis at Super-
Kamiokande IV. Top: events with zero or > 1 tagged neutron(s). Bottom: events with exactly one tagged
neutron. From left to right: low, medium, and high Cherenkov angle region. The DSNB model assumed
here is the 6 MeV blackbody model from Ref. [4].
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Spectrum 
analysis

• モデル毎にエネルギース
ペクトルをフィットし超
新星背景ニュートリノの
フラックスを検証


• チェレンコフ光のリング
パターンを用いて分離し
たside-band領域を同時
にフィット
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Spectrum fit による制限

• 90% CL sensitivityは複数のモデル予想よ
り下に到達


• バックグラウンドに対し観測数が約1σ多く
Sensitivityに比べ、リミットは悪くなって
いる


• 今後、SK-Gdの観測で大半のモデルが検証
可能に


• 超新星背景ニュートリノの世界初観測を目
指す
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Figure 4: Left: 90% confidence limits on the DSNB flux, best-fit fluxes, and sensitivities for the combined
SK analysis for a range of DSNB models [2, 8–13]. Also shown are the limits from the previous analysis
from Ref. [1] and the predicted fluxes for each model. For the models considered in both analyses the limits
improve by up to 20%. Right: Two-dimensional confidence contours on the total supernova a4 energy and
the e�ective neutrino temperature for the blackbody emission models described in Ref. [2]. To guide the
eye, we also show the one-dimensional confidence limit for individual models, and the regions allowed for
SN1987A [14].
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SK-Gd 開始 (2020 - )

• 2020年、0.011%のGdを導入


• 2022年0.03%程度まで追加導入予定 


• Gdに中性子捕獲反応からの合計~8MeVのγ線を捉える


• 環境放射線との分離がはるかに容易に


• 中性子の検出効率が飛躍的に向上
15

SK-Gd Project
Physic targets
• Precursor of nearby supernova by Si-burning neutrinos
• Improve pointing accuracy for galactic supernova
• First observation of Supernova Relic Neutrinos
• Others

• Reduce proton decay background
• Neutrino/anti-neutrino discrimination                    

(For T2K and atmospheric nubs analyses)
• Reactor neutrinos

2020.6.3 ugap2020 
4

Gd による中性子捕獲事象の選別条件 7

• 50 ns 以内に光を検出した PMT の数 N50
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• N50 が小さい領域での事象数の超過 (データ) 
→ 主に環境放射線によるバックグラウンド 
• データと MC の比較から選別条件を決定.
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• 事象発生点とミューオントラックの距離 Lt

Lt  500 cm<

事象発生点と μ トラックの距離 Lt (cm)

• Gd による中性子捕獲事象の発生点と 
ミューオントラックとの距離 Lt を事象選別に用いる. 
• 中性子捕獲はミューオントラック近傍で起こる 
と考えられる.

ミューオン起源の中性子捕獲事象が観測できている.

宇宙線核破砕により生じた中性子のヒット数



SK-Gdの展望 (1)

• 純水では、中性子を誤検出することによるAccidental coincidenceが無視できない量残っていた


• Gdにより、検出効率を高く保ったまま、Accidentalの大幅な削減が可能に (およそ1/10以下)
16

Super-Kamiokande

Super-Kamiokande (SK) is currently
the largest pure water Cherenkov
detector. It is located under a
1000 m mountain in the Kamioka
mine (Japan). It consists of an Outer
Detector (OD, muon veto), and an In-
ner Detector (ID). Its fiducial volume
is 22.5 kton.

SK’s inner detector contains 11146 photomultipliers (PMTs) with 3 ns time
resolution. A typical event in SK lasts at most 200 ns. SK has gone through
four phases of running. This analysis focuses on phase IV (2790 days).

Supernova relic neutrinos

Core-collapse supernovae emit about 1058 neutrinos that could provide unique
information about the behavior of the core of heavy stars. Since about 1
supernova/second occurs in the Universe neutrinos from distant supernovae
form a permanent, di↵use background. These Supernova Relic Neutrino (SRN)
flux carries unique information about the aggregate properties of core-collapse
supernovae as well as the history of the Universe:
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Flux predictions can vary over one order of magnitude depending on the
assumed supernova rate RSN and neutrino emission spectrum F⌫. For most
models, 5 to 20 evts/year are expected in Super-Kamiokande. The figure
below shows the fluxes associated to several representative models:

Measuring the SRNs would bring unique insight into supernova mechanisms,
and is the only way to measure the formation rate of stellar black holes.

SRN signal and main backgrounds

skflsdf

Inverse Beta Decay (IBD)

Positron: “prompt” signal
Neutron: captured by a proton
2.2 MeV � “delayed” signal

Three main categories of backgrounds at these energies:

oCosmic muon spallation: cosmic muons induce the production of
radioactive isotopes, that later undergo beta decays. Most decays do not
involve neutrons. One notable exception is 9Li, that undergoes � +n decay.

o Solar neutrinos: most of this background can be rejected using direc-
tional cuts. Again this background does not involve neutrons.

oAtmospheric neutrinos: neutral current (NC) interactions dominate
over 12 MeV and produce energetic �s with sometimes a neutron. Charged
current (CC) interactions mostly do not produce neutrons. The only
irreducible backgrounds are ⌫̄e, ⌫̄µ IBDs.

oReactor antineutrinos: irreducible background below 10 MeV

Supernova Relic Neutrinos in Super-Kamiokande IV

Sonia El Hedri1,⇤, with Y. Ashida2, A. Giampaolo1, L. Bernard1, and A. Co↵ani1, for the Super-Kamiokande Collaboration
1 LLR, École Polytechnique, 2 Kyoto University
⇤ presenting author elhedri@llr.in2p3.fr

Analysis strategy

Search energy range: 12 to 90 MeV

105 events in SK-IV after basic noise cuts. Less than 100 could be SRN.

Modeling:

Atmospheric ⌫ interactions are modeled using NEUT [4].
Detector simulation: SKDetSim (GEANT3) + noise injection (data).

ej

Identifying both the positron and the neutron

is essential in the SRN search.

Cut strategy:

1.Noise reduction: basic cuts (radioactivity, PMT flashers, ...)

2. Spallation cuts: exploit space and time correlations between spallation events
and cosmic muons. Remove > 90% of backgrounds.

3.Atmospheric reduction: remove pions and electrons from muon decays.
> 90% signal e�ciency, remove 20% of atmospheric background.

2.Neutron tagging: eliminates > 99.9% of the backgrounds at low energy.
Low signal e�ciency.

Spallation cuts

Study correlations between each SRN candidate and all muons detected up
to 30s before (⇠ 50 pairs/event). We compare these pairs to uncorrelated
“random” pairs (see below) to design a two-step cut strategy:

1.Preselection: clustered SRN candidates (multiple spallation cuts), and
candidates close to neutrons produced by muon showers are rejected.
These cuts have a > 98% e�ciency and eliminate about half of the
spallation events.

2.Final cuts: select SRN candidates based on the following four variables

dt: time di↵erence between
candidate and muon

Ll, Lt: candidate’s distance to
shower

resQ: charge deposited by the
muon minus minimum ionization

Final performance: > 90% of the background rejection (⇠ 99% of 9Li), 40
to 90% signal e�ciency (depending on positron energy).

Neutron tagging

More than 99% of the backgrounds processes do not produce neutrons,
which makes neutron tagging critical in this analysis. Distinguishing neutron
captures from PMT noise however requires an extremely thorough search
over a large time window [3].

1.Preselection: Identify the neutron capture vertex with the positron
vertex and subtract time-of-flights. Select clusters with � 6 hits in 10 ns

2.Final selection: use a Boosted Decision Tree (22 observables).

Overall e�ciencies: 19-30% (signal), 0.2-3% (background).

Spectral fits: Ando (LMA) model

dklf

We fit the energy spectrum of the remaining SRN candidates with
a linear combination of a SRN signal (LMA model [1]) and the
background predictions in the 16-90 MeV region. Cuts are tuned
to eliminate non-atmospheric backgrounds and atmospheric back-
grounds are estimated using data-driven techniques [2]. We notably
evaluate the impact of NC interactions and µ/⇡ production by per-
forming an extended maximum likelihood fit over three Cherenkov
angle regions. We study two configurations:

o No neutron tagging: signal e�ciency for spallation cuts ranges
from 37% (16-17 MeV) to 86% (20-24 MeV). We also apply solar
cuts, whose e�ciencies range from 73% to 95%.

o Neutron tagging: signal e�ciency for spallation cuts is 88% for
all energies. Neutron tagging e�ciency is around 30%.

The 90% confidence limit on SRN flux for 22.5⇥ 2970.1 kton.day
exposure is

�90 = 4.9 cm�2
/s (no neutron tagging), 3.8 cm�2

/s (neutron tagging)

Combining SK-IV results with SK-I,II,III (22.5⇥ 2853 kton.day)
gives:

�90 = 2.7 cm�2
/s (predicted 1.7)

dklf

Exclusion limits

In addition to spectral fits, we compute supernova model-independent ex-
clusion bounds on di↵erent positron energy bins in the 12� 30 MeV region.
Notable di↵erences with the spectral analysis are:

o Joint optimization of spallation and neutron tagging cuts to maximize
significance.

o Systematic errors on NC Quasi-Elastic (NCQE) backgrounds are evaluated
using T2K data (and determine the energy bin size).

o The non-NCQE atmospheric backgrounds are estimated using the 30�
80 MeV region as a sideband.

The data and background predictions after cuts are the following:
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The resulting 90% C.L. flux limits for 22.5⇥ 2970.1 kton.day exposure are:

Both the spectral and the supernova model-independent limits
are within a factor of 2 of the Ando (LMA) model at high
energies. Most SRN models will hence be within reach of the
upcoming Super-K Gd!
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the associated systematic uncertainties using T2K measurements from Ref. [6]. Conversely, non-
NCQE backgrounds, mainly composed of electrons from invisible muon and pion decays, are
evaluated using the 29.5�79.5 MeV region as a sideband. Finally, we evaluate the uncertainty on
the 9Li rate using samples of muons and DSNB candidate events, reweighted to account for the
9Li half-life. NCQE and 9Li backgrounds are the leading source of systematic uncertainty in this
analysis, with uncertainties of around 60%. Since accidental backgrounds can be directly estimated
from data, however, the total systematic uncertainty in the analysis window ranges from 10 to 20%.

The observed and predicted background spectra after the di�erent reduction steps are shown in
figure 2, as well as an example of a DSNB spectrum, using the 6 MeV blackbody emission model
described in Ref. [4]. This figure also shows the corresponding expected and observed 90% C.L.
upper limits on the DSNB flux as a function of energy. These limits are the world’s most sensitive
over the whole analysis range.
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Figure 2: Left: Reconstructed energy spectra after data reduction for the background expectation and
observation including the signal window and the side-band region. The shaded bars represent the systematic
uncertainties. The red dashed line represents a DSNB signal expectation from the Horiuchi+09 model [4]
shown only for the signal window. Right: upper limits on the extraterrestrial electron antineutrino flux from
the present work, in comparison with previous published results from SK [1, 2] and KamLAND [7] and
theoretical predictions from Refs [2, 8–13] (in gray).

5. Spectral fitting

For this search, we fit the energy spectra of the DSNB signal and of the atmosheric backgrounds
in the 15.5�79.5 MeV energy range. This analysis is based on the search performed in Ref. [2], which
constrained atmospheric backgrounds using sidebands for events with low and high Cherenkov
angles. Here, in addition to these sidebands, we exploit the neutron tagging capabilities of SK-IV
by defining separate regions for events with exactly one neutron and for events with zero or >1
neutron and energies larger than 19.5 MeV. Our final analysis thus considers 6 di�erent regions:
two signal regions and four sidebands.

Following the strategy described in Ref. [2], we consider four categories of atmospheric
backgrounds, with distinct spectral shapes. First, electrons from invisible muon and pion decays

5
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Figure 1: Signal e�ciencies as a function of energy for the model-independent and spectral analyses. The
e�wall, pilike, charge/hit, and Cherenkov angle cuts are part of the DSNB positron candidate selection
procedure described in Ref. [2].

Ref. [1]. For the analyses presented here, we will consider neutron tagging e�ciencies and mistag
rates ranging from 17 to 35% and 0.07 to 10% respectively.

As discussed in Section 1, we will present two DSNB analyses: one di�erential limit on the
DSNB flux for neutrino energies ranging from 9.3 MeV to 31.3 MeV, and a spectral analysis in the
17.3�81.3 MeV range. To facilitate the interpretation of the data, we will adopt common cuts for
both analyses, maximizing the exclusion significance in di�erent energy bins. The corresponding
e�ciencies as a function of energy are shown in figure 1 and vary between 6 and 33%. This low
e�ciency is primarily due to neutron tagging. For the spectral analysis, in addition to events with
one neutron in the 15.5�79.5 MeV range, we hence consider events failing the neutron tagging cut
if their energies are larger than 19.5 MeV. Note that previous SK spectral analyses from Ref. [1]
considered all events down to 15.5 MeV; however, in the absence of tight upper bounds on spallation
backgrounds in the 15.5�19.5 MeV region for SK-IV, we decided to leave this energy range for
further study.

4. DSNB Model-independent Analysis

This section describes a model-independent search for DSNB neutrinos, using the 22.5⇥ 2970
kton.days of SK-IV data. For this analysis we consider a 7.5�29.5 MeV electron-equivalent kinetic
energy window divided into 2 MeV bins, and compare the background prediction to the observations
in each bin. This search draws from a former SK-IV analysis presented in Ref. [1], with significantly
improved background modeling. In addition to so-called “accidental backgrounds”, for which a
prompt SHE event is associated with a fake IBD neutron, we indeed consider V + = decays of
spallation-produced 9Li, and atmospheric neutrino interactions.

We divide atmospheric neutrino interactions into two categories: neutral current quasi-elastic
(NCQE) interactions, that dominate at low energies, and other types of interactions, that mostly
contribute at higher energies. We evaluate NCQE backgrounds using a MC simulation, and estimate

4
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SK-Gdからの結果にご期待ください

• Accidental backgroundの大幅な削減　( およそ1/10 以下) 

• 中性子検出効率の増加による信号事象の統計量の増加 (数倍程度) 

• あとは、残った大気ニュートリノ事象を理解・削減できれば信号が見えるはず→小汐さんの講演

PoS(ICRC2021)1139

Di�use Supernova Neutrino Background Search at Super-Kamiokande S. El Hedri

the associated systematic uncertainties using T2K measurements from Ref. [6]. Conversely, non-
NCQE backgrounds, mainly composed of electrons from invisible muon and pion decays, are
evaluated using the 29.5�79.5 MeV region as a sideband. Finally, we evaluate the uncertainty on
the 9Li rate using samples of muons and DSNB candidate events, reweighted to account for the
9Li half-life. NCQE and 9Li backgrounds are the leading source of systematic uncertainty in this
analysis, with uncertainties of around 60%. Since accidental backgrounds can be directly estimated
from data, however, the total systematic uncertainty in the analysis window ranges from 10 to 20%.

The observed and predicted background spectra after the di�erent reduction steps are shown in
figure 2, as well as an example of a DSNB spectrum, using the 6 MeV blackbody emission model
described in Ref. [4]. This figure also shows the corresponding expected and observed 90% C.L.
upper limits on the DSNB flux as a function of energy. These limits are the world’s most sensitive
over the whole analysis range.
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SK-IV 960 days (Astropart Phys 60, 41, 2015)
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Figure 2: Left: Reconstructed energy spectra after data reduction for the background expectation and
observation including the signal window and the side-band region. The shaded bars represent the systematic
uncertainties. The red dashed line represents a DSNB signal expectation from the Horiuchi+09 model [4]
shown only for the signal window. Right: upper limits on the extraterrestrial electron antineutrino flux from
the present work, in comparison with previous published results from SK [1, 2] and KamLAND [7] and
theoretical predictions from Refs [2, 8–13] (in gray).

5. Spectral fitting

For this search, we fit the energy spectra of the DSNB signal and of the atmosheric backgrounds
in the 15.5�79.5 MeV energy range. This analysis is based on the search performed in Ref. [2], which
constrained atmospheric backgrounds using sidebands for events with low and high Cherenkov
angles. Here, in addition to these sidebands, we exploit the neutron tagging capabilities of SK-IV
by defining separate regions for events with exactly one neutron and for events with zero or >1
neutron and energies larger than 19.5 MeV. Our final analysis thus considers 6 di�erent regions:
two signal regions and four sidebands.

Following the strategy described in Ref. [2], we consider four categories of atmospheric
backgrounds, with distinct spectral shapes. First, electrons from invisible muon and pion decays

5
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超新星爆発ニュートリノの方向再構成の向上
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中性子タグを用いて、方向情報を持たない逆ベータ反応を除去し 
電子散乱選び出すことで方向精度を向上



超新星爆発ニュートリノの方向再構成の向上

• 0.03%のGd導入後は約3度の精度で超新星爆発の方向を決めることが可能に


• LSST等大型望遠鏡の視野に納まる
20

Nakamura et al (2016)
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オンライン
モニターの
開発

• 中性子情報を用いた
オンラインの方向再
構成を開発中


• 詳しくは、本学会の
G. Pronost の
(14aW1-7)講演で
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Preliminary results

9/10

▶ We tested the updated SNWatch with 1000 realistic SN simulations (distance 10kpc)
▶ The IBD selection eJciency with the current IBD selection online algorithm is estimated to 

~65% (Preliminary) for IBD with Gd-n (~90% Prompt selection eJciency, ~76% Gd-n 
selection eJciency, ~95% correlation selection eJciency) 
D ~33% IBD tagging when considering the current Gd loading of SK (will be improved)

▶ SN direction %tter gives a better accuracy when IBD tag is used (Preliminary)   
▶ For 10kpc SN realistic simulations, the processing time, including IBD tagging and %t, up 

to the alarm noti%cation to SK experts is ~5 minutes. For higher rate, the processing time 
becomes longer, ex: 3kpc SN takes ~20 minutes. D Improvements are on-going

(w/o IBD tagging) (w/ IBD tagging)Fitted directions for 1000 
realistic SN simulations at 10 kpc



超新星前兆ニュートリノ
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超新星前兆ニュートリノ
• 超新星爆発前のSi-buriningからのニュートリノ検出の検討


• エネルギーが低いが、中性子検出と組み合わせることで近傍の超新星
(e.g. ベテルギウス, 200 pc)については検出できる可能性

23

Pre-Supernova Neutrinos – an even earlier 
warning?

• Neutrino emission is rapidly 
increasing before core collapse
• Lower energies, lower rates
• Could conceivably be detected 

for a very nearby star

->Extra early warning
->Probe late stellar fusion and SN 
progenitor evolution

19/12/2018 Charles Simpson - NuPhys 2018 39

Figure from Odrzywolek & Heger, 2010

C. Simpson et al [Super-Kamiokande Collaboration]

 Astrophys. J. 885, 133 (2019)

Pre-SN ⌫e at SK-Gd 5

Figure 2. Total emission versus energy for ⌫e from pre-SN and from a SN burst, integrated over the full time range of the
respective models. The dotted line shows reaction threshold of IBD. Pre-SN spectrum shown is a 30 M� model from Patton
et al. (2017b), SN spectrum is 30 M� from Nakazato et al. (2013). 30 M� was chosen so that the two would have the same
mass. Note that the pre-SN neutrinos are emitted over a much longer timescale (1000 hours vs. 20 seconds), and that the IBD
cross section is strongly energy dependent.

total energy of ⇠8 MeV, much more than the single 2.2 MeV �-ray produced by TNC on hydrogen which is currently
used at SK for neutron tagging (Zhang et al. (2015)). Mainly through Compton scattered electrons, �-rays can be
detected in SK indirectly. The �-ray cascade from TNC on Gd produces visible energy comparable to an electron with
⇠4 to 5 MeV total energy.
The main channel for detection of ⌫e at low energy (roughly < 10 MeV) in SK is IBD on hydrogen (H(⌫e, e+)n),

as its cross section is relatively high. The neutron takes a short time to thermalise in water and capture, and travels
only a short distance, meaning that the positron and TNC form a delayed coincidence (DC), in which two events
are reconstructed within a short time and distance of each other. This method of detection is made possible by the
upgrade to QBee electronics described in Yamada et al. (2010); Nishino et al. (2009). The probability of uncorrelated
events producing this signature is low, so neutron tagging allows electron anti-neutrino events to be distinguished from
background events, including neutrino events. The high TNC cross section of Gd makes the time between the prompt
and delayed parts of the event shorter than with H (⇠20 µs vs. ⇠180µs), and the higher visible energy improves the
vertex reconstruction resolution. As a result, tagging e�ciency for signal will be higher, and accidental backgrounds
lower.
Note that in low energy IBD, the direction of the incoming ⌫e cannot be reconstructed from the direction of the

emitted positron (Vogel & Beacom (1999)), and the number of elastic scattering events will be small for a pre-SN,
so this technique will not have any SN pointing ability. The direction of neutron travel cannot be resolved in SK, so
positron-neutron vector cannot be used to infer the ⌫e direction either.
It is planned that SK’s ultra-pure water will be loaded with gadolinium sulfate in two steps, firstly to 0.02% by

mass, then to 0.2%; leading to 50% and 90% of neutrons capturing on Gd respectively, with the rest mainly capturing
on H. This paper assumes 0.2% Gd loading, so it should be noted that SK-Gd will begin with a period of reduced
sensitivity.
Research and development of the required technologies for SK-Gd has been undertaken by the EGADS experiment,

which has successfully operated a Gd-loaded water Cherenkov detector for over two years at 0.2% gadolinium sulfate
loading (Ikeda et al. (2019)).

4. ELECTRON ANTI-NEUTRINO FLUX

Neutrino emissions are calculated from stellar models. Although there are several sets of predictions published for
the flux of ⌫e from a pre-SN, this study primarily uses the datasets of Odrzywolek & Heger (2010) (data downloaded
from Odrzywolek ((Web)) and Patton et al. (2017b) (data downloaded from Patton et al. (2019)). Patton et al.
(2017b) predict similar ⌫e total emission rates to Odrzywolek & Heger (2010) for a 15M� star, as shown in Figure 1



超新星前兆ニュートリノ

• 順階層性の場合には、ベテルギウスからのSi-burningnの信号を有意に検出可能


• 超新星前兆モニターとしての運用を目指している
24
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(a) Neutron singles expected signal rate (b) DC expected signal rate

Figure 11. Expected signal events in 12 hour time window, after detection e�ciencies are taken into account as per section 5.
A distance of 200 pc and NO is assumed. Dotted lines show the high and low background assumptions.

MO Assumed Warning (hours)

Mass distance given FPR

(M�) Model (pc) 1/year 1/cy.

NO 15 150 Odrzywolek 5.3 - 8.4 3.4 - 6.3

15 150 Patton 7.1 - 14.1 5.1 - 9.8

25 250 Odrzywolek 4.7 - 7.4 3.3 - 5.7

30 250 Patton 1.0 - 1.6 0.7 - 1.1

IO 15 150 Odrzywolek 0.1 - 2.0 0.0 - 0.8

15 150 Patton 0.3 - 4.1 0.0 - 2.2

25 250 Odrzywolek 0.0 - 0.6 0.0 - 0.0

30 250 Patton 0.1 - 0.4 0.0 - 0.1

Table 4. Time at which expected signal exceeds threshold, for some assumptions chosen to represent Betelgeuse. 30M� at
250 pc is far from the range of mass estimates for Betelgeuse, but is provided anyway for comparison. Uncertainty comes from
TNC �-ray model, and background uncertainty.

window each 15 minutes. Assumed signal rates in the final 48 hours at 200 pc are 25.7(7.28) in the 25 M� case,
12.0(3.38) in the 15 M� case, for the NO(IO) case. The pre-SN models used were those of Odrzywolek & Heger
(2010). Not enough information is provided in Asakura et al. (2016) to directly and fairly compare warning times.
Figure 12 shows the probability of detection before core collapse (t=0) against distance to the pre-SN star. The

estimated range for KamLAND is also shown. KamLAND has a latency of 25 minutes, which is not taken into account.
The FPR is set to match that of the 3 � and 5 � with a 48 hour signal window used by KamLAND, for the sake of
comparison. That is, a the false positive rate is set to 1

370 per 48 hours for 3 � and 1
1744278 per 48 hours for 5 �. By

this comparison, the maximum detection range of SK-Gd is slightly shorter than that of KamLAND. This is due to
KamLAND’s lower expected background rate.
Next generation liquid scintillator and Gd loaded water Cherenkov detectors could provide earlier warning to longer

distances due to their large target masses. A future dark-matter direct-detection experiment could also detect signif-
icant numbers of pre-SN neutrinos through coherent scattering, with the advantage of being sensitive to all flavours
(Raj et al. (2019)).

7. CONCLUSION

200 pc, NO

０.1% Gd

Pre-SN ⌫e at SK-Gd 17

(a) NO, 5 �/48 hours FPR equivalent (b) IO, 5 �/48 hours FPR equivalent

(c) NO, 3 �/48 hours FPR equivalent (d) IO, 3 �/48 hours FPR equivalent

Figure 12. As Figure 9, but with reference numbers for KamLAND included. The FPR is fixed at the equivalent of of 5 �/3 �
with a trial factor of 1 per 48 hours. Di↵erences in expected alarm latency are not taken into account. Pre-SN models shown
are those of Odrzywolek et al.

Electron anti-neutrinos from a pre-SN star precede those from a CCSN by hours or days, increasing in flux and
energy rapidly over a period of hours: this has never been detected. In the next stage of SK, gadolinium loading will
enable e�cient identification of neutrons, enabling the reduction in the energy threshold for the detection of ⌫e.
The background rates and signal e�ciencies for an SK-Gd low energy analysis capable of detecting pre-SN ⌫e have

been quantified. This requires detection of events below the usual energy thresholds of SK, for which trigger e�ciency
and reconstruction are poorer, and backgrounds higher. Gadolinium loading is essential to detecting these events.
Through a rapid increase in the number of event candidates, additional warning of a very nearby SN can be achieved,
and useful information provided about late stellar burning processes that lead up to a supernova.
Based on this and the predicted fluxes of Odrzywolek & Heger (2010) and Patton et al. (2017b), estimates were

produced of the distance at which a pre-SN star could be observed, and the amount of additional early warning
that could be expected. Uncertainty in the future capabilities of the detector arises mainly from the future internal
contamination of the SK detector, which is the main source of backgrounds at low energy. This uncertainty will be

C. Simpson et al [Super-Kamiokande Collaboration]

 Astrophys. J. 885, 133 (2019)



まとめ
• 2020年、スーパーカミオカンデはガドリニウムを導入し、SK-Gdとして新たな観測をスタート


• Gdにより中性子の検出効率が飛躍的に向上


• 超新星背景ニュートリノ探索


• 信号の検出効率向上・バックグラウンドの除去効率向上


• これまでの純水のデータで、既に感度が最も高いフラックスを予想するモデルに到達


• SK-Gdでは大半のモデルの検証が可能に


• 世界初観測を目指す


• 超新星爆発ニュートリノ


• 超新星の方向決定精度が向上


• オンラインモニターを開発中


• 超新星前兆ニュートリノ


• ベテルギウスからのSi-burningが捉えられると期待

25今後のSK-Gdからの結果にご期待ください


