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スーパーカミオカンデ実験Super-Kamiokande
50,000 tons of Water Cherenkov detector
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50,000 t の純水を用いたニュートリノ検出装置



“カミオカンデ”の歴史Three generation of “Kamiokande”
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Kamiokande 
(1983-1995)

Super-Kamiokande (1996-) Hyper-Kamiokande (~2027-)

Kam-II  (11 evts.) 
IMB-3  (8 evts.) 
Baksan (5 evts.) 

24 events total 

SN1987A

SK-Gd (2020-)

2020年から建設スタート !! 
8倍の有効面積 

中性子検出性能の向上 
→ 超新星ニュートリノの 

検出感度向上



SK実験フェーズHistory of Super-Kamiokande
experimental phases
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V

SK-VI
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2020.7.14
2019

SK-V SK-VI

“SK-Gd”

Tank refurbishment

SK-Gd

Pure water Gd-loaded Water
‘SK-Gd’ is a broad and general term for the experiment after the start of the Gd-loading - 検出器の改良（光電子増倍間の位置、読み出し回路など）を 
行いながら20年以上観測を続けている。 
- 超新星爆発の観測機会を逃さないために、非可動時間を最小化 
- 2020年から硫酸ガドリニウム溶かして真フェーズ：SK-Gdスタート



SKのさまざまな物理

• 加速器ニュートリノ


• 大気ニュートリノ


• 太陽ニュートリノ


• 超新星爆発ニュートリノ


• 超新星背景ニュートリノ
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定である．その後，順次濃度を上げていき，ガド
リニウムの中性子捕獲確率が90％となるトータ
ルで約130トンの硫酸ガドリニウムを溶解させる
のが最終目標である．
3.5 超新星背景ニュートリノ観測

SK-Gd計画における，最も重要な物理目標が
超新星背景ニュートリノを発見することである．
図8にあるように，およそ10 MeVから20 MeV
までの探索エネルギー領域で，観測されるのは年
間数事象という稀な信号をバックグラウンド事象
のなかから探し出すことになる．主なバックグラ
ウンドは，大気ニュートリノ起源の事象である．
SK-Gdでは多くの場合，中性子捕獲信号による
遅延同時計測により超新星背景ニュートリノの逆
ベータ崩壊反応と区別がつけられる．しかし，高
エネルギーの大気ニュートリノと水分子中の酸素
原子との中性カレント反応は非常に厄介なバック
グラウンドである．反応によって励起された酸素
原子核が脱励起する際に放出するガンマ線のエネ
ルギーが，超新星背景ニュートリノのエネルギー
領域と重なり，さらに反応の際に中性子が放出さ

れることがあり，信号とほとんど区別がつかない
（図9）．しかしながら，まったく太刀打ちできな
いかというとそうではない．T2K実験*3の加速
器ニュートリノをSKに打ち込むことにより，実
際にSK内でこの反応を起こすことができる [27]．
つまり，厄介なバックグラウンドを別途測定し
て，その頻度や反応の特徴を理解し，削減するこ
とが可能である [28]．これまでの測定を基に見積
もられた，SK-Gdの感度を図10に示す．約10年
の観測により，理論予測されている超新星背景
ニュートリノフラックス領域の大部分を探索する
ことができ，3σでの発見を目指す．
3.6 超新星ニュートリノバースト観測
銀河系内超新星爆発が起これば，約10秒間に
数千から1万事象という高統計のニュートリノ事
象がSKで観測されると期待されており，超新星
爆発機構の理解にとって必要不可欠な情報が得ら
れる．また，SKの一番の強みは上述のように，
図5B） の電子散乱事象を含めて各事象の方向が
分かるので，超新星爆発の方向が得られるという
ことである．例えば，銀河系内10 kpcの超新星
爆発については約5度の精度で指し示すことがで
き，超新星爆発の観測を受け，1時間以内に公

*3 T2K実験 [26] は，茨城県東海村のJ-PARC加速器で人工的に作られたニュートリノをスーパーカミオカンデで観測し，
ニュートリノの基礎的な性質や物質との反応を調べる実験．

図8 SK-Gdにおける予想事象数とその他のニュー
トリノ事象数 [24]．

図9 SK-Gdにおける超新星背景ニュートリノ観測
のバックグラウンドとなる大気ニュートリノ
の中性カレント反応．ガンマ線を信号の陽電
子と見間違え，中性子も放出されると信号（図
6）となかなか区別がつかない．

 ニュートリノ天文学特集（1）

ニュートリノ振動

天体ニュートリノ

• 陽子崩壊の検出



Supernova neutrino in SK-Gd
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Figure 1. Time sequence for neutrino (red lines for νe and ν̄e and magenta line for νx; νx represents heavy lepton neutrino νµ, ντ , ν̄µ, or ν̄τ ), GW (blue
line), and electromagnetic (EM, black line) signals based on our neutrino-driven core-collapse simulation of a non-rotating 17 M! progenitor. The solid lines
are direct or indirect results of our CCSN simulation, whereas the dashed lines are from literatures or rough speculations. The left-hand (right-) panel x-axis
shows time before (after) core bounce. Emissions of pre-CCSN neutrinos as well as the core-collapse neutrino burst are shown as labelled. For the EM signal,
the optical output of the progenitor, the SBO emission, the optical plateau, and the decay tail are shown as labelled. The GW luminosity is highly fluctuating
during our simulation and the blue shaded area presents the region between the two straight lines fitting the high and low peaks during 3–5 s post-bounce. The
hight of the curves does not reflect the energy output in each messenger; total energy emitted after bounce in the form of antielectron neutrino, photons, and
GW is ∼6 × 1052 erg, ∼4 × 1049 erg, and ∼7 × 1046 erg, respectively. See the text for details.

Table 1. Detectable signals, detectors, and their horizons.

Extremely nearby event @ O(1 kpc) Galactic event @ O(10 kpc) Extragalactic event @ O(1 Mpc)
(see Section 4) (see Section 3) (see Section 5)

Signals Detector Horizon Detector Horizon Detector Horizon

Neutrino Pre-SN ν̄e KamLand <1 kpc – –
HK (20XX-) <3 kpc

ν̄e burst SK Galaxya SK Galaxy HK <a few Mpc
ν̄e burst JUNO (201X-) Galaxy JUNO Galaxy –
νe burst DUNE (20XX-) Galaxy DUNE Galaxy –

GW Waveformc H-L-V-Kd <several kpc
detection H-L-V-K !8.5 kpc ET (20XX-) !100 kpc

EM Optical <1 m class 1–8 m classb <1 m class
NIR <1 m class <1 m class <1 m class

Notes. aDetectable throughout the Galaxy.
b∼25 per cent of SNe are too faint to be detected. (Section 3.4, see also Fig. 9).
cWaveform means detection with sufficient signal to noise to unravel the GW waveform.
dA network of aLIGO Hanford and Livingston, adVirgo, and KAGRA (Section 2.4).

the signals. For example, we demonstrate that the information of the
core bounce timing provided by neutrinos can be used to improve
the sensitivity of GW detection. Importantly, this increases the GW
horizon from some ∼2 to ∼8.5 kpc (based on our numerical model),
which opens up the Galactic Center region to GW detection even
for non-rotating progenitors [GW signals from collapse of rapidly
rotating cores are circularly polarized (Hayama et al. 2016) and
significantly stronger (e.g. Kotake 2013)].

The paper is organized as follows. In Section 2, we summarize
our setup. We describe our core-collapse simulation, methods for
calculating multimessenger signals, and summarize the detectors
we consider and the method for determining signal detections. We
discuss the case of a CCSN in the Galactic Center in Section 3, the

case of an extremely nearby CCSN in Section 4, and the case of
a CCSN in neighbouring galaxies in Section 5. Sections 3–5 are
all similarly organized in the following way: descriptions of the
multimessenger signals separately, followed by a discussion of the
merits and the ideal procedures for their combination. In Section 6,
we conclude with an overall discussion and summary of our results.

2 SE T U P

In this section, we describe the setup of exploring multimessenger
signals from CCSNe. We first describe the setup of our numeri-
cal CCSN calculation, followed by how neutrino, GW, and optical
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超新星爆発ニュートリノ
超新星背景ニュートリノの探索 超新星爆発ニュートリノバースト

プレカーサー 
（Si 燃焼期）

バースト

‣超新星爆発メカニズムの解明 
‣マルチメッセンジャー観測 
‣光学観測へのアラート発信

‣ 宇宙での重元素合成の歴史



ニュートリノシグナル

‣さまざまなバックグラウンド 
‣ 環境中の放射性物質（ラドン） 
‣ 宇宙線ミューオン 
‣ ミューオンによる原子核の破砕核 
‣ 光電子増倍感ノイズの 
アクシデンタルコインシデンス

ニュートリノ事象例（電子ニュートリノ） ‣ニュートリノが水中で相互作用 
荷電粒子がつくるチェレンコフ光を検出

シグナル（ニュートリノ）とバックグラウンドの弁別が鍵

ν

e±, μ, p
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SK検出器内の水と反応し，その際に生成される
高速の荷電粒子が水中で放つ微弱な光であるチェ
レンコフ光を約1万1千本の直径50 cm光電子増
倍管で観測するという検出器である．図3にある
ように，事象毎に光を受け取った光電子増倍管の
位置や時間を解析し，検出器内で反応が起こった
位置，ニュートリノ反応によって放出された荷電
粒子のエネルギー，荷電粒子の放出された方向等
を得ることができる．図4は，超新星ニュートリ
ノ信号の予想である（ニュートリノ1個の反応）．
超新星ニュートリノのエネルギー領域（10から
20 MeV程度；図1参照） では，1事象あたりの光
を受け取る光電子増倍管の数は数百本 （1万1千
本中）に過ぎず，図3のような綺麗なリングでは
なく図4のようにまばらなパターンになる．この
パターン等から検出されたニュートリノの情報を
引き出すのが，それほど容易ではないことをご理
解いただけると思う．とはいいつつも，15 MeV
の電子事象（超新星ニュートリノのエネルギー領
域の事象）に対する検出器のパフォーマンスは，
反応位置分解能が50 cm，エネルギー分解能が
12％，到来角度分解能が20度程度を達成できて
いるのは20年以上にわたる努力の結晶である（も

ちろん，現状に満足せずにもっと上を目指してい
る）．
3.2 超新星ニュートリノのSKにおける反応
超新星爆発では，すべての種類のニュートリノ
がほぼ同数放出され，地球に到達すると考えてよ
い．超新星ニュートリノのエネルギー領域で最も
多く起こる反応は，水分子に含まれる陽子と反電
子ニュートリノν̄eとの反応（図5のA）で逆ベー
タ崩壊反応といわれ，観測される超新星ニュート
リノ事象のうち90から95％が逆ベータ崩壊反応
による．次に多いのがニュートリノと電子との弾
性散乱（図5のB）で事象数は全体の数％である．
逆ベータ崩壊反応で放出される陽電子はニュート
リノが飛んできた方向とは，あまり相関のない方
向に放出される一方で，電子散乱事象で蹴とばさ
れる電子はニュートリノの進行方向と同じ方向に
飛ばされやすい．つまり，超新星爆発のニュート
リノバーストを観測した際に，電子散乱事象が含
まれることにより超新星爆発の方向が分かるた
め，電子散乱反応は大事な情報を伝えてくれる反

図3 スーパーカミオカンデにおけるニュートリノ
観測の概念図．ニュートリノはごく稀に検出
器内の水と反応し，生成された荷電粒子から
出るチェレンコフ光という微弱な光を光電子
増倍管（光センサー）でとらえる．

図4 シミュレーションによる超新星ニュートリノ
の1つを観測した事象．円筒形の検出器の展開
図となっており直径高さは検出器の内側の大
きさを示す．小さい丸は，光を受け取った光
電子増倍管の位置を示し，丸の大きさは各光
電子増倍管が受け取った光量を示す（数光電子
程度）．

 ニュートリノ天文学特集（1） 低エネルギーニュートリノ事象例



MeV領域のニュートリノ反応Supernova burst neutrino
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反応断面積

‣ 断面積”大”→事象数が最も多い 
‣ 電子と中性子捕獲によるγ線のコインシデンス 
→ニュートリノシグナルと同定する強力な手法

‣ 反跳電子はニュートリノ進行方向に 
（弱く）ブースト 
→ 超新星爆発天体方向の決定

逆ベータ崩壊（Inverse Beta Decay:IBD）

電子弾性散乱



SK-Gd
• 中性子捕獲断面積が大きいガドリニウムを水中に溶かす。 
→中性子を捕獲したガドリニウムがだす高エネルギーガンマ線を検出SK-Gd
Dissolving Gd to enhance neutron detection capability
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超新星バーストニュートリノ

• 期待されるイベント数＠10 kpc
K. Abe et al. / Astroparticle Physics 81 (2016) 39–48 41 

Table 1 
Numbers of expected events at SK in the 22.5-kton fiducial volume with the 7 MeV total energy threshold for 
a SN burst with a distance of 10 kpc. We estimated these numbers using SK MC: we generate 30 0 0 ensembles 
of the MC samples, reconstructed the events with the SK standard reconstruction tool, applied the selection 
criteria, and then calculated the average numbers. 

Wilson NK1 NK2 
No osc. NH IH No osc. NH IH No osc. NH IH 

ν̄e + p → e + + n 4923 5667 7587 2076 2399 2745 1878 2252 2652 
νe + e − → νe + e − 74 130 114 43 56 56 39 54 54 
ν̄e + e − → ν̄e + e − 25 29 37 10 12 14 9 11 13 
νx + e − → νx + e − 41 33 34 17 19 18 17 17 17 
ν̄x + e − → ν̄x + e − 34 33 29 14 14 14 13 13 14 
νe + 16 O → e − + X 8 662 479 22 78 74 16 72 68 
ν̄e + 16 O → e + + X 64 196 531 27 48 70 20 41 64 
Total 5169 6750 8811 2209 2626 2991 1992 2460 2882 

the detector and its simulation are described in [20] . We apply the 
SK standard reconstruction program to the generated MC events 
to obtain the vertex position, the direction and the total energy 
of each event. In the SN monitor, we use events with total energy 
greater than 7 MeV in the 22.5-kton fiducial volume, where the 
fiducial volume is defined as the volume whose surface is located 
2 m inside from the surface of the SK inner detector volume. 

We generate MC samples for the three SN models for the three 
neutrino oscillation hypotheses: no oscillation, normal hierarchy 
(NH) and inverted hierarchy (IH). Table 1 shows the expected num- 
bers of events of the three SN models at SK in the 22.5-kton fidu- 
cial volume with the total energy threshold of 7 MeV, obtained by 
averaging the 30 0 0 MC ensembles at the distance of 10 kpc. Fig. 1 
shows the reconstructed energy distributions at SK for the Wilson 
and NK1 models with and without neutrino oscillations to display 
the effect of the neutrino oscillations. Fig. 1 also shows the energy 
spectrum of the spallation events found in the silent warnings de- 
scribed in Section 2.2 . 
2.2. The monitor system 

In this section, we will describe details of the SN neutrino burst 
monitor system. Fig. 2 shows a flow diagram of the system. The SK 
data collected by the data acquisition system are sent to the event 
builder. At the event builder, the event data are packed and stored 
in a data file which we call a sub-run file. Each sub-run file con- 
tains about one minute of event data. The sub-run files are sent 
to both the offline process and the SN burst monitor. In the of- 
fline process, the data files are converted to an offline data format 
that is used for various physics analyses and detector calibrations. 
The SN monitor system is running on a single computer on which 
a control process operating continuously handles all the processes 
and the data files. 

For each sub-run file sent to the SN monitor, two processes are 
automatically executed by the control process: a reformat process 
(the first process) and an event reconstruction process (the second 
process). The reformat process converts the online data format to 
the offline data format. Using the offline format data, the event 
reconstruction process reconstructs the vertex position, direction 
and energy for each event. It takes about two minutes to finish 
the reformat and event reconstruction for one sub-run file. Events 
with total energy greater than 7 MeV and vertex position within 
the 22.5-kton fiducial volume in SK are selected. We remove cos- 
mic ray muons and their subsequent decay electron events. After 
the reconstruction of each selected event, a 20-s time window is 
opened backwards in time from the event, and the number of se- 
lected events in the window ( N cluster ) is counted. If there is a sub- 
run file boundary, the time window extends to the previous sub- 
run file. 

We also compute a variable D that characterizes the vertex dis- 
tribution. The variable D identifies the dimension of the vertex 
distribution and is an integer number from 0 to 3, correspond- 
ing to point-, line-, plane- and volume-like distributions, respec- 
tively. The variable D is determined by comparing χ2 values ob- 
tained from the lengths of the major and minor axes that corre- 
spond to the eigenvalues of a correlation matrix of the vertex dis- 
tribution. The correlation matrix is a 3 × 3 matrix whose elements 
are defined as 〈 (x i − 〈 x i 〉 )(x j − 〈 x j 〉 ) 〉 , where i, j = 1 , 2 , 3 identify 
the vertex position axes and 〈 x 〉 is the mean value of a variable 
x . We construct a χ2 = ∑ N cluster 

n =1 | ! d n − ! d ( ! s ) | 2 , where ! d n is the n th 
event vertex position and ! d ( ! s ) is a position closest to ! d n on either 
a point, a line or a plane with parameters ! s that determine the 
geometry of the three cases. The three eigenvalues λi ( i = 1 , 2 , 3 , 
and λ1 ≤ λ2 ≤ λ3 ) are used to construct the minimum χ2 val- 
ues that are (λ1 + λ2 + λ3 ) / 3 , (λ1 + λ2 ) / 2 and λ1 , computed by 
assuming the vertex distribution is point-, line- and plane-like, re- 
spectively, with the condition of ∂ χ2 /∂ ! s = 0 . The comparison of 
the χ2 values to determine a D value is tuned using MC simu- 
lations so that the calculated D value reproduces the input one. 
In case of a real SN burst, the vertex distribution should be uni- 
form in SK, and we would have D = 3 , depending on the number 
of burst events, which is confirmed by a simulation. In contrast, 
for the case of a background burst mainly originating from spalla- 
tion events, the vertex positions distribute along the parent muon 
tracks, and we would have D = 2 , 1 or 0, where the spallation 
events are the radioactivities created by both high-energy cosmic 
ray muons and by constituents of the resulting hadronic showers. 
When the process finds N cluster ≥ 60 events and D = 3 , it gener- 
ates a prompt SN burst warning which initiates phone-callings and 
emails sent to experts in the SK collaboration within a few minutes 
after the SN burst occurs. We call such a warning a “golden” warn- 
ing. Subsequent to a golden warning, the experts start a meeting in 
order to make a world-wide announcement within one hour. The 
threshold of N cluster is determined so that we would have 100% SN 
detection efficiency at the Large Magellanic Cloud (LMC) assuming 
the three SN models described in Section 2.1 . 

The third process in Fig. 2 combines all the sub-run data and 
determines the SN direction by a fit. All the SN burst event infor- 
mation is summarized and sent to the experts by e-mail, which 
is also used as the input to the discussions. Following these dis- 
cussions the announcement containing the information about the 
number of observed neutrinos, the burst time duration, the univer- 
sal time the burst happens and the estimated direction of the SN 
in the equatorial coordinate system is broadcast to the ATEL [21] , 
GCN [22] , IAU-CBAT [23] and SNEWS [8] . The universal time is de- 
termined using 1 pps (pulse per second) signals from the global 
positioning system and a local time clock system consisting of a 
commercial rubidium clock [24] . No golden prompt warning has 
been sent so far. 

ニュートリノ振動の 
パラメータ

超新星爆発時のニュートリノフラックスモデル

• ニュートリノ事象の選別条件


- E > 7 MeV (低エネルギーバックグラウンドの除去)


- 宇宙線ミューオンのトラックと付随しない（後述）
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ニュートリノフラックスの時間発展、エネルギーの予測はモデルによって様々 
→　高統計のデータによって超新星爆発のメカニズムに迫ることができる

フラックス 平均エネルギー
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Fig. 6. Distributions of cos θ SN with the Wilson model at 10 kpc for the five energy bins: (a) 7 < E < 10 MeV, (b) 10 < E < 15 MeV, (c) 15 < E < 22 MeV, (d) 22 < 
E < 35 MeV and (e) 35 < E < 50 MeV, where E is the measured total electron energy, and (f) all energies combined. The superimposed solid lines are the fitted likelihood 
functions. 
parameter values by interpolating the parameter values of neigh- 
boring two energy bins and applying those to the model function 
to obtain the PDF value. A similar procedure is applied to the PDFs 
for inverse beta decays and interactions on oxygen to determine 
the PDF values. We construct a likelihood L = exp ( ∑ 

k,r N rk ) ∏ 
i L i , 

and maximize it so that: 
∂L 
∂N rk = ∂L 

∂ ˆ d SN = 0 , (2) 
where for N rk we vary r = ν̄e p, νe and ν16 O. For r = ν16 O, we as- 
sume the cos θ SN is same for neutrino and anti-neutrino interac- 
tions. We set N rk = 0 for r = ν16 O with k = 1 , 2 , 3 , as the expected 
number of charged current interactions on oxygen is negligible in 
those energy ranges, as shown in Fig. 1 . The SN direction ˆ d SN con- 
tains two parameters: zenith and azimuth angles, that are trans- 
lated to the direction in the equatorial coordinate system with the 
time the burst is found. Hence, we vary 14 parameters of N rk and 
ˆ d SN in total. 

When we perform a fit with the likelihood method, we first de- 
termine the initial value of the direction based on a grid search: 
we scan all ˆ d SN to the 4 π directions with a coarse grid step and 
count the number of events that satisfy cos θ SN > 0.8 at each step, 
and we set the initial value that gives the largest number of events. 
3.2. Performance 

Fig. 6 demonstrates cos θ SN distributions of a fit to a MC sam- 
ple of the Wilson model at 10 kpc for the five energy bins and 
combined one with the superpositions of the fitted likelihood func- 
tions. Fig. 7 shows the corresponding direction distribution on a 
sky map in the equatorial system. The red (blue) points are the re- 
constructed directions of each elastic scattering event (inverse beta 
decay or charged current reaction on oxygen), and the star mark 
shows the reconstructed SN direction. The elastic scattering events 
concentrate around the reconstructed SN direction, while the dis- 
tribution of inverse beta decays and charged current events is al- 
most uniform across the entire sky. 

Fig. 7. Reconstructed direction on a sky map in the equatorial system obtained by 
a MC simulation with the Wilson model at 10 kpc. Red points are the directions of 
elastic scattering events, blue points are event directions of inverse beta decay and 
charged currents on oxygen, and the star point is the reconstructed SN direction. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article). 

Fig. 8 shows %θ distributions of the three models (Wilson, NK1 
and NK2) for 30 0 0 MC samples at 10 kpc without neutrino oscilla- 
tion, where %θ is the angle between the input SN direction and 
the fitted direction. The solid lines are fit results using the von 
Mises–Fisher (MF) distribution [26] : 
f (%θ ;κ ) = κ

2 sinh κ e κ cos %θ sin %θ , (3) 
where κ determines the sharpness of the distribution concentra- 
tion on a sphere. 

We estimate the angular resolutions of the SN direction deter- 
mination using an ensemble estimation. In order to cope with any 
possible combinations of the elastic scatterings and inverse beta 
decays, we employ the following method. We generate a number 
of MC samples for various combinations of fitted yields of the elas- 
tic scatterings and inverse beta decays in the ranges up to 1500 for 
the former and 60,0 0 0 for the latter. We divide each range into 15 
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Fig. 6. Distributions of cos θ SN with the Wilson model at 10 kpc for the five energy bins: (a) 7 < E < 10 MeV, (b) 10 < E < 15 MeV, (c) 15 < E < 22 MeV, (d) 22 < 
E < 35 MeV and (e) 35 < E < 50 MeV, where E is the measured total electron energy, and (f) all energies combined. The superimposed solid lines are the fitted likelihood 
functions. 
parameter values by interpolating the parameter values of neigh- 
boring two energy bins and applying those to the model function 
to obtain the PDF value. A similar procedure is applied to the PDFs 
for inverse beta decays and interactions on oxygen to determine 
the PDF values. We construct a likelihood L = exp ( ∑ 

k,r N rk ) ∏ 
i L i , 

and maximize it so that: 
∂L 
∂N rk = ∂L 

∂ ˆ d SN = 0 , (2) 
where for N rk we vary r = ν̄e p, νe and ν16 O. For r = ν16 O, we as- 
sume the cos θ SN is same for neutrino and anti-neutrino interac- 
tions. We set N rk = 0 for r = ν16 O with k = 1 , 2 , 3 , as the expected 
number of charged current interactions on oxygen is negligible in 
those energy ranges, as shown in Fig. 1 . The SN direction ˆ d SN con- 
tains two parameters: zenith and azimuth angles, that are trans- 
lated to the direction in the equatorial coordinate system with the 
time the burst is found. Hence, we vary 14 parameters of N rk and 
ˆ d SN in total. 

When we perform a fit with the likelihood method, we first de- 
termine the initial value of the direction based on a grid search: 
we scan all ˆ d SN to the 4 π directions with a coarse grid step and 
count the number of events that satisfy cos θ SN > 0.8 at each step, 
and we set the initial value that gives the largest number of events. 
3.2. Performance 

Fig. 6 demonstrates cos θ SN distributions of a fit to a MC sam- 
ple of the Wilson model at 10 kpc for the five energy bins and 
combined one with the superpositions of the fitted likelihood func- 
tions. Fig. 7 shows the corresponding direction distribution on a 
sky map in the equatorial system. The red (blue) points are the re- 
constructed directions of each elastic scattering event (inverse beta 
decay or charged current reaction on oxygen), and the star mark 
shows the reconstructed SN direction. The elastic scattering events 
concentrate around the reconstructed SN direction, while the dis- 
tribution of inverse beta decays and charged current events is al- 
most uniform across the entire sky. 

Fig. 7. Reconstructed direction on a sky map in the equatorial system obtained by 
a MC simulation with the Wilson model at 10 kpc. Red points are the directions of 
elastic scattering events, blue points are event directions of inverse beta decay and 
charged currents on oxygen, and the star point is the reconstructed SN direction. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article). 

Fig. 8 shows %θ distributions of the three models (Wilson, NK1 
and NK2) for 30 0 0 MC samples at 10 kpc without neutrino oscilla- 
tion, where %θ is the angle between the input SN direction and 
the fitted direction. The solid lines are fit results using the von 
Mises–Fisher (MF) distribution [26] : 
f (%θ ;κ ) = κ

2 sinh κ e κ cos %θ sin %θ , (3) 
where κ determines the sharpness of the distribution concentra- 
tion on a sphere. 

We estimate the angular resolutions of the SN direction deter- 
mination using an ensemble estimation. In order to cope with any 
possible combinations of the elastic scatterings and inverse beta 
decays, we employ the following method. We generate a number 
of MC samples for various combinations of fitted yields of the elas- 
tic scatterings and inverse beta decays in the ranges up to 1500 for 
the former and 60,0 0 0 for the latter. We divide each range into 15 

到来方向のCosθ分布
E > 7MeV
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‣ SK-Gdでは逆ベータ崩壊の中性子を検出することで方向決定精度を向上

純水

現在

Next(2022)

中性子検出効率と方向決定精度

中性子検出効率
水中Gd濃度 大

‣ 方向決定精度は検出ニュートリノ数にも強く依存

Δθ ∝ 1/N (3.5 deg @10 kpc → 0.4 deg @ 1 kpc)



超新星爆発モニターシステムSK䛻䛚䛡䜛超新星爆発即時䝰䝙䝍䞊 
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‣ 事象の空間分布 
SN → 一様分布



超新星爆発アラート
✓オペレーションの確認 
- 通常観測モード (観測時間の98%) 
- キャリブレーション、テスト (~2%)　→ アラート配信抑制 

✓クラスタイベント数(N)によるアラートレベル判定 
- Golden alert (N > 60) 
→ 即座にTV会議を開催、データチェック。 
　本物だとみなされるとアラートの配信 
- Normal alert (N > 25) 
→ 解析エキスパートによるチェック。 
　必要に応じてTV会議を開催（↑） 
- Silent warning ( N > 13 in 10秒)  
→ 解析エキスパートにメール配信（1日に数回）

バースト発生から 
　～1時間以内

- 自動 Golden alert (N > 60 + 優位なIBD事象数) 
→ リアルタイムプロセスが自動でアラート配信 
　配信までの時間を数分まで短縮 

New



アラート配信
‣ テキスト配信 
- ATel、SNEWS、GCN Circular 

‣ Machine Readable (2021年4月～) 
- GCN Notice  

GCN Noticeのリスト

配信アラート例（テスト・月１回）
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Fig. 4. Detection efficiency of a SN burst as a function of a distance for the normal 
and golden warnings with the Wilson and Nakazato models. From top to bottom, 
without neutrino oscillation, with neutrino oscillations for the normal hierarchy and 
with neutrino oscillations for the inverted hierarchy. 
detection efficiency of SNe at the SMC increases for the case of 
neutrino oscillations. 
2.4. Operation of the SN burst monitor 

We have operated the SN burst monitor system for about 20 
years, since the beginning of SK data-taking in 1996. The SN burst 
selection criteria and operation scheme have been changed, up- 
dated, and improved throughout this period. The SN monitor sys- 
tem scheme described in this report came into service in April of 

2013. Before that time, earlier versions of the monitor system had 
been running as one of the offline processes. 

In Fig. 5 (a), we show the silent warning rates per 24 h as a 
function of the elapsed days from Jan. 1st, 2010. The rate has 
trends as a consequence of – and which track – variations of the 
water transparency in SK. The energy scale used in the energy re- 
construction program in the SN monitor process has been contin- 
ually adjusted to compensate for these transparency fluctuations. 
Despite these fluctuations, the warning rate has been relatively sta- 
ble over the last six years, with an average rate of 2.4 warnings per 
24 h. 

The expected number of accidental background events satisfy- 
ing the event selection is 0.121 events per 10 s with a root mean 
square of 0.007 events. We estimate this by counting the num- 
ber of events in the SK fiducial volume with a total energy greater 
than 7 MeV for one day, and scale this number to a rate per 10 s. 
Fig. 5 (b) shows the estimated averaged background event rate for 
a recent period of 434 days. The background events are considered 
to be spallation products, since there should be negligible contam- 
ination from known radioactivities other than spallation products 
given the applied energy threshold. 

Fig. 5 (c) shows the data processing time distribution for the 
silent warnings found. The average time to finish the processing is 
about 170 s; fluctuations are caused by the reconstruction process 
and the condition of the network through which the data sample 
files are copied from the SK data acquisition system. The offline SN 
monitor that had run before April 2013 took about five minutes to 
finish the reformat and reconstruction processes, as the offline re- 
construction program was tuned for physics analysis and calibra- 
tion. We have optimized the reconstruction program for the online 
SN monitor to increase the processing speed without degrading its 
performance. 

Fig. 5 (d) shows the averaged monthly duty cycle of the SN mon- 
itor system over a recent 34-month period; the SN monitor op- 
erates with a duty cycle of about 97%. The monitor searches for 
SN event bursts during normal SK running, but it does not oper- 
ate during SK detector calibration runs, particularly during those 
calibration runs employing artificial sources that intentionally gen- 
erate event bursts. Most of the 3% loss of the SN monitor duty cy- 
cle comes from planned calibration. Note that even when the SN 
monitor is off, SK still has a non-realtime capability to detect a SN 
burst during these calibration runs. This is achieved via dedicated 
offline analyses which remove likely source events based on their 
vertex positions and event timings. 

We use the spallation events found as silent warnings to es- 
timate the false alarm rate by assuming constant rate Poisson 
processes rather than generating simulation samples of the back- 
grounds. We combine multiple silent warnings randomly and form 
a combined cluster to estimate a probability of having a golden 
(normal) warning. Using 2551 silent warnings, we combined two 
of them for all combinations of two spallation bursts, to form 
2551 C 2 = 3 , 252 , 525 patterns, and estimate the probability for the 
combined burst to pass the criteria for a golden (normal) warn- 
ing to be 0 ( 4 . 3 × 10 −6 ). For three combinations with 2551 C 3 pat- 
terns, the probability is estimated to be 4 . 1 × 10 −5 (1 . 9 × 10 −4 ) 
for a golden (normal) warning. One silent warning happens ev- 
ery 10 hours. The probability to have two (three) spallation clus- 
ters coincident within 20 s is 5 . 6 × 10 −4 (3 . 1 × 10 −7 ) . Therefore 
the probability to have a golden (normal) warning due to acci- 
dentally coincident spallation bursts is 3 . 1 × 10 −7 × 4 . 1 × 10 −5 = 
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将来計画
‣ SK-Gd計画の進展 
- 水中のGd濃度を0.1％まで段階的に上げことによって 
中性子捕獲効率を90％まで向上 
→　超新星爆発天体の方向決定精度の向上 

‣ Si燃焼期（プレカーサー）のニュートリノ検出 

‣ ハイパーカミオカンデ計画 
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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
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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.
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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
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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.
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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)).
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the flux of ⌫e from a pre-SN, this study primarily uses the datasets of Odrzywolek & Heger (2010) (data downloaded
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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.
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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

Expected energy distribution

Though the energy is low, it is possible to detect the signal 
from near SN, like Betelgeuse, using neutron tagging technique.

ニュートリノのエネルギー分布ニュートリノフラックスの時間変化

バースト

プレカーサー

‣ 爆発前に長期間ニュートリノ放射が期待 
‣ 瞬間フラックスはバーストより数桁低い 
‣ ニュートリノエネルギーが低い。

😄
😞
😞

→バックグラウンドが多く、中性子同時検出によるシグナル選別が必須
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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
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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
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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
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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
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Preparation as SN precursor monitor is now on going.

プレカーサーニュートリノ検出

‣ プレSNアラートとして配信するためのシステムを現在整備中。 
- オンラインモニターシステムは構築済み 
- アラート配信のストラテジーを議論中

検出効率期待されるニュートリノ検出数

Time window = 12 時間



ハイパーカミオカンデ(HK)実験

6

Kamioka Town

Detector Location

• 8km south of Super-K
• 295km from J-PARC and 2.5 deg. off-axis  (same as Super-K)
• 600m rock overburden

600 m

検出器大きさ：258 kt 
有効質量：188 kt (SKの8倍) 
→ SNνの統計数８倍

SK検出器の近くの山に 
新しくHK検出器用のキャビンを作成



ハイパーカミオカンデ実験Project time line and milestones
• 2020: project officially started, geo-survey was carried out
• 2021: Tunnel excavation started,  followed by cavern excavation until 2024
• 2021: 20” PMT mass production started and covers/electronics will follow. 
• Tank construction in 2024-2025,  followed by PMT installations in 2025-2026.
• J-Parc beam upgrade also on-going. New IWCD detector is planed to built.
• Operation will get started in 2027.

5

‣ 2020年から建設開始 
‣ 2027年に観測開始 

ID photo-detectors: 20-inch PMT
• New HPK Box&Line 20-inch PMT (R12860) R&D completed. Excellent performance.

– High QE (x2 SK) w/ similar dark rate as SK (4kHz), 
– Better charge and timing resolution
– 1.25MPa pressure tolerance

• 136 prototype PMTs installed in SK since 2018 for long term test.

• Mass production started. Total 20,000 20”PMTs delivered until 2026.
– First 1,000 20”PMTs are delivered to Kamioka. Detail inspection is on-going. 

• Prototypes PMT covers have been developed. Final test and design fixed soon. 
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Hamamatsu R12860

ｘ２万本



まとめ
• スーパーカミオカンデ実験は、銀河系と大小マゼラン星雲で発
生した重力崩壊型超新星爆発からのニュートリノ観測を目指
し、20年以上観測を継続している。


• ガドリウムを純粋にとかしたSK-Gdフェーズが2020年からス
タート。高い中性子捕獲性能により、逆ベータ崩壊事象の同定
が可能となり、バックグラウンドとの弁別性能が向上


• 2021年4月から超新星爆発ニュートリノバーストのアラートの
GCN Noticeを通した配信を新たに開始。12月からバーストから
アラート配信までの遅延時間を数分まで改善。


• SK-GdとHKによって、Si燃焼期を含めた超新星爆発ニュートリ
ノの検出能力が向上。


