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‣ 50 ktonの超純水を用いた，大型水チェレンコフ検出器 
- 神岡地下1000m（2700m.w.e） 
- 11129個の20inch PMTを配置した内部検出器 
40%の光電被覆率（SK-II期間のみ20%） 

- エネルギー，ニュートリノタイプ，方向に感度を持つ 

‣ 幅広いエネルギー領域のニュートリノや物理現象を検出可能 
• 太陽ニュートリノ 
• 超新星ニュートリノ 
• 陽子崩壊 
• 大気/加速器ニュートリノ

スーパーカミオカンデ (SK)
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Super-Kamiokande
• 50-kton water Cherenkov detector located at 

Kamioka, Japan


• Overburden: 2700 mwe


• Inner Detector covered by > 11000 20-inch 
PMTs


• Can detect neutrinos for wide energy rage


• Solar neutrinos 


• Supernova neutrinos 


• Atmospheric/Accelerator neutrinos


• Operational since 1996
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The Cherenkov photons then reach the wall and are detected by the PMTs, forming ring
patterns. The ring pattern looks different by the particle type, the particle momentum, the
multiplicity, and so on. For example, the electron-induced ring is likely to be fuzzier than the
muon-induced ring because of electromagnetic cascades. Figure 4.3 gives an example of the
Cherenkov ring observed in SK.
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Figure 4.3: An example of the Cherenkov ring pattern in SK. Each pixel corresponds to the
PMT and the color scale denotes the detected charge amount.

4.3 Detector Components

4.3.1 Water Tank

The SK detector is subdivided into the ID and OD parts with a support structure between
them, which is shown in Figure 4.4. The ID measures 33.8 m in diameter and 36.2 m in height,
containing 32 kton water, and is instrumented with 11,129 20 inch PMTs on the wall supported
by the structure in Figure 4.4. The PMT coverage in the ID is about 40%. The OD region is
about 2 m thick between the support structure and the tank surface. There are 1,885 8 inch
outward-facing PMTs equipped on the back side of the ID wall. The OD is used to issue a veto
for the cosmic-ray muon events.

4.3.2 Photomultiplier Tubes

The 20 inch PMTs (R3600) were produced by Hamamatsu Photonics K.K. and optimized for the
experiment [77,78]. The schematic view of the PMT is given in Figure 4.5. The photocathode
is made of bialkali (Sb-K-Cs) and the dynode is the 11-stage Venetian blind type. With a high
voltage application of ∼2000 V, the gain is about 107. The quantum efficiency is wavelength-
dependent as shown in Figure 4.6, being the most sensitive to around 360 nm (∼21%). The
single photoelectron (p.e.) distribution is clearly seen, as shown in the left panel of Figure 4.7.

SKで観測されたニュートリノ事象例
TeV



‣ ガドリニウムを導入した大型水チェレンコフ検出器 
- SK純水に硫酸ガドリニウム・8水和物を溶解 
(現状13ton 0.026w%, 0.011w% Gd) 

- 中性子検出効率を上げ， 
　　　　　　背景事象除去/信号検出効率上昇 
• 0.011w% Gd → 50％ neutron tagging 
• 0.033 w% Gd →75% neutron tagging 

‣ 目指す物理 
- 超新星背景ニュートリノ(SRN, DSNB)の初検出 
- 近傍超新星の位置同定能力向上 
- 陽子崩壊の背景事象除去 
- ニュートリノ/反ニュートリノ識別　など

スーパーカミオカンデ-ガドリニウム (SK-Gd)
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計8MeV

Table 2: The abundance of isotopes in natural gadolinium and their thermal neutron
(25 meV) capture cross sections for the Gd(n,�)Gd reaction. Thermal capture cross sec-
tions and natural abundance of hydrogen (proton), oxygen, and sulfur – the only other
elements present in significant quantities in SK’s Gd2(SO4)3 -loaded water – are also
shown [15, 16].

Isotope
Natural abundance

ratio [%]
Thermal capture
cross section [barn]

152Gd 0.20 740
154Gd 2.18 85.8
155Gd 14.80 61100
156Gd 20.47 1.81
157Gd 15.65 254000
158Gd 24.84 2.22
160Gd 21.86 1.42

1H 99.99 0.33
16O 99.76 0.0002
32S 94.85 0.53

conversion from capture lifetime to Gd concentration, the Geant4 Monte
Carlo simulation result, which was shown in Fig. 13, was applied.

The neutron capture time constant was reasonably stable, within statis-
tical errors, as shown by data taken between September and November 2020
(Fig. 14); it was also stable at several depths within SK. By applying Gaus-
sian fitting to the 21 data points taken during this period, a mean neutron
capture lifetime of 115.6 ± 0.6 µs and a Gd concentration of 110.9 ± 1.4 ppm
were obtained. The standard deviations were 2.8 ± 0.4 µs and 6.5 ± 1.1 ppm,
respectively. Only the statistical errors were considered here. The Gd con-
centration obtained by the Am/Be measurement is consistent with the esti-
mation in Section 4.3.

5. Conclusion

In the summer of 2020, 13.2 tons of Gd2(SO4)3 ·8H2O was dissolved into
Super-Kamiokande and in so doing a large-scale (50 kiloton) gadolinium-
enhanced water Cherenkov detector was realized for the first time in the
world. During this Gd loading, laminar flow of water in the tank was suc-
cessfully achieved through careful control the Gd concentration and the water
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Chapter 10

Signal and Background

In this part, a search for supernova relic neutrinos using an SK-IV 2970.1-day data set is
reported. In the analysis, the NCQE-like cross section results from T2K are applied to the
atmospheric neutrino background estimation, as described in Chapter 12.

In this chapter, the SRN signal and the background sources in the search are overviewed
and their MC simulations are explained.

10.1 Signal

All three flavor neutrinos are emitted from supernovae as explained in Chapter 1, but the
dominant interaction in SK is inverse beta decay (IBD) of electron antineutrinos (ν̄e + p →
e+ + n) in the energy region of the analysis (<30 MeV). Figure 10.1 shows effective neutrino
cross sections, which are cross sections including the energy resolution and detector threshold
effects, of various interaction channels as a function of neutrino energy. The second largest
cross section is smaller than IBD by more than two orders of magnitude, therefore only IBD is
considered. In the analysis, pairs of a positron and a 2.2 MeV γ-ray from neutron capture on
hydrogen are searched.

Figure 10.1: Effective neutrino interaction cross sections as a function of neutrino energy [150].
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Figure 10.3: Atmospheric neutrino flux at Kamioka from the HKKM2011 calculation: the
vertical axis shown in linear (left) and log (right). Here the neutrino oscillation is not taken
into account.

Energies of β’s and γ’s resulting from the decays range in the current analysis window. Some
decays form a combination of “β+n” which is the same as the ν̄e signal. Possible isotopes
and their visibilities in water are studied with the FLUKA simulation [93] in Refs. [154–156],
and summarized in Table 10.1. The table categorizes isotopes into three: neutrons (the 1st
row), isotopes whose decay contain a β (the 2nd−19th rows), and isotopes which are not likely
backgrounds standalone because they are stable, have very long lifetime, or decay without a β
(the 20th−33rd rows). Even if the final state is not a “β+n” combination, when a β or γ forms
a coincidental pair with a neutron or fake hits, due to PMT noise or radioactive materials, this
becomes a background to the search. Therefore, the muon spallation should be reduced. Since
the spallation endpoint in the energy is 20.6 MeV from the 14B and 11Li, the cut should be tuned
up to the periphery. In the analysis, the cuts are prepared for the region up to 19.49 MeV.
Details about the spallation cut are given in Chapter 11.

The β+n decay events are an irreducible background in the analysis. Among such isotopes
listed in the table, the 9Li isotope is the most likely background due to its yield, lifetime, and
energy. The 9Li decays into a β+n pair with a branching ratio of 50.8%, as shown in the left
panel of Figure 10.4. This is almost identical to the ν̄e’s IBD event except that the β from
9Li is an electron and the neutron energy is higher than that from IBD. SK is not sensitive to
these differences, then the MC event production is performed by renormalizing the β+n event
made for the ν̄e signal. Potential systematic errors due to difference in the neutron energy
is covered by the Am/Be calibration since neutrons from the source have similar energies to
those from 9Li. The β spectra from 9Li for different decay modes are shown in the right panel
of Figure 10.4. The previous SK measurement result [115] is used as the 9Li production rate:
0.86± 0.12(stat.)± 0.15(syst.) kton−1day−1.

大気v BG



‣ 「SK-Gd」以降もSK-VI, SK-VIIという実験フェーズの呼称を継続する

History of Super-Kamiokande
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SK-IVでの探索
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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

5

FIG. 2. Schematic illustration of an IBD process and the sub-
sequent neutron capture on another proton. The characteris-
tic neutron capture time in water is ⌧ = 204.8± 0.4 µs [20].

analyzing 22.5 ⇥ 5823-kton·days of data. This unprece-
dented exposure will allow to probe the DSNB with an
unmatched sensitivity.

The rest of this article proceeds as follows. First, the
SK detector and the specific features of its data acqui-
sition system are described in Section II. Then, details
about modeling of the DSNB signal and the di↵erent
backgrounds are given in Sections III and IV, respec-
tively. We then describe the data reduction process in
Section V. The procedures associated with the DSNB
model-independent and spectral analyses are described in
Sections VI and VII, respectively. Finally we discuss the
current constraints on the DSNB flux and future oppor-
tunities at SK with gadolinium and Hyper-Kamiokande
in Section VIII before concluding in Section IX.

II. SUPER-KAMIOKANDE

Super-Kamiokande is a 50-kton water Cherenkov de-
tector located in the Kamioka mine, Japan. It is struc-
tured by a cylindrical stainless steel tank with a diame-
ter of 39.3 m and height of 41.4 m and consists of two
parts: an outer detector (OD) that serves as a muon
veto and an inner detector (ID) where neutrino detec-
tion takes place. In order to reduce backgrounds due to
radioactivity near the detector wall, most analyses con-
sider only events reconstructed at least 2 m away from
the ID wall, thus defining a 22.5-kton fiducial volume
(FV). It is located 1000 m underground, that allows re-
duction of the cosmic ray muon flux by a factor of 105.
In order to ensure a high-quality data taking, conditions
inside SK are tightly controlled; water is constantly re-
circulated and purified, and the ID wall is covered with
11,129 20-inch photomultipliers (PMTs) with a 3-ns time
resolution, corresponding to a 40% photocathode cover-
age. These features allow SK to detect particles with
energies ranging from a few MeV to a few TeVs. The

OD includes 1,885 8-inch PMTs, facing outwards, to de-
tect the Cherenkov light from muons. Further detailed
descriptions of the SK detector and its calibration can be
found in Refs. [29–33].

SK is currently undergoing its sixth data taking phase
since it started functioning in 1996. The first phase lasted
1497 days and ended for a scheduled maintenance. Due
to an accident following the maintenance, which resulted
in a loss of 60% of the ID PMTs, SK operated with a
reduced photocathode coverage for 794 days (phase II).
The coverage was brought back to its nominal value for
phase III, that lasted 562 days. SK’s previous spectral
analysis of the DSNB [22] used data from all these three
phases. Since 2008, the front-end electronics has been
replaced [34] and a new trigger system that allows for
neutron tagging has been set up [35]. SK operated with
this new electronics during phase IV, for 2970 days, until
being stopped for refurbishment work in May 2018. After
the maintenance, SK operated for a short time with pure
water for calibration and monitoring purposes (phase V)
since January 2019, before being loaded with gadolinium
(phase VI) in July 2020. This study will primarily focus
on phase IV, and will present a combined analysis of the
SK-I to IV data. Additionally, we will briefly discuss the
opportunities o↵ered by the gadolinium lodaded SK and
by the future Hyper-Kamiokande experiments.

Data processing in SK makes use of multiple triggers,
corresponding to di↵erent thresholds on the number of
PMT hits found in a 200-ns window. In SK-I to III, all
PMT hits in a 1.3-µs window around the main activity
peak were stored, using hardware triggers. Since SK-
IV, the new data acquisition system acquires every PMT
signal and a software trigger system defines events. To
identify positrons from IBD processes, we use the super-
high-energy (“SHE”) trigger, which requires 58 PMT hits
(70 hits before September 2011) in 200 ns. The data in
a [�5,+35]-µs window around the main activity peak is
collected with this trigger. This window is too short to
contain the delayed neutron capture signal after IBDs.
In order to identify this signal, a 500-µs (350 µs be-
fore November 2010) after trigger (“AFT”) window fol-
lows each SHE trigger that is not associated with a pre-
determined OD trigger. The trigger conditions for the
di↵erent periods in SK-IV are summarized in Table I. In
the rest of this paper, we will describe the analysis of hit
patterns in these large SHE+AFT windows to identify
the coincident production of a positron and a neutron.

The prompt positron event is reconstructed using the
dedicated solar neutrino [36–39] and muon decay elec-
tron vertex and direction fitter, which is then used to
reconstruct the event energy [40]. For this SK phase, we
follow the convention introduced in Ref. [39] and subtract
the 0.511 MeV electron mass from this energy to obtain
the electron equivalent kinetic energy Erec. This quan-
tity can also be interpreted as the total reconstructed
positron energy, and will be used to present the results
of this study.
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TABLE V. Summary on the 90% C.L. expected sensitivities and observed upper limits as well as the corresponding p-values
in each electron antineutrino energy bin (E⌫ = Erec + 1.8 MeV).

E⌫ [MeV] Expected [cm�2sec�1MeV�1] Observed [cm�2sec�1MeV�1] p-value
9.3�11.3 4.44⇥ 101 3.71⇥ 101 0.346

11.3�13.3 1.14⇥ 101 2.04⇥ 101 0.886
13.3�15.3 4.17⇥ 100 9.34⇥ 100 0.938
15.3�17.3 1.87⇥ 100 3.29⇥ 100 0.830
17.3�19.3 8.48⇥ 10�1 5.08⇥ 10�1 0.243
19.3�21.3 4.64⇥ 10�1 6.84⇥ 10�1 0.686
21.3�23.3 3.28⇥ 10�1 1.27⇥ 10�1 0.073
23.3�25.3 2.11⇥ 10�1 3.75⇥ 10�1 0.597
25.3�27.3 2.13⇥ 10�1 7.77⇥ 10�2 0.051
27.3�29.3 1.98⇥ 10�1 2.42⇥ 10�1 0.605
29.3�31.3 1.50⇥ 10�1 7.09⇥ 10�2 0.126
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FIG. 24. Reconstructed energy spectra after data reductions
for the background expectation and observation including the
signal window and the sideband region with a linear (top)
and a log (bottom) scale for the vertical axis. Color-filled his-
tograms correspond to each background source with hatched
lines in the signal window representing the total systematic
uncertainty. The red dashed line represents a DSNB signal
expectation from the Horiuchi+09 model [16] shown only for
the signal window.

The low Cherenkov angle region will be populated with
mostly atmospheric backgrounds involving visible muons
and pions while the high angle region will be mostly pop-
ulated by NCQE atmospheric neutrino events with mul-
tiple � rays. Finally, we separate events with exactly
one identified neutron from the others, thus defining an
“IBD-like” and a “non IBD-like” region. Note that due
to the low e�ciencies of the neutron tagging cuts the non
IBD-like region is expected to contain a sizable amount
of signal. Our analysis will hence involve six regions of
parameter space: two signal regions with intermediate
values of the Cherenkov angle, and four sidebands with
low and high Cherenkov angle values, as summarized in
Table VI.

TABLE VI. Overview of the regions used in the spectral anal-
ysis. We split the parameter space according to the recon-
structed Cherenkov angle and the number of tagged neutrons.
Regions with small and large Cherenkov angles are dominated
by the interactions producing visible muons and pions and by
NCQE interactions, respectively. We assign numbers for each
region.

Ntagged-n

✓C 20�38� 38�50� 78�90�

1 I II III
6=1 IV V VI

B. Spectral shape fitting

We perform a simultaneous fitting of the signal and
background spectra to the observed data in all six regions
of parameter space defined in Table VI using an extended
maximum likelihood method. Performing this type of
analysis requires knowing the shapes of the signal and
background spectra in each of the regions. While the sig-
nal spectrum can be reliably predicted by the IBDMonte-
Carlo simulation for a given DSNB model, the treatment
of the atmospheric neutrino and spallation backgrounds
is more complex. For this study, we follow the method

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.122002
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The low Cherenkov angle region will be populated with
mostly atmospheric backgrounds involving visible muons
and pions while the high angle region will be mostly pop-
ulated by NCQE atmospheric neutrino events with mul-
tiple � rays. Finally, we separate events with exactly
one identified neutron from the others, thus defining an
“IBD-like” and a “non IBD-like” region. Note that due
to the low e�ciencies of the neutron tagging cuts the non
IBD-like region is expected to contain a sizable amount
of signal. Our analysis will hence involve six regions of
parameter space: two signal regions with intermediate
values of the Cherenkov angle, and four sidebands with
low and high Cherenkov angle values, as summarized in
Table VI.

TABLE VI. Overview of the regions used in the spectral anal-
ysis. We split the parameter space according to the recon-
structed Cherenkov angle and the number of tagged neutrons.
Regions with small and large Cherenkov angles are dominated
by the interactions producing visible muons and pions and by
NCQE interactions, respectively. We assign numbers for each
region.

Ntagged-n
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B. Spectral shape fitting

We perform a simultaneous fitting of the signal and
background spectra to the observed data in all six regions
of parameter space defined in Table VI using an extended
maximum likelihood method. Performing this type of
analysis requires knowing the shapes of the signal and
background spectra in each of the regions. While the sig-
nal spectrum can be reliably predicted by the IBDMonte-
Carlo simulation for a given DSNB model, the treatment
of the atmospheric neutrino and spallation backgrounds
is more complex. For this study, we follow the method

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.
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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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• 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

Phys. Rev. D 104, 122002

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.122002
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TABLE V. Summary on the 90% C.L. expected sensitivities and observed upper limits as well as the corresponding p-values
in each electron antineutrino energy bin (E⌫ = Erec + 1.8 MeV).

E⌫ [MeV] Expected [cm�2sec�1MeV�1] Observed [cm�2sec�1MeV�1] p-value
9.3�11.3 4.44⇥ 101 3.71⇥ 101 0.346

11.3�13.3 1.14⇥ 101 2.04⇥ 101 0.886
13.3�15.3 4.17⇥ 100 9.34⇥ 100 0.938
15.3�17.3 1.87⇥ 100 3.29⇥ 100 0.830
17.3�19.3 8.48⇥ 10�1 5.08⇥ 10�1 0.243
19.3�21.3 4.64⇥ 10�1 6.84⇥ 10�1 0.686
21.3�23.3 3.28⇥ 10�1 1.27⇥ 10�1 0.073
23.3�25.3 2.11⇥ 10�1 3.75⇥ 10�1 0.597
25.3�27.3 2.13⇥ 10�1 7.77⇥ 10�2 0.051
27.3�29.3 1.98⇥ 10�1 2.42⇥ 10�1 0.605
29.3�31.3 1.50⇥ 10�1 7.09⇥ 10�2 0.126
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FIG. 24. Reconstructed energy spectra after data reductions
for the background expectation and observation including the
signal window and the sideband region with a linear (top)
and a log (bottom) scale for the vertical axis. Color-filled his-
tograms correspond to each background source with hatched
lines in the signal window representing the total systematic
uncertainty. The red dashed line represents a DSNB signal
expectation from the Horiuchi+09 model [16] shown only for
the signal window.

The low Cherenkov angle region will be populated with
mostly atmospheric backgrounds involving visible muons
and pions while the high angle region will be mostly pop-
ulated by NCQE atmospheric neutrino events with mul-
tiple � rays. Finally, we separate events with exactly
one identified neutron from the others, thus defining an
“IBD-like” and a “non IBD-like” region. Note that due
to the low e�ciencies of the neutron tagging cuts the non
IBD-like region is expected to contain a sizable amount
of signal. Our analysis will hence involve six regions of
parameter space: two signal regions with intermediate
values of the Cherenkov angle, and four sidebands with
low and high Cherenkov angle values, as summarized in
Table VI.

TABLE VI. Overview of the regions used in the spectral anal-
ysis. We split the parameter space according to the recon-
structed Cherenkov angle and the number of tagged neutrons.
Regions with small and large Cherenkov angles are dominated
by the interactions producing visible muons and pions and by
NCQE interactions, respectively. We assign numbers for each
region.

Ntagged-n

✓C 20�38� 38�50� 78�90�

1 I II III
6=1 IV V VI

B. Spectral shape fitting

We perform a simultaneous fitting of the signal and
background spectra to the observed data in all six regions
of parameter space defined in Table VI using an extended
maximum likelihood method. Performing this type of
analysis requires knowing the shapes of the signal and
background spectra in each of the regions. While the sig-
nal spectrum can be reliably predicted by the IBDMonte-
Carlo simulation for a given DSNB model, the treatment
of the atmospheric neutrino and spallation backgrounds
is more complex. For this study, we follow the method

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

Phys. Rev. D 104, 122002

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.122002


バックグラウンド：AccidentalとSpallation
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TABLE V. Summary on the 90% C.L. expected sensitivities and observed upper limits as well as the corresponding p-values
in each electron antineutrino energy bin (E⌫ = Erec + 1.8 MeV).

E⌫ [MeV] Expected [cm�2sec�1MeV�1] Observed [cm�2sec�1MeV�1] p-value
9.3�11.3 4.44⇥ 101 3.71⇥ 101 0.346

11.3�13.3 1.14⇥ 101 2.04⇥ 101 0.886
13.3�15.3 4.17⇥ 100 9.34⇥ 100 0.938
15.3�17.3 1.87⇥ 100 3.29⇥ 100 0.830
17.3�19.3 8.48⇥ 10�1 5.08⇥ 10�1 0.243
19.3�21.3 4.64⇥ 10�1 6.84⇥ 10�1 0.686
21.3�23.3 3.28⇥ 10�1 1.27⇥ 10�1 0.073
23.3�25.3 2.11⇥ 10�1 3.75⇥ 10�1 0.597
25.3�27.3 2.13⇥ 10�1 7.77⇥ 10�2 0.051
27.3�29.3 1.98⇥ 10�1 2.42⇥ 10�1 0.605
29.3�31.3 1.50⇥ 10�1 7.09⇥ 10�2 0.126
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FIG. 24. Reconstructed energy spectra after data reductions
for the background expectation and observation including the
signal window and the sideband region with a linear (top)
and a log (bottom) scale for the vertical axis. Color-filled his-
tograms correspond to each background source with hatched
lines in the signal window representing the total systematic
uncertainty. The red dashed line represents a DSNB signal
expectation from the Horiuchi+09 model [16] shown only for
the signal window.

The low Cherenkov angle region will be populated with
mostly atmospheric backgrounds involving visible muons
and pions while the high angle region will be mostly pop-
ulated by NCQE atmospheric neutrino events with mul-
tiple � rays. Finally, we separate events with exactly
one identified neutron from the others, thus defining an
“IBD-like” and a “non IBD-like” region. Note that due
to the low e�ciencies of the neutron tagging cuts the non
IBD-like region is expected to contain a sizable amount
of signal. Our analysis will hence involve six regions of
parameter space: two signal regions with intermediate
values of the Cherenkov angle, and four sidebands with
low and high Cherenkov angle values, as summarized in
Table VI.

TABLE VI. Overview of the regions used in the spectral anal-
ysis. We split the parameter space according to the recon-
structed Cherenkov angle and the number of tagged neutrons.
Regions with small and large Cherenkov angles are dominated
by the interactions producing visible muons and pions and by
NCQE interactions, respectively. We assign numbers for each
region.

Ntagged-n

✓C 20�38� 38�50� 78�90�

1 I II III
6=1 IV V VI

B. Spectral shape fitting

We perform a simultaneous fitting of the signal and
background spectra to the observed data in all six regions
of parameter space defined in Table VI using an extended
maximum likelihood method. Performing this type of
analysis requires knowing the shapes of the signal and
background spectra in each of the regions. While the sig-
nal spectrum can be reliably predicted by the IBDMonte-
Carlo simulation for a given DSNB model, the treatment
of the atmospheric neutrino and spallation backgrounds
is more complex. For this study, we follow the method

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

Phys. Rev. D 104, 122002

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.122002


‣ Ev > 15MeVで最も強い制限 
‣ いくつかのモデルに既に感度到達している

Model-independent limit
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FIG. 25. The 90% C.L. expected and observed upper limits on the extraterrestrial electron antineutrino flux from the present
work, in comparison with previously published results from SK [22, 23] and KamLAND [25] and DSNB theoretical predictions
from Fig. 1 (in gray). The upper limit from Ref. [22] (blue) has been derived in Ref. [23].

described in Ref. [22] and divide these backgrounds into
the following five categories.

a. Invisible muons and pions: this category re-
groups events with electrons produced by the decays of
invisible muons and pions. The energy distribution of
these electrons follows a Michel spectrum, whose shape
is independent of the Cherenkov angle and the neutron
multiplicity and will therefore be the same across all six
regions. For this study, we estimate the shape of the
Michel spectrum at SK directly from data, using a sam-
ple of electrons produced by cosmic ray muon decays
(a similar sample for atmospheric and accelerator neu-
trino oscillation and proton decay analyses is described
in Refs. [90, 91]). We then use the atmospheric neu-
trino Monte-Carlo simulation to compute the fractions
of background events in the di↵erent signal and back-
ground regions. Since electrons cannot be distinguished
from positrons at SK this background dominates in the
signal regions II and V and are negligible everywhere else.

b. ⌫e CC interactions: in this category we find back-
grounds arising from CC interactions of electron neutri-
nos and antineutrinos, with no visible muons and pions
in the final state. Their contributions will dominate in
the signal regions II and V above 50 MeV. We estimate
the associated spectral shapes in all regions using the
atmospheric neutrino Monte-Carlo simulation. Similarly
to Michel electrons, this background is negligible outside
the regions II and V.

c. µ/⇡-producing interactions: visible muons and
pions will be associated with low Cherenkov angles, as
these particles are significantly heavier than electrons.
The associated background will therefore dominate in
the low Cherenkov angle regions I and IV, and, after
positron candidate selection cuts, will be negligible in the
signal regions. We extract the associated spectral shapes
by considering an atmospheric Monte-Carlo sample with
only CC interactions, visible muons and pions, and no
electrons.

Phys. Rev. D 104, 122002
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FIG. 26. Best-fit signal and background spectra for SK-IV, assuming the DSNB spectrum predicted by the Horiuchi+09
model [16]. The six regions presented here include two signal regions and four sidebands in Table VI.

VIII. DISCUSSION

A. Constraints on the DSNB parameter space

Over the two search strategies presented in this pa-
per, the analysis described in Section VI gives a model-
independent di↵erential limit on the ⌫̄e flux while the
model-dependent spectral analysis uses data from all
phases of SK and yields the tightest constraints on DSNB
models. In this section, we present the results of this
analysis using both discrete DSNB models —most of
them based on supernova simulations— and simplified
parameterizations.

The 90% C.L. expected and observed upper limits on
the DSNB rate and flux for theoretical models are shown
in Fig. 29 for the combined SK-I,II,III,IV analysis, with
the corresponding results being tabulated in Table VIII.
With an exposure of 22.5⇥5823 kton·days, the sensitivity
of the combined analysis at 90% C.L. is the tightest to
date and is on par with predictions from the Ando+03,
Horiuchi+09 (T⌫ = 6 MeV), Galais+10, and Kresse+21
models [12, 15–17]. One common feature of these opti-
mistic models is that they use the highest cosmic star for-
mation history allowed by observations. Additionally, the

Kresse+21 predictions [12] are based on neutrino emis-
sion models derived from state-of-the-art supernova sim-
ulations, and take a wide range of progenitors into ac-
count. The ability of this analysis to probe such realistic
models makes the prospects for future experiments par-
ticularly promising. Currently, an excess of about 1.5�
has been observed in the data and the resulting 90% C.L.
limits on the DSNB flux improve on the constraints ob-
tained in Ref. [22] for SK-I,II,III. These results confirm
the exclusion of the Totani+95 model [8] and of the most
optimistic predictions of the Kaplinghat model [9].

Another striking feature observed in Fig. 29 is the sta-
bility of the observed and expected limits on the DSNB
flux over all models. This stability results from the lim-
ited sensitivity of the current analysis to the DSNB spec-
tral shape. In order to translate flux limits into con-
straints on astrophysical parameters, we therefore ignore
subtle e↵ects associated with e.g. black-hole formation or
multiple classes of progenitors, and use the simple Fermi-
Dirac neutrino emission model described in Section III,
as in Ref. [22]. The associated two-dimensional 90% C.L.
limit on the neutrino emission temperature and on the
DSNB rate for E⌫ > 17.3 MeV is shown in Fig. 30, for
the combined SK-I,II,III,IV analysis. This figure also

‣ SRNモデル毎に，エネルギースペクトルをフィットして， 
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
sideband領域を同時にフィット 

‣ 90% C.L. sensitivity は複数のモデル予測より下に到達 
‣ 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！

Model-dependent analysis

6th Jan. 2022　新学術「地下宇宙」第8回超新星研究会　Keishi Hosokawa 11

µ-like e-like Multi-γ like
信号領域
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FIG. 28. Likelihoods associated with phases I to IV of SK, as well as the combined likelihood. As mentioned in the main text,
we can neglect correlations between background systematic uncertainties when combining all phases of SK.

FIG. 29. The 90% C.L. upper limits, best-fit values, and expected sensitivities for the DSNB fluxes (left) and rates (right)
associated with the models described in Section I. The best fit rates and fluxes are shown with their associated 1� error bars.
This figure also shows the predictions for each models, either as a range or as one value. Note the stability of the expected and
observed flux limits across all models.

Phys. Rev. D 104, 122002

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.122002


‣ Accidental BGの大幅な削減（およそ1/10以下） 
- 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導入により，検出効率を高く保ったまま，Accidentalの大幅削減が可能に 

‣ 中性子検出効率の増加による信号事象の統計量増加（数倍程度）

SK-Gdによる探索の展望

6th Jan. 2022　新学術「地下宇宙」第8回超新星研究会　Keishi Hosokawa 12
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the solar neutrino analysis [36–39] and the LINAC cali-
bration [32]. The final cuts are the following:

de↵ > max

⇢
300, 500�

Erec � 15.5 MeV

1 MeV
⇥ 50

�
cm,

N
max
pre < 12,

Ndecay-e = 0,

Lclear < 0.36,

q50/n50 < 2,

38� < ✓C < 50�.

The e�ciencies of these cuts are shown in Fig. 18 as a
function of Erec and vary between 70 and 85%. Overall,
positron candidate selection cuts allow to remove 80%
of the atmospheric neutrino backgrounds, and bring con-
tamination from natural radioactivity to negligible levels.

2. Spallation and neutron tagging cuts

Unlike positron candidate selection cuts, spallation
and neutron tagging cuts need to be optimized in multi-
ple energy regions to account for the important variations
of the spallation and atmospheric background rates in the
analysis windows. While only events with one tagged
neutron are used in the DSNB model-independent anal-
ysis, the spectral analysis also considers events with zero
or more than one tagged neutron. Here, we first optimize
spallation and neutron tagging cuts for the signal region
where exactly one tagged neutron is required. Using the
thus optimized neutron tagging cuts, we then derive op-
timal spallation cuts for events with 6= 1 tagged neutron.

a. Events with one tagged neutron: We devise a
cut optimization scheme common to both the model-
independent and spectral analyses by simultaneously
adjusting spallation and neutron tagging cuts in Erec

bins. For each energy bin, we select events with ex-
actly one tagged neutron and find the spallation and neu-
tron tagging cuts that yield optimal sensitivity under the
background-only hypothesis. We define the sensitivity as
the predicted number of signal events after cuts over the
90% C.L. upper limit on the number of signal events,
computed using the Rolke method [78]. To simplify the
interpretation of the results presented in this paper, we
apply the same cuts for both the model-independent and
spectral analyses in the 15.5�29.5 MeV reconstructed en-
ergy range, where the two analyses overlap. In particular,
we require spallation and solar neutrino backgrounds to
be negligible above 15.5 MeV. The remaining rates of
these backgrounds can be reliably evaluated by rescal-
ing the number of events observed after noise reduction,
spallation, and positron candidate selection cuts by the
neutron mistag rate.

The signal e�ciencies for our choice of cuts are shown
in the top panel of Fig. 18 for each energy region. For
each set of cuts we also present the associated systematic

uncertainties, computed as described in Sections VB,
VC, and VD, in Table III.
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FIG. 18. DSNB signal e�ciencies for the signal regions where
one tagged neutron (top) and 6= 1 tagged neutrons (bottom)
are required, as started after the SHE+AFT trigger require-
ment and the noise reduction cuts. While the one tagged
neutron region is common to both the model-independent and
spectral analyses above 15.5 MeV, the 6= 1 tagged neutron re-
gion is used only in the spectral analysis. Here, we applied
noise reduction, spallation, third reduction, neutron tagging,
and solar cuts sequentially and show cumulative e�ciencies
at each stage. The result in the final bin above 29.5 MeV
corresponds to the e�ciency for the range through 29.5 to
79.5 MeV, as calculated assuming the Horiuchi+09 6 MeV
spectrum [16]. Note also that e�ciencies for the solar neu-
trino cut in the bottom are shown in 1-MeV bins.

b. Events with zero or more than one tagged neu-
trons: As previously discussed, the events rejected by
the neutron tagging cuts obtained above can still be con-
sidered in the spectral analysis. In the 23.5�79.5 MeV
region, that covers most of the spectral analysis win-
dow, spallation and solar neutrino backgrounds are neg-
ligible and only noise reduction and positron candidate
selection cuts need to be applied to these events. In
the 19.5�23.5 MeV region, solar neutrino backgrounds
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‣ Gd導入量を3倍に 
- 中性子検出効率 50%(0.026% GdSO, 0.011% Gd) -> 75%(0.078% GdSO, 0.033% Gd) 

‣ 装置のアップグレードを計画・実行中 
- ダークレート対策 
- 多数の樹脂・フィルタ交換 
- 前回の倍の硫酸Gdを溶かすため溶解槽を改造 
　　　　　　　　　　　　　　　　　　　など

SK-Gd アップグレード

6th Jan. 2022　新学術「地下宇宙」第8回超新星研究会　Keishi Hosokawa 13

Plans of SK-Gd
• Aiming to dissolve up to ~26 tons of additional 

Gd2(SO4)3x8H2O in 2021-2022
• Target Gd concentration: 0.02-0.03% (Currently 0.01%)
• Gd capture efficiency: 65-75% (Currently 50%)

Dissolving Commissioning Calibrations

New cation resin
New anion resin 

Convection

Available for T2K physics run

Delivery of  Gd2(SO4)3x8H2O 
Preparation of additional 
Gd removal resin 

T2K Physics run

Water recirculation w/ the SK-Gd system

Gd purchase

Development of new cation& anion resins

20222021

Possible plan for the next loading
0      0.001              0.01            0.1

Gadolinium concentration [%]

Initial loading (0.01%)

Next target (0.02-0.03%)

Final goal (0.1%)
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‣ Gdを入れて以来， 
ダークレートが上がっている 
- バクテリアが原因か？ 
　　　　→ 殺菌用UV増設

SK-Gd アップグレード
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Figure 1: Schematic diagram of SK-Gd water system.

To remove positively charged impurities, and radium ions in particular, a
strongly acidic cation exchange resin, AMBERJET™1020 [6] (“C-Ex Resin”
in Fig. 1) is used. For the SK-Gd water system, this resin has been modified
to contain gadolinium as the ion exchange group such that the resin’s cation
exchange action never results in a loss of dissolved Gd content; Gd2(SO4)3 ·
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‣ 多数回のイオン交換樹脂・フィルタ交換 
- Gd水作製・純化装置室内で超純水を作成する事で，各モジュールを容易にフラッシング可能に

SK-Gd アップグレード
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Figure 1: Schematic diagram of SK-Gd water system.

To remove positively charged impurities, and radium ions in particular, a
strongly acidic cation exchange resin, AMBERJET™1020 [6] (“C-Ex Resin”
in Fig. 1) is used. For the SK-Gd water system, this resin has been modified
to contain gadolinium as the ion exchange group such that the resin’s cation
exchange action never results in a loss of dissolved Gd content; Gd2(SO4)3 ·
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‣ 前回の倍の硫酸Gdを溶かすため，バッファとして使っている溶解槽を改造 
- 前回，溶けきらない粉が底にたまってしまっていた。溶解槽に粉がたまらないようにテーパー部に押し流
す渦を作り，できる限り回避していたが，倍量の水で渦を作るのは困難。。。 
1. テーパー下部のタンク出口近くに粉を直接送る 
2. 渦を作るのに邪魔になる配管をカット

SK-Gd アップグレード

6th Jan. 2022　新学術「地下宇宙」第8回超新星研究会　Keishi Hosokawa 16
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Figure 2: Schematic diagram of the shear blender.

8H2O powder of the same radiopurity as the primary solute was used to
generate this custom resin.

On the other hand, negatively charged impurities are removed using a
strongly basic anion exchange resin AMBERJET™4400 [7] (“A-Ex Resin” in
the figure). This resin was introduced in order to remove uranium, which
forms a negatively-charge uranyl complex in solution. As with the cation
resin, this anion resin has been specially prepared, in this case with sul-
fate ions as the ion exchange group to prevent loss of sulfate from the Gd
compound; electronic grade H2SO4 was used to produce the resin. In the
pretreatment system the ratio of cation and anion exchange resin volumes is
1 : 1.

The Gd-loaded water is then sent to a UV sterilizer and a series of filters
to remove bacteria introduced during the dissolution process. It should be
noted that the pretreatment system is used only during dissolution and is
otherwise bypassed during normal recirculation operation.

2.3. Water Recirculation System

During both gadolinium loading and subsequent data-taking, the Gd-
loaded water in SK is continuously recirculated and purified to maintain
high transparency. As shown in Fig. 1, there are two copies of most ele-
ments of the recirculation system installed in parallel such that water can be
circulated at a flow rate of 60 m3/h in either line or 120 m3/h when both
are operated simultaneously. It is therefore possible to maintain continuous

8

1. 2.



‣ 0.03% Gd水を用いた探索で，DSNBモデルのモデル領域に大きく踏み込める！

SK-Gd(0.03%)の展望 -SRN,DSNB探索-
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New cation resin 

Available for T2K physics run
Delivery of 26 tons of  Gd2(SO4)3x8H2O 

2022

Water recirculation w/ SK-Gd FR2+FR3

Development of new cation resins

Preparation of additional Gd 
removal resin 

Schedule for T1.5 

22

Tests of the upgraded 
dissolving system 

FR2+FR3

Additional UV 
installation 

New flushing 
System installation 

Intermittent
operation

Screening campaign

Dissolving additional 26 tons of Gd2(SO4)3x8H2O in May 2022 starting from GW?

• Target Gd concentration: 0.03% (Currently 0.011%)
• Gd capture efficiency: 75% (Currently 50%)

Shift arrangement deadline



‣ SK-Gdによる超新星爆発アラームをGCNへ発行可能になった！ 
- さらに，中性子検出によるIBD事象タグによって方向決定精度が向上 

‣ 近傍超新星爆発(Betelgeuse@~200pcなど)では，シリコン燃焼による前兆信号(Pre-SN)も観測可能 
- SK内部では，Pre-SNアラームの運用も既に開始している 
- 今後，カムランドアラームと合わせてGCNに送れるよう，調整中

SK Supernova alart on GCN
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Expected number of IBD events in Super-Kamiokande with 0.03% Gd and for KamLAND as a function of distance. Solid lines show
normal neutrino mass hierarchy and dashed lines show inverted neutrino mass hierarchy. The considered fluxes are integrated 

over 5 hours preceding the core-collapse for SK-Gd and 48 hours for KamLAND, for stars with 15 M⊙ and 25 M⊙ (Odrzywolek, et
al 2010 Acta Phys. Pol. B 41, 1611). An alternative model (Patton, et al 2017 ApJ 851 6) is shown for 15 M⊙ stars.

SK Supernova alert on GCN Notice

• Since April 2021, SK supernova alert is now 
published on GCN (The Gamma-ray Coordinates 
Network) with the machine-readable format, too.

• An alert will be automatically published within 
some minutes from the detection of a neutrino 
burst by SK if the signal is significantly large. 
A bit lower significance signal generates an alert 
after expert check (<~ 1 hour) 

• Almost 100% detection efficiency for core-collapse 
supernoves upto SMC. The typical error of SN 
direction is a few degree for SN in our galaxy.  

• The notice (SK_SN) can be received with the same 
framework as other GCN notices; GRB, GW and 
high energy neturino alerts.  A dummy (test) alert is 
published for test every month (on 1st day of the 
month). 

• For more details about SK_SN Notice, refer to   
https://gcn.gsfc.nasa.gov/sk_sn.html

An example of SK_SN Test Notice (1 per month)
Distributed with binary and VOEevent formats 



‣ 超新星背景ニュートリノ初観測を目指したSK-Gd実験が進行中 
- SK純水データを用いた解析ではいくつかのモデルで予言される領域に到達 
- Gd水データでは，高い信号検出効率と低いアクシデンタル頻度が期待される 

‣ ガドリニウム導入量を0.03%に上げたSK-Gdのアップグレード計画が進行中 
- 初夏のGd追加導入に向けた，装置のアップグレードを計画・実行中 

‣ 超新星背景爆発前兆ニュートリノの，GCNへのカムランドと合わせたアラーム発行を目指している

まとめ

6th Jan. 2022　新学術「地下宇宙」第8回超新星研究会　Keishi Hosokawa 20


