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

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

(For T2K and atmospheric nubs analyses)
• Reactor neutrinos
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• 50 ktonの超大型水チェレンコフ測定器（深さ 2700 mwe）


• 約11,000本の50cm PMTでチェレンコフ光を観測


• 多様な観測対象


• 太陽ニュートリノ


• 超新星ニュートリノ


• 加速器・大気ニュートリノ


• 核子崩壊探索


• 2020年、Gdを加えて新たな観測を開始

スーパーカミオカンデ
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SK Data Taking Phases

Gd-loaded water
6,511 days live-time 583.3 days + the future…

SK-VI
2022

Gd concentration at SK-VI:
0.011% in weight.

SK-VII



The Super-Kamiokande Collaboration
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~230 collaborators 

from 51 institutes


in 11 countries



太陽ニュートリノ
• 太陽内での核融合反応によるニュートリノ


• スーパーカミオカンデでは8B, Hepニュートリノに感
度 (Ekin > 3.5 MeV)


• 太陽内および地球での物質効果により、電子ニュートリ
ノの生存確率が変化


• 数MeV領域での生存確率の遷移（スペクトルの歪み）


• 昼夜非対称性
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data) are in good agreement with the MSW curves (based
on different parameters: blue ¼ solar þ KamLAND best
fit, green ¼ solar best fit).

V. DAY/NIGHT ASYMMETRY

The matter density of the Earth affects solar neutrino
oscillations while the Sun is below the horizon. This

so called “day/night effect” will lead to an enhancement
of the νe flavor content during the nighttime for most
oscillation parameters. The most straightforward test of this
effect uses the solar zenith angle θz (defined in Fig. 17) at
the time of each event to separately measure the solar
neutrino flux during the day ΦD (defined as cos θz ≤ 0)
and the night ΦN (defined as cos θz > 0). The day/night
asymmetry ADN ¼ ðΦD − ΦNÞ= 1

2 ðΦD þ ΦN) defines a
convenient measure of the size of the effect; it is sensitive
to Δm2

21.
A more sophisticated method to test the day/night effect

is given in [1,24]. For a given set of oscillation parameters,
the interaction rate as a function of the solar zenith angle is
predicted. Only the shape of the calculated solar zenith
angle variation is used; the amplitude is scaled by an
arbitrary parameter. The extended maximum likelihood fit
to extract the solar neutrino signal (see Sec. III C) is
expanded to allow time-varying signals. The likelihood
is then evaluated as a function of the average signal rates,
the background rates and a scaling parameter, termed the
“day/night amplitude”. The equivalent day/night asymme-
try is calculated by multiplying the fit scaling parameter
with the expected day/night asymmetry. In this manner the
day/night asymmetry is measured more precisely sta-
tistically and is less vulnerable to some key systematic
effects.
Because the amplitude fit depends on the assumed

shape of the day/night variation (given for each energy
bin in [24] and [1]), it necessarily depends on the
oscillation parameters, although with very little depend-
ence expected on the mixing angles (in or near the
large mixing angle solution and for θ13 values consistent
with reactor neutrino measurements [25]). The fit is
run for parameters covering the MSW region of oscil-
lation parameters (10−9 eV2 ≤ Δm2

21 ≤ 10−3 eV2 and
10−4 ≤ sin2θ12 < 1), and values of sin2 θ13 between 0.015
and 0.035.

A. Systematic uncertainty on the solar neutrino
amplitude fit day/night flux asymmetry

1. Energy scale

True day (night) solar neutrino events will mostly be
coming from the downward (upward) direction, and so
the directional dependence of the SK light yield or
energy scale will affect the observed interaction rate as
a function of solar zenith angle and energy. To quantify
the directional dependence of the energy scale, the
energy of the DT-produced 16N calibration data and its
simulation are compared as a function of the recon-
structed detector zenith angle (Fig. 9). The fit from Fig. 9
is used to shift the energy of the 8B MC events, while
taking energy-bin correlations into account, and the
unbinned amplitude fit was rerun. The resulting 0.05%
change in the equivalent day/night asymmetry is taken as
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FIG. 29. Allowed survival probability 1σ band from the
combined data of SK and SNO (red). Also shown are predictions
based on the oscillation parameters of a fit to all solar data (green)
and a fit to all solar þ KamLAND data (blue). The pastel colored
bands are the separate SK (green) and SNO (blue) fits.
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FIG. 30. Predicted solar neutrino spectra [21]. Overlaid are
expected MSW survival probabilities, green is that expected
assuming oscillation parameters from the solar best fit and blue
from the solar þ KamLAND best fit. The 1σ band of Pee from the
combined data of SK and SNO is shown in red. Also shown are
Pee measurements of the 7Be (green point), the pep (light green
point) and the 8B flux (red point) by Borexino [23], as well as pp
(blue point) and CNO values (gold point) extracted from other
experiments [22].

K. ABE et al. PHYSICAL REVIEW D 94, 052010 (2016)

052010-20

Transition 
region

→ニュートリノ振動パラメーターθ12, Δm21の測定

新物理の探索



純水フェーズでの太陽ニュートリノ測定結果

• 遷移確率の変異: 約1σでflat probabilityをdisfavor


• Δm221: KamLANDのBest fitと約1.4σのずれ
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p. 6

◆ Solar angle distribution
- High event rate correlated with the dark rate after starting SK5.
- Above 6.49 MeV, clear solar neutrino signal observed,

and no additional BG above 6.49 MeV after Gd-loading.
→ Start solar neutrino analysis after SK5.

https://www-sk1.icrr.u-tokyo.ac.jp/~sklowe/meeting/shigeta/220518/cossun/sk456/
https://www-sk1.icrr.u-tokyo.ac.jp/~sklowe/meeting/shigeta/220518/cossun/monthly/

All energy

Low energy (<6.49 MeV)

High energy (>6.49 MeV)
No significant difference
among SK4, SK5, and SK6.

Solar neutrino signal

Solar neutrinos in SK-Gd

• DT neutron generator, LINAC等を用い
たキャリブレーション測定を行った


• Ekin >6.5 MeVの領域で、以前と同じク
オリティで太陽ニュートリノが観測出
来ている

6

DT calibration in SK-VI
p. 3

https://www-sk1.icrr.u-tokyo.ac.jp/~sklowe/meeting/nakano/220511/sk5_vs_sk6_TQ60.00/

◆ Background 
- Due to COVID-19, the LINAC calibration in SK-VI

was performed only in limited positions.

- To evaluate the energy scale in SK-VI, DT calibration 
is highly required before the 2nd Gd-loading.

◆ DT calibration analysis
- As reported by Stephane, DT calibration was 

successfully performed in April 2022.

- The energy scale was evaluated by comparing the 
SK6 calibration data and SK5.

- Difference of energy is less than 1% level
even after loading Gd.

https://indico-sk.icrr.u-
tokyo.ac.jp/event/6433/contributions/19733/attachments/18895/23483/ieki
_211113_skcm_linac.pdf

Less than 1% level
degree

SK5 pure water
SK6 Gd-water

Solar neutrino angular distribution

SK-IV solar neutrino signal

19

(preliminary) May 2020

Solar angle dist. (3.49-19.49 MeV)

qsun

SK

Sun

Energy spectrum

◼ According to improved spallation cut, signal efficiency in solar  
analysis was increased by 12.6% in 3.49-19.49 MeV (kinetic).

◼ Signal (in SK-IV): 63890 +381 -379(stat.) +/-907 (syst.) events.
◼ Total: > 105 solar ν events (during SK-I~IV, 5805 days)

May 2022

Solar neutrino signal in SK-VI 

30

◼ Applied conventional solar 
selections to SK-V and SK-VI 
data above 6.49 MeV. 

◼ No significant difference among 
SK-IV, SK-V, and SK-VI. 

◼ Spallation cut in solar neutrino 
analysis would be more 
efficient in SK-VI & VII, thanks 
to improved cosmogenic 
neutron tagging (under study)

◼ Below 6.49 MeV: under study 
(need careful treatment of 
trigger efficiency, water 
convection, PMT dark rate, etc.)

Preliminary

Solar angular distributions in SK-IV, V, and VI

qsun

SK

Sun

SK-IV 2970 days
SK-V 380 days
SK-VI 205 days

Ekinetic = 6.49-19.49 MeV

Solar ν signal

DT neutron source calibration

6.49 < Ekin < 19.49 (MeV)



超新星背景ニュートリノ 
Diffuse Supernova Neutrino 
Backgrounds (DSNB)

7

• 過去の超新星爆発で生成され、現在の宇宙に蓄
積しているニュートリノ


• 宇宙のどの時期にどれだけ超新星爆発が起こっ
たかの情報を持っている


• Star formation rate


• Supernova burst mechanism


• Neutrino oscillation effect in dense medium

Diffused Supernova Neutrino Backgrounds 
Supernova Relic Neutrino 

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

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

• Can study history of SN bursts 
with neutrinos

62020.6.3 ugap2020 
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Figure 2. (a) SRN flux in units of f∗ cm−2 s−1 MeV−1 calculated with three
reference models of original neutrino spectrum: LL, TBP and KRJ. The flux
of atmospheric neutrinos [66, 67] is also shown for comparison. (b) The same as
(a), but indicating contribution from various redshift ranges. LL is adopted as the
supernova model. These figures are taken from [17].

the distant detector is

dNν̄e

dEν̄e

= |Ue1|2
dNν̄1

dEν̄1

+ |Ue2|2
dNν̄2

dEν̄2

+ |Ue3|2
dNν̄3

dEν̄3

= |Ue1|2
dN0

ν̄e

dEν̄e

+ (1 − |Ue1|2)
dN0

νx

dEνx

, (7)

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

3. Flux and event rate of SRNs

3.1. Flux of SRNs

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

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

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

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



超新星背景ニュートリノ 
Diffuse Supernova Neutrino 
Backgrounds (DSNB)
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• 過去の超新星爆発で生成され、現在の宇宙に蓄
積しているニュートリノ


• 宇宙のどの時期にどれだけ超新星爆発が起こっ
たかの情報を持っている


• Star formation rate


• Supernova burst mechanism


• Neutrino oscillation effect in dense medium

Diffused Supernova Neutrino Backgrounds 
Supernova Relic Neutrino 

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

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

• Can study history of SN bursts 
with neutrinos

62020.6.3 ugap2020 

4

 Energy [MeV]eν

10 20 30 40 50 60 70 80

/s
ec

/M
eV

]
2

 F
lu

x 
[/c

m
eν

DS
NB

 

4−10

3−10

2−10

1−10

1

10
=0.1, NO)λαHoriuchi+21 (Extrapolated, 

Tabrizi+21 (NS+BH, NO)
2.0, NO)αKresse+21 (W20-BH2.7-

 = 0.1)
2.5,crit
ξHoriuchi+18 (

Nakazato+15 (Max, IO)
Nakazato+15 (Min, NO)
Galais+10 (NO)
Horiuchi+09 (6 MeV, Max)
Lunardini09
Ando+03 (updated at NNN05)
Kaplinghat+00
Malaney97
Hartmann+97
Totani+95

FIG. 1. DSNB ⌫̄e flux predictions from various theoretical models (Horiuchi+21 [13], Tabrizi+21 [14], Kresse+21 [12],
Horiuchi+18 [11], Nakazato+15 [6], Galais+10 [15], Horiuchi+09 [16], Lunardini09 [10], Ando+09 [17], Kaplinghat+00 [9],
Malaney97 [7], Hartmann+97 [18], and Totani+95 [8]). Refer to each publication for the detailed descriptions of model. In
the legend, “NO” and “IO” represent neutrino normal and inverted mass orderings assumed in the calculation, respectively.
For the Horiuchi+09 model with a 6 MeV temperature, only the maximal flux prediction is shown. The prediction for the
Galais+10 model here is extrapolated up to 50 MeV as the original publication was served up to 40 MeV. The prediction by
Nakazato+15 is only available up to 50 MeV. The values of the flux used in this analysis for the Ando+03 model are the ones
released at the NNN05 conference [19]. The corresponding flux is larger by a factor of 2.56 than in the original publication [17].

only allowed for an exposure of 6.72 kton·year. In 2015,
a new SK analysis including neutron identification led
to stronger constraints down to 13.3 MeV neutrino ener-
gies [23]. Since the SK triggers did not allow to record
the neutron capture signal until 2008, this analysis could
only be performed on a small part of the SK data set,
with a total livetime of 22.5 ⇥ 960 kton·days. Due to
this low exposure and the low neutron tagging e�ciency
in water, this search however yielded weaker limits than
the SK-I,II,III analysis [22] above 17.3 MeV.

In this study, we draw on the previous SK analyses

to present two DSNB searches for antineutrino energies
ranging from 9.3 to 81.3 MeV, with significantly im-
proved background modeling and reduction techniques.
In the 9.3 to 31.3 MeV range, we derive di↵erential up-
per limits on the ⌫̄e flux independently from the DSNB
model, following the strategy outlined in Ref. [23] using
a 22.5⇥2970-kton·day data set. In the 17.3 to 81.3 MeV
range we constrain a wide variety of DSNB models using
spectral fits analogous to the ones described in Ref. [22].
We then combine the results of this analysis with the
ones obtained in Ref. [22] for the former SK phases, thus



DSNB signal
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Supernova Relic Neutrino

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

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

I Signal: Inverse � decay reaction:

⌫e

p

n

e+

I Large background rate is a↵ecting the
analysis

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

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

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

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

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

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

2/10

• Cosmic muon spallation event rejection 

• Positron selection with hit pattern 

• Neutron tag

• Primary signal: Inverse Beta Decay 
( )ν̄e + p → e+ + n

イベントセレクション

Rare event search: a few interactions / year / SK

Reactor ν Atmospheric ν

Cosmic μ 
spallation

DSNB



SK-IVでのDSNB探索の最終サンプル
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24

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
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SK-IV 960 days (2015)
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DSNB Theoretical Predictions

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.

Model-
independent limit 

• Eν > 15MeVで最も厳しい制限


• いくつかのモデル予想に既に感
度が到達
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• Gdを水中に溶解させることにより中性子の検出効率を
飛躍的に向上


• DSNBの世界初観測を目指す 

• その他の物理ターゲット


• 超新星ニュートリノ方向感度の向上


• 超新星爆発前兆ニュートリノの観測


• 大気・加速器ニュートリノ測定精度の向上


• などなど


• 最初のGd導入: 0.01% Gd in 2020 

• ２回目のGd導入: 0.01 → 0.03% Gd in 2022 

11

J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93 (2004) 17110

SK-Gd project

• Loading Gd to SK
• 7R�VLJQLrFDQWO\��HQKDQFH�GHWHFWLRQ�

capability of neutrons from ҧ߭ interactions   
• 0.02% Gd2(SO4)3 concentration in 2020. 

• About 50% of neutron would be captured by Gd, 
HQKDQFLQJ�QHXWURQ�WDJJLQJ�H⒑FLHQF\�E\�2-3 
times.

• Planned gradual increasement of Gd 
• Final target: 90% of neutron tagging
• Aiming at 70% with this Kakenhi

5

cross section 
48.89kb

8MeV

2.2MeV   J

2020.6.3 ugap2020 

Hiroyuki Sekiya                                                               TAUP2017      Sudbury                                                  July 26 2017

The Gadolinium project 
y To identify νe p events by neutron tagging with Gadolinium.
y Large cross section for thermal neutron (48.89kb)
y Neutron captured Gd emits 3-4 γs in total 8 MeV

◦ Well above most of BG from RIs  and the SK trigger threshold

y 90% of Gd capture efficiency at 0.1% loading
y Gd2(SO4)3 was selected to dissolve→0.2% loading

◦ In Super-K, it corresponds to 100 tons of loading 
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Beacom and Vagins PRL93,171101 (2004)
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for n capture
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From SK to SK-Gd

Second Gd-loading in 2022
p. 18

■ Additional Gd loading
- To achieve 0.03% of Gd concentration,

more Gd is added into the SK tank.
→ from June 1st to July 4th 2022.
Gd-loading Amount of 

Gd2(SO4)3·8H2O
Amount of Gd Speed

First (0.01%) 13.1 ton 5.4 ton 400 kg/day

Second (0.03%) 26.1 ton 11.0 ton 800 kg/day

~800 kg/day



First Gd loading
• 2020年、13 tonの Gd2(SO4)3･8H2O (5 tons of Gd) をスーパーカミオカンデに溶解


• From July 14 through August 17, 2020


• 水槽底から、純水がGd水に置き換わってゆく様子を確認
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Vertex distribution of spallation neutron Gd(n,γ) candidates
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宇宙線ミューオン起源の中性子の探索 6

• Gd 濃度 0.011% → 中性子捕獲時定数 ~115 μs 
• 宇宙線ミューオン飛来後 35–535 μs の時間から 

Gd による中性子捕獲事象の候補を探索. 
• 35 μs までの時間は探索から除外. 
• ミューオンの崩壊電子による事象 (~2.2 μs) 
• PMT のアフターパルス (10–20 μs)

t

0 μs 35 μs 535 μs

μ

探索

• 光を検出した PMT の数 (信号の大きさ) 
• 中性子捕獲事象の発生点とミューオントラックの位置関係

次の2つを用いて, Gd による中性子捕獲事象の選別を行う.

16O
γ

γ γ

n

μ

Gd



Second Gd loading
• 追加でGdを溶解し、濃度を 0.01% から 0.03%に増加


• Neutron capture on Gd: 50%→75% (x1.5 increase)


• Capture time: ~115 μs →~60 μs


• 改善したシステムで、 2020年の約2倍のスピードで溶解


• ~26 tonのGd2(SO4)3･8H2O を、2022年6月1日から7月4
日にかけて35日間で溶解
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Second Gd-loading in 2022
p. 18

■ Additional Gd loading
- To achieve 0.03% of Gd concentration,

more Gd is added into the SK tank.
→ from June 1st to July 4th 2022.
Gd-loading Amount of 

Gd2(SO4)3·8H2O
Amount of Gd Speed

First (0.01%) 13.1 ton 5.4 ton 400 kg/day
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~800 kg/day
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Additional Gd observed in the detector
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2022/09/28 The 21st international workshop on Next Generation Nucleon Decay and Neutrino Detectors (NNN22), Hida-city, Gifu, Japan

Study of energy scale calibration and  
Gd concentration monitoring  

using cosmogenic neutron in SK-Gd
AUTHOR : Shizuka Shima (shizuka@hep.phys.s.u-tokyo.ac.jp) 
CO-AUTHORS : Yasuhiro Nakajima, Masataka Shinoki, SK Collaboration

1. SK-Gd [1]
•First loaded gadolinium into pure water SK in 2021 •Gd : large thermal neutron capture cross section  
• emits  cascade( ~8MeV ) after Gd captured neutron 
• Improved sensitivity to supernova relic neutrinos

γ

2. Spallation neutron
Generated when a cosmic ray muon 
interacts with an oxygen atom in SK tank

Advantage
1. Large statistics 
2. Uniformly distributed across the entire detector and all time
Events selection
1. Cosmic muons 
① Hit in both OD and ID PMTs 
② Total integral charge of the signal observed in ID :  p.e. 

2. Neutrons 
① Timing 
- energy calibration & stability : [ 35, 535 ]µs 
- Gd monitor : [ 20, 535 ]µs 
② Length of muon track and point of neutron capture events : L  < 500 cm 
③ Number of PMTs that detected the light : about 20 < N < 70

Qμ > 10000

t

50

4. Stability

Stability of each area
Stability of the entire detector

Stable within 1%±

3. Position dependence

Display name Number of 
generated neutron

All Any

n : 1 1

n : 2~10 2～10

•Compared spallation neutron signals 
in 3 conditions, considering pileups 
and other effects

Comparisons with measurement results 
using AmBe[2] are currently underway

Neutron signal extraction

- signal part - background part

→

Fitting 
- Gaussian 
- Range : [ mean - 0.7 * sigma , 
mean + 1.5 * sigma]

2020/09/10 2022/03/12

8. Future prospects 
• Crosscheck of spallation neutron signal using AmBe neutron 
source data 
• Investigation of improved energy calibration methods 
 (Goal : correction to about 0.5%) 
• Continued monitoring of the stability of the detector response

subtract events in the background window [ 335, 535 ]µs 
from events in the signal window [ 35, 235 ]µs

7. Summary

IBD : ν̄e + p → e+ + n

• SK-Gd was started • Developing new methods of calibrating and monitoring the 
detector using spallation neutron 
- Evaluating the position dependence 
- Confirmed energy scale stability within 1% 
- Confirmed uniform Gd concentration throughout the SK tank 
at the start of SK7

±

poster #64

6. Gd-loading Gd water was introduced from 
the bottom of the tankSpallation neutron signal

Time constant

•10 divisions in 
the z-axis •Fitting in each 
area

5. From SK6 to SK7
•Additional gadolinium was in June 
2022 and SK7 was started 
- Gd concentration : 0.01% -> 0.03% 
- Capture rate : 50% -> 75% 
- Time constant : 125 µs -> 63 µs

confirmed uniform Gd concentration throughout the tank !

Preliminary

Preliminary

Preliminary

Preliminary

References  
[1] Nuclear Inst. and Methods in Physics Research, A 1027 (2022) 166248 
[2]Astropart. Phys. 31, 320-328 (2009)
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• Gd 濃度 0.011% → 中性子捕獲時定数 ~115 μs 
• 宇宙線ミューオン飛来後 35–535 μs の時間から 

Gd による中性子捕獲事象の候補を探索. 
• 35 μs までの時間は探索から除外. 
• ミューオンの崩壊電子による事象 (~2.2 μs) 
• PMT のアフターパルス (10–20 μs)
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• 光を検出した PMT の数 (信号の大きさ) 
• 中性子捕獲事象の発生点とミューオントラックの位置関係

次の2つを用いて, Gd による中性子捕獲事象の選別を行う.
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Neutrons after second Gd second phasep. 19
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■ Gd concentration monitoring
- Neutrons induced by cosmic-ray increased with amount of loaded Gd again.

0.01%
0.01% 0.01% 0.01% 0.01%

0.03% 0.03% 0.03% 0.03%
0.03%

June 4th June 10th June 17th June 23rd June 26th July 2nd

June 1st (before Gd-loading) June 15th

𝝉 = 𝟏𝟏𝟓. 𝟒 ± 𝟐. 𝟏 𝝁𝐬
→ 109 ± 4 ppm 𝝉 = 𝟔𝟐. 𝟎 ± 𝟎. 𝟖 𝝁𝐬

→ 307 ± 5 ppm

- Am/Be calibration demonstrates
the decay time is consistent with
the expected Gd concentration.

Neutron capture time 
measured with Am/Be source

Capture time consistent 
with the expectation



SK-GdにおけるDNSB探索
• 数年のデータでSKの純水データの感度に到達する見込み


• 2027までのデータで多くのモデルが予想する領域に


• 系統誤差の削減により、さらなる感度向上を目指している


• SK-VIのデータを使った探索結果をまもなく出します！

15
16

Positron analysis threshold = 12 MeV

Assume conservative systematic error
(same as present)

18

Assume conservative systematic error 
(same as present)



超新星アラート
• 2021年12月より、自動化されたアラートをGCNに送っている


• Gdを用いた中性子タグにより、方向情報を持たないIBD反応を弁別
することで方向精度も向上

16

SK Collaboration meeting, May 20th 2022 pronost@km.icrr.u-tokyo.ac.jp

SNWatch angular resolution

3/5

Angular resolution as function of the distance for Nakazato model with neutrino oscillation, 
Normal Mass Ordering. 
Technical note: Curves were smoothed. 

SKWatch pronost@km.icrr.u-tokyo.ac.jp

SNWatch  ow chart

1/3

# of IBD-tagged events > 10

true

Automated GCN No�ce

New

automa�cally

Manual GCN No�ce

Previously



超新星爆発前兆ニュートリノ

• 爆発の前兆となるSi-burningによる
ニュートリノも、中性子タグで検
出可能に


• SK内部では既にアラームを運用中


• KamLANDとも連携する方向で準備
を進めている

17

Pre-SN (Silicon Burning) Alert

For very nearby massive stars, gadolinium will allow Super-K to identify a 
star that is in its final stages of fusion and about to collapse. An online system -

distinct from the SNWatch burst alarm - has been operational since October 2021. 

Solid lines = normal neutrino mass hierarchy 
Dashed lines = inverted neutrino mass hierarchy. 
Baseline model (15 M☉ and 25 M☉) = Odrzywolek & Heger 2010
Alternative model (15 M☉ only) =  Patton et al. 2017
The bands reflect variations in Japanese nuclear power reactor activity. 22

Pre-SN (Silicon Burning) Alert

For very nearby massive stars, gadolinium will allow Super-K to identify a 
star that is in its final stages of fusion and about to collapse. An online system -

distinct from the SNWatch burst alarm - has been operational since October 2021. 

Solid lines = normal neutrino mass hierarchy 
Dashed lines = inverted neutrino mass hierarchy. 
Baseline model (15 M☉ and 25 M☉) = Odrzywolek & Heger 2010
Alternative model (15 M☉ only) =  Patton et al. 2017
The bands reflect variations in Japanese nuclear power reactor activity. 22

Astrophys.J. 935 (2022) 1, 40



Cosmogenic neutron yield
• Gdに捕獲された中性子を用いて、宇宙線の核破砕に
より生成された中性子数を測定


• SK-Gdで最初の物理結果


• arXiv: 2212.10801
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Cosmogenic neutron p. 16

■ Muon induced neutrons
(1) Neutron yield

→ the high neutron tagging efficiency allows to measure.
𝟐. 𝟖𝟏 ± 𝟎. 𝟎𝟔 𝐬𝐭𝐚𝐭. ± 𝟎. 𝟏𝟖 𝐬𝐲𝐬𝐭. × 𝟏𝟎−𝟒 𝝁−𝟏 𝐠−𝟏𝐜𝐦𝟐.

(2) Monitoring methods
(2-a) Energy calibration by Gd-γ in MeV range.
(2-b) Monitoring the Gd concentration by analyzing the capture time.

Search 
window

Poster 16 (M. Shinoki)
29 (S. Shima)

Average muon energy (GeV)
0 50 100 150 200 250 300 350 400

)2
 c

m
-1

 g-1
µ

N
eu

tro
n 

yi
el

d 
(

5−10

4−10

3−10

The result of neutron yield measurement: 
Yn = (2.81  0.06 (stat.)  0.18 (syst.))  10−4 μ−1g−1cm2± ± ×

Hertenberger

Boehm

Aberdeen
Daya Bay KamLAND

LVD

Borexino

SNO

Super-K

Comparison with other experiments

Distance from muon track Number of hits



‣ GRB 221009A
- 最も明るいガンマ線バースト
- LHASSOによるTeVガンマ線検出の報告

‣ SKによる同期ニュートリノ事象探索

- 3つの時間幅で探索 
　-500 s < t < +500 s 
   -1 hours < t < +2 hours  
   -1 day < t < +1 day

同期ニュートリノ探索：GRB 221009A 

どの場合でもバックグラウンドに対して 
優位なシグナルは検出できなかった。

低エネルギーサンプルの探索結果（-1h < t < +2h）

バックグラウンド

Time Window内の事象

高エネルギーニュートリノフルエンス上限値（-1h < t < +2h）
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まとめ

• スーパーカミオカンデは、Gdを導入し新たな観測を開始


• 2020年: 0.01%までGdを溶解 (~50% Gd capture efficiency)


• 2022年: 0.03%までGdを溶解 (~75% Gd capture efficiency)


• DSNBの世界初観測を目指す


• 太陽ニュートリノ観測も継続中


• 今年度の物理結果:


• 宇宙線による核破砕中性子数の測定（arXiv:2212.10801）


•  GRB 221009Aの同期ニュートリノ探索


• SK-VIのDSNB探索結果も間も無く発表します
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