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これまでに観測された宇宙ニュートリノ
SN1987A

IceCube

Solar Neutrino

超新星背景ニュートリノ！ 
銀河系内超新星爆発ニュートリノ！次は
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30 years anniversary of 
SN1987A

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

24 events total 

Workshop at Koshiba hall in U.of.Tokyo 
on Feb. 12-13, 2017

http://www-sk.icrr.u-tokyo.ac.jp/indico/conferenceDisplay.py?confId=2935

肉眼で見えるほど明るい超新星爆発は約400年ぶり 
その後も30年間起こっていない
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No chance for Supernova neutrino search 
for next hundred’s years?

We believe, yes!

1.

2.

3.

TIME AXIS

z = 0

"

"

z = 1

z = 5

We need information 
concerning...

WE ARE 

HERE.

2. Formulation and Models
How to Calculate the SRN Flux銀河系内超新星爆発 

(a few per century)
超新星背景ニュートリノ
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Distance!scales!and!physics!outcomes!
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超新星背景ニュートリノ研究の歴史
•最初に指摘されたのは1960年代 

• 1980年代になって計算がなされた 

• Kamiokande で初めて観測による上限
値がつけられた (1988年) 

• SKでの観測上限値 (2003年, 2012年) 

• Ando and Sato (2004年) の理論予測 

•現在では詳細な理論計算がされている。
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Physics Motivation

S.Ando, ApJ. 607; 20-31, 2004

大質量星形成の歴史探索
d�

dE⌫
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超新星爆発で放射されるニュートリノスペクトル 超新星爆発の頻度

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Twenty Years After SN 1987A, 23-25 February 2007, Hilton Waikola, Hawaii
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Physics Motivation
超新星爆発の頻度

観測された超新星残骸から見積もった超新星の頻度は、
SFRから予測される頻度に比べて半分くらいしかない。

•明るさが暗い超新星があるのか？ 
•光を遮るものがあって見えないのか？

The Astrophysical Journal, 738:154 (16pp), 2011 September 10 Horiuchi et al.
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mean local SFR
    (see Figure 2)

Prediction from cosmic SFR

Cosmic SNR measurements

Figure 1. Comoving SNR (all types of luminous core collapses including Type II
and Type Ibc) as a function of redshift. The SNR predicted from the cosmic SFR
fit and its supporting data (Hopkins & Beacom 2006), as well as that predicted
from the mean of the local SFR measurements, are plotted and labeled. The fit to
the measured cosmic SNR, with a fixed slope of (1+z)3.4 taken from the cosmic
SFR, is shown with the uncertainty band from the LOSS measurement. The
predicted and measured cosmic SNRs are consistently discrepant by a factor of
∼2: the supernova rate problem. However, rates from SN catalogs in the very
local volume do not show such a large discrepancy (see Figure 3).
(A color version of this figure is available in the online journal.)

SNRs (Cappellaro et al. 1999; Dahlen et al. 2004; Cappellaro
et al. 2005) were somewhat lower than those predicted from
the SFR. Similar conclusions were reached by Mannucci et al.
(2007) and Botticella et al. (2008).

In recent years, measurements of the cosmic SFR and
cosmic SNR have rapidly improved. The cosmic SFR has
been measured using multiple indicators by many competing
groups. The accuracy and precision of the cosmic SFR has
been documented (e.g., Hopkins & Beacom 2006) and are
supported by recent data (e.g., Pascale et al. 2009; Rujopakarn
et al. 2010; Ly et al. 2011; Bothwell et al. 2011). The Lick
Observatory Supernova Search (LOSS) has recently published
the best measurement of the cosmic SNR at low redshifts, using
CC SNe collected over many years of systematically surveying
galaxies within ∼200 Mpc (Leaman et al. 2011; Li et al.
2011a, 2011b; Maoz et al. 2011). The Supernova Legacy Survey
(SNLS) has published the most precise SNR measurement at
higher redshifts, using a large sample of CC SNe collected in
their extensive rolling search of four deep fields (Bazin et al.
2009).

Based on the latest data, it has become clear that the measured
cosmic SFR and the measured cosmic SNR both increase by
approximately an order of magnitude between redshift 0 and
1, confirming our expectation that the progenitors of CC SNe
are short-lived massive stars (e.g., Bazin et al. 2009; Li et al.
2011a). On the other hand, the comparison of the normalizations
of the latest SFR and SNR data has been left for future work. We
perform this here for the first time. As illustrated in Figure 1,
the SNR predicted from the cosmic SFR is a factor of ∼2 larger
than the cosmic SNR measured by SN surveys; we term this
normalization discrepancy the “supernova rate problem.” Both
the predicted and measured SNRs are of optically luminous

CC SNe, so the two can be directly compared. The lines in
Figure 1 are fits to the SFR and SNR data, respectively.8 The
discrepancy persists over all redshifts where SNR measurements
are available.9

The nominal uncertainties on the fits (shaded bands) are
smaller than the normalization discrepancy, and the significance
of the discrepancy is at the ∼2σ level. At high redshift, where the
uncertainties of the SNR measurements are largest, the statistical
significance is weaker. However, it is remarkable how well
the cosmic SNR measurements adhere to the expected cosmic
trend—much better than their uncertainties would suggest.
Indeed, the measurements of Dahlen et al. (2004) have been
supported by recent unpublished results and with reduced
uncertainties (Dahlen et al. 2010). We therefore consider the
fits to be a good representation, i.e., the supernova rate problem
persists over a wide redshift range. We systematically examine
resolutions to the supernova rate problem, exploring whether
the cosmic SNR predicted from the cosmic SFR is too large, or
whether the measurements underestimate the true cosmic SNR,
or a combination of both.

In Section 2, we describe the predicted and measured cosmic
SNRs in detail and substantiate the discrepancy. In Section 3, we
discuss possible causes. In Section 4, we discuss our results and
cautions. We summarize and discuss implications in Section 5.
Throughout, we adopt the standard ΛCDM cosmology with
Ωm = 0.3, ΩΛ = 0.7, and H0 = 73 km s−1 Mpc−1.

2. NORMALIZATION OF THE COSMIC SNR

The cosmic SNR is calculated from the cosmic SFR using
knowledge of the efficiency of forming CC SNe. The most
recent SFR is traced by the most massive stars that have the
shortest lifetimes. The primary indicators of massive stars—Hα,
UV, FIR, and radio—are routinely used, with dust corrections
where necessary, to study the populations of massive stars.
However, since the total SFR is dominated by stars with
smaller masses, the SFR derived from massive stars must be
scaled upward according to the initial mass function (IMF); for
example, for a given massive stellar population, an IMF that
is more steeply falling with mass will yield a larger total SFR
compared to a shallower IMF. The scaling is done with the use
of calibration factors derived from stellar population synthesis
codes that calculate the radiative output from a population of
stars following an assumed IMF (see, e.g., Kennicutt 1998).

We adopt the dust-corrected SFR compilation of Hopkins &
Beacom (2006). Their data are well fit by a smoothed broken
power law of the form (Yüksel et al. 2008)

ρ̇∗(z) = ρ̇0

[

(1 + z)aη +
(

1 + z

B

)bη

+
(

1 + z

C

)cη
]1/η

, (1)

where B = (1 + z1)1−a/b, C = (1 + z1)(b−a)/c(1 + z2)1−b/c. We
adopt ρ̇0 = 0.016 h73 M⊙ Mpc−3 yr−1 for the cosmic SFR at
z = 0, as well as the parameterization a = 3.4, b = −0.3,
c = −3.5, z1 = 1, z2 = 4, and η = −10. These choices are
applicable for the Salpeter A IMF, which is a modified Salpeter
IMF with a turnover below 1 M⊙ (Baldry & Glazebrook 2003).
The scaling from a Salpeter IMF is ≈0.77. The 1σ uncertainty on

8 Technically, the SNR line shown is not a fit, but is a conservative estimate
based on the SNR measurement of LOSS; see Section 2.
9 However, in the local !25 Mpc volume, the SNR derived from SN catalogs
does not show such a large discrepancy, supporting earlier claims that the true
cosmic SNR is as large as predicted (e.g., Horiuchi et al. 2009; Beacom 2010).

2

Horiuchi et. al., ApJ 738, 154 (2011)

超新星背景ニュートリノの
観測が重要



Why SK-Gd
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超新星背景ニュートリノ探索
•約10秒間バースト的に発生する
超新星爆発ニュートリノと異なり、
常に漂っているフラックスの小さ
い信号の探索になる。したがって
バックグラウンド事象との識別が
鍵となる。 

•等方的に発生することから、水チェ
レンコフ検出器での太陽ニュート
リノ弾性散乱事象との区別には、
方向情報が使える。 

•バックグラウンド事象の識別には
同時遅延計測手法が強力な武器

SRN expected spectrum

Constant SN rate (Totani et al., 1996) 
Totani et al., 1997 
Hartmann, Woosley, 1997 
Malaney, 1997 
Kaplinghat et al., 2000  
Ando et al., 2005 
Lunardini, 2006 
Fukugita, Kawasaki, 2003(dashed) 

Atmospheric ν

Reactor ν

Solar ν

予測スペクトル
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超新星背景ニュートリノ探索
実験 発表年 検出器タイプ 有効体積 測定日数 エネルギー

領域

Kamiokande 1988 水 680 ton
1040 
days

20~50 
MeV

LSD 1992 液体シンチレータ 90 ton 847.3 
days

20~50 
MeV

Super-K 2003 
2012 水 22500 

ton
1496 
2853

18~34 
16~100

SNO 2006 重水 770 ton 306.4 
days

21~35 
MeV

(Borexino) 2011 液体シンチレータ 270 ton 736 
days

1.8~17.8 
MeV

KamLAND 2012 液体シンチレータ 700 ton 2343 
days

8.3~31.8 
MeV
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スーパーカミオカンデ

39.3m 

41.4m 

50kt water Cherenkov detector 
22.5kt fiducial volume 
 
         20�PMT  photocathode  
          (inner)       coverage  
SK-1  11,146        40% 
SK-2    5,182        19% 
SK-3  11,129        40% 

Placed inside the Kamioka mine 
1000m underground 

1000m 

SK 

Cherenkov light 

charged 
particle 

neutrino 

内水槽の20インチ光電子増倍管 
　　　　数   　　被覆率 

SK-1 (1996-2001)    11,146     40% 
SK-2 (2002-2005)      5,182     19% 
SK-3 (2006-2008)    11,129     40% 
SK-4 (2008-        )  SK-3と同じ。新電子回路を導入。 
SK-Gd (20XX-      ) ガドリニウムを導入
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スーパーカミオカンデ (2012)
超新星背景ニュートリノのフラックス上限値

It is notable that this result is less stringent than the 2003
result of 1:2 !! cm!2 s!1 positron energy >18 MeV. There
are multiple reasons for this.

First, a 0th order approximation of the inverse beta cross
section was then used. Now, the full cross section from [25]
is used. This raises the limit by about 8%. If events with
postactivity are also removed, the old-style analysis limit
becomes 1:35 cm!2 s!1. Furthermore, the binned "2

method used assumed Gaussian statistics, while
Poissonian statistics are more appropriate considering the
low statistics. This alone would change the limit from 1.2
to 1:7 cm!2 s!1. When all these corrections are combined,
the original analysis result of 1:2 !! cm!2 s!1 instead be-
comes 1:9 !! cm!2 s!1.

With our improved analysis, if we neglect atmospheric !
background systematics (which were not fully included in
the 2003 study), the SK-I only LMA result is
1:6 !! cm!2 s!1 (> 18 MeV positron energy), which is
more stringent than the published analysis with these cor-
rections. However, the SK-II and SK-III data show a hint of
a signal, which causes the limit to become less stringent
when all the data are combined, for the final LMA result
(with all systematics) of 2:0 !! cm!2 s!1 > 18 MeV posi-
tron energy, or 2:9 !! cm!2 s!1 > 16 MeV positron energy.

B. Typical SN ! emission limit

Most of the elements involved in a comprehensive pre-
diction of the SRN flux are now fairly well-known [32]
(e.g., initial mass functions, cosmic star formation history,
Hubble expansion, etc.), and thus we can parametrize
typical supernova neutrino emission using two effective
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FIG. 17 (color). True positron spectra in SK for each neutrino
temperature, from 3 to 8 MeV in 0.5 MeV steps (SN !!e

luminosity of 5" 1052 ergs assumed).
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FIG. 18 (color online). Results plotted as an exclusion contour
in SN neutrino luminosity vs neutrino temperature parameter
space. The Irvine-Michigan-Brookhaven (IMB) and
Kamiokande allowed areas for 1987A data are shown (originally
from [35]) along with our new 90% C.L. result. The dashed line
shows the individual 90% C.L. results of each temperature
considered separately, which is not a true two-dimensional
exclusion contour. Results are in the form of Fig. 6 from [32].
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FIG. 19 (color online). Exclusion contour plotted in a parame-
ter space of SRN event rate vs neutrino temperature. The red
shaded contour shows our 90% C.L. result. The dashed line
shows the individual 90% C.L. results of each temperature
considered separately, which is not a true two-dimensional
exclusion contour. CGI is cosmic gas infall model, HMA is
heavy metal abundance model, CE is chemical evolution model,
LMA is large mixing angle model, FS is failed supernova model,
and the 6 and 4 MeV cases are from [13]. For the 4 and 6 MeV
cases a total uncertainty is provided and shown, and the HMA
model gives a range which is shown. Other models have no given
range or uncertainty and are represented by a star.

TABLE V. 90% C.L. flux limit ( !! cm!2 s!1), E! > 17:3 MeV.

Model SK-I SK-II SK-III All Predicted

Gas infall (97) <2:1 <7:5 <7:8 <2:8 0.3
Chemical (97) <2:2 <7:2 <7:8 <2:8 0.6
Heavy metal (00) <2:2 <7:4 <7:8 <2:8 <1:8
LMA (03) <2:5 <7:7 <8:0 <2:9 1.7
Failed SN (09) <2:4 <8:0 <8:4 <3:0 0.7
6 MeV (09) <2:7 <7:4 <8:7 <3:1 1.5

SUPERNOVA RELIC NEUTRINO SEARCH AT SUPER- . . . PHYSICAL REVIEW D 85, 052007 (2012)

052007-13
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result of 1:2 !! cm!2 s!1 positron energy >18 MeV. There
are multiple reasons for this.

First, a 0th order approximation of the inverse beta cross
section was then used. Now, the full cross section from [25]
is used. This raises the limit by about 8%. If events with
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low statistics. This alone would change the limit from 1.2
to 1:7 cm!2 s!1. When all these corrections are combined,
the original analysis result of 1:2 !! cm!2 s!1 instead be-
comes 1:9 !! cm!2 s!1.

With our improved analysis, if we neglect atmospheric !
background systematics (which were not fully included in
the 2003 study), the SK-I only LMA result is
1:6 !! cm!2 s!1 (> 18 MeV positron energy), which is
more stringent than the published analysis with these cor-
rections. However, the SK-II and SK-III data show a hint of
a signal, which causes the limit to become less stringent
when all the data are combined, for the final LMA result
(with all systematics) of 2:0 !! cm!2 s!1 > 18 MeV posi-
tron energy, or 2:9 !! cm!2 s!1 > 16 MeV positron energy.
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Most of the elements involved in a comprehensive pre-
diction of the SRN flux are now fairly well-known [32]
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cases a total uncertainty is provided and shown, and the HMA
model gives a range which is shown. Other models have no given
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スーパーカミオカンデ (2012)

νe!

e+!

p!
n! γ#p!

この信号のエネルギー

SK collaboration, Phys. Rev. D 85, 052007 (2012) 
SKでのSRN探索の現状（SK-I, II, IIIの結果） 
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バックグラウンド事象
Decay electron
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μ/π
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μ e
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T < 50 MeV

“atm. muon neutrinos”

“atm. electron neutrinos”

“μ/π production 
from atm.  neutrinos”

νx

“invisible muon”

π
νμ μ e

T > 200 MeV

“visible short muon track”

νx
NC{

NC  Elastic νx νx

γ
“atmospheric”
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バックグラウンド事象
（E<16MeV)

μ	

O	

e	

γ	

X	

X	
e	

where the spallation is expected to have occurred. The
distance along the muon track from where the spallation
is expected to occur to where the relic candidate exists is
the third likelihood variable, longitudinal distance LLONG.
Lastly, the value of the combined charge in the largest nine
consecutive bins of the dE=dx histogram is our fourth
likelihood variable, QPEAK. The more charge in the peak,
the more likely the muon is to be making spallation.

Probability density functions (PDFs) are formed for
each of the four spallation variables. For each muon cate-
gorization, the relic candidates were correlated to muons
preceding the candidate in time (the ‘‘data sample’’), and
correlations were examined. A random sample was formed
by taking the same correlations to muons immediately
following the relic candidate in time. The random sample
histograms were subtracted from the data histograms
(yielding a ‘‘spallation sample’’), for each muon catego-
rization. These profiles were parametrized, resulting in
functions representing spallation (from the spallation sam-
ple) and accidental correlation background (from the ran-
dom sample). These parametrizations, once normalized,
are the PDFs, which are multiplied together to give the
likelihood (for example, see Fig. 4).

For each muon categorization, a cut on the likelihood
was instituted. Cut values were tuned until no statistically
significant difference existed in the distributions of the data
remaining after the cut compared to the random sample for
the !t and LTRANS variables. The spallation contamination
remaining after the spallation cut is difficult to estimate
due to the large statistical uncertainties, but no evidence
for remaining background was found. For the SK-I/III
combined sample, we could see any excess with a reso-
lution of about 4 events; and for SK-II, with a resolution
of about 2 events.

µ track

relic candidate

peak of
dE/dx plot

LTRANS

LLONG

FIG. 3 (color online). Schematic explanation of spallation
distance variables.
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FIG. 2 (color online). Example of a dE=dx plot. The red line
indicates where along the muon track the candidate was recon-
structed. This example has particularly good correlation.
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FIG. 4 (color online). SK-I/III data with likelihood functions
overlaid for single through-going muons. Top shows transverse
distance; bottom shows longitudinal distance.

K. BAYS et al. PHYSICAL REVIEW D 85, 052007 (2012)
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ミューオンによる酸素原子核破砕



2017年5月23日 宇宙の歴史をひもとく地下素核研究・領域研究会 17

スーパーカミオカンデ (2015)

SK-4 からは電子回路の改良により
検出効率は高くないが (~20%)    

同時遅延計測もできるようになった

νe!

e+!

p!
n! γ#p!

2.2MeV

~200 usec.

同時遅延計測を使った反電子ニュートリノフラックスの上限値
SRN events in 22.5 kton!year for different models. The upper limit
on the SRN flux F90 can be derived from N090 using the following
simple relation:

F90 ¼
N090

NP
# FM ð1Þ

where FM (cm&2 s&1) is the total flux for a certain model and NP is
the predicted annual event rate in the energy range which can be
found in Table 3. This table also contains upper limits ðF90Þ at 90%
C.L. for different models and the predicted annual event rate ðTPÞ
after efficiency correction.

Model-independent !me differential flux upper limits with one
MeV energy bins are also calculated. The 90% C.L upper limits are
calculated by

/90 ¼
N90

T ! Np ! !r
ð2Þ

where N90 is the upper limit at 90% C.L. in each energy bin, T is live-
time in seconds, Np is the number of free protons, !r is the average
cross section for IBD at the center of each energy bin, and ! is the
IBD detection efficiency for each energy bin. Fig. 4 shows the upper
limits for !me in the energy range of 13.3'31.3 MeV. Limits from
KamLAND [13] based on 2343 live-days are also shown for
comparison.

The previous SK search for SRN IBD positrons in [15] placed an
integral 90% C.L. limit on the SRN flux above 17.3 MeV neutrino
energy of 2.9 cm&2s&1 (LMA model [7]). In that search, SRN signal
and atmospheric neutrino backgrounds were fitted to the energy
spectra of the data for three different samples differentiated by
the reconstructed Cherenkov angle with an extended unbinned
maximum likelihood method. The SRN signal populates the single
electron-like sample ð38( < hC < 50(Þ below 30 MeV (signal
region). Various types of atmospheric neutrino background domi-
nate the background region above 30 MeV as well as the other
two (background) samples. To compare with the SK-IV differential
limits in this paper, the previous SK background spectra as well as
the SRN candidate positron spectra above 30 MeV (total energy)
were fit to only atmospheric neutrino background contributions.
The resulting background fit was extrapolated in the signal region
between 16 and 29.5 MeV (total positron energy) taking into
account statistical and systematic uncertainties. The data was
divided into nine bins of 1.5 MeV. Fig. 4 shows the 90% C.L. upper
flux limits derived for each bin based on the background expecta-
tions with Gaussian uncertainties and the IBD cross section evalu-
ated at the bin center. Below 17.3 MeV spallation background
increases exponentially, so SRN detection in that energy range is
very difficult without neutron tagging. As the SRN flux per MeV
rises with decreasing energy, the region below 17.3 MeV is the
most sensitive.

Since this study covers the high end of the solar neutrino spec-
trum, a solar !me upper limit at 90% C.L. of the annual event rate is
also calculated, giving an estimate of 21.2 events/22.5 kton!year.
This corresponds to 4:2# 10&4 # FSSM , where FSSM is the solar me flux
predicted by the Standard Solar Model [21]. This limit is 20 times
more stringent than the previous SK result [22] due to the powerful
background reduction provided by neutron tagging. However, note
that the limit is an order less stringent than the KamLAND result
[13] because of the higher neutrino energy threshold.

6. Summary and outlook

In summary, a search for SRN !me at SK-IV is first conducted via
IBDs by tagging neutron capture on hydrogen. The neutron tagging
efficiency is determined to be ð17:74) 0:04stat: ) 1:05sys:Þ%, while
the corresponding accidental background probability is
ð1:06) 0:01stat: ) 0:18sys:Þ%. No appreciable IBD signal in the distri-
bution of neutron lifetime is found using 960 days of data. The
number of observed IBD candidates are consistent with the
expected accidental background. A model-independent differential
flux upper limit at SK is first derived from the previous 17.3 MeV
threshold down to 13.3 MeV of the electron anti-neutrino energy.

With more data collected and after further efforts in suppress-
ing spallation background, it is expected that the neutrino energy
threshold can be lowered down to 10 MeV and the better SRN flux
limit can eventually be obtained with neutron capture on hydrogen
at SK-IV. In addition, intense R&D is currently underway towards a
gadolinium-enhanced SK. The higher signal detection efficiency
and greater background rejection provided by neutron capture on
gadolinium, as well as the lowered energy threshold it makes pos-
sible, are expected – in the not-too-distant future – to greatly
improve SK0s sensitivity and ultimately provide the world’s first
observation of the SRN signal.
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Table 3
Total flux for each SRN model ðFMÞ, predicted number of SRN events in 22.5 kton!year
with a neutrino energy range of 13.3'31.3 MeV (NP), predicted number of SRN events
in 22.5 kton!year with a neutrino energy range of 13.3'31.3 MeV ðTPÞ after IBD
efficiency correction and flux upper limit at 90% C.L. ðF90Þ (cm&2 s&1).

SRN model FM NP TP F90

Constant SN [1] 52.3 10.8 1.4 147.5
HBD 6 MeV [10] 21.8 4.4 0.6 150.9
Chemical evolution [4] 8.5 1.5 0.2 172.6
Heavy metal [5,6] 31.3 4.7 0.6 201.8
LMA [7] 28.8 4.2 0.5 208.8
Failed SN [9] 12.0 1.7 0.2 214.9
Cosmic gas [3] 5.3 0.7 0.1 230.6
Star formation rate [8] 18.7 1.8 0.2 316.3
Population synthesis [2] 42.1 1.3 0.2 986.1
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Fig. 4. Model-independent 90% C.L. differential upper limits on SRN !me for SK-IV
(solid circle). For comparison, both KamLAND result (open square) [13] and
previous SK result (solid triangle) are also shown.

H. Zhang et al. / Astroparticle Physics 60 (2015) 41–46 45

KamLAND

SK w/ neutron tag.

SK w/o neutron tag. 
w/ spectrum inf.



超新星背景ニュートリノの発見には至っていないが
理論予測値には近づいている

バックグラウンドを如何に落とすか

SK-Gd 実験



What’s SK-Gd
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Super-K with Gadolinium

同時遅延計測 
νe 信号に対するBGを劇的に削減
ΔT~20μsec 
Vertices within ~50cm

νe!

e+!

p 
n 

γ#

γ#p 

Gd 

(2.2MeV)

~8MeV

Dissolve Gadolinium into Super-K 
J.Beacom and M.Vagins, 

 Phys.Rev.Lett.93 (2004) 171101
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EGADS
Evaluating Gadolinium’s Action on Detector Systems

200 ton tank

15 ton buffer tank Control panel of circulation system Filter

UDEAL
water transparency measurement
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EGADS

Gd had been dissolved  
       from Nov. 2014 to May. 2015 �

Pure 
water �

The light left at 15 m in the 200m3  
tank was very stable and ~75% for 
0.2% Gd2(SO4)3 , which corresponds to 
~92% of SK-IV pure water average.�

Reached	target	value	in	2015	
Apr.	

Gd2(SO4)3 concentration is uniform and stable.�
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EGADS
中性子検出効率測定

Neutron tagging with delayed coincidence

2178±44ppm(� 1055±21ppm� 225±5ppm�

Data� 29.89±0.33� 51.48±0.52� 130.1±1.7�
MC� 30.03±0.77� 53.45±1.19� 126.2±2.0�

Neutron capture time

Data� MC�

84.36±&1.79%& 84.51±0.33%�

Neutron capture efficiency

Am/Be 

γ

��� 

Gd 4.4 MeV γ"

BGO 
�	��
��	� 

EGADS

241Am → 237Np + α 

 9Be + α→ 12C + γ(4.4MeV)+ n 

Gd γ#

�	���
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Innovative area (H24-28) 
‘Gravitational Wave Source’ 

A03 : Neutrinos

200-ton Water 
Cherenkov Detector  
(240 50-cm PMTs)�

15-ton Gadolinium 
Pre-treatment  
Mixing Tank 

Selective Water+Gd  
Filtration System 

Existing R&D Facility 
EGADS (200 tons)

Converting into the world’s 
most advanced SNν detector

e.g. 
3690 events at 3000 light-years 
369000 events at 300 light-years

Special feature of SNν and GW
• Provide image of core-collapse itself 
• Only SN messenger which travel 

without attenuation to Earth (dust 
does not affect signal)

（SK tank open 時の代替機としても）
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2015年に SK-Gd プロジェクトが
コラボレーションに認められた。
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SK-Gd
201X� 201X+1� 201X+2� 201X+3� 201X+4�

Fill	water(~2month)�

Pure	water		
circula;on	

T1	=	Load	first	Gd2(SO4)3		up	to	10t=0.02%�

Stabilize	
water	transparency	

Physics	run�

T2	=	Load	full	Gd2(SO4)3	
												100t=0.2%	�

Physics	run�

�
�
�
�

�
�
�
�

T0	=	Start	leak	stop	work(~3.5	month)�
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SK-GdExpected signal and sensitivity

• It depends on typical/actual  SN 
emission spectrum 

6

Total (positron) energy  MeV

ev
en

ts
/y

ea
r/

1.
5M

eV

DSNB flux:
Horiuchi, Beacom and Dwek, 
PRD, 79, 083013 (2009)

Expected total BG
Tn = 6MeV
Tn = 4MeV
Tn = 1987a 

HBD models 10-16MeV
(evts/10yrs)

16-28MeV
(evts/10yrs)

Total
(10-28MeV)

significance
(2 energy bin)

Teff 8MeV 11.3 19.9 31.2 5.3 s
Teff 6MeV 11.3 13.5 24.8 4.3 s
Teff 4MeV 7.7 4.8 12.5 2.5 s
Teff SN1987a 5.1 6.8 11.9 2.1 s
BG 10 24 34 ----

First observation is within SK-Gd’s reach! 

DSNB events number with 10 years observation

期待される感度

最初の発見が期待できる
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SN at 10kpc 

ne+p 

ne+p 

ne+p ne+p 

n+e n+e 

n+e n+e 

超新星爆発との方向分布 
中性子タグをしない場合 

Neutrino flux and spectrum 
from Livermore simulation 

28

超新星爆発ニュートリノ
ν̅e w/o tagging 

ν̅e tagged with 80% eff. 

中性子タグなし

６度程度の精度で方向決定可
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超新星爆発ニュートリノ
ν̅e w/o tagging 

ν̅e tagged with 80% eff. 

νe+p νe+p 

νe+p νe+p 

ν+e ν+e 

ν+e 
ν+e 

３度程度の精度で方向決定可

中性子タグあり
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超新星爆発ニュートリノ
ν̅e w/o tagging 

ν̅e tagged with 80% eff. 

 0.1

 1

 10

 100

-5  0  5  10  15  20  25  30

FO
V 

dia
me

ter
 (d

eg
)

Optical magnitude

 0
 5

 10
 15
 20

Pr
ob

ab
ilit

y (
%

) 9.8% 15.6% 15.5% 13.5% 11.5% 9.4% 7.4%

16.1%1.2%

LSST

Subaru
Blanco

CFHT

ZTF

Pan-STARRS

Evryscope

ASAS-SN

1-2m 4m >8mNaked eye
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SK-Gd 計画
•超新星背景ニュートリノの発見を目指す 

• R&Dは終了。SKの公式計画として認められた。
開始に向けた最終段階 

•超新星爆発ニュートリノ（前兆ニュートリノも
含む）の感度向上も期待 

•中性子の遅延同時計測の検出効率向上は、他の
物理解析にも役立つ

乞うご期待


