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これまでに観測された天体ニュートリノ

E
ne

rg
y 

(M
eV

) 

Background level 

Time (sec) 
�

超新星ニュートリノ 太陽ニュートリノ

高エネルギー天体ニュートリノ
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様々なニュートリノ源
SN ν @ G.C. 
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天体ニュートリノ
SN ν @ G.C. 

Solar ν 

Atmospheric ν 

MeV GeV TeV 

T2K ν 

Relic SN ν 

Astrophysical ν 

ν from DM? 

超新星ニュートリノを中心に



日本物理学会／シンポジウム2017年9月12日 5

2017年はSN1987Aの30周年記念の年
東京大学小柴ホール 2月12-13日, 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

30th Anniversary of SN1987A

2

Cake made for an anniversary held on 
Feb.12, 2017 at the Univ. of Tokyo

Cake made by Kamioka local people 
on Feb.23, 2017

バースデーケーキ
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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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Physics Motivation

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

大質量星形成の歴史探索
d�

dE⌫
(E⌫) =

Z 1

0
[(1 + z)'[E⌫(1 + z)]][RSN (z)]
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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

Interpreting SN 1987A NeutrinosInterpreting SN 1987A Neutrinos
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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).
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Horiuchi et. al., ApJ 738, 154 (2011)

超新星背景ニュートリノの
観測が重要



観測の現状
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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
上限値のみ

νe�

νe�

(Ando	model)�

KamLAND
νe�

The best upper limit is 
provided by Super-K, 
1.2/cm2/sec (90%CL) 
and it’s close to the 
theoretical prediction.
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Super-Kamiokande (2012)

νe!

e+!

p!
n! γ#p!

信号のエネルギーは 
チェレンコフ光の強さ 
から再構成される

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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バックグラウンドが支配的なので、 

今後、統計をあげても感度があがらない
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バックグラウンド事象
（低いエネルギー領域：E<16MeV)
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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)

052007-4

ミューオンによる酸素原子核破砕
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バックグラウンド事象
（低いエネルギー領域：E<16MeV)
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K. BAYS et al. PHYSICAL REVIEW D 85, 052007 (2012)

052007-4

ミューオンによる酸素原子核破砕

このバックグラウンドのために 

エネルギー閾値(16MeV)を下げられない
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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し 
エネルギー閾値を下げるか？

Super-K Gd 実験
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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



日本物理学会／シンポジウム2017年9月12日 19

Super-K Gd スケジュール
2018年6月1日タンク改修作業を開始

2018 2019 2020 202X 202X
T0:改修工事 (~4ヶ月)

給水 (2.5ヶ月)

純水運転
T1:10トンのGd2(SO4)3を導入

Observation T2:100トンのGd2(SO4)3

Observation

~50%の中性子捕獲効率

~90%の中性子捕獲効率
水質の安定化
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Super-K Gd T2K Exotics Report 
 
 
 
 
  

Yusuke Koshio, Alexander Izmaylov 
for T2K Exotics WG 

May 28, 2016 
 T2K Collaboration Meeting 
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Super-K Gd で期待される感度Expected signal and sensitivity

• It depends on typical/actual  SN 
emission spectrum 

6

Total (positron) energy  MeV

ev
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/y
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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

最初の発見が期待できる



近い将来の発見が期待される
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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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超新星1987A（大マゼラン雲）

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

24 events total 

Water Cherenkov
Kamiokande-II 

(1kton)
IMB-3 (8kton)

Liquid Scintillator
Baksan

1987年2月23日 7:35 (UT), 50kpc（16万光年）

ニュートリノ天文学の幕開け



今起こったら？



日本物理学会／シンポジウム2017年9月12日 26

Super-Kamiokande
Nakazato et.al. ApJ.Suppl. 205 (2013) 2

18

on the solar parameter space.
Figure 33 shows the allowed region in (θ12, θ13) space

obtained from the global solar analysis and our Kam-
LAND analysis. As shown in the figure, in the global
solar contour, the larger value of θ13 prefers the larger
value of θ12, while in the KamLAND contour the larger
value of θ13 prefers the smaller value of θ12. The
global solar analysis finds that the best fit values at
sin2 θ12 = 0.31±0.03 (tan2 θ12 = 0.44±0.06) and∆m2

21 =
6.0+2.2

−2.5 × 10−5eV2. Combined with the KamLAND re-
sult, the best-fit oscillation parameters are found to be
sin2 θ12 = 0.31+0.03

−0.02 (tan2 θ12 = 0.44+0.06
−0.04) and ∆m2

21 =

7.7± 0.3× 10−5eV2. The best fit value of sin2 θ13 is 0.01,
and an upper bound is obtained, sin2 θ13 < 0.060 at the
95% C.L., for the global solar analysis. Combining with
the KamLAND contour, the best fit value of sin2 θ13 is
0.025+0.018

−0.016 and the 95% C.L. upper limit of the sin2 θ13
is found to be 0.059.
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FIG. 32: Allowed region in solar parameter space (θ12,∆m2)
obtained by the three-flavor analysis. The thick lines and
the star mark show the allowed regions and the best fit point
of the global solar analysis. The thin lines and the square
mark show the allowed regions and the best fit point of our
KamLAND analysis. The filled areas and the filled circle
mark show the allowed regions and the best fit point of the
combined analysis. For all regions, the innermost area (red),
the middle area (green) and the outermost area (blue) show
68.3, 95, 99.7 % C.L. respectively.

The flux value of 8B neutrinos can be extracted using
the oscillation parameters obtained from the fitting of
the global solar and KamLAND result. As in Equation
4.1, β is a free parameter to minimize the χ2 and there
is no constraint from the SSM prediction in χ2

SK+SNO.
Table VII summarizes the scaled 8B flux values by us-
ing βm at the best fit point obtained by the global solar
analysis and the global solar + KamLAND analyses in
both two and three flavor analyses. The size of the error
corresponds to the maximum and minimum flux values

si
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FIG. 33: Allowed region in (θ12, θ13) space obtained by the
three-flavor analysis. The definitions of marks and lines are
same as in Figure 32.

8B flux (×106cm−2s−1)
Global solar (2 flavor) 5.3 ±0.2
Global solar + KamLAND (2 flavor) 5.1 ±0.1
Global solar (3 flavor) 5.3 ±0.2
Global solar + KamLAND (3 flavor) 5.3 +0.1

−0.2

TABLE VII: 8B neutrino flux obtained from the oscillation
parameter fitting.

among the 1σ oscillation parameter region. As shown in
the table, the 8B flux agrees well with the latest SSM
prediction [32], and the size of the uncertainty is 2 ∼ 3%
which is consistent with the SNO result [20].

V. CONCLUSION

Super-Kamiokande has measured the solar 8B flux to
be (2.32± 0.04(stat.)± 0.05(sys.))× 106 cm−2sec−1 dur-
ing its third phase; the systematic uncertainty is smaller
than for SK-I. Combining all solar experiments in a
two flavor fit, the best fit is found to favor the LMA
region at sin2 θ12 = 0.30+0.02

−0.01 (tan2 θ12 = 0.42+0.04
−0.02)

and ∆m2
21 = 6.2+1.1

−1.9 × 10−5eV2. Combined with the
KamLAND result, the best-fit oscillation parameters are
found to be sin2 θ12 = 0.31±0.01 (tan2 θ12 = 0.44±0.03)
and ∆m2

21 = 7.6± 0.2× 10−5eV2, in excellent agreement
with previous solar neutrino oscillation measurements.
In a three-flavor analysis combining all solar neutrino ex-
periments and the KamLAND result, the best fit value
of sin2 θ13 is found to be 0.025+0.018

−0.016 and an upper bound
is obtained as sin2 θ13 < 0.059 at 95% C. L..

ニュートリノ振動
２０００年代

SK
SNO (CC)
SNO (NC)

0 0.25 0.5 0.75 1

νe νx

1000t �� 

SNO

Super-Kamiokande

νe,x + e- → νe,x + e-
電子弾性散乱 (ES)

入射ニュートリノの方向を保存
高統計、高精度の測定
電子ニュートリノ反応断面積は
他のニュートリノの～７倍

νe + d → e- + p + p

太陽内部で
発生時

ニュートリノの種類を区別できる

荷電カレント (CC)

νx + d → νx + n + p
中性カレント (NC)

νe,x + e- → νe,x + e-
電子弾性散乱 (ES)

ニュートリノ振動パラメータ

Phys. Rev. D 83, 052010 (2011)

Solar + KamLAND

12年2月19日日曜日

http://asphwww.ph.noda.tus.ac.jp/snn/index.html

at 10kpc, 4.5MeV energy threshold
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Super-K Gd
ν̅e w/o tagging 
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重力波とニュートリノ
/K)9ab&� �+�-0����� /K)9aC+ ��+�-0�����

?:f[g� ?:f[g�

25#1S3]hc;� 25#1S3]hc;�

)(�
0')eh]hd� )(�
0')eh]hd�
A825#1S3�
BA825#1S3� T=8<4#01[g�

1"
1�

 �
�

�1
/�

	�
��

/�

��1������/��1���!�/1�+��1/��

1�
��

�1
/�

� �
�-
 �
	�

��
�/

�

25#1S3[g(?:f[g$G/K)9a)Cb%-$,�

Yokozawa et al. ApJ 811, 86 (2015)



日本物理学会／シンポジウム2017年9月12日

時系列の絵

時間 
0 1s 2s 3s -10s -2.7h -11.6d 

10 44

10 46
10 48

10 50

10 52

ニ
ュ
ー
ト
リ
ノ
輝
度
 [e
rg
/s
] 

超新星前後のニュートリノ放出

Nakazato (2012)Odrzywolek (2010)

前兆ν

オドジボウェク

超新星ν

3

29

KamLAND
Si 燃焼による超新星爆発の “予言” が可能

もし超新星爆発がベテルギウス (~200pc) で起こったら

　10 イベント/day ⇒ 検出可能

KamLANDで

10

~10 events/day

（石徹白さんが詳しい）
arXiv 1506.01175

Super-K Gd でも
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IceCUBE

10 kpc

2

with tr = 6 ms, τr = 50 ms and Rmax
ν̄e

= 1.5 × 103 bin−1.
These parameters also provide an excellent fit to the first
100 ms of a numerical model from the Garching group [8]
that is available to us.

We may compare these assumptions with the early-
phase models of Ref. [7]. Lν̄e

rises nearly linearly to
L52 = 1.5–2 within 10 ms. The evolution of ⟨Eν̄e

⟩RMS =
(⟨E3

ν̄e

⟩/⟨Eν̄e
⟩)1/2 is also shown, a common quantity in

SN physics that characterizes, for example, the efficiency
of energy deposition; the IceCube rate is proportional
to ⟨Eν̄e

⟩2RMS. At 10 ms after onset, ⟨Eν̄e
⟩RMS reaches

15 MeV, implying ⟨E3
15⟩/⟨E15⟩ = 1. We thus estimate

10 ms after onset a rate of 280–370 bin−1, to be compared
with 270 bin−1 from Eq. (4). Therefore, our assumed sig-
nal rise is on the conservative side.

Of course, the early models do not fix τr and Rmax
ν̄e

separately; the crucial parameters are tr and Rmax
ν̄e

/τr.
The maximum rate that is reached long after bounce is
not relevant for determining the onset of the signal.

If flavor oscillations swap the ν̄e flux with ν̄x (some
combination of ν̄µ and ν̄τ ), the rise begins earlier be-
cause the large νe chemical potential during the prompt
νe burst does not suppress the early emission of ν̄x [7].
Moreover, the rise time is faster, ⟨E⟩RMS larger, and the
maximum luminosity smaller. We use Eq. (4) also for Rν̄x

with tr = 0, τr = 25 ms, and Rmax
ν̄x

= 1.0 × 103 bin−1.
Flavor oscillations are unavoidable and have been stud-

ied, for early neutrino emission, in Ref. [7]. Assuming
the normal mass hierarchy, sin2 Θ13

>
∼ 10−3, no collec-

tive oscillations,1 and a direct observation without Earth
effects, Table I of Ref. [7] reveals that the νe burst would
be completely swapped and thus nearly invisible because
the νxe− elastic scattering cross section is much smaller
than that of νe. The survival probability of ν̄e would be
cos2 Θ12 ≈ 2/3 with Θ12 the “solar” mixing angle. There-
fore, the effective detection rate would be 2

3 Rν̄e
+ 1

3 Rν̄x
.

We use this case as our main example.

IV. RECONSTRUCTING THE SIGNAL ONSET

A typical Monte Carlo realization of the IceCube signal
for our example is shown in Fig. 1. One can determine
the signal onset t0 within a few ms by naked eye. For a
SN closer than our standard distance of 10 kpc, one can
follow details of the neutrino light curve without any fit.

One can not separate the ν̄e and ν̄x components for
the example of Fig. 1. Therefore, we reconstruct a fit
with a single component of the form Eq. (4), assuming
the zero-signal background is well known and not fitted

1 In the normal hierarchy, collective oscillation effects are usually
absent. It has not been studied, however, if the early neutrino
signal can produce multiple splits that can arise also in the nor-
mal hierarchy [9]. Moreover, for a low-mass progenitor collective
phenomena can be important if the MSW resonances occur close
to the neutrino sphere [10, 11].
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FIG. 1: Typical Monte Carlo realization (red histogram) and
reconstructed fit (blue line) for the benchmark case discussed
in the text for a SN at 10 kpc.

here. Using a time interval until 100 ms post bounce,
we reconstruct t0 = 3.2 ± 1.0 ms (1σ). If we use only
data until 33 ms post bounce we find t0 = 3.0 ± 1.7 ms.
Indeed, if one fits Eq. (4) on an interval that ends long
before the plateau is reached, we effectively fit a second
order polynomial with a positive slope and negative sec-
ond derivative at tr, whereas the plateau itself is poorly
fitted and its assumed value plays little role. Depending
on the distance of the SN one will fit more or fewer details
of the overall neutrino light curve and there may be more
efficient estimators for tr. Our example only provides a
rough impression of what IceCube can do.

The reconstruction uncertainty of t0 scales approxi-
mately with neutrino flux, i.e., with SN distance squared.
The number of excess events above background marking
the onset of the signal has to be compared with the back-
ground fluctuations. Therefore, a significant number of
excess events above background requires a longer integra-
tion period if the flux is smaller, explaining this scaling
behavior.

The interpretation of t0 relative to the true bounce
time depends on the flavor oscillation scenario realized in
nature. This is influenced by many factors: The value of
Θ13, the mass ordering, the role of collective oscillation
effects, and the distance traveled in the Earth. Com-
bining the signal from different detectors, using future
laboratory information on neutrino parameters, and per-
haps the very coincidence with a gravitational-wave sig-
nal may allow one to disentangle some of these features.
However, as a first rough estimate it is sufficient to say
that the reconstructed t0 tends to be systematically de-
layed relative to the bounce time by no more than a few
ms. The statistical uncertainty of the t0 reconstruction
does not depend strongly on the oscillation scenario.

Halzen, Raffelt : arXiv : 0908.2317

Onset of neutrino emission 
~3msec precision

Giga-ton detector
PMT の single rate の上昇により
到来時間を精度良く測定
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世界の超新星ニュートリノ検出器
Super-Kamiokande

KamLAND

BaksanLVDBorexino

SNO+

IceCube

HALO

Daya Bay

Liquid scintillator
Water, Ice
Other

32 kt

1 kt

0.3 kt
1 kt0.3 kt

NOvA

surface 14 kt

1 kt

76 t

1 gt
0.16 kt

target mass

Pb

Supernova burst detectors in the world now

22



いくつもの検出器が 
次の近傍超新星爆発を待っている



太陽ニュートリノ
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太陽ニュートリノ振動

sin2(Θ13)=0.0242±0.0026

sin2(Θ12)=0.308±0.013 ∆m2
21=(7.50+0.19

 -0.18) 10-5eV2
sin2(Θ12)=0.311±0.014 ∆m2

21=(4.85+1.4
 -0.59) 10-5eV2

sin2(Θ12)=0.312+0.033
 -0.025 ∆m2

21=(7.54+0.19
 -0.18) 10-5eV2
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Solar

太陽とKamLANDでΔm221

に２σ程度の違いがある

-1%

-2%

-3%

-4%
-5%

-10%

sin2θ13=0.0242±0.0026
~4% at solar best 
~2% at KamLAND 
(Eth = 6.5MeV)

昼夜変動

�m2
21 = 7.54+0.19

�0.18

The unit of Δm221 is 10-5 eV2

sin2 ✓12 = 0.316+0.034
�0.026

sin2 ✓12 = 0.308± 0.014

�m2
21 = 4.85+1.33

�0.59

sin2 ✓12 = 0.307+0.013
�0.012

�m2
21 = 7.49+0.19

�0.18
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ハイパーカミオカンデ
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昼夜変動を用いたパラメータの決定感度
系統誤差



高エネルギーニュートリノ
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IceCUBEの最新結果

Jakob van Santen – ICRC 2017 – Highlights from IceCube

4 years (ICRC 2015)6 years (ICRC 2017)

High-energy starting events in IceCube

• Selected events 
that start in 
IceCube volume 

• 82 events in 6 
years (54 in 4 
years)

7

See C. Kopper, NU060
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νμ
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μ Veto
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IceCUBEの最新結果

Jakob van Santen – ICRC 2017 – Highlights from IceCube

High-energy neutrinos on the sky 13

See C. Kopper, NU060

Starting tracks
Cascades

Through-going tracks (>200 TeV)

No evidence of clustering in high-energy neutrino directions (> 50% astrophysical).

PRELIMINARY



日本物理学会／シンポジウム2017年9月12日 39

まとめ

•超新星背景ニュートリノ：発見に向けて準備中 
•近傍超新星爆発：一度起こると、爆発メカニズムの
解明が飛躍的に進む 

•太陽ニュートリノ：精密観測フェーズ。新しい物理？
太陽モデルの精密化 

•高エネルギー天体ニュートリノ：続々と信号を観測。
今後の展開に期待


