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SN1987A in LMC
at 50kpc, ν’s seen ~2.5 hours before first light

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

24 events total 

Water Cherenkov
Kamiokande-II IMB-3

Strong directionality for νe event

Liquid Scintillator Baksan
Good νe event identification

Most of them seems to νe event
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Neutrinos from supernova burst

第 2章 超新星爆発ニュートリノ 13

発生した衝撃波は原子核を自由核子に分解しながら伝播していく。このとき、電子捕獲の断面積は
原子核よりも自由陽子のほうが大きいので衝撃波の通過している領域では (2.2)の反応により大量
の ∫

e

が作られる。衝撃波がニュートリノ球の内側を進んでいるときは作られたニュートリノは外
に出ることができないがニュートリノ球の外側までくるとニュートリノは自由に外に飛び出し、中
性子化バーストと呼ばれる ∫

e

のバーストを形成する。このバーストの継続時間は衝撃波の伝播時
間に相当し、10msec 以下である。またこのとき放出されるエネルギーは瞬間的には 1053erg/sec
になるものの継続時間が短いため過程全体では 1051erg 程度である。

5. 核表面の爆発 (10msec . t . 1sec)
衝撃波が通過した後の物質は高温の核子・電子対からなり、核心による (陽)電子捕獲反応 (2.2)、
(2.3) 及び電子の対消滅反応 (2.4) から 6種類全てのニュートリノが生成される。また、衝撃波背
後の物質はゆっくりと内部核に降り積もり重力エネルギー～1053erg を熱エネルギーに変換する。
この熱エネルギーをニュートリノが 100msec ～1sec のオーダーで持ち出していく。

6. 原始中性子星の冷却 (1sec . t . 10sec)
内部核とそこに降り積もった物質で原始中性子星ができる。その中ではニュートリノは熱平衡にあ
り、～10sec のオーダーでゆっくり拡散してくる。このときニュートリノはさらに～1053erg の熱
エネルギーとレプトン数を持ち出しその結果中性子星ができるのである。またこのとき、核の質量
が中性子の縮退圧力で支えられる量よりも重ければ、ブラックホールが形成されることとなる。

7. 超新星爆発 (t >数時間)
核表面に到達した衝撃波は、外層を伝播してそれを吹き飛ばしてしまう。外層は温度・密度ともに
低いため衝撃波は衰えることなく進むことができ、外層表面に達した後、星は光始める。中心から
外層表面までは 107 ª 109km 程度の距離なので、重力崩壊が始まってから光り始めるまで数時間
の遅れがある。

図 2.2 Livermore groupのモデルの
超新星爆発ニュートリノ輝度 (上図)

と平均エネルギー (下図)の時間発展。

しかしながら、計算機によるシュミレーションで
この超新星爆発過程を再現するのは難しく、ほとん
どの場合において衝撃波は途中で止まってしまう。
1980 年代にWilson ら [6] は一度止まってしまった
衝撃波に核の中心から逃げ出した一部の高エネル
ギーのニュートリノが (2.2)や (2.3)の左向きの反応
によってエネルギーを与えることで衝撃波が復活し
爆発が起こる“delayed explosion”というモデルを
提唱した。ところがその後の研究により、ニュート
リノだけでは衝撃波の復活を起こすことができない
ことがわかり、ここでモデルの詳細については議論
しないが Livermore group は衝撃波後方での物質の
相互作用をより詳しく計算することで衝撃波を復活
させ強い爆発を引き起こせることを示した [7]。彼ら
のモデルによる超新星爆発ニュートリノ輝度と平均
エネルギーの時間発展を図 2.2 に示す。輝度の時間
発展において中性子化バースト (0.01sec あたりの ∫

e

のピーク)のあと 500msec あたりまで続くピークが
核表面において衝撃波に物質が落ち込むときに放出

What we can learnExpected time profile

Mean neutrino energy

✓Core collapse physics
• explosion mechanism
• proto-neutron star cooling
• black hole formation
• etc..
✓Neutrino physics

• neutrino oscillation
• etc..

Measurements of neutrino 
flavor, energy, time profile 

are the key points

νe

νx

νe
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Neutrinos from supernova burst
What we want for a detector
✓ Massive target

• Current : O(kton), sensitive for galactic center
• Future  : O(Mton), sensitive for ~Mpc(?)

✓ Low background rate ~MeV energy region
• Underground detector

✓ No dead time
✓ Precise timing measurement
✓ Good energy resolution
✓ Measurable for direction, if possible
✓ Neutrino flavor sensitivity

• Use specific neutrino interactions
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Underground facilities for SN ν

South Pole

GranSasso
(Italy)

Kamioka
(Japan)

Baksan
(Russia)

Sudbery
(Canada)
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Gravitational wave and neutrinos

Coincidence analysis
✓Status of progenitor core

• mass, mass density distribution, 
rotating ratio,...
✓Status of SASI, convection
✓27pTL-9 (横澤さん)

Only GW and Neutrino are released 
during the initial stellar collapse itself, and 

arrival at Earth through any obscures.

諏訪さん提供



Neutrino interaction 
for supernova neutrino 

detection

νe,νe

p, n, e+n, p, e-

e-, e+

W

Charged Current
ν ν

n, p, e-

Z

Neutral Current

n, p, e-
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Neutrino interaction for SNν
Inverse beta decay

νe + p → e+ + n

✓ Dominates for detectors with lots of free proton
• Detect positron signal in water, scintillator, etc.

✓ νe sensitive
✓ Large cross section
✓ Good energy resolution

• Ee ~ Eν - (mn - mp)
✓ Poor directionality
✓ Neutron tagging using delayed coincidence

• n + p → d + γ

(Charged Current interaction)
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✓ Dominates for detectors with lots of free proton
• Detect positron signal in water, scintillator, etc.

✓ νe sensitive
✓ Large cross section
✓ Good energy resolution

• Ee ~ Eν - (mn - mp)
✓ Poor directionality
✓ Neutron tagging using delayed coincidence

• n + p → d + γ
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Neutrino interaction for SNν
Inverse beta decay

νe + p → e+ + n

Strumia, Vissani
Phys. Lett. B564 (2003) 42

νe+p

Total cross section for water 



日本物理学会／シンポジウム2014年3月28日 12

Neutrino interaction for SNν
Inverse beta decay

νe + p → e+ + n

✓ Dominates for detectors with lots of free proton
• Detect positron signal in water, scintillator, etc.

✓ νe sensitive
✓ Large cross section
✓ Good energy resolution

• Ee ~ Eν - (mn - mp)
✓ Poor directionality
✓ Neutron tagging using delayed coincidence

• n + p → d + γ

νe!

e+!

p!
n! γ#p!

Captured by proton

2.2MeV

~200 micro sec.

Possible to enhance this signal if Gd loaded
GADZOOKS!



日本物理学会／シンポジウム2014年3月28日 13

Neutrino interaction for SNν
Elastic scattering

νe,x + e- → νe,x + e-

✓ All neutrinos are sensitive
✓ The cross section for νe is larger 
than others because of CC effect.
✓ Well known cross section.

• few % of inverse beta decay
✓ Good directionality
✓ Measurable for only recoil 
electron energy, not neutrino energy

(Both Charged Current and 
Neutral Current interaction)

νe

νee-

e-

W

νe,x νe,x

e- e-

Z

CC

NC
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Total cross section for water 

νe+e

νe+e νx+e
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Neutrino interaction for SNν
Elastic scattering

νe,x + e- → νe,x + e-

✓ All neutrinos are sensitive
✓ The cross section for νe is larger 
than others because of CC effect.
✓ Well known cross section.

• few % of inverse beta decay
✓ Good directionality
✓ Measurable for only recoil 
electron energy, not neutrino energy

(Both Charged Current and 
Neutral Current interaction)
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Neutrino interaction for SNν
Elastic scattering

νe,x + e- → νe,x + e-

✓ All neutrinos are sensitive
✓ The cross section for νe is larger 
than others because of CC effect.
✓ Well known cross section.

• few % of inverse beta decay
✓ Good directionality
✓ Measurable for only recoil 
electron energy, not neutrino energy

(Both Charged Current and 
Neutral Current interaction)

Water Cherenkov

�� � 25�/
�

N

νe,x e-   

Eν=10MeV

Angular distribution
 between incident neutrino

and  recoil electron
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Neutrino interaction for SNν
CC interactions on nuclei

oxygen in water
νe + 16,18O → 16,18F + e-

νe + 16O → 16N + e+

carbon in scintillator
νe + 12C → 12N + e-

νe + 12C → 12B + e+

(for example)

νe+p

Total cross section for water 

νe+16O
νe+16O

νe+e

νe+e νx+e

νe+p

Total cross section for water 

νe+16O
νe+16O

νe + (N,Z) → (N-1, Z+1) + e-

νe + (N,Z) → (N+1, Z-1) + e+
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Neutrino interaction for SNν
NC interactions on nuclei

de-excitation γ in oxygen

Langanke, Vogel, Kolbe
Phys. Rev. Lett. 76 (1996) 2629

(Eν < ~150MeV)

oxygen in water
ν + 16O → ν + 16O*

carbon in scintillator
ν + 12C → ν + 12C* → 16O + γ→ 12C + γ (15.11MeV)
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TABLE II. Combined n
e

and n̄
e

partial cross sections (in
10242 cm2) for g decays via particle-bound excited states in
15N (upper eight rows) and in 15O (lower four rows). The
excitation energies E

x

are given in MeV. The calculations
have been performed for a Fermi-Dirac neutrino spectrum
with temperature and chemical potential (T ≠ 8 MeV, m ≠
0) (second column) and (T ≠ 6.26 MeV, m ≠ 3T) (third
column).

E

x

s s

5.27, 5.30 0.73 0.40
6.33 0.84 0.47

7.16, 7.30 0.24 0.12
7.56 0.05 0.02
8.32 0.07 0.03
8.57 0.07 0.04

9.05, 9.16, 9.22 0.31 0.16
9.76, 9.83, 9.93 0.14 0.07
5.18, 5.24 0.28 0.14
6.18 0.21 0.10

6.69, 6.86 0.14 0.07
7.28 0.02 0.01

purpose) will stem mainly from the n̄
e

1 p ! n 1 e

1

reaction. Adopting the Fermi-Dirac distribution with T ≠
5 MeV and zero chemical potential, we calculate a total
cross section for this reaction of 47 3 10242cm2. (This
includes the factor n ≠ 2 for the two protons in a water
molecule. The result is somewhat smaller than that quoted
in [3] where minor effects, such as the weak magnetism and
recoil were not included.) However, the energy spectrum
of positrons as seen by SK is peaked at around 15 MeV
and only a small fraction of events is in the energy window
E ≠ 5 10 MeV. This becomes obvious in Fig. 2, where
we compare the positron spectrum with the g spectrum
calculated for the n

x

and n̄
x

induced reaction on 16O. The
latter has been multiplied by a factor of 2 (to account for nm

and nt neutrinos) and by 16y25 to consider the ratio of n̄
e

and n
x

fluxes [,kEn
x

lykEn̄
e

l; see Eq. (1)] at the detector.
An energy resolution 14%ysEy10d1y2 [10], where E is in
MeV, i.e., 1 MeV for the energies of interest, has been
assumed for the detector. As is obvious from Fig. 2, the
g spectrum constitutes a clear signal at E ≠ 5 7 MeV on
top of a smooth background from the n̄

e

1 p ! n 1 e

1

reaction. Our calculation predicts most of the photons
to stem from the decay of the three lowest levels in 15N
and 15O. Further, in Fig. 2 and Table II we assume that
the detector will record all photons in a possible cascade
of several g rays as a single event. Let us stress that
each of such multiphoton events will contain at least one
photon above the 5 MeV threshold. The n

e

and n̄
e

induced
neutral current reactions on 16O also produce g events
with energiesE ¯ 5 10 MeV. However, due to the lower
temperatures of supernova n

e

and n̄
e

neutrinos and the high
threshold of sn, n0

pgd and sn, n0
ngd reactions in 16O, the

background signal generated by sn
e

1 n̄
e

d neutrinos is less
than 2% of the n

x

induced g events.

FIG. 2. Signal expected from supernova neutrinos in a water
Čerenkov detector. The solid line is the sum of the g spectrum,
generated by n

x

and n̄
x

reactions on 16O, and of the positron
spectrum (dashed line) from the n̄

e

1 p ! n 1 e

1 reaction.
The upper part (a) has been calculated assuming Fermi-
Dirac neutrino distributions with (T ≠ 8 MeV, m ≠ 0) and
(T ≠ 5 MeV, m ≠ 0) for n

x

and n̄
e

neutrinos, respectively.
In the lower part (b) Fermi-Dirac neutrino distributions with
(T ≠ 6.26 MeV, m ≠ 3T) and (T ≠ 4 MeV, m ≠ 3T ) have
been assumed for n

x

and n̄
e

neutrinos. The energy E refers to
the photon or positron energy, respectively. The spectra are in
arbitrary units.

Other possible backgrounds are neutrino-electron scat-
tering and charged current reactions on 16O. For these re-
actions we find smooth electron or positron spectra, whose
cross sections in the interval E ≠ 5 10 MeV (normalized
with the appropriate flux ratios and target numbers n) are
much smaller than the g signal. Water also contains a
tiny amount of 18O and even less 17O. However, their
natural abundances (¯0.2% and 0.04%, respectively) are
too small for neutrino reactions on 18O to be of impor-
tance (see Ref. [8] for the calculated charged current cross
sections).
We then repeated our calculation of the n

x

and n̄
x

induced reactions on 16O, using a Fermi-Dirac neutrino
spectrum (FD2) with T ≠ 6.26 MeV and m ≠ 3T [5],

fsEd ,
E

2

1 1 expfsE 2 mdyT g
, (2)

which has the same average neutrino energy as the FD1
distribution. We find that the FD2 total and partial cross
sections are smaller by about a factor of 2 when compared
to the FD1 results (see Table I). Noting that the main
contribution to the cross sections comes from neutrinos
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Other possible backgrounds are neutrino-electron scat-
tering and charged current reactions on 16O. For these re-
actions we find smooth electron or positron spectra, whose
cross sections in the interval E ≠ 5 10 MeV (normalized
with the appropriate flux ratios and target numbers n) are
much smaller than the g signal. Water also contains a
tiny amount of 18O and even less 17O. However, their
natural abundances (¯0.2% and 0.04%, respectively) are
too small for neutrino reactions on 18O to be of impor-
tance (see Ref. [8] for the calculated charged current cross
sections).
We then repeated our calculation of the n
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and n̄
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induced reactions on 16O, using a Fermi-Dirac neutrino
spectrum (FD2) with T ≠ 6.26 MeV and m ≠ 3T [5],
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, (2)

which has the same average neutrino energy as the FD1
distribution. We find that the FD2 total and partial cross
sections are smaller by about a factor of 2 when compared
to the FD1 results (see Table I). Noting that the main
contribution to the cross sections comes from neutrinos
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✓ Important to probe νµ, ντ flux
✓ Observables:

• nuclear emission (p,n)
• nuclear de-excitation γ’s

✓Need nuclear physics info.

ν + (N,Z) → (N,Z) + ν
ν + (N,Z) → (N-1,Z) + n + ν
ν + (N,Z) → (N,Z-1) + p + ν νe+p
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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.

∆
m

2  in
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V
2

x10
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0.1 0.2 0.3 0.4 0.5

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
n

2 (Θ
13

)
0

sin
2
(Θ12)

0.1 0.2 0.3 0.4 0.5

0.1

0.2

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

Water Cherenkov / Liquid scintillator / Others
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Current SNνdetectors

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 

Super-Kamiokande
32kton fiducial volume for SN

20’ PMT   photocathode
(inner)      coverage

SK-1     11,146         40%
SK-2       5,182         19%
SK-3     11,129         40%
SK-4   same as SK-3
          with new electronics

νe,x e-   

✓ Underground in Kamioka 
mine, (almost BG free)
✓ 3.5MeV energy 
threshold for recoil electron
✓ Dominant process is 
inverse beta decay
✓ Good directionality for νe 
elastic scattering

charged 
particle θ

50kton Water Cherenkov detector
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50kton Water Cherenkov detector

20

Current SNνdetectors
Super-Kamiokande

Expected number of event

Livermore simulation
Totani, Sato, Dalhed, Wilson, ApJ. 496 (1998) 216

~7300 ev (inverse beta decay)
~100 ev (16O CC)
~300 ev (νe elastic scattering)
~360 ev (16O NC γ)
at 10kpc, 4.5MeV energy threshold

charged 
particle θ

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
n

2 (Θ
13

)
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2
(Θ12)
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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..
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高統計、高精度の測定
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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
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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
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Current SNνdetectors
Super-Kamiokande Time variation of νe+p at 10kpc

Time variation of event rate  Time variation of mean energy  
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Current SNνdetectors
Super-Kamiokande

νe+p!

νe+p!

νe+p! νe+p!

ν+e! ν+e!

ν+e!
ν+e!

Simulation of angular distribution

✓ ν-e elastic scattering has 
good directionality.
✓ Direction of supernova can 
be determined with an 
accuracy of ~5 degree.
✓ Spectrum of νe events can 
be statistically extracted 
using the direction to 
supernova.
✓ If Gd loaded, it will be 
more accurate since νe signal 
can be separated.
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Current SNνdetectors
IceCUBE ~km long string Water Cherenkov detector 

at the South Pole
✓ Nominally multi-GeV energy threshold, 
but can see burst of low energy νe’s as 
increase in single PMT count rates.
✓ Cannot tag flavor, overall rate and fine 
time structure.

Giga-ton detector

10 kpc
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νe!

e+!

p!
n! γ#p!

24

Current SNνdetectors
Scintillation detectors
✓ Liquid scintillator CnH2n volume surrounded by 
PMTs.
✓ Low energy threshold (O(100keV))
✓ Good neutron tagging using delayed 
coincidence technique → advantage for νe signal.
✓ Poor directionality, since light is almost isotropic 2.2MeV
KamLAND 
   (Japan) 

LVD 
(Italy) 

Borexino 
   (Italy) 

+Double Chooz, Daya Bay and RENO  

~200 usec.

Baksan 
   (Russia) 
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Current SNνdetectors
KamLAND 1000 ton Liquid scintillator at Kamioka

Expected number of event at 10kpc

~300 ev (inverse beta decay)
~60 ev (12C CC)
~20 ev (νe elastic scattering)
~300 ev (ν+p→ν+p)

✓ Large volume
✓ Low energy threshold
✓ Good νe sensitive
✓ Good energy resolution

7.25%/
�

E/(MeV )

Prediction of SN by
signal from Si burning

　10 イベント/day ⇒ 検出可能

KamLANDで

10石徹白さん
2013年3月／日本物理学会

~10 events/day for Betelgeuse



Future prospects
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GADZOOKS!
(Gadolinium Antineutrino Detector Zealously Outperforming Old Kamiokande Super!)

Inverse beta decay

νe!

e+!

p 
n 

γ#

γ#p 

Gd 

(2.2MeV)

~8MeV

•ΔT~30μsec
•Vertices within~50cm

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

 Phys.Rev.Lett.93(2004)171101

✓ First observation of SRN
✓ Also more precise detection 
of supernova burst neutrino
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EGADS
(Evaluating Gadolinium’s Action on Detector Systems)

 200 ton tank15 ton buffer tank Filter
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EGADS
(Evaluating Gadolinium’s Action on Detector Systems)

August, 2013
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SKE (Supernova simulations with KAGRA and EGADS)

SNe Theory

ν Analysis

・Provide time correlated data,    
GW and neutrino

・Suggest signature signals
physical phenomenon

Y. Suwa

・KAGRA detector simulations
・Develop/Optimize GW analysis tools
・Prepare for realtime observation

T. Yokozawa, M. Asano
N. Kanda

T. Kayano, Y. Koshio
M. Vagins

・R&D of EGADS detector 
・Signal simulations with EGADS 

and SK 

GW Analysis
co-operate

横澤さん提供

27pTH-5-7EGADSKAGRA
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Progenitor core rotate or not?

h(t)@10kpc

Lν[erg]

No core rotation case (0[rad/s]) core rotation case(pi[rad/s]) 

GW waveform

Neutrino luminosity

No GW signal from core bounce

GW from prompt convection 
after Neutronization burst 

Strong GW signal from core bounce

GW from core bounce 
before Neutronization burst 

Neutronization burst

Core bounce time : 0.181[s] Core bounce time : 0.196[s] 

No core rotation
No GW signal from core bounce

GW from prompt convection after 
Neutronization burst 

Strong core rotation
Strong GW signal from core bounce

GW from core bounce before
 Neutronization burst 

E+54

E+53

E+52

E+51

4E-21

-4E-21

0

0.16          0.18          0.2          0.22         0.24           0.16         0.18          0.2          0.22         0.24 

0.16          0.18          0.2          0.22         0.24           0.16         0.18          0.2          0.22         0.24 
h(t) and Luminosity@10kpc for each model ; Time[s] : 0 is start time of gravitational collapse 

27pTL-8(浅野さん), 27pTL-9(横澤さん), 28aTK-11(茅野さん)
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Progenitor core rotate or not?
No core rotation

No GW signal from core bounce
GW from prompt convection after 

Neutronization burst 

Strong core rotation
Strong GW signal from core bounce

GW from core bounce before
 Neutronization burst 

Detection efficiency[%]
100

80

20

40

60

0
0       0.2    0.4    0.6     0.8    1.0    1.2    1.4     1.6    1.8   2.0

Detection efficiency[%]
100

80

20

40

60

0
0       0.2    0.4    0.6     0.8    1.0    1.2    1.4     1.6    1.8   2.0

 Distance [kpc]

Neutronization burst
GW
Neutronization burst &GW

preliminary

27pTL-8(浅野さん), 27pTL-9(横澤さん), 28aTK-11(茅野さん)
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Future SNνdetectors
Next generation mega-detectors (10-20 years) 

Megaton-scale water 
     detector concepts 

Memphys 

10-100 
 kton-scale 
 scintillator 
 detector  
 concepts 

5-100 kton-scale 
 liquid argon  
 concepts 

LENA 

Hyper-K 

LBNE 
WCh 

LBNE LAr              GLACIER 

Large scale detectors
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Future SNνdetectors
Next generation mega-detectors (10-20 years) 

Megaton-scale water 
     detector concepts 

Memphys 

10-100 
 kton-scale 
 scintillator 
 detector  
 concepts 

5-100 kton-scale 
 liquid argon  
 concepts 

LENA 

Hyper-K 

LBNE 
WCh 

LBNE LAr              GLACIER 

Large scale detectors
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Determine starting time 
with ~0.03 msec precision.

35

Future SNνdetectors
Hyper-Kamiokande

Expected number of event
~168000 ev (inverse beta decay)
~2300 ev (16O CC)
~7000 ev (νe elastic scattering)
~8300 ev (16O NC γ)
at 10kpc, 4.5MeV energy threshold

5

EXECUTIVE SUMMARY

FIG. 1. Schematic view of the Hyper-Kamiokande detector.

Time profile
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FIG. 56. Inverse beta event rate (left) and mean energy of ⌫̄e (right) predicted by supernova simulations

[83–87] for the first 0.3 seconds after the onset of a 10 kpc distant burst.

of neutrinos. Note that inverse beta events directly provide a very precise measurement of the

temperature of ⌫̄e. Hyper-K will be able to evaluate the temperature di↵erence between ⌫̄e and

⌫e + ⌫X . This would be a valuable input to model builders.

Figure 56 shows inverse beta event rates and mean ⌫̄e energy distributions predicted by various

models [83–87] for the first 0.3 sec after the onset of a burst. The statistical error of Hyper-K is

much smaller than the di↵erence between the models, and so Hyper-K should give crucial data

for comparing model predictions. The left plot in Fig. 56 shows that about 300-1000 events are

expected in the first 20 millisecond bin. This means that the onset time can be determined with

an accuracy of about 0.03 ms. This is precise enough to allow examination of the infall of the core

in conjunction with the signals of neutronization (see below) as well as possible data from future

gravitational wave detectors.

We can also use the sharp rise of the burst to make a measurement of the absolute mass of

neutrinos. Because of the finite mass of neutrinos, their arrival times will depend on their energies.

This relation is expressed as

�t = 5.15 msec
✓

D

10 kpc

◆✓
m

1 eV

◆
2

✓
E⌫

10 MeV

◆�2

(7)

where �t is the time delay with respect to that assuming zero neutrino mass, D is the distance to

the supernova, m is the absolute mass of a neutrino, and E⌫ is the neutrino energy. Totani [88]

discussed Super-Kamiokande’s sensitivity to neutrino mass using the energy dependence of the

rise time; scaling these results to the much larger statistics provided by Hyper-K, we expect a

sensitivity of 0.5⇠1.3 eV for the absolute neutrino mass [89]. Note that this measurement of the
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Mini3bursts:*reach*into*our*neighbors*

HyperK(MeeEng((Aug(21I23(2012)( Shunsaku(Horiuchi((CCAPP,(OSU)( 16(

Horiuchi*et*al.*(in*prep);*see*also*Ando*et*al.*(2005)*

High(nearby(supernova(rates:(
Both(observaEons(and(predicEons(
show(that(our(neighborhood(has(an(
enhancement(of(supernovae(wrt(the(
smooth(limit(

Ne+(18 < Ee+ < 30) ⇡ 5

✓
d

1Mpc

◆�2

Yields(in(HyperIK(without/with(Gd:(

Ne+(12 < Ee+ < 38) ⇡ 9

✓
d

1Mpc

◆�2

Can(probe(out(to(a(few(Mpc(

Smooth(limit(
Discoveries(

PredicEons(
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Future SNνdetectors
Hyper-Kamiokande

S.Horiuchi

✓ 0.2~0.6 SN/year is 
expected at 4Mpc.

✓ The detection probability: 
31~56% (N≧1) @4Mpc

✓ 1 event from SN@4Mpc 
(need another information 
e.g. GW) every 3~10 
years is expected. 

Nearby galaxy



日本物理学会／シンポジウム2014年3月28日 37

Future SNνdetectors
Hyper-Kamiokande
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✓ The detection probability: 
31~56% (N≧1) @4Mpc

✓ 1 event from SN@4Mpc 
(need another information 
e.g. GW) every 3~10 
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Nearby galaxy



Summary

Surprising recent theory improvement

Ready to observe by several neutrino detectors

Let’s go supernova!
(but after advanced GW detectors are ready)

Thanks


