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太陽ニュートリノ
太陽内部での核融合反応
4p➔2He+2e++2νe

(~6.6x1010neutrinos/sec/cm2)

温度~15.5 millionK

密度~146 g/cm3

太陽ニュートリノ観測の特徴／意義

実際には pp chain, CNO cycle を通して起こる

発生後、約８分で地球に到達

太陽内部を‘リアルタイム’で観測できる

光での観測：
太陽表面に到達するまで
長い時間がかかる

太陽（恒星）のエネルギー発生
メカニズムの解明に不可欠

素粒子ニュートリノ自身の性質の解明
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2H + p → 3He + γ 
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太陽ニュートリノスペクトル
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(注) ±X％は理論予測の誤差
7Be, pep は積分フラックス
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Super-K, SNO
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太陽ニュートリノ問題
１９７０～９０年代の太陽ニュートリノ実験

Chlorine (US)� Kamiokande (Japan)� Gallium (Italy / Russia)�

全ての実験において観測された太陽ニュートリノ
フラックスが理論予測値に比べ少なかった
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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.
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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
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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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0.025+0.018
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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
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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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現在／今後の課題
ニュートリノ振動パラメータの精密測定

7Be, pep太陽ニュートリノ測定→Borexino

スペクトルの歪み／フラックス昼夜変動→Super-K 
（横澤さん）

エキゾチックなモデルの検証

Sterile neutrino? Neutrino vs anti-neutrino? etc.

ニュートリノの性質

12年2月20日月曜日



GS98 AGS05 
pp 5.97x1010 6.04x1010 

pep 1.41x108 1.45x108 

hep 7.90x103 8.22x103 

7Be 5.07x109 4.55x109 

8B 5.94x106 4.72x106 

13N 2.88x108 1.89x108 

15O 2.15x108 1.34x108 

17F 5.84x106 3.25x106 

~10% 

~30% 

現在／今後の課題

太陽モデルの検証

重い元素の量に大きな不定性
→CNOサイクルの測定が重要

太陽ニュートリノの大部分を
占めるpp ニュートリノの直接
測定

天体物理学の観点から
重元素量比の異なるモデルによる
太陽ニュートリノフラックスの違い

(z/x     0.0229      0.0165)
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太陽ニュートリノの大部分を
占めるpp ニュートリノの直接
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天体物理学の観点から

The lower-Z SSM leads to problems in the sound speed/density profileRecap on solar abundance (models) problem 
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Model (Z/X)S ZS ZC RCZ/R� ��c/c⇥ ��⇥/⇥⇥ YS YC
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Low-Z leads to models with 
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!  sound speed & dens. profiles 

Serenelli, Haxton & Peña-Garay (2011) '

Recap on solar abundance (models) problem 
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” — ±0.002 — ±0.001 0.0000 0.000 ±0.0034 —

Low-Z leads to models with 
problems: 
!  sound speed & dens. profiles 

Serenelli, Haxton & Peña-Garay (2011) '

❏  Sound-speed profile

❏  Molecular weight in
     the solar core

Serenelli, Haxton, Peñay-Garay (2011)

日震学との比較
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Laboratori Nationali del 
Gran Sasso

LNGS

Outside laboratory 

����� 

	���
���
 

Borexino detector + fluid plants 

Assergi, (AQ), Abruzzo, Italy 120km from Roma 

1300m underground 
(3500m w.e.) 
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Borexino
��������: 
270 t PC+PPO (1.5g/l) 
Inner nylon vessel (R=4.25m) 
• $'���~500p.e./MeV 
• � *(��
��+��%
(U, Th...) <10-16g/g 

Buffer region: 
PC+DMP quencher (5g/l) 
4.25m<R<6.75m 

Outer nylon vessel: 
R=5.50m (222Rn Barrier) 

Water tank: 
γ and n shield. 2100m3 
µ water Cherenkov detector 
 208 PMTs in water 

Stainless Steel Sphere: 
R=6.75m 
2212�)8,3-�"���� 
light guide cone. 1350m3 

2007�	#�� 
 
��
� 
!  �!/14.20 
!  ��/14.20 
!  ���/14.20 
�& 

12年2月20日月曜日



太陽ニュートリノ観測
~1MeV 以下領域での精密測定

Borexino

ニュートリノエネルギー (MeV)

pep

7Be13N

15O

17F

SK, SNO

太陽ニュートリノ観測

ν 

e-�

ν + e- ! ν + e-
�

�����

��	��

~1MeV 以下領域での精密測定

Borexino

ニュートリノエネルギー (MeV)

pep

7Be13N

15O

17F

SK, SNO

12年2月19日日曜日

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しない

pp

hep

8B
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観測結果
7Beニュートリノ

46.0±1.5 +1.5
−1.6

First realtime measurement with 
high precision. (<5% uncertainties)

cnts/day/100ton

pepニュートリノ
3.1±0.6±0.3
First direct observation (98%C.L.)

cnts/day/100ton

CNOニュートリノ
<7.9

Strongest constraint (fCNO<1.4)

cnts/day/100ton

電子ニュートリノの確率

ニュートリノエネルギー(MeV)

MSW-LMAシナリオと合致

Phys. Rev. Let 107, 141302 (2011)
Phys. Rev. Let 108, 051302 (2012)
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観測結果
7Beニュートリノ

46.0±1.5 +1.5
−1.6

First realtime measurement with 
high precision. (<5% uncertainties)

cnts/day/100ton

pepニュートリノ
3.1±0.6±0.3
First direct observation (98%C.L.)

cnts/day/100ton

CNOニュートリノ
<7.9

Strongest constraint (fCNO<1.4)

cnts/day/100ton

重元素量比の異なるモデルによる
7Be, 8B フラックスの比較

モデルの決定は難しい。。

Phys. Rev. Let 108, 051302 (2012)
Phys. Rev. Let 107, 141302 (2011)
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将来の実験Future solar neutrino projects 

8 

project target  for solar  current status / recent information 

pep/CNO (ES) 

SNO+ 1kt LS under construction (cf. M.Chen’s talk) 

KamLAND2 1kt LS will be after KamLAND-Zen (cf. Y.Gando’s talk) 

pp(ES) 

XMASS 10 ton(FV) Lq. Xe commissioning of XMASS-I (total 1ton, ~0.1ton FV) 

CLEAN 50 ton Lq. Ne MiniCLEAN is under construction 

HERON 10 ton Lq. He will not built a full detector (Astropart. Phys. 30, 1 (2008))  

pp/7Be(CC) 

LENS 10ton 115In R&D (In loaded LS) 

IPNOS 115In  R&D (InP cell + Lq. Xe detector) 

MOON 1.5~3ton 100Mo R&D (EC branch of 100Tc was measured)  

Next generation 

Water Cherenkov Megaton water LOI from Hyper-K (arXiv:1109.3262) 

Lq. Scintillator  ~0.1Mton LS white paper from LENA (arXiv:1104.5620) 

Lq. Argon ~0.1Mton Lq. Ar 

(I apologize this list 

is  not  complete…) 

ES: elastic scattering, CC: charged current, LS: liquid scintillator (Y.Takeuchi, LowNu2002, Seoul, Korea)
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超新星ニュートリノ
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超新星1987A
大マゼラン星雲 カミオカンデにおける観測

事
象
の
エ
ネ
ル
ギ
ー

(M
eV

)

超新星爆発のメカニズム
が実証された
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超新星爆発ニュートリノ
ニュートリノは重力崩壊型の超新
星爆発で放出される。

解放される重力エネルギー
(~3x1053erg) の大部分 (~99%) は
ニュートリノにより放出される。

全タイプのニュートリノ

エネルギー : ~10MeV

放出時間 : ~10sec.

SUPERNOVA NEUTRINO BURST AND EXPLOSION MECHANISM 217

SK. The simplest analysis is to set many bins in the time
coordinate and estimate the luminosity and average energy
in each bin. However, this analysis is not sufficient to repro-
duce a smooth evolutionary curve, and some information
on detection time is also lost. We propose an analysis
method based on the maximum likelihood method and
cubic interpolation, which gives natural and smooth evolu-
tion without loss of time information, and test this method
by using MC data generated from the numerical supernova
model.

Because the supernova neutrinos are emitted thermally,
the Fermi-Dirac (FD) distribution was generally assumed in
previous analyses for the SN 1987A data & Lamb(Loredo

and references therein). However, it is known that1989
because the neutrino opacity changes with neutrino energy,
the spectrum of neutrinos deviates from the pure FD dis-
tribution with zero chemical potential. The emergent neu-
trino spectrum can be considered to be blackbody radiation
from a surface whose radius varies with neutrino energy,
and a deÐcit in both the low- and high-energy range com-
pared to the pure FD distribution is seen (Bruenn 1987 ;

Wilson, & Schramm & HillebrandtMayle, 1987 ; Janka
Ellison, & Bruenn &1989 ; Giovanoni, 1989 ; Myra

Burrows The rich statistics of the SK may allow us to1990).
discern this deviation, and if observed, it would provide a
veriÐcation for the current theoretical picture of supernova
explosion and neutrino emission. Hence, we also investigate
whether we can see this deviation of the neutrino spectrum
from the FD distribution in future observations.

In ° we describe the numerical model of a supernova2
explosion used in this paper, and the features of the delayed
explosion are discussed. The properties of the SK detector
are summarized in ° and Monte Carlo data generation3,
from the numerical supernova model is also described. Sta-
tistical analysis for the MC data and its results are present-
ed in ° and after some discussions in ° we summarize4, 5,
our results in ° 6.

2. NUMERICAL MODEL OF A SUPERNOVA EXPLOSION

We use a result of neutrino emission based on a numeri-
cal simulation of a supernova explosion. The simulation is
performed with the numerical codes developed by Wilson
and Mayle et al et al.(Mayle 1985 ; Wilson 1986 ; Mayle

The simulation is a model of SN 1987A, whose pro-1987).
genitor is a main-sequence star of about 20 The stellarM

_
.

conÐguration from which the explosion calculation started
was supplied by S. Woosley & T. Weaver (1991, private
communication). This one-dimensional simulation is per-
formed from the onset of the collapse to 18 s after the core
bounce in a consistent way, and the total energy emitted by
this time is 2.9 ] 1053 ergs. The emitted energy in isl6

e
Ïs

4.7 ] 1052 ergs, and the average energy of is 15.3 MeV.l6
e
Ïs

shows the time evolution of luminosity andFigure 1
average energy of this model for and (The neutrinol

e
, l6

e
l
x
.

luminosity and spectrum of supernova andlk, l6 k, lq, l6 q[hereafter are almost the same.) shows thel
x
] Figure 2

snapshots of the spectral evolution of supernova in thel6
e
Ïs

form of di†erential number luminosity. FD spectra that
have the same luminosity and average energy with zero
chemical potential are also shown by dashed lines in the
Ðgure, and the deÐcit of both low- and high-energy neu-
trinos can be seen. In the following analysis, FD distribu-
tions will be introduced to provide a simple method of
analyzing the possible observational data and do not rep-

FIG. 1.ÈTime evolution of neutrino luminosity and average energy of
the numerical supernova model used in this paper. The dashed line is for

solid line for and dot-dashed line for (\each of andl
e
, l6

e
, l

x
lk, lq, l6 k, l6 q).The core bounce time is 3È4 ms before the neutronization burst of l

e
Ïs.

resent any expected spectral shape. For generic features of
supernova neutrino emission see, e.g., et al.Burrows (1992).

shows the radius of selected mass points as aFigure 3
function of time for the present model. This model explodes
by the delayed explosion mechanism, and its features are
stamped onto the early evolution of neutrino luminosity
and spectrum as shown in in which the evolutionFigure 4,
of neutrino luminosity and average energy in the Ðrst D1 s
after the core bounce are shown. A characteristic of the
delayed mechanism is a ““ hump ÏÏ in the neutrino luminosity
curve due to the accretion of matter onto the nascent
neutron star. (This ““ hump ÏÏ is the same as the phenomenon
previously discussed in et al. as an ““ abruptBurrows 1992
drop in luminosity curve. ÏÏ) The average energy of neutrinos
stays low during the hump because of the dense matter

FIG. 2.ÈEnergy spectrum of of the numerical supernova modell6
e
Ïs

used in this paper. The time (after the bounce) is indicated in the Ðgure. The
dashed lines are the FD Ðts, which have the same luminosity and average
energy as the numerical model. The chemical potential is set to zero for the
FD distribution.

T.Totani et. al., Astrophys. J. 496, 216 (1998)
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ニュートリノ反応
逆ベータ崩壊
νe + p → e+ + n
反応断面積が大きい

電子弾性散乱
νe,x + e- → νe,x + e-
入射ニュートリノの方向を保存

水との反応断面積

原子核との反応

超新星ニュートリノ

νe + N → N’ + e-
νe + N → N’ + e+
νx + N → N’ + νx + γ

(CC)
(NC)
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超新星ニュートリノ検出器
Current & near-feature supernova neutrino detectors 

νe + p       e+ + n 
Primary sensitivity is to electron antineutrinos  
   via inverse beta decay 

Detector Type Location Mass 
(kton) 

Events 
 @ 10 kpc 

Status 

Super-K Water Japan 32 8000 Running (SK IV) 
LVD Scintillator Italy 1 300 Running 
KamLAND Scintillator Japan 1 300 Running 
Borexino Scintillator Italy 0.3 100 Running 
IceCube Long string South Pole (600) (106) Running 
Baksan Scintillator Russia 0.33 50 Running 
Mini- 
BOONE 

Scintillator USA 0.7 200 Running 

Icarus Liquid argon Italy 0.6 60 Running 
HALO Lead Canada 0.079 20 Under construction 
NOνA Scintillator USA 15 3000 Construction 

started 

SNO+ Scintillator Canada 1 300 Under construction 
plus reactor experiments, DM experiments... (K.Scholberg, LowNu2002, Seoul, Korea)
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スーパーカミオカンデ
期待される事象数

~7300 ev (逆ベータ崩壊)
~300 ev (電子弾性散乱)
~360 ev (16O NC γ)
~100 ev (16O CC)

@10kpc SuperNova, 5MeV threshold

12年2月20日月曜日



スーパーカミオカンデ
期待される事象数

For Betelgeuse

新エレクトロニクス（横澤さん開発）
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超新星背景ニュートリノ
宇宙開闢からの超新星爆発によるニュートリノ

予想スペクトル
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) 

原子炉ν

太陽ν

大気ν

期待される信号数
0.8~5.0 ev/year/22.5kton

(10~30MeV)

現在は上限値のみ

理論予測値の３倍程度
のところまで来ている
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GADZOOKS!
SKにGdを溶かすことで、バックグラウンドを落とす

p 

n 

e 
+ 

νe!
γ 

Gd 

10年 4σレベルの信号

(8MeV)

テストタンクによるR＆D中

200トンタンク

Gd水循環装置
Gd純化装置
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Super-K 

LVD 
SNO 
(until 2006) 

IceCube Borexino 

snews.bnl.gov 

SNEWS: SuperNova Early Warning System 

(K.Scholberg, LowNu2002, Seoul, Korea)
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