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3 @[Ke<HjNdj

3.1 @[Ke<HjNdjHO

• @[f4NK;g?~'4p →4 He + 2e+ + 2νe

• @[NbGk,@illP"@[+i|M5lkKe<HjNNUiC/9,

W;G-k

• !P5lkER?Ke<HjNNUiC/9NQ,M,}@MN>,xY

• @[f4t+iOeKdCFhkKe<HjNNLKX9kololN}rK"

?+Vc$,"k)

⊲ B3,VcCF$k)

⊲ B3OVcCF$J$H7?i"K?~,=sJK/3CF$J$)

– ?@7"L⊙Oj^CF$k

⊲ &&&

• Ke<HjN

⊲ βxuJ6RKNxuaxN&A β~r|P9kbNKKhCF8:kE
RN(Mk.<9Z/HkG"(Mk.<]8',KlF_(k=]Nb

@N?a"Pauli,3~J(Mk.<r}Ankr\K

– ?~ 8B →8 Be∗ + e+G"e+N}Ank?0(Mk.<,"8BeH 8B
N(Mk.<9hj.5/"7+b"39Z/Hk@C?JBe∗KN ∗

Oe/uVr=o9

– ?~, 8B →8 Be∗ + e+ + νeJib@G-k

⊲ E_AL&EYO<m#9TsO 1/2&&&E_ALOBO 6= 0)

⊲ >N*AHNj_nQOsoKe$

⊲ =_NG3R*}XNV8`bGkWGOER?&L?&S?N3oN8
_r[j

3.2 DavisNB3

• GiN@[Ke<HjN!PWm8'/HJ1968/AK

• F South Dakota# HomestakeNQ#J5Ob[K&&&'h~NFArr1k
?a

• O< 1.5kmK>B 6m"95 15mN?s/r/-"btr 615HsNC2Cl4JM
v=(Als"Ii$/j<Ks0UKG~?9

• b(Mk.<J814keVJeKNKe<HjN,~M9kH"?~GLQO.5
$J,i

37Cl + νe ↔
37Ar + e−

N&~-N?~,/3k#8.7? 37ArOMv=(AlsN,R+i%lFO
Ufr:&,">:|s 35|GERaMJβxuK7FJ8~-N?~K"37Cl
Kak

1http://solarwww.mtk.nao.ac.jp/helioseismology/Komaba2009/
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EY

lWHs -1 ERJeK µ3RJµK τ 3RJτK
0 ERKe<HjNJνeK µKe<HjNJνµK τ Ke<HjNJντK

/)</ +2/3 "CWJuK Ac<`JcK HCWJtK
-1/3 @&sJdK 9Hls8JsK \H`JbK

= 4: lWHsH/)</

• ∼ 100|bPa9kH"37ArNLO[\?UMJ∝ 1L~VK~M9kKe<

HjNNLKK#9kHM(F$$NG"s}7Ftr+&sH

• 37ArNLO"ERaMN]N AugerERJ2.82keVKrt(FW,

⊲ 6RbNER,(Mk.<Nc$uVKnAk~"wRr|P9k+oj
KLN6RbERr|P9k3H,"k#3lr AugerzLH$$"|P
5l?ERr AugerERH$&

• Solar Neutrino Unit (SNU): 1SNU = 10−36captures per sec per target nucleus

• v~N8`@[bGk+iO 7.9 ± 2.6SNUr=[

• DavisNB3'2.1 ± 0.9SNU ⇒ @[Ke<HjNdj

3.3 Kamiokande/SuperKamiokande

• 5O Kamioka Nucleon Decay Experiment

• @,[3NO< 1000mK 50000tNce (SuperK)

• Ke<HjN=ER6pG7MtP5l?ER+iN Cerenkovwr phototube
G!P

⊲ @[Ke<HjN'B3MO}@MNs>,

⊲ SN1987A+iNKe<HjNb!P

• HomestakeH1M"b(Mk.<Js 7MeVJeKNKe<HjNN_!P#
gH7FER?@,"µ?"τ ?b!PJ6YO 1/6xYK

3.4 ,j&`B3

• GallexJ$#K"SAGEJ*FKO,j&`rHC?Ke<HjN!PB3bT
JC?

• C'O"c(Mk.<NKe<HjNb!PG-k3H

• 7+7"dOjB3MO}@MN>,xY

3.5 I&dC?irhG-k+)

• B3,VcCF$k)&&&7$eNKe<HjNB3Gb"@[Ke<HjNN

LOT-7F$k#@[+iOeKdCFhkER?Ke<HjNO"N+K

}@*=[hj/J$

• bHbH@[f4G8^lkER?Ke<HjN,/J$)!7+7"L⊙N)

s+i"eGK3FNmLOh^CF$k
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^ 5: 8`@[bGkKhk"Ke<HjNN(Mk.<9Z/Hk

⊲ ?@7"BKe<HjNOminor branchN pp III/;

– pp I GO ε∝
∼T 4

– pp III GO ε∝
∼T 30

⇒ BKe<HjNNUiC/9O L⊙hjb9YKR6

⇒ BKe<HjNN8.NhO photonN8.Nhhjb3sQ/H

• 8`@[bGkGhj~lF$k input physicsNmj)

⊲ c(P 7Be(p, γ)8BN?~(,cCF$lP"L⊙K[HsIFArZ\5

:K"@[Ke<HjN@1r:i;k

⊲ ?@7",j&`B3O ppKe<HjNKb6Y,"k

• 8`@[bGkGhj~lF$kt>jNmj)

⊲ L⊙H@[Ke<HjNUiC/9rr>}b@9kMJ=$&~VM8N

=]JI

⊲ Ke<HjNGVQFW$kNO 500C0N@[@,"wGVQFW$k
NOt4|/0N@[#=_GOK?~,:CF$k)

• @[f4GO}@MLjNER?Ke<HjN,8^lF$k,"OeK#9

k^GKxu7?j">N?NKe<HjNKQ9)

• kI"g-/,1F"so`Nrhv

⊲ particle physics solution — Ke<HjNN-A (xu"60)Ndj

⊲ astrophysical solution — @[N=$Ndj

3.6 s8`@[bGk

• low Z bGk

⊲ b0Lr:i;?i)Z ↓⇒opacity↓⇒ 9Y{[ ↓

13



^ 6: SNONB3kL

⊲ L⊙r]C?^^f4UaN9Y{[r:/

⇒ f49YO<,kJ~UN9YOe,kK

⇒ @[Ke<HjNNUiC/9O:/

⊲ Z ≈ 0.001JiB3MH"&

⊲ =LN Z ≈ 0.02OI&b@9k+)

– anK1V*AfN dust,=LK_jQbC?HM(k

⊲ =N>Ndj@

– initial helium abundance <

∼
0.2 JBig Bang+5Gg.GO 0.23K

– @[N;H*G-b<IN60t,Q,HgoJ$

• WIMPbGk

⊲ WIMPJWeakly Intereacting Massive Particles"dark matterudNRH
DK,@[NEOlKa*5lF$kH9k

⊲ ~ON*AHNj_nQOe/"@[f4UaGN?Q+3Tx,9$⇒

."wKs?⇒f4UaN9Y{[,:/

⊲ low ZbGkH1MN;ZG@[Ke<HjNdjrrh9k,"low Zb
GkH1MK@[N;H*G-b<IN60t,Q,HgoJ$

• .gbGk

⊲ @[Nf4UaG.g,/-F$kH9kH"f4UaK?^C?Xj&
`Nlt,0&NeGH~leok

⇒K3FN3A,}(?3HKJkNG"f49Y,c/Fb=oJ$

⊲ I&dCF.<k)

⊲ 3lb^?"@[N;H*G-b<IN60t,Q,HgoJ$

• kINH3m"s8`bGkNn_OIlb

⊲ @[Nf4N9Yr<2k

⊲ 9Y{[r<2F"(Mk.<r8.7F$k r <

∼
0.3R⊙N?Q*J9YO

]D

3HG@[N@k5OQ(:KKe<HjN8.(r<2h&H7?,"H/

K@[N;H*G-b<IN60t,Q,HgoJ/JkJINq@rn~G

-J+C?
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3.7 Ke<HjN60r

• @[f4G8.7?ER?Ke<HjN,"Ke<HjN60KhjL?dS

?NKe<HjNKQ9)

• Homestakeb SuperKbJSuperKNlg"gH7FKER?Ke<HjNr!
P7F$kNG"UiC/9O:/

• Ke<HjN60'Ke<HjN*}NVs8`WbGk

⊲ ER?"L?"S?: ”flavour”

⊲ Flavour eigenstate6=Mass eigenstate G"/J/HbRHDN mass eigen-
stateNmass 6=0Ji"flavour eigenstateVN60,/3k

⊲ Vacuum oscillation & Matter oscillation (MSW effect)

3.8 Sudbury Neutrino Observatory

• Sudbury, Ontarioa/N Creighton MineNO< 2000m

• 1000tNEerHC?!Po#s 7MeVJeNb(Mk.<NKe<HjNr
!P

• 3o`N?~rxQ

⊲ ES (Electron Scattering): SuperKH18"ERKhk6p

⊲ CC (Charged Current): EeK,ER?Ke<HjNr[}7F[R 2D
HERHK,r9k?~#ER?@1r!P

⊲ NC (Neutral Current): EeKKhk6p#9YFN?r!P

⊲ ER?Ke<HjNNUiC/9r φe"L?&S?Ke<HjNNUiC

/9NgWr φµτ H7"SNON?~4HN!PMr φES JIH9kH

φES ≃ φe +
1

6
φµτ

φCC = φe

φNC = φe + φµτ

• mFN flavourrgo;?Ke<HjNN4UiC/9r,j
⇒ B3MJ3oN flavourKO}@MJER?Ke<HjNr[jKHlW*

3.9 @[Ke<HjNdjOrhG-?+)

• Ke<HjN60r

⊲ SNO resultsOKe<HjN60rrjL*KY}

⊲ g$Ke<HjNJ'h~,g$K~M7F8.9kKe<HjNKNQ
,b"Ke<HjN60&Ke<HjNNALr(6J?@7gH7F µ
?Ke<HjNK

⊲ KamLAND'1000tNUN7sAl<?rH$"6R'+iN?Ke<H
jNr!P→dOjKe<HjN60rY} [KamLANDOOeNbtr
/;H9kKe<HjNN!PKb.yJ2005K]

⊲ K2KB3'KEKJD/PKNC.oGνµr8.J∼GeVK7FSuperKamiokande
K~1F/M7"SuperKamikandeG3lr!P#Ke<HjN60rN
'J2004K
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• G3RN8`O?OALN"kKe<HjN,b@G-kh&"H%,,W

⊲ Ke<HjNALmν < 10−6me J?N3sJK.5$)K

• KamiokandeNb&RHDNkL'[Rw? > 2.5 × 1032yr J8`*J}@O
Q<K

• #eO"Ke<HjN*}NQia<?KX9k7N*}*)sr?(k}~)
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