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�
1 � Introduction

1.1 ����� �	� 
�������
1.1.1 �����������
{�|��`b']Îp��! q�#"&ÆI�:i È pL] j1k l+m ��A-#%$!&!'�%)(+a`b&K�r�D)* 2 r1©��	?�ªh�	%)(
�,+`@.-�/�_�#�Õ+�b']Mahp��	?

4p → α + 2e+ + 2νe + 26.73MeV (1.1)

�qA^(�0+[AM# pp 132�# CNO 465�R l _(b.7	=q�98'¨1�	%:( È � 0 c<;<K�r1©��	?I�-�-%=(�.
�Î=?>1��Ã�¢(� È A	#%�! q�A@CB[�ED�Æ�#�F 0 #%G�Æ`pI�Î@��IH��M?q^M=��-�,Jh7`���&�)KC¸��h{
|�� � [1] _�b#7�=q�`J(�:@3L��	?�¸���{`|����[a`b&K�rMJh7<;-=q�-# pp 132�# CNO 465`R l @
D!*������:� �(!�"��&j1k l+m �)N:O+R�� l �:P 1.1 a#Q'�C?
{�|��0"1Æ+�!H È p[]�jhk lm �:A	#3RW_TS<�CK pp 132+a�b�K�r�D!* 2 r&©`�-? pp 132��UMV
�:P 1.2 a#Q'�C?
^	����@[J�G�ÊW�:pqJ(��a�¨�©hrMWYX��`�	?Z?[ �	%=(+ab�����:� �(!�"�A	# pp ��:� �(!�"_�b.7�=q�	?h{A\��]$!&3'�%=(+�=RW_9S<�K[^	�	%:(I��*-D�Ô�_����&>:»C#(¶�Bq��ê�T�Q	R.N`��J�K�r=^�c #�v�6<;�=q�M{A\��0"1Æ'ab�K-r
ê�T`Q(R.N=K?RW_9SI���_H�K-r 2 H[]�>h»C#[ªh��ê�T`Q(R.N�� ¾ 6+A� ���7�H6K%`<;C©�? 2�ÈL2 #
ªh��j1k l+m ��A	#h¶�B 0.42MeV

2�È ph©�?
{=\����	�3�(!M"C���C@�¶ùJ-jhk l'm �)K�BL¢C©��:A	#�aAb�� hep %:( È � D)*'��� hep �1�(�
�(!M"C@?L�� (≤18.77MeV) ? 2�ÈL2 #[ªh��ê�T�Q(R.N�A#c3d+a]`<;C©�?

8B ���Î���M!�"1_�b07�=��-�:�Î���M!�"	A�# hep ���Î���-!�"�a�Õfe j�k l�m �&�&J¹¨ (≤15.0MeV) ?
>=> 2 #C¸���{3\�� �[a`b��&ê�T`Q�R]N�� ¾ 6'A	#({A\Y@TB[�0D�Æ'pI�-�-£WT&¤:����a�B�¢Y/ Ë:Ì
���>h»C#3g&òhK(B�¢C©�?

7Be ��:� �(!("_�bM7�=[� (0.861MeV(90%) 0.383MeV(10%)) ��:� ��!�"�A�#!81
ji!k[a
b&K�r �I*�;-=q�&>h»C#6N:O+R�� l K&ì Û @?L��	?
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P 1.1: 2000 41# J.Bahcall K�#�¸���{h\����[a�����©hr��&ö 2 >1ª(=º�='�C{A\���:� �(!�"&�
ê�T`Q(R.N:? Gallium # Chlorine # SuperK, SNO A1ª(=º(='�����[�.��Æ�fhgL���'�C?

-5
~2 x 10  %

B8 Be
8 * νe

He4 He4

8B( )
e+3He3He He4 pp 3He He4 νep e+

(hep)

7L i He4 He4p

3He He4 B7 eγ
13.8%

νede+pp
99.77%

(pp)
νepe p d-

0.23%

(pep)

3Hedp γ

98.5%

B7 e B8p γ
0.02%

Be
7( )

B7 e
7L i νe

13.78%

e- (γ)

84.7%

P 1.2: {A\Y@9B[�]$!&3'�%=(+�I]	�-# pp 132+ab�KCr=^[^��	í)1[�]$!&3'�%=(�?
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1.1.2 ��������� ���
	���
Homestake

1970 4[a	#h¶��+a)^I^Cp���='>C{A\����� �(!�"����@?L3cd#�Õ+�	%=(I����� 2 r:#'���� �
!�":�M)W*(��	?

νe +37 Cl → e− +37 Ar (1.2)

^	�	%=(+� 2 ¢C©	ü+A 814keV @?L��	?�6�7'@+¢:������ �(!�"�AM#��[a ,8B ��(� �(!�"�^[b
� 7Be �`�	� ��!M"C@3L��M?q^	���&�@�A-# 615 �Î��� C2Cl4 �������q�`����R�a���� 2 #(e ��5
�h³�#1{A\���:� �(!�"�a';�Î�C?qª 2 r.+ 1.2 �	%=(+ab&K�rM* 032 > 37Ar ��å(±���	? 37Ar

A �&¬1H 
��'@=L�cd#"!$�$#�@ 34.8 ��@ 37Cl a]i!k'�`�	?q^(�W_	¢ �[*�;-='� 2.82keV � Auger

À�tW��ø�% ��e1ä�@�6:7`�`�`^�_-ab�K�r	%=( 2 >���	� �(!�"���&heW��e`�`�-?C�h�[A-# � � ü
7.7+1.3

−1.1(SNU) [1] (1.3)

a	 2 r�#h���1ü

2.54 ± 0.16 ± 0.14(SNU) [3] (1.4)

@?L�K�>(?
Kamiokande

Kamiokande A 1987 4&# Homesteke a�Õ©:@#8�'ù�MaC{3\&�����3��!M"��M6&7 2 >��&�@=L��-?
�����[�`����R:�����&a��$( 3000 �������+> 2 #hÀ�t _���:� �(!�"��"):Hh���

νe + e → νe + e− (1.5)

ab&K�r�#1����;-='>�À�thK
�$(W�1�+*1x`��+_�¢�a ��¬�;	=q� Cherenkov EL��E�À�t�â1ã�ä'@
v�6����^`_�ab�K-r��`�����(!M"h�M)q*(�`�	? �&¬1H�
 �+a`b��MP�Q�R&S�T�U1�WV �&>h»&a	#�6
7'@¢:����A	# 7MeV , [ �(������(!�"�@?L��	?��[a	6:7'@¢:�&�&A	# 8B ��(� �	!�"-@?L��-?

Kamiokande ��-�='>	G�Ê+A	#
• !/. l �%510�@�v�66K�@+¢:�
• ����;-=`�MÀ�tq� ��F[A	#�2 0.5MeV _ Kamiokande @�v�61����`��� �(!�"���j1k l'm �
a(ø$/�r%`<;-©��:@�#:À�t[A:��(� �(!�"���*1x�Ö�31a�465�7I7�8�9�:�;�<�9 È>=@?6ACB�DEGF+H�I *�J$K�3:K1�6L�:�;

• M$4�N$O I1P1Q"RTS D NMOTU EVR L =@?WACB�D E�F+H�I1P�Q�RTS D N:OCU EVRYX J�Z6[T\�:
]Y^ [?L$:�; Kamiokande _ ?�ACBGD EGF�H/`�I K�3 X/aTb :
<
cedCf�g�h ?�ACBGD E�F+H K�i\ I K�31L =kj glhT\�h�m
:Tc/mon"<
c X � b h�pYXYq+rG;IH1r ?Ys I�t�u _ ?�v1w$x

5.05+1.01
−0.81 × 106cm−2s−1 [1] (1.6)

d�y q/h ?�z${�x
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2.80 ± 0.19 ± 0.33 × 106cm−2s−1 [6] (1.7)

[��6g�rG;
SAGE,GALLEX

<e9 = I z${ [W_ ?�� I M�� X ��� q/h ?�ACB�D EGF+H�X��
	�� :�;
νe +71 Ga → e +71 Ge (1.8)

71Ga
I��� _ ? SAGE _ 60

E�� ?
GALLEX _ 30

E�� [��6:�;
< I M�� I q�\�m x _ ? 0.233MeV [ ? i�� A
B"D EGF/H�I�� [���������U����� �!W[ ?Gv�w
"
d$#&%'�)(o8lm pp

ACB�D EGF+H
(≤ 0.42MeV)

X�*,+ :
<
c-�$[T\�:�;. � U I��"I 71Ga
I�� L = ?�AWB�D EGF/H c I M���dCf�g h0/�1 8/9�r 71Ge

X�2034� :�; 71Ge

_05�647�8�9�[:�<; ? 11.4 = I�>4?�@ [GN$O�A4B dCf1glhDC4E � :";�< I c�\)5 	 8�9Y: Auger

N$O j X F X0G�H4I�J4K ["Z�L q ? M�� q+r ACB"D EGF+H�I0J�X�J,+ :�; z${ t�u _ ?�v�w$x
129+9

−7(SNU) [1] (1.9)

d�y q/h ?�z${�x
SAGE 69.9+8.0+3.9

−7.7−4.1(SNU) [4] (1.10)

GALLEX 76.4 ± 6.3+4.5
−4.9(SNU) [5] (1.11)

[��6g�rG;
< I f�ned0MWh I i�� ACBlD E+F+H z${ [ ?"z${1x � v�w�x ION�>�P d ] g/h�m
:�;�< I z${1x
c v�w$x I !>\ ]�Q 9�� ? i�� ACB"D EGF�HDR�S c�f�T"9�:�� I [��6:�;

1.2 U VXW Y[Z]\_^a`
1.2.1 b]c_d'egfXh
ikjml�n,o]p
< I i�� ACB�D EGF+HDR�S�XOq,r [T\�:-s:t&7 X �1g�r0u�v�d ?�ACBGD EGF+H-w J:���6:�;x�y$v�w [$_ A�B"D EGF�H _�9 � X �+r ] m c{z�Lo8/96h1m
:$� ?6s nk[ ]�| 9�T ] = ] m v1w" ]0}�~ _ ] m�; ACB�D EGF+H-w JT_ ?�A
B�D EGF+H d�9 � ���
glr��4�Td��Y<�:�;
<1<+[W_ ?���� �1I ACB"D EGF+H-w JTd��6m�h q,r&� :�;A6BGD E+F�H _ ?���� �1X������ :Ccl\�d$_O9 �YI��0����� (

P�Q�RCS D I&�0�����
) c�q h ?���4� � � :Tc"\"d$_D�Wm � �4� � I��$����� ( ��� D$��D I��&����� ) c�q/h&���>8�9Y:�;�<�9 =� � I��0����� ��� ] gGr��4� ?�� KC_��Wn � K IO����I0� 5&�4��� c�q/h�� � <
c��$[C\�:�;$�� I r b ? � � I ��� D$��D (νe, νµ) d&�6m�h�� + :�; P�Q"RTS D I��$����� X ν1 ν2 c � :Tc ?

<�9 = I4�0� _ ?�� I f�n�d0� � <
c-�$[C\�:�;
(

νe

νµ

)

=

(

cosθ sinθ

−sinθ cosθ

)(

ν1

ν2

)

(1.12)
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P�QlRTS D I&�$�����TI�������� _ ? ������� X �&� � : Schrödinger K
	�� X��� <
cedCf�g�haTb :
<
c-�$[T\�:�;
i
d

dt

(

ν1(t)

ν2(t)

)

=

(

E1 0

0 E2

)(

ν1(t)

ν2(t)

)

(1.13)

(

ν1(t)

ν2(t)

)

=

(

e−iE1t 0

0 e−iE2t

)(

ν1(0)

ν2(0)

)

(1.14)

� 1.12 �Yf���� 1.14 f ; ? ��� D0��D I��$�����TI������
� _ ?
(

νe(t)

νµ(t)

)

=

(

cosθ sinθ

−sinθ cosθ

)(

e−iE1t 0

0 e−iE2t

)(

cosθ −sinθ

sinθ cosθ

)(

νe(0)

νµ(0)

)

(1.15)

� 1.13 � f���� 1.15 f
; ? ��� t � 0 d$/�1 8�9�r νe � ��� t [ νe c6q�h
�6Z 8�9 :����
P (νe → νe) _ ?

P (νe → νe) = |〈νe(0)|νe(t)〉|2 (1.16)

=

∣

∣

∣

∣

∣

(

1

0

)(

cosθ sinθ

−sinθ cosθ

)(

e−iE1t 0

0 e−iE2t

)(

cosθ −sinθ

sinθ cosθ

)(

1

0

)∣

∣

∣

∣

∣

2

(1.17)

= 1− 1

2
sin22θ(1 − cos(E2 − E1)t) (1.18)

9 � f ;�����J P�Q"RTS D I
� n)���CLWd�!>\lm�c�q/h ?
E ∼ p +

m2

2p
(1.19)

c/m n �0� X�� n�c ?
P (νe → νe) = 1 − sin22θsin2(

m2
2 − m2

1

4p
t) (1.20)

≈ 1 − sin22θsin2

(

1.27∆m2(eV2)L(m)

E(MeV)

)

(1.21)

< I f�ned ?�ACB"D E�F+H � ���m� d ?�� I! �"CI AWB"D E�F+H d�#�$ � :)u�v X A
BGD E�F+H w
J cGf�%�;s I ���Y_ ?�& � I� '"(�WI AWB�D E�FlH�I�) � I�*�+oX � � sin2θ c ? 9 ��I �
, % X � �
∆m2(= m2

2 − m2
1) c I � � I.- ��/ D . d10�2 � :�; L(m) _ A
BGD E+F+H ��/�1o8e96h1L = � 	

8�9�:
3"[Wd ��� q+r�4�5 ? E(MeV) _ ACB"D E�F+H�I1P�Q"RTS D [��6:�;

1.2.2 6�7 d'egfXh
ikjml�n,o]p
8�9 � [W_ νe _�8
9 ��:<;+R

Ve =
√

2GFNe (1.22)X!= �1;�<$<+[ ? GF _ Fermi L J ? Ne _+N$O I�>
+ [��6:�;
q+r��
glh ? 8�9 ��I ACBGD EGF+H�w J I�? OY_ ?�� I � X.@� <
c�dCf1g+h a b :C<
c��$[
\�:�;

d

dt

(

ν1(t)

ν2(t)

)

=

[(

E1 0

0 E2

)

+

(

Ve 0

0 0

)](

ν1(0)

ν2(0)

)

(1.23)

8�9 �1I ACB�D EGF+H-w JT_ MSW A u c&�$f�T�B�:�;
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1.2.3 f h,i j l4n o p e����
Super Kamiokande

Super Kamiokande _ ? Kamiokande c M ���!? ]�� Cherenkov �
	 � .�� [���O��� Kamiokande� �
3000 � � d�y q�� Super Kamikande _ � � 50000 � � c���f ; ! \ ]�� ID� [���� � �����X Z�L � 
��c-�1[C\��� �"! Super Kamiokande [�!�i��#�$� � �����/Z�L�! t�u ��3�r v1w1x

5.05+1.01
−0.81 × 106/cm2/sec [1] (1.24)

d�y q/h%� z${�x

2.32 ± 0.03+0.08
−0.07 × 106/cm2/sec [7] (1.25)

c�� z${�x � v�w$x ! 45.9 &Wd c ^ 3�glh�m'"�
� B�(�)Cd"� Super Kamiokande [W_0!�*
�+� � ������!��1ZTdCf"g+h%���+� � ����� w J,!�2- X p r q/h�m'"��&�/.+0 F���1#23!�!�* � !�4
576�O j�8 5/6�O�c�9/: � Cc�� -+;�<m�GX /�1 � "� -+;�< �
_ � !.�3!Cf�n�d�C�E � "�

π− → µ−ν̄µ µ− → e−ν̄eνµ π+ → µ+νµ µ+ → e+νeν̄µ (1.26)

��!��CL>=?� � � d"� νe : νµ = 2 : 1 [��
'�
c-��@�ZBA1B ��
3�r"� �
	�C
� [%�%D�N � ��� �WdCf�g+h0/41 q�r �FEG� � (µ, e) !.�1J$K,H1LI=?���$� � ���
�7!�J�K/L XNM Z � ��
c��$[C\��� ��!�J�K/LT_�!�O�m6_����+� � �����$��!�* � [0/41IA1B�h
L>=F!"P�Q�4�53!�O�m X � q/h�� ;R� s !�J�K�L P�S X�T �Td�@�Z � '�
c-�$[T\�"�
�"!Tf�n ] @WZ�L>="! Q B�� � 	 A�B
B,T"� s BT_���� � ����� w JI!lp ~ c ] "� z1{ ! tu � νe : νµ _�@�Z x ! 60% [ q/L ] L�g�r�� 31r"�/J�K�L P�S d&�6m�h��U�/@�Z x L>=�!0! \ ]]�Q B�����VWA1B�r��
� BX=�! t�u _�� Kamiokande

z${ [,� ��VYA1B6h1m6r��Z� Super Kamiokande
z${ dCf�g�hYf

; !�\ ]Z� I�� [�[���VWA1B�r��
Super Kamiokande

z${ ! t�u _"� νµ → ντ

w J XN\
= q h�� ;]�
�+� � ����� w J�! - ��/ �. _�� s B+^�B sin22θ ≈ 1 � ∆m2 10−2 ∼ 10−3 c ] "�

SNO

SNO _ � � 1000 � �lX � n � Cherenkov �,	 � .Z� [����� Kamiokande � Super Kamiokande

c ��? d��/_>d B8 �+� � �#�7� X Z:L � �� � � (D2O) c��+� � �#�7��!�M:� X�` ��qlh��
Kamiokande � Super Kamiokande c ��? d"�/_Yd B8 �+� � ���Z� X Z�L � "� � � cF��� � �
����!�M��Td$_Wa�b/c��
"�� �Bd+_"�,�+� � �����Cc � � � ! � 7�O3! β C�E�M���[%�

νe + d → p + p + e−(CC) (1.27)

��!�M��T_+N$O+�+� � ������d�!#eZfg�7��
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� �Bd+_"�,�+� � �����Cc � � � !+N$O !���7����C[%�
νe(µ,τ) + e− → νe(µ,τ) + e−(ES) (1.28)

��!�M��C_0MWh$!%�+� � �"���ld�� �7��%�"N$O��+�'� � �����7!�M��	��
��T_ � !��'� � �����
! 6.5 6[��
"�� �Bd+_"�,�+� � �����$� � � X�� 7�O c-�GOYd P�� AO� �M���[%�

νe(µ,τ) + d → n + p + νe(µ,τ)(NC) (1.29)

��!�M��T_0MCh$!��+� � ������d�� q�m�����[�fg�7"�
��BB= � b�c'!�M�� X � n"�6c/d�flg h"� SNO _�i����
� � ����� ROS�X ���� /��c��1[W\���
� 1.27 !�M��T_+N$O��+�+� � ������d�!#eZfg�7#!�[%�>��!�M�� dCf1g+h�Z�LBA1B�r��+� � �
����! J �Z��� 1.28 ��f.��� 1.29 !�M���d
f1g/hlZ�LYA!B�r��'� � �"���7! J f�;���� ]�| B�T��
i��#�+� � ������d"��N$O��+�+� � ������(�)�!��+� � �����$��� 3�B6h�m''�
ced ] "�

SNO [W_"� 1999 � 11 ��L>= � 1.27 !�M���!�Z�L X���� q+r��
241 = � !�Z�L+! t�u ��N$O��+�+� � ������d�!#eZfW�7�� 1.27 !�M��Td&�6m�h%�

1.75 ± 0.07+0.12
−0.11 ± 0.05 × 106/cm2/sec [8] (1.30)

���G= B�r��W��B�_ v�w$x

5.05+1.01
−0.81 × 106/cm2/sec [1] (1.31)

! 34.7% d ��� ] m7�
� 1.30 c � 1.25

X0G! Cc���MCh$!��+� � �����ld��3�7/M�� X Z�L q+r�" ��. d G� h%��N
O��'�+� � ������d�!#eZfg�7�M�� X Z�L q+r�" ��. ! � n)� ��# d�(BAlm7�

φES
SK − φCC

SNO = 0.57 ± 0.17 × 106cm−2sec−1 (1.32)

�"! t�u ��i����+� � �����7! � d+N$O��'(�)�!��+� � �����$��2 - � '�
c-�lp r A1B�r��
� BX= M
h$! z�{ t�u L>=��+� � �"��� w!$ ! - �
/ ��. !&%�'�(�) X aTb Tc��+* 1.3 !Wf�n
d ] "� s B+^�B VAC(

�4� w�$

) � LMA( ! ) ��L  ) � SMA( ( ) ��L  ) � LOW( ,�9 � %  )

c�f�T�B "� VAC _"� just-so
 c&�1f�T�B��1i��oc 1�23! � ! ��� � !��+� � ����� w!$ dCf7 [��
"� s ! � ! LMA � SMA � LOW _ MSW A u ( 8�9 � !/�+� � ����� w!$ ) dCf#  [�
��

�"! � [��U� ��- ��. [��
Tc-� + = B6h
m'#!�� LMA [4�'"��/�� � D�%� KamLAND
z

{ _�6�O!021>=�!&3,�+� � ����� X �$Z � '�
c�dCf1glh3��! LMA
X�� p � '�
c-�$[T\�"�

9



* 1.3: i����+� � ����� z${ ! t�u�XOq,r [T\�%�+� � ����� w!$ ! - �
/ ��. (�) [9]
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1.3
������� U VXW Y[Z]\���	

1.3.1 
����� fXh
ikjml�n
6�O!0�[W_"��� P�� 3��TdCf1g+h ��� ] N$O��!3,�+� � ����� (ν̄e) � � / q/h�m'"�
6�O+0�!Z_ ]���� _"� 235U [:�<;R�����>	�� ������� ! 2 � 5%

X���b "�#66O!0 �l[C_�_ d"�
� 1.33 !Wf�ned 235U �"! � 7�O X�#D3 q/h�� P���X � �Wq�� s !"$%�:��&�L ](' 5
d<3l[ β C�E� Cc"\"d+N$O��!3,�+� � �����$��5 	 A!B "�

235U + n → X1 + X2 + 6.1β + 6.1ν̄e + 202MeV + xn (1.33)

)+* 	�� �"����� ! � c-, ^ X���b  238U ��31r"� 0.8MeV (�.
!0/�1 � 73254 #�3 q/h(� P��
4�� � � ��3"r�� 238U _���� 1.34 !Wf�ned��(! � 73264)A4B q/r&/ β C�E54 � 2�7 ;98 q?� 239Pu

4�/�1 � "�
238U + n →239 U →239 Np →239 Pu (T1/2 = 24100year) (1.34)

��n�q/h�/41 q+r 239Pu ��31r"��� 1.35 !Cf6n�d0! � 73254 #D3 q/h(� P�� 4��3� � �
239Pu + n → Y1 + Y2 + 5.6β + 5.6ν̄e + 210MeV + yn (1.35)

3�r"� 239Pu _%��� 1.36 !TfTn�d��:! � 73254 � 2<;>= q/h&A4B � '��c�dTf ;R� 241Pu 4O/41� ��
239Pu + n →240 Pu + n →241 Pu (T1/2 = 14.4year) (1.36)

241Pu ��3"r0! � 73254 #D3 q/h%��� P�� 4��3� � �
�"!Tf�n�dYq/h%� � 2 !"� P�� �6r<;R�>?%@ q/h N 200MeV !%A�B(CED �GF N 6 H�!/�+� � �
���0��5 	 A B �� 31r��3��!�I�n-JYqLKZ632�05�0M(� P�� 4�� � � ��� ! ) � GON � ��� !"P�QF�F �<J1#
$>qLK>R � �GS 15S?� ��� ! ) � GON � s !"T @���� �6I.�Z�<! 	0U&� 1I= ��� ! �-JF SVK<WOX$'� F ��s:t>M��
"����BY4�� F J"���+� � ������!������"Z��[4 J % !"\ + M(]��<�
'� F ��ME^�"�

1.3.2 
����� fXh
ikjml�nY_a`
�"!OIYb-J6ScK�@3deSLf0g�v J F ����deShf0g�v J 4 G:i�� �� F JOI�jkKZ���+� � ����� w�$
!�2 - 4 �>l�� #!��%��632!0�3,�+� � �"��� z${ M��
"�
� 1.21 I ;R�,�+� � ����� w!$ !�fW�71������ �! Fhm #! N �

∆m2 =
1

1.27
× π

2
× E(MeV)

L(m)
(1.37)

F-m  F ^"M4�<;R� S0f��nj0K%��(BA m ∆m2 4 �
	�� %f3X>J N � �
	�� %�'� � �����7!%A
B(COD � 4�(BA �{� �1%� ���:� .4�554)! ^ �{� ko3p����
"�
6:2!0�3,�+� � ����� N � J MeV 	 + F � G:i " A>B(CED � �D(BA�R
!:M%��(BA m ∆m2 4 �	�� #!�J/H3R3K>R'"��(�qrJ�_ m 632!0�3,�+� � �����-s�t3!"u + 4Lv � �
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mass distance rate Sensitivity

(t) (km) (ev/d) (eV2)

CHOOZ 5 1 24 6 × 10−3

Palo Verde 12 0.8 220 8 × 10−3

KamLAND 1000 ∼ 175 3 4 × 10−5

BOREXINO 300 ∼ 800 0.1 8 × 10−6

(>qrJ0�   & �
!0s:t N �%632!0�3,�$� � �"��� s�t[M � ; � Kamiokande JOI��!#*,�+� �
�����-��� 4 q,r&�  νe → νµ

w!$ ! �>l 4+d x F SLK I�� A1BYf����� F � 0.1% ! Gd( 	�
��U�3	� ) 4 )�� f�� � :���� � ��.7�GF�� 2��!3,��� � �7��� F !�
β C�E�3�� 4 `���� "� Gd

N ! � 732+!0A4B	��
!����! ^ � � � β C�E�3��OJOI%jLK�/��Lf0!� 7323!�?%@�A�B ���>N ∼ 170µs 1>= ∼ 27µs J�>��� 3%f"���/! F ^(J05! $A1B  γ F�!%A�B
CED � �"<23!0�4��! 2MeV J G! K 8MeV

F ! ^ � m "�5S 15S�� ��� J0! ^ m$#  C M(o3pF A!B �% P m�& !'�Q
�54 �Y'� F)(+* S � m "�
CHOOZ

CHOOZ
N ��B+^�B�4�5 1115m � 998m ! ��, !"632!0���� I 8.5GWth 1I=�! � 2��!3,�+� �

�����34 ��d � �� ����� -� � :�.�� � ��.7� !/ N 5 � . M � "�hs�t ( ��� A1Brf&/OJ+� B
=�!�6:2!0 ( ��$ SLf�!(M%� CHOOZ

N �$� � �"���10�2�3"Z+4 F 35� J ! ��� 1W= � 3"Z�6�2�	. 
 g�vG4h]��877'� F)( ME^(f��
Palo Verde

Palo Verde
N �.B+^�B�4�5 890m ! ��, !"6:2!0���4�5 750m ! � , !"6:2!0��&� I 11.6GWth

1>=�! � 2��!3,�+� � �����34���d � "� ��- �:9�! #  CEN; A 9m !5<:COJ�=-> = BrK�� ;R�
��B'^.B�? ;@.)� ! &5� 2�A� K M���d � "���YSVK%� � β C&E6J[I�jLK0/41�Shf e+ J[IZ %5B/�C�D�E S0f F ^%! &GF ! γ FOJOI7 %5B3!Wa �'! ���$I�J 4 F "� 3%f�� Gd J0A4BIA1BYf�H-732
JOI� γ F87 ��d � "�
��B+^�B,!0s�t3!�IKJ N �
��d�L�M�@>d�LYM%�

1.01 ± 2.8%(stat) ± 2.7%(syst) CHOOZ [10] (1.38)

1.04 ± 3%(stat) ± 8%(syst) PaloVerde [10] (1.39)

M � ;R��N�O F 78P F �5Q S0f��
� BYJOI%j�K%�KR�*,�+� � �����-��� 4 q,r1�  νe → νµ

w!$EN$SKT A1B�f��
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�
2 � KamLAND � �

2.1 ���
KamLAND �	��
�����������������������	�! %J�"$#�%�&�' Kamiokande �	��
)(+*�#-,�./10!24365676819:<;!=?>@/�A *B,�.�� Super Kamiokande �	��
-CED<��F 500m ��GIH6J!J!&�'KML	N�O-P 4��RQ-�!�I�!�4S-T�UrJ�*V#�,�. /10 & 2�W ��X / ��Y$Z>J�[ >4/ � 1000m \�]!��^_ JR`6`IaI. /10 &�'+^ _ ��bIc1dIe-� 2.7g/cm2 f �Vg<.YJOIIh / ��i-j�k µ l�m6JOI�&4npo4qr6s1t1uBv :@w6x ��F 10−5 � 1.6×10−3m−2s−1 y eEJ�`-,�z�&�g�{|( f-} &�'

2.2 ~ ����
2.1 J KamLAND �	��
-�4X1� � :�� %�'

KamLAND �$�@
-���I�V @�OJ����+��� 1200m3 �����$� u|�p������� (�JB���4��� 6.5m �<�� :�>424�V��� P s 4 � o�q�n O �$u J<��.pD�. /�0 &�')�������EJ6���I��, 2.5m, �6� 1800m3��nEo� �¡�¢1£ OI¤ (�J!&�'+�6��� u|�p�@�1�+� {¥npo� �¡M¢�£ OI¤ ���R�1� 9m �4� � �54�¦ u� 4 ��u q��!§(J6JE�¨�Bg��+46¦ u�� 4 �6u q��! @�EJI��� 1325
L � 17 £ u<�R©�ª m6«�¬6!`6I® � Kamiokande

365 fR¯ h /�062 20 £ u<��©6ª m6«1¬6 554
L (�°±�³²V´	D�.���X6µ1�6¶-��F

34%
:�· n � %�&�g�{kJ � &�'nEo� �¡�¢6£ O+¤ ��� ©6ª m6«�¬6���¸ s 4R¹�4�¦ u�� 4 ��u q:J�º	»�. /�0 &|¼6½I¾6¿IÀ)CDÁ &<npo<q rIs�tIuBv :@ÂIÃ %�&I�R(BÄ�Å f J!&�'�» 2 �+�6��� u|�p�@�1�+� {���d6e+Æ :|Ç , Á

(+0.3%) %�&!g�{LJ�IIh / �+���$� u��E�@�!�+� �4ÈIÉ�(1���!»I» P s 4 � o�q@n O �$u J�C6CBD��0 I)ÊhJ >@/10 &�'
4I¦ u)� 4 �6u qR�����EJI� 3200m3 ��ËIÌ6Í!(�J6&�')g<.)�4i)j�kOJOI�&4nEo�q r6s�t�uBv :Î�Ï %�&�Ì Cherenkov

N u�� £ · t1u��+� f J!&�'-» 2 �Eg���Ë6Ì6ÍEJOIIh / �6^ _ CED<� γ k¹I�-§�¾�m :@Â6Ã %�&�g�{kJ�Ð � &�'�I�� u��p�@���+� ���6Ñ�Ò ��Ó�Ô O-Õ ��Ö6×�Ø :�Ù & 21W J�Ú © ÉB��Û 0 Ð��R�ÝÜMÞ � �	�
 fR¯ = %�& 2�W��6ß�à ��á 0 Ð���� PSD(Pulse Shape Discrimination) JOI+&<È1l�m (α k6�	§¾�m ) {M� γ k6� ª m$� Î�Ï Ø�â �4ã 0 Ð�����npo4q r�s�t1uBv { � & α kEJ�[!%�&1q Ó u��u+rä�å (�Þ } 0 Ð��<�1\�]��4Ò6æ :Rç!2 %GI)ÊVJ�èÝéhJ�êRÚ >42 Ð�� ( ë O1ì�O�í s  6î u (80%) +P)ï £ v q6ð u (20%) + PPO(1.5g/`))
: ¯ = %�&�'

KamLAND
365 (R�	� : ÄMñ)%1ò�ó �õô�ö ë¨�)`6I ®�÷ ò�ó �õô�ö ë+� Ó1Ô O-Õ � ��`6IR� å

100keV∼10MeV �<ø!ù f JB�ú�@û ©�ª m�«�¬IYJ<ü�ý�%�& © ��É$��`nI��Ýþ ©�ª m y e f J6&|'!g�[I6Ê ��Ç , � © :|ÿ�3 J��)z!& 2�W JI�<����� ©Iª�� (4Þ } 0 g1{ �+» 2 �@"!# Ö�×!Ø : I Á %�&2�W ���
	 ÖI×�Ø (nI 0 g!{ ��� (�Ò�æB,|.$&�'!g|.ED��4ÒIæ :��2 % 2�W J�� KamLAND
3�5 f��� Super Kamiokande

3I5 f�¯ =B>�/�0�2 Þ��¥� 20 £ u���©6ª m�«�¬� :�� á >@2 Ð�� : ¯ = %&�'���£!ë �pv ����� :���� ��� Ô � N u · � s £ u	v�� CBD s £ u  �� � · 4 � J��� > ����� ©
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ª�� : §���� 17 £ u|� J����1%�&!g1{kJ[IIh / � TTS(transit time spread)
:

∼5.5nsec(FWHM)CED ∼3nsec J�Z�]$,��$&!g�{|( f-} 2 '» 2 � 3R5�7R8+9 J��
	
�
���£ O :���W���� g�{VJ>I@h / � w ����� (∼500mGauss)
:

50mGauss\�UrJ�`-,+z�&�'Bg<.YJEIIh / ����ã��� 20% \� f�� � > �����6JEI+&����B���	{ � �"!�# %&�g!{|( f-} &�'
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225

�


  � � 
 � � 

20
� � � �� � � � �

17
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2.3 ��������� 	�
 ����
2.3.1 ������������������ "!

KamLAND f ���$#&%('��$) å+*�,�- h / � ª m � ÷ ò�ó �pô�ö ë : �-��%�&�' ª m � ÷ ò�ó �ô�ö ë+���6�6�V� u<�p�@���+� §I��Ì/.+0�m/1 { ÷32 > �+4 β 5+6 ÷72 : `Vg�%�'
ν̄e + p → n + e+ (2.1)

g�� ÷32 � > } 0 �-���
∆mnp + me = 1.8MeV (2.2)f J6&<'$gIg f � ∆mnp = mn − mp
f J�&�'$8 2.1

,9- h /;:+<Ý>@2>= ª mV�<� ª H+? = ,(- h /Ó1Ô O-Õ � :A@�0I� (ED å cm B3C > �;D/E	Å , � ª mÝ{M[3F7G > �IH L � γ k (0.5MeV)
: Ú :%�&�'Bg�� γ kEÐ+» 2 ©6ª �3J�¹  u P ô@uLK3M ,(- h / �V��� Ó1Ô O-Õ � :A@ Ê³'g��B{ } ¼E��,�. 2IÓ1Ô OÕ � ,�- h / Ú : %-&ON+P : prompt signal { -$Q ' prompt signal� Ó�Ô O-Õ � Evisible ���	� >42 ª m � ÷ ò�ó � ô�ö ë�� Ó1Ô O-Õ � : ÷�R >@/ `Ý�ú�

Evisible = Eν̄e − ∆mnp + me (2.3)

= Eν̄e − 0.782MeV (2.4)f J6&<'��+Y��;8 2.1
,�- h /S:/<?><2 §�¾�m����6�$� u<�E���!�+� §R�O0�m71p{UT&V :XW �ZY > �[ §@¾�m/\�,�. 2$] � = m ,S^/_ ,�.�� 2.2MeV � γ k : ¼��%�&�'

n + p → d + γ(2.2MeV) (2.5)

g��-{ } Ú : %�&ON+P : delayed signal { -$Q '
prompt signal { delayed signal {@��bIc � 	 	7`����6F 170µsec f J!&�'Bg<.pDba�c��$N+P ,
c 0�/ #3%�'
�>) å : {�h / ª m � ÷ ò�ó �õô�ö ë����	� : `Vg � Ê���(;#3%�'
�>) å+* f J!&�'g�� ÷32 �Sd6½��+e9f�� ÷32�g � �-���7h-�S8 f x ,�.$&�' [11]

σ(Eν̄e) = 9.52 × 10−44Ee(MeV)Pe(MeV/c) (2.6)

= 9.52 × 10−44(Eν̄e − ∆mnp)
√

(Eν̄e − ∆mnp)2 − m2
e [cm2] (2.7)

g|.!CED¥�3i3j�,�.$&Akml å ���3h-�S8$� - Ê , � &�'
N(ν̄e) =

∫

Npσ(Eν̄e)n(Eν̄e)dEν̄e (2.8)

gIg f � Np ���-��
B +� = mV� å � n(Eνe) ��ò�ó � ô�ö ë+��  s o�q+4 f J!&�'
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2.3.2 ������ ����
KamLAND

3!5 f
	�� %-& ÷ ò�ó � ô+ö ë� f J!&�� K�L ��� � 0�m�� , c 01/ �V�!� ���6�` - ® i3j�,�.$& ÷ ò�ó � ô�ö ëXkml å : � � 2.2
, »-{ W &�'g�� - Ê , KamLAND f i7j-,@.�& 0+m�� ÷ ò1ó �pô�ö ëUk+l)�! �F 80% ( 140km CBD 210km��G+H , J!& 0�m��)CD<��Ð�� f J!&�'Vg<.����1e6��Þ����6¶ × (LMA) � ���6�&0�m�� ÷ ò�ó �ô�ö ë+��ò�ó �õô�ö ë����-� ÿ+à (;D6Þ , � &<GIHõ{����)%�&�' � 2.3

,
KamLAMD

365 ����� �! :@� %�'	g�� - Ê , � KamLAND �����  �! �4Þ��"�6¶ × : º�� f `Ý� � 600t �����1�6� :# � >42 �����%$'&)(-� � � 95% � C.L. �*$,+V� � � f 99.999% � C.L. f Þ��"�6¶ × : ��-�%�&g�{�( f-} &�'g�� - Ê � �.-$����/ � >42 0�m�� ÷ ò�ó �Ýô�ö ë+�Akml å { � 310 , 	�� ><2 0�m�� ÷ ò�ó �ô�ö ëI�Sk�l å :32�4 %�&�g${ ,�- h / C)a6.	&�' � 2.4
, ��/ � ,�.	&Rò�ó � ô�ö ë+� k�l å{M��Þ��"�6¶ × (LMA) � ���-� 350 , 	"� ,�.$&Akml å � Ó1Ô O-Õ ��6.7 q ô O :�� %�'
8�9V�

Evisible = Eνe − 0.782MeV f J!&�'» 2 �6ò�ó �õô�ö ë:���)� ���$�Sk+l å ���7\<;I´ f � Á � Ó1Ô O-Õ ��6'7 q ô O ���3\ , Ð4JD�aI.$&�' � 2.5
, ��/ � � {M��Þ��"�6¶ × �����-� 	"� �-� 2V:@� %�'

0�m����=��>B , `�´I&Rò�ó �pô�ö ë+�<Ú : É1�I` - ® ��� Ó1Ô O-Õ ��6'7 q ô O ���!����?.{�%�&O1 Ö�@ ¾31"A (235U,238 U,239 Pu,241 Pu � 4 1"A ,�- &CB"D :=E z!& )
,(- h /=F-� & 2�W �

�">	 , `1´1& 1"A Ï 1 Ö�@ ÷32 àB: ).G!%�&@Ñ�Ò�(�J�&�')g<.��=��>B �� ô¥s o�H u�r<×.I : CÊRg!{ ,(- h /RÙ D�.$&�'ò�ó �Ýô4ö ë4� ÓIÔ O�Õ ��637 q ô O ���C��>	 �� 1�A Ï 1 Ö'@ ÷>2 à , 1 Ö�@ 1
A�J!{|��ò!ó �ô�ö ë+� Ó1Ô O-Õ ��6
7 q ô O :�K ´���a ���3L : °-&�g!{ ,9- h / æ W &�g!{|( f-} &�'Iò�ó �ô�ö ë+��  s o�q 6 ���Eg<. :RÓ1Ô O-Õ � � Ö %�&�g�{ ,(- h / æ W &�g�{|( f-} &�'g�� - Ê � )�G�M+JV���"N-�$0�m5�)ò�ó �õô�ö ë 365 ,(- h / � 1.4% ��O�e f 310 , � � >42
M+JÝ{����)%�&�g�{|( ÿ�P ,�. /10 &�' [12]
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�
2.2: ��.���.)�>0�m â Ú ª �-� Ö�� �-` - ®�� 9 , KamLAND

, `$´1&Akml å ��/ � � 8�9,
KamLAND CED<��GIH : {�h 2 rIs  ¥'
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�
2.3: ò!ó �Ýô4ö ë:����� í s ð �1� ∆m2 � sin2θ � KamLAND

3I5 �$0�m.� ÷ ò�ó �Ýô�ö ë 	
� ,�- &����  '! '$D?Ð+ @�-�  �! LMA ��� = ò�ó �õô�ö ë 365B:��$� %�&�g!{�� f�} &  �! '
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�
2.4: KamLAND

3 5 , `±´ &�0 m � ÷ ò�ó � ôö ë�k l � Ó Ô O Õ � 6 7 qô O ' � 0?3 k �pò�ó � ô�ö ë � � ( � 0 � � : �V� ��N �	Þ � � ¶ × ( �E. ��.
∆m2 = 1 × 10−4, 5 × 10−5, 2 × 10−5, sin22θ = 0.8) � ��� :@x %�'
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�
2.5: ò�ó � ô1ö ë
�<�B( ��0 �<� {���Þ<� �$¶ × ( �1. �!. ∆m2 = 1 × 10−4, 5 × 10−5,

2 × 10−5, sin22θ = 0.8) � ���-� 2V: {�h 21Ó1Ô O-Õ ��6.7 q ô O '
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2.4
��� � 	�
 ����

2.4.1 ����� � �/������ "!
KamLAND �����)ò�ó � ô�ö ë	��
� K3M�������� ,(-������������ �"!#�%$"& 	"�	' �	( �,(-�)+* �-,�. �0/#1�2�&�354 ' ��687�9 ���;:8< =?>A@ � ���

Te =

2E2
ν

me
cos2θ

(

1 + Eν

me

)2

−
(

Eν

me

)2

cos2θ

(2.9)

≤ Eν

1 + me

2Eν

≡ Tmax (2.10)

(�( ��� Te � 79 �8�B:�C � <�=�>A@ � � θ �#,	. ��/�1�2 � 789 ����:�D�:�E�F ��G ��6+789�8�B:?<�=?>-@ � �A8 2.9
: -IHKJML � & ' ��N ��, . ��/�1�2 :8<�=�>A@ �?N8O#P :RQ �8� TmaxS�T �?U�V5W J+X�Y+Z\[�]�N_^�&�`�aB��6 ( b 2.6 c d )

2.4.2 KamLAND e�fhghi5jlk0monBprq\s	t-u�v
KamLAND

N�w\J+x WA� � * Y�� : ��� 7Be y	z�,�. �0/#1+2 ��G ��6 7Be y	z�,�. �0/#1+2
��� pp { | ( b 1.2)

:I}8: �
7Be + e− →7 Li + νe (90% E = 862keV) (2.11)

→7 Li + νe + γ (10%E = 384keV) (2.12)78~�����)M*����M�M6I� :?<�=?>-@ �?N8O#P ��G �I( � N U8V-��G ��6 7Be ,�. ��/#1�2 (862keV)���#�M7�9 ���;:8< =+>A@ ��8�A��/ > � 665keV �?� L � ' ��65( : 7B ,�. ��/�1�2 :���� �� Y*����\���B���I��� ����� ���8��� �5��& b 2.6
�R� ' 6 ��� �8����� �5� � U � Th � K � RnJ\� :� 8¡ �¢�£ ����� ¤ : N�¥ ��¦ � ��G ^ � (���§ :?¨+© N�ª�« ��G ��6B(�� ��� ����¬#� : x8®

(U � Th ≤ 10−16g/g � K ≤ 10−14g/g)
&R¯ ° �R��Q ±A: ��� ������� �"� ��G ��6

� � � trigger
:;��² Y�®

(≥ 250keV) � 14C
���#� ��� ���������"�����8)�*?³ � )�* � � H´6

�I�8�
(250-750keV)[counts/kt/day]

νe → νµ,τ νe → νs

y	z x�µ ¶�· 556

LOW 313 247

SMA 117 2

��� ������� �"� 201

¸
2.1: KamLAND

� �	¹ �
250-750keV

:8< =?>-@ �Mº�» � 354��R�B� 7Be ,�. �0/#1�2 : �I���6 ��� ������� �"� � 2.5
& c d 6 νs �?¼ Y#½�¾ ¿IÀ;& � J�Y ,�. �0/#1�2�& ¸ ' 6
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b 2.7
� � KamLAND

:���� º�» � y	z�,	. �0/#1�2����"&��
	 ' ���\&R� ' 6��� : �-H�� ���� ±�E �
(LMA) ��� ��� 7 ,�. �0/#1�2 :���� ���8)M*83�� ' �	(���N�� ² ��6����� ¹ �IJ����

7Be ,�. �0/�1�2 :��� ����)�*! : 3 " : �A&�#%$ :�&(' �?3(� ' �	(��%N� ² ��6
)�� ±IE �

(SMA)
:#Q�± � ,�. � /#1+2 :�*�+A:-,/. N�0 F 7Be ,�. � /1�2 : < =>A@ �

(862keV)
��1 � ��J ��6 ��� NI)M*!�

7Be ,�. �0/�1�2 : ���8� ∼0
���+)�*-2/3�� ² �M6�4 � �

�B���I�8�65��
250-750keV

: º�»7�
νe → νµ,τ

*�+A:�Q ±
117 event/kt/day

�
νe → νs

*�+A:�Q
±

2 event/kt/day
� G ��68 £�9�: � (LOW)
:�Q ± �<;�=?>A@ : ¢�£ *�+A:�B�C ���8)+*!� 3%∼50%

:�D�E!F
(
;�=?>A@

: ¢8£ *�+ J �GE ;�=?>A@ : ¢�£ *�+ G ^ ) H + N-I (���6J<K *�+ �
(VAC)

:�Q8± �<L�M H + ���8)�*-2/3�� ² ��6 y	z �N;�= :�D :�O(P ( Q�R O(P )
:

H(S ����� 7Be ,	. �_/#1R2 : ���8� : H(S N!�8O!T-J�Z(U E�: H�S ���#� 1/r2 H +%V §XW�B�M6
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