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¸ K�� ¹a��� ºS�Ue�L`���a�S�X»K/KkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkK¼�=�
¸ K���K�� C�a��<\��"X�Y��W��a�U/S�Ue�L`���a�S�X KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkK¼�=�
¸ K���K ¸ ¤c\���X��<\�S�X�Y��e��a�U/S�UW��`���a�S�X½K/KkK/K/KkK/KkK/K�KkK/K/KkK/KkK¼���

¸ K ¸ ¤c\5�e�e |S�Ue��`���a�S�XrKkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkK¼� ¸
¸ K ¸ K�� ¤c\��W�eX�Y� 8U/gL^,UWS� ¾S�UW��`���a�S�X KkK/K/KkK/KkK/K�KkK/K/KkK/KkK¼� ¸
¸ K ¸ K ¸ ¿ÁÀLÂWÂ � À�ÃTÄ]Å �
U��'\�S�a�Re� K/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkK¼�=I

¸ K�I ÆFX����D\7^,a�RT�ÇS�Ue��`���a�S�S� 1�cX��eV�aL^�^<��V�a�� K/KkK/KkK/K�KkK/K/KkK/KkK¼�7G
¸ K�I�K�� ÈQ�eV�aL^�^<��V�a�acS�UW��`���a�S�X�Y�Y'\���P"P��
U K/KkK/K�KkK/K/KkK/KkK¼�7G
¸ K�I�K ¸ ÈQ�eV�aL^�^<��V�a�acS�UW��`���a�S�X�Y�Y�UW§�Ue��`�Y�UÉK/KkK/K�KkK/K/KkK/KkK¼�7Ê

¸ KËO Ì�^,UW��`���X��D\�deS�a�`�S� 8U��WY�X�����`�Y'\�S�UW��`���a�S�X KkK/KkK/K�KkK/K/KkK/KkK ¸�¸
¸ KNG Ì1�"�e��Ue��a��
UWS�`_\_^,f�S� 8Uk�@\�S�S� 8UkY � a�RTa���U/S�UW��`���a�S�XÍKkK/K/KkK/KkK ¸ O

¸ KNGLK�� ¦��"���
X�U�a�RT�
UW��UeS�a�U��D\��W�e ºS�Ue��`���a�S�X KkK/K�KkK/K/KkK/KkK ¸ G
¸ KNGLK ¸ Ì1�"�e��UW��a��
UeSL`� Î��X��X�a��W��PQS�\���P"ÏFUWS�a���^,Ue��`�X�S�S�X�deXÐg�a���^,\ ¸ J
¸ KNGLK�I Ì1�"�e��UW��a��
UeSL`� Ñ��X���X�a��W��PpS�Ue�L`���a�S�S� 1��X��eV�aL^�^<��V�a�� KÒI��
¸ KNGLKËO Ó#Ue\���`�X���S� 8UF�W���W��Ue��a��
UeS�`�  KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒI��
¸ KNGLKNG BD�e�"X���aL`�U�^<f�S� 8UF�W���W��Ue��a��
UeS�`�  K/KkK/KkK/K�KkK/K/KkK/KkKÒI��

Ô À�Õ}Ö ��K/K/KkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒI�I
×�ØQÙÛÚcÜ Õ �ÝK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒI�O
Þ]ßQà Ù]á À KkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒI'G
Õ à Ú&Ø Ö �âKkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒI��

¸ KNGLK�� ¦���X�£5^,UW�D\ã\_`��
X�� � UW��S� 1��S�UW��`���a�S�XHK/KkK/K�KkK/K/KkK/KkKÒI�M
¸ KNGLKNÊ ¦���X�£5^,UW�D\��WX5^,S�UWg�S� 1��S�UW��`���a�S�X�K/KkK/KkK/K�KkK/K/KkK/KkKâO��
¸ KNGLK�J ÈQ£�§�\5��a�SL`�Ue������UW`_\5V�a��ä�W���W��Ue��a��
UeS�`_\7^,f�S� 1���@\�S�S� 1�åKâO'M

æ ³ ),!�)�	3� �#���èç�),ç��"�#�ä���"�#��!�	��#) é ²
I�K�� ê��W`�X���a��&Y�X�����X��T\ºKkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKëG ¸
I�K ¸ ÈQ����UA��U�^<UeS�a�Uk¹µC�¤�S�Ue�L`���a�S�XÝK�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKëG�I
I�K�I Z1 8g�a���^,UWS�a�Uk¹µC�¤�S�Ue��`���a�S�X[Y���\��
��\_�p�W`_\5S��@\���`�S�X����
Xe��U¢^,aÇKëG�J
I�KËO C�a���X_^,f�S� 8UÐ�
X��
UeSL`� ÇS�Ue��`���a�S�XFY��<\5�
�L\7���W`_\�S"�@\���`�S�X����
Xe��U¢^,aH�'G
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O�K�� B}����P�deX�U/�<\��W�eU���S�a�U/S�UW��`���a�S�X�S<\���^<Ue��`���X�S<\_� K/K�KkK/K/KkK/KkKÒ��M
O�K ¸ ¦�Ue��U��'Xe��S�X�U�a�R�^<P�g�UeS�a�U�S�UW��`���a�S�XûK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKëÊ ¸
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O�K�I ¹�C�¤�a�X��eV�aL^�^<��V�a�acS�Ue��`���a�S�X�K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKëÊ�Ê
O�KËO C�a���X_^,f�S� 8U/�
X��
UeSL`� ¾S�UW��`���a�S�X[Y��W��U¢�@\7� K/KkK/K�KkK/K/KkK/KkKÒJ��

é ü�+�ö�(#ý�õ�����	�� ú æ
ù þ&!�	µ(�)�øï�"��	�´ ú,é

��K�� E¾Y�X�����X���P�X�£�\5S<\���X5^<f�S�X���a[� P=^,f=`�a���X5^,f�S�X��[�<\5�<\��
UW`���a�RT\�V�a����ÍJ'G
��K���K�� ¤�P=^,f=`�a���X5^,f�S� 8U���Y�S�X8��X�Y'\���a<\5S�`�S� 8UD�<\5�<\��
UW`���a�RT\�V�a�a

Y�Ue�L`�X���S�X�deX�`�X���\�g<\��W`�a�Vc�WXã�W��a�S�X�� 1
2

KkK/K�KkK/K/KkK/KkKÒJ'G
��K���K ¸ ¤�P=^,f=`�a���X5^,f�S� 8U���Y�S�X8��X�Y'\���a<\5S�`�S� 8UD�<\5�<\��
UW`���a�RT\�V�a�a

���eUWY_��X�Y�Ue��`�X���S�X�dWXÛ`�X���\g�\��W`�a�Vk�WX�e��a�S�X�� 1
2

KTÈÿ�eY�X����W`�Y'\_�
\�S<\���X5^<�3K�K/KkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒJ�J

��K���K�I �}S<\5��X5^,f�aL^,a�¹�X���X�a���K/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒM��
��K ¸ ¦��<\�Y�aL^�\ãÆ�UW��S��D\�S�\F�<^��&¤c\���X���\�S�X�Y��W��aL��g<\5�W`�a�VÝKkK/K/KkK/KkKÒM ¸

��K ¸ K�� ÈQ����U¢�,U�^,UWS�a�U��"X�� ��� a�V�a�UWS�`�X�Y
A

(x)
L,R

a
B

(x)
L,R

Y[��\��
��\_�
�W`_\�S"�@\���`�S�X����
Xe��U¢^,a3K�K/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒM�O

��K�I Z1 8g�a���^,UWS�a�U���a��e��Ue���Wa�X�S�S� 1�ca�S�`�UedW�<\_^,X�Y K/KkK/K�KkK/K/KkK/KkKÒM�M
��KËO �Û�
�L^,a�`5P=�,  aóY��L^,\7�� âY��
S�a��
 8U�g�\��W`�að`�X���X�a���S�X�dWX � X������

� \���`�X��<\�S�Ue�L`���a�S�X K/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkK��=���
��KNG EÿY�X�����X��WPQX�£8��^,UW��`���X��D\�deS�aL`�S�X���`�X��"Um¤c\���X���\�S�X�Y��W�"X�deXS�UW��`���a�S�X3���=�

¬ ~po��mvky o�x�x����1qQs�{��po��
� ÆFUe��S��D\�S�X�Y��e��a�U ��a<\5de�<\��
�
 ��eX���a��W 8Y'\�¨Û§�a�U��<\��e�WUW��S�a�UDS�Ue�L`���a�S�X

Y�Y�U�§FUe��`�Y�U5�"��^,UWY'\
νe,µ,τN

a�^,a
νe,µ,τe

�<\��W�eUW��S�a����8X�£��
UWS�X��
	��
£�X5RTX�S�X����<�e���<\5Y'\k�

νee
�<\��W�eUW��S�a�U/��X�£��
UeS�X���%��£�X�ReX�S�X��8K
K/KkK¼�7Ê

¸ Ì ��� Ue��`�a�Y�S� 8U8�D\5�e�e ÎS�UW��`���a�S�X���\�� � P�S���V�a�aF�L^,X�`�S�X���`�a
Ne

K
Z©��^�PLg�\�U���X�dÁ�@\�S�UW`pX��WV�aL^�^���V�a���� � ^<Ue��Y�X���S� 8U��eX�£��W`�Y�UeS�S� 8U
�WX��W`�X7��S�a��/�eX�X�`�Y�U�`���`�Y�P�¨Û`}Ï�`���aL�'X�Y� 8�&^,a�S�aL���8K=Zä��^�PLg�\�U�\7��a<\�£�\5`�a�g�Ue�e�"X�dWX
¤ � ZD� � ��� Ue�L`_\¶�e��^,X�ÏFS� 8Uä^<a�S�a�a ����UA���W`_\5Y5^<��¨Ð`%��X�Y�U¢��UWS�a�U
� ^,UW��Y�X���S� 1��S�Ue��`���a�S�X�� �<^<�[�,UW`_\_^,UW���e�8K�`�Ue�"�W`���KÒKkK/K/KkK/KkK ¸ �

I ÆFUe��S��D\�S�X�Y��e��a�U]��a<\5de�<\��
�
 ���X���a��W 8Y'\�¨Û§�a�UÐY�R=\�a��
XT�,Ue����`�Y�a�U
S�UW��`���a�S�X}�
Y�S�UWÏ�S�a��c�¢^,Ue�L`���X��D\5deS�a�`�S� 8�ä��X5^<Ue���T�"X�`�X���X�UDY�X�Re�
X=ª[S�X
`�X5^,f��"X[S�\���UW`T^,UWY�X��ÇP���X�Y�S�U�K
K/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkK ¸ O

O ÆFUe��S��D\�S�X�Y��e��a�U ��a<\5de�<\��
�
 ��eX���a��W 8Y'\�¨Û§�a�U
ββ2ν

a
ββ0ν

�<\5�e�<\7�,  ¸ J

¸



G ¦���UA��U�^, ¶S<\Q�<\���\��
UW`��� 
νe ↔ νx

X��eV�aL^�^<��V�a��
∆m2 a sin2(2θ)a�R ��UT\���`�X���S� 1���W�"�e��UW��a��
UeSL`�X�Y�KÛÈQ£5^�\5�W`�fÎ�W���<\�Y'\ðX5`ð^,a�S�a��

��Y5^<��U�`�� ��R=\5����UW§�UeS�S�X����@\5S�S� 8�
a/�e�"�e��UW��a��
UWS�`_\��
a3K��3\5Ï�`���aL��X�Y'\�S�S�\5�
X�£_^�\��W`�f�<\��<\��
U�`���X�YÛ�WX�X�`�Y�UW`���`�Y�P�UW`���\5RT��U�ÏFUWS�S� 8���<\5�<\��
UW`��<\��
νe → νµ

X��eV�aL^�^<��V�a��ð��X��W`_\�Y5^<UeS�S<\_�ð�e�"�W��Ue��a��
UeS�`�X��H× Ã������ �
� Ã�����Â ��Xãa�RWP�g�UeS�a�¨½\5`��
X�� � UW��S� 1�&S�Ue�L`���a�S�X�K K/K�KkK/K/KkK/KkKÒI ¸

� Ì1S�UW��deU�`�a�g�Ue�e�"X�U1�<\��e����U¢��U¢^,UeS�a�UD�<^��/Ô ÀLÕ}Ö �eX�£� ]`�a��/Y1��a<\��<\_RTX�S�U
20 < Ee < 60

Ú Â�� a��eX�£� ]`�a��/�
�"X���U�^�^,a���X�Y�\�S�S� 8�
a � X�`�X�S�\��
a
X�`¶R=\_�LY'\_`_\%S�Ue��`���X�S<\LKQ¦�X���\5R=\5S�XÇ����UeY� ]Ï�UeS�a�Uï��\�S�S� 1�|S<\7�
� X�S�X�� � ��P�S���`�a���S<\5��^,a�S�a��!� a�X=ª[a"�@\�Ue�
X�U
�<\��e����U¢��U¢^,UeS�a�U"� �e�L^<X�ÏFS<\_�
^,a�S�a��!�3Y8����U¢����X_^,X=ª�UeS�a�akS�UW��`���a�S�S� 1�kX��WV�aL^�^<��V�a��/����a�£�X5^<f�ÏFaL�
∆m2 # O"Ê%$ KÍK/K/K/K/KkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒI�O

Ê ¦�\��<\5�
UW`��� 
νµ ↔ νe

X��eV�a�^�^<��V�a��k�DM���&è`�X�g�S�X��W`�f�¨ó��X��W`�X�Y�Ue��S�X��W`�a3�
Ü�Ê�Ê�� � ��P�S���`�a���S<\_�ð^,a�S�a��'�(��×�Ø}Ù}Ú&Ü Õ � Ï�`���aL��X�Y'\5�»^<a�S�a��'�(�
)+*-, Â/. � Ï�`���aL�"� ��P�S��L`�a���S�\5�k^,a�S�a��!� a/Ô À�ÕÛÖ � R=\5Ïk`���a��'X�Y'\5S�S<\5�
X�£_^�\��W`�f # �eY�U�`T^�\5����^<��M���& P���X�Y�S�����X���`�X�Y�Ue��S�X��W`�a0$3a # `�UW�
S<\5��<^��cM�M�&âP���X�Y�S�����X��W`�X�Y�UW��S�X���`�a-$1��K KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒI'G

J ¹#X���X5^,X�dea��
ντ + N → τ− + X

Y�RT\�a��
Xe��UW���W`�Y�a���Yó�
a�ÏFUWS�a
��U�`�UW��`�X���\ Þ]ßQà Ù]á À K8KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒI��

M ¹#X���X5^,X�dea��
ντ + N → τ− + X

Yó��X���Ue��UWg�S�X����L^,X��e�"X��W`�aº�
��P�g��LPpS�Ue��`���a�S�X�KèKkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒI'Ê

�=� � X�Y���Ue�
UWS�S� 8U1����U¢��U¢^, óS<\�<\��<\5�
UW`��� óX��eV�a�^�^<��V�a��
νµ → ντ

a
�WX�X�`�Y�UW`���`�Y�P�¨Ð§Fa�U]����a�Y� 8UD£�PT�,P"§Fa���P��W��X���a�`�U¢^,f�S� 1���e�"�W��Ue��a��
UeS�`�X�Y
� À )]Ô�� ¿3254��7698 ��: Ã�2 Â<;=����Â¢Å �e�"�e��UW��a��
UWS�`� ���Ô>)1Ô�� ¿?;=�7� ,5��: Ã�2ÁÂ@;��=��Â�Å
�W���W��Ue��a��
UeS�`� A��K=Ck^����e�<\5Y�S�UeS�a��/����a�Y�UA��UeS� »�<\5Re��UWÏ�UeS�S� 8U1X�£5^,\��W`�a
a�RQ�@\5S�S� 1����Xã\5`��
X�� � Ue��S� 8�%S�Ue�L`���a�S�X�K¼KkK/KkK/K�KkK/K/KkK/KkKÒI�M

��� E�\�S��,a��@\5`ÐS<\8�<\��W�<\7��X�g<\5��X�Y'\�S�S�X���g<\���`�a�V� »Y1��UW`�Ue��`�X���U Õ à Ú&Ø Ö �
À0B ØQÙ # G�GC$���X���\�S<\_^<P νµ +N → µ− +D0 + π+π0 +N

�
D0 →

K− + π+ � π0 → γ + γ
K KkK/K/KkK�K/KkK/KkK/K/KkK/KkK�K/KkK/K/KkK/KâO'�

� ¸ B}d ^,X�Y�X�U���\��e����U¢��U¢^,UeS�a�UQ��^<��X�`�S�X�ÏFUWS�a��
R
�La�RT�
UW��UeS�S�X�U/×�ØÐ�

Ú�D à ×�Ø ÕÛÖ Üó�,UW`�UW��`�X���X��8K!E `���aL�'X�Y'\5�pa���P�S���`�a���S<\_��^,a�S�a�a
�WX�X�`�Y�UW`���`�Y�P�¨Ð`�dea���X�`�U�RTU��WP"Ï�Ue�W`�Y�X�Y'\5S�a��

νµ → νe

a
νµ → ντX��WV�aL^�^���V�a�� K<K/K/K/KkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKâO ¸

I



�=I ¦�X�`�X����eX5^,S�Ueg�S� 1�/S�Ue��`���a�S�X��7����U¢���W�L\_RT 8Y'\�UW�
 8� � `_\�S"�@\���`�S�X��
� X5^<S�Ueg�S�X��Í¤&Xe��U¢^,f�¨ � �8� ¤F�äS�\ ��X�Y�Ue���LS�X���`�aG� UW��^,aH����\��
� P�S���V�aL���eS�Ue��dWa�a�S�Ue�L`���a�S�X�K�¦�X���\5RT\�S� èX��WS�X�Y�S� 8UÛ����X�V�Ue�W�e ��
pp, 7Be

a 8B
� �W�8KT`�Ue�"��`I��a/�
UWS�UeUDY'\_ª[S� 8U
Y��L^�\7�� ��=a"�,P"§Fa�UDX�`

��Ue\���V�a��
p+e−+p→ 2He+νe

�KJ Â J!�(� 3He+p→ 4He+e++νe� 4�Â J!��að£�U�`_\��<\��e��\7�� H���,Ue�ðY
CNO

V�a��L^,U�� 13N 15O
a 17F

K
¤&X�S�XT����X��D\5`�a�g�Ue�W��a�U¶^,a�S�a�a ��\�S� rY�U¢�,a�S�a�V<\7�

cm−2s−1 ��\�W��Ue��`��� ©Y�U¢��a�S�a�V<\_�
cm−2s−1MeV −1 K K/KkK/KkK/K�KkK/K/KkK/KkKâO'I

�TO Ó#\5RT��U�ÏFUWS�S� 8U1X�£5^�\���`�a/X��eV�a�^�^<��V�a�X�S�S� 1�/��\��<\��
U�`���X�YL� R=\5Ïk`���aL��X�Y'\�S�S� 8U
X�£_^�\��W`�a!���<^<�pX�£NM����eS�UeS�a�����U � a�V�aL`_\ã�eX_^,S�Ueg�S� 1�pS�UW��`���a�S�X[a
�WX�X�`�Y�UW`���`�Y�P�¨Ð§Fa�U���\�S�S� 8UDg�U�`� 8��U¢�/�e�"�e��UW��a��
UWS�`�X�Y-�5�W�8KTX�£�X�ReS<\=g�UeS�a��
S<\���a���P�S��"U�K¥K/K/K/KkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKâO"Ê

�7G ÈQ£�§�UeU]��X_^,X=ª�UeS�a�UD��U¢^�Y}X��WV�aL^�^���V�a�X�S�S�X�� � a�Rea���aFS�UW��`���a�S�X�K
¦�X���\5RT\�S� »g�UW`� 8��UmX�£_^�\��W`�a��<\��<\��
U�`���X�YÐS�Ue��`���a�S�S� 1�kX��WV�aL^�^���V�a��
�<^���X�£�M����WS�UeS�a�������X�£_^,Ue�
 ¥�eX5^<S�Ueg�S� 1�/ak\_`��
X�� � UW��S� 1�/S�UW��`���a�S�X��
\]`_\���ªFU
X�£5^�\���`�aH�=����U¢���W��\5RT 8Y'\5Ue�
 8U1��\5RW^,a�g�S� 8�
a�`�UeX���UW`�a�g�Ue�W��a��
a
�
Xe��U¢^<���
aO� RT\5Ï�`���aL�'X�Y'\�S�S� 8U�X�£5^,\��W`�a!��K7ZäS<\����<\�Y5^,UWS�a�a��W`���U�^<X��
X�`Ð�WX�X�`�Y�UW`���`�Y�P�¨Ð§FaL�k����a�Y� 1����X���\5RT\�S� ¥R=\�����UW§FUWS�S� 8U�X�£5^�\5�W`�a
X��WV�aL^�^���V�a�X�S�S� 1�&�<\��<\5�
UW`���X�Y��

∆m2 a sin2 2θ
K K�K/KkK/KkK/K/K G5�

�=� ¦���X���`�UW��Ï�\5�Ç�
Xe��U�^,fï¹µC�¤ïKD¦�X���\5RT\�S<\ ��X�S � a�dWP��<\�V�a��¶`�X���\-�
X�£_^�\7�@\�¨Ð§FUWdeXã`�X���X�a"��S� 8�ÿ��a���X5^,f�S� 8�%�
X��
UeSL`�X��8K<«/a�S�a�a�S<\
`�X���U/�eX�X�`�Y�UW`��W`�Y�P�¨Û`�`�X���PpV�a�����P=^,a���P�¨Û§�Ue� P&Y�S�P"`���a&`�X��<\�KKkKëG��

�7Ê ÆFUe��S��D\�S�X�Y��e��a�U ��a<\5de�<\��
�
  `���UWP�deX5^<f�S�X�dWX}Y�a���\-�eX�`�Y�Ueg�\�¨Û§�a�U
RT\�¹�C�¤ ¤c\5��X��<\�S�X�Y��e�"X�dWXãS�Ue��`���a�S�X�KóK/K/KkK/KkK/K�KkK/K/KkK/KkKëG�M

�=J ÆFUe��S��D\�S�X�Y��e��a�U ��a<\5de�<\��
�
 ¥��X5^�����a�RT\�V�a�X�S�S�X�dWXÐ`�a��<\-�TX5`�Y�U�`��W`�Y�UeS�S� 8U
RT\�¹�C�¤ ¤c\5��X��<\�S�X�Y��e�"X�dWXãS�Ue��`���a�S�X�KóK/K/KkK/KkK/K�KkK/K/KkK/KkKÒ���

�=M ÆFUe��S��D\�S�X�Y��e��a�UD`���UWP�deX5^<f�S� 8U ��a<\�dW�<\��
�
 »�
``W

����X��
U�ªãP"`�X�g�S� 8�
�WX��W`�X7��S�a�UW���<^<��`�X���\g�\��W`�a�V� P� ��^,UWY'\�� a�\�S�`�a�g<\���`�a�V� Q� �e���<\�Y'\��¢K����

¸ � ¦�X�Y�UA��UeS�a�Uÿ`�X���X�a"��S� 1� � X������ � \5��`�X���X�Yè`���U¢� � ^,UW��Y�X���S� 1�
¤c\5��X��<\�S�X�Y��e��aL��S�UW��`���a�S�XÛYX�£_^�\��W`�a��eS�UW��dea�a

0 ≤ |q2|/2m2
W ≤

10−2 K�K/KkK/K/K/K/K/KkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒ�'G
¸ � ÆFUe��S��D\�S�X�Y��e��\5�Q��a<\�dW�<\��
�D\-�¢�@\�¨Û§F\5��Y��L^,\7��Y]ÏFa���a�S�P�����X�V�Ue�W�T\

π → eνγ
����a/S�\_^,a�g�a�a�PQS�Ue��`���a�S�XÐ�D\�dWS�a�`�S�X�deXÐa���^,UW��`���a�g�Ue�W��X�deX

��a���X5^,f�S� 1���
X��
UeS�`�X�Y�KðK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒ��J
¸�¸ R X���S�X�Y��W��a�UäY���^�\7��  Yó�eUWg�UeS�a�U¥��\��e�WUW��S�a��

ν + e → ν + e
K

¹��U�`�f��}��a�\�de�<\5�
�D\����U¢����`_\�Y5^<��UW`}�eX�£�X���Y��L^�\7�kRT\�Wg�UW`Ð�<\=��a<\�V�a�X�S�S� 1�
��X����<\�Y�X��H�7Y� ]RTY'\5S�S� 1��¹µC�¤ÒS�UW��`���a�S�X�a!S5a�^,a�UWdeXQ�D\�dWS�a�`�S� 8�
�
X��
UWS�`�X��8K�K/K/K/K/KkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒ��M
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¸ I ¦�X�Y�UA��UeS�a�U � P�S���V�a��
f1,2

� σγ
tor

σSM

a σγZ
tor

σSM

��\�� � PLS���V�a�a¥�eS�UW��dea�a
S�UW��`���a�S�X����e�8K�`�Ue�"�W`7KÿKkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKëÊL�

¸ O ¦�Ue��U��'Xe��S�X�U�a�R�^<P�g�UeS�a�U�S�Ue��`���a�S�XäS�\&de��\�S�a�V�Uã�<\5R¢��U�^�\���Y�P'�
�W��U¢��

z = 0
�¢�
ν(p1) → ν(p2) + γ(k)

K�K/KkK/K/KkK/KkK�K/KkK/K/KkK/KëÊ�I
¸ G � ^,UWY'\��=�WS�Ue��dWUW`�a�g�Ue�W�"X�U1�<\5�e����UA��U�^<UeS�a�Um��Ue��U��'Xe��S�X�deXÛa�RW^<P�g�UWS�a��

¹�C�¤ S�UW��`���a�S�X[Y�R=\�Y�a��ea��
X��W`�a&X�`��eS�UW��dea�a � X�`�X�S�\�K � ���<\�Y�\��
P�d ^,X�Y�X�UD�<\��e����U¢��U¢^,UeS�a�Um��X5^,S�X����WS�Ue��dWa�a���Ue��U¢�'Xe��S�X�dWX}a�R�^<P�g�UeS�a��
��\�� � PLS���V�a��

cos θ
KÛKkK/KkK/K/KkK�K/KkK/KkK/K/KkK/KkK�K/KkK/K/KkK/KëÊ�G

¸ � ¦�X5^,S�\5���eS�UW��dea��º��UW��U���XT�,S�X�deX¶a�RW^�PLg�UeS�a�� �<^<����UW��U���XT��\¶a�R
�W��U¢�� ÿY�Y'\��LP�P����

n2 = 0
�_����a��WS�Ue��dWa�a�S�Ue�L`���a�S�Xk�<\5Y�S�X��

Eν =
1MeV

K]K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkK/K/KkK�K/KkK/KkK/K/K Ê5�
¸ Ê �3\��
��S�P"`� 8���"X�S�`�P���YQ�L^<X��e�"X���`�a��

ρ
�
σ ·rotB

�¢K�¦��'���D\5��^,a�S�aL�
��X��L\_RT 8Y'\�U�`�,a<\��<\5ReX�S�a��
��P=^,f��WX�YS�Ue�L`���a�S�X��7\]`�X�g���\8�eX�X�`�Y�U�`���`�Y�P�UW`
P���^,X�Y�a�¨ÎdeUeX��
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��P=^,f��T\
S�UW��`���a�S�X�K K/K/K/K/KkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒJ��

¸ J ¤& 8�¢^,UeS�S� 8�ä�e�"�e��Ue��a��
UWS�`���X�����X�Y�Ue���"U/deUWX��
UW`���a�g�UW�e�"X�deX���U��
ReX�S<\�S��e\�K=¡�Ue�L`���a�S�X��7a��,P"§Fa�UDX�`a��W`�X�g�S�a���\-�7����XT��XT�<��`8��Y�U
�D\�dWS�a�`�S� 8U
�Wa��W`�Ue�
 ��_��X5`�X��� 8UDa��
UW¨Û`Ð�<\�Y�S�X�U RTS�\7g�UeS�a�UD��X_^<��a��L^,X�`�S�X��W`�a3K
¹#Ue���T\��
 8��Y8�L^,X��W�"X��W`�a

(rotB, ρ)
�
 ïa��
UeUe�pR=\5�
��S�P"`� 8�k��X�S�`�P��H�

����ak����X=��X=ª���UWS�a�a/�"X�`�X���X�deXY�X�ReS�a���\�U�`}dWUeX��
U�`���a�g�Ue�e��a��F��U�RTX�S<\5S���K/J��

¬ ~po��mvky q{UT�x&oV�
� ¤&Xe��U¢^,a[S�Ue��`���a�S�S� 1�[�D\��W� # �TON$ K 〈mνe〉

��� ��� Ue��`�a�Y�S� 8UÛ�D\��e�W 
S�UW��`���a�S�X�K K/K/K/K/KkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkK¼�TO

¸ ¤&a���X�Y� 8U��@\�S�S� 8UD��X8X�����UA��U�^<UeS�a�¨
m2

νe

� Y��
Ue�W`�UD� PL��\5RT\�S�S� 8�
a
��`_\5`�a���`�a�g�Ue�e��a��
a¶a¥�ea��W`�UW�D\5`�a�g�Ue�W��a��
aÎX�ÏFa�£���\��
a!��Kµ¦���UA��U�^
S<\��D\��W�WP

mνe
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I ¹a���a�g�S� 8UD�<\��<\5�
UW`��� 

x, E
a

∆m2 ��^<���<\5R�^,a�g�S� 1��a��W`�X�g�S�a��"X�YS�UW��`���a�S�X�K K/K/K/K/KkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒI��
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O ¤&Xe�� ï�<\��W�<\7��X�Y
τ−
�Ta��W��X5^,f�ReX�Y'\�S�S� 8U��<^<����X�a��e��\8X��eV�a�^�^<��V�a��

Y1��U�`�Ue�L`�X���U Õ à Ú&Ø Ö KX)]Ù �Û��\���V�a<\7^,f�S� 8UDY�UW��X=��`�S�X��W`�a��<\5R�^,a�g�S� 1�
�
Xe���<\��e��\7��X�Y��

ε
�Fg�P�Y��W`�Y�a�`�U�^,f�S�X��W`�fF����\�S�S�X����
Xe��U�<\��W�<\7�@\

`_\TP ��X��¢^,U ����a��
UWS�UeS�a�������a�`�Ue��a�UWYÇX�`�£�X��<\ó��\�S��,a��@\5`�X�Y�K
N∗

τ�¾g�a��¢^,XºX=ªãa��@\�UW�
 1� �eX�£� ]`�a�� ����aÑ�e�
U�ÏFa�Y'\5S�a�a
sin2 2θ =

5 × 10−3 ��^<�%£�X_^,f�ÏFa��
∆m2 a

NBKG

�ÿg�a���^,XðX=ªãa��@\�UW�
 1�
� X�S�X�Y� 1���WX�£� ]`�a��3K7ê��e��X5^<f�RTX�Y�\�S�S<\5����`_\5`�a��W`�a��L\

1.1×106 νµCC�WX�£� ]`�a��3K@K/K/K/K/K/KkK/KkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKÒI�J
G � �<\5Y�S�UeS�a�UDX�`�S�X5ÏFUeS�a��

(νµ/νe)
��X�`�X��"X�YÐ\5`��
X�� � Ue��S� 1�/S�Ue��`���a�S�X

�<^��&��\5RW^,a�g�S� 1�&�e�"�e��Ue��a��
UWS�`�X�Y�KµKkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKâO��
� � �<\5Y�S�UeS�a�UD�e�"�e��UW��a��
UWS�`_\_^,f�S� 1�k�@\�S�S� 1����Xa�Re�
Ue��UWS�a�¨ÿ��X�`�X��"X�Y

�WX5^,S�UWg�S� 1�/S�UW��`���a�S�X}� `���Ue� ���
Xe��U¢^<���
a � X5^,S�V�\�K�C/^<�}��U�`�Ue�L`�X��<\
×�Ø�ÚYD à ×�Ø Õ}Ö Üca��WX�X�`�Y�UW`���`�Y�P�¨Ð§FaL�k`�UWX���UW`�a�g�UW�e��aL������UA���e��\5RT\�S�a��
UA��a�S�a�V�\��
a/��Y5^<��¨Û`�� �

106 sm−2s−1 K=È���`_\_^,f�S� 8U
�@\5S�S� 8UD����a�Y�U¢��UWS� Y�U¢�,a�S�a�V<\7� À�Õ áG� À0�7; Ã�68ÕÛÂ * 8Z6[����� á ���=8 � � À�Õ á¾�<\�Y�UWS�Xe��S�X�� P
RT\_�LY'\5`�P[S�Ue�L`���a�S�XFR=\��WUe��P�S��,P[S<\

1036 \5`�X��
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���ea���`�UW�D\5`�a�g�Ue�e�LPL¨kKÉKkK/K/KkK/K�KkK/KkK/K/KkK/KkK/K�KkK/K/KkK/KkKâO"G
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Xe��UW���W`�Y�a��3KFG5O
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Zâ�=M�I��[�<^<�¥X�£NM����eS�UeS�a��¥R=\5��X�S<\&�WX=�L�<\5S�UeS�aL�ð�eS�Ue��dWa�aða PLd ^<X�Y�X�dWXc�
X��
UWS�`_\
Y[�"��Ue��S�X��

β
�"�<\��e��\7��UFZmX5^,f � d¢\�S¥¦/\TP=^,aäY�Y�U�^¥S�X�Y5PL¨½g<\��W`�a�V�P��3�"X�`�X��LPL¨âX�S

S<\_RTY'\_^/S�Ue��`���a�S�X�K5ÈQS�����UA����X5^,X=ªãaL^k�WP"§FUW�W`�Y�X�Y'\�S�a�UmS�Ue��`��<\_^,f�S�X�deX � Ue���
a�X�S<\
�
�D\��W�eX�����X��"�"����\8�D\��e�W »��^<Ue��`���X�S<\a��
����X�S�a��L\5¨Û§FUW���W��X��eX�£�S�X���`�f�¨ � X�`�X�S<\
# �_$ K�Zè�=M�I ¸ deXe�,P�Ì1S���a��"X�ÆFUW���
a�`_\5��ª�U8����UA����X5^<X7ªãaL^ã�WP"§�Ue�W`�Y�X�Y'\5S�a�UÐS�X�Y�X��
^,UWde�"X���S�Ue��`��<\_^,f�S�X��äg<\���`�a�V� ��@X�`T^,a�g�S�X��äX�`ã`=��ª�U¢^,X�deX[S�Ue��`���X�S<\0� �"X�`�X��� 8�
£� 1^èS<\�����UWSèY»`�X��âªFUcdeXe�,Pa`�\7��Y�a��"X��8KmZ �=M�I�OðdeXe�,P%ÆFUe���
a � X����D\_^,f�S�X
�<\_RTY�aL^Ñ`�UeX���a�¨

β
�"�<\��e��\7�@\%Y �<\��
��\_�¾��Y'\�S�`�X�Y�X��¾`�UeX���a�a ��X5^<� # ¸ $ KcbQX�`=�`�UeX���aL�äÆFUe���
ac£� 1^�\�Y�U�^<a��"X5^,Ue��S�X���a�S�U/£� 1^,X[�WX��
S�UWS�a��cY��WP"§�Ue�W`�Y�X�Y'\5S�a�a

S�UW��`���a�S�X��=�W���W��Ue��a��
UeS�`_\7^,f�S�X�U1X�£�S<\��LP�ªFUeS�a�U#��\�S�S�X���g<\5�W`�a�V� ð£� 1^,X]RT\5`��LP=�,S�UeS�X
a�R���RT\F�D\_^,X�dWX��WUeg�UWS�a���UeU�Y5R=\�a��
Xe��UW���W`�Y�a�����Y�U�§FUe��`�Y�X��8K@ZmU�^,a�g�a�S<\��eUWg�UeS�aL�
£� 1^,\&X�V�UWS�UeS�\ R UW`�U�að¦�a����eX��8� �<^<�»�eS�UW��dea�aðS�Ue�L`���a�S�X

1 MeV
�<\�Y�S���^�\��Wf

10−44 cm2 # I%$ Ked Zä`�UDY���Ue�
UWS<\]`_\���a�U
ReS<\=g�UeS�aL�k£� 1^,a����<\���`�a�g�UW�e��aFS�U¢��X�� ��d¢\�Ue�
 8�
a�<^��p�e�"�e��UW��a��
UWS�`_\5`�X���X�Y�K
¦���X�Ï/^,X ¸ �/^,U�`X��a�YF�W�"�e��UW��a��
UeSL`�U/��XFa�Re�
Ue��UWS�a�¨©X�£���\5`�S�X�deX

β
���<\��W�<\7�@\

νe + p→ e+ + n
de��P����<\�Ó�\5��S�Ue�e\-�<a��W��X5^,f�RWP�����X�`�X�����UT\��L`�X���S� 1��S�Ue��`���a�S�X-�

a��<P�§�aL�/X�`���'���
X�deX
β
���<\��W�<\7�@\]�WX�d ^�\��WS�X`�UeX���a�a�Æ�UW���
aH�TS�\�£5^,¨m�@\7^,a���\�S�S�P�¨

��Ue\���V�a�¨ # O���GC$ K� P"§FUW�W`�Y�X�Y'\�S�a�UmY�`�X���X�dWX8`�a��<\S�UW��`���a�S�X��7X�`T^,a�g�S�X�deXÐX�`
νe

�T£� 1^,X����U¢��^,X=ª�UeS�X
Y8�"X�S�V�U��L��`�a"��Ue� �L`� 1�kdeXe��X�Y-�=\]UedWXÛ�W���W��Ue��a��
UeS�`_\7^,f�S�X�Um��Xe�,`�Y�Ue�'ª��,UeS�a�U�����aLÏk^,X
Y��=M�� ¸ deXe�,P�aLR R ��P��L�'UW��Y�UWS��e�"X���¡�\�V�a�X�S<\_^<f�S�X��}^�\5£�X��<\5`�X���a�a K=êÛ��UW���W���W��Ue��a��
UeS�`_\
�WX��W`�X7��^�\�YcS�\�£5^,¨m��UWS�a�aÎY�RT\�a��
Xe��Ue���W`�Y�a��óS�UW��`���a�S�X�� a��<P�§�aL�óX5`ä�<\��W�<\7��X�Y
��a�X�S�X�Y

π → µ + νX

K#Z1�
Ue��`�XäX=ª[a"�@\�Ue�
X��
νX + n → e− + p

��UT\���V�a�aQ� dÁ�,U
����U¢����X_^�\�d¢\_^,X��efÐ�WP"§FUW�W`�Y�X�Y'\�S�a�U�`�X5^,f��"XXe��S�X�dWX`�a��<\S�Ue�L`���a�S�XI� ÏFU�^�����X�V�Ue�W�
�ÛX�£��<\5ReX�Y'\�S�a�Ue�ó�
¨ÛX�S�X�YFYk�"X�S�Ueg�S�X��Î�eX���`�X=��S�a�a

νX +n→ µ− + p
K�¦�X���`�X�� P

g<\5�W`�a�V<\
νX

��X5^<ªãS<\ó£� 1^�\ÎX�`T^,a�g�\5`�f�� �|X�`
νe

�8aºUW�º£� 1^,Xó��\�S�XÎS<\5ReY'\�S�a�U
�
¨ÛX�S�S�X�dWX�S�Ue��`���a�S�X-�

νµ

K
Z%`�X=ª�U��e\��
X�U�Y���UW� �pY�`�UeX���UW`�a�g�Ue�W�"X�� � a�RTa���U�S<\=g<\7^,a��ef�a��W��^,UA��X�Y'\5S�a��H�

�"X�`�X��� 8UD����a�Y�U�^,a/���eX�R¢�@\�S�a�¨ó`_\���S<\_RT 8Y'\�UW�
X�� � `_\�S��@\��L`�S�X��F¤&Xe��U�^<af� � ¤g��K
Z½�TM'G���«/a�aih�S�d # �%$�Y�Y�U�^,aäY[`�UeX���a�¨H��^,\�£� 1�cY�R=\�a��
XT�,Ue����`�Y�a�� S<\5��P"ÏFUeS�a�U
g�U�`�S�X��W`�aka�����U¢��^,X=ª[aL^<a/S�Ue�e�"X5^<f��"XÛ�
 8�¢^,UeS�S� 1���W�"�e��UW��a��
UeSL`�X�YÛ��XUeU
S<\�£_^,¨m��UeS�a�¨
��X}X�����UA��U�^,UWS�S� 8�ï\��ea��
�
UW`���a���� YQ�¢^�\�£� 1������X�V�Ue�e�e\_�@K�Zð���_� �kdeXe�@\7�kj'^,�WÏ�X�P7�
Z]\5��S�£�UW��d
a � \_^�\�����X���`�P=^,a���X�Y'\_^,a � ¤ # Ê%$ K7¤&Xe��U¢^,fÐ����U¢�,�e��\5RT 8Y�\_^�\�WP"§FUW�W`�Y�X�Y'\�S�a�U
l?mon�prq%s(t%u9vXwxu[yzy�{}|(~[nNu[yz�%�9�X�rqNs(�9�/�/p(�rs��/|(�/�9t%pZ�Xu[tX�C�I�k�X�%�XtC�X�r{�u���y��X�X�(�/�(vq%�X�ru[�%pr�(~_�%u(�Xt%p(�X�X�%y�u[�I��n%q%�c�/|(�(�[t%pZ�Xu[tX�C�Ay�u9�%{Vn%qN�XtX{<�N�[prtX�(�%y�u9�r���

cm
�X�"�Z� n0�

Ê



S�UW��`���\_^,f�S� 1�»`�X��"X�Y�`�a��<\ (−)
νµ +e− →(−)

νµ +e−
K�Ìm`�X�` ����X�V�Ue�W��Y���UW��Y� 8U�£� 1^

X�£�S<\���P"ª�UWS/Y���UW��S�X�Y��W�"X��&�W�"�e��UW��a��
UeSL`�U]�
a��W��X5^,f5RTX�Y'\5S�a�Ue����\��
Ue�� �� Ã�6 , ÃN�ãÂ/;
Yp�=M'Ê5I�dWXe�,P # JN$ K¦�X���^<U�X�`����� ]`�aL� Yc�=M'Ê�G�deXe�,P

τ
��^,Ue��`�X�S<\�dW��P�����X��ä¦�UW�L^�\ # MN$�`�UeX���UW`�a���a�W�<\5ReP}ª�U��WYÐ�WaL^<P���Y'\����}^,UW��`�X�S�S�X��/�ea��
�
U�`���a�aH�7����U¢��^,X=ª[aL^<ak��P�§�Ue��`�Y�X�Y�\�S�a�U

`���UW`�f�UedWXÛ`�a��<\8S�Ue��`���a�S�X-�
ντ

���,XÐ�WaL����X���S�U R=\���Uedea��W`���a���X�Y'\5S�S�X�dWX}�e�"�W��Ue��a��
UeS�`_\_^<f�S�X�K
E�X��WY�UeS�S� 8UDP���\5RT\�S�a���S<\8UWdeX�WP"§FUW�W`�Y�X�Y'\�S�a�Um£� 1^,ak��X5^<P�g�UeS� »a�RD�W���W��Ue��a��
UeS�`�X�Y
S<\8ÔµÜ�\&P��e�"X���a�`�U�^,UmY Þ ÜDÙ Õ K7¦�Xm��\�S�S� 8���W`�aL�/�e�"�e��Ue��a��
UWS�`�X�Y}g�a��¢^,X8^,UedW��aL�
S�UW��`���a�S�X[���D\��W�eX����
UeS�UeU

45GeV
�<\�Y�S�X

2.983 ± 0.025 # �T�N$ KbQX5`=�»��P�§�Ue��`�Y�P�¨Û§�a�U�`�UWX���a�aïaï�W�"�e��UW��a��
UeSL`_\_^,f�S� 8Uã��\�S�S� 8UF�@\�¨Ð`cS<\5�
�
S�X�deXa�S � X����D\5V�a�a�X8S�Ue�L`���a�S�X��7�
X7ªãS�X8� P�Y�UW��UeS�S�X��W`�f�¨¶�W��\5R=\5`�f��=g�`�XÐ����a���Xe�@\
S�UW��`���a�S�X�UW§FU���X_^,S�X���`�f�¨âS�U�a�RWPLg�UeS<\�K�¹�\��&��Xp�ea��ä��X�� �W���W��Ue��a��
UeS�`_\7^,f�S�X
S�U¥a�Re�
Ue��UWS<\Ç�D\��W�T\¶S�Ue��`���a�S�X��ÛXe��S<\��"XÇ��P"§FUe��`�Y�P�UW`ºX�de��X��
S�X�U¥�"X5^,a�g�UW�W`�Y�X
�W���W��Ue��a��
UeS�`_\7^,f�S� 1����\�S�S� 1���7PL��\5Re 8Y'\�¨Ð§FaL����gL`�X}S�Ue��`���a�S�XQX�£5^�\7�@\5UW`ÛX�g�UeS�f
�D\_^<X����D\��e�WX��H�5�L^,XT�'X�a�RWPLg�UeS� ¶aL�F�¢^,Ue�L`���X��D\5deS�a�`�S� 8U}�WY�X�����`�Y'\LK�Ó�\_RW^,a�g�S� 8U
RT\�d¢\7����a/Y8S�UW��`���a�S�S�X�� � aLRTa��"U��T`_\5��a�UD��\����eX5^,S�Ueg�S<\_�kS�Ue��`���a�S�S<\_�k����X�£5^,UW�D\-�
\�S�X��D\_^,a���\5`��
X�� � Ue��S� 1�/S�Ue��`���a�S�XÐa�����X�g�a�U��W�@\_^<a/S�X�Y� 8��a��
��P=^,f��
Ya�RWP�g�UeS�a�a
�¢^,Ue��`���X��D\�dWS�a�`�S� 1�F�WY�X�����`�YS�UW��`���a�S�X�K7¹ \���S�\�����a��
UW�H�T��P�§�Ue��`�Y�X�Y�\�S�a�U1\�S�X��D\_^<f�S�X
£�X_^,f�ÏFX�deX �D\�deS�a�`�S�X�deX��
X��
UeS�`_\�S�Ue�L`���a�S�X�� ��X��'������\

10−10µB

�c�
X�d ^,X £� 
£� ]`�fa��e��X_^,f�RTX�Y'\�S�X1�<^<��X�£�M����WS�UeS�aL������X�£_^,Ue�
 ï�eX5^,S�Ueg�S� 1�/S�Ue��`���a�S�X�K_ÈÐ��S�\��"X
Y � ¤ �D\5deS�a�`�S� 8�ð�
X��
UWS�`&S�Ue��`���a�S�X&�<\�Y�UWS

µν = 3 × 10−19µB(mν/1 eV)
a

X�£��<\5§�\5UW`�� �/Y8S�P=^,f-�TUe�¢^,ak�D\5�e�T\8S�UW��`���a�S�XÐ�<\�Y�S<\8S�P=^,¨kK=¦��<\�Y_��\-�e��P�§�Ue��`�Y�X�Y�\�S�a�U
£�X_^,f�ÏFX�deX¥�D\�deS�aL`�S�X�dWX»�
X��
UWS�`_\»S�UW��`���a�S�Xð����U¢���W�L\_RT 8Y'\�U�`�� �èY¥S�UW��X5`�X��� 1�
�
Xe��U¢^<�L���<Y� 1��XT�<��§Fa��pR=\��<\��
��a � ¤ïK�¹8P��D\�S�UWS&Y�X�����X���apX�£��¢^,Ue�L`���a�g�Ue�e�"X��
��a���X5^,f�S�X��&�
X��
UeS�`�U�S�Ue��`���a�S�X�K_ÈÐ��S�\��"XÐX8`���UW`�f�Ue�k��^,UW��`���X��D\�deS�aL`�S�X����"\���\���`�UW��a���`�a��"U
S�UW��`���a�S�X��=X8`�X���X�a���S�X����,a���X5^,f�S�X����
X��
UeS�`�U�� aL^,a/\�S�\���X5^,UN�T��\���UedWXÛS<\_RT 8Y'\_^
��UW��Y�X�S�\7g�\_^,f�S�X�h�K R K�� U¢^,f_��X�Y�a�g!�r� �D\_^,X g�`�Xïa�ReY�Ue��`�S�Xä�@\5ª�U�`�UeX���UW`�a��L\5�8K
¦���a�g�a�S�X���`�X�� PÛ�ÛS�U¢�,X��W`_\5`�X�g�S�X�U1��X�S�a��D\�S�a�U � UWS�X��
UeS�X5^,X�dWa�ak��^�\��e�Wa�g�UW�e�"X�deX
�¢^,Ue��`���X��D\�dWS�UW`�a�RT�D\��W��UeV�a<\_^,a���`_\��
aH��R=\�S�a��D\�¨Û§�a��
a�� � � a�Rea��"X��cS�Ue��`���a�S�X�K
Z ��X���^<U¢�,P�¨Û§�aL�©d ^,\�Y'\_�º�
 ���X��� ]`_\�Ue�
� � ��X��W`���X�a�`�fè�
X��W`Ç�
UWª��,P �W`�a��
a
��Y5PL� ��X�£5^�\���`=���
a � a�RTa���aka��Á��U¢^�\5`�fÐ�eX�X�`�Y�U�`���`�Y�P�¨Û§�a�U]Y� 8Y�XT�, ��T��\��T\�¨Ð§Fa�UW� �
Y�X5RT�
X=ª[S�X��p��^,UW��`���X��D\�deS�aL`�S�X��c����a���Xe�� |S�Ue��`���a�S�X�K

J



� � j8vkspo�� npj8�pqQspopn�v

ZmRT\�a��
Xe��UW���W`�Y�a��/��^,UW�
UeS�`_\5��S� 1��g<\��W`�a�V/X���a��W 8Y'\�¨Û`�� �/�<\5RW^<a�g�S� 8�
ak�
XT�,U�^<���
a
��U¢^<��`�a�Y�a���`��W��X�����Y'\�S�`�X�Y�X���`�UeX���a�Ue����X5^<�3K��#Ó�\��W�e�
X�`���a��äg<\���`�a�VLP��eXÐ�e��a�S�X��
�XS ¸ �ÛS�\�����a��
UW�H��S�UW��`���a�S�X��Q�"X�`�X���X�� �eX���X��W`_\5Y�a�� X���Ue�<\_`�X���SLPL¨ Y�X_^,S�X�Y�P�¨
� P�S���V�a�¨

ψ(x)
�TdÁ��U�\���dWP��
UeS�`

x ≡ xµ = (t, ~x)
K7ÈQS<\1PT��X�Y_^,UW`�Y�X��'��U�`ÛP��<\�Y�S�UeS�a�¨

C�a��<\5�L\
(i γµ ∂µ − m) ψ(x) = 0,

� ¸ K��X�
a��
X=ª�UW`�£� ]`�fãR=\5��a��T\5S<\���\����WP��
�D\F��Y�P'�pY�UW�L^,UeY��e��aL�&��X_^,Ue�H�

ψ = ψL + ψR

K
Ìm`�ac��X5^��pX�����UA��U�^<��¨Û`�� �cP��<\�Y�S�UeS�a����
a

ψL ≡ 1

2
(1 − γ5) ψ ≡ PLψ, ψR ≡ 1

2
(1 + γ5) ψ ≡ PRψ,

� ¸ K ¸ �
dÁ��U

ψL,R
�»`_\��¶S<\5RT 8Y�\�Ue�
 8Up^,UeY'\_�Çaÿ���<\�Y�\5�ÿ�eX���`_\�Y5^<��¨Û§Fa�U���X5^<� K�`�UW��UWR

� P���f�U¢� ����UA���W`_\5Y5^,UeS�a�U��5S<\�����a��
Ue�H�7�eY�X�£�Xe��S�X�UD��X_^,U
ψL

�
X7ªFUW`Ð£� ]`�fÐR=\���a��T\�S�X
Y�Y�a��,U

ψL(x) =
∫

d3p√
(2π)32E

[aL(~p)uL(~p)e−ip·x + b†R(~p)vR(~p)e−ip·x]
� ¸ K�I��

dÁ��U
a
a
b†
��X���Ue��\5`�X��� ¶��X=ª���UeS�a���aFP�S�a�g�`�X=ª�UeS�aL�ãg�\��W`�a�VH�5��UW���W`�Y�P�¨Û§Fa�UÛS<\

Y�UW��`�X��<\F�eX���`�X=��S�a��Yj�aL^,f�£�UW��`�X�Y�X�deX�����X��W`��<\�S���`�Y'\�g�a��WU�^�R=\���X5^,S�UWS�a���ÆFX���\�K
¦�X5^,U

ψL

�
X=ª�UW` P�S�a�gL`�X=ª[aL`�f»Y S�UW� Xe��SLP»^,UeY�X5� �W��a��<\_^<f�S�P�¨¼g<\��W`�a�V�PÎaL^<a
�WX�R��@\_`�fèXe��S�Pº���<\�Y�X5� �W��a��<\_^<f�S�P�¨Ý\�SL`�a�g<\5�W`�a�V�P�K�¦�X5^,U

ψ† �
X=ª�U�`è�eX�R¢�@\5`�f
Xe��S�P�^,UWY�X5� �W��a��<\7^,f�S�P�¨|g�\��W`�a�V�P�a�^,a�P�S�a�g�`�X7ªãa�`�f�XT�,S�P[���<\�Y�X5���e��a��<\_^,f�SLPL¨
\�SL`�a�g<\5�W`�a�V�P�K@C/^<�&��X5^<�

ψR

�Wa�`�P�\�V�a�� ��`���X�deX�����X5`�a�Y�X���X5^,X=ªãS<\5�3K@¦�X��W`�X�� P
^,UWY�X5���e��a���\_^,f�S� 8UDg<\5�W`�a�V� ð\��W�eX�V�a�a���P�¨Û`�� �F�
����\�Y�X5���e��a���\_^,f�S� 8�
a/\�SL`�aL��g<\����
`�a�V<\��
a3K
�3\��'���,X5� �WX����'��ª�UWS�S� 8���<\���`�S�Ue�&��a��<\7^,f�S�X�dWXã��X5^<��X�����UA��U�^���UW`�� ����\��

(ψL)C = C(ψ̄R)T , C−1γµC = −(γµ)T ,

dÁ��U
C
X�£�X�ReS<\=g<\�UW`Ð�D\5`���a�V�P}R=\��'���,X�Y�X�dWXÐ�WX����'��ªFUeS�a�� K=¦���a�R=\��'�"��X�Y�X����eX����'��ª�UWS�a�a

��X_^,f�X���UW�<\5`�X���X�Y
a
a
b
YQPL��\�Y�S�UWS�a�aF� ¸ K�I��#�
UWS���U�`�� �3K��3\5�"�"��X�Y�X�U]�eX����"�Lª�UeS�a�U

a�Re�
UeS���UW`&RTS<\���aï�¢^,Ue��`���a�g�UW�e�"X�dWX RT\��'���@\pg<\���`�a�V� Íaï£'\5��a�X�S�S�X�deX�g�a��¢^�\&S<\
 [m��%�/�3qNu3n��9�r�(�X�
y�{¡|/~9n�u[yP�%�rq%s/�9�(�_pr�rs_�¢�iy�u9�r�X�%£_�/vI�¤n�p(tXtX�(v¥��£%tX�X¦9u¨§�s(u[�X£X�XtNpY�© �Xu?q%qNpX�_��n%q%�A�(|/ª��C«��(�/�X�X�_�?�(�N�r�(|_�?~_¬+n�pru5y�{H«+��n�p(tXtX�(vA¦�qNpr�/u(��y�{V�(�(�9{HqNpru5y�X�X�]pr�(u?qX�£��?�X�%�9£X~�q%�%�ru9�%p(�r~��X{
®°¯/¯r�I¯5±C�I¯[²C��¯9³X��¯Z´��I¯[µ]¶��

M



����X�`�a�Y�X���X5^,X=ªãS�X�UN�TS�XS�U
�
UeSL��UW`Ðg<\5�W`�a�V�P�YÐ\�S�`�a�g<\���`�a�V�P��7��X��e�"X5^<f���P�a�Re�
UeS�UWS�a�U
a
a
b
S<\1P���X�Y�S�UD�eY�X�£�XT�,S� 1����X_^,Ue�/S�U
�eX�X�`�Y�U�`���`�Y�P�UW` � a�Rea�g�Ue�W��a��&X���Ue��\5`�X���\��

Y�RT\�a��
Xe��UW���W`�Y�P�¨Û§FUW�Fg<\���`�a�V� �K7¦�X��W`�X�� P�����a�`���\�S�� � X����D\�V�a�a
(ψL)C = 1

2
(1+

γ5)γ
0ψ∗ R=\5�"�"��X�Y�X�WX����'��ª�UWS�S� 8�/�<\���`�S�Ue��^,UWY�X5� �W��a��<\7^,f�S�X�� PQ��X5^,¨óUW�W`�f����\�Y�X5��W��a��<\_^<f�S�X�U���X5^<U/a�S<\�X�£�X���X�`7K

·¹¸9º »�¼c½c¾ ¿"ÀHÁ�ÂÄÃ�¼c¿cÅ
¡�Ue�L`���a�S�XÛY8�
a�S�a��D\_^,f�S�X��

SU(2)×U(1)
�
XT�,U�^,aQ�Û�W`�XÛ�¢^,Ue��`���a�g�UW�e��a�S�Ue��`��<\_^,f�S� 8U��

£�UW�eV�Y�UW`�S� 8U��7£�UWRe�D\��e�WX�Y� 8UDg<\���`�a�V� »�eX�W��a�S�X��ï�XS ¸ �W�eXT�L�<\�S���¨Û§�a�UD�eY�X�U�^<Ue��`�X�S�S�X�U
g�a���^,X�K]ÈQS�a a��
Ue¨Ð`ó`�X5^,f���XÎXe��S�XóX�����U¢�,U�^,UWS�S�X�U �e��a��<\_^,f�S�X�Uä�eX��W`�X=��S�a�U��1a
S<\_RT 8Y'\�¨Ð`�� �[Y�Ue�L^<UeY��W��a��
a�S�UW��`���a�S�X�K�ÈÐ��S<\��"X���\5RW^,a�g�S� 8U}��\��WÏ�a���UeS�a�� � ¤¥�
Y���^,¨}g<\5¨Û§Fa�UD`�Ue�&aL^,a�a�S� 8��X�£��<\_RTX��

SU(2)R
�ea��
�
U�`���a�¨L�7a��
Ue¨Ð`ÛS�Ue��`��<\_^,f�S� 8U

� Ue���
a�X�S� ��=�Wa�S�d ^,U�`� ð��XdW��P�����U
SU(2)R

�e`�UW�c�e\��
 8�&�WX�R���\�Y'\5��Y�X�RT�
X=ªãS�X��W`�f
��P�§�Ue��`�Y�X�Y�\�S�a��&�D\��e��Pã�,a��<\��"X�Y��W��aL��S�UW��`���a�S�X�K � Y�Y�U¢��UWS�a�UW�%Y � ¤ S�X�Y�X�deX
�La�dWde�eX�Y�X�deX�����U¢����`_\�Y5^,UWS�a����
X=ª[S�XQdeUWS�Ue��a���X�Y'\5`�f��D\���X���\�S�X�Y��W��a����D\��W�eX�Y� 8�
gL^<UeS3K R X5^,UeU���U�`_\_^,f�S�X�UD�<\��e�W�
X�`���UeS�a�U �@\�S�S�X�deXY�X�����X��e\]�
X7ªFUW`Ð£� ]`�fS<\5����UeS�X
Y��<\5R¢��U�^<U���K ¸ K���K

²HÆ ¯'Æ ¯ í 	�!#+�ö3),*@��ö�	��ä�#�"����!#	���)
�3\��'�Lª�UeS�S� 8UÛ^,Ue�L`�X�S� �a���Y'\5����aã����`�Xk��a���\��"X�Y��e��a�U}^,UeY�X5�
aL^<a����<\�Y�X_� ��X5^��L�
��aLRTX�Y'\5S�S� 8UDg<\���`�a�V� ïa/\�S�`�a�g<\��W`�a�V� �KeC/^<��`�X�deX��TgL`�X�£� ¥R=\���a��T\5`�f^,\�de�<\5S�ª[a�\�S
�WY�X�£�Xe��S�X�deXm��a���\��"X�Y��e�"X�dWXÛS�Ue��`���a�S�X��=`���Ue£�P�¨Ð`�� �kY��eU
g�U�`� 8��U���a���\_^,f�S� 8UD�"X��
��X�S�UeS�`� 
νL

�
νR

�
(νL)C � (νR)C KTÈÐ��S<\��"XS<\�£5^<¨m�@\�Ue�
 8�
aQ�<^<��S�Ue��`���a�S�XÐ��Y5^<��¨Û`�� ��`�X5^,f���X�"X��
��X�S�UeS�`� ð�
X�`���a�V<\5`�U�^,f�S�X��/��a��<\_^<f�S�X���`�f�¨L�T`7K=U�K

νL

a
(νL)C = νR

K=¦�X��W��X_^,f���P
νR

a
(νR)C S�Um����a�S�a��D\�¨Û`}PLg�\��W`�a���Y}RT\��'��ª�UWS�S� 1��aFS�Ue�L`��<\_^<f�S� 1�F`�X���\_���5`�X

aL������a�S��L`�X�S<\_RT 8Y'\5`�f��W`�Ue��a�^,f�S� 8�
a S�UW��`���a�S�X�K ÈÛ�,S<\��"X�Y��<\��
��\_� � ¤ X�S�a
�
X�d�P"`äY�R=\5a��
Xe��Ue����`�Y�X�Y'\5`�f �ã��X5^,UW��b}a�dedW�T\�K�«k\�de�<\5S�ª[a�\�S»aóUWdeX��D\��W�eX�Y� 8�
gL^<UeS��<^<����a��<\5��X�Y��e�"X�dWXãS�UW��`���a�S�X��
X=ª�U�`ã£� ]`�f�����U¢�,�W`_\�Y5^<UeS���\��

LD = νD (iγµ∂µ −m) νD � ¸ KËOI�

LD
mass = −mD ν ν = mD νL νR + h.c. Ç � ¸ KNG7�

�,��UW�ef�
 ïY�Y�U�^,a}��a��<\��"X�Y��W��a��/�D\��e�WX�Y� 8�/gL^,UeS��
mD �eX�`�Y�Ueg�\�¨Û§�a��kRT\]a�S�`�UWS��ea�Y�S�X���`�fY�RT\�a��
Xe��UW���W`�Y�a����
U�ª��<P�^,UeY� 8�
acac���<\5Y� 8�
ac��X_^<���
a3K�êQRkY� 8�<\5ª�UWS�a�� � ¸ KNG7�

Y�a"��S�X��
g�`�X»X�£�\ ��X5^<�H�
νL

a
νR

�
S�UWX�£T�'Xe��a��
 ë��^<�ÿX���a��e\�S�a��ó��a��<\5��X�Y��e�"X�dWX
È
h.c.
�/�9t%pZ�%p(u9�x�9t%p(£�É[�%y��X�r�/�(�(¦[���?�(�%�/�C¬+u9tX�X�I�

�=�



�D\��W�eX�Y�X�deX8gL^<UeS<\�K_È}`��WP"`���`�Y�a�Um��X5^<�
νR

Y�
a�S�a��D\7^,f�S�X�� � ¤H��\����<\5RD�WX�X�`�Y�Ue�W`�Y�X�Y'\7^,X
£�  X�`���P"`��W`�Y�a�¨ �D\��W�e  P%S�Ue��`���a�S�X�K}¡QP"ª[S�X¶X�`��
UW`�a�`�f��Ûg�`�Xð��a���\��"X�Y��e��a��
�D\��W�eX�Y� 8�/g�^,UeS/a�S�Y'\5��a<\�S�`�UeS/��X8X�`�S�X�ÏFUWS�a�¨ÿ��d ^,X�£'\_^<f�S� 8������UeX�£��<\5ReX�Y'\�S�aL���
ν → eiaν

Ke¹�Ue���T\5�
 8�p^�\5de�<\�SLª[a<\5S LD
mass

��Ue�
X�S��W`���a���P�U�`��eXT�L�<\�S�UeS�a�U���Y'\5S�`�X�Y�X�deX
g�a���^�\-�<�"X�`�X���X�U/����a�S���`�XãS<\_RT 8Y'\5`�f�^<Ue��`�X�S�S� 8�8K
²HÆ ¯'Æ ² î +��#),!�+���)�*���ö�	#� ���"�#��!�	��#)
Zó�=M�I�ÊmdeXe�,P��
X_^,Xe��X���a�`_\_^,f5��S��W��a���PLg�UeS� 8�F¤c\���X���\�S<\ # �7Ê%$'Y� m�,Y�a�S�P=^k£5^,UW�W`=��§kP�¨a��,Ue¨óX8`�X����eg�`�XS�UW��`��<\7^,f�S<\5�/g<\5�W`�a�V<\Ð�
X=ª�U�`Ð£� ]`�fa���UWS�`�a�g�S<\Û�WY�X�UW�/�WX�£���`�Y�UWS�S�X��
\�SL`�a�g<\5�W`�a�V�U�K5Ì�^,UW��`���X�SH�7S<\�����a��
Ue�H�=S�U
�
X=ª�U�`£� ]`�fÐ�D\���X��<\�S�X�Y��e�"X���g<\���`�a�V�UW�
Yã�eaL^<P&S<\_^<a�g�a��&P&S�UedeX�RT\��'���@\LK ¡�Ue�L`���X�S&`_\���ª�UFS�U��
X=ª�UW`�Ue��£� ]`�f�Y[�WaL^<P
S<\7^,a�g�a���P}S�UedWX£'\���a�X�S�S�X�dWXÐg�a���^�\LK7ÈÐ��S<\��"X1�<^<��S�UW��`���a�S�X��7����X��
U
�eXT�L�<\�S�UWS�a��
^,UW��`�X�S�S�X�dWX�g�a���^,\-�@S�UW`�S�a���\���aL�cX�de��\�S�a�g�UWS�a��H�@a��W`_\ãg<\��W`�a�V<\��
X=ª�U�`�£� ]`�f
`�X7ª���UW�W`�Y�UeS�S<\��eY�X�Ue��\�SL`�a�g<\5�W`�a�V�U�K�Ìm`�X�P���^,X�Y�a�U8�
X=ª[S�XQ����UA���W`_\�Y�a�`�fkYQY�a���U
`���Ue£�X�Y'\�S�a�� �

νM = (νM )C ≡ C νM C−1 .
� ¸ K����

¦�X��W��X_^,f���P
νM ≡ νC

M

�,�D\���X��<\5S�X�Y��W��a�U�S�Ue��`���a�S�X�S�U��
X�d�P�`[X�£5^�\=�@\5`�f�`_\���ª�U
aó�D\�dWS�a�`�S� 8�
aÎ�
X��
UeS�`_\5�
a3KD¦�X5^,U

νM

�
X=ª[S�Xc����U¢�,�W`_\�Y�aL`�f»��\��»^<a�S�Ue��S�P�¨
��PL��Ue����X5RTa�V�a�¨Ñ��Y�P'�&�"X��
��X�S�UWS�`X� �"X�`�X��� 8UkX�£5^�\7��\�¨Û`�^,Ue��`�X�S�S� 8�
aäg�a���^�\5�
a
L = +1

a
L = −1

��gL`�X��
X7ªFUW`�����a�Y�XT�,a�`�fãY��eX�X�`�Y�UW`��W`�Y�P�¨Û§Fa��ä����X�V�Ue�W�T\_�p�
S<\5��P"ÏFUeS�a�¨ð^,Ue��`�X�S�S�X�deX}g�a���^�\

∆L = ±2
K7Ìm`�X�` � \���`8��Y5^<��UW`�� �/X��WS�X�Y�X���X5^�\�d¢\5¨Û§Fa��

�<^�����X��� ]`�X��kX�£�S<\���P"ªãa�`�f8£�UWRTS�Ue��`���a�S�S� 8����Y�X���S�X���£�UW`_\_���<\��W�<\7��K � Y�X�£�Xe��S� 8�
^�\5de�<\�SLª[a<\5S��D\5��X��<\�S�X�Y��e�"X�dWXãS�Ue��`���a�S�Xã�
X7ªFUW`�£� ]`�f�R=\5��a��T\5Sc��\��

LM =
1

2
νM (i γµ ∂µ − m) νM ,

� ¸ KNÊ7�
dÁ��U � \���`�X��Ç�XS ¸ ����a�S�a��D\5UW`äY�XpY�S�a��D\�S�a�UF��Y�X���S�X��¥Y��L^�\=�Î��X��e�<\5Y�S�UeS�a�¨ë�
gL^<UeS�X���Y�RT\�a��
Xe��Ue���W`�Y�a��H�7�"X�`�X��� 8���,X�£'\�Y5^���UW`�� �����eY�X�£�XT�,S�X�� PÛ^,\�de�<\5S�ª[a�\�S�P�K
¤c\5��X��<\�S�X�Y��e��a����D\��e�WX�Y� 8��gL^,UWSk��X_^,Ue�

νL

a
νR

�
X=ª[S�X8����U¢����`_\�Y�a�`�f}�¢^,U¢�,P�¨Ð§Fa��
X�£��<\5RTX��

LL
mass = −1

2
mM

L (νL ν
C
L + h.c.)

a LR
mass = −1

2
mM

R (νR νC
R + h.c.)� ¸ K�J��

E�\���Y�a"��S�X��TY8S�Ue�c�WY���RT\�S� ä^,UeY� 8U�a�����\�Y� 8U
��X5^��3K=Z��<\5�
�L\7��`�UWX���a�a/�D\���X���\�S�X�Y��W�"X�deX
S�UW��`���a�S�XÐS<\8�eUedWXe��S���Ï�S�a�����UeS�f�
X=ªãS�X1^,UedW�"XÛX�£�f����WS�a�`�f�D\_^<X��W`�fÐS�Ue��`���a�S�S� 1�
�D\��W���<UW��^,ap`_\��"X�Y� 8UkY�X�X�£�§�U��WP"§FUW�W`�Y�P�¨Û`X� �W�8K<�<\5R¢��U�^ ¸ K ¸ K ¸ K

���
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¦���UA����X5^,X=ªãa�����g�`�X&�
  a��
UeUW�

νL,j

a
νR,k

S�UW��`���a�S�X�������a�g�UW� � ^,UW��Y�X���S� 8U
a�S"��Ue�"�e 

j
a
k
S�U�X�£=��RT\�S�  �eX�Y���\7�@\5`�f�KµE�\���a��ºX�£��<\5ReX��|�
X=ªãS�Xp��X���`���X�aL`�f

�D\��W�eX�Y� 8�ðgL^,UWSï�<^<�¥��\�S�S�X�dWXc�¢^<P�g<\5�!ÍpE�\��»�
 ÍP"ª�U�RTS<\�UW���#Yc��^<P�g<\�U[Ue��^<a
S�UW��`���a�S�XÎ�Î��a��<\��"X�Y��W�L\_�ºg�\��W`�a�V<\-�8`�Xÿ�eX�X�`�Y�U�`���`�Y�P�¨Û§�a�� �D\��e�WX�Y� 8��gL^,UWS
����U¢����`_\�Y5^<��UW`�� ���D\��e�WX�Y�X����D\_`���a�V�Ue�

MD
j,k

`�a��<\U� ¸ KNG7��Keb
��^,a/S�Ue�L`���a�S�X�Û�D\���X��<\�S�X�Y��e��\5�
g<\5�W`�a�V<\-��`�X�UWU��D\��e�WX�Y� 8�pgL^,UWS&£�PT��U�`�����UA���W`_\�Y_^,UeS&�D\5`���a�V<\��
a

ML
j,k

a
MR

j,k

K
ê��e��X5^,f�RWP����eX�X�`�S�X5ÏFUeS�a�U

νj(νk)
C = νk(νj)

C �e����aL�'Xe��a��c�/Y� 8Y�Xe�,P7�TgL`�X�D\��e�WX�Y� 8U�D\5`���a�V� 
ML

j,k

a
MR

j,k

��X_^<ª[S� º£� ]`�fã�Wa��
�
UW`���a�g�S� 8�
a3K
Zä�T\��
X���X�£�§FUW�c��^�PLg�\�UD�D\��e�WX�Y� 8��gL^,UWS/S�Ue��`���a�S�XÛY1^�\�de��\�S�ªãa<\�S�U
����U¢����`_\�Y5^<��UW`�� �

Y�Y�a��,U

Lmass = LD
mass + LL

mass + LR
mass, Lmass = −1

2
n

(
ML MD

(MD)T MR

)
nC + h.c.

� ¸ K�M��
dÁ��UkP�ªFUFa��e��X5^,f�ReX�Y'\�S�X[�eX�X�`�S�X�Ï�UeS�a�U

νL,jM
D
j,kνR,k = (νR,k)

CMD
j,k(νL,j)

C �<^<�
�Wa��
�
UW`���a�R=\5V�a�a3K@Z1Ue�L`�X��

n
X�����U¢�,U�^<��UW`�� �c��^,UA�,P�¨Û§�a��èX�£��<\_RTX��8�

n ≡




(νL,1)
C

(νL,2)
CKKK

νR,1

νR,2KKK
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C/^<��S�\_�'X=ª���UeS�aL�k�D\5�e�
S�UW��`���a�S�X��=�eX�X�`�Y�U�`���`�Y�P�¨Û§�aL� � aLRTa�g�UW�e��a����eX���`�X=��S�a������
��a�\�deX�S�\_^,a�RWPLUW�%�D\5`���a�V�P M ����X��
X�§�f�¨©PLS�a�`_\���S�X��c�D\5`���a�V� 

U

U M UT = diag.(λ1, λ2, · · ·) .
� ¸ K��=���

�,��UW�ef
λi
�Q�eX�£���`�Y�UWS�S� 8Um�eX���`�X=��S�aL�F�D\��W�eX�Y�X��k�D\5`���a�V�  M �=����a�g�UW� |λi| = mi�¶�D\��W�T\
i
� deXóS�Ue��`���a�S�X�K¦�X���`�X�� PÇ�D\��e�WX�Y� 8�ègL^<UeS YóX�£�§�Ue�H^�\�dW�<\�S�ªãa<\�S�U

Y� 8d ^�����a�`ã��\��

Lmass = − 1

2
n U † U M UT (U †)T nC + h.c.

= − 1

2
[λ1χ1χ

C
1 + λ2χ2χ

C
2 + · · · ] + h.c.,

� ¸ K ���C�
� ¸



dÁ��U
χi = U ni

�Û����UA���W`_\�Y_^,UeS�aL� � a�Rea�g�Ue�W��aL�/S�UW��`���a�S�X�K_ê��e��X_^,f�ReP5���e���
aL`�X�Y�X
�WX����'��ª�UWS�S� 8UQg�^,UeS� �a[`�X�` � \���`X��g�`�X���X5^<�

χα
����U¢����`_\�Y5^<��¨Û`��eX�£�X��[��X5^<���

X�����U¢��U¢^,UeS�S�X��c��a��<\_^,f�S�X��W`�f�¨Î�,��X_^<P�g<\�Ue�

Lmass = − 1

2
[λ1(χ1 + χC

1 )(χ1 + χC
1 ) + · · · ].

� ¸ K�� ¸ �
ê�S�`�Ue��UW�eS�XðX5`��
UW`�a�`�f-�]g�`�Xä�@\�S�S� 8�¶^�\�dW�<\�S�ªãa<\�Sÿ�
X=ª�UW`»£� ]`�fï����a�Y�UA��UeSÇ�
Y�a"�,P

Lmass = −1

2

∑
λiN iNi

� ¸ K��=I��
��P"`�Ue�ÎY�Y�UA��UeS�aL���T\5�
X��eX����"�Lª�UeS�S� 1����X_^,Ue�

Ni ≡ (χi +χC
i )
K�¦�X��W`�X�� P7���"X�dÁ��\

X�£�\»�D\��e�WX�Y� 1�ÇgL^,UWS<\
ML,R a

MD ����UA���W`_\�Y_^,UeS�  Yï^�\�dW�<\�S�ªãa<\�S�U��m`�XóUedWX
��a�\�deX�S�\_^,a�RT\�V�a�������a�Y�Xe��a�`Ð���D\��e�WX�Y�X�� P}gL^,UWS�P7�=X���a��e 8Y'\5¨Û§FUW� Pk¤c\���X��<\�S�X�Y��e��a�U
S�UW��`���a�S�XV�

NC
i = Ni

��K R X5^<UeU]��UW`_\_^<f�S�X/�@\5S�S� 8�[Y�X�����X��a�R�^,X=ª�UeSãYk��\5R���U¢^�\_�
��K ¸ ac�LK ¸ K���K

²HÆ ²HÆ ² Ï�Ð�Ñ�Ñ7Ò(ÐHÓ�ÔLÕ ç��'$�+���	�ô"ç
¡�\�a�£�X5^,UeU/��X��LP7^�����S�X����
Xe��U�^,f�¨HS�Ue�L`���a�S�S� 1�ä�D\��W�k��Y5^<��U�`�� ��`_\5�äS<\5RT 8Y�\�U��
�D\5� ¿ÁÀ�ÂeÂ � À�ÃTÄ]Å �
XT�,U�^,f # �=JN$ K1C/^<�¾����X��W`�X�`� åY�X�Ref��
Ue�û��X%Xe��S�X�� Pè^,UWY�X5�[a
����\�Y�X���X_^<����aLRTX�Y'\5S�S�X�� P}�eX���`�X=��S�a�¨ÿS�Ue��`���a�S�X�K5¤c\5�e�eX�Y� 8��gL^,UeS�^�\�dW�<\�S�ªãa<\�S�\
����U¢����`_\�Y5^,UWS¨� ¸ KNM��¢KTZä����UA����X5^<X7ªFUeS�a�a��=g�`�XÐY�R=\5a��
Xe��Ue����`�Y�a�U

ML νL ν
C
L

X�`���P"`��W`�Y�P�U�`X�
�D\��W�eX�Y� 8�&gL^<UeS�Yg� ¸ KNM7�1Y� 8d ^<���,a�`[��\��

M =

(
0 m
m M

)
,

� ¸ K��TOI�
dÁ��U

m
a
M
��a���\��"X�Y��e��a�Uma��D\���X��<\�S�X�Y��e��a�U��D\5�e�e �K7¦QP"`�UW������X��W`�X�deXÐ����UeX�£��<\_�

ReX�Y'\�S�aL���
X=ªãS�X��X�£�a�`�f�� �H�_g�`�X�£� ó�D\��e�WX�Y� 8U1g�^,UeS� 
m
a
M

£� 1^,aF��Ue\_^,f�S� 8�
a
a���X5^,X=ªãa�`�U¢^,f�S� 8�
a K�E�\���£� 1^,X���X���\5R=\�S�Xk�<\5S�UeUN�'��a�\�deX�S�\_^,a�RT\�V�a��ã�D\5`���a�V� 
M ����a�Y�Xe��a�`Ð���WP"§FUW�W`�Y�X�Y'\�S�a�¨ó��Y5P"���D\���X��<\5S�X�Y��W��aL��S�Ue��`���a�S�X��7g�f�a��eX�£���`�Y�UWS�S� 8U
�WX��W`�X7��S�a��&�D\��e�WX�Y�X��p�D\5`���a�V� |a��
Ue¨Ð`[Y�a"�

λ± =
1

2
[M ±

√
M2 + 4m2].

� ¸ K��7G7�
¦���UA����X5^,X=ªãa��|`�Ue��UW��f���g�`�X

M � m
K�ZÑ�W`�X��¾��^<P�g<\5U[Xe��S�X&�D\���X��<\5S�X�Y��W��X�U

S�UW��`���a�S�X[��`_\�S�X�Y�a�`�� �cX�g�UeS�f�`=�Lª�U�^, 8����\�Y�`�X���X�U}��^,UedW��a��8�

mheavy →M
a

mlight →
m2

M

� ¸ K��=���
�=I



Ìm`�XQ`_\���S<\5Re 8Y'\�Ue�
 8� ¿32 ÂeÂ � 2 Ã=Ä]Å �
U��'\�S�a�Re�ïY�X�RTS�a���S�X�Y�UWS�a�� � a�Rea�g�UW�e��aL�F�D\��e�
S�UW��`���a�S�X�K<B���X�£�S�X�Y�Y�Ue��`�a�PLdWX5^c�e�
UWÏ�a�Y'\�S�a��c�D\5�e�}��Y�P'�pS�UW��`���a�S�X���\��

tan θ ≈ m

M
� 1.

«/UedW�"X�UpS�Ue��`���a�S�Xï\��W�eX�V�a�a���P�U�`�� �Ç���D\5�e�eX��
mlight

aÿ����a�S�a��D\5UW`¥PLg�\��W`�a�U&Y
����X�V�Ue�W�T\_�����"X�`�X��� 8U��
 ½S<\5£5^,¨m�@\�UW���3Y�`�XpY���Ue� � ��\��ä`=��ª�U¢^,X�U�S�UW��`���a�S�X&�
�D\��W�eX��

mheavy

X�����U¢��U¢^<��U�`�ÏF��\_^<P�S<\���P"ÏFUWS�a����ea��
�
UW`���a�aH�'YÛ�@\�S�S�X�� ��^<P�g<\5U
^,UW��`�X�S�S�X�dWX¶g�a���^�\�KÐ¤&\��e��P

M
Y� 8£�a��<\�¨Ð`ÿ�<\5RW^<a�g�S� 8�ûX�£��<\5ReX��8K]¡�\�a�£�X5^,UeU

��X���P=^<����S�\5�äX�V�UWS���\��pÏF��\_^,\-� R=\=�@\�Y'\�UW�D\5�c`�UeX���a�Ue�¥Y�U�^<a��"X�deX�X�£NMµU¢��a�S�UeS�a��
� ¹ÛZ]ÈóÏ��L\7^�\���K=Ìm`_\Ð�
Xe��U¢^,f�
X7ªFUW`Ð£� ]`�fX�£�X�£�§FUWS<\8S<\]��^�PLg�\��/`���U��/S�Ue��`���a�S�X�K
� ��X��
X�§Ff�¨ ¿?2ÁÂeÂ � 2 ÃTÄ]Å �
U��'\�S�a�Re�D\Û^,UedW�"XQY�Y�UW�W`�a�a�Ue�<\����La�¨%S�Ue��`���a�S�S� 1�F�D\��e�
mνe,µ,τ ∼ (mu,c,t)

2/M # �=JN$ K R X_^,UeU���U�`_\_^,f�S�X�U���\��e�W�
X�`���UWS�a�U�Y�X�����X��T\8����a�Y�U¢��UWS�XY8�<\5£�X�`_\_� # �TO%$ K=Z�`_\�£_^,a�V�U�
�
  �,Ue�
X�S���`���a���P�UW�äS<\�£�X��� ¥X�V�UeS�X��/S�Ue��`���a�S�S� 1��D\��W��Y���\5RW^,a�g�S� 1���
Xe��U�^��L�@K
ÖO×]Ø�Ù5ÚIÛ

mνe 〈mνe〉 mνµ mντ

ÜAÝ�Þ�ß_àN×�áXâZà�ß_ã
1 − 10 MeV 0 0.1 − 1 GeV 1 − 100 GeVÖfß_äI×�Þ�ß_åI×�áXâZà�ß_ã æ ÞI×�Ý�ç]áX×_ÚIÛCå�ß_ã

mνe

æ ÞI×�Ý�ç]áX×_ÚIÛCå�ß_ã æ ÞI×�Ý�ç]áX×_ÚIÛCå�ß_ãè�é Þ�Ý æ Ú�Ù éUê Ý�ë]ërârßXì
í�î�í%ïxð¢ñ�îxò�ó?ô]ô5ðõó[ö]÷

10−13 eV mνe 10−8 eV 10−3 eVè
M ∼ 1016 GeV )ø¹ÞI×Cù�ÙZú�û é ×�ü�å�ý<ä ó?ô]ô5ðõó9ör÷

10−7 eV mνe 10−2 eV 10 eVè
M ∼ 109 GeV )
TeV

ó?ô]ô5ðõó9ör÷
10−1 eV mνe 10 keV 1 MeVè

M ∼ 1 TeV
ì

Ú�ÙZë]à�Ý�ä ó9ô]ô5ðõó9ö]÷
1 − 10 MeV � mνe þ þè

M � 1 GeV
ì

ç(ß_ÞNã�úcÙZå�å�ý<ä ê Ý�ë]ërâ
< 1 eV � mνe þ þ

¹�\�£5^,a�V�\ï��� ¤&Xe��U�^,aóS�Ue��`���a�S�S� 1�ÿ�D\5�e� # �TO�$ K 〈mνe〉
�¥� ��� UW��`�a�Y�S� 8Up�D\��e�W 

S�UW��`���a�S�X�K

�TO



·¹¸õÿ � Å�Ã��FË��"¼���� ¿"ÀHÁ�ÂÄÃ�¼c¿c¿c¾	� Å�Ì�
�¼������
�¼cÁ
ÈÐ��S�a��&a�RDS�\�a�£�X5^<UeU
a�S�`�Ue��UW�eS� 1�k����aL^,X=ª�UeS�a��k��P"§FUe��`�Y�X�Y'\�S�a�Um�D\��e�W ïS�Ue��`���a�S�X
��Y5^<��U�`�� �/� ��� Ue�L`ÛS�Ue��`���a�S�S� 1�/X��eV�aL^�^<��V�a��3K7Z1��UW��Y� 8UDX��eV�aL^�^<��V�a�a/S�Ue��`���a�S�X
�<\5�e�e�D\_`���a�Y�\_^,a��Wf�S�UWR=\5Y�a��ea��
X�Y��<\�£�X�`_\7� R K�¦�X�S�`�UW��X���Y�X # �TM%$3aY	�K�Ú Ã � � ��ÚïKÕÛÃ � Ã , ÃTÄ]Ã � À K ÀLÃ � ÃN8AÃ # ¸ �%$ K�C/^<��X���a��T\�S�aL���T\��
X���a"��UeaQ��X���`_\5`�X�g�S�XÛ��\��e�W�
X�`���U�`�f� ^,UW��Y�X���S� 8�k£'\_RTa��
S�UW��`���a�S�X��T`7K=U5KTS�Ue�L`���a�S�X��TP�g<\��W`�Y�P�¨Û§�aL�kY8��^�\�£� 1��Y�R=\5a��
Xe��Ue����`�Y�aL�L�@K
êQ`_\��H�m��^<� ��X5^,S�X�`� ���\��e�W�
X�`���a��û£'\5Rea��ä`���U¢��S�Ue��`���a�S�X

να = (νe, νµ, ντ )
�

�"X�`�X��� 8U/����U¢�,�W`_\�Y5^<UeS� ©Y�^�\�dW�<\�S�ªãa<\�S�U�Y5R=\�a��
Xe��UW���W`�Y�a��

Lint =
g√
2
W+

µ [ νeLγ
µeL + νµLγ

µµL + ντLγ
µτL ] + h.c.

� ¸ K��7Ê7�
ÈÐ��S<\]aLRmX��eX�£�UWS�S�X���`�UW���@\5S�S�X�dWX8^,\�de�<\5S�ª[a�\�S<\]�eX��W`�X�a�`}Y]`�X����=g�`�XÐX�S/�WXT����\�S���U�`
�¢^,Ue��`���X�S�S�X�U��3�
¨ÛX�S�S�X�UFac`_\�X�S�S�X�Uk^,UW��`�X�S�S� 8U�g�a��¢^�\�K3Zº��^<P�g<\�U��D\��e�Wa�Y�S� 1�
S�UW��`���a�S�X���X5^<�

να

S�UóX�£=��R=\5S�  �WX�Y��<\=�@\5`�fè�ó�D\5�e�eX�Y� 8�
a �eX���`�X=��S�aL���
aÑa
�WY���RT\�S�  �¥S�a��
a ��X��e��U¢����`�Y�X�� �D\5`���a�V� ��e�
U�ÏFa�Y�\�S�a����m��a<\�dWX�S<\_^,aLReP�¨Û§�Ue�
�D\��W�eX�Y� 8�&gL^<UeS�^�\�de��\�S�ªãa<\�S<\

να =
∑

i

Uαi νi

� ¸ K��=J��

� PLg�UW`�X��û�W`�X�deXó^�\�dW�<\�S�ªãa<\�S Y�RT\�a��
Xe��Ue���W`�Y�a��¾�
X=ª�U�`¶£� ]`�fÿ����U¢�,�W`_\�Y5^<UeS
��\��

Lint =
g√
2
W+

µ (ν1, ν2, ν3)L U
† γµ



e
µ
τ




L

+ h.c.,
� ¸ K��=M��

dÁ��UÛ�D\5`���a�V<\
U † �k^,Ue��`�X�S�S<\_���D\5`���a�V<\��W�
UWÏ�a�Y'\�S�aL�H�L\�S<\_^,X�dea�g�S�\5�[�D\_`���a�V�U�W�
UWÏFa�Y'\�S�a��ðY���Y'\�����X�Y�X��©�eUW��`�X���U�� � E/¤ # ¸ �_$ K È}`��
UW`�a���� g�`�Xä��P"§FUe��`�Y�P�UW`�
S�X=ª�UW�W`�Y�Xã����U¢����`_\�Y5^,UWS�a�����\�S�S�X����D\5`���a�V� ��,�e�8K �<S<\�����a��
Ue��� # ¸�¸ $ K

²HÆ æHÆ ¯ ������	�(�(#´��#	�	 �#�"����!#	���)ð*ð*,+�öµ�3��ç��
Zä����a��WP"`���`�Y�a�a�S�U¢��a�\�deX�S�\_^,f�S� 1����^,UW�
UeS�`�X�YÛ�D\_`���a�V� ð�e�
U�ÏFa�Y'\5S�a��H�eS�Ue��`���a�S�X
�@\5S�S�X�dWX � ^,UW��Y�X���\1R=\8Y���UW� �

t
�
X=ª�U�`��Ue��UW��`�akYS�Ue��`���a�S�X]����P�dWX�deX � ^,Ue��Y�X��<\-�

��Y�a�d¢\5���Wf»Y¥Y'\���P"P��
U�K1¤&  ReS<\�UW����gL`�Xð����X�V�Ue���eY�X5^,¨}V�a�a%S�UW��`���a�S�Xð�
X=ª�UW`
£� ]`�fã����U¢����`_\�Y5^,UWS���\��

|να(t)〉 =
∑

i

ei(~pi~x−Eit)Uαi |νi〉,
� ¸ K ¸ ���

�7G



dÁ��U��
 Ñ�e��\5ReP&ª�U��eY��LR=\_^<a � ^<Ue��Y�X���S� 8�¥aä�D\��e�WX�Y� 8� £'\5Rea��e �KµZ1UW��X=��`�S�X��W`�f
`�X�deX��<gL`�X�S�Ue��`���a�S�X

να
��Ue��UW����U�`�Y�S�Ue�L`���a�S�X

νβ
���@\�U�`�� �&Y� 8�<\5ªFUeS�a�UW�

P (να → νβ) = |〈νβ|να(t)〉|2

= |
∑

i

ei(~pi~x−Eit)UαiU
†
iβ|2

=
∑

i

∑

j

UαiU
∗
βiU

∗
αjUβj e

i(~pi−~pj)~xe−i(Ei−Ej)t
� ¸ K ¸ �X�

Z|��U�^<�L`�a�Y�a��W`��W�"X��|�¢^<P�g<\�U
p = |~p| � mi

a��eS�Ue��dWa�� S�Ue�L`���a�S�X��
X=ª�U�`�£� ]`�f
����U¢����`_\�Y5^,UWS<\[��\��

Ei =
√
p2 +m2

i ≈ p+
m2

i

2p
≈ p+

m2
i

2E
.

� ¸ K ¸�¸ �
¹#X�dÁ�@\�Y� 8�<\5ªFUeS�a�U � ¸ K ¸ �X�1����UWX�£��<\5RWP�U�`�� ����Y�a��<P

P (να → νβ) =
∑

i

∑

j

UαiU
∗
βiU

∗
αjUβj e

−i
∆m2

ij
2E

t,
� ¸ K ¸ I��

dÁ��U
∆m2

ij = m2
i −m2

j

Ue�W`�fã��\5RTS�a�V<\��D\5�e�eX�Y� 1���eX���`�X=��S�a��cS�UW��`���a�S�X�K
Zä�T\��
X�������X��W`�X��c�¢^<P�g<\�UD�e�
U�ÏFa�Y�\�S�a��Q��Y�P'�QS�Ue��`���a�S�XÛa�Y8����U¢�,��X5^,X=ª�UWS�a�a

X8�WX=�L�<\5S�UeS�a�a Þ \�� g�U�`�S�X��W`�a/P�S�a�`_\���SLPL¨¶�D\5`���a�V�P��W�
UWÏFa�Y'\�S�a��/�
X=ªãS�X8�<\��<\5�
UW`���a�RTX�Y�\5`�f
Xe��S�a��¶P�d ^,X��

θ
a�����UA���W`_\5Y�a�`�f[Y�Y�a���U

U = U∗ =

(
sin θ cos θ
− sin θ cos θ

)
.

� ¸ K ¸ OI�
¹�\���a��ÿX�£��<\_RTX�����Y�Ue��X=��`�S�X���`�f[X��eV�aL^�^<��V�a��c����a�S�a��D\�U�`[Y�a"�

P (να → νβ) =
1

2
sin2(2θ) − 1

2
sin2(2θ) cos

(
∆m2

21t

2E

)

= sin2(2θ) sin2

(
∆m2

21t

4E

)

= sin2(2θ) sin2
(
π x

Losc

)
.

� ¸ K ¸ G7�
Ó#\��e��`�X=��S�a�U��_S<\Ð�"X�`�X���X���\���dWP��
UWS�`

cos(∆m2
21t/2E)

�<\5Y�S���U�`�� �
2π
�TS�\5RT 8Y'\5¨Û`

�<^<a�S�X���X��eV�aL^�^<��V�a��

Losc ≡ 4πE

∆m2
21

=
2.48(E/MeV )

(∆m2
21/eV

2)
[m].

� ¸ K ¸ ���

�=�



¦�X���`�X�� P}S<\_^,a�g�a�UDX��eV�a�^�^<��V�a��k�
U�ª��<PQa���`�X�g�S�a��"X��ca}��U�`�Ue�L`�X���X���X�����UA��U�^���UW`�� �
��X � X���� P=^,U

(
π x

Losc

)
= 1.27

(∆m2
21/eV

2)(x/m)

(E/MeV )
.

� ¸ K ¸ Ê7�

²HÆ æHÆ ² ������	�(�(#´��#	�	 �#�"����!#	���)ð*ð*,���ï������*,�
¦���aãX���a��e\�S�a�aã����XT�'X=ª���UeS�aL��S�UW��`���a�S�XFg�UW��UWR�Y�UW§FUW�W`�Y�X � \5RTX�Y� 8� � \���`�X��[Y
P��<\�Y�S�UeS�a�af� ¸ K ¸ ���@S�P"ªãS�X]R=\��
UWS�a�`�fÛS<\

ipx→ inpx
�=dÁ��U

n
�Ûa�S"��Ue�"������U�^<X���^,UeS�a��

S�UW��`���a�S�X���\�S<\7^,X�dea�g�S� 8�¥a�S���UW����P¥����U�^<X���^,UeS�a��¥�eY�U�`_\&YpY�UW§�Ue��`�Y�U5K#ê�� ��XT�<�
a�R/X��L`�a�g�UW�e�"X��c`�UeX���Ue�
 ¾UWdeX��
X7ªãS�X�����UA���W`_\5Y�a�`�f[�L\5�

p(n− 1) = 2πNfα/p

dÁ��U
N
����UA���W`_\5Y5^<��U�`ä�eX�£�X��¥�L^,X�`�S�X��W`�fc�<\5�e�eUWa�Y'\5`�U�^,UW�ó�e��UA�� ��

p
��a��
��P=^,f��

S�UW��`���a�S�X}a
fα
��\5�
�L^,a�`5P=�<Pk��\��e�WUW��S�a��/S�Ue��`���a�S�X�K�¦�X��W��X_^,f���P��W��U¢�@\Ð�eX���`�X�aL`

Y�X��WS�X�Y�S�X��ºaLR�S�P��L^,X�S�X�Y�a �¢^,Ue��`���X�S�X�Y��3`�XpYp\��
�L^<a�`�PT�,P �<\5�e�eU���S�aL� £�PT�,P"`
�@\5Y'\5`�f»Y��L^�\7�, ¼RT\��'��ª�UWS�S� 1� aÇS�Ue��`��<\_^,f�S� 1�è`�X���X�Yó�<\��e�WUW��S�a�� S�UW��`���a�S�X
S<\ó��`�aL��g<\5�W`�a�V<\_���e��U¢�� �K¡�Ue�L`��<\_^<f�S� 8Uï`�X���a%�<^<� Y��WU��è`�a���X�YÿS�UW��`���a�S�X
a��,UeS�`�a�g�S�  ����a���\��e�WUW��S�a�a|S<\óS�P��L^<X�S<\_� a���^<Ue��`���X�S<\_�@KÛÈÐ��S<\��"Xð�<^<�

νe

�
S�UW��`���a�S�X�Ue��`�f�UW§�U�a���X���X5^,S�a�`�U�^,f�S� 8�pY��L^�\7�&X5`F�<\��W�eU���S�a���S<\���^<Ue��`���X�S<\_�
��X8��\�S�\_^<PQRT\��'��ª�UWS�S�X�dWX`�X���\Ð�
X�£��
UeS�X��

W+ £�X5RTX�S�X����T�e�8KT��a���K���K=Z1��^<U¢����`�Y�a�U

Z W+0

e- , Ne- , N e-

ν ν ν

ν

e, e, e

e

µ, τ µ, τ e-

Ó
a��5K�����Æ�UW��S��D\�S�X�Y��e��a�U��,a<\�de��\��
�
 ��,X���a��W 8Y'\�¨Û§�a�U���\��e�WUW��S�a�UkS�Ue��`���a�S�X�Y
Y�U�§FUW�W`�Y�U����¢^,UeY'\

νe,µ,τN
aL^,a

νe,µ,τe
�<\��e�WUW��S�a����mX�£��
UeS�X��¥	�� £�X�ReX�S�X����7�W���<\�Y'\

�
νee

��\��e�WUW��S�a�Uk��X�£��
UeS�X�� �%� £�X�RTX�S�X��8K
��`�X�dWX � \��L`_\Ða�S"��Ue�"�D����U¢^,X���^,UWS�a��/S�Ue�L`���a�S�X

νe

£�PT��UW`ÐX�`T^<a�g<\5`�f�� ��X5`a�S���UW���WX�Y

�7Ê



����U�^,X���^<UeS�a��¾S�Ue��`���a�S�X
νµ

a
ντ
�}����a�Y�Xe�,�|�©�WP"§FUW�W`�Y�UeS�S�X�� P a�RT�
UWS�UeS�a�¨

��\���`�a�S� ïX��eV�a�^�^<��V�a��kS�Ue��`���a�S�XÛY8�e��UA��U�K_Ìm`�X�`}� ��� UW��`Ð£� 1^kY���UW��Y� 8U
R=\��
UWg�UeS
Z1X_^,f � UWS��W`�Ue��S�X���Y��=M'Ê5J]deXe�,P # ¸ IN$ K=Z1��X���^,UA���W`�Y�a�aF¤&aL�'UWUeYÐa � �
a���S�X�YS<\_Ïk^,aX�����U¢��U¢^,UeS�S� 8U8P���^<X�Y�a����W��U¢�, �������a��"X�`�X��� 1���
X�dWP"`�Y�X�ReS�a���\5`�f���U�RTX�S�\�S��eS� 8U
��UW��U���Xe�� ðS�UW��`���a�S�X # ¸ O�$!� ¤ � Zä� ��� Ue�L`I��K7¡�\8�eUWdeXe��S��LÏFS�a�����UWS�fX�SQ��Y5^���UW`�� �S<\5a�£�X5^,UWU��¢^,Ued¢\�SL`�S� 8�º��UWÏ�UeS�a�UW�º����X�£5^,UW�
  �eX5^,S�Ueg�S� 1��S�Ue�L`���a�S�X # ¸ GX$¢���e�8K�<\_R���U¢^ ¸ K GLKNÊLK � P�`�f&��`�X�dWX&� ��� UW��`_\�����X���`_\�K�Ì ��� Ue��`�a�Y�S� 8�ïd¢\��
aL^,f=`�X�S�a<\�SH�
X���a��e 8Y'\5¨Û§Fa��kY�RT\�a��
Xe��UW���W`�Y�a�U�S�Ue��`���a�S�XÐ�
g<\���`�a�V�\��
ak�W��U¢�, ��_�
X=ªãS�X8����UA���W`_\5Y�a�`�f
��\�� # ���/$

Heff =
GF√

2
νeγ

µ(1 − γ5)e · eγµ(1 − γ5)νe =
√

2 GF Ne νeγ
0νe,

� ¸ K ¸ J��
dÁ��U

GF

�Û�"X�S��W`_\5S�`_\�ÆFUe���
a�a
Ne

�Û�L^,X�`�S�X��W`�f}�¢^,Ue��`���X�S�X�YÛ�W��U¢�� �K7Zm��^,UA���W`�Y�a�U
��`�X�dWXð��U�^���`�a�Y�a��W`��e��\5� �WS�Ue��dWa��%S�Ue��`���a�S�XQ� �e�8K
P��<\�Y�S�UWS�a�U ¸ K ¸�¸ ����X5^<P�g<\�U�`
��X���X5^,S�aL`�U�^<f�S� 8��Y���^�\7���<^<��S�Ue�L`���a�S�X

νe

��`_\��cS�\5RT 8Y'\5Ue�
 8��� �/� UW��`�a�Y�S� 8�
��X5`�UeS�V�a<\_^

Veff =
√

2 GF Ne

��a�RT\���a��W 8Y'\�U�`�� ����\��

E2
ν = p2 +

m2

2E
+ Veff .

� ¸ K ¸ M��
Ìm`�X�a�Re�
UeS�UWS�a�U}Y��WS�Ue��dWa�a�S�UW��`���a�S�Xk`_\5��ª�UÐ�
X7ªFUW`k£� ]`�f�R=\���a��T\�S�XkS<\���Re 8�"U
� �/� UW��`�a�Y�S�X��c�D\5�e�e ºS�Ue�L`���a�S�X[Y��e��UA��U��

m2 �

m2 → m2 + 2
√

2 GF Ne E ≡ m2 + A .
� ¸ K�I����

C/^<��`�X�deX/g�`�X�£� %��X�SL��`�f-�'�L\5��a��»a��
UeS�S�XkX�£��<\_RTX��¥Y5^,a���UW`Q�@\�S�S�X�UÐa�RT�
UWS�UeS�a�U
S<\ X��WV�aL^�^<��V�a�a¶S�Ue��`���a�S�X-�m�<\5�e�e�
X5`���a��HP��<\5Y�S�UeS�a�Uc�WY�X5^,¨ÛV�a�aÇS�Ue��`���a�S�XðY
�W��U¢��U �}PL��\�Y�S�UWS�a�UmZ1X5^,f � UeS���`�UW��S<\�K5Z¥�D\5�e�eX�Y�X��c£�\5RTa��WUm�WY�X5^,¨ÛV�a��/S�UW��`���a�S�X
X���a��e 8Y'\5UW`�� �&d¢\��
aL^<f7`�X�S�a<\5S�X��

H0

a�P��<\�Y�S�UeS�a�Ue�

i
d

dt
|ν(t)〉 = H0|ν(t)〉 .

¦�Ue��U��'Xe�,�/Y�X � ^,UW��Y�X���S� 8�k£�\5RTa��
S�\5Ï d¢\��
aL^,f=`�X�S�a<\�Sk����U�`�Ue����UeY'\5UW`Ûa�RT�
UWS�UeS�a�U
H ′

0 = UH0U
† �LdÁ��U�Y�����X���`�UW��ÏFUW�Ç��^�PLg�\�U}��Y�P'��S�Ue��`���a�S�X��D\5`���a�V<\

U
��\�UW`�� �

Y� 8��\5ª�UeS�a�Ue� � ¸ K ¸ OI�1a�d¢\��
aL^,f=`�X�S�a<\�S&a��
UeUWUW`ãY�a��

H ′
0 = p +

m2
1 +m2

2

4E

(
1 0

0 1

)
+

∆m2

4E

(
− cos 2θ sin 2θ
sin 2θ cos 2θ

)
.

� ¸ K�I��X�

�=J



¦�Ue��Y� 8U��,Y'\�g�^,UeS<\F�@\�S�S�X�deXãd¢\��
aL^,f=`�X�S�a<\�S<\ãS�Uk����a�Y�Xe�,�L`[�&�WP"§FUW�W`�Y�UeS�S� 8�
a�Re�
UeS�UWS�a������W�@\�Y'\5�QY��L^�\7�k`�X5^,f��"XYX�£�§Fa�� � \5ReX�Y� 8���
S�X=ªãa�`�U¢^,f��Ta��eX�X�`�Y�U�`���`�Y�UWS�S�X
S�UW�WP"§FUW�W`�Y�UeS�S� %��^<���@\_^,f�S�Ue��Ï�UedWX��<\��W�e�
X�`���UeS�a��3K�Zó����a���P"`��W`�Y�a�a�Y�UW§FUW�W`�Y'\
P��<\�Y�S�UeS�a�U �,Y�a�ª�UWS�a�� � ^,Ue��Y�X���S� 1��S�Ue��`���a�S�X`�UW��Ue��f}�
X=ª�UW`£� ]`�f����UA���W`_\�Y_^,UeS�X
��\��

i
d

dt

(
νe

νµ,τ

)
=

(
−∆m2

4E
cos 2θ +

√
2GFNe

∆m2

4E
sin 2θ

∆m2

4E
sin 2θ ∆m2

4E
cos 2θ

) (
νe

νµ,τ

)
,
� ¸ K�I ¸ �

dÁ��U��"X5^<a�g�Ue��`�Y�XpY�U�§FUW�W`�Y�\�P�g�aL`� 8Y'\�U�`�� �ï�
S�X=ª[aL`�U�^<Ue� √
2GFNe

K Z¾X�`T^,a�g�a�U
X�`X��eV�aL^�^<��V�a��kY8Y'\5��P"PL�
U��@\5S�S�X�U P��<\�Y�S�UeS�a�U�S�U
�
X7ªFUW`Ð£� ]`�f��U�ÏFUWS�X}\5S<\_^,a�`�a�g�UW�e��a
�<^�������X�a�RTY�X5^,f�S�X�� � P�S���V�a�a

Ne(t)
�_a��<^<�kUedWXÛ`�X�g�S�X�dWXQ��UWÏ�UeS�aL��a��e��X5^,f�RWPL¨Ð`

g�a���^,UWS�S� 8Uc�
U�`�Xe�� �K��&ÈÐ��S<\��"X¥����aÿS�Ue�"X�`�X��� 1�¶P���^<X�Y�a����ÎPL��\�Y�S�UWS�a�U
� ¸ K�I ¸ �
P�����X5§�\�U�`�� �3K

• ° ���¥������*,)»�p÷�)@����)L´����#),�%÷µ(#)����#)������,ý
NeZº�@\5S�S�X�����^<P�g<\5U�P��<\�Y�S�UeS�a�UF� ¸ K�I ¸ �Û�
X=ª�U�`&£� ]`�f���a<\�dWX�S<\_^,aLRTX�Y'\5S�Xpa

� ��� UW��`�a�Y�S� 8U/�D\��e�W ¾S�Ue�L`���a�S�X[Y��e��UA��U/�
X�dWP"`ã£� ]`�f�R=\���a��T\�S� ¾��\��

m̃2
ν1,2

=
A

2
∓ 1

2

√
(A− ∆m2 cos 2θvac)2 + (∆m2)2 sin2 2θ.

� ¸ K�I�I��
ZmY�U¢��UW�Ç� �/� UW��`�a�Y�S� 8�&P�deX_^ä�e�
U�ÏFa�Y�\�S�a���Y��e��UA��U

θmat

tan 2θmat =
∆m2 sin 2θvac

∆m2 cos 2θvac − A
.

� ¸ K�I�OI�
¹#X�dÁ�@\-��X�����UA��U�^<�L�F�<^,a�S�P�X��eV�aL^�^<��V�a��[Y�Y�UW§�Ue��`�Y�U

Lmat

g�UW��UWRÛ�<\5ReS�a�V�P
� ��� UW��`�a�Y�S� 1�&�D\��e��S�UW��`���a�S�X��,��X5^�PLg�\�Ue�

Lmat =
Losc√

(A/∆m2 − cos 2θvac)2 + sin2 2θ
,

dÁ��U
Losc =

4πE

∆m2
.

� ¸ K�I'G7�
Z���\=g�UW�W`�Y�Um��X_^,UWReS�X�deXÐ����a��
Ue�<\8�e��U¢�� ð�
��X��W`�X7��S�S�X��/�L^,X5`�S�X���`�f�¨ÎY�X��e��X5^<f�ReP�Ue�
� �
��\��<\��
U�`��<\��
a�� UW��^,a3K�¹�\����<^��V� Ue��^<a

Ne = 5.5 g/cm3 a��eX�X�`�S�X5ÏFUeS�a�Ug�a���^�\���^<Ue��`���X�S�X�Yã�&SLPL��^,X�S<\��¶£5^,a�Re�"Xã�¥�XS ¸ K�¹ \���a��¶X�£��<\5RTX������<^,a�S�\
X��eV�aL^�^<��V�a��ãYU� UW��^,U8����a��
UW��S�X/�<\�Y�S�\

Losc ∼ 2π×103 km
K'¦�X��W��X_^,f���P

��� y�u9tXtX���N�?�X�(q%s(�[~r���X�N�3q%u[tXtX{�uVy�u9�(�5nN{<�����C«_u9u[�F����y��X�%tX�(��t%p(w�q%�
�Xu[�9�(tNprt%�O�n�prt%tX�/y
~��%pr�/tXu9t%�X�I� £��/�r�(�X{�vYt%p�X�9{�£�u�t%u9vX�r�%�XtXtX{H«V�_���X�Cq%qX� �X�XvV�%tX�ru9�%�X�Xu9�(�X�X�(�_p]qN�¢�£Cpr£c�Xu9�[�(t%p(t%�?tX�/uÄ~_�?�CqNu9tX�Xu@�Xu[�Xu?«_�5n�px�5nNtX�(¦[�+�9�(�X�]p+tXu[vX�r�X�Xt%����n��X~�¦9�(v��
�=M



�,a<\��
UW`��� Ue��^,a»�<\�Y�UWS
12 × 103 km

��X��eV�aL^�^<��V�a�aóS�UW��`���a�S�X Y�� Ue��^<U
�
X�dWP"`�£� ]`�f���UWRTX�S<\�S��WS�X�P��WaL^,UWS� è����aãY� 8��X5^,S�UeS�a�aãP���^<X�Y�a�� | sin 2θ| ≥
0.1

K

• ! !����
+ï�p÷#�"!���ç��"���#),� ÷µ(�),����)������,ý#"#+"�
	�+��,+���	�õ#����ö�	#��÷�!#��� �"(
� X�d ^�\��eS�X�S<\5Ï�a��»����U¢����`_\�Y5^,UWS�a����ÿX � X5^<S�V�U���UedWXk�W��U¢��\k����UA���W`_\5Y5^<��U�`
�WX�£�X����W��U¢�<P���Ue��Ue�
UeS�S�X�����^,X�`�S�X��W`�aH�7�
X�g�UeS�fÐ��^,X�`�S� 8�&���,��X��8K=E�X�S�V�UeS�`��<\�V�a��
�¢^,Ue�L`���X�S�X�Y

Ne

S<\8��X�Y�Ue���LS�X���`�a�����a��
Ue��S�XÛ��\�Y�S<\
10−4 a����"X�S�V�UWS�`���\�V�a�aY�S�P"`���a � X5^,S�V�\�K=ZäX�£�§�Ue��Y�a���U
S�U PT�@\5UW`�� ����a<\5deX�S<\7^,a�RTX�Y'\5`�f� �/� UW��`�a�Y�S� 8�

d¢\5�
aL^,f=`�X�S�a<\�S/a/�WS�Ue��dea��/S�UW��`���a�S�S�X��k�ea���`�Ue�
 ��7aL�Q� ��� Ue��`�a�Y�S� 8U��D\��W�e ��
����U¢����`_\�Y5^<��¨Û`�� �FY8Y�a��,U
�D\5`���a�V� »�
X�`T^<a�g�S� 8�
akX�`S�P=^<��S�UA��a<\�dWX�S<\_^,f�S� 8�
a
�¢^,Ue�
UWS�`_\��
a3K�ÈÐ��S<\��"XUe�¢^,a�X�S�a��D\_^, »��XÐ�W�<\�Y�S�UeS�a�¨ÿ����a<\�dWX�S<\_^<f�S� 8�
aH�
`�X�eX���`�X=��S�aL�

νm
1,2

�
X�dWP"`Ð£� ]`�f�<\5�e�e�
X5`���UWS� ð��\��/�eS�UW��deU�`�a�g�UW�e��a�U1�eX��W`�X=��S�a��3K
Ìm`�X8P���^<X�Y�a�UDa�S<\5Re 8Y'\�UW`�� �F\=��a<\�£'\_`�a�g�UW�e��a��c����UA��U�^<X��8K7¦���a��W`�X��&X�`�S�X��Wa�`�U¢^,f�S�X�U
aLRT�
UeS�UeS�a�U

Ne

�D\7^,XFS<\/�<^<a�S�UQX��WV�aL^�^���V�a���Y�Y�UW§�Ue�W`�Y�U
Lmat

��`7KLU�K # �7GC$ �

1

Ne

dNe

dr
� ∆m2 sin2 2θvac

2E cos 2θvac
=

4π tan 2θvac

Lmat
.

`�a��¢^,UeS�S�X[\=��a<\�£'\_`�a�g�UW�e�"X�U�P��¢^,X�Y�a�UQ�<^<� � X5^<S�V<\�a��
UeU�`[Y�a"�
(∆m2/eV 2) sin2 2θvac

(2E/MeV ) cos 2θvac
= 5.7 × 10−10 1

Ne

dNe

dr
.

¦�X�Y�UA��UeS�a�U��WX�£���`�Y�UWS�S� 1�ÿ�eX��W`�X=��S�a��ÿ�ea���`�Ue�
  �L\5� � P�S���V�a��ÿ�L^,X�`�S�X��W`�a
�¢^,Ue��`���X�S�X�Y��W��U¢�, ½��X���\5RT\�S<\�S<\���a��WP�S��"U ¸ K3¦���a

A = Ares = ∆m2 cos 2θvacReS<\��
UeS�\5`�U¢^,fkP��<\�Y�S�UeS�aL�g� ¸ K�I�OI�#��`���UW�
a�`�� �[��SLP7^<¨�a�P�deX_^��W�
UWÏFa�Y'\�S�a��
θmat�<\5Y�UeS

π/4
��g�`�X��eX�X5`�Y�U�`��W`�Y�P�U�`¥�D\��"�ea��D\_^<f�S�X�� Pï�e�
U�ÏFa�Y'\5S�a�¨ � ����X�a�� ��Xe��a�`

��U�RTX�S�\�S��eS�X�UcP��WaL^,UWS�a�U X��eV�aL^�^<��V�a��!�¢K]Ó#U�RTX�S�\�S��eS� 8U P���^,X�Y�a��Ç`_\5��ª�U��
X�d�P"`
£� ]`�fã����U¢����`_\�Y5^,UWS� ©��\��

Ne = N res
e =

∆m2 cos 2θ

2
√

2GFE
.

� ¸ K�I����
¹�\���a��ÿX�£��<\_RTX������
 ºa��
UeUW�¶`���ac�<\_RTS� 8U/X�£5^�\5�W`�a �

• Ne � N res
eZ©�¢^<P�g<\�U���X�dÁ�@\&�L^<X�`�S�X��W`�f&��^,UW��`���X�S�X�Y&�e��UA�� H�D\_^�\0��Y5^,a���S�a�U��e��UA�� 

S�UWRTS�\7g�a�`�U¢^,f�S�XãapP�dWX5^&�e�
UWÏ�a�Y'\�S�a���Y��W��U¢�,U/���<\���`�a�g�Ue�W��ac��\�Y�UeS�P�d ^<P
�W�
UWÏ�a�Y'\�S�aL�&Y�Y'\��LP�P��
U5K

¸ �



2

N eN e

νµ

νe

ν1

ν2m

2

ν

1

2

res

m2

m

Ó
a��5K ¸ �pÌ ��� Ue��`�a�Y�S� 8U �D\��e�W  S�UW��`���a�S�Xû��\�� � PLS���V�a�a �L^,X�`�S�X��W`�a
Ne

K
ZÝ�¢^<P�g<\�U �"X�dÁ�@\©S�UW` X��eV�aL^�^<��V�a��H� � ^,Ue��Y�X���S� 8U �WX�£��W`�Y�UeS�S� 8U �eX���`�X=��S�aL�
�WX�X�`�Y�UW`���`�Y�P�¨Ð`ÍÏ�`���aL�'X�Y� 8�r^,a�S�a����8K�Z �¢^<P�g<\�U¾\=��a<\�£'\_`�a�g�UW�e�"X�dWXÍ¤ � Z��
� �/� UW��`_\ �W�L^,X�Ï�S� 8U ^<a�S�a�a ����UA���W`_\�Y_^<��¨Ð` ��X�Y�U¢��UWS�a�U � ^,Ue��Y�X���S� 1�
S�UW��`���a�S�X�� �<^<����U�`_\_^,Ue�&�e�8K�`�Ue�"�W`���K

• Ne � N res
eC/^<��X�g�UeS�f�£�X5^,f�Ï�X��ä��^,UW��`���X�S�S�X��ï�L^,X�`�S�X���`�a¥�
  a��
UWUe�

θmat ≈ π/2
K

¡�\Q��a��WP�S��"U ¸ �@\�S�S� 8����U�ª[a�� �WX�X�`�Y�UW`���`�Y�P�UW`k`�X�� P��'g�`�X�S�UW��`���a�S�X
νe =

νm
2

�Wa/Y����U¢��U¢^,UD£�Ue�W��X�S�Ueg�S�X��k��^,X�`�S�X��W`�a�X��WV�aL^�^<��V�a�a/S�Ue�L`���a�S�X}a��Wg�UWRT\�¨Û`7K
• Ne = N res

eCF\�S�S� 8����UWªãa��p��Y5^<��UW`�� ��S<\�a�£�X_^,UeUDa�S�`�Ue��UW�eS� 8���=`_\��/��\��
θmat

��`_\�S�X�Y�a�`�� �
��\�Y�S� 8�

π/4
��a��
 ÿa��
UeUW�ï��U�RTX�S�\�S��eS�X�U8P��ea�^,UeS�a�UÛX��WV�aL^�^���V�a���Y��e��U¢��U5K

¡�\�����a��
Ue���TUe�¢^,akY8S�U¢���<\7� � X5^,S�V�\£� 1^���X�`�X��/S�UW��`���a�S�X
νe

�e�
� ��� Ue��`�a�Y�S�X��
�D\5�e�eX��/g�\��W`�a�V� 

m1

�e`�XÛ����a���Ue��U¢�'Xe��Um�e��UA�� »X�`
Ne ≥ N res

e

�
Ne ≤ N res

e����X�a�� ��XT�,aL^�£�  ¿ ��Ue��U��'Xe� Å �D\��e�WX�Y�X�dWX��eX���`�X=��S�a���a�S<\QY� 1��XT�,UÐaLR8�e��UA�� 
Y�X�RTS�a��L\7^,a £�  S�Ue��`���a�S�Xº�eX���`_\

νµ

�Î�D\��e�WX��
m2

K�Ìm`�X���U�RTX�S<\5S��eS�X�U
��X�Y�U¢�,UeS�a�U�a�S�X��Wa�`[S�\5RTY'\5S�a�U�� ��� Ue��`_\[¤ � Z}K

Z1UW��X=��`�S�X��W`�f[��UW��U���Xe�@\�Xe��S�X�deX��eX���`_\�S�Ue��`���a�S�X�Y�����P�deX�U�Y�Y�U�§FUW�W`�Y�Uk� ��X7ª�\
��Y'\��LP�P��
S�X��&Y�UW��X=��`�S�X��W`�f�¨Ña��@\5UW`�� �&Y� 8�<\_ª�UeS�a�Ue�

P (νe → νx) = sin2(2θmat) sin2
(
π x

Lmat

)
.

� ¸ K�I'Ê7�
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·¹¸%$ &'�"À�(cÂ>Ã"Å)�FË)*!¿c¼�ÂÄ¿c¾�À Ì,+�Å<Á"Ì Â-+�Ë ¿cÀHÁcÂ>Ãc¼c¿cÅ
¡�Ue�W�
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(F αβ = ∂αAβ − ∂βAα) =




0 −E1 −E2 −E3

E1 0 −B3 B2

E2 B3 0 −B1

E3 −B2 B1 0
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 1�¥�¢^,Ue��`���X�S�X�Y�Yã����UW��S�X��

β
� �<\5�e�<\7�,U�K

¤c\5�e�T\ÎS�UW��`���a�S�X
mνe

Y5�'Xe��aL`%Yÿ�eX�X�`�S�X�Ï�UeS�a�Uï�
UWª��,Pè�"X�S�UWg�S�X��|�eS�UW��dea�UW�
E0

a �D\��"�ea��D\_^<f�S�X��ä��a�S�UW`�a�g�Ue�W�"X��»�WS�Ue��dWa�Ue�ï��^,UW��`���X�S<\
Emax

e

�¢^,U¢�,P�¨Ð§Fa��
X�£��<\5RTX��8��?

Emax
e = E0 −mνe = Mi −Mf −me −mνe,

� ¸ KËO'���
dÁ��U

Mi

a
Mf

�}�D\��e�W ïS�\7g�\_^,f�S�X�deXa���X�S�Ueg�S�X�deX����UW�3K=Z&�@\�S�S�X��p�e�"�e��Ue��a��
UWS�`�U
a�RWP�g<\�UW`�� � �e��UW��`�� �¢^,Ue��`���X�S�X�Y��

Ee

�ÐY�£5^<a�RTa|`�X�g���a
E0

`_\����}g�`�Xè�<\5RTS�X��W`�f
E0 − Ee ≡ ∆E

a��
UeUW`ï��X��'�"��X��
mνe

K�ÈÐ��S<\��"X¥����að�@\�S�S�X��¶�WS�Ue��dea�a¶g�a���^<X
�<\5�e�<\7�,X�Y��W`_\�S�X�Y�a�`�� �cX�g�UWS�f��D\_^, 8�8K,¦�X��W`�X�� Pp�eX�Y���Ue�
UWS�S� 8U/�e�"�e��Ue��a��
UWS�`� 
��X�a�Re�
Ue��UWS�a�¨ �D\��e�W 

νe

� S�Ue��`���a�S�Xãa��e��X_^,f�ReP�¨Ð`��e�"�W�L^,¨ÛRea�Y�S� 8�c����X�V�UW�e�

3H → 3He+ e− + νe ,

�"X�`�X��� 8� a��
UeU�` S<\�a��
UWS�f�ÏkPL¨Ý`�X�g���P|X��"X�S�g<\5S�a��¾�W��U¢�,aÑY��eU��
β
� �<\��W�<\7��X�Y��

E0 = 18.59 keV
KA@Ð¦�X��e�"X5^<f���PpY���UW� ����X5^<P��<\��W�<\7�@\�`���a�`�a��c����a��
UW��S�Xã�<\�Y�S�X

12.33
�,�W���W��Ue��a��
UeS�`_\_`�X��<\5�|����a��'Xe��a�`�� �ïa��e��X5^<f�RTX�Y�\5`�fãX�g�UeS�f�a�S�`�UeS��Wa�Y�S� 8U
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E2

0/2Mf

�
EGF p(�?�(� � q%�X�(u9�%p(�r~��XuGy��Z¬�tX� �/�?�(�Xu9�r�%�rs �(�X�%u3nNu9q%u9tX�%u

E0

£�p(£
Q
�9t%pZ�%u9tX�Xu/��(�X�%u3nNu9qX�Xu[y��/u<�({��%pr¬xu9t%�Xu[y

E0 − me

�IH nNt%pr£����?nNu[�9sAy�{g�X�X��nNu[�_¬¹�%�/pru5y'�¢���(�X�Xu?nNu?qNu9tX�C�
E0

�Cn�prtXt%�(¦9�+���({��Np]¬xu[tX�X�KJ=±C� ³/µML3�
¸ G



a���`�X�g�S�a���a�`���a�`�aL�H�3g�`�X�£� º��X��W`�a�g�f�S�UeX�£=��Xe��a��
X��ä��`_\5`�a���`�a���a3KµZ|X��WS�X�Y�S�X��
a��W��X5^,f5ReP�¨Û`c� ª[a�ªFUeS�S� 8U # ¸ Ê0� ¸ JX$DaL^,aïRT\��
X���X=ª�UWS�S� 8U # ¸ MN$ 3H2

a���`�X�g�S�a���a3K
C���P�dea��&Y'\_ª[S� 8�&\��W��Ue��`�X��cY8aLRT�
Ue��UeS�a�ak��a�S�UW�D\5`�a�g�Ue�W��X�deX}�W��Ue�L`��<\��Y5^<��UW`�� �
�<\_RT��U�Ï�\�¨Ð§�\5�Î�W��X��eX�£�S�X���`�f �e��UW��`���X��
UW`��<\�K�¡�\�aL^<P�g�Ï�a�Up��UWRWP7^<f7`_\_`� û£� 1^<a
S<\5����UeS� »�eX�W��Ue��`���X��
U�`���X�� ¿?25��; Â_�-�7���"6ÁÂ/8 Ã�65���=� , 2 J ÂMN(8Z6[�7�ãÂ(8 Â/6 Å � À Ù À �@a���^,UW��`���X��W`_\5`�a�g�UW�e��a��
� aL^,f=`���X�� # I��%$ K=Ó#\5RT��UWÏFUWS�a�Um��X8�eS�UW��dea�a���^<Ue��`���X�S<\-�=�"X�`�X���X�U
PT�@\_^<X��efm��X�£�a�`�f�� ��<\5Y�S�X

∆E = 5 eV
KQZ `_\5£5^,a�V�U ¸ �
 å�WP��
�
a���X�Y'\_^,a ����U¢��U¢^, rS<\%�D\5�e�WP

mνe

��a�� ��Xe�,��a�R8��X���^,UA��S�aL���W�"�e��UW��a��
UeSL`_\_^,f�S� 1���@\5S�S� 1�@K'Z1�WU]�e�"�e��Ue��a��
UWS�`� 
S<\5£5^,¨m�@\�¨Ð`Ða�RT£� ]`�X��/�eX�£� ]`�a��/Y8��X�S�Ueg�S�X��/`�X�g��"UD����a�Y�X��/E�¨Û��aH�Ta�S�`�UW������U�`�a���P�Ue�
X��
��\��ïX�`���a�V<\5`�U¢^,f�S� 8U�ReS<\=g�UeS�a��

m2
νe

K Ìm`�X�` � \���`X�µP���\5RT 8Y'\5UW`äS<\�S�U¢�,X��W`_\5`�X��
a�S � X����D\�V�a�aãX��Wa��W`�Ue�D\5`�a�g�Ue�W��aL�pX5ÏFa�£���\_��������a���P"`��W`�Y�P�¨Û§�aL��Y���X��W`_\�S�X�Y��"U
�W���W��Ue��a��
UeS�`_\LK

Ü�O0J Â_6[����Â_��8
m2

νe
(eV 2) mνe(eV )Ô ��2 Ø ; Ã����72 # ¸ ÊC$ −147 ± 68 ± 41 < 9.3D ÕQÀ¨BÄ� � .�� # I��/$ −65 ± 85 ± 65 < 13	�* 65�PN]4 # I ¸ $ −24 ± 48 ± 61 < 11Ú Ã����RQ # ¸ M%$ −39 ± 34 ± 15 < 7.2Ô �TS�Â/65���76 Â # I�O�$ −130 ± 20 ± 15 < 8¹Ð��X�a�V�� # ¸ JN$ −18 ± 6 < 4.5� ��U¢��S�UeU −58 ± 25

¹�\�£5^,a�V�\ ¸ ��¤�a���X�Y� 8U��@\�S�S� 8U���X�X�����UA��U�^<UeS�a�¨
m2

νe

� Y��
Ue��`�U���P���\5R=\�S�S� 8�
a
��`_\5`�a���`�a�g�Ue�e��a��
aóa �ea���`�Ue�D\_`�a�g�UW�e��a��
aóX�ÏFa�£��L\5�
a!��Kµ¦���UA��U�^»S<\��D\��W�WP

mνe�WX�X�`�Y�UW`���`�Y�P�UW`�M'GW&ÍPL��X�Y�S�¨|��X���`�X�Y�Ue��S�X��W`�a K

�pô"ç���!��"�#	µ´¶ç�+<�'���
mνe

	µôp� +����#��$Ç÷#) ! �3÷#�"!��#),*,),� Ð�U»¯ ·,ú@±RV
¡�\X��eS�X�Y�U�\��W`���X � a�RTa�g�Ue�W��aL�k��\�S�S� 1��`_\��Lª�Um�
X=ªãS�XÐ��X5^<P�g<\5`�f}a�S � X����D\�V�a�¨
X��D\5�e�T\7��S�UW��`���a�S�X�KµÈÐ��S�a�� a�R�X�£�MµUW��`�X�Yã�<^<��aLReP�g�UeS�a��ä��Y5^���¨Û`�� � Y�RT�� 8Y� 
� P���UW��S�X�Y� 1�@K_Z1X8Y���Ue� ��Y�Re�� 8Y'\ Þ P���Ue��S�X�Y�X��/X�de��X��
S�X�U
�"X5^,a�g�Ue��`�Y�XÐS�Ue�L`���a�S�X
a��W��P��W��\�UW`�� ��R=\��"X���X�`���a�������X��
UWª�P"`�X��&Y���Ue�
UWS�aH� ∼ 10

�
aL^�^,a��eUW��P�S���K bD�¢^,a
S�UW��`���a�S�Xpa��
UeU�`p�D\��e��P7�@�
X7ªãS�X�S�\�£5^,¨m�@\_`�f��<\5ReS�a�V�  Y�X[Y���Ue�
UWS<\_�c����aL��Xe�@\
S�UW��`���a�S�X�K R X5^,UeU[�eS�UW��deU�`�a�g�S� 8UcS�UW��`���a�S�Xc��X��W`�a�d¢\�¨Ð`ï��X�Y�Ue���LS�X���`�f¥� Ue��^<a
£� 8��`���UWUm�WY�X�aL�QS�a�Re��X��eS�UW��deU�`�a�g�S� 1�F�<\5��`�S�UW��X�Y�K7Ó#\5RTS�a�V�P��
UWª��,P��Y�P�� ���eX�£� ]`�a����
a

¸ �



i
a
j
�
X=ª[S�X�X�V�UeS�aL`�f��L\5�

∆t ≡ ti − tj = (t0,i − t0,j) +
L

c

m2
ν

2

(
1

E2
i

− 1

E2
j

)
.

¦�X���`�X�� P��eRTS<\_���<\5RTS�a�V�P�Y�X8Y���Ue�
UWS�aka��e��P��e��\�S�a��
t0,i−t0,j

S�UW��`���a�S�XÐ���WS�Ue��dea����
a
Ei,j

aäa�� Y���UW�
UeS<\��
a ����a�£� ]`�aL�
ti,j
� �
X7ªãS�X�S<\5��`�a ����UA��U�^»S<\��D\��W�WP���X��"X7�

S�UW��`���a�S�X�K_ÈÐ��S�a��&a�RDReS<\��
UeS�\5`�U¢^,f�S� 1�/�WX�£� ]`�a��ã�=M�J'Ê1deXe�@\8�W`_\7^FY�Re�� 8Y � Y�Ue���LS�X�Y�X��
��Xe��S<\5ReY'\�S�a�Ue� À�Õ �=M�J'Ê5ØÎ�W�"X�`�X��� 8������X�a�RTX�Ï�U�^�Y8�e�"X��L^<UeS�a�a R X5^,f5ÏFaL��¤c\�deU¢^�^�\�S�X�Y� 1�
ÈQ£5^�\5��X�Y8S<\8�<\��e��`�X=��S�a�a

L = 51.8kpc
K=Ìm`_\Y��e�� ]ÏF��\Ð£� 1^�\]R=\���UWdea���`���a���X�Y'\�S�\

�<\_RW^,a�g�S� 8�
akS�Ue��`���a�S�S� 8�
a�X�£��eUW��Y'\5`�X���a����
a��
a��<\-�TY]`�X��cg�a���^,UD�"X5^�^,\�£�X��<\5V�a����
a
× Ã������ � Ã��-��Â # I'GX$�aUD Ú�) # I�IN$ K=ZcRT\�Y�a��Wa��
X��W`�a�X�`�
Xe��U¢^,a/����U¢�,U�^, ��=��X��W`_\�Y5^<UeS�S� 8U��`�a��
ap�"X5^�^�\5£�X��<\�V�a����
aH��Y'\���f�a���P�¨Û`�� ��X�`

mνe < 6 eV
��X

mνe < 30 eV # I��%$ K
�pô"ç���!��"�#	µ´¶ç�+<�'���

mνµ,ντ

ZäX�`T^,a�g�a�UDX�`a�Re�
Ue��UWS�a��k�D\��e�W ï�¢^,Ue��`���X�S�S�X�deXÛS�Ue��`���a�S�X-�
mνe

�T�W���W��Ue��a��
UeS�`� 
��X8aLRT�
Ue��UeS�a�¨ÿ�D\��W�e 

mνµ

a
mντ

S�Ue�L`���a�S�XÛX��WS�X�Y� 8Y�\�¨Û`�� �kS�\]���'���
X���a�RT�
UW��UeS�a�a
S�UA��X���`_\�¨Û§�Ue�»�D\5�e�e ÑY���^,\�£� 1�ä����X�V�UW�e�T\7� Kµ¦���UA��U�^»S<\��D\��W�WP

mνµ

S<\7�'Xe�,��`X�
S<\5����a��
UW�H� a�RF�<\��e��\7�@\

π+ → µ+ + νµ

K � XT����\�S�UeS�a�U��eS�UW��dea�aL� a��
�LP7^<f��T\ã�<^<�
�@\5S�S�X�����UT\5��V�a�a�����a�Y�XT�,a�`[��Y� 8�<\_ª�UeS�a�¨¾��^<���D\��e�W 

m2
νµ

�

m2
νµ

= m2
π +m2

µ − 2mπ

√
p2

µ +m2
µ

� ¸ KËO"Ê7�
¦�X���`�X�� P¶��^<�%�@\�S�S� 1���W�"�e��UW��a��
UeSL`�X�Y%X�g�UeS�fÿY'\5ªãS�Xð`�X�g�S�X�U X�����U¢��U¢^,UeS�a�U
a��
�LP7^<f��T\»�
¨ÛX�S<\-�

pµ

�DY��
Ue��`�U���`�X�g�S� 8�âa�RT�
UW��UeS�a�Ue�â�D\��e�
mπ

a
mµ

��g�`�X
��X5RTY�X5^���UW`S�\���`�a/X�dW�<\�S�a�g�UeS�a��/S<\8�D\��W�WP}�
¨}X�S�S�X�deXS�UW��`���a�S�X

mνµ

K=¡�\]�WUedeXe��SL��ÏFS�a��
��UWS�f�S<\�aL^<P�g�Ï�a��c����U¢��U¢^äS<\5����UeS�de�LPL����X��g\ À D # I�Ê%$ �

m2
νµ

= −0.022 ± 0.023MeV 2 ⇒ mνµ < 160 keV (90% C.L.)

¦���a�X�����UA��U�^<UeS�a�ak�D\��e�W ¥`_\5X�S�S�X�dWXÛS�Ue��`���a�S�XÐ�e�"�e��Ue��a��
UWS�`_\5`�X��� Î�W`_\_^<��a�Y'\�¨Ð`�� �
� RT\5`���PT��S�UeS�a�UW���7��X5`�X���X�U�Y�X�RTS�a��L\5UW`Ða�RW� R=\8£�X5^<f�ÏFX����D\��W�e  `_\�X�S<\8aH�e��^,UA��X�Y'\5`�U�^,f�S�X��
£�X_^,f�ÏFX�deX � \_RTX�Y�X�deX[����X��W`��<\�S���`�Y'\�P&��`�X��&��UT\5��V�a�a3K@¡�\�aL^<P�g�Ï�a�������U¢��U¢^�\��
S<\]�D\5�e�WP

mντ

�@\�UW`��\��e�<\=�
τ → 5π+ντ

K=E�X5^�^�\�£�X��<\�V�aL��ØQÔµÜ�\ ß S<\]P��e�"X���a�`�U¢^,U
ÔµÜ�\�RT\���UedWa��W`���a���X�Y'\_^�\ÛI�J1`_\���aL���eX�£� ]`�a��H�=`���a/aLRm�"X�`�X��� 1��a��
Ue¨Û`]��X���X5^,S�aL`�U�^<f�S� 8U
π0 # I�JN$¢�"a���X��W`_\�Y�aL^�\��¢^,U¢�,P�¨Ð§FUeU�X�de�<\�S�a�g�UeS�a�UQS<\/�D\��e��P�`_\5X�S�S�X�dWXFS�UW��`���a�S�X��\��

mντ < 23.1 MeV (95% C.L.) .

¸ Ê



²HÆ é Æ ² W ö���÷#�"!�	#ç��"����� ÷�)ð÷�),	���öµ�Ç��+�!µ�YX¥����	µ´Ç(#��÷���),���#),ñ�)»õ#	#��(�+
C�Y�X���S�X��

β
� �<\5�e�<\7�ÿ��Y5^<��UW`�� �ÎX�g�UeS�f ��UA����a�� ����X�V�Ue�e�WX���� �"X�`�X��� 8�ÿa���UW`¥Y�X

Y�`�X���X��Î��X��"�"���"U}`�UWX���a�apY�X5RT� P"§FUWS�a���dÁ��UQY�X�Re�
X=ª�UeS���UW��U���Xe�ä�
U�ª��,PF��Y5PL� �
�"���<\��
aF�m�eXT�L�<\�S�UWS�a�UW�¥�D\5�e�eX�Y�X�deX}g�a���^,\-�5S�XQa�RT�
UWS���¨Ð§FUW�¥Y�U�^,a�g�a�S�P/R=\��'����\
S<\k��Y�U/UA��a�S�a�V� �K�CFY�U/Y�X�RT�
X=ªãS� 8U��
Xe�� ¾�<\��W�<\7�@\�Y� 8d ^����,�L`[��\��

(Z,A) → (Z + 2, A) + 2e− + 2νe (ββ2ν),

(Z,A) → (Z + 2, A) + 2e− (ββ0ν),

aó�e\��
aó����X�V�Ue�e�W  � ��Ue�D\5`�a�g�Ue�W��a%����U¢����`_\�Y5^,UWS�  S<\���a��WP�S��"UpO�KÄb}X�`=�
ββ2ν

�

e

νe

e

d(n) u(p) u(p)d(n)

e
e

d(n) u(p)

ν
e

ν

d(n) u(p)

W

W

W

W

νe

e

Ó
a���K,O��<Æ�UW��S��D\�S�X�Y��e��a�U��,a<\�de��\��
�
 ��<X���a��W 8Y'\�¨Ð§Fa�U
ββ2ν

a
ββ0ν

�<\��e��\7�� 

�<\5�e�<\7�º�
X=ª�U�`óa��,`�a Yð��Ue��Y�X��Í��X��'�"���"U�`�UeX���a�a Y�X�Re� P�§�UeS�a��H�]X�SèS�Up�@\�UW`
��\��"X��L� ^,a�£�X��X_^,UWReS�X���a�S � X����D\5V�a�a}�<^<� � a�Rea���a/S�Ue��`���a�S�X�K7¡/\5����X�`�a�Y��T£�U�RTS�UW��`���a�S�S� 8�
ββ0ν

���<\��W�<\7�>�,�"X�`�X��� 8����X5^�ª�UeS&a��
UW`�f�Y�a���X��W`���X�dWX���a���\ãYã�eS�UW��deU�`�a�g�Ue�e�"X��
�W��Ue��`���U

β
��g<\���`�a�VH�#R=\�����UW§FUWSÇYä�<\5�
�L\7� � ¤¥� `_\��ÿ��\��ÎX�SóS<\��LP�ÏF\�UW`¥R=\5��X�S

�WX=�L�<\5S�UeS�aL�º^,UW��`�X�S�S�X�deXÇg�a���^,\¶S<\ð��Y�U¥U¢��a�S�a�V� �KÛ¦�X��W`�X�� P7�ÐUe��^<a��@\�S�S� 8�
����X�V�Ue�W�k��P"§FUe��`�Y�P�UW`X� `�X�`�X5^,f��"X�£5^�\�dWXe�@\��'�

• X�£��
UeSLP��D\���X���\�S�X�Y��W��a��ÿS�Ue�L`���a�S�X���`7K<U5K
νe = νe

�
• ����a�g�UW� S�Ue��`���a�S�X���X5^�ª[S�X[a��
UW`�f�X�£�UF�W��a��<\_^<f�S� 8U��"X��
��X�S�UeS�`� ��3`7K U�K
£� ]`�f��D\��e�Wa�Y�S� 8�8K

b}X�`=�FY�UW��X=��`�S�X��W`�f���X5^<P�g�UWS�a���S�UW��`���a�S�X��1X5`���a�V�\5`�U¢^,f�S�X����W��a��<\_^<f�S�X���`�f�¨%Y
����X�V�Ue�W�eU��<\��W�<\7�@\S�Ue�L`���X�S�\Ð�WaL^,f�S�XÐ��Xe�@\�Y_^,UeS<\£5^�\5deXe�@\��'� � \���`�X���P

m2
νe
/E2 ���X�a��e��a

ββ0ν

� ��\��e�<\=�@\��,X»�ea��ÿ��X��Ç����Xe��X5^<ª�\5¨Û`�� � K1¦�X¥�e�<\5Y�S�UeS�a�¨ �
ββ2ν

�
�<\5�e�<\7�,X�� � \5ReX�Y�X�U�����X��W`���\�S��W`�Y�X�£�U�RTS�UW��`���a�S�S�X�dWXä�<\��W�<\7�@\p����a��
UW��S�X&Y ∼

¸ J



106 �<\5R8£�X_^,f�ÏFUN����X��W�"X5^,f���P�Y�S�Ue� a��
UWUW`�� ��`�X5^,f��"X�`���a��"X�S�Ueg�S� 1���eX���`�X=��S�aL���X��W�<\�Y�S�UWS�a�¨Ñ������`�f�¨ Y
ββ2ν

K
Zä����UA����X5^,X=ª�UWS�a�ak�eXT�L�<\�S�UWS�a�� Þ \�� g�U�`�S�X���`�aFa�����UeS�UW£���UWªFUeS�a�ak���<\�Y� 8�
a

`�X���\��
a%Y���UW� �Ç��X5^<P��<\��W�<\7�@\»Yï£�UWReS�Ue�L`���a�S�S�X��
ββ0ν

� �<\5�e�<\7�,U&�
X=ª�U�`ð£� ]`�f
Y� 8��\5ª�UeS�X���\�� # I�MN$

[T 0ν
1/2]

−1 = C0ν |M0ν |2
〈mνe〉2
m2

e

,
� ¸ KËO'J��

dÁ��U
C0ν �ÛX�£�MµUW� � \5ReX�Y�X�dWX8����X���`��<\5S��W`�Y'\-� M0ν

�Ð����UW��S� 8�/�D\5`���a�g�S� 8�k��^,UW�
UeS�`
a 〈mνe〉

�[� �/� UW��`�a�Y�S<\5�&�D\��e�e\�S�UW��`���a�S�X��,�"X�`�X��<\5��X�����UA��U�^���UW`�� ����\��

〈mνe〉 =
∑

i

U2
ei mi.

� ¸ KËO'M��

¦�X8�e��\�Y�S�UWS�a�¨Î�
Y� 8�<\5ªFUeS�a�UW� � ¸ K��=J���R¢��Ue�WfÛa��
UWUW`�� ����X���X5^,S�aL`�U�^<f�S� 8���
S�X7ªãa�`�U�^,f
U2

ei

K=¦�X��W`�X�� P�S�P"ªãS�X����a�S��L`�fÐY�XY�S�a��D\5S�a�UDS<\_^,a�g�a�UDa�S�`�Ue� � Ue��UeS�V�a�aF�
UWª��,P
� �/� UW��`�a�Y�S� 8�
a�a��D\��W�eX�Y� 8�
ak�WX�£��W`�Y�UeS�S� 8�
ak�WX��W`�X=��S�a����
a3K_Z]\5ªãS�X]X�`��
UW`�a�`�f��
g�`�XQX�V�UWS���\ 〈mνe〉

aLR]X�����U¢��U¢^,UeS�aL��Y���UW�
UeS�aF��X5^<P��<\��W�<\7�@\ÛRT\�Y�a��Wa�`QX5`Q�
Xe��U�^<a
�"���<\]a��D\5`���a�g�S�X�dWXÛ�¢^,Ue�
UWS�`_\

M0ν

K�CF\�S�S� 8���D\5`���a�g�S� 8�k�¢^,Ue�
UWS�`}X�V�UeS�a�Y'\�UW`�� �
a�RQ�@\5S�S� 1����X�a�RWPLg�UeS�a�¨

ββ2ν

� ��\��e�<\=��X�Y�K
� ��UA��ak��P"§FUe��`�Y�P�¨Ð§FaL���e�"�e��Ue��a��
UWS�`�X�YQ��X8a�RWPLg�UeS�a�¨

ββ
� �<\��W�<\7��X�Y]S<\�a�£�X5^,UeU

g�P�Y���`�Y�aL`�U�^<f�S� 8�ð��Y_^<��U�`�� ���e�"�W��Ue��a��
UeS�`��8a��e��X_^,f�RTX�Y'\�S�a�UW� 76Ge
��UW`�Ue��`�X��<\

�"X5^�^,\�£�X��<\5V�a�Ue� ß Â_����Â_; : Â_6 ,5� ¤�X��e��Y�\-�e�"X�`�X��� 8�Q��Ue����`�Y�P�UW`}Y8^,\�£�X��<\_`�X���a�aLj��<\5SL�
� \��W�eX # O'�N$ Km¦�X��W`_\�S�X�Y���\»�e�"�e��Ue��a��
UWS�`_\Î£� 1^�\»����U¢�<^,X=ª�UWS<\ðY%�=M��'Ê dWXe�,P%Ü8K
Z �=�765�=��� # O��_$ � a�X��WS�X�Y� 8Y�\�UW`�� � S<\�\�S<\_^<a�RTUF�"X�S�Ueg�S�X�� `�X�g���a �WS�Ue��dWUW`�a�g�Ue�W�"X�deX�W��Ue��`��<\-���"X�`�X���\5�[��\�Y�S<\

2039 keV
�Ûa��W��X5^,f5RTX�Y'\5S�a�Ue�ï`�X�g�S�X�deXkX�����UA��U�^,UWS�a��

�WS�Ue��dWa��Q��Y�P'����^<Ue��`���X�S�X�YÎ� � `�X�g�S�X��W`�f�¨
3 keV

��KeêQRT�
Ue��UeS�a�U�Y���UW�
UeS�a���X_^<P��<\��e��\7�@\
ββ2ν

����a�Y�U¢��UWS�X[Y��<\5£�X�`�U # O ¸ $

T 2ν
1/2 = (1.42 ± 0.03 ± 0.13) × 1021 yr (90% C.L.).

¦�X���\]£�U�RTS�UW��`���a�S�S� 8�
ββ
� �<\5�e�<\7�kS�U
S<\�£5^,¨m��\_^,� �3KTBD��`_\�S�X�Y_^,UeS<\]^,a�Ï�fS�a�ªãS����

dW�<\�S�a�V�\F�<^��
T 0ν

1/2

a&�WX�X�`�Y�UW`���`�Y�P�¨Ð§�\5�äY�Ue���LS�����de��\�S�a�V<\�S<\��D\��e��P
νe

T 0ν
1/2 > 5.6 × 1024 (90% C.L.) ⇒ 〈mνe〉 < 0.68 eV.

Z&�@\�S�S�X��p�e�"�e��Ue��a��
UWS�`�U1�eX�£�a��<\�¨Û`�� ��P7^�PLgLÏFa�`�f}X�dW�<\�S�a�g�UeS�a�UDS<\]Y���Ue� ����X_^<P��<\��e��\7�@\
��X�ReS<\=g�UeS�aL�

1025 ^,U�`7K

¸ M



²HÆ é Æ æ W ö���÷#�"!�	#ç��"����� ÷�)ð÷�),	���öµ�Ç���"�#��!#	��#����$Ç)�����	�(�(�´Y�#	��
� P"§FUW�W`�Y�P�U�`Û��Y'\]����X�`�a�Y�X���X5^,X=ªãS� 1����Xe�<��Xe�@\ÐYX��WV�aL^�^���V�a�X�S�S� 1���W���W��Ue��a��
UeS�`_\7� K
Z ��Ue��Y�X��caLR1S�a����\[ ]�^_] `badcfebg\hbikj � X�`Q\5S�d ^,a����W�"X�deXmlGnporqts�urvxwyl3aL^,a{zr|I|}l�zy~�zy�,okl5�r�
Y/��P�g��"U��L�eXe��Ue�'ª�\_§FUe�óS�Ue��`���a�S�X��WX���`_\

να
�"S<\kX�����U¢��U¢^,UeS�S�X��Î�<\��W�W`�X=��S�a�a�X�`

��P�g���\ Yc��UW`�Ue��`�X���U���UW`�Ue��`�a���P�¨Û`�� � S�Ue��`���a�S�X
νβ

��X¥a��ÎY�R=\5a��
Xe��Ue����`�Y�aL���
�FY�UW§FUW�W`�Y�X��%��UW`�Ue��`�X��<\�K�Z¾a"��UT\_^<UF��P�g�X�� S�UW��`���a�S�XpS�U/��X5^�ª�UeS��WXe��Ue�'ª�\5`�f
����a��
Ue�Wf

νβ

KL¹#X�dÁ�@\-��Ue�¢^,a�Ue��`�f�X��WV�aL^�^<��V�a�a�S�UW��`���a�S�X���a��
UeUW`�� �pX�`T^,a�g�S<\5��X�`
S�P=^<��Y�Ue��X=��`�S�X���`�fÐ��Ue��U¢�'Xe�@\

P (να → νβ)
K=¡�\�����a��
UW�H�TY

νµ → ντ

�e�"�e��UW��a��
UWS�`�U
��P�g�X��¥�
¨ÛX�S�S� 1�äS�Ue��`���a�S�X&a deUeS�Ue��a��LP�UW`cY[��UW`�Ue��`�X���U���UT\���V�a�¨

ντ + N →
τ− + N

���"X�`�X���\5� ��Y5^<��UW`�� � ��X��L\_R=\5`�U�^,f���`�Y�X����WP"§FUW�W`�Y�X�Y'\�S�a��H��UW��U���Xe��X�Y
νµ → ντ

K,¦��<\���`�a�g�UW�e��aH��Y��WU�P��e�"X���aL`�U�^<f�S� 8UF�W���W��Ue��a��
UeS�`�  �
X7ªãS�X�X�`�S�Ue��`�a
�p�W`�X��c��\5`�UedWX���a�a3K

E�X8Y�`�X���X�����\5`�UWdeX���a�a�X�`�S�X�� ��`�� �{e}h}] `badcfebg\h}�)�@�Dvx�,orqtsIurvxwyl a�^,a��yv�uMzr|I|}l�zy~�zy�,okl5�
�W���W��Ue��a��
UeS�`� ���Y%�"X�`�X��� 1�©a�Re�
Ue�'��U�`�� �ÑX�`�S�X��ea�`�U�^,f�S� 8� ��X�`�X��©S�Ue��`���a�S�X��
��X��W`�a�dWÏFa��k��UW`�Ue��`�X��<\-�5a��e��\�Y�S�a�Y�\�UW`�� �F��a�S � X����D\�V�a�Ue�kX}��UW��Y�a�g�S�X�����P�g��"U�K
¦���a�S<\_^<a�g�a�a�X��WV�aL^�^<��V�a��/Y�Ue��X7�L`�S�X��W`�fÐ��UW��U���XT��\

P (να → να)
�
UWS�f�ÏFUDUA��a�S�a�V� ��

a��eX�X�`�Y�U�`���`�Y�UWS�S�X}S�\�£5^,¨m�@\5UW`�� �k�
UeS�f�ÏFUWU�g�a���^,XY�RT\�a��
Xe��UW���W`�Y�a���Ym�,UW`�UW��`�X���U�K
Z1�WU���UT\��L`�X���S� 8U��e�"�W��Ue��a��
UeS�`� Ñ�
X=ªãS�X�X�`�S�Ue�W`�a��[�@\�S�S�X��&��\5`�UedWX���a�a3K

Ó�\_RW^,a�g�S� 8Um�W�"�e��UW��a��
UeSL`� Î�
X=ª[S�X1��Xe���<\5R¢��U�^<�L`�fÐ`_\���ª�UD��X8aL�Qg�P�Y��W`�Y�a�`�U�^,f�S�X��W`�a
���<\���\��
UW`���P

∆m2 K=êQR
P��<\�Y�S�UWS�a�� � ¸ K ¸ Ê7�@��^<U¢�,P�UW`X�_g�`�XS<\�a�£�X5^,UWU
g�P�Y��W`�Y�a�`�U¢^,f�S� 8�
a� ��XcRTS�\7g�UeS�a�¨
∆m2 ���e�"�e��UW��a��
UWS�`_\��
aÎ��Y5^<��¨Û`�� �ð`�UN� �"X�`�X��� 8U�a��e��X_^,f�ReP�¨Ð`S�aLRT��a�U/�eS�Ue��dWa�acS�UW��`���a�S�X[a���X���`_\5`�X�g�S�X[PT�@\_^<UeS� ºX�`�a��W`�X�g�S�a���\[S�Ue��`���a�S�X�K

Z¼`_\�£5^,a�V�UðI¶�
  ��P��
�
a���X�Y'\7^,a|�W���W��Ue��a��
UeS�`� r��X¶aL�ºg�P�Y��W`�Y�a�`�U�^,f�S�X��W`�a3K
CF\_^,UWU
�
 ï��X�����X�£5P�Ue�&�Á��U�^,\5`�fÐS�Ue£�X5^,f�Ï�X���X�£�RTX��/��\5ª���X�����XT�,de��P����� »�e�"�e��UW��a��
UWS�`�X�Y�K

ê��W`�X�g�S�a���acS�UW��`���a�S�X
x(m) E(MeV ) ∆m2

21Ó�UT\���`�X��
10 − 103 1 − 10 10−3 − 1BD�W��X���a�`�U¢^,f
102 − 103 10 − 105 0.1 − 102�]`��
X�� � Ue�<\
104 − 107 102 − 103 10−5 − 0.1� X5^,S�V�U

1011 0.1 − 10 10−12 − 10−10

¹�\�£5^,a�V�\kI��'¹a���a�g�S� 8UÛ�<\��<\��
U�`��� 
x, E

a
∆m2 �<^<���<\5R�^,a�g�S� 1�[a���`�X�g�S�a��"X�YS�UW��`���a�S�X�K

I��



²HÆ é Æ�ì � �"+�ö���),!#�������'ö���÷��"!#	�ç��"�#���
hÛ��UW��S� 8�/��UT\��L`�X�����Y5^���UW`�� ��a�S�`�UeS��Wa�Y�S� 8�äa���`�X�g�S�a��"X��cS�Ue��`���a�S�X

νe
�#�,a<\��<\5ReX�S�X��

�WS�Ue��dWa��
1 − 10 MeV

KÛ¦QP�g�X��
νe

�eX�R¢�@\�UW`�� �|RT\¶�eg�UW`%����X�V�UW�e�T\
β
� �<\��W�<\7�@\

aÿa��
UeU�`ða�SL`�UeS��ea�Y�S�X��W`�f��1����a��
Ue��S�X»�<\�Y�S�P�¨
5 × 1020 s−1 # ���_$ KD¦�X��e�"X5^<f���P�@\5S�S<\5�Ç�eS�UW��dea��%S�Ue��`���a�S�XÎX�g�UeS�fó�D\_^,\»a%S�UWY�X�RT�
X=ªãS�Xð��X=ª���UeS�a�U

µ
��a

τ
�

^,UW��`�X�S�X�Y�� ����a|S�\_^,a�g�a�a¾X��eV�aL^�^<��V�a��
νe → νµ,τ

�(�8`�X%�W`�a¾�e�"�e��Ue��a��
UWS�`� 
����X�Y�Xe�,��`�� �/��X8a�S��L^<¨ÛRTa�Y�S�X�� P�����a�S�V�a��LP�KC�}SL`�a�S�UW��`���a�S�X��T��X���`�a�d�ÏFa�U ��UW`�Ue��`�X��<\-�
��UWdea���`���a���P�¨Û`�� �F��X��e��U¢����`�Y�X��&��UT\5��V�a�a/�<\��W�eUW��S�a��k\�S�`�a�S�UW��`���a�S�X}S<\8����X�`�X�S�U

νe + p → n+ e+ .

C/^<��aLReP�g�UeS�a����W��Ue�L`��<\��X�`�X���\S�Ue��`���a�S�XÛ�e�"�e��UW��a��
UWS�`_\5`�X��� Î����X�Y�Xe�,�L`Ða�RT�
UW��UeS�aL�
S<\��<\_RTS� 1���<\5�e�W`�X=��S�a����&X�`F��UW`�Ue��`�X��<\�K

¹ \5��Y8�e�"�e��UW��a��
UWS�`�U�� �72 , Â_� # O'I%$'�LPLg�X���S�Ue��`���a�S�XÛa�RT�
UW�'��UW`�� ��S�\��\��e��`�X=��S�aL�L�
37.9m, 45.9m

a
64.7m

X5`��UT\��L`�X��<\LK7¦���a��
Ue��S�X
104 S�Ue��`���a�S�S� 1��Y5R=\�a��
Xe��UW���W`�Y�a��£� 1^<XFR=\���a��T\�S�X�YF��\5ª���X�����X�RTa�V�a�ap��a��e��X_^,f�RTX�Y'\�S�a�UW�ÿI'Ê�Ê/^,a�`���X�Y�ªãa����"X�deX

�WV�a�S�`�aL^�^<�L`�X��<\QYÐ��\=g�Ue��`�Y�U]�
aLÏFUeS�aV� �<^���a�Re�
Ue��UWS�a����eS�UW��dea�a���^,UW��`���X�S�X�YI�µa
3He

����X�Y�X5^,X�g�S� 1����\��
UW����^<�Û��U�`�Ue�L`�a���X�Y'\�S�a���S�Ue�L`���X�S�X�Y�K=¦�X���\8X��eV�aL^�^<��V�a��
S�U�X�£�S<\���P"ª�UWS�X�K

¡�\�aL^<P�g�Ï�UeU/X�de��\�S�a�g�UWS�a�U�S<\F�<\5�<\��
UW`��� ¾X��WV�aL^�^���V�a��
νe → νx

��X��W`_\�Y�aL^
)+*-, Â/. D[D5D �W���W��Ue��a��
UeS�` # O�O�$ K�Z¶S�UW�ða�Re�
Ue�'��¨Ð`�Y�R=\5a��
Xe��Ue����`�Y�aL��S�Ue�L`���a�S�X

νeS<\1`���U��/��\��e��`�X=��S�aL�L�
15m, 40m

a
95m

�Ta��W��X5^,f�RWP��/Y��\7g�Ue�W`�Y�U ��UW`�Ue��`�a���P�¨Û§�aL�
�
Xe�,P=^,UW� 6Li

ªãa�����a�U
�eV�a�SL`�aL^�^���`�X��� �K�ÈQdW�<\�S�a�g�UeS�a��/S<\8�<\5�<\��
UW`��� »X��eV�aL^�^<��V�a��
νe → νx

�T�"X�`�X��� 8UD��X��W`_\5Y�aL^��@\�S�S� 8�/�e�"�W��Ue��a��
UeS�`X�_��X���\5RT\�S� ¥Y��
Ue��`�UD�#����P�dea��
a
�@\5S�S� 8�
aäS<\���a��WP�S��"U�GLK�Ck^���`�X�dWX�� gL`�X�£�  ��X����� ]`�fpX�£_^�\��W`�f��<\5Re��UWÏ�UeS�S� 1�
�<\5�<\��
UW`���X�Y��<^<�ï\5`��
X�� � Ue��S� 1�¥S�Ue�L`���a�S�X � �W�8K3X�£���P�ª���UWS�a�U�Y�d ^,\�Y�U ¸ KNGLKN�7�(�
S�P"ªãS�XÇ����Xe��Y�a�S�P"`�f�� � YÇX�£_^�\��W`�f

∆m2 ∼ 10−3 eV 2 KÛ¦�X��W`�X�� Pºa�� �'Xe�,�©a�R
P���^,X�Y�a��f� ¸ K ¸ Ê7�(�WS�P"ª[S�X8��X��W`_\5Y�a�`�f]��U�`�Ue�L`�X��FS�\]�<\��e��`�X=��S�a�a�����a��
Ue��S�XÐXe��S�X�deX
��a�^,X��
UW`��<\ÛX5`}��Ue\���`�X��<\�K_ÈÐ��S<\5��XÛg�`�X�£� »a��
U�`�f8��X��W`_\_`�X�g�SLPL¨Ça�S�`�UWS��ea�Y�S�X���`�f
S�UW��`���a�S�S� 1�ºY�RT\�a��
Xe��Ue���W`�Y�a��|Yï��U�`�UW��`�X���U��ÐX�SÇ��X5^<ª�UWS £� ]`�fð��X���`_\5`�X�g�S�X
`=�Lª�U�^, 8��� ∼ 10

`�X�S�S K1Ìm`�X�`ð�W�"�e��UW��a��
UeSL`Q� Þ]ß}à/à 	��FS<\_��Xe��a�`�� �%Yï��`_\7��a�a
�<\_RT�<\�£�X�`���a # O"G%$ K
²HÆ é Æ é �/��ö3),!#	����'(-�,�������'ö���÷��"!#	�ç��"�#���
¦QP�g�X��kS�Ue��`���a�S�X�S�\ÐP��W�"X���a�`�U�^<�����eX�R¢�@\�U�`�� ��Y��¢^,U¢�,�W`�Y�a�U]����Xe�,P���`�X�YQ�<\5�e�<\7��\
��a�X�S�X�Y�ap��\�X�S�X�Y-����X5^<P�g<\5Ue�
 1��Y�X�Y�RT\�a��
Xe��UW���W`�Y�a��L�&����X�`�X�S�X�Y����
a�ÏFUWS�f�¨�K
Ì1S�UW��deaL�ðS�UW��`���a�S�XäY'\���f�a���P�U�`�� �ÎY���X��W`_\_`�X�g�S�XcÏFa���X��"X��|��a<\��<\_RTX�S�U5�µX�` ∼

I��



Ó
a��5KâGL� ¦���U¢��U¢^,  S<\ �<\��<\��
U�`��� 
νe ↔ νx

X��eV�aL^�^<��V�a��
∆m2 a

sin2(2θ)
a�R ��Ue\���`�X���S� 1� �W�"�e��UW��a��
UeSL`�X�Y�K ÈQ£5^�\5�W`�f �W���<\�Y�\ X�` ^,a�S�a��

��Y5^<��U�`�� � R=\5����UW§�UeS�S�X�� �@\5S�S� 8�
a �W�"�e��UW��a��
UeSL`_\��
a3Ko�3\_Ï�`���aL�'X�Y�\�S�S<\5�
X�£_^�\��W`�f �<\��<\5�
UW`���X�Y �eX�X5`�Y�U�`��W`�Y�P�U�`r��\5RT��U�ÏFUWS�S� 8� ��\��<\��
U�`��<\��

νe →
νµ

X��eV�a�^�^<��V�a��©��X���`_\�Y5^,UWS�S<\5�|�e�"�e��UW��a��
UWS�`�X�� × Ã������ � Ã�����Â ��XÇa�RWP�g�UeS�a�¨
\5`��
X�� � UW��S� 1��S�UW��`���a�S�X�K

30MeV
S<\8S�Ue�L`���X�S�S�X�� � \5£���a��"U<D À D À Ó#U�RTUe� � X����,X�Y��e�"X���^�\�£�X��<\5`�X���a�a � ÙØQÔ>�

��X8S�Ue�e�"X5^<f���aL�/�WX�`�UWS
GeV

S<\]P��W�"X���a�`�U�^<�����bDÓD¡�\akÆFUe���
a�UeY��W�"X���^,\�£�X��<\_`�X���a�a
��Z Õ Ø}ÔÄ�¢K�ÈQ�eS�X�Y�S� 8������Uea�� P"§FUW�W`�Y�X�� ��P�g��"X�Y|S�Ue��`���a�S�X�����X_^<P�g�UeS�S� 1�HS<\
P��e�"X���a�`�U�^<�����5��X8�W�<\�Y�S�UeS�a�¨Î�
��Ue\���`�X���S� 8�
akS�Ue��`���a�S�X-�T��Y5^<��UW`�� �k£�X5^,UeU `�X�g�S� 8�
�"X�S�`���X5^,fR=\]�WXe��Ue�'ª�\�S�a�Ue�&��P�g���\Ða�£�X5^<f�ÏFa��
a��WS�Ue��dWa����
a/S�UW��`���a�S�X��7�"X�`�X��� 8U
��X5RTY�X5^���¨Û`ÎaLReP�g<\5`�f¶��Ue\���V�a�a

νe → νµ + N → µ− + X
aL^,a

νµ → ντ +
N → τ− + X

K]¹ \5��ª�U�Yó��`�aL���W���W��Ue��a��
UeS�`_\7�|PT�@\�U�`�� �%��X���`�a�g�f¶£�X_^,f�ÏFUW�
��`_\5`�a���`�a���aH�#g�Ue��S<\���UT\��L`�X���S� 1���µg�`�Xp��X�RTY�X5^<��U�`���£�X5^,f�Ï�Ue�ä`�X�g�S�X���`�f�¨ � �
�
UWS�f�ÏFa��
akX�Ï�a�£���\��
a!� ��X5^<P�g<\5`�fÛ�<\5�<\��
UW`��� »X��eV�aL^�^<��V�a��H�7\]a��
UeS�S�X8�,Y�a�d¢\5`�f�� �
Y�X�£5^�\5�W`�fã�
UeS�f5ÏFaL�&P�d ^,X�Y[�W�
UWÏ�a�Y'\�S�aL�3K ÈÛ�,S<\��"X[Y��@\�S�S� 1�&�W���W��Ue��a��
UeS�`_\7�
£5^,\�deXe�@\��'� � ¸ K ¸ Ê7���
X=ªãS�XÇaLReP�g<\5`�f `�X5^,f��"X X�dW�<\�S�a�g�UeS�S� 8�|��a�\��<\5ReX�S©�D\��e�
S�UW��`���a�S�X��

∆m2 ≥ 10−1 K� P"§FUW�W`�Y5P�UW`¾X�de��X��
S�X�Uó�"X5^,a�g�Ue�W`�Y�X��e�"�e��UW��a��
UWS�`�X�Y|�óa��e��X_^,f�RTX�Y'\�S�a�UW�

I ¸



�<\_RW^,a�g�S�X���`�U¢��S�a���a��,UW`�UW��`�a���X�Y'\�S�a��FS�UW��`���a�S�S� 1�/Y�RT\�a��
Xe��UW���W`�Y�a���a/\�S�\_^,a�RT\
�<\5�<\��
UW`���X�Y�X��eV�aL^�^<��V�a��H�3`_\���aL�¥��\�� Þ Ö ß À � )]Ü�) Þ � Þ]ß ØQÙÛÚ D[D]� Õ à Ú&Ø Ö
a Þ]ß}à Ù]á À YO�/bDÓD¡�U�� ÜmÊ�Ê��[Yf) Õ Ô<�3Ü�G�I��ka Þ8Þ Z ÙÑY�^�\�£�X��<\5`�X���a�a5Z Õ ØQÔ
K
ÈÐ��S<\5��XS�a�Y8Xe��S�X��&a�RDS�aL��S�U
£� 1^<a�RT\���UWdea���`���a���X�Y'\�S� óX��eV�aL^�^<��V�a�a/S�Ue��`���a�S�X�K
� X�X5`�Y�U�`��W`�Y�P�¨Û§�a�U]X�dW�<\�S�a�g�UeS�a���S�\��\��<\��
U�`��� 

νµ ↔ νe

a
νµ ↔ ντ

X��eV�aL^�^<��V�a��
����a�Y�U¢�,UeS� ¾S�\���a��WP�S���\_�cÊFaï�T��K

¡�\/�@\�S�S� 8���
X��
UeS�`�g�U�`� 8��U�P��W�"X���a�`�U�^,f�S� 1�c�W�"�e��UW��a��
UeSL`_\[S<\�����\�Y5^,UWS� 
S<\ a�RWPLg�UeS�a�U&X��eV�aL^�^<��V�a��ÇS�Ue��`���a�S�X�K1Ì1�"�e��UW��a��
UWS�`�  Ô À�Õ}Ö � ^�\�£�X��<\5`�X���a��
Ô�Ø�Ú�\�Z@��aè×�ØQÙÛÚcÜ Õ � ^�\�£�X��<\5`�X���a�� D À D À �ãa��W��X5^,f5ReP�¨Û`ó�W��U¢�,S�a�Uä�eS�Ue��dWa�a
S�UW��`���a�S�XFaãS<\����<\5Y5^,UeS� èS<\/aLReP�g�UeS�a�U

νµ ↔ νe

X��WV�aL^�^���V�a�� K�Ì1�"�e��Ue��a��
UWS�`� 
Þ]ß}à Ù1á À a Õ à Ú&Ø Ö Y¥��b�ÓD¡�U��DY�UA�,P"`ð��X�a��e�¶X��eV�a�^�^<��V�a��

νµ ↔ ντ

K�¤& 
Y����<\5`�V�U/X��W`_\�S�X�Y�a��
� �&S<\���\5ª���X��ÿa�R/S�aL�@K

� ÐYU��'� C�UW`�UW��`�X���Ô À�ÕÛÖ � Ô �P� * ����À�N_����85��;�; ÃN8Z��6 ÕÐÂ * 8565���-�Ö}Â/8 ÂMN/85�76 � # O'�N$�a��e��X_^,f�ReP�UW`��P�g�X��
νµ

S�UW��`���a�S�X��}a"�,P"§FaL�|X�`%V�Ue��X�g���a¾�<\��W�<\7��X�Y
π+ → µ+νµ

�
µ+ →

e+νeνµ

KD¦�X=��Y_^,UeS�a�UcS�UW��`���a�S�X
νe

�
X=ª�U�`»£� ]`�f ��U�`�UW��`�a���X�Y'\�S�Xó�p��X��
X�§Ff�¨
��Ue\���V�a�a

νe +p→ e+ +n
�"�"X���U�^�^,a���P�¨Û§�Ue���

γ
� ��Y'\5S�`_\��
a��eS�UW��dea�a

2.2 MeV
�

a��<P�§�a��
aFX�`Ð����X�V�Ue�W�T\
n+p→ d+γ

KWCFU�`�UW��`�X����eX���`�X�a�`}a�RmV�aL^,a�S"����a�g�UW�e�"X�dWX
��U�RTUW��Y�P'\5�<\-�TR=\5��X5^,S�UWS�S�X�dWXk�T�'Êm`�X�S�S<\��
a�ª[a"���"X�deX�eV�a�S�`�a�^�^<��`�X��<\�K%`�Ue��UeS��"X�Y��W��a��
�WY�UW`���UW`�Ue��`�a���P�U�`�� �Ç� ¸�¸ � � X�`�X�P��
S�X=ªãa�`�U¢^<���
a�� ��X����� 8Y'\�¨Ð§Fa��
aä����a��
Ue��S�X
¸ G�&Ò��X�Y�Ue���LS�X��W`�a&��UW`�Ue��`�X��<\�K Ì�^,UW��`���X�S�S�X�U�\�S�`�a�S�Ue��`���a�S�X���Uedea��W`���a���P�U�`�� �
����X��
X5§Ff�¨©��Ue\���V�a�a

ν̄e + p→ e+ + n,
�"X�`�X��<\5���"X���U¢^�^,a���P�UW`���Y� 1��Xe��X��Çd¢\5�
�D\���Y�\�S�`�X�Y

n+ p→ d+ γ.

ê��e��X5^,f�ReX�Y'\�S�a�UªFUe�W`���aL��X�£���UWRT\�S�a�������a�X�����UA��U�^<UeS�a�a
e+

�WX�£� ]`�a��ãY��
Ue�W`�UÛ�
�"X���U¢^�^,a���X�Y'\�S�S� 8�
a

γ
����Y'\�S�`_\5�
aã�@\�UW` ¸�¸ �eX�£� ]`�a��p���eS�Ue��dWa�Ue�

e+
�
U�ª��<P ¸ �

a����}Ú Â�� YÐ����UA����X5^,X=ª�UWS�a�a
4.6±0.6

� X�S�X�Y� 1�/�eX�£� ]`�a�� # O"ÊX$ K7Ó#\��e����U¢��U¢^,UeS�a�U�WS�Ue��dWa�aQ�<^<���eX�£� ]`�a��
20 < Ee < 60

Ú Â�� ��X���\5RT\�S�XS<\]��a���P�S��"U1��KTZ1Ue��X=�L`�S�X���`�f��
g�`�X��@\5S�S� 8�[aLRT£� ]`�X����eX�£� ]`�a��[�
X�dÛY�X�RTS�a���S�P"`�fF£_^�\�deXe�@\5�"�ã�W`_\_`�a���`�a�g�UW�e��a��
� ^<P���`5P'\�V�aL��� X�g�UeS�f%�D\_^�\-�

P = 4.1 × 10−8 K8CF\�S�S� 8�¾��UWRWP=^,f=`_\5` �
X=ª[S�X
a�SL`�Ue������UW`�a���X�Y�\5`�f�Y�`�UW���
a�S<\7�

νµ ↔ νe

X��WV�aL^�^<��V�a�����Y�Ue��X=�L`�S�X���`�f�¨

P (νµ ↔ νe) = (3.1+1.1
−1.0 ± 0.5) × 10−5,

�<^���£�X5^,f5ÏFaL�
∆m2 K�¡/\F��a��WP�S��"U�Ê�����a�Y�UA��UeS� ¾�<\��<\5�
UW`��� |X��WV�aL^�^<��V�a��[�<^<�

�@\5S�S�X�dWX��e�"�e��Ue��a��
UWS�`_\ Y��e�<\5Y�S�UeS�a�aó�����LPLdWa��
aÎ�e�"�e��Ue��a��
UWS�`_\��
a3K�ÈÐ��S�\��"X

I�I



Ó
a��5KD���DÌ1S�UW��deU�`�a�g�UW�e�"X�Uä�<\5�e����UA��U�^<UeS�a�U��<^<�¶Ô À�Õ}Ö �eX�£� ]`�a��¶Yc��a<\��<\_RTX�S�U
20 < Ee < 60

Ú Â�� a �eX�£� ]`�a��¼�|�"X���U¢^�^,a���X�Y'\�S�S� 8�
a � X�`�X�S<\��
a X�`
RT\_�LY'\5`_\S�Ue��`���X�S<\LK5¦�X���\5RT\�S�X����UWY� ]ÏFUWS�a�U
�@\�S�S� 1��S<\7� � X�S�X��
� ��P�S���`�a���S<\_�
^,a�S�a��!�1apX=ªãa��@\�UW�
X�U��<\��W����U¢�,U�^,UWS�a�U¨� �e�L^<X�ÏFS<\_�p^<a�S�a��'�1Y�����U¢����X5^,X=ª�UeS�a�a
S�UW��`���a�S�S� 1�&X��WV�aL^�^<��V�a��&����a�£�X5^,f�Ï�aL�

∆m2 # O"Ê%$ K

�<^���`�X�dWX��Tg�`�X�£� ï`�X�g�S�X8P"`�Y�Ue�'ª���\5`�fÐXS<\_^,a�g�a�a�X��eV�a�^�^<��V�a��H�=S�P"ªãS� ä�,X���X5^,S�a�`�U¢^,f�S� 8U
S�U�R=\�Y�a��ea��
 8UD�W���W��Ue��a��
UeS�`_\7^,f�S� 8U���\�S�S� 8UN�=S<\�����a��
Ue�H�=a�RD�W�"�e��UW��a��
UeSL`_\Q×�ØQÙÛÚcÜ Õ �
�"X�`�X��� 8�ÑS<\����<\5Y5^,UeSÑS<\%��X�a��e�

νµ ↔ νe

X��eV�aL^�^<��V�a��3K��}S<\7^,a�R
νµ ↔ νeX��WV�aL^�^���V�a����
��X5`�X��� 8�¶Y�U¢�,UW`�� �ó����P�dWa��
aÇdW��P����<\��
aH�
`_\��Lª�Up£�PT��UW`¥��X5^<UWRTUWS

�<^��p����X�Y�UW����a��@\�S�S� 1�&Ô À�ÕÛÖ K

� V������ U�� ×�ØQÙÛÚcÜ Õ ��UW`�Ue��`�X��¨� 8Z4�Â ×�Ø 6[25; * 4�Â � ÙA* 8Z4�Â/6G�K�76[� Ú Â_��� * � Ü ��Â/6 , .
ÕÐÂ * 8565���-�8Â O0J Â/65�=�ãÂ/�I8 � S<\=g<\_^k�eY�X�¨ð�<\�£�X�`�P�Y�D À D À # O'J%$ K=¦�X5^<P�g<\5Ue�
 8�/Y1^�\�£�X���\5`�X���a�aD À D À S�Ue��`���a�S�S� 8�ï��P�g�X��c��Y5^���UW`�� �ä£�X5^<UeU�g�a��W`� 8�º��Xã�e�<\5Y�S�UeS�a�¨H�FÔ�ØQÚF\)Z
��P�g��"X����µ�'X�`=�ÎX�Sðað�
UeS�UeU�a�SL`�UeS��ea�Y�UWS3K � \��º��U�`�UW��`�X��ÿ�eX��W`�X�a�` a�RpG5�&`�X�S�S
ªãa����"X�dWX8�eV�a�SL`�aL^�^���`�X��<\-�_�eXe��Ue�'ª�\_§FUedWXQG�� ¸ X���`�a�g�Ue�W��a�S�UWR=\5Y�a��ea��
 1�/�eUedW�
UeS�`�X�Y��
a�S � X����D\�V�a��ïX�`&�"X�`�X��� 1�ð�F��Y�P'�ï�W`�X���X�Sð��X��W`5PL��\�UW`äS�\ � X�`�X5PL�
S�X7ªãa�`�U�^,a3K
C�UW`�Ue��`�X�����X�RTY�X_^<��U�`��UedWa��W`���a���X�Y�\5`�fÛ�L\5�

νe

��`_\��ka
νe

�eX�£� ]`�a�� K=¡�\�WUedWXT�,S���Ï�S�a��
��UWS�fX��eV�aL^�^<��V�a�a/S�Ue��`���a�S�XÐS�U
X�£�S<\���P"ª�UWS� �K � X�X�`�Y�UW`��W`�Y5PL¨Ð§Fa�U1X�de�<\5S�a�g�UWS�a��
S<\Q��\��<\��
U�`��� ¶X��eV�a�^�^<��V�a��

νµ → νe
��X���\5R=\�S� ¶S<\���a��WP�S��"UÛÊ0��\QX�dW�<\�S�a�g�UeS�a�U
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Ó
a��5K<ÊL��¦/\5�<\��
UW`��� 
νµ ↔ νe

X��eV�a�^�^<��V�a��p��M���&H`�X�g�S�X��W`�f�¨º��X���`�X�Y�Ue��S�X��W`�a �
Ü�Ê�Ê���� ��P�S���`�a���S<\5��^,a�S�a��'�(��×�ØQÙÛÚcÜ Õ � Ï�`���aL��X�Y'\5��^,a�S�a��'�(�I)+*-, Â/. � Ï�`���aL�"�
��P�S��L`�a���S�\5�&^,a�S�a��!�a�Ô À�ÕÛÖ � RT\5Ï�`���aL��X�Y'\�S�S�\5�äX�£5^,\��W`�f # �eY�U�`T^�\5����^<��M���&P���X�Y�S��[��X���`�X�Y�UW��S�X���`�a-$#a # `�Ue�
S<\5���<^<��M�M�&ÒP���X�Y�SL�[��X��W`�X�Y�UW��S�X���`�a-$1��K

S<\�Y�UW��X=��`�S�X��W`�f���UW��U���XT��\ãa��
UWUW`ãY�a�� # O'MX$

P (νµ → νe) < 3.5 × 10−3.

ÈÐ��S<\5��X��@\�S�S� 8U�£�PT�,P"`pUW§FU�S<\�£�a���\5`�f�� ��Y[`�UWg�UeS�a�Uk��Y�P'�&^<UW`X�3g�`�X���X�ReY�X5^,a�`
RT\����� ]`�f[aL^,a���Xe�,`�Y�Ue����a�`�f���U�ReP=^,f=`_\5`� ÑÔ À�ÕÛÖ �"X5^�^,\�£�X��<\5V�a�a3K

�K�5����� Ð Zä�W���W��Ue��a��
UeS�`�U Þ]ß}à Ù1á À � 854�Â Þ Â_6[� ß . : 65��� à 2�N/��;=; ÃN85���7� Ù Â/2 ÂeÃ�6�N]4
Ã J-J Ã�6 Ã%8 á À � # G��N$ �µ�"X�`�X��� 8�ðS<\�£�a��<\�UW`p�@\�S�S� 8U[S<\��/bDÓD¡�X�Y��W��X�� À \ À ��P�g��"U��
Y�UA��UW`�� �F��X�a��e�

νµ → ντ

X��eV�a�^�^<��V�a�a3K5¦���a�S<\_^<a�g�a�aFX��eV�aL^�^<��V�a���Y�,UW`�UW��`�X���U
£�PT�,P"`ä��Uedea��W`���a���X�Y'\_`�f�� �Î�<\_RW^,a�g�S� 8U��
Xe�� Í�<\��W�<\7�@\&`_\TP'� ^<Ue��`�X�S<\-� a"�,P"§FaL�
X�` ����X�V�UW�e�T\

νµ → ντ + N → τ− + X
KÛ¹ \��|�L\5�¾��\�S�S� 8� �e�"�W��Ue��a��
UeS�`

a��W��X5^,f5ReP�U�`Û�"��Ue��S�P�¨ÿ�W� P=^,f��ea�¨ÿY8��\=g�UW�W`�Y�Um�
a�Ï�UeS�a��=UeUD�e��\�S�a���X�Y'\�S�a�UD��X�RTY�X5^<��U�`
X�`�X=ª���UW�W`�Y5^<��`�fQ`_\TP"���<\��W�<\7�� ��5X��eS�X�Y� 8Y'\5���ef}S�\Ð`�X���X5^,X�dWa�aF�WX�£� ]`�a��H�5�W�8K5��a���K
J�KA`QP�Y��W`�Y�a�`�U�^,f�S�X��W`�f��W�"�e��UW��a��
UeSL`_\��WX�X�`�Y�UW`���`�Y�P�UW`

νµ/ντ
X�`�S�X�ÏFUWS�a�¨ S<\

P���X�Y�S�U ∼ 10−4 �7����aFX=ªãa��@\�UW�
X�� � X�S�U ντ
�eX�£� ]`�a��H�5a��,P"§Fa��FX�`}�<\��W�<\7��X�Y

Ds
�

�
U�RTX�S�X�Y��<��X��'���,�L\
10−6 K,¹�\���a��¶X�£��<\5ReX����<X�£�S�\���P"ª�UeS�a�U/RT\��'��ª�UWS�S� 1��`�X���X�Y
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Ó
a��5K�J��"¹#X���X5^,X�dea��
ντ +N → τ− +X

Y5R=\�a��
Xe��UW���W`�Y�a��pY��
aLÏFUeS�a���UW`�Ue��`�X��<\
Þ]ß}à Ù1á À K

ντ+N → τ−+X
£�PT��UW`��Y�S� 8�&�WY�a���U�`�U¢^,f��W`�Y�X���Y��X_^,f�ReP

νµ → ντ

X��WV�aL^�^<��V�a��3K
¡�\]�eUWdeXe��S��LÏFS�a�����UWS�fX��eV�a�^�^<��V�a�akS�Ue��`���a�S�XÛS�U
X�£�S<\5��P"ª�UeS� ��ea/�"X5^�^�\�£�X���\�V�a��
��X��W`_\�Y�a�^�\�X�de�<\�S�a�g�UeS�a��cS�\���\��<\��
U�`��� ©X��WV�aL^�^���V�a����<�eX�X�`�Y�UW`��W`�Y�P�¨Û§Fa�U

P (νµ → ντ ) < 3.3 × 10−4,

�<^��
∆m2 > 40 eV 2 K

U ����V �5� Õ à Ú&Ø Ö ��U�`�UW��`�X�� # G��/$ � ÕÛÂ * 8Z65�=��� à 2�N/��;�; ÃN8Z�=�7� Ú�Øc, ��Â(8Z�PN
Ö}Â/8 ÂMN(8Z�76 �S<\5�<\�Y�S�U��e�"�W��Ue��a��
UeS�`�X�� Þ]ßQà Ù]á À £� 1^[X���`�a��
a�RTa���X�Y'\�S��<^<����X�a��W��\
νµ →

ντ

X��eV�a�^�^<��V�a��3K_ÈÐ��S<\��"XY8X�`T^,a�g�a�U�X�` Þ]ßQà Ù]á À �,UW`�UW��`�X��<\-�e�<^<��a��,UeS�`�a � a���\�V�a�a
`_\TP'� �<\5�e�<\7�,X�Y Õ à Ú&Ø Ö ��U�`�Ue�L`�X��Ha��e��X5^<f�ReP�UW`º��a�S�UW�D\5`�a�g�Ue�e��a�UÇ����a�`�UW��a�a
X�`�£�X��<\ïg<\��W`�a�VH�m�e�8K���a���K1M�K�Zë`_\�£5^<a�V�U�Oð�
 É����a�Y�U¢^,aè�WP��
�D\���S� 8�èS<\�£�X��
��\�S<\7^,X�Y8�<\��W�<\7��X�Y`_\TP'� g�\��W`�a�VH�7�"X�`�X��� 8Uma�RWP�g<\�¨Û`�� ��Y8�W�"�e��UW��a��
UeSL`�U Õ à Ú&Ø Ö K
Ì1S�UW��deU�`�a�g�Ue�e�"X�UÇ�<\5RT��UWÏFUWS�a�Uó��UW`�Ue��`�X��<\ ∆p

p
∼ 3 − 5%

�
p <

�=�Q� Â�� �>=
σ(E)

E
= 3.2%√

E
⊕ 1%

��X�RTY�X5^,aL^,XÇY�Ue�Wf��D\ÿ`�X�g�S�X%����X�Y�Xe��a�`�f%a���UWS�`�a � a��L\5V�a�¨
�¢^,Ue��`���X�S�X�Y��=`�Ue�c�T\��
 8�&X�`e��U�^���� � X�SH�=a��,P"§Fa��FX�`

νe+N → e−+X
�eX�£� ]`�a����

X�`pY�X�RT�
X=ªãS�X�deX��Wa�deS�\_^�\�R=\��eg�UW`���UT\5��V�a�a
ντ + N → τ− + X → e−νe + X

K
Z1UW��X=��`�S�X��W`�f�X��WV�aL^�^���V�a���Y�X�`���P"`��W`�Y�a�a��Wa�deS�\_^�\�X�����UA��U�^<��UW`�� �[�¢^,U¢�,P�¨Ð§Fa��

I��



ντ

ντ

)

ν

τ

hadron jet

-e

Transverse plane

e
e

-Pn
T Pn

T =  0

(missing ν νe&τ

Ó
a��5KDM��
¹�X���X5^,X�dWa��
ντ + N → τ− + X

Y ��X���UW��Ueg�S�X��Ç�L^<X��e�"X���`�aÇ�ÿ��P�g���P
S�UW��`���a�S�X�K

X�£��<\5RTX��
P (νµ → ντ ) =

Nτ

Nνµ × (στ/σµ) ×∑
i(BRi × εi)

,

dÁ��U
Nτ

��g�a��¢^,X��WX�£� ]`�a��
ντ +N → τ− +X

YQ��UW`�Ue��`�X���UW� ����a�aL��X�`��WP"`���`�Y�a�a
Nτ

£�Ue��U�`�� �&�<\�Y�S� 8� ¸ K�I��(�
Nνµ

��g�a���^,X
νµCC

Y�RT\�a��
Xe��Ue���W`�Y�a��cY���U�`�Ue�L`�X���UN�
σµ,τ

�ð�WUeg�UWS�a��¶��X=ª��,UeS�a��
µ, τ

� �<^<�ÎP�g�U�`_\ï�<\_RTS�a�V� û�D\��e�N�
στ/σµ ∼ 0.48

�(�
BRi

�p��\���V�a<\7^,f�S� 8U�Ï�a���a�S� Ñ��\��e�<\=��X�Y[`_\TP'� g<\5�W`�a�V¥a
εi

��� �/� UW��`�a�Y�S�X��W`�f
Y�X��e�W`_\5S�X�Y5^,UWS�a��

i
��X����
Xe�� »��\��e�<\=�@\]`_\=P'��g<\��W`�a�V� �K5Ìm`�X5`}�W���W��Ue��a��
UeS�`}X���\5R=\7^,� �

S<\5a�£�X5^,UWU&��`_\5`�a��W`�a�g�Ue�W��aºX�£�Ue�W��Ueg�UWS�S� 8�Í�W��U¢��aÎ����P�deaL����S<\�£���\�YïY `�UWg�UeS�a�U
g�U�`� 8��U¢��^,UW`ÐX��"X5^<X/��K ¸ �
aL^�^,a�X�S<\8S�UW��`���a�S�S� 1�k�eX�£� ]`�a�� K_ÈÛ�,S<\��"XX��eV�a�^�^<��V�a�a
`_\�����X���\}a�S�U1S<\��"��UeS� �K�¡�\Û�eUWdeXe��S��LÏFS�a��F�,UeS�fQX�de�<\�S�a�g�UeS�a�U]S<\ÐX��eV�a�^�^<��V�a�a
νµ → ντ

��S<\5����UeS�S�X�U/�W`�a��%�e�"�e��Ue��a��
UWS�`�X���� �<\�Y�S�X # G ¸ $

P (νµ → ντ ) < 6.4 × 10−4

�<^��p£�X5^,f�Ï�aL�pRTS�\7g�UeS�a��
∆m2 �<g�`�X��eX�X5`�Y�U�`��W`�Y�P�U�` sin2 2θ < 4.2 × 10−3 K¡�\]��a���PLS���UÐ�=�]�
 ï�WP��
�
a���X�Y�\_^,a�Y��eU
�WX�Y���UW�
UeS�S� 8U
�@\5S�S� 8U
P��W��X���a�`�U¢^,f�S� 1�

�W���W��Ue��a��
UeS�`�X�Y}a�����a�Y�U�^<ak�WX�X�`�Y�UW`���`�Y�P�¨Ð§Fa�U]����a�Y� 8U#�<^����<\��<\��
U�`���X�YÛX��WV�aL^�^���V�a����
�"X�`�X��� 8U/��X5^�\�d¢\5¨Û`ã��X5^<P�g�a�`�f[Y�£�PT�,P"§Fa����e�"�e��UW��a��
UWS�`_\_�@K
� �"� �Y�¥	��&�@��ö3),!#	����'( �������#�'ö���÷��"!#	�ç��"�#���
¡�\��eUWdeXe��S��LÏFS�a�� ��UeS�f��WP"§�Ue�W`�Y�P�U�` �'���ð����X�UW��`�X�Y&��X���X��W`_\5S�X�Y��"U�£�PT�,P"§FaL�
S�UW��`���a�S�S� 1�k�e�"�W��Ue��a��
UeS�`�X�Y�K7¹ \���S�\�����a��
UW�H�W�<^<����X�a��e��\

νµ → ντ

X��eV�aL^�^<��V�a��
£� 1^<XÐ����U¢�<^<X7ªFUeS�XX�£�MµUA��a�S�aL`�f]��Y�U
�WP"§�Ue�W`�Y�P�¨Û§�a�U1`�U¢�LS�a���aka���UeSL`�a � a���\�V�a�a
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�
XT�, |�<\��W�<\7��X�Y
τ−

)]Ù�� &��
ε
� &W� )]Ù ×ε �¢&W� N∗

τ NBKG

τ− → e−νeντ

�=JLKN� �TI�K G ¸ K�O I�M O�K��
τ− → µ−νµντ

�7Ê�KN� ILKNM ��K Ê ��� ¸ K ¸
τ− → π−ντ

����K Ê ��K G ��K ¸ I ≤ 0.2
τ− → ρ−ντ

¸ G�K ¸ ¸ K ¸ ��K G Ê ≤ 0.2
τ− → π−π−π+nπ0ντ

�TO�K�O Ê�K Ê ��K � �=J ≤ 0.2a�`�X�d O�K�M�& Ê�J ∼ 7

¹�\�£5^,a�V�\[O���¤�XT�,  �<\5�e�<\7�,X�Y
τ−
�@a��e��X_^,f�RTX�Y'\�S�S� 8Uk��^<� ��X�a��W��\�X��eV�a�^�^<��V�a��

Yï��U�`�UW��`�X���U Õ à Ú�Ø Ö K�)1ÙÉ�¶�<\���V�a<\_^,f�S� 8UäY�Ue��X7�L`�S�X��W`�a��<\5R�^,a�g�S� 1� �
Xe�
�<\5�e�<\7�,X�Y��

ε
� g�P�Y��W`�Y�a�`�U�^,f�S�X��W`�f � �@\�S�S�X��r�
Xe��UÒ�<\��W�<\7�@\¼`_\TP ��X���^,U

����a��
UeS�UWS�a�� ����a�`�Ue��a�UeY X5`�£�X���\¼��\�S"��a��@\5`�X�Y�K
N∗

τ

� g�a��¢^,X X7ªãa��@\5Ue�
 1�
�WX�£� ]`�a�������a �e�
U�ÏFa�Y'\5S�a�a

sin2 2θ = 5 × 10−3 �<^<� £�X5^<f�ÏFaL�
∆m2 a

NBKG

�}g�a��¢^,XÐX7ªãa��@\5Ue�
 1� � X�S�X�Y� 1���WX�£� ]`�a��3K_ê��W��X5^,f5RTX�Y'\5S�S<\5����`_\5`�a���`�a���\
1.1 × 106 νµCC

�eX�£� ]`�a�� K

`_\TPè�<\5�e�<\7�,X�Y # G�I��G5O%$�a ��X��W`���X�a�`�f¶YÎ£�PT�,P"§�Ue� Y�Ue��Ï�a�S�S� 8�è��UW`�Ue��`�X��|S<\
X��WS�X�Y�UÛ�eaL^<a��"X�S�X�Y�X�deX�Y�UW��ÏFa�S�S�X�deXk�,UW`�UW��`�X��<\-��P"ª�UÛP��e��U�ÏFS�X�����a��
UeS���Ue�
X�dWX
Y8�"X5^�^,\�����UW��S�X�� � a�RTa��"U5KWC�\5S�S� 8�Q��UW`�Ue��`�X���£�PT��U�`Ð�e��X��WX�£�UWS/a"��UeS�`�a � a�V�a���X�Y'\5`�f
�<\5�e�<\7�, ¥`_\TP'� ^,UW��`�X�S�X�Y}S�\X��eS�X�Y�U Xe��S�X�Y���Ue�
UeS�S�XÛ��a�S�Ue�D\_`�a�g�UW�e��a���a�`�X���X5^,X�dea�g�UW�e��a��
����a�`�UW��a�UeYÛX�`�£�X��<\-�Wg�`�XÐ��X�ReY�X5^,a�`U�§FUD��\����
a�S�a�� P��&S<\8��X��'����X��/����Xe��Y�a�S�P"`�f�� �
Y¶X�£5^�\���`�a¾X��eV�aL^�^<��V�a�X�S�S� 1�|�<\��<\5�
UW`���X�Y��Ð�e�8K��a��5Kk�=�LKÛZm��^,UA���W`�Y�a�Uð`�X�deX��
g�`�X��@\�S�S<\5��`�U��LS�a��L\[��Y5^<��UW`�� �c�eX�Y�Ue��Ï�UeS�S�X�S�X�Y�X��H�<YO��b�ÓD¡�U�£� 1^,X[��U�ÏFUWS�X
����X�Y�Ue��`�a�����X�£�S� 8���W�"�e��UW��a��
UeSL`ã�Ða��W��X5^,f�ReX�Y'\�S�a�Ue�ÎY�UW��ÏFa�S�S�X�deX���UW`�Ue��`�X��<\
S<\�X��WS�X�Y�UÛ��U�`�UW��`�X���\ Õ à Ú&Ø Ö � ����X�`�X5`�a��!� # G�GX$ K � aL^,a��"X�S�X�Y� 8��Y�UW��ÏFa�S�S� 8���U�`�UW��`�X����_a��
Ue¨Û§�a��/�D\��e��P�O�O8��dAK �T£� 1^/P���`_\�S�X�Y_^,UeSFY�S�P"`���aQ��UW`�Ue��`�X��<\ Õ à Ú&Ø Ö
Y��=M�M'Ê1deXe�,P�K7¦�UW��Y� 8U#�@\5S�S� 8UDX���\5R=\7^,a��efY���X5^,S�U
X�£�S<\7��U�ª[a�Y�\�¨Û§�a��
a3K=¦���a��
UWS�UeS�S<\5�
`�U��LS�a���\Û��X�RTY�X_^,aL^�\]a��,UeS�`�a � a�V�a���X�Y'\5`�fÛ�<\��W�<\7�� ïX�g<\���X�Y'\�S�S� 1�Qg<\���`�a�VH�=�"X�`�X��� 8U
a��
aL`�a���P�¨Ð`��<\��W�<\7�� �`_\TP�^,Ue��`�X�S�X�Y�K,¡/\���a��WP�S��"U[��������a�Y�UA��UeS&�L\5S���a��@\_`[S<\
�<\5�e�<\7� X�g<\���X�Y'\�S�S�X��cg<\���`�a�V�  ��X[�L\5S<\_^<P

νµ +N → µ− +D0 + π+π0 + N
�

D0 → K− + π+ � π0 → γ + γ
K/ÈÐ��S�a�� a�RÿS<\�a�£�X5^,UeUÎ����a�Y5^,UW�L\_`�U�^<f�S� 1�

�WV�UeS<\5��a�UeY�����X�Y�U¢�,UeS�a���£�PT�,P"§FaL�[P��e�"X���a�`�U¢^,f�S� 1���W���W��Ue��a��
UeS�`�X�Yã��Y5^<��¨Û`�� �
¿3;��7� ,_�3: Ã�2ÁÂ¤;=����Â¢Å �W�"�e��UW��a��
UeSL`� ���dÁ�,U
��P�g�X��/S�Ue��`���a�S�X-�=a��,P"§Fa��kX�`8P��W�"X���a�`�U�^<���
S<\5���<\�Y5^���UW`�� ��YÐ��U�`�Ue�L`�X��H�"X�`��W`�X7�L§Fa���X�`��LPLg��L\�S<\Q£�X5^,f�Ï�X��ä�<\��W�W`�X=��S�a�aH� ∼
103 ��aL^,X��
U�`���X�Y�K_Ìm`�XÐ��X�ReY�X5^,a�`Ð�W���W��Ue��a��
UeS�`_\_`�X��<\5�ä����Xe��Y�a�SLP�`�f�� �kY8X�£5^�\���`�f�D\_^< 1���D\��W���=����UA���e��\5Re 8Y'\�UW� PL¨ÿ�e�"�W��Ue��a��
UeS�`_\��
a���Xa�ReP�g�UWS�a�¨¶\5`��
X�� � Ue��S� 1�

I�J
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E531

kamiokande

      Super 
kamiokande

Ó
a��5K/�T��� � X�Y���UW�
UeS�S� 8Uð����UA��U�^,  S�\¶�<\���\��
UW`���  X��eV�aL^�^<��V�a��
νµ → ντ

a
�WX�X�`�Y�UW`���`�Y�P�¨Ð§Fa�UQ����a�Y� 8U8£�PT�,P"§�aL��P��W��X���a�`�U¢^,f�S� 1�ã�W���W��Ue��a��
UeS�`�X�YV� À )]Ô��
¿3254��7698 ��: Ã�2 Â�;��=��Â�Å �e�"�e��Ue��a��
UWS�`� ��"Ô )]Ô�� ¿?;=�7� ,5��: Ã�2ÁÂ�;=����Â¢Å �W���W��Ue��a��
UeS�`� A��K5C/^<�
�W�<\�Y�S�UWS�a��p����a�Y�U¢�,UeS� ¾��\5RT��U�ÏFUWS�S� 8U/X�£5^�\���`�apa�RQ�@\�S�S� 1����X�\5`��
X�� � UW��S� 8�
S�UW��`���a�S�X�K

S�UW��`���a�S�X�K

²HÆ é Æ ù þ&!�),�,(#�"ç�+ï+���ç�)��'ò&�"!#����$Î�#�"����!�	#��)
ZmRT\�a��
Xe��UW���W`�Y�a�U���X��e�
a�g�UW�e��a���^<P�g�Ue�/�D\5`��
X�� � Ue��X��� UW��^,a�����a�Y�Xe��aL`Û��Y�X5RTS�a���S�X�Y�UWS�a�¨
\7�,��X�S�S� 1����X�`�X���X�Y��T�"X�`�X��� 8UD�eX���`�X=��`ÛY8X��eS�X�Y�S�X���a�RD��a�X�S�X�Y8a���\�X�S�X�Y�K=E�X�dÁ�@\
aL�è�eS�UW��dea�aºS�U¥Y�U�^,a���aH�8X�S�a��<\��W�<\7�@\5¨Û`�� ����eX�R¢�@\�Y'\5� �LPLg���a|S�UW��`���a�S�X%��X
��\�S<\7^�\��

π± → µ±+
(−)
νµ

K± → µ±+
(−)
νµ

, µ± → e±+
(−)
νµ +

(−)
νe .

¦�\���V�a<\_^,f�S� 8U]ÏFa���a�S� Ç�
Xe�[�<\��W�<\7��X�Y���a�X�S�X�Y�a���\�X�S�X�Y}��X��W`_\_`�X�g�S�X���X���X�Ï�X
a�ReY�Ue��`�S�  Y � a�RTa���Uïg<\���`�a�VH���X��W`�X�� Pº�c��X��W`_\5`�X�g�S�X¶��X���X�Ï�Ue�|`�X�g�S�X��W`�f�¨
PT�@\�U�`�� �»X�����UA��U�^,aL`�f�X�`�S�X�Ï�UeS�a�Uã��X�`�X��"X�Y

νµ/νe

���"X�`�X���X�U�����UA���e��\5Re 8Y'\�U�`�� �

I�M



Ó
a��5K������5E�\�S���a���\5`�S<\Q�<\��W�<\7�ãX�g�\���X�Y'\5S�S�X���g<\5�W`�a�V� ÇYÐ�,UW`�UW��`�X���U Õ à Ú&Ø Ö �
À0B ØQÙ # G�GC$8��Xä��\�S<\7^<P νµ + N → µ− + D0 + π+π0 + N

�
D0 → K− + π+ �

π0 → γ + γ
K

�<\5Y�S� 8� ¸ �<^<���eS�Ue��dWa�a©S�Ue�L`���a�S�X
Eν ∼ 100

Ú Â�� KÐ¡�UeX�����U¢�,U�^,UWS�S�X���`�a Y
ReS<\�S�a�a���X5`�X��"X�Y�"X��e�
a�g�Ue�W��aL��^<P�g�Ue�/a�S�U�`�X�g�S�X��W`�fQ\7����X�S�S� 1���
Xe��U¢^,Ue�/����a�Y�Xe�,��`
�ÿX�ÏFa�£��"UcS�U�£�X5^,UWU ±10%

�<^<�ó�@\�S�S�X�deX¥X�`�S�X�ÏFUWS�a��3K1È}`�S�X5ÏFUeS�a�U���X�`�X��"X�Y
νµ/νe

\5`��
X�� � Ue��S� 1��S�Ue�L`���a�S�X�X�����U¢�,U�^<��^,X��ef�Y��<\5RW^<a�g�S� 1���e�"�e��UW��a��
UWS�`_\_�@K
ê}�p��U�ReP=^,f=`_\5`� ©�WP��
�
a���X�Y�\�S� ¾Y�`_\�£5^<a�V�U�GLK

C/^<��a�RWPLg�UeS�a��/��X5`�X��"X�YÐ\5`��
X�� � Ue��S� 1�/S�Ue�L`���a�S�XÛ�W���W��Ue��a��
UeS�`_\_`�X��� ÿa��W��X5^,f�RWP�¨Û`
��Y�\Û`�a���\Ð��UW`�Ue��`�X���X�Y��'Y�XT�,S�X5� g�Ue��UWS��"X�Y��e��a�Um��UW`�Ue��`�X��� Ç×�ØQÚ�D à ×�Ø Õ}Ö Ü # G��N$akD ÚF)D� I # G�ÊX$<a���\_^,X���a��
UW`���a�g�UW�e��a�U��U�`�Ue�L`�X��� ¡Z ÙÛÜ�¢�á À # G�JN$ � Õ á À Ü�£ # G�MN$�aÀ à á Ö Ø Õ � ¸ # ���X$ KeBD�W��U¢�,S�UeS�S� 8UD�@\�S�S� 8U
��XY��eUW�&�W�"�e��UW��a��
UeSL`_\��ä����UA���W`_\�Y_^<��¨Ð`�� �Y/Y�a���UÐX�`�S�X�ÏFUWS�a��

(νµ/νe)
��X�`�X��"X�Yk\5`��
X�� � Ue��S� 1�[S�UW��`���a�S�X���S<\�£5^,¨m��\�Ue�
 1�

Y��@\�S�S�X��¾�e�"�e��Ue��a��
UWS�`�UN�
�»����U¢���W�L\_R=\�S�S�X�� P¥�<^��»��`�X�dWX��e�"�e��Ue��a��
UWS�`_\ïÚ Þ
� �
XT�,U�^,a���X�Y'\�S�a�U/��Xã�
U�`�Xe�,P&¤&X�SL`�UkE/\5�L^,XI�r��g�`�X��@\�U�`��

R =
(νµ/νe)DATA

(νµ/νe)MC
= 0.61 ± 0.06.

È}`���^,X�S�UWS�a�UDY�U�^<a�g�a�S� 
R
X5`ÛUA��a�S�a�V� »a�S<\5Re 8Y'\�U�`�� �k\�S�X��D\_^,a�UW�k\_`��
X�� � UW��S� 1�

S�UW��`���a�S�X�K@Ìm`_\[\5S�X��D\_^,aL�p�
X7ªFUW`�£� ]`�f��<\��W�e�
X�`���UeS�\ã��\����eaL^,f�S�X�U�P��L\_R=\�S�a�U
S<\Ð�WP"§FUW�W`�Y�X�Y'\�S�a�U8S�Ue�L`���a�S�S� 1��X��WV�aL^�^���V�a�� K�¦�X��e�"X5^<f���Pk×�Ø�Ú�D à ×�Ø ÕÛÖ Üäa
D ÚF)ðY�a��,��`Qa�RT£� ]`�X��

νµ

�eX�£� ]`�a��H��a��FX�`��L^,X�S�UeS�a����
X=ªãS�XQa�SL`�Ue������UW`�a���X�Y�\5`�f
O'�



Ì1�"�W��Ue��a��
UeS�`�  ¤c\5�e�T\���U�`�Ue�L`�X��<\ × (νµ/νe)DATA

(νµ/νe)MCY���UW� ���e�"�e��X5RTa�V�a�a
×�ØQÚ�D à ×�Ø Õ}Ö Ü # G��X$ ��K �

0.60 ± 0.07 ± 0.05D Ú�)�� I # G�Ê%$ ÊLK Ê
0.54 ± 0.05 ± 0.07Z�ÙÛÜ�¢�á À # G�JN$ ��K G5�
1.00 ± 0.15 ± 0.08Õ á À Ü�£ # G�MN$ ��K�O��

0.99 ± 0.29À à á Ö Ø Õ � ¸ # ���X$ ��KN�L�
0.67 ± 0.17 ± 0.09

¹�\�£5^,a�V�\ÛG�� � ��\�Y�S�UWS�a�U1X5`�S�X�Ï�UeS�a��
(νµ/νe)

��X5`�X��"X�Y}\5`��
X�� � Ue��S� 1��S�UW��`���a�S�X
�<^��p�<\5RW^<a�g�S� 1�&�e�"�W��Ue��a��
UeS�`�X�Y�K

��\��
νµ → ντ

a�^,a
νµ → νe

X��WV�aL^�^<��V�a�aÎ��£�X_^,f�ÏFa�� P�d ^,X�� �W�
UWÏFa�Y'\�S�a��ða
∆m2 Ym��a<\��<\_RTX�S�U
X5` 10−1 ��X 10−3 eV 2 K=¦�X���^,UA��S�a�U��@\5S�S� 8UD�D×�Ø�Ú�D à ×�Ø ÕÛÖ Ü
# ���/$_��UW`�Ue��`�X��<\Ð`_\5��ª�UD��X���\5RT\_^,a�S<\_^,a�g�a�U��@\�S�S�X��/\�S�X��D\_^<a�a�Y8`_\���S<\5RT 8Y�\�Ue�
X��� * ;=8Z� �9� Â�� X�£_^�\��W`�aH��`�X�dÁ�@\ã��\���aL�p����UWªãS�a�UQ�@\�S�S� 8U�X�`�S�X��WaL^,a��Wf�� 2 *�:L�?� Â��
X�£_^�\��W`�a3K R X_^,UeU
`�X�deX��T��`_\Ð�"X5^�^�\�£�X���\�V�a�����PL�
U¢^�\8a�RT�
UW��a�`�fÛP�d ^,X�Y�X�U
�<\��e����U¢��U¢^,UeS�a�U
����aL�'Xe�@\S�Ue�L`���a�S�X�K7¦�X��e�"X5^,f���P�S�UW��`���a�S�XÛ��X7ª��@\�¨Ð`�� �/Y8�<\5R�^,a�g�S� 1�/X�£5^�\���`=�L�
\5`��
X�� � UW�� P� Ue��^<aãa��
X�dWP"`�����XT�'Xe��a�`�fF�e��Y�X�RTfÎ� Ue��^<¨Î��`�XQ�<^,a�S<\kaL����P"`�a���X
Y�RT\�a��
Xe��UW���W`�Y�a��/Y1��UW`�Ue��`�X���U��
X7ªFUW`Ða�RT�
UWS���`�f�� �/X�`��=�m��X��=I������]��aL^<X��
UW`���X�Y�K
¹�\���a��pX�£���\5RTX����Wa�S � X����D\5V�a�¨óX�£�W`�X����<\��e��`�X=��S�a�a��
X=ªãS�X8X�����UA��U�^���`�fÐ��P"`�UW�
a�Re�
Ue��UWS�a���RTUWS�a�`�S�X�deXÐP�d ^�\

θ
K=¡�\8��a���PLS���U� ¸ �
 ¥����a�Y�XT�,a��&��`�XÐ�<\��W����U¢�,U�^,UWS�a�U

Y��
UW�W`�UÛ�S<\�a�^<P�g�ÏFa�� � a�`�X��»Y�����U¢����X_^,X=ª�UeS�a�a�S<\_^,a�g�a��
νµ → νe

a
νµ → ντX��WV�aL^�^���V�a�����g�f�ap�<\��<\��
U�`��� |S<\_�'Xe�,�L`�� �cY�a�S�`�UW��Y'\_^�\7� �

sin2 2θ = 0.7 ± 0.2
�<^<�

10−3 < ∆m2 < 10−1.
¡�\�£�X��Î�@\�S�S� 1�%Yð�W`�X��Ò�e�"�e��UW��a��
UWS�`�Uï����Xe��X5^<ª�\�UW`�� �3KÈÐ��S<\5��Xï��^<�%`�X�deX��
g�`�X�£� ¥X��"X�S�g<\_`�U�^<f�S�XP�`�Y�Ue����aL`�f�� ��Y8S<\_^,a�g�a�akX��eV�aL^�^<��V�a��H�=S�P"ª[S� ä��X���X5^,S�aL`�U�^<f�S� 8U
�@\5S�S� 8UDX�`1����P�dWaL���e�"�W��Ue��a��
UeS�`�X�Y��_a��e��X_^,f�ReP�¨Ð§FaL�Q���LPLdWa�U��
UW`�Xe��a���akaLRT�
Ue��UeS�a��
��X5`�X��"X�Y�S�Ue�L`���a�S�X�K

²HÆ é Æ ± þ&!�),�,(#�"ç�+»��)<(#�#�"õ��#��$¶�#�"����!�	#��)
� X5^<S�V�U
��Y5^���UW`�� ���
X�§FS� 8�ca���`�X�g�S�a��"X���S�UW��`���a�S�X�KXhÛ��Ue��S� 8UD����X�V�UW�e�W ��_a"�,P"§Fa�U
Y[�"����U � X5^<S�V<\-�3Y[��X�S�Ueg�S�X��ºaL`�X�dWU�����a�Y�Xe�,�L`��ä��X=��Y5^,UWS�a�¨HS�Ue��`���a�S�X�K�Ìm`�a
����X�V�Ue�W�e Í�
X=ªãS�Xc��PL�
�
a���X�Y'\5`�fc��\��ð��UT\���V�a�¨ëX�£��<\5ReX�Y'\�S�aL�ï�"���<\pdeU�^<a��ða�R
�WY�X�£�Xe��S� 1������X�`�X�S�X�Y�����X=ª���UWS�a�UW�ÿ^,UW��`�X�S�X�Y[apY� m��U¢^,UeS�a�Ue�%`�Ue�L^�\

4p→ 4He+ 2e+ + 2νe + 26.7MeV.
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Ó
a��5K � ¸ �,BQd ^,X�Y�X�U��<\��W����UA��U�^,UWS�a�U��<^<��X�`�S�X5ÏFUeS�a��
R
� a�Re�
Ue��UWS�S�X�U�×�Ø�ÚYD à �

×�Ø ÕÛÖ Ü ��UW`�Ue��`�X���X��8KE `���a��'X�Y'\_�ÍaH��P�S���`�a���S<\_�½^,a�S�a�aÍ�eX�X�`�Y�UW`��W`�Y�P�¨Û`
dWa���X�`�UWRTUk�WP"ÏFUW�W`�Y�X�Y'\�S�a��

νµ → νe

a
νµ → ντ

X��eV�aL^�^<��V�a��3K

ÈQ�eS�X�Y�S<\5� �WS�Ue��dea��¥P�S�X��eaL`�� � � X5`�X�S<\5�
aH�µ\�S<\ã��X5^,¨âS�UW��`���a�S�Xc����aL�'Xe��a�`�� �
^,aLÏFfÇ�D\7^�\5��g<\���`�fÇ��a�S�UW`�a�g�UW�e�"X��©�eS�Ue��dWa�a3K � ��U¢��SL���º�eS�UW��dea����ÐP�S�X��ea��D\5�
��Y5PL� ��S�Ue��`���a�S�X��=Y��U�ReP=^,f=`_\5`�Um��`�X��/��UT\5��V�a�a ∼ 0.59MeV

K7ÈÐ��S<\5��X£5^,\�deXe�@\��'�
����X�V�Ue�W�T\�� �<\5�e�eU���S�aL��a���X�d ^,X5§FUeS�a�� � X�`�X�S�\���`���UW£�P�U�`�� �ã����a��
UW��S�X

106 ^,UW`X�g�`�X�£�  ��X���`�a�g�fè��X�Y�UW�'�LS�X��W`�a � X5^,S�V<\-�ÐYÇ`�XèY���Ue� �¾��\��©S�Ue��`���a�S�X �
X=ª�UW`
����X=��Xe��a�`�fÛ�e��Y�X�RTf]`�X5^<§�P � X_^,S�V<\8���<\5��`�a�g�Ue�e��a��eY�X�£�Xe��S�X��¢�@\�Y'\5�QS<\��pY'\5ªãS�P�¨
a�S � X����D\�V�a�¨ X�Y�S�P"`���UeS�S�Ue�è�W`���X�UWS�a�a � X_^,S�V<\�K

¦���U¢�,��X5^�\�d¢\_�H��g�`�X � X_^,S�V�U8S<\7�'Xe��a�`�� �[Y��eX��W`�X=��S�a�a�dea�����X��W`_\5`�a�g�UW�e�"X�deX�a
`�Ue�L^,X�Y�X�deX�<\5Y�S�X�Y�UW�ea���S�\����X�`=��ªFUeS�a�aQ��X���`_\5`�X�g�S�X�dWXÛ£�X_^,f�ÏFX�deX����X��
U�ªãP"`��L\
Y���Ue�
UeS�a

> 106 ^,U�`X�L�
X=ªãS�X/�eg�a�`_\_`�f��Lg�`�Xk��X_^,a�g�UW�W`�Y�X�Y� m��U�^<UeS�S�X��[`�UW�L^,X�Y�X���WS�Ue��dWa�aó�<\�Y�S�X��"X5^,a�g�Ue�W`�Y�Pð�WS�Ue��dea�aH��a��e��P"§�UeS�S�X��¶�ã��X�Y�UW�'�LS�X��W`�a � X5^<S�V<\�K
¡�\�£5^<¨m�@\�Ue�D\_� �eY�U�`�a��
X���`�f � X_^,S�V<\-�

L�
�Q�
X=ª�U�`|£� ]`�f�a��e��X_^,f�RTX�Y'\�S<\¶�<^<�

X�V�UeS���a�Y� 1��XT��\ãS�UW��`���a�S�X

dNνe

dt
=

2L�

26.1MeV
= 1.8 × 1038s−1.

O ¸



ê�� �'Xe�,�»a�R���`�X��»X�V�UeS���aH��S�UW`���PT��S�X���X_^<P�g�a�`�fä��X�`�X��»S�Ue��`���a�S�XcX�` � X5^<S�V<\-�
��X��W`�a�dWÏFa��k� Ue��^<aH�T��X5^<X7ªãa�Y8�W��U¢��S�UeU��<\��e��`�X=��S�a�UD�
UWª��,P�� UW��^,Ue�/a � X5^,S�V�UW���
�<\5Y�S� 8�

1.5 × 1011m
�

φνe = 6.4 × 1010 cm−2 s−1.
ÈÐ��S<\5��X��X_^,S� 8����X�`�X��kS�Ue��`���a�S�X��7\]`_\��Lª�U
�eS�UW��deU�`�a�g�Ue�e��a����e��UW��`��kS�Ue�L`���a�S�X
S�U�`_\��Ç^,UWde�"XÎ��X5^<P�g�a�`�f��1��X��e�"X5^,f���PÇ��`_\óa�S � X����D\�V�a��ÇRT\�Y�a��Wa�`óX�`ðReS<\�S�a��
��a�S�Ue�D\5`�a���aÑ����UW��S� 1� ��Ue\���V�a�� a Y�S�P"`���UeS�S�UedeX�`�UW�
��Ue�<\_`�P���S�X�dWX¾��U�ª[a��D\
� X5^<S�V<\�K¤h}�,Ue��S� 8U���UT\���V�a�aH��a"�,P"§Fa�U�Y � X5^<S�V�U��#�
X=ª[S�Xc�<\5R��,U�^,a�`�f S<\p��Y�U
X��WS�X�Y�S� 8U
�L\_`�UedWX���a�a �

pp
� V�a��L^ka

CNO
��V�a��L^µKTÌ1S�Ue��deUW`�a�g�UW�e��a�U1�e��UW��`��� óS�Ue��`���a�S�X

�<^����W`�a���V�a��L^,X�Y����a�Y�U¢�,UeS� óS<\8��a��WP�S��"U}�=ILK�C/^<��RTY�U�R��F����X��W`_\_`�X�g�S�XQS�a�Re��X��

Ó
a��5K&�=IL�ã¦�X�`�X��û�WX5^,S�UWg�S� 1�ÉS�Ue��`���a�S�X��ã����UA���e��\5Re 8Y'\�Ue�
 8� � `_\�S"�@\���`�S�X��
� X5^<S�Ueg�S�X���¤&Xe��U¢^,f�¨ � �8� ¤g�µS<\Ð��X�Y�Ue���LS�X���`�a�� UW��^,aH�7��\�� � P�S���V�aL�F�eS�Ue��dWa�a
S�UW��`���a�S�X�K�¦�X��L\_R=\�S� óX��eS�X�Y�S� 8U1����X�V�Ue�W�e ��

pp, 7Be
a 8B

� �e�8K7`�UW����`I��ak�
UeS�UWU
Y'\_ª[S� 8UÿY��L^,\7�� ���a��,P"§Fa�UèX�`|��UT\���V�a��

p + e− + p → 2He + νe

�KJ Â J!�(�
3He + p → 4He + e+ + νe

� 4�Â J!��aº£�U�`_\¶�<\5�e�<\7�,  ���,Ue�|Y
CNO

V�a��L^,UN�
13N 15O

a 17F
K�¤�X�S�XT�L��X��D\5`�a�g�Ue�W��a�U�^,a�S�a�a¥�@\�S� ÍYcU¢�,a�S�a�V<\7�

cm−2s−1 ��\�W��Ue��`��� ©Y�U¢��a�S�a�V<\_�
cm−2s−1MeV −1 K

`�Ue�
��UW�<\5`�P���X��H�5��\���P � X5^,S�V<\0����X��
a�S�a���P�¨Û§�a��c��Y_^<��U�`�� �
pp
��V�a��L^�KT¹��a�X��eS�X�Y�S� 8U

O'I



��Ue\���V�a�a&Y
pp
��V�a��L^<U��<X�`�Y�Ueg<\5¨Û§Fa�U/RT\�dWUeS�UW�<\�V�a�¨

νe
S�Ue��`���a�S�X���a��
UW¨Û`ãY�a����

p+ p→ 2H + νe + e+, E(νe) ≤ 0.420 MeV,
7Be+ e− → 7Li+ νe, E(νe) = 0.862 MeV, (90%)
8B → 8Be+ νe + e+, E(νe) ≤ 14.6 MeV.

È}`�S�X�ÏFUWS�a�U/��X�`�X���X�Y���`�aL����UT\���V�a���Y� 8d ^<���,a�`[��\��
φpp : φBe : φB = 1 : 0.08 :

10−4 KC/^<�¶��U�`�UW��`�a���X�Y'\�S�aL�|�WX5^,S�UWg�S� 1��S�UW��`���a�S�X¶S�\ � UW��^,UäYó£�X5^<f�ÏFa�S��W`�Y�U
��U�`�UW��`�X���X�Y[a��W��X5^,f5ReP�¨Û`���Y�U���UT\5��V�a�a3�

• ��÷#!µ��ñ5)��k!#+��'���"´3�#	��F��������!�	#��)��#+m��(#��ö���!�),�#+�$
(νe+e

− → νe+e
−)

�
CF\�S�S<\5����Ue\���V�aL��a��e��X_^,f�ReP�UW`�� �FY8a�ReY�Ue��`�S�X��cY�Xe��S�X5��g�Ue��UWS��"X�Y��W��X��p��U�`�Ue�L`�X���U
×�ØQÚ�D à ×�Ø Õ}Ö Ü # � ¸ $ KmC�UW`�Ue��`�X��¾�e��X��eX�£�UeS|X�����U¢�,U�^<�L`�f%S<\5���<\�Y5^<UeS�a�U
����aL�'Xe�,�L§FaL�/S�Ue��`���a�S�XÐ��P"`�UW��a�RT�
UW��UeS�a��/�eS�UW��dea�aka�S<\�����\�Y5^,UWS�a��/�<\��W�eUW��S�S� 1�
�¢^,Ue�L`���X�S�X�Y�KÐÌ1S�UW��deU�`�a�g�UW�e��a��¾��X���X�d&��UW`�Ue��`�X��<\¶��\�Y�UeS

7.5MeV
�]gL`�X

�,U�^�\�U�`ÐUedeXg�P�Y���`�Y�aL`�U�^<f�S� 8�äY8X��WS�X�Y�S�X��&��£�X���S� 8�&S�Ue��`���a�S�X�K¥¤ Zä\5����U�^<U
�TM�M��ÛdWXe�@\QS<\=g<\_^��WY�X�¨Ç��\�£�X�`5P���U�`�UW��`�X�� À *�J Â_6 � × Ã������ � Ã��-��Â # ��IN$ �_�D\��e�e\�"X�`�X���X�dWXó�<\�Y�S�\ ¸�¸ ����� `�X�S�SH�]g�`�Xó����UeY�X�� �'Xe��a�`¶�D\��W�WPè×�ØQÚ�D à ×�Ø Õ �
Ö ÜH��U�`�UW��`�X���\ÿY¥�,Ue� ��`�fÎ�<\5R�K1b
deXó�eS�Ue��dWUW`�a�g�Ue�W��a��|��X���X�dcP��
UWS�f�ÏFUWS
�,X ∼ 5MeV

�]g�`�XÎ��X5RTY�X5^���UW`ÿa�Re�
Ue�'��`�f¶�W��Ue�L`��|£�X���S� 1� S�Ue��`���a�S�Xÿ�
^�PLgLÏFUe�&�W`_\5`�a��W`�a��"X��3K

• )��,!�+��������
β
Ò !�+<��÷�+��

(νe + (A,Z) → e− + (A,Z + 1))
�

¦�UW��Y� 8�c��UW`�Ue��`�X��ð��X�aLRT�
Ue��UeS�a�¨Ò�eX_^,S�Ueg�S� 1�¥S�Ue�L`���a�S�Xc£� 1^ïX��WS�X�Y'\�S
a��
UeS�S�XóS�\»S<\�£5^<¨m��UeS�a�a���`�X�� ��Ue\���V�a�a3K]Zû�W���W��Ue��a��
UeS�`�U ß �7��Â_2[8 Ã � Â
aLRT�
Ue�'��UW`�� �cY� 1�'Xe� 37Ar

X�`�RT\_�LY'\5`_\ãS�Ue��`���a�S�X���^<X���X�� 37Cl # ��O�$
νe + 37Cl → e− + 37Ar.

Ìm`_\��Ue\���V�a���a��
UeUW`Ð�WS�Ue��dWUW`�a�g�Ue�W��a�����X���X�d
0.814MeV

�Wa���X��W`�X�� P��W���W��Ue��a��
UeS�`
ß �7��Â_2[8 Ã � Â g�P�Y���`�Y�a�`�U�^,UWSó`�X5^,f���X&� 7Be

a 8B
S�UW��`���a�S�X�K#Z �W��U¢��S�Ue�

∼ 0.5 37Ar
\_`�X��
X�Y�Y/��UeS�fF��UedWa��W`���a���P�UW`�� ���@\�S�S� 8�»��UW`�Ue��`�X���X��8K�Ìm`�X�`

�,UW`�UW��`�X��ðS<\=g<\_^ð�eY�X�¨â�<\5£�X�`�P U�§FUãYï�=M�����deXe�,P a»����Xe��X5^<ª�\5UW`&S<\�£�X��
��\�S�S� 1�pa���X��eUW����UWS�f�K
R X5^,UeUD�WX�Y���UW�
UeS�S� 8U ��U�`�Ue�L`�X��� ��5X��eS�X�Y'\�S�S� 8U�S�\��`�X��&����a�S�V�a���UN�7��ØQÔ �
ÔµÜ�£ # ��GX$µa À ØA��Ü # ���N$µa��e��X5^,f�RWPL¨Ð`��,��P�dWP�¨½��Ue\���V�a�¨��

νe + 71Ga→ e− + 71Ge.¦[m n�prq%s(tXu[vXw�u5y¡y�{ |(~[nNu5y��%�9�X�rq%s/�9�/�/pr�(s��ru[�%y��XtX{ |(�/�XtX�/u�tXu[vX�r�X�%tX���a�5��n0����?�/�(�r�/u9�(�9�r�(�X�"�¤�Xu[p(£ �X�Xu[vI�X�¹£��(�r�/�X�(vc�%�9�X~/�9£�p(u9�(�¢��n�prtXt%�(u@tXu9v%�r�X�XtX�N�
O�O



Ì1S�Ue��dWUW`�a�g�Ue�W��a��»��X���X�d/��\�S�S�X��ä��UT\���V�a�aädeX���\5R���X�S�a�ª�UFa��WX��W`_\5Y5^<��U�`
Y��eUedWXð^,a�ÏFf

0.233MeV
�1g�`�Xÿ��X�ReY�X5^<��UW`ÿa�RT�
UW�'��`�f¶�W`�a��â��U�`�UW��`�X���\��

���<\���`�a�g�Ue�W��a�Y��WU���X�`�X���a&S�Ue��`���a�S�X�K
Z�`_\�£5^<a�V�U��]�eX�£��<\�S� ¥��UWRWP=^,f=`_\5`� ó��`�aL���W�"�e��UW��a��
UeSL`�X�YQY8�W�<\�Y�S�UeS�a�a/�
�<\5R�^,a�g�S� 8�
a
�WX5^,S�UWg�S� 8�
a/�
XT�,U�^<���
aH�=�"X�`�X��� 8U�g�\��W`�XÛY1^,aL`�Ue��\5`�P���UmS<\5RT 8Y�\�¨Û` � `_\�S���\���`�S�X��
� X5^<S�Ueg�S�X��ä¤&Xe��U¢^,f�¨ � �8� ¤F� # �'Ê��,��J0�,��MN$ K

§ à�â æ ÙZÞ�ÝIù�ÙZå é ¨ ßª©_Ú�«@Ø0ß�Ù]ùHý<ä æ × é ×�à ¬-�®�¯ °_± ò�²-³ ®�¯µ´µ± ¶ í ®�¯µ·ª±
¸¹dº�»½¼d¸¹d¾¿¶ÁÀ

2.80 ± 0.19 ± 0.33 5.69 ± 0.82 4.4 ± 1.1 2.49 ± 0.55ÂdÃªÄ ô]ó½Å9öMÆXô
2.55 ± 0.17 ± 0.18 8.0 ± 1.0 6.4 ± 1.4 41. ± 1.2ñ ¹ ³b³ ÀYÇ
69.77 ± 6.7 ± 4.2 132 ± 7 123 ± 7 115 ± 6í ¹ ñ À

72 ± 12 ± 6 132 ± 7 123 ± 7 115 ± 6

¹�\�£5^,a�V�\ ��� � ��\�Y�S�UWS�a�U �e�"�e��Ue��a��
UWS�`_\_^,f�S� 1� ��\�S�S� 1� ��X a�RT�
UW��UeS�a�¨
��X5`�X��"X�Y��WX5^,S�UWg�S� 1�cS�Ue�L`���a�S�X��k`���Ue� �ä�
Xe��U¢^<���
a � X_^,S�V<\�K�C/^<����UW`�Ue��`�X��<\
×�Ø�ÚYD à ×�Ø Õ}Ö Ü a �WX�X�`�Y�UW`��W`�Y5PL¨Ð§FaL� `�UeX���U�`�a�g�Ue�e��aL� ����U¢���W��\5R=\�S�a��
UA��a�S�a�V�\��
a ��Y5^���¨Û`�� �

106 sm−2s−1 KÇÈQ�W`_\_^,f�S� 8U �@\�S�S� 8U�����a�Y�U¢��UWS�  Y
UA��a�S�a�V�\_� À�Õ á � À��7; Ã�6 ÕÐÂ * 8565�=��� á ��� 8 �ó� À�Õ á �<\�Y�UeSrXe��S�X�� P�R=\7��Y�\5`�P
S�UW��`���a�S�X�R=\F�WUe��P�S��,P�S<\

1036 \5`�X��
X�Y��"���<\��¢K�¦�Ue��Y'\5��X5ÏFa�£���\�����UA���W`_\5Y5^<��U�`�WX�£�X��p�W`_\_`�a���`�a�g�UW�e��P�¨âX�Ï�a�£���P��,\�Y5`�X��<\_���[�Wa��W`�Ue�D\5`�a�g�Ue�W��P�¨�K

¡�\�£5^,¨m��\�Ue�
 8�/��X�`�X���S�Ue��`���a�S�XÐX�` � X5^,S�V<\8Y�X8Y��eU¢���e�"�W��Ue��a��
UeS�`_\_�/ReS<\=g�a�`�U¢^,f�S�X
S�aLª�U&UWdeX»`�UeX���UW`�a�g�Ue�W��aL� ����U¢���W�L\_R=\�S�a��3K8Ìm`�X»`_\��%S<\_RT 8Y'\�UW�D\5� ¿ ����X�£5^,Ue�D\
�WX5^,S�UWg�S� 1�ÎS�UW��`���a�S�X Å KDÆFa�`�a���X�Y'\�S�a�U�Y��eU��¥�@\�S�S� 1�ó����a�Y�Xe��a�`¥�ð`�X�� P�� g�`�X
�
 ¥���<\��L`�a�g�UW�e��akS�U
S<\�£_^,¨m�@\�UW�c��X�`�X���\8£�Ue��a�^�^,a�UWY� 1�/S�Ue�L`���a�S�X�K � P"§FUe��`�Y�P�UW`
`���a&��UWÏFUWS�a��c�W`�X��&����X�£5^,UW�
 ��
��K�È�É�Ê\É�eb^_É�e}Ëp�M^r]�if��ÌÍ�rÎm�_h}eb�ªÏeRT\��L^,¨Ûg<\�UW`�� ��Y]`�X����=g�`�X`�X�g�S�X��W`�fÐ��U�ReP=^,f=`_\5`�X�Y
Y��eU��/��UW`�Ue��`�X���X�Y/��X�a�Re�
Ue��UWS�a�¨è�WX5^,S�UWg�S� 1��S�UW��`���a�S�X�S<\��
aFR=\5Y� ]ÏFUWS<\
apS�U�P�g�`�UWS�S� 8U��Wa��W`�Ue�D\5`�a�g�UW�e��a�U�X�ÏFa�£���ap�
X�dWP"`ã����a�Y�UW�W`�a&�p�eX�d ^�\��ea�¨
�W�"�e��UW��a��
UeSL`_\_^,f�S� 1���@\�S�S� 1�pa�`�UeX���UW`�a�g�Ue�W��aL�ä��\��eg�U�`�X�Y�K

¸ K�ÐÑ^_É�ÌbirÒÓeRcfe}Ëp�M^r]�if�ÔÌÍ�_Îm�rh}eb�ªÏT�W`_\�S"�@\���`�S<\5�k�
XT�,U�^,f � X5^,S�V<\8S�UT\7�,Ue��Y'\_`�S�X
X���a��e 8Y�\�UW`&����X�V�Ue�e�W ��#a"�,P"§Fa�UãY&S�UA���<\_� � X_^,S�V<\-��a����WX�X�`�Y�UW`��W`�Y�UeS�S�X-�
�e\��
a%��X5`�X���aÇS�Ue��`���a�S�X�KxbQX5`=�è�W`_\ðY�X5RT�
X=ª[S�X��W`�f»UW§�U�S�U&a��e�L^<¨}g�UWS<\
X���X�S�g<\5`�U�^,f�S�X��<��Xe�@\�Y5^<UeS�a�U���X5`�X���\�£�Ue��a�^�^,a�UWY� 1��S�Ue�L`���a�S�X[S�U��
X=ª�UW`
£� ]`�fX�£�M����eS�UWS�XS<\]X��eS�X�Y�U
�W`�X�deXÐ��Xe�<��XT��\L� Y'\���a�\�V�a�a��
Xe��U�^<f�S� 1�/�<\���\��
UW`���X�Y

O"G



S�U
����a�Y�Xe�,�L`Ð�/��P"§FUe��`�Y�UWS�S�X�� P/��Xe�@\5Y5^,UeS�a�¨ó��X�`�X���\Ð£�UW��aL^�^<a�UeY� 1�/S�Ue��`���a�S�XI�¢K
C�X���`_\5`�X�g�S�X�R=\��
U�`�a�`�f��<g�`�X���X�`�X���a�£�Ue��aL^�^,a�UeY� 1�pa�£�X���S� 1��S�UW��`���a�S�X
`�Ue�
��UW�<\5`5PL��S�XÛRT\�Y�a��Wa��
 �K7¦���a��W`�X��ca�Re�
UeS�UWS�a�U
`�UW�
��Ue�<\_`�P���S� 1���<\��<\5�
UW`���X�Y
£�X5^,f�Ï�U/Y_^,a���U�`�S<\���X�`�X���£�X���S� 1���,\�S�U/£�Ue��aL^�^,a�UeY� 1�cS�Ue��`���a�S�X�K

ILKÖÕ)�_Îm�_h}eb��g)ÌIÊµjÖ]IÊµ×mÒ)eRcfe}]IeKËpÊy^_É�e}ØÍÏ=�W`�XÐXe��S�X8a�R�S<\5a�£�X5^,UWU
��X���P=^<����S� 1�
��UWÏFUWS�a��Q�@\�S�S�X�������X�£5^<Ue�
 �K7¡�Ue��`_\�S��@\��L`�S� 8Um�eY�X����W`�Y�\S�Ue��`���a�S�X��7Y� 1��Xe�,��§�a�U
RT\8�<\��
��a � ¤¥�=�
X�d�P"`ÛX�£�M����WS�a�`�fS�U¢�LY'\5`��LP��eX5^,S�Ueg�S� 1�/S�Ue��`���a�S�X�K5ÈÐ��S�X
aLRä��^,UWd¢\�S�`�S� 1� ��U�ÏFUeS�a��è�Îdea���X5`�UWRT\óXð�WP"§FUW�W`�Y�X�Y'\�S�a�aºS�Ue��`���a�S�S� 1�
X��eV�aL^�^<��V�a��kY8Y'\5��P"PL�
UDa!S_aL^,a�Y�UW§�Ue��`�Y�Uc� dÁ��UDY�X5RTS�a���\�U�`Ð� ��� Ue��`}¤ � Z��¢K
ÈÐ��S�\��"X»a��
UW¨Û`�� �%aÿ����P�dea�U�X�£�M����eS�UWS�a��3KD¹�\��ÇS<\5����a��
UW�H�mS�\_^,a�g�a�U&P
S�Ue��`���a�S�XÛ\�S�X��D\7^,f�S�X8£�X_^,f�ÏFX�deX�D\�deS�a�`�S�X�deXÐ�
X��
UeS�`_\L� ��X��'������\

10−10µB

�
��UWÏFa�^,X&£� ½����X�£5^,Ue� P��eX5^,S�Ueg�S� 1�¥S�Ue��`���a�S�X�R=\p�eg�U�`c����UeV�UW�ea�aï�e��a�S�\
S�Ue��`���a�S�XÎ� Y�RT\�a��
Xe��UW���W`�Y�a��/�D\�deS�a�`�S�X�deXÐ�
X��
UeS�`_\S�UW��`���a�S�X}�
�D\�dWS�a�`�S� 8�
��X5^,Ue� � X5^,S�V<\���K�ÈÐ��S�\��"X&Yp�W`_\5S��@\���`�S�X��ï�
XT�,U�^,a¥�D\�deS�a�`�S� 8�»�
X��
UeS�`
S�Ue��`���a�S�X��<\�Y�UeS

µν = 3× 10−19µB(mν/1 eV)
a�Y�X�X�£�§FUÛa��eg�UWR=\5UW`X�<Ue�¢^,a

�D\5�e�T\�S�UW��`���a�S�X[��\�Y�S<\�S�P=^,¨kK,ê Y��WU�ªFU�£�X5^,f�Ï�X��p�D\�deS�a�`�S� 8�c�
X��
UeS�`
PpS�Ue��`���a�S�X�����U¢���W�L\_RT 8Y'\�U�`�� �¥Y��"�"��U��
Xe��U¢^,Ue��� Y� 1��XT�<��§Fa��cRT\ã�<\��
��a
� ¤¥K

ÈQ�W`_\5S�X�Y�a��
� ��R���UW�ef�£�X5^,UWU1��Xe����X�£�S�XQS�\}`���U�`�f�UW�ï��U�ÏFUWS�a�a�aFX�£���PT��a�������\���a��
ª�UpX�£��<\5RTX�� �
X=ªãS�X X�£�M����WS�a�`�fä��U � a�V�a�`»�eX5^,S�Ueg�S� 1�¶S�UW��`���a�S�XðS<\äX��WS�X�Y�U
S�UW��`���a�S�S� 1�cX��eV�aL^�^<��V�a���aL^<acS�UW�W`_\�S���\���`�S� 1�ä��^<Ue��`���X��D\�dWS�a�`�S� 1� �eY�X����W`�Y
S�UW��`���a�S�X�K

ÈQ��a��e\�S�a�U�`�UeX���a�a�S�Ue��`���a�S�S� 1��X��eV�aL^�^<��V�a��%��\�S�XóYð�<\_R���U¢^,U ¸ K�I�KDC/^<�
��U�ÏFUWS�a��/����X�£_^,Ue�
 ï�eX5^,S�Ueg�S� 1��S�Ue��`���a�S�XÛY]`�UW���
a�S<\_�/Y�\���P"P��
S� 1��S�UW��`���a�S�S� 1�
X��WV�aL^�^���V�a��/S�P"ªãS�X8��X�`���Ue£�X�Y'\5`�fÐS<\_^<a�g�a�U P�S�Ue��`���a�S�XÐX�g�UWS�f�D\_^,X����<\_RTS�a�V� 
�D\��W���T��X��'������\

∆m2 ∼ 10−10−10−11eV 2 =T����a/��`�X���P�deX5^k�e�
U�ÏFa�Y�\�S�a��/S�UW��`���a�S�X��X_^<ª�UeS�£� ]`�f1��X��W`_\_`�X�g�S�X}£�X5^<f�ÏFa��8�
sin2 2θ > 0.7

K R X5^,UWU `�X�dWXÐ`_\��"X�UD��U�ÏFUWS�a�U
`���Ue£�P�UW`ÛX�g�UWS�f8`�X�S��"X��/��Xe����`���X�����a�X��WV�aL^�^���V�a�X�S�S� 1�/�<\���\��
UW`���X�Y��Ta���X��W`�X�� P
�Wg�a�`_\�U�`�� ���D\7^,X�Y�UW��X=��`�S� 8�8K

¡�\�a�£�X_^,UeU
��Ue\_^,f�S� 8�&��U�ÏFUWS�a�Ue�c�eX5^,S�Ueg�S�X��k����X�£5^,UW�
 ï��Y_^<��U�`�� �/��UWReX�S<\�S��eS�X�U
P��eaL^,UWS�a�US�UW��`���a�S�S� 1��X��WV�aL^�^<��V�a���Y�UW§�Ue��`�Y�X����k� ��� Ue�L`k¤ � Z}K'b
��^<a���\��<\_�
�
U�`��� ðX��eV�aL^�^<��V�a��F£�PT�,P"`ÛPT��X�Y5^,UW`�Y�X��'��`�fÛP���^,X�Y�a�¨ � ¸ K�I����(�e��X5`�X���X�UmS<\8��Re 8�"U
�WS�Ue��dWa�acS�Ue��`���a�S�Xã�
X7ªãS�X���UW��Ue��a��T\5`�f���\��

Eres
νe

(MeV ) =
∆m2(eV 2) cos 2θvac

2
√

2GFN res
e

=
∆m2(eV 2) cos 2θvac

1.526 × 10−5eV
,

� ¸ KNG����

O'�



`�XÐX��eS�X�Y�S<\5��g<\5�W`�fÐ£�X���S� 1��a�£�UW��aL^�^,a�Y� 1��S�UW��`���a�S�X}£�PT��U�`Ð����XT�'Xe��a�`�fÛ��UWRTX�S<\�S��WS�P�¨
X�£_^�\��W`�f����a

∆m2 cos 2θvac ∼ 10−4eV 2 K=Zä\7��a<\5£'\5`�a�g�Ue�W��X�����UWªãa��
U
����X�a�� �'Xe��aL`��X_^,S�X�U
��Xe�@\5Y5^,UeS�a�UDS�Ue��`���a�S�S�X�deXÐ��X�`�X���\�K7¦�X��W`�X�� PÛ��Y�U
X�£5^�\���`�a�X��eV�aL^�^<��V�a�X�S�S� 1�
�<\5�<\��
UW`���X�Y1��X��LP��W`�a��
 �K5¡/\]��a��WP�S��"UÐ�TO8����a�Y�U¢��UWS�  �@\5S�S� 8UDX�£5^�\5�W`�a/a��eX�X�`�Y�U�`���`�Y�P�¨Û§�a�U
�W���W��Ue��a��
UeS�`_\7^,f�S� 8U�X�de��\�S�a�g�UWS�a�� K,C/^<����\_^,f�S�UW��ÏFUWdeXpa�RWPLg�UeS�a�� ����X�£5^,UW�
 

10-4 10-3 10-2 10-1 100

sin22θ

10-9

10-8

10-7

10-6

10-5

10-4

10-3

∆m
2  (e

V
2 )

SAGE & GALLEX
Kamiokande
Homestake

Combined 95% C.L.

Bahcall-
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Pinsonneault SSM

Ó
a��5K �eO�� Ó�\_RT��U�ÏFUeS�S� 8U X�£5^,\��W`�a X��WV�aL^�^<��V�a�X�S�S� 1� �<\��<\��
U�`���X�Y
� R=\5Ïk`���aL��X�Y'\�S�S� 8U X�£5^,\��W`�a!� ��^<� X�£�M����WS�UeS�aL� �,U � a�V�a�`_\ �WX5^,S�UWg�S� 1�
S�UW��`���a�S�X a �WX�X�`�Y�UW`���`�Y�P�¨Ð§Fa�U �@\5S�S� 8U g�UW`� 8��U�� �W���W��Ue��a��
UeS�`�X�Y��Ñ�e�8K
X�£�X�RTS<\=g�UWS�a���S<\���a���P�S��"U�K
�WX5^,S�UWg�S� 1�äS�Ue��`���a�S�XpY��W��X���UFY���`�P�����`pY � \_ReP&S<\�£�X���\��@\�S�S� 1��S�X�Y� 8U�`�a��� 
��U�`�UW��`�X���X�Y�K�Ìm`�X���U�`�UW��`�X���S�Ue��`���a�S�S�X��k^�\�£�X��<\5`�X���a�a � \7��£�UW����a¨� À�Õ à ��X�`
\�S�d ^,a����W��X�deX À0��; Ã�6
ÕÐÂ * 8565�=��� à : 2ÁÂ_6DS�Ã%8Z�769. � # Ê��N$,aF��UW`�Ue��`�X��V) à ÙÐÜÓ£cD Õ à # ÊL�($ KÈQ£'\�a��
Ue¨Ð`äa�S�`�Ue��UW�eS� 8UpX��WX�£�UeS�S�X��W`�a3K ÀLÕ à ��U�`�Ue�L`�X��Î£�PT��U�`äa��e��X5^,f�ReX�Y'\5`�f

O"Ê



����a��
Ue��S�X/�T�����1`�X�S�S/`=�Lª�U�^<X���Y�Xe�� ��=g�`�X��X5RTY�X5^<a�`Ða�ReP�g<\5`�fÛS�U `�X5^,f���X8P�����P�dWX�U
�<\5�e�eU���S�a�U}S�UW��`���a�S�XFS<\/��^,UW��`���X�S<\_����S�Xk��UT\5��V�a�aã��X���\�S<\7^<P�R=\��'�Lª�UeS�S�X�deXka
S�UW��`���\_^,f�S�X�deXã`�X��"X�Y��

νe + d→ p+ p+ e−, νx + d→ p+ n+ νx.

êQReP�g�UWS�a�UÛ�W`�a�������X�V�Ue�W�eX�Y��@\���`FY'\5ªãS�UW��Ï�P�¨�a�S � X����D\�V�a�¨ºX/`�X����"��\���a�UÛª�U
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µν ∼ 10−10µB
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��`�X��/dea���X�`�U�RT ðY� ]��Y�aL^,X8����a�S�V�a���a<\_^,f�S�XÛS�X�Y�P�¨óY�X�Re�
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Ue������Ue��U¢�'Xe��X�Y

ναL → νβR α 6= β α, β = e, µ, τ.
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∆m2 = (0.3 − 1.2) × 10−6eV 2,

{
sin2 2θ = (0.6 ± 0.3) × 10−2,
sin2 2θ = (0.6 ± 0.2).
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∆m2 ∼ 10−10eV 2 �<^<� sin2 2θ > 0.7
=
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sin2 2θ = 0.7 ± 0.2
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10−3 < ∆m2 < 10−1.
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M ∝ JEM
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dÁ��U�`�X��p��a��<\��"X�Y��W��aL��ap�D\���X���\�S�X�Y��W��aL�pg�\��W`�a�Vca��
UWUW`[Y�a��

JEM
µ (q)Dirac =

[
uf (p

′)Γµ(q)ui(p)
]
,

JEM
µ (q)Majorana =
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uf (p

′)Γµ(q)ui(p) + vi(p)Γµ(q)vf(p
′)
]

≡ uf(p
′)
[
Γµ(q) −

(
C−1Γµ(q)C

)T
]
ui(p),

� ILK �X�
R¢��Ue�Wf

qµ = p′µ − pµ
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γ
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C = iγ0γ2
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u(p)u(p) = 1
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� P�S���V�aL�
Γµ(q)
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Γµ(q) = F (q2)γµ +M(q2)σµνq
ν +E(q2)σµνq

νγ5 +A(q2)[q2γµ − q̂qµ]γ5,
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¹�\�£5^,a�V�\ ÊL� Þ �Z� \��Z� B � �WY�X�����`�Y'\ �<\_RW^,a�g�S� 1� ��^<Ue��`���X��D\�dWS�a�`�S� 1�
Y�RT\�a��
Xe��UW���W`�Y�a��3K

σ
õ � 65��8Þõ �

Ė σ · B σ · E σ · JextÞ
+ − − − − − −\
+ + − − + − −B − − + − + − +

�D\�dWS�a�`�S� 8�
(µ)
�W��^,UW��`���a�g�Ue�W��a��

(d)
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Γµ(q)
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Γµ(q) ∝ ie
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εµνλσP

νqλγσγ5T (q2) + σµνq
νD(∆m2)
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M(0) → µ
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A(0) → a
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− q2Pµ − (q · P )qµ
q2 − ∆m2

[
D(q2) −D(∆m2)

]}
γ5,
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εµνλσ
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Pν = p′ν +pν
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mi − mf
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� P=^,f=`�a���X5^,f�S� 8�
ak�
X��
UWS�`_\��
a/a�aL� � X������ � \5��`�X���\��
aH�eS�\�����a��
UW�H�=��^<Ue��`���a�g�UW�e�"X�� P
��a���X5^,f�S�X�� Pä�
X��
UWS�`�P �WX�X�`�Y�UW`���`�Y�P�UW`

D(∆m2)
� X������ � \��L`�X�� �

d = D(q2 =
∆m2)

�r�'\Q¹µC�¤â�
T (∆m2)

a�`7K5��K'Zð�¢^<P�g<\�U8ª�U\�S�\���X5^,f�S�X����<\��<\5�
UW`���a�R=\�V�a�a
� I�K ¸ �@Y�U�^<a�g�a�S<\8�¢^,Ue��`���a�g�UW�e�"X�dWXÐ��a���X_^,f�S�X�dWX�
X��
UeS�`_\X�����U¢��U¢^<��U�`�� �FY� 8�<\5ª�UWS�a�Ue�
# Ê�ÊX$

d ∝ ie
[
E(∆m2) − ∆mA(∆m2)

]
,

`7K<U5K�R=\�Y�a��ea�`ãX�`�RTS<\=g�UWS�a��&��^,UW��`���a�g�Ue�W��X�deX�a&\�S<\���X_^,f�S�X�dWX � X������ � \���`�X���X�Y
Xe��S�X�Y���Ue�
UWS�S�Xè�»P�g�U�`�X��¼`�X�deX��Ûg�`�X S<\Ç�D\5�e�eX�Y�X��©��X�Y�Ue���LS�X��W`�a � UW���
a�X�S�\
`�X�g���\

q2
µ = 0

S�U#��X��W`�a�ªãa��D\8a�RW� R=\8�eXT�L�<\�S�UWS�a���P�d ^,X�Y�X�deXÐ�
X��
UeS�`_\LK7ê��W��X5^,f5ReP��
`�X7ª���UW�W`�Y�\��

uf(p
′)
{
q2σµνq

ν + ∆m
(
q2γµ − q̂qµ

)

+
[
q2Pµ − (q · P ) qµ

]}
γ5ui(p) = 0,

uf(p
′)
{
∆mσµνq

ν +
(
q2γµ − q̂qµ

)

− iεµνλσP
νqλγσγ5

}
γ5ui(p) = 0,

� I�K�O��
^,UWde�"X�S<\���`�ac�eY5��RTf��
UWª��,P�\�S<\���X_^,f�S� 8�¶a�`�X���X�a��,S� 8� � X������ � \5��`�X���\��
a

A(q2) = T (q2) +
m2

i −m2
f

q2 − ∆m2

[
D(q2) −D(∆m2)

]
.

� I�KNG7�
E�\�� Y�a��,S�X���X�S�a¥�eX�Y��<\7�@\5¨Û`�`�X5^,f���X��<^<����a�\�deX�S�\_^,f�S�X��H�µ�ea��
�
U�`���a�g�S�X��ð��X
�D\��W�T\�� Y�UW��ÏFa�S� ��

mi = mf
K ê��
UeS�S�X¥X�����U¢�,U�^,UWS�a�U&\�S<\���X_^,f�S�X�dWX��
X��
UWS�`_\

��Y5PL� �ÎS�UWR=\5Y�a��ea��
 8�
a¶� P=^,f=`�a���X5^,f�S� 8�
a � X������ � \���`�X��<\��
a
T (q2)

a
D(q2)����a�Y�Xe��a�`ÿ����^,X=ªãS�X��W`=��� UWdeXÎ�L^�\��W�ea�g�Ue�e�"X�dWXÇ`�X_^,�"X�Y'\�S�aL�ºa ��\�����a�X���S�X��

`���PT��S�X���`�að\5S<\_^,a�`�a�g�UW�e�"X�deX&����Xe��X5^�ª�UeS�aL�¥\�S<\���X_^,f�S�X�dWX � X������ � \��L`�X��<\�S<\
�D\��W�eX�Y5PL¨ ��X�Y�Ue���LS�X���`�f � UW���
a�X�S<\ # M��N$ K<¡�\��D\��e�WX�Y�X��p��X�Y�Ue���LS�X��W`�a � X�`�X�S<\-�
�V�X�X�Xq%�Z¬xu[tX�X�iµX� ¯(��NnNu5�?sVy�{ �]pr£C¬+uW�(�/u?q%�gtX�/�(�/uk�(|(�/�9t%pZ�%u9tX�XuÎnNqX��É?q%u[£X�r�X�X�%u[�?£��/¦9�nN�X�X�(q%s(t%�(¦9��1@�(�%y 1<pr£X�r�/�%p¹�

D
�cy�~5q%s]�r�%�X�rq%s/tX�(vL�%pr�Np(y�u9�(�X�X�[pr�X�X�I���%�r�(|/{i�%pr�9q%�X�%p(�rsu9¦[�¹�

E
��prt%p(�X�rqNs(tX�/vA�%p(�%p(y�u[�r�X�X�5p>�X�X���

G�G



q2
µ = 0

�WY�L\7^,a�£���X�Y��"U «kX���UeS�V�\
qµAµ = 0

�eS�UW��deaL�kY5R=\�a��
Xe��UW���W`�Y�a��/YÐ\�S<\���X5^,f�S�X��
�<\5�<\��
UW`���a�RT\�V�a�a/X�£��<\_§�\�U�`�� �kY8S�P=^,f�K�C/^<�Q`�X���X�a"��S�X��/�<\��<\5�
UW`���a�R=\�V�a�ak`�X���\
� Ue���
a�X�S<\Q�WX��e��a�S�X��¶�CS ¸ �W`�a�`���PT��S�X��W`�aãS�U]Y�X5RTS�a���\�¨Ð`7K�¹�X���X�a���S� 8�k��a���X5^<f
a��
UWUW`¶����X���`�X���a S<\�d ^<�"��S� 8�º�L^�\��W�ea�g�UW�e��a��©\�S<\_^<X�d]�]�e�8K1��a��WP�S�X��½�=��K8È�S
����U¢����`_\�Y5^<��UW`Û�eX�£�X��/��Ue��Y� 8�/gL^,UWS��<\5RW^<X7ªFUeS�a���`���UW`�f�UedWXÛS�U�R=\�Y�a��ea��
X�deXÐ� P7^<f7`�a���X5^<f�S�X�dWX
�WUe�
Ue���W`�Y�\Ð�
X��
UWS�`�X�Y # Ê�ÊX$�a/��XT�,X�£�UeS���X�WY�X�Ue����X_^,a�Y8� P7^<f7`�a���X5^<f�S�X��&�<\5RW^<X7ªFUeS�a�a`�X���\aLRTY�UW�W`�S� 8���D\�deS�a�`�S� 8�ca/�¢^,Ue�L`���a�g�Ue�e��a��&��a���X_^,f�S� 8���
X��
UeSL`_\��8K7ZmR=\5a��
Xe��Ue����`�Y�a�U

T

B = 0

B = 0

Ó
a��5Kº�=�L�¶¦���X��W`�UW��Ï�\_� �
Xe��U�^,f ¹µC�¤ïKÿ¦�X���\5R=\5S<\ �"X�S � a�d�P��<\�V�a�� `�X���\-�
X�£_^�\7�@\�¨Ð§FUWdeX `�X���X�a���S� 8� ��a���X5^,f�S� 8� �
X��
UeSL`�X��8K «/a�S�a�a S<\ `�X���U
�WX�X�`�Y�UW`���`�Y�P�¨Ð`�`�X��LPpV�a�����P=^,a���P�¨Û§FUW� PcY�S�P"`���a�`�X��<\LK

� Ue���
a�X�S<\8�
Y�S�U�ÏFS�a��c��^<Ue��`���X��D\�dWS�a�`�S� 8�ä��X5^,UW�&YÐ\�S<\5��X5^,f�S�X����<\��<\5�
UW`���a�R=\�V�a�a
a��
UWUW`ã��^,UA�,P�¨Û§�a���Y�a��µ�

Hint = eA(q2)ψ(x)
[
q2γµ − q̂qµ

]
γ5ψ(x)Aµ(x)

= eA(q2)ψ(x)
[
q2γµAµ(x) − γµq

µqνAν(x)
]
γ5ψ(x)

= eA(q2)ψ(x)γµγ5ψ(x)

[
∂2Aµ(x)

∂xν∂xν
− ∂2Aν(x)

∂xν∂xµ

]

= eA(q2)ψ(x)γµγ5ψ(x)
∂F µν(x)

∂xν
≡ eA(q2)ψ(x)γµγ5ψ(x)Jµ

ext(x)� I�K����
¹�\���a��pX�£���\5RTX����e\�S<\���X5^,f�S� 8�}��a���X5^,f�S� 8�k�
X��
UWS�`ÐY�R=\5a��
Xe��Ue����`�Y�P�UW`}��X�S�`_\���`�S�X
^,aLÏFfÇ�¥Y�S�U�ÏFS�a�� � �
X=ª�UW`¶£� ]`�f%Y�a���`5P'\_^<f�S� 8���p`�X��"X���� ¿ S<\5`� 8��\�¨Û§�a��
� � Å

G��



S<\ÿS�X��Wa�`�U¢^<� �W`�X�deXÿ�,a���X5^<���Û`7KÐU�KÐ����a¾��Ue��UW���� ]`�a�a �"X��
��`�X�S�X�Y��e��aL�¾Y�X5^,S
S�X��ea�`�U�^<�&a&S�\_^,UW`_\5¨Û§FUW��g<\���`�a�V� �K

Zû� P=^,f=`�a���X5^,f�S�X�����\��<\��
U�`���a�RT\�V�a�a�Yð�WaL^<P%Y5`�X���X�deXóY� 8�<\_ª�UeS�aL�¡� I�KËOI�
d¢\��
a�^,f=`�X�S�a�\�S Y�R=\�a��
XT�,Ue����`�Y�a�� � UW���
a�X�S<\���Y�S�UWÏ�S�a�����^,UW��`���X��D\�deS�a�`�S� 8�
��X_^,Ue�¶�
X7ªãS�X�R=\5��a��T\_`�f��L\5�3�

Hint = ieT (q2)ψ(x)εµνλρP
νqλγρψ(x)Aµ(x)

= eT (q2)ψ(x)
{
∆mσµνq

ν +
[
q2γµ − q̂qµ

]}
γ5ψ(x)Aµ(x).

� ILK Ê7�
«/UedW�"X[Y�a��,S�X��,g�`�X[YãS�UW��U�^���`�a�Y�a��e�"X�������UA��U�^<U�����X�dÁ�@\[g<\���`�a�V�\[S<\_��XT�,a�`�� �äY
�WY�X�Ue���eX�£��W`�Y�UeS�S�X��c�Wa��W`�Ue�
U/X�`��Wg�UW`_\

q2 → 0, ∆m = ω ψγ0γ5ψ → 0, ψγγ5ψ → ϕ†σϕ,
� ILKNJ��

�WX�X�`�Y�UW`���`�Y�P�¨Ð§�\5�c�eS�UW��dea��&Y�RT\�a��
Xe��Ue���W`�Y�a���a��
UWUW`ãY�a��

• Yã\5S<\���X5^<f�S�X��p�<\���\��
UW`���a�R=\5V�a�a � �e�8K<Y� 8�<\_ª�UeS�aL��I�KN��a&I�K�J����

HA
int = −eA(0)ϕ†σϕJext = −a(σ · Jext)

� I�K�M��
`_\5�H�<g�`�X��
X��
UWS�`[�WaL^, ¾��\�Y�UeS

M = a [σ × Jext] ;

• Y�� P=^,f=`�a���X5^,f�S�X��c��\��<\��
U�`���a�RT\�V�a�a � �W�8K<Y� 8�<\5ª�UWS�a��
� ILK Ê7�1a
� ILKNJ��¢�

HT
int = −eT (0)ϕ†σϕ

(
Jext + Ė

)
= −τ(σ · rotB)

� I�K �T���
ap�
X��
UWS�`ã�eaL^, |�<\�Y�UWS

M = τ [σ × rotB].

`�\���`�a�V<\0��X�£5^�\7��\�¨Û§F\5� ¹µC�¤r�
X=ª�UW`�Y�RT\�a��
Xe��UW���W`�Y�X�Y'\5`�f&��Y�S�UWÏFS�a��|�¢^,Ue�L�
`���X��D\�dWS�a�`�S� 8����X5^,Ue����Yã`�X��%g�a���^,UF�WX[�WY�X�£�Xe��S� 8����Y�X�`T^,a�g�a�UFX�`�\5S<\���X5^��H�
a��T\��D\�a�R�^<P�g<\5`�fF����a���Ue��U��'Xe��U}Y/�WX��W`�X=��S�a�UÛ��
UeS�f�Ï�Ue�ã�D\��e�WX��3K'¹�X���X�a���S� 8�
`�X��ºS�Ue��`���a�S�X%�
X=ª�U�`ÿY�R=\�a��
XT�,Ue����`�Y�X�Y�\5`�fó�@\5ª�U � a��W`�X�g�S�a���X��û��UT\7^,f�S� 1�
� X�`�X�S�X�Y�����X5`�X��� 8UÐ�
X�d�P�`k£� ]`�fk����U¢����`_\�Y5^,UWS� è��\�� ¿ X�`���^<���W 8Y'\�¨Û§�a�U`�Y�a���` Å
�WY�X�Ue���D\�dWS�a�`�S�X��c�"X��
��X�S�UeS�`�X��3K

G�Ê



ÿ�¸õÿ ��¾��c¼cÌÍ��ÀH¿�¼"Ài»æ÷¡Ê ¿"ÀHÁ�ÂÄÃ�¼c¿"Å +
ÃcË)��(�Ë��PÌ ÂHË<¿ 8�Ë�Ã�ÂÄ¿cÅ<Á
��Å�8�À,�"¼

Z �eaL^�PQ`�X�dWX��7g�`�XÐ�
 ðS�U
ReS<\�Ue�&S�a�g�UWdeXÛXÐ����a���Xe��U�S�Ue�L`���a�S�X��=��^<�/Y� 8g�a��¢^,UeS�aL�
¹�C�¤H�
 ï����U¢�,��X5^,X=ªãa����7g�`�XÐS�Ue�L`���a�S�XÛ��Y_^<��U�`�� �F¤c\���X���\�S�X�Y��W�"X���g<\5�W`�a�V�Ue�H�
\/Y���X��¢^,U¢����`�Y�a�a�X�£�X�£�§�a��ð��X_^<P�g�UeS�S� 8����UWRWP7^<f7`_\_`�S<\k�¢^<P�g<\���C�a��<\5��X�Y��e�"X�dWX
S�UW��`���a�S�X�K

ÆFUe��S��D\�S�X�Y��W��a�U���a<\5de�<\��
�
 ��=X5`�Y�UWg<\�¨Û§�a�U
R=\8¹µC�¤Í¤c\5��X��<\�S�X�Y��e�"X�dWXS�Ue��`���a�S�X
Y��<\5�
�L\7���W`_\�S"�@\���`�S�X��[�
Xe��U¢^,aH������a�Y�UA��UeS� ÇS<\Q��a���PLS��L\7���7Ê0���TJ�K�E�\���Y�a���S�X
a�R�P��<\�Y�S�UeS�a���� ILK ¸ �]a
� I�KËOI�r����Ue��U��'Xe��S� 8�ä¹µC�¤��<\�Y�UWS���a�\�deX�S�\_^,f�S�X�� Pp�L^,¨}�
��X����<\�Y���\8����X���X���V�a�X�S<\_^,f�S<\5���<\_RTS�a�V�U��D\5�e�
S�UW��`���a�S�X�K_¦�X��W`�X�� PÐ�<^���Y� 8g�a��¢^,UeS�aL�
��a�\�deX�S�\_^,f�S�X�deX¹µC�¤½S�UW��`���a�S�XÛ�
 ¥�
X=ª�Ue��Y�X��W��X5^,f5RTX�Y'\_`�f�� ����\��/\�S<\5��X5^,f�S�X��H�
`_\��ºa|� P=^,f=`�a���X5^,f�S�X��|�<\5�<\��
UW`���a�RT\�V�a�UW�¾`�X���\-�����a�Y�Xe�,��§�aL�º�ºXe��S�X�� P a
`�X�� P}ª�U `�a���P�Y5R=\�a��
Xe��UW���W`�Y�a��k�
Y�S�U�ÏFS�a��&��X5^,UW� �

ūγµγ5u ∂νF
µν �r�e�W�8KI� I�K ¸ ��I�K�����KC/^<���,Ue�
X�S���`��<\5V�a�a¥Y��eUW�ä����X�V�UA�,P��� ÑY� 8g�a��¢^,UeS�aL� �
 ©��X���\5ª�UW��Y���UW`_\_�

^<���Q`�X5^,f��"XY� 8g�a��¢^,UeS�a�UmXe��S�X��}��a<\�dW�<\��
�
 ��=�
``W

����X��
UWª�P"`�X�g�S� 8�c�WX��W`�X7��S�a�UW���
�W�8K���a��5K��=M�K_«/Uede�"X���X���\5RT\5`�f-��g�`�X�Y���^�\7�� ÿg<\���`�a�V�a�\�S�`�a�g<\���`�a�V��<\�Y�S� ð�,��P�d
���LPLd�P7��a»�
 Í�<\5�e�e�
X5`���a��¾`�X5^,f��"X�Xe��a�S»a�R[S�aL����P��
S�X=ª�\_�»�"X�S�UWg�S� 8�ðX5`�Y�U�`
S<\���Y�X�����P�K#ê��e��X5^<f�ReP5�ð���<\5Y�aL^�\cÆ�UW��S��D\�S�\p�<^<�ï�D\���X���\�S�X�Y��W��aL�ïS�UW��`���a�S�X
� �e�8K�¦���a�^,X=ª�UeS�a�U���K ¸ �(�LRT\���a�Ï�Ue�¶\��
�L^,aL`�PT�,P�Y�a��
�LP7^<f��eS�X��¶����U¢����`_\�Y5^,UWS�a�a
�¢^,U¢�,P�¨Ð§Fa��èX�£��<\5RTX��8�

M = 2
∫

d4k1

(2π)4

d4k2

(2π)4
(2π)4δ4

[
p1 − p2 − (k1 − k2)

]

× u(p1)
[
iΓ

(`N)
λ

]
i∆F (k1)(−ieγµ) i∆F (k2)

×
[
iΓ

(`N)
ν

]
u(p2)

[
i∆λν

W (p1 − k1)
]
Aµ(k1 − k2).

� I�K����X�
C/^<�QPT��X�£��W`�Y'\8Y� 8g�a��¢^,UeS�a�����UW��Ue���,Ue�cY

t
���L\5S<\_^ �TdÁ�,U�a��
��P=^,f��e ¥g<\���`�a�Vka��
Ue¨Ð`

Y�a"�
p1 → p−, p2 → −p+,

k1 → k− ≡ k1, k2 → −k+ ≡ −k2,

q2 = (k1 + k2)
2 = (p− + p+)2,

ap����X�a�RTY�UA��Ue�¶R=\��
UWS�Pp����X���\�d¢\5`�X��<\�Y� 8�<\5ª�UWS�a�Ue�

1

k2 −m2
→ (−2πi)δ

(
k2 −m2

)
Θ(k0),

� I�K�� ¸ �

G�J
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``W
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U�ªãP"`�X�g�S� 8�
�WX��W`�X7��S�a�UW�ÿ�<^<�p`�X��L\�g<\���`�a�V� G� �¢^,UeY'\7�8a&\�S�`�a�g<\���`�a�V�  � �e���<\�Y'\��¢K

�"X�`�X���X�UmY}�ea�^<P�PLS�a�`_\���S�X��W`�a À ���D\5`���a�V�  # M�I0�5M�ON$LY� m��U¢^,a�`�a�R"� ILK ���C�µ�
S�a�� PL¨g<\5�W`�f��W`�X���\5�
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Im M = −e
∫
dλ

Aµ(q)

(p− − k1)2 −m2
W

× u(p−)Γ
(`N)
λ

(
k̂1 +m`

)
γµ

×
(
k̂2 −m`

)
Γ

(`N)
ν gλνv(p+).

� I�K��=I��
�,��UW�efY�Y�UA��UeS�XÐ�¢^,U¢�<PL¨Ð§FUWUmX�£�X�RTS<\=g�UWS�a�U��<^<�}�,Y�P'��g�\��W`�a�g�S�X�dWX � \5ReX�Y�X�dWX8����X���`��<\�S��W`�Y�\

dλ =
1

(2π)2
d4k1d

4k2δ
4(p− + p+ − k1 − k2)

× δ
(
k2

1 −m2
`

)
Θ(k10)δ

(
k2

2 −m2
`

)
Θ(k20).
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K8Z1 8��X_^,S���� a�S�`�UWde��a���X�Y'\�S�a�Uï��X»��Y5P"�Lg<\5�W`�a�g�S�X�� P ����X��W`��<\�S���`�Y�P # J�O�$aÎY� m��U¢^<���ÿYäX��"X�S�g<\5`�U¢^,f�S�X��HY� 8�<\5ªFUeS�a�aÎS�P"ªãS� 8UpS<\��ÑgL^,UWS� ��D��X5^<P�g<\�UW�

�¢^,U¢�,P�¨Ð§Fa�U�Y��L^�\=�� ïY8`�X���X�a��,S� 8� � X������ � \���`�X���S�Ue��`���a�S�XÐa�RD�
S�a��
X���g<\��W`�a
��a�\�de�<\5�
�
 

``W

Im q2Ti(q
2) =

∣∣∣A(`N)
L

∣∣∣
2
−
∣∣∣A(`N)

R

∣∣∣
2

16π

(
L` − I` − J`

)
,

� I�K��TOI�
dÁ��U

Lk =
1

λ
ln

∣∣∣∣∣
1 + bk
1 − bk

∣∣∣∣∣ , Jk =

√
ak

λ2

(
2 − λbkLk

)
,

Ik = ak

[
bk
λ

+
1

2
(1 − b2k)Lk

]
, λ =

√√√√1 − 4m2
i

q2
,

ak =

(
1 − 4m2

k

q2

)
, bk =

ak + 2(m2
W +m2

` −m2
i )/q

2

λ
√
ak

.

� I�K��7G7�
Ó�UT\_^,f�S<\5��g<\���`�f1�@\�S�S�X�deXY���^�\7�@\8�
X=ª�UW`£� ]`�fÐ��X5^<P�g�UWS<\8�
��X��
X�§�f�¨ï��a��W��Ue���Wa�X�S�S�X�deX
�WX�X�`�S�X�ÏFUWS�a��&�/Xe��S�a��ÇY� 8g�a�`_\�S�a�UW� # M�I%$ �

q2Ti(q
2) − φ =

q2

π

∫ ∞

4m2
`

Im t′Ti(t
′)

t′(t′ − q2 − i0)
dt′,

� I�K��=���
dÁ��U

φ
�äS�UW�"X�`�X���\5�»S�Uea�ReY�Ue��`�S<\5�ð��X�S��W`_\�SL`_\-���"X�`�X���P�¨ �
X=ªãS�X ¿ R=\�SLP7^<a�`�f Å Y

�WX�X�`�Y�UW`���`�Y�a�aÇ�¥� I�K ¸ �¢K ¦���U¢�,��X5^�\�d¢\_�H�
g�`�X
Ti(q

2) → Const 6= ∞ ����a
q2 →

0
�
X=ª[S�X¶Y� 8g�a���^,aL`�f%��Ue\_^,f�SLPL¨åg<\���`�fÿ��\�S�S�X�dWX¶Y��L^�\7�@\»�<^<�

q2 ≤ 0
�8dÁ��U

Ti(q
2) = Re Ti(q

2)
KÛZmY�Xe�,�¾S�X�Y�P�¨r��UW��Ue�
UWS�S�P�¨

x = t′

2m2
W

aº�eg�aL`_\5�º�<^<�
P�����X5§FUeS�a��cY� 8g�a���^<UeS�a��&�D\��e��PpS�Ue�L`���a�S�X[�<\�Y�S�X���S�P=^,¨Î�

mi = 0
�<��X5^<P�g<\5Ue�

Ti(q
2) =

∣∣∣A(`N)
L

∣∣∣
2 −

∣∣∣A(`N)
R

∣∣∣
2

32π2m2
W

∫ ∞

2β

F (x, β)dx

x(x + α)
,

� I�K��7Ê7�

dÁ��U
α = − q2

2m2
W

> 0
ap��Xe�� 8S�`�Uede��\_^,f�S<\_� � P�S���V�a���a��
UWUW`ãY�a��

F =

(
β − 1

x
− 3

)√

1 − 2β

x

���



+

[
2
(
1 +

1

2x

)2

− β

x2

(
1 + x− β

2

)]

× ln


1 + x− β +

√
x(x− 2β)

1 + x− β −
√
x(x− 2β)


 ,

dÁ��U
β =

m2
`

m2
W

K=êQRW��RT\8de��X��
X5R����"X���`�a/X��W`_\_^<f�S� 8U ��UW`_\_^<akY� 8g�a���^,UWS�a�����a��e��Ue���Wa�X�S�S� 1�
a�SL`�UedW�<\_^,X�YÐ`�a��<\U� I�K��7Ê7��Y� m��U�^<UeS� ðY8X5`e��U�^,f�S�X�Um¦���aL^,X=ª�UeS�a�UD��K�I�K��}�
��^,a�`�PT�� 
X���`_\�Y�Ï�aL�'� �»��a�\�de�<\5�
����\&`_\5��ª�U[a��ðY���^�\7�� ÍY&�
S�a��
 8U�g<\5�W`�að`�X���X�a"��S�X�dWX
� X������ � \���`�X��<\�����a�Y�UA��UeS� ¾Y�¦���aL^,X=ª�UeS�a�a���KËO�K

ê��e��X_^,f�ReP5� X�����UA��U�^<UeS�a�UÎ�D\5`���a�V
A

(x)
L,R

a
B

(x)
L,R

�Û�e�8KÐPL��\�Y�S�UWS�a�UQ� �LK �=M7�(�
�<\_RW^,X=ª�UWS�a�U���Xï��`�UW��UeS���� m2

`

m2
W

a¶Y� 8��X5^,S��L�ÿa�S�`�UWde��a���X�Y'\�S�a�U��<^<� |q2| = 0Y���Xe�� 8S�`�UedW�<\_^,f�S�X��èY� 8�<\5ªFUeS�a�a��<X��"X�S�g<\5`�U�^,f�S�X[��X_^<P�g<\�Ue�8�

Ti(0) =

√
2GF

12π2

[
Ci

WWZ + Ci
WφZ + Ci

φφZ + Ci
ffZ

+
∑

`=e,µ,τ

(
Ci

``W + Ci
``φ + Ci

WW` + Ci
Wφ` + Ci

φW` + Ci
φφ`

)]
,

Ci
``W = |K`i|2

[
11

6
− ln 4β + β

(
7

4
+

ln 2

2
− 9

8
ln 3

)
+ O(β2)

]
,

Ci
``φ = |K`i|2β

[
1

6
− 1

2
ln 4β + O(β)

]
,

Ci
WW` = |K`i|2

[
−5

6
+

7

6
β + O(β2)

]
,

Ci
Wφ` = Ci

φW` = |K`i|2
[
−1

8
β + O(β2)

]
,

Ci
φφ` = |K`i|2

[
− 1

12
β + O(β2)

]
,

Ci
ffZ = − Ωii

∑

f 6=t

(gf
L + gf

R)

[
8

3
− cf − 3

2

√
cf

(
1 − cf

3

)
ln

∣∣∣∣∣
1 +

√
cf

1 −√
cf

∣∣∣∣∣

]

− Ωii(g
t
L + gt

R)

[
8

3
+ ct − 3

√
ct

(
1 +

ct
3

)
arctan

1√
ct

]
,

f = e, µ, τ, u, d, s, c, b, t

Ci
WWZ = − Ωii

[
77

6
+ 2cW −

√
cW
2

(27 + 4cW ) arctan
1√
cW

]
,
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Ci
WφZ = − 3

4
Ωii sin

2 θW

[
2

3
+ cW −√

cW (1 + cW ) arctan
1√
cW

]
,

Ci
φφZ = − 1

2
Ωii(1 − 2 sin2 θW )

[
1

3
− cW

(
1 −√

cW arctan
1√
cW

)]
,

� I�K��=J��
dÁ��U�Y�Y�U¢��UWS� ¾X�£�X5RTS<\=g�UWS�a��

ck =

∣∣∣∣∣1 − 4m2
k

m2
Z

∣∣∣∣∣ , k = f,W,

g`
L = −1

2
+ sin2 θW , g`

R = sin2 θW ,

gU
L =

1

2
− 2

3
sin2 θW , gU

R = −2

3
sin2 θW , U = u, c, t quarks,

gD
L = −1

2
+

1

3
sin2 θW , gD

R =
1

3
sin2 θW , D = d, s, b quarks.
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X=ª[S�X�����U¢�,�W`_\�Y�aL`�f�Y�Y�a���U5�

Ti(0) ≈
√

2GF

12π2


 ∑

`=e,µ,τ

|K`i|2
(

1 + ln
m2

W

4m2
`

)
− Pi
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dÁ��U
Pi = −

(
Ci

WWZ + Ci
WφZ + Ci

φφZ + Ci
ffZ

) UW�W`�f���X5^<����a�R=\5V�a�X�S�S� 8�äY��L^�\7�
Y ¹µC�¤ïK E/\5�ÿY�a���S�X¥a�R
� I�K��=J��r�

Ci
``W

�
Ci

WW`

a
Pi
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X�Ï�a�£�X����=Y��L^�\7�

Ci
ffZ

a��
UeU�`}£�X5^,f�ÏkPL¨ÎS�UWX�����UA��U�^<UeS�S�X��W`�f�K7C/^<��`�X���X�Y� 1�/�D\��e�
��Y�\����"X�Y # M�G%$��
 |a��
UeUe�8� d Ç

τi ≈ e1.277 × 10−33
(
|Kei|2 + 0.547|Kµi|2

+ 0.307|Kτi|2 − 0.043Pi

)
(cm2),

Pi ∈
[
8.585 − 10.870

]
Ωii.
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¦�X5^<P�g�UWS�S� 8����U�ReP=^,f=`_\5`�a��
UeUW`Q�"�"��a�S�`�Ue��UW�eS� 1�FX��eX�£�UeS�S�X��W`�Ue�3K�Zïg<\���`�S�X��W`�a��
��\���Y�a���S�X�aLRf� I�K��=J�acI�K��=M��r�

• g�a���^<UeS�S�X�U[RTS<\=g�UWS�a�U�¹�C�¤ R=\5Y�a��eaL`äX�`&�D\��e��^,Ue��`�X�S�X�Y-�
W,Z

� £�X�ReX�S�X�Y
ap�D\5`���a�g�S� 1�c�¢^,Ue�
UWS�`�X�Y[�D\5`���a�Vc�W�
UWÏ�a�Y'\�S�aL�

K
a

Ω
=

• ¹µC�¤ ��^,\�£�X�R=\5Y�a��eaL`pX�`��D\��W�e ÑS�Ue��`���a�S�X-��UedeX�RT\�Y�a��Wa��
X���`�fpX�`p�D\��W�e 
S�Ue��`���a�S�Xã�eX���`_\�Y5^<��UW` O

(
m2

i

m2
W

) =

• R=\�Y�a��ea��
X���`�f¶¹µC�¤ X�`ÿ�D\��e� � Ue���
a�X�S�X�Yÿ�
X=ª�UW`ÿ£� ]`�fÇa��W��X5^,f�ReX�Y'\�S�\
��^<������X�Y�Ue����a � ¤¥�T`_\5�/��\���S�X�Y� 8U � Ue���
a�X�S� ��=S<\�����a��
Ue�H�=��P���Ue���Wa��
�
UW`���a�g�S� 8U
��\���`�S�Ue�� ��,£�PT�,P"`��@\�Y'\5`�f��,X���X5^,S�a�`�U¢^,f�S� 8�&Y��L^�\7��Y�¹µC�¤�=

• ZÑ�WaL^<Pä`�X�deX���g�`�XcY���^�\7� ��a<\�dW�<\��
���µ�eX�X�`�Y�U�`���`�Y�P�¨Û§�aL�óY��L^�\7�,Pä\�S�`�a��
g�\��W`�a�VH�=�<\�Y�UeS���X]RTS�\7g�UeS�a�¨ÿY��L^,\7�,PQg�\��W`�a�VH�=Y�U¢^,a�g�a�S�\Ð¹�C�¤ �,a��<\��"X�Y��W�"X�deX
S�Ue��`���a�S�Xã�<\�Y�S<\���X_^,X�Y�a�S�U/¹�C�¤ �D\5��X��<\�S�X�Y��e�"X�dWXãS�Ue��`���a�S�X�K d �

Zâ£�UWRe�D\��e�WX�Y�X��½����U¢�,U�^,UN�
K = Ω = 1

�DS�UW��`���a�S�Xð�
X�d�P"`ðX�£5^,\7�@\5`�f¥`�X5^,f��"X
`�X���X�a��,S� 8�
ap��a���X5^,f�S� 8�
ac�
X��
UWS�`_\��
aH�<g�f�a�ReS<\=g�UeS�aL�ca��
UW¨Û`ãY�a��

τνe ≈ e
[
+ 6.873 to + 8.112

]
× 10−34 (cm2),

τνµ ≈ e
[
+ 1.090 to + 2.329

]
× 10−34 (cm2),

τντ ≈ e
[
− 1.971 to − 0.732

]
× 10−34 (cm2).
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 º�
X=ª�UW�
����a�Y�Ue��`�ac^,aLÏFf[����a��
Ue��S�X�U��@S�X[X�g�UeS�fã��X5^,U�RTS�X�U��eX�X�`�S�X5ÏFUeS�a�UF�
UWª��,Pp¹�C�¤
`���U��p`�a���X�Y�S�Ue�L`���a�S�X

τνe : τνµ : τντ ≈ 1 :
1

4
: −1

4
.

¹�X�g�S�X�U
\5S<\_^,a�`�a�g�UW�e�"X�U�Y� 8g�a��¢^,UeS�a�U�`�X���X�a��,S�X�deX � X������ � \5��`�X���\��<^<��X�£5^,\��W`�a
q2 ≤ 0

��Y5^<��UW`�� �&S�UWY�X�RT�
X=ªãS� 8���<��X���`�X�� P[��^<���W`�a���V�U�^,UW�c£� 1^<a&����X�Y�U¢�,UeS� 
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3eGFmνe
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√
2GF
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X�£_^�\7�@\�U�`Y8�W`_\5`�a�g�UW�e�"X��ä����UA��U�^<U�`�X5^,f��"X¹µC�¤ � ����a�g�UW���W�@\5ª�U
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X=ªãS�X�deX
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νj → νi + γ
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�"X��W�
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∂F (q2)
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q2=0
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ÆFX������ � \���`�X��
F (q2)
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qν = eF (0) = 0
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∫
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� P"§FUW�W`�Y5P�UW`Ð��X��W`_\_`�X�g�S�X}£�X5^<f�ÏFX�U
�"X5^<a�g�Ue��`�Y�XÐ�e�"�W��Ue��a��
UeS�`_\_^<f�S� 1��X�de�<\5S�a�g�UWS�a��
S<\1`�UDaL^,a�a�S� 8UD�<\���\��
UW`��� ðS�UW��`���a�S�X�K=¹ \5��S<\�����a��
Ue�H�W�<^�����X5^<P�g�UWS�a��/a�S � X����D\5V�a�a
X/�D\�deS�a�`�S�X��ó�
X��
UeS�`�U}S�UW��`���a�S�XFa��W��X5^,f5ReP�¨Û`�Y�U�^,a�g�a�S�P��eUWg�UeS�aL���<\��W�eU���S�a��
� \�S�`�a'� S�UW��`���a�S�X}S<\8�¢^,Ue��`���X�S<\7� K7¹#X�g�S�X���`�f8a�Re�
Ue��UWS�a��k��X5^,S�X�deX�eUWg�UeS�aL����\�UW`
X�V�UeS���PQS<\]Y�U�^<a�g�a�S�PQY��L^�\7��\Y8�WUeg�UWS�a�U��<\��W�eUW��S�a����=X�����UA��U�^<��Ue�
X�dWXÛY�X�RT�
X=ªãS� 8�
��P�§�Ue��`�Y�X�Y�\�S�a�UW���D\�deS�a�`�S�X�deXÐ�
X��
UeS�`_\S�UW��`���a�S�X��=�e�8K=d ^,\�Y�PQO�K ��K�BD�e��UA��S�UWS�S� 8U
�WX�Y���UW�
UeS�S� 8UQ�@\�S�S� 8U���\�¨Û`�X�V�UWS���P # M'GX$ �

µνe < 1.8 × 10−10µB.

ÈÐ��S<\5��X-�
�W`���X�deXïdeX�Y�X��"���
Yï��`�aL�¶�W���W��Ue��a��
UeS�`_\7�è����a�Y�Xe�,��`�� �%X�dW�<\�S�a�g�UeS�a��
S<\�Y�U�^,a�g�a�S�P |µν + idν |

�@��X5`�X��<\_�äY5�'Xe��aL`&Y[^,\�de�<\5S�ª[a�\�SäY�R=\5a��
Xe��Ue����`�Y�aL�ï�
�¢^,Ue��`���X��D\�dWS�a�`�S� 8�Í��X5^,UW� � �e�8K � X���� P7^<  ¸ K�I�J�a ¸ KËO'���¢K
Ìm`�aÿX�dW�<\�S�a�g�UeS�a��
a��
UW¨Û`ãY�a�� # M��N$

|µνe + idνe| < 1.5 × 10−10µB,

|µνµ + idνµ| < 1.2 × 10−9µB,

|µντ + idντ | < 4 × 10−6µB.
� I�K ¸�¸ �
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π → eνγ
�ÛdÁ��U � X5`�X�S¾�
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�W��U¢�� ïS�U `�X_^,f��"XÛ¹�C�¤¥�eS�X8a�X���`_\_^,f�S� 8Um�¢^,Ue��`���X��D\�dWS�a�`�S� 8U1�WY�X�����`�Y'\S�Ue�L`���a�S�X
����UW`�UW����UWY'\�¨Û`�aLRT�
UeS�UeS�a�����g�`�X}`_\���ª�Um����a�Y�XT�,a�`��FS�X�Y� 8��R=\7��\7g�\��äY � a�Rea��"U
S�UW��`���a�S�X��,�e�W 1^,��a&�e�8K<Y # Ê�MX$ KZ1�WU/��`�a&Y�X�����X��e |X�£��WP"ª��@\�¨Û`�� �cY���X���^,UA�,P�¨Û§Fa��cd ^,\�Y'\_�@K
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Z1��^�\7��`�X���X�a"��S�X�dWXF�
X��
UeSL`_\FS�Ue��`���a�S�X�Y/P�����P�deX�U}�<\��e�WUW��S�a�U}S�\k��^<Ue��`���X�S<\_�
�
X=ªãS�Xï��\��e�W�D\5`���a�Y'\5`�f»�L\5�%g<\���`�f»��\7��a<\�V�a�X�S�S� 1�¶��X����<\�Y�X��H�D�e�8KD��a���PLS�X��
¸�¸ K¡/\5£�X��|Æ�UW��S��D\�S�X�Y��e��aL�è��a<\�dW�<\��
���X�`�Y�UW`���`�Y�UWS�S� 1�|R=\¶��`�aº��X����<\5Y���aH�

νe e

e νe

W

να να

e e

Z0

να να

e e

γ

Ó
a��5K ¸�¸ � R X���S�X�Y��W��a�UFY���^�\7��  Y��eUWg�UeS�a�U��<\��W�eUW��S�a��
ν + e → ν + e

K�¹��UW`�f��
��a�\�de�<\5�
�D\ ����U¢����`_\�Y5^<��UW`ï�eX�£�X��ÎY��L^�\7�¶RT\��eg�U�`»�<\=��a<\�V�a�X�S�S� 1�Î��X����<\�Y�X��H�
Y� ]ReY'\�S�S� 1��¹µC�¤�S�Ue��`���a�S�Xãa!S5aL^<a&UWdeX��D\�deS�aL`�S� 8�%�
X��
UeS�`�X��8K

����a�Y�U¢�,UeS�S<\ó��a��WP�S���\_� �7Ê»aÑ�=J�K
C�a ��� UW��UeS�V�a<\_^,f�S�X�U¥�eUeg�UeS�a�U¥�<\��W�eU���S�a��
S�UW��`���a�S�X[S�\��¢^,Ue��`���X�S<\7���
X7ªãS�X�R=\5��a��T\_`�f[��\��

dσe

dT
=
dσW

dT
+
dσµν

dT
+
dσtor

dT
,

� O�K��X�
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dÁ��U���UW��Y� 8UQ��Y'\���^,\�d¢\�Ue�
 1�&Y�� O�K �X�1a��
Ue¨Û`ãY�a��
dσµν

dT
= µ2

ν

πα2

m2
e

(
1

T
− 1

Eν

)
,

dσW

dT
= σ0

[
Q2

L +Q2
R

(
1 − T

Eν

)2

−QLQR
Tmec

2

E2
ν

]
.

¤& ¥a��W��X5^,f�ReX�Y'\_^<a/�¢^,U¢�<PL¨Ð§Fa�UmX�£�X�ReS<\=g�UeS�a��3�
α
�Q�"X�S��W`_\�S�`_\Ð��^�\5£�X�deXY�RT\�a��
Xe��UW���W`�Y�a��H�

σ0 = 88.03 × 10−46 cm2/MeV
�
Eν

���eS�Ue��dWa��»S�\_^,UW`_\5¨Û§FUWdeX�S�Ue��`���a�S�X��
T
�

��a�S�UW`�a�g�Ue�W��\5�ä�eS�Ue��dWa����¢^,Ue��`���X�S<\ãX�`e�@\=g�aH�
QL = 1

2
+ sin2 θW

�
QR = sin2 θWa

sin2 θW = 0.238
K-�}�
�L^,aL`�PT�,P�����X�V�Ue�e�e\ã�
X=ªãS�X�����UA���W`_\�Y�a�`�f�Y�Y�a��,U

M = −e2T (q2)N2γµγ5N1u2γ
µu1,

dÁ��U
N1,2

����X5^<�pS�Ue��`���a�S�X�� N X�X�`�Y�U�`���`�Y�P�¨Û§�a�UF�D\��W�eX�Y� 8�Ç�eX��W`�X=��S�a����8K
Z1�L^,\7��¹�C�¤¼S�UW��`���a�S�X�Y/�eUWg�UeS�a�U}�<\5�e�eU���S�aL�[�
X=ªãS�X�����U¢�,�W`_\�Y�aL`�f�Y�Y�a���U

��Y5P"�Q��^�\5d¢\�Ue�
 1�@�7���'���
X���X�£��
UeS � X�`�X�S�X��&a�a�SL`�Ue� � UW��UeS�V�a�X�S�S� 8�FgL^,UWSO� X�`��
U�`�a����
g�`�X����\��ºaLRTY�UW�W`�S�X��8��\�S�S� 8�ºgL^,UeSº�<\�Y�UWSºSLP7^<¨ �<^��º�D\5deS�a�`�S�X�dWXÇ�
X��
UWS�`_\
S�UW��`���a�S�XI�

dσtor

dT
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dσγ
tor

dT
− dσγZ

tor

dT
dσγ

tor

dT
= 4πα2G2
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m2
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ν

[
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T +me

+
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T +me

− 2E2
ν

T +me

]

dσγZ
tor

dT
=

√
2αgAG

2
F

m2
e
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ν

2TEν − T 2

T +me
,
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= σtor

0

me
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ν
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+
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ν
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)
− gA

2
√

2π

2TEν − T 2
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]
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dÁ��U
σtor

0 = 4αG2
Fme(hc)

2 ∼ 7.9 × 10−46 cm2/MeV.
� X�X5`�Y�U�`��W`�Y�P�¨Û§�a�U � X���� P=^, è�<^<����X5^,S� 1���eUeg�UeS�a��&a��
Ue¨Ð`[Y�a�� d .e�
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ef1(z), σγZ
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α
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2
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π
meEν,
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dÁ��U
z = Eν/me

a

f1(z) =

[
1

2z2
(1 + 2z)2 ln

(
1 +

2z2

1 + 2z

)
− 1 − 2z

1 + 2z
− z2

(1 + 2z)2

]
,

f2(z) = 2 − 2z2

(1 + 2z)2
− 1 + 2z

z2
ln

(
1 +

2z2

(1 + 2z)

)
.

� ��X��
X�§�f�¨©�W`�aL� � X���� P=^cS�\_�'Xe��a��ÇX�`�S�X5ÏFUeS�a��

σγ
tor

σSM
=

8α2

π2

f1(z)

z
,

σγZ
tor

σSM
=
α

π

f2(z)

z
.
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f1,2
� σγ
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σSM

a σγZ
tor

σSM

�L\5� � P�S���V�a�aÉ�eS�Ue��dWa�a
S�UW��`���a�S�X��,�e�8K�`�Ue�"�W`7K
a�SL`�Ue� � UW��UeS�V�a�X�S�S� 8�FY��L^�\=�

σγZ
tor

����UWX�£5^�\=�@\�UW`ÐS<\=�FY��L^�\7��X��
σγ

tor

�WaQ��^<���eS�UW��dea�a
S�UW��`���a�S�X

1 − 2MeV
�<\�Y�UeS ∼ 6 × 10−4σSM
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UeS�`_\5`�X��H�5a�RT�
UW�"��¨Û§�a��
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Y���^�\7�&`�X���X�a���S�X�deX��
X��
UeS�`_\�� �W�8K���a�dW�<\��
�
  �7Ê0�3�=J7�(��S�X�a[��a<\5de�<\��
�
 �`�a���\
¿ : � O Å # J��-�5�=���N$ �T�"X�`�X��� 8UDUe��`�Ue��`�Y�UWS�S� 8�äX�£��<\5RTX��&Y�X5RTS�a���\�¨Ð`ÐYm�@\�S�S�X��&��X��"�"���"U`�UeX���a�a¥Y�X�RT� P"§FUWS�a�� KµÈQ£�§Fa��äY��L^�\7�ï�<\=��a<\�V�a�X�S�S� 1����X����<\5Y�X��äY��<\5�e�eU���S�a�U
S�UW��`���a�S�X�S<\F��^,UW��`���X�S<\_�pa�S�`�UW������U�`�a���P�UW`�� � �L\5���,X���X5^,S�a�`�U¢^,f�S� 8�&Y��L^�\7�&Y
�"X�S���`_\�S�`5P&Y�Ue��`�X���S�X�dWX[Y�RT\�a��
Xe��UW���W`�Y�a��&aL^,a

sin2 θW

K
CF\�S�S� 8UóY� 8g�a���^<UeS�a��Ñ£� 1^<a©Y� 8��X5^,S�UeS�  Y%�<\�£�X5`_\_� # �=���N$ �}dÁ�,UÎ\�Y�`�X��� �<\5�e�e�D\_`���a�Y�\_^,a/Y��L^�\7��� �/� UW��`�a�Y�S�X�deXR=\5�"�"��X�Y�X�deX8�<\7�,a�P��e\ÐS�UW��`���a�S�X��7�"X�`�X��� 8�

Y X�`T^,a�g�a�UÿX�` ¹µC�¤ X�����UA��U�^���UW`ºY�UW��`�X���S�X�UÎY�R=\5a��
Xe��Ue����`�Y�a�U¶S�UW��`���a�S�X|�
Y�S�UWÏFS�a�� ��X5^,UW�8K3Z|�'���,UF�e�"�e��Ue��a��
UWS�`�X�Y&£� 1^<aä����U¢�,����a�S��L`� Ñ��X��� ]`���a UedWX
�W���W��Ue��a��
UeS�`_\7^,f�S�X�dWX�X�£�S<\5��P"ª�UeS�aL� # �=�L�/$ �<��X5`�X��� 8UQ�@\_^<a&�WX�X�`�Y�UW`���`�Y�P�¨Ð§Fa����U�ReP=^,f=`_\5`

−3.56 × 10−32 < 〈r2
ν〉 < 5.44 × 10−32 cm2.

¹��UW£�X�Y'\�S�a��H�W����U¢�'M���Y5^<��Ue�
 8UD�}�@\�S�S� 8�&�W���W��Ue��a��
UeS�`_\5���5��`_\�Y���`Ð��UW��U¢�F�eX�£�X��
RT\7�@\=g�PQX�����U¢�,U�^,UWS�a��k��X5^,S�X�deX�eUWg�UeS�aL�kS�Ue��`���a�S�XÐS<\8��^,UW��`���X�S<\_�/� `�X�g�S�X���`�f�¨
0.01 − 0.1%

K
C/^<��£�U�RT�D\��W�eX�Y� 1��S�Ue��`���a�S�XÐ�
X=ª[S�X8deX�Y�X���a�`�f-�Tg�`�Xc�3ÓD¡ÿa�¹�C�¤½�WX�Y��<\=�@\�¨Û`X�

��X��e�"X5^,f��LPU�3ÓD¡ÿX�����U¢��U¢^<��U�`�� �k����a�X���UW�<\5`�X���U
uνγµuν

�=\]¹µC�¤½����akX���Ue�<\5`�X���U
uνγµγ5uν

�=a/Y����a�S�V�a���U��
X=ª[S�XS<\=��UW�L`�f�� ���_gL`�X}�W�"�e��UW��a��
UeSL`_\5`�X���\��äP=��\��W`�� �
��X����� ]`�fãX�£5^�\5�W`�f

10−34 cm2 �<�"X�`�X���\5��X�����UA��U�^<��UW`ã¹µC�¤�S�Ue�L`���a�S�X�K
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n1a
n2
�
n1 6= n2

�¢K�Ì�^,UW��`���X��D\�deS�a�`�S�X�UãY�RT\�a��
Xe��UW���W`�Y�a�U�S�Ue�L`���a�S�X���Y� ]RTY�\�S�S�X�U
UWdeX�¹µC�¤¥��a��
UWUW`ã��^,UA�,P�¨Û§�a���Y�a��µ�

Hint = eT (q2)ψγµγ5ψJ
µ
ext.

� O�K�I��
�,��UW�ef

ψ
�
T (q2)

�
Jµ

ext

� Aµ a F µν �Û�WX�X�`�Y�UW`��W`�Y�UeS�S�X}Y�X5^,S�X�Y'\5� � P�S���V�a��/S�Ue��`���a�S�X-�¹�C�¤��eY�S�U�ÏFS�a��k�¢^,Ue��`���X��D\�dWS�a�`�S� 8�F`�X����T��^,UW��`���X��D\�deS�a�`�S�X�U1��X5^<U
a/UWdeX8`�UWS�RTX��

F µν = ∂µAν − ∂νAµ.

Zè�e��U¢��U/�
n 6= 0

��^,UW��`���X��D\�deS�aL`�S�X�U���X5^,U�R=\=�@\�UW`�� �cY� 8�<\5ª�UWS�a�Ue�

Aµ(x, k) =
εµ

n
√

2ωV

(
e−ikx + eikx

)
,
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γ(k)

z

n2n1

θ

Ó
a��5K ¸ O��µ¦�Ue��U¢�'Xe��S�X�Uãa�RW^�PLg�UeS�a�UãS�Ue�L`���a�S�X�S<\pde�<\�S�a�V�U[��\5R���U¢^�\��,Y�P'�¥�e��UA�
�
z = 0

���
ν(p1) → ν(p2) + γ(k)

K

dÁ��U
εµ ��Y�UW��`�X�����X5^<����a�R=\5V�a�a3K5ê��
��P=^,f�� � X�`�X�S<\P=�,X�Y5^,U�`�Y�X��'��UW`��¢^,U¢�,P�¨Ð§Fa��P���^,X�Y�a����

kµ = (ω,k), |k| = nω, k2 = (1 − n2)ω2, (k · ε) = 0.

Z1UW��X=��`�S�X��W`�f}��UW��U���XT��\
ν(p1) → ν(p2)+γ(k)

��\��e�Wg�a�`� 8Y�\�Ue����`_\�S��@\5��`�S� 8�
X�£��<\5RTX��

Γ = |Sfi|2
V d3p2

(2π)3

V d3k

(2π)3
,

S = 〈γν|i
∫
d4xL|ν〉,

dÁ��U��D\5`���a�g�S� 8����^,UW�
UeS�` |Sfi|2
�<a��W��X5^,f�RWP��&�eX�X5`�S�X�Ï�UeS�aL�

∂νF
µν =

(1 − n2)ω2

n
√

2ωV
εµ
(
e−ikx + eikx

)
,

ψi(x) =

√
mν

EiV
u(pi, λi)e

−ipix, (i = 1, 2),

�
X=ªãS�X�����U¢�,�W`_\�Y�aL`�f���\��

|S|2fi = (2π)3`2tδ(p1x − p2x − kx)δ(p1y − p2y − ky)δ(E1 − E2 − ω)

× mν

E1V

mν

E2V

(1 − n2)2ω4

2ωn2V

∣∣∣∣∣

∫ `/2

−`/2
dz exp[i(p1z − p2z − kz)z]Mfi

∣∣∣∣∣

2

.

Ê�I



�,��UW�ef Mfi = eT (0)u2ε̂γ5u1
�ï\5�
�L^,a�`5P=��\c��\�S�S�X�dWXä����X�V�Ue�e�e\-�

t
�ïY���Ue� �H�

`����^,a�S<\-�
V = `3

�ïX�£NMµUe�8K
` = βt

��dÁ��U
β
�¥�W�"X���X���`�f S�Ue�L`���a�S�X

β = p/E
K

C/^<�&PL����X�§FUWS�a��äa��e��X5^<f�ReP�Ue���eX�X�`�S�X�Ï�UeS�a�U
[2πδ(pf − pi)]

2 ≈ 2π`δ(pf − pi)
K

� X�S�\ � X����
a���X�Y'\�S�aL�ca�R�^<P�g�UeS�a�� X���a��W 8Y'\�U�`�� �
Z(n) = (p1z − p2z − kz)

−1 =
(p1z −p2z −nω cos θ)−1 �'a[a�R�^<P�g�UeS�a�UQ��X=��Y5^���UW`�� ��S<\�X�`���UWRe��U [−Z(n1) ≤ z ≤
Z(n2)]

K��3\��
UeSL����Y�����U¢��U¢^,U
`→ 0

�
S�X=ªãa�`�U¢^,f
exp[±i`/2Z(ni)]

S�\FU¢��a�S�a�V�P7�
��X_^<P�g<\�Ue�

∣∣∣∣∣
1 − n2

n

∫ L/2

−L/2
dz exp[i(p1z − p2z − kz)z]Mfi

∣∣∣∣∣

2

= T 2(0)|Q1 −Q2|2,
dÁ��U

Qi =
1 − n2

i

ni

uε̂γ5u1

p1z − p2z − niω cos θ
.

Z ^�\�£�X��<\5`�X���S�X�� �Wa��W`�Ue�
U¥X�`��Wg�UW`_\ÿS�Ue��`���a�S�X
pµ = (Eν, 0, 0, p)

�ma RT\��"X�S� 
�WX=�L�<\5S�UeS�aL�c�WS�Ue��dWa�aca�a��
��P=^,f��T\�a��
Ue¨Ð`[Y�a"���

E2 = Eν − ω,

p2z =
√
E2

2 −m2
ν − n2ω2 sin2 θ,

dp2z =
E2

p2z
dE2 =

dE2

β2
.

¦���X�Y�XT�<�pa�S�`�UWde��a���X�Y'\�S�a�U�����X��
X5§Ff�¨
δ
� � P�S���V�a�a

∫
δ(p1x−p2x−kx)δ(p1y−p2y−ky)δ(E1−E2−ω)(...)d3p2d

3k =
2π sin θ

β2

∫
(...)ω2dωdθ

a&Y� 8��X5^,S��L���WP��
�
a���X�Y�\�S�a�U���X���X5^<����a�RT\�V�a����ÇS�UW��`���a�S�X

|Q1 −Q2|2 = (R1 −R2)
2 1

4m2
ν

Sp {(p̂1 +mν) ε̂γ5 (p̂2 +mν) ε̂γ5} ,

S<\7�'Xe��a��¶�eS�UW��dea�¨
S
��Y� m��U¢^,UeS�SLPL¨ S<\��L^,X�§F\7��f���X�Y�UW����S�X��W`�a

d2S

dθdω
=

T 2(0)ω6 sin θ

8π2
(R2

1 − R2
2)

×
{

2 sin2 θ

(
1 +

nω cos θ

p2z

)
+
EνE2

pp2z
− 1 +

m2
ν

pp2z

}
,

� O�KËOI�
dÁ��U

Ê5O



Ri =
1 − n2

i

ni

1

p− p2z − niω cos θ
, S =

∫ Eν−mν

0
dω

∫ θmax

0

d2S

dθdω
.

� O�KNG7�
ê��e��X5^,f�RWP���g�a��¢^,UeS�S�X�UDRTS<\=g�UWS�a�U
`�X���X�a���S�X�deXÐ�
X��
UeS�`_\S�UW��`���a�S�X� I�K ¸ �X�(�

τνe =
eT (0)

�
T (0) =

√
2GF/π

2 aÑ����U¢����X5^�\�d¢\5� ��Ue��U¢�'Xe�ÍaLRÎ�e��UA�� rYèY'\5����P��
�
ni(ω) = 1−ω2

i /2ω
2 ��^<� ω � ωi

�
ω2 = 0

�
R2 = 0

�r�T����UA���W`_\�Y_^<��UW���eS�UW��deU�`�a�g�Ue�e�"X�U
aäP�d ^,X�Y�X�Uã�<\5�e����UA��U�^<UeS�a��ïS<\p��a���PLS���U ¸ GLK,Ck^�� �eS�UW��dea�a»S�Ue��`���a�S�X-����\�Y�S�X��

0.5

1

1.5

2

2.5

1 10 10 2 10 3

ω (keV)

(d
S/

dω
)•1

0-4
0

0.5

1

1.5

2

0.2 0.4 0.6 0.8 1
cosθ

(d
S/

dc
os

θ)
•1

0-4
0  (k

eV
)

Ó
a��5K ¸ GL� � ^,UWY'\����WS�Ue��dWUW`�a�g�Ue�W�"X�Uè�<\��W����U¢�,U�^,UWS�a�UÇ��Ue��U¢�'Xe��S�X�dWX¾a�R�^<P�g�UeS�aL�
¹�C�¤ S�UW��`���a�S�XÉYëRT\�Y�a��Wa��
X��W`�a X�`ë�eS�UW��dea�a � X�`�X�S<\�K � ����\�Y'\��pP�d ^,X�Y�X�U
�<\5�e����UA��U�^<UeS�a�Um��X5^,S�X��k�WS�Ue��dea�ak��Ue��U¢�'Xe��S�X�deXQa�R�^<P�g�UeS�a�����\�� � P�S���V�a��

cos θ
K

Eν = 1MeV
��R=\�Y�a��ea��
X���`�fó��X_^,S�X��è�WS�Ue��dWa�a ��Ue��U��'Xe��S�X�deXÎa�R�^<P�g�UeS�aL� ����a

��UW��Ue�WUeg�UWS�a�a�dW�<\�S�a�V� Ç�W��U¢�@\7� Y'\��LP�P��a�
n2 = 0

�#X�`/�D\��e�W ÇS�UW��`���a�S�X/��X���\5R=\5S<\
S<\¥��a���PLS���U ¸ ��K�¡QP�ªãS�X¥X�`��
U�`�a�`�f��]g�`�X¥�<^<�¶�D\��W�e ÉS�UW��`���a�S�X

mν < 10eV�
 Ña��
UeUW�|����a�£5^,a�Rea�`�U¢^,f�S�Xc��X��W`�X=��S�S�P�¨Ò�eS�UW��dea�¨ë��UW��U���Xe��S�X�dWXca�R�^<P�g�UeS�aL�
S ' 2 × 10−40keV

K R X5^,UeUF`�X�deX-� �
X=ª[S�X�P�`�Y�Ue�'ª��@\5`�f���g�`�XpS�UW��`���a�S�X�Y��eUWdÁ�@\
a��
UWUW` ��UW��U���Xe��S�X�U�a�RW^�PLg�UeS�a�UpS<\�dW�<\�S�a�V�Up�<\5R��,U�^�\���Y5P"�ð�e��UA�>� Y��¢^,U¢�,�W`�Y�a�U
`�X�deX��'gL`�X�¹Û¤�C S�Ua��Wg�UWRT\�UW`kY�����UA��U�^,U

mν = 0
K'Zó�W`�X��»����UA��U�^<UÛUWUReS<\=g�UeS�a�U

�<\5Y�S�X
S
∣∣∣
mν=0

= 2.26 × 10−40keV
K

C/^<��`�X�deX��TgL`�X�£� ïX�V�UWS�a�`�fY�U¢^,a�g�a�S�P}�@\�S�S�X�deX8� �/� UW��`_\ÛY8��Ue\_^,f�S�X����e�"�e��UW��a��
UWS�`_\_^,f�S�X��
�Wa�`�P�\�V�a�aH�}�<\��e�W�
X�`���a��É�,Ue����`�Y�P�¨Û§�a�� �,UW`�UW��`�X��Ñ��Ue��U¢�'Xe��S�X�dWXºaLRW^<P�g�UWS�a��H�
�"X�`�X��� 8�/�e��X��WX�£�UWS/����X�a�ReY�Ue��`�a�aLRT�
Ue��UeS�a�U���UW��U���XT�,S�X�deXÛa�RW^�PLg�UeS�a��/S�UW��`���a�S�X�K

Ê�G



1.7

1.8

1.9

2

2.1

2.2

2.3

10 10 2 10 3

mν (eV)

S•
10

-4
0  (k

eV
)

Ó
a��5K ¸ ���@¦�X5^,S<\5���eS�UW��dea�� ��Ue��U¢�'Xe��S�X�dWXca�R�^<P�g�UeS�a����<^<�ä��UW��U���Xe�@\�aLR��e��UA�� 
Y�Y'\��LP�P����

n2 = 0
�<����a��eS�UW��dea�acS�UW��`���a�S�X[�<\5Y�S�X��

Eν = 1MeV
K

C/^<������a��
Ue��\Ð�
 ¥Y� 8£��<\7^,a}��Ue����`�Y�P�¨Ð§Fa��/�,UW`�UW��`�X�����UW��U���XT�,S�X�deXÛa�RW^�PLg�UeS�a����
a��W��X5^,f5ReP�UW�
 8�pY/��UW`�Ue��`�X���U Õ à Ú�Ø Ö # GL�_$ K�ÈQS��WX��W`�X�a�`�a�Rk� N1 = 10

�
S<\�£�X��<\
�<\=��a<\5`�X���X�Y�a d¢\_RTX�Y� 1�Ñ��\��
UW�H�QR=\5��X5^,S�UWS�S� 1� �"�eUWS�X�S�X��8KkÈÐ��a�SÑ�<\7�,a<\5`�X��
�WX��W`�X�a�`ka�RÐS�Ue�W��X_^,f���aL���WX�`�UWS[�¢^,X�UeYO�

N2 = 104 ����X_^,a�����X���aL^,UWS�X�Y�X����L^,UWS���aH��<^����"X�`�X���X��
ωp = 20eV

� �<^<�kd¢\5RT\
ωp � 1eV

��K_¦�X5^,S�\5�/Y� m��U�^<UeS�S<\_�F�eS�Ue��dWa��
Y}`_\5��X��ä��U�`�UW��`�X���U8�<^�����X�`�X���\

Fν

S�UW��`���a�S�X��'����XT��XT�<��§Fa����e��Y�X�RTfÛ��U�`�UW��`�X����
�
X=ª�U�`ã£� ]`�f�Y� 8g�a��¢^,UeS<\���X � X���� P=^,U

W = S · Fν · A2 · t ·N1 ·N2,
dÁ��U

A = 10m2 �&�L^,X5§�\7��f[��U�`�UW��`�X���\�a t �&Y���Ue� ���e�"�e��X5RTa�V�a�a3K�Z¾�L\=g�UW�W`�Y�U
����a��
Ue�<\p�
 HY� 8£��<\_^,a¥��X�`�X��ï��UT\���`�X���S� 1�»S�UW��`���a�S�Xc�

Fν ∼ 1013νe/cm
2 s
�

����ak�W��U¢��S�Ue�F�WS�Ue��dWa�aFS�UW��`���a�S�X
Eν = 1MeV

K%�3\ÐXe��a�SkdWXT���e�"�e��X�RTa�V�a�a�`_\��"X��
��U�`�UW��`�X��c�
X7ªFUW`�Y�a���U�`�f�`�X5^,f���X

W = 3 × 10−10 keV ×
(

t

1 yr

)

Y� m�,U�^,UWS�S�X��ã�eS�UW��dea�a�R=\��eg�UW`k��Ue��U¢�'Xe��S�X�deXFa�R�^<P�g�UeS�a��3K�Eº�WX=ª�\_^,UWS�a�¨Î��`_\5��X�U
Ê��



�
a�ReUe��S�X�UD��X_^,a�g�UW�W`�Y�XQ�eS�UW��dea�a�S�UD�
X=ª�UW`Ð£� ]`�fÛX5`e��U�^,UWS�X}X5` � X�S�\8P��W`_\�S�X�Y���a3K
ê�S�`�Ue��UW�eS�XÐX�`��
U�`�a�`�fÛ`�X�` � \5��`X�=g�`�X��UW��U���Xe��S�X�U�a�RW^�PLg�UeS�a�U�S�UW��`���a�S�X

10−40keV
�

X�£_^�\7�@\�¨Ð§FUWdeX¹µC�¤¥�W�eX�X�`�Y�UW`��W`�Y�P�U�`���Ue��U��'Xe��S�X�� P�a�RW^�PLg�UeS�a�¨ÿS�UW��`���a�S�X��7Y� ]RTY�\�S�S�X�� P
UWU¥�D\5deS�a�`�S� 8�É�
X��
UWS�`�X�����<\5Y�S� 8�

µν ∼ 10−15µB

��^<�
mν = 1eV # �=��I%$ KÈÐ��S<\5��X8`_\��"X�UD��UW��U���Xe��S�X�U�a�RW^�PLg�UeS�a�U�S�UW��`���a�S�XÛ�
X=ª�U�`Ð£� ]`�fY'\5ªãS�X8Y8�<\_RW^,a�g�S� 1�

\���`���X � aLRTa�g�UW�e��a��c����aL^,X=ª�UWS�a��L�@K
Z|R=\5�L^,¨}g�UeS�a�aä�@\�S�S�X��äg<\���`�a¥�
 ©��X�`�U¢^,a»£� ÑX5`��
UW`�a�`�f&�T\��
 8� Y'\_ª[S� 8�

��U�ReP=^,f=`_\5`8�@\�S�S� 1��Y� 8g�a��¢^,UeS�S�a��H�_\]a��
UWS�S�X��=Y8�WaL^<PQ`�X�deX��=gL`�X¹µC�¤ ��a���\��"X�Y��e�"X�dWX
S�UW��`���a�S�XÿX�`T^,a�g�UWS|X�`ÿ¹�C�¤ �D\5��X��<\�S�X�Y��e�"X�dWXÎS�Ue��`���a�S�X¶a a�S�`�UWS��ea�Y�S�X���`�f
a�R�^<P�g�UeS�a��/����X���X���V�a�X�S�\_^,f�S<\

T 2(0)
�e�e�"�e��UW��a��
UWS�`_\_^,f�S�X�U1X�£�S<\���P"ª�UWS�a�UD��Ue��U��'Xe��S�X�deX

a�R�^<P�g�UeS�a���S�Ue��`���a�S�X¶�
X=ª�UW`»�@\_`�fÎX�`�Y�UW`ÿS<\ðXe��a�S�a�R X��WS�X�Y�S� 1�%Y�X�����X��eX�Y
� a�Rea���aðS�UW��`���a�S�X��#�L\5��X�YcUeU�`�a�����`7K�U�K���Y_^<��U�`�� �»^,aïX�S<\���a��<\��"X�Y��e�"X��ðaL^<a
�D\���X��<\�S�X�Y��e�"X��pg<\���`�a�V�Ue�!Í

$A¸õÿ »æ÷�Ê ¼ Å�ÌÍ
c¼ì�����Á
c¼c¼ ¿"ÀHÁ�ÂÄÃ�¼c¿"Å
Ì�^,UW��`���X��D\�deS�a�`�S� 8U8Y5R=\�a��
Xe��UW���W`�Y�a��kS�Ue�L`���a�S�X��5Y� ]RTY'\�S�S� 8Uma��/¹µC�¤¥�T�
X�d�P"`
a��
U�`�f a�S�`�Ue��UW�eS� 8U¶����aL^<X7ªFUeS�a�� Yè�W��U¢��\_�@K�E/\5�©£� 1^,XèP��L\_R=\�S�X Yè�<\5£�X�`�U
# M��/$ �7��^,UW��`���X��D\�deS�a�`�S� 8U�WY�X�����`�Y'\]��a��<\��"X�Y��e��aL�kak�D\���X��<\5S�X�Y��W��aL�/S�UW��`���a�S�XY¶�e��UA��Uð��XT�'X=ªãa¾S<\ÿaL�º�eY�X����W`�Y�\ÇYÇY'\5��P"PL�
U5KQ¡�\�����a��
Ue�H�Ð�D\���X��<\�S�X�Y��e��a�U
S�UW��`���a�S�X%S�U a��
UW¨Û`ÇY¶�W��U¢��U¥S<\�Y�U¢��UWS�S� 1�º��^,UW��`���a�g�Ue�W�"X�deX a��D\�deS�aL`�S�X�dWX
�
X��
UWS�`�X�Y��<S�X��
X�dWP"`�a��
U�`�f[S�\�Y�U¢�,UeS�S� 8��¹µC�¤¥��X�SpXT�,S<\��"XãX5`T^,a�g�UWScX�`�S�P=^<�
`�X5^,f��"XÛ�<^<�F\�S�a�ReX�`���X���S� 1�F�e��UA�>��`_\���a�����\�� � Ue����X��D\�dWS�UW`�a���a3K'¹#Ue�äS�Um�
UeS�UWU
Y'\5��P"PL�
S� 8U��a���X5^,f�S� 8U}�
X��
UeS�`� è�T\��
aã��X��WUe£�UÛ�
X�dWP"`�a�de�<\_`�fFY'\_ª[S�P�¨���X5^,f
�<^�� � a�RTa���a�S�Ue�L`���a�S�X�Yk�e��UA��U���YFg<\���`�S�X���`�a[�<^<�[S�Ue�L`���a�S�S� 1�pX��WV�aL^�^<��V�a��3K

Zâ����X���`�Ue�LÏFUe�â�¢^<P�g<\�Uc�W�
UWÏ�a�Y'\�S�aL�ÇS�UW��`���a�S�XðY�UW��X=��`�S�X��W`�fð��UW��U���XT�,X�Y
S�UW��`���a�S�X��

να → νβ

�W��Y�a�d¢\�¨Û§�aL�'� �FYÛY'\5��P"PL�
UmYÛ����a��WP"`��W`�Y�a�a�S�UeXe��S�X���Xe��S�X�dWX
�D\�dWS�a�`�S�X�deXãY�aL�L��UWY�X�deX���X5^��H���
X=ª�U�`ã£� ]`�f[����U¢����`_\�Y5^,UWS<\[��\��

P (να → νβ) = sin2 2θ sin
∫ t

0

[
∆m2

2E
+ ∆τσ · rotB

]
dt.

ê��e��X5^,f�RWP�����`_\�S��@\5��`�S�X�U�X�����UA��U�^,UWS�a�UÐ��^,a�S� èX��WV�aL^�^���V�a��[Y�Y'\��LP�P��
U� ¸ K ¸ ���
aðY�Y�Xe�,�ï`_\5��a��©ª�U[X�£��<\5ReX����<^,a�S�P»X��eV�aL^�^<��V�a��H��X�`�Y�UW`��W`�Y�UeS�SLPL¨¼R=\&Y��L^�\7�
¹�C�¤���a��
UeUW�8�

`TDM/`V =
∆m2

2Eν

z

∆Bx

1

∆τ
.

C/^<���eS�Ue��dWa�aäS�Ue�L`���a�S�X
Eν = 1MeV

�
∆m2 = 10−5 eV 2 �¤� 65��8Þõ = ∂Bx/∂z

�a
Ê�Ê



∆τ = 8.5 × 10−13µbλe
S�\_�'Xe��a��8�

`TDM ∼ 3 × 1021
(

∆z

1m

1G

∆B

)
·
(

∆m2

10−5 eV 2

)
`V .

¹�\���a��ÉX�£��<\5RTX����Û���'���
X��¾P�g�UW` Y���^�\7�@\%¹�C�¤ Y%S�Ue�L`���a�S�S� 8UÎX��eV�a�^�^<��V�a�a
����UeS�UW£���UWªãa��
X�D\_^ �eaL^,aH�TS�\8�LRT 8�"U��<^,a�S� »X��WV�aL^�^<��V�a��/S�Ue�L`���a�S�X��=UedWXÐ���<\���`�a�g�Ue�W��a
S�U¢^,f�RW�[S<\5£5^,¨m�@\5`�f�Y/�eaL^�P�`�X�deX-��gL`�X���^,a�S<\/X��eV�a�^�^<��V�a��[����UeY� ]ÏF\�UW`���\5RT�
UW�
Z1�WU�^,UWS�S�X�� KDÌm`�X�`¥� �/� UW��`ä`_\���ª�U��D\7^ÎaóYä�e��UA�@\_��� dÁ��U�Y��L^�\7�¶¹�C�¤ �<\�Y�UWS
10−31 eV ·

(
rotB

1 G cm−1

) �
\ Y��L^�\7�Ç� �/� UW��`_\ï�W��U¢��  �<\�Y�UWS
Ve = 10−11 eV

�<^<�
∆m2 = 10−5 eV

K
ÈÐ��S<\��"XèY���^�\7�Ñ¹�C�¤ Y%X��WV�aL^�^<��V�a�a S�UW��`���a�S�X �
X7ªFUW`è����X7��Y5^<�L`�f�� �©Y

���LPLdWX����D\_^,X�a�ReY�Ue��`�S�X���a��D\_^,X�aLReP�g�UeS�S�X��c� ��� UW��`�U �ÛY8P�g�UW`�UD`�X���X5^<X�dea�g�Ue�e��aL�
� \5R # �=��ON$¢�T�"X�`�X��� 8UDY5��XT�<��`ÐY8PL��\�Y�S�UWS�a�UD�eY�X_^,¨}V�a�a/S�Ue��`���a�S�XÐa��
X�dWP"`Ð����a�Y�XT�,a�`�f��deUWX��
UW`���a�g�UW�e�"X�� P/��U�RTX�S<\5S��WP # �=�'GC$ K¢Ck^�������a��
UW�<\8�
 »�<\��W�e�
X�`���a���PL��\�Y�S�UWS�a�U�WY�X5^,¨ÛV�a�a[`���U��[�D\���X���\�S�X�Y��W��aL�ãS�UW��`���a�S�X

~ν = (νe, νµ, ντ )
T �}X�`T^<a�g�S� 8�
a�X�`

S�P=^<��¹�C�¤�Y�����a��WP"`���`�Y�a�aäS�UeXe��S�X���XT�,S�X�deX���^<Ue��`���X��D\�dWS�a�`�S�X�deX���X_^<�

i
d~ν

dt
= K

[
1

2E
diag

(
m2

1, m
2
2, m

2
3

)
+W (t)

]
K†~ν,

dÁ��U
K
���D\5`���a�V<\��e�
UWÏ�a�Y'\�S�a��H���eX�UA��a�S���¨Û§F\5� � ^,UW��Y�X���S� 8�»£'\_RTa��

ν` (` =
e, µ, τ)

aÿ�D\��e�WX�Y� 8U&�eX���`�X=��S�aL�
Ni (i = 1, ..., k)

�D\���X��<\�S�X�Y��e��aL�ÿS�Ue��`���a�S�X
�¢^,U¢�,P�¨Ð§Fa��¥X�£��<\_RTX��

ν` =
∑

iK`iNi

K5Zï�e\��
X��äX�£�§�Ue�ä�¢^<P�g<\�U]�D\5`���a�V<\Ûa��
UeU�`
3(k+1)

P�d ^,X�YQ�W�
UWÏ�a�Y'\�S�aL�Fa
3(k+1)

Þ \�� � \5R�� ��UW`_\7^,f�S�X�UmX�£���P�ª���UWS�a�U]��`�X�dWX
Y�X�����X��e\[�e�8K3Y # �=���N$ �¢K�¤c\_`���a�V�\ W a��
UWUW`p�<\5Re�
Ue��S�X��W`�f

3 × 3
aä�D\5`���a�g�S� 8U

�¢^,Ue�
UWS�`� 
Wif(t) ∝ τif σ · rotB(t),

� O�KN�7�
dÁ��U

W (t)
X�`T^,a�g�S� ðX�`S�P=^<��Y8����a��WP"`��W`�Y�a�aFS�UWXT�,S�X���Xe��S�X�deXÐ�D\�deS�aL`�S�X�dWXÛY�aL�L��UeY�X�deX

��X_^<�3K>� Ìm`�X���X_^,U�Y[�"X�S�����UW`�S�X����e�"�W��Ue��a��
UeS�`_\_^<f�S�X�� �eaL`�P'\5V�a�aä�
X=ª�UW`ã£� ]`�f
��Ue\_^,a�ReX�Y'\�S�X�Yp�WX�X�`�Y�UW`���`�Y�a�a»��P��<\�Y�S�UWS�a����
að¤c\5���WY�U�^�^�\���KµZ©��`�X��º�e�
 8��^<U
�@\5S�S�X�U}P��<\5Y�S�UeS�a�UQ��Y5^���UW`�� ����X5^<S� 8�Ç\5S<\_^,X�dWX��ðP��<\�Y�S�UeS�a���ZmX5^,f � UeS���`�Ue��S<\
# �=�'ÊC$¢�#XT�,S<\��"X ��UWReX�S<\�S��WS� 8Up��Ue��U��'Xe�� ëS�Ue�L`���a�S�X��
�"X�`�X��� 8U��¢^,U¢�<PL¨Ð`»aLR�UedWX
��U�ÏFUWS�a�������a�X�����U¢��U¢^,UeS�S� 1��P��¢^,X�Y�aL�L���@�
X�dWP"`�Y�X5RTS�a���\5`�f��@\5ªFUkYãY'\���P"P��
U��
£5^,\�deXe�@\��'��`�X5^,f��"X�¹�C�¤ aäS�UeXe��S�X���Xe��S�X�� Pc�D\�deS�a�`�S�X�� P���X5^<¨ � UW��^,a

Wii 6=
Wjj

��K d�? ¡�U¢��a<\5deX�S<\7^,f�S� 8UD��^<Ue�
UeSL`� 
Wif

X5`T^,a�g�S� ïX�`S�P=^<���TY���^<U¢����`�Y�a�U���UW��U���XT�,S� 1�
l%B�©<pr�X�_y�tX�%yH�'�X�r�Ln%q%�O�Xu[�9�/t%prt%�9tX{H«W�Xu[�Xu?«_�5nN�(�LtXu9vX�(�X�XtX��k�?�Xu?nNu(�'�]p(£ t%p(�9{��_pru[y�{�v� ��mVÉ�1Ó1@u9£X�Z�C�X�(q%s�y'pr�r�%�X�XtX{H«"É?q%u5y�u9tX�(�(�

Wii

�%¦9�%pr2>��£��/y�|/�Xt%p>�%�X�
(nνβ

− nνγ
)pν

�X¦¢nNu
nν`

���%t�nNu9£C�¤�X�Xu9q%�/y-qNu9tX�C�"tXu[vX�r�X�Xt%���
pν

���Ny��X~5q%s/�@tXu[vX�r�X�%tX�%�
Ê�J



¹�C�¤rS�Ue��`���a�S�X�aä��Y5^<��¨Û`�� �ïS�UW`���a�Y�a<\_^<f�S� 8�
a � \��L`�X��<\5�
aH�3S�U�a��
UW¨Û§�a��
a
\�S�\_^,X�dWX�Y�Y � ¤}� R=\/�<\��
��\��
a � ¤ ��`�a��¢^,Ue�
UWS�`� ���X=��Y5^��L^,a��WfF����aãPLg�UW`�UQ`_\5�
S<\_RT 8Y'\�UW�
 1���
UeSL��¨Û§�aL�/\���X��D\5`S�UW��`��<\7^,f�S� 1��`�X��"X�YI��K7¦�X��W�"X5^,f���P"j�\��
a�^,f=`�X�S�a�\�S
�WY�X5^,¨ÛV�a�a�`���U¢�/S�Ue�L`���a�S�XÛ�WXT�,Ue�'ª[aL`Û��XÐ���<\���S�UW�k�
UW��U
Xe��a�S/�<\��<\5�
UW`����eR=\�Y�a�� ��§�a��
X�`}Y���UW�
UeS�aH�

σ ·rotB(t)
�_�
 ï��X5^<ªãS� ó����a�S���`�f�Y�XQY�S�a��D\�S�a�U�`�X���X5^,X�dWa�g�Ue�W��a�U

� \5Re rY��eY�X5^<¨}V�a�X�S�S�X�� X���Ue��\5`�X���U # �=��JN$ ���"X�`�X��� 8U¶�
X�dWP"`¾a��
U�`�fºY'\5ªãS�X�U
ReS<\=g�UeS�a�UD�<^<�/S�UW��`���a�S�S� 1��X��eV�aL^�^<��V�a�� # �=��O%$ K7Z �ea�^<P�de��X��
X�R����"X���`�a/��\�S�S� 1�Y� 8g�a���^,UWS�a��/�
 »����a�Y�U¢�,Ue�pR���UW�ef`�X5^,f���XY� 8��\5ª�UeS�a�U��<^<��Y�UW��X=��`�S�X��W`�a���UW��U���XT��\
P (να → να)

�

P (να → να; t0 → t) = 1 − 4
∑

i

ηjk
i [|Kαj||Kαk| sin(Ωj(t) − Ωk(t))/2]2 ,

dÁ��U��Wa��
Y�X5^
ηjk

i = 1
�<^<� V�a��L^,a�g�UW�e�"X��ð��Ue��UW�W`_\�S�X�Y��"U

i, j, k
aïSLP7^<¨ÒY�X�Y��eU��

X���`_\_^,f�S� 1� ��^<P�g<\_�L� a
Ωi = φi(t) − γi(C)

K��,��Ue�Wfã��a�S<\��
a�g�Ue�W��a�U � \_RT 
φ(t)X�����U¢��U¢^<��¨Ð`�� �c�W`_\�S���\���`�S� 8�èX�£��<\5ReX�� d @

φ(t) =
∫ t

0
Ei(t)dt,

\}`�X���X5^,X�dea�g�UW�e��a�U � \5Re 
γi(C)

Y�X�RTS�a���\�¨Û`/Y���^�PLg�\�UV�a��L^,a�g�Ue�W��X��[�eY�X5^,¨}V�a�a
�Wa��W`�Ue�
  � �W�8KL��UW`_\7^,acY # �=��J0���T��M0�����T�%$1�8apa��
UW¨Û`ãY�a��

γi(t) = i
∫ t

0
γ̇i(t)dt =

∮

C

3∑

α=1

Aα
i [~ω(t)]dωα, γ̇i(t) = i〈Ui|

d

dt
|Ui〉,

dÁ��UDR=\5�
��S�P"`� 8�F�"X�SL`�P��FX�����U¢��U¢^<��U�`�� �FYÐ����X��W`���\�S��W`�Y�U1��\��<\��
U�`���X�YÛ�ea���`�UW�
 ��
~ω(t)
�<X���a��e 8Y�\�Ue�
X��pP��<\�Y�S�UeS�a�UW� E½��UA��a�S�dWUe�<\

i
d

dt
S(t) = H[~ω(t)]S(t).

b
��^,a Yã��X���X5^,S�UWS�a�U���P�g�X�� S�UW��`���a�S�Xp��Ue��Ue�eUW��\�UW`&PLg�\��W`�X�� Y�UW§�Ue�W`�Y'\-�3`�X
����a�X�����U¢�,U�^,UWS�S� 1��P��¢^,X�Y�a�������X=��Y_^<��U�`�� ��S�X�Y� 8� � UeS�X��
UeS3��deUeX��
UW`���a�g�Ue�W��a��
��U�RTX�S�\�S���Y&S�Ue��`���a�S�S� 1�ÎX��eV�aL^�^<��V�a��L� # �=�'GX$ K#Z �@\�S�S�X��¾��^�PLg�\�U���X5^<f���Y�P'�
RT\�Y�a��Wa��
 1��X�`Y���Ue�
UeS�ak�<\5�<\��
UW`���X�Yd¢\��
aL^<f7`�X�S�a<\5S<\Î� �
UeS���¨Û§�aL�'� �kS�UWRT\�Y�a��Wa��
X
���LPLdäX5`»����P�d¢\��[�
X�d�P�`Îa�de�<\5`�f¶Y�S�UWÏ�S�UeUäS�UWXe��S�X���Xe��S�X�U ��X5^,U � Yó�e��UA��U �W`�X
�
X=ª�U�`&£� ]`�f��T\���`�X��¥��^,UW��`���X�S�X�Y��e��UA�� Ha!S_aL^,a¥Y�S�P"`���UWS�S�a�Uãa��W`�X�g�S�a���a!��a
�e\��D\��W��U¢��\g�

nν`
6= 1
�(��`7K,U�K

~ω(t) = f [ρ(t), rotB(t)]
K,¡�\�����a��
UW�H�<Ue�¢^,a

rotB(t)

l E © qX���_pr£X~�~Cy�tX{H«A�_���X�Cq%qX� �X�Xv"�(t%���%y�uG2>���/��n
φ = ∆m2

4E

�
Ê�M



a �L^,X5`�S�X���`�f�g�\��W`�a�Vï�W��U¢�, 
ρ(t)

�
UWS���¨Ð`�� �ïV�a��L^,a�g�Ue�W��að����a¥����XT��X7ª���UWS�a�a
S�UW��`���a�S�X[�W��Y�X�Refã�W��U¢�<P7�<`7K�U5K

rotB(t) = rotB(0)
a

ρ(t) = ρ(0)
� O�KNÊ7�

�<^��cS�UW�"X�`�X���X�deX�Y���Ue�
UWS�a
t
�,X�S�a&�
X�dWP"` � X����
a���X�Y�\5`�f�R=\��
��S�P"`� 8�ä�"X�S�`5PL�äY

�L^<X��e�"X���`�a �
σ · rotB

�
ρ
�(� �W�8K
��a��WP�S�X�� ¸ Ê0�#aó��^<�ÎX�����UA��U�^<UeS�S�X�deX»�
X��
UeS�`_\

ρ

rot B

Ó
a��5K ¸ ÊL� �3\��
��S�P"`� 8� �"X�S�`�P�� Y �L^,X��W�"X��W`�a �
ρ
�

σ · rotB
��K¾¦��'���D\_�

^,a�S�a�����X���\5RT 8Y'\5UW`ã��a�\��<\5ReX�Sca��
�LP7^<f��eX�Y[S�Ue��`���a�S�X-�3\�`�X�g���\[�WX�X�`�Y�UW`���`�Y�P�UW`
P���^,X�Y�a�¨ deUWX��
UW`���a�g�UW�e�"X�dWX ��UWRTX�S<\�S��e\ �<^<� X�����U¢�,U�^,UWS�S�X�dWX a��
��P=^,f��e\
S�UW��`���a�S�X�K
S�UW��`���a�S�X��
X7ªFUW`�����X�a�RTX��L`�a�deUeX��
UW`���a�g�Ue�W��a��&��UWReX�S<\�S��N�<�e�8K'��UW`_\_^<a&Y # �=�'GC$ K¡�\ã��a��WP�S��"U ¸ J��
 ©����a�Y�U¢^,aä� �'UW� P���X��W`_\�S�X�Y���aä�e�"�W��Ue��a��
UeS�`_\p��X[����X�Y�UW���"U
dWUeX��
U�`���a�g�Ue�e�"X�dWX ��UWReX�S<\�S��e\�KQ¡�UW��`���a�S�X��Ða��,P"§Fa�UóX5`Ça���`�X�g�S�a���\-�Ð��X_^<ª[S� 
����X���`�aã�,Y'\FXe��a�S<\��"X�Y� 1�[P�g<\���`���\�Y�UW§�Ue�W`�Y'\Y� Y/��\�S�S�X��ó�¢^<P�g<\�UÛ��Y�\��D\�deS�a�`_\
��Xe��a�S<\5��X�Y� 8�
acRTS�\7g�UeS�a����
a

rotB(t) = rotB(0)
a
ρ(t) = ρ(0)

��K<¹��a�deUe��S<\5�
�Wa��W`�Ue�D\-�@�W`�X=�L§�\5�ä��Ue��UA�ä��UW`�Ue��`�X���X����<�@\�UW`�Y�X�RT�
X=ªãS�X���`�f�X�`�£�X��<\��eX�£� ]`�a��3K
b
��^<a/P}S<\��
a��
UWUW`�� �/��P�g�X��k�
¨ÛX�S�S� 1��S�Ue��`���a�S�X��T`�X����a/Y� 8��X5^,S�UeS�a�a�P��¢^,X�Y�a��
� O�K Ê��1Y�X�RT�
X=ª�UWSpdeUeX��
UW`���a�g�Ue�W��a��ä��U�RTX�S�\�S���K

J��
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«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨««¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨««¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨««¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨««¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨««¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨««¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨««¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«¨«
ν

(rot B (0), ρ(0)) (rot B ρ(t))(t),

Trigger
System

Neutrino Detector
Neutrino
Source of

Ó
a��5K ¸ J��ä¤� 8��^,UWS�S� 8�Ý�W���W��Ue��a��
UeS�` ��X¼����X�Y�Ue���"UâdeUWX��
UW`���a�g�UW�e�"X�deX ��U��
ReX�S<\�S��e\�K�¡�UW��`���a�S�X��ca"�,P"§Fa�UâX�` a��W`�X�g�S�a���\-�ä����XT�'Xe�,��` �,Y�U½�D\�dWS�a�`�S� 8U
�Wa��W`�Ue�
 �����X5`�X��� 8U/a��
UW¨Û`ã�<\�Y�S�X�UQRTS<\=g�UWS�a�U/��X5^<��ap�L^,X�`�S�X���`�a3K�¹�UW�¶�e\��
 8�
Yð��^,X��e�"X���`�a

(rotB, ρ)
�
  a��
UeUW�âRT\��
��S�P"`� 8�º�"X�S�`5P��H�8����aè����X=��X=ª���UWS�a�a

�"X�`�X���X�dWXãY�X5RTS�a���\�U�`[dWUeX��
U�`���a�g�Ue�W��a��ä��U�RTX�S<\5S���K

$A¸%$ ÷ ¼c½cÅÓ�67<¿"¾�À ��Å)�FÀH¿cÂÄ¾ ¿cÀHÁcÂ>Ãc¼�¿"Å +�Ì�ÃcÀÍ8UË��
Zÿ�<\5RW^<a�g�S� 1�[�e��UA�@\_�ã��^<Ue��`���X��D\�dWS�a�`�S� 8U/�WY�X�����`�Y'\/S�Ue�L`���a�S�X��
X�dWP"`F�WaL^,f�S�X
a�Re�
UeS��L`�f�� � K ¹ \5�ðS<\�����a��
Ue�H��Y&��a��e��Ue��dWa���P�¨Û§�aL�ÿ�e��UA�@\_�ðS�Ue��`���a�S�X¥�
X=ª�UW`
X�£_^�\7�@\5`�f8a�S��,P�V�a���X�Y'\�S�S� 8�
a���a���X5^,f�S� 8�
ak�
X��
UWS�`_\��
a/a�����a�X�£���UW`_\�U�`}a�S��,P�V�a���X�Y'\�S�S� 8�
�¢^,Ue��`���a�g�UW�e��a��ÇR=\��'�"��K#C/^<�ó�D\���X��<\�S�X�Y��e�"X�deX S�UW��`���a�S�X»��Y'\5RTa��W`_\5`�a�g�Ue�W��a��
�¢^,Ue��`���a�g�UW�e��a��äa�S��,P�V�a���X�Y'\�S�S� 8�&R=\5�"�"�äa��
UeUW`ãY�a�� # � ¸ G%$

eind
ν = −eGF (1 + 4 sin2 θW )παr2

D,

dÁ��U
α ' 1/137

�
sin2 θW = 0.23

a
r2

D

�»�<\7��aLP��[C�Ue£'\5�Î��^�\5RT�
 �KD¡�UW��`���a�S�X
`_\��Lª�U��
X7ªFUW`�X�£5^�\=�@\5`�f�a�S��<PLV�a���X�Y'\5S�S� 8�%�D\�dWS�a�`�S� 8�%�
X��
UWS�`�X��

µind
ν =

2eind
ν

2me(1 + 4 sin2 θW )
.

ÈÐ��S<\5��X&Y&X5`T^,a�g�a�U[X�`cY�\���P"P��D\-�#a�S��,P�V�a���X�Y'\�S�S� 8�ï`�X���X�a���S� 8�ï��a���X5^,f�S� 8�
�
X��
UWS�`pS�UW��`���a�S�X&Yã�,a��e��UW��dea���P�¨Û§FUW�ó�e��UA��U��<\�Y�UeS S�P=^,¨Î� �e�8K # � ¸ GC$ K�¡�X�X�S
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X�`T^<a�g�UeS&X�`�S�P=^<��Y � UW����X��D\5deS�U�`�a��"UFap�<\�Y�UeS

τ ind
ν =

eGF (1 + 4 sin2 θW )(m− 1)

8
√

2παm
,

τ vac
ν

τ ind
ν

=
16α

π

(
m

m− 1

)
,

dÁ��U
m
���D\�deS�aL`�S<\5�&Y�X��W����a�a��
g�a�Y�X���`�f � UW����X��D\�dWS�UW`�a���\-�@Pp�"X�`�X���X�dWX

m � 1
K

B}g�UW` �¢^,Ue��`���X��D\�dWS�a�`�S�X��%��`���P���`5PL�� ÉS�Ue��`���a�S�X¥Yä�e��U¢��Up�W`_\5S�X�Y�a�`�� �ÿX�g�UeS�f
Y'\_ª�UeSH����X��e�"X5^<f���PpY��L^,\7�c��^,UW��`���X��D\�deS�aL`�S�X�dWX���\�S<\_^�\�Y��eUWg�UeS�a�U��<\��W�eU���S�a��
S�UW��`���a�S�XÐS<\]R=\��'��ªFUeS�S� 1��g<\��W`�a�V<\_���e��UA�� ðg�UW��UWR�X�£��
UWS�����Xe��X5^<f�S� 8�c��^�\5RT�
X�S�X��
X���\5Re 8Y'\�U�`�� ��^,a���a���P�¨Û§Fa���a�����UeY� ]Ï�\�U�`}£�X���S�X�Y��W��a���Y��L^,\7��KT¹�\���S<\�����a��
Ue�H�
�WUeg�UWS�a�U8�<\��W�eU���S�a��F�D\���X��<\5S�X�Y��W��X�deX�S�UW��`���a�S�X�S<\Û���,�<\_���1g�a��¢^,X�� ����X5`�X�S�X�Y
Z
a�g�a���^<X��ÇS�UW��`���X�S�X�Y

N
Y�aLRTX�`���X���S�X��c�L^�\_RT�
U�a��
UeU�`[Y�a��

dσ

dΩ
=

G2
F E2R2

8π2

[
Z(1 − 4 sin2 θW ) − N +

(1 + 4 sin2 θW )Z

1 + (krD)2
+

T (0)πZα(krD)2

eGF (1 + (krD)2)

]
,

dÁ��U
R = v cos θ

2

K � PLg�UW`�X��Í��X5^<P�g�UWS�S�X�dWX»RTS<\=g�UWS�a��Î�<^<�¶¹µC�¤ S�Ue��`���a�S�X��
T (0) ≈

√
2GF/π

2 �<a��
UeUW�8�

dσ

dΩ
=

G2
F E2R2

8π2

[
Z(1 − 4 sin2 θW ) − N +

(1 + 4 sin2 θW )Z

1 + (krD)2
+

8αZ

π

(krD)2

(1 + (krD)2)

]
.

¹ \5��a���X�£��<\5ReX����eY��L^�\7��¹µC�¤½S�UW��`���a�S�XÐY]��\�S�S�X�U
�WUeg�UWS�a�UD�W`_\5S�X�Y�a�`�� �kRT\��
UW`�S� 8�
����a&£�X_^,f�ÏFa��p��Ue��U¢�@\�S�S� 1�&a��
��P=^,f��e\_�

(krD � 1)
K

ÈQ£��WP"ª��@\�UW�
 8U�� ��� UW��`� ï�
X�dWP"`Ða�dW�<\5`�fÐY'\5ªãS�P�¨ð��X_^,fY\��W`���X � a�RTa�g�Ue�W��aL�
a��"X��e�
X_^,X�dea�g�Ue�W��aL�/�eaL`�P'\5V�a��L���7dÁ��UDa��
UW¨Û`�� �k�W`_\5V�a�X�S<\5��S� 8U�a�S�Ue��`_\�V�a�X�S�\���S� 8U
S�UWXe��S�X���Xe��S� 8UmY�a�����UeY� 8UD�D\�dWS�a�`�S� 8Um��X_^<�3K � ��U¢��a/S�aL�Q`_\���a�UD��\��3�T����XT�'X=ª��,UeS�a�U
S�UW��`���a�S�X��e��Y�X5RTf�`�X_^<§�P � X_^,S�V<\�a!S_aL^,a X�£�X5^<X�g���P � Y�Ue���LS�X�Y�X��H�3a�R�^<P�g�UeS�a�U
S�UW��`���a�S�XÐa�R�\���`�a�Y�S� 1�/d¢\_^,\���`�a�g�Ue�W��aL�/����UW�H�T�WY�X5^,¨ÛV�a���S�UW��`���a�S�X}S<\]��\�S�S�UW�
��`_\7��a�a � X����
a���X�Y�\�S�a���Z1�WU�^,UWS�S�X�� K
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Zä����UA�<^�\�d¢\5Ue�
X��/�<\�£�X5`�U
S<\ � X�S�U X�£�ÏFa���S� 1�/a��e�¢^,U¢�,X�Y'\�S�a��k����a���Xe�� »S�Ue��`���a�S�X
�<\5�e�e�
X5`���UWSkY�X�����X��
X8Y�X5RT�
X=ª[S�X�����X5^,a�`���UW`�f�Ue�k��^,UW��`���X��D\�deS�aL`�S�X��/�"\��<\5��`�UW��a��W`�a��"U
S�UW��`���a�S�X��DUeU�`�X���X�a��,S�X�deXä��a���X_^,f�S�X�dWXï�
X��
UeS�`_\�K�Z1X Y�Y�U¢��UWS�a�aÿ�
 û���<\5`��"X
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  � aLRTa��"X�Y aó��X �eUW�»��UeS�f�K R  1^,aÿ���<\5`��"X
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UeSL`_\_^,f�S� 8U�Y�X�����X��e ¥X����a���XT�,U��=�D\��W�eU
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`�X��T� ��� Ue�L`ÛS�Ue��`���a�S�S� 1�kX��WV�aL^�^���V�a��/Y8Y'\��LP�P��
UDa�Y�UW§�Ue��`�Y�UN�_�W��a�SL� � ^,Ue��Y�X���S<\5�
����UeV�UW�e�eaL�©S�Ue�L`���a�S�XèYÇ�D\�dWS�a�`�S�X��É��X5^,U¥a|`7K1��KÛZ RT\��L^,¨Ûg�UeS�a�a©Y�Y�Xe��S�X��
d ^�\5Y� Í�
 HX�£���PT��aL^,aðX�£�§FUWUã��X_^,X=ª�UeS�a�U���U¢^ÎYc�W���W��Ue��a��
UeS�`_\7^,f�S�X�� � a�Rea��"U
S�UW��`���a�S�X�K

¹��UW`�f��&d ^�\�Y'\���X5^,S�X��W`�f�¨ ��X��eY��L§FUeS�\ãX�£���P"ª���UWS�a�¨Ñ�W`_\5`5P��e\�`�X���X�a"��S�X�dWX
��a���X5^,f�S�X�deX�
X��
UWS�`_\ÐS�Ue��`���a�S�X��7a���`�X���a�a�UWdeXX�`����� ]`�a��ka/UedeXX�����U¢��U¢^,UeS�a���Y
�<\5�
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XT�,U�^,a3K R  1^,a�����X�Y�UA��UeS� »Y� 8g�a���^,UWS�a��k¹µC�¤½�D\���X���\�S�X�Y��W�"X�deX
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UeS�UWS�a�a
�[��a���\��"X�Y��e��a��%S�UW��`���a�S�X�K

Z g�UW`�Y�Ue��`�X��äd ^�\�Y�UkX�£��WP"ª���\�¨Û`�� �cY�X5RT�
X=ª[S� 8Uk����aL^,X=ª�UeS�a��&`�X���X�a"��S�X�dWX
��a���X5^,f�S�X�deX�
X��
UWS�`_\ÐS�Ue��`���a�S�XÐ��`���UW� � a�RTa�g�Ue�W��a��c����X�V�UW�e�T\5�8�=Y��L^�\7��¹�C�¤
Y]P�����P�dWX�Um��\��e�WUW��S�a�UDS�Ue��`���a�S�XR==��Ue��U¢�'Xe��S�X�Uma�R�^<P�g�UeS�a�UmS�Ue��`���a�S�X��7Y� ]ReY'\�S�S�X�U
UWdeX[�WX�£���`�Y�UWS�S� 8� ¹µC�¤ S<\ãdW�<\�S�a�V�U��<\5R¢��U�^,\���Y�P'�&�e��U¢�ß=�Y�X�Re�
X7ªãS� 8�&Y��L^�\7�
¹�C�¤ Y�S�Ue�L`���a�S�S� 8UÇX��WV�aL^�^���V�a�a��/dÁ�,Uó�<^�� ����X�Y�UW����a ��\�S�S�X��Ña���UWa £� 1^
����U¢�<^,X=ª�UWSp�
 8��^,UWS�S� 8�c�W�"�e��UW��a��
UeSL`7K@Z%RT\��L^,¨Ûg�UeS�a�a&d ^�\5Y� º�
 èRT\5`���X�S�P=^,a
Y�X�����X���XF��a���X_^,f�S� 1�p�
X��
UeS�`_\_�&S�UW��`���a�S�X[Y��W��U¢�@\7� K

¦�Xe��Y�U¢�,Ue� a�`�X�deaóa��W��^,UA��X�Y'\�S�a��ó��^<Ue��`���X��D\�dWS�a�`�S� 1�ÿ�eY�X����W`�YäS�Ue��`���a�S�X�K
Z ��`_\5`�a�g�Ue�W��X�� ��^�PLg�\�U��m��X�dÁ�@\ð�D\��e�e\»S<\=g<\_^<f�S�X�dWXða%�"X�S�UWg�S�X�dWXó�eX���`�X=��S�aL�
S�UW��`���a�S�X��eX�Y��<\7�@\5¨Û`X����a��<\��"X�Y��e��a�U}S�Ue��`���a�S�X��
X�dWP"`�a��
U�`�fF`���a���a���X_^,f�S� 1�
�
X��
UWS�`_\��m�D\�deS�aL`�S� 8�

µν

���¢^,Ue�L`���a�g�Ue�e��a��
dν

a¶`�X���X�a���S� 8�
τν

��a���X5^,f�S� 8U
�
X��
UWS�`� �K�¤c\���X��<\�S�X�Y��e��a�U�S�UW��`���a�S�X���YÛ�eaL^�P��WX=�L�<\5S�UeS�aL� Þ \ B ���Wa��
�
UW`���a�a
a�P��¢^,X�Y�aL��a���UeSL`�a�g�S�X��W`�aFg<\���`�a�V� »�eY�X�UW�/\�S�`�a�g<\��W`�a�V�UN�_Y�WX�£��W`�Y�UeS�S�X����eX���`�X=��S�a�a
�
X�d�P"`�X�£5^,\7�@\5`�f&`�X_^,f��"X&`�X���X�a��,S� 8�º��a���X_^,f�S� 8�©�
X��
UWS�`�X��8K�E�X�dÁ�@\��D\��e�W 
�WX��W`�X7��S�a���Y��<\��W�e�D\5`���a�Y'\5Ue�
X��%��Ue��U¢�'Xe��UFS�UW��`���a�S�X��<\_RW^,a�g�S� ��@S�UWR=\5Y�a��ea��
X
X�`UWdeX����a���Xe�� »S�UW��`���a�S�X}�
X�dWP"`ÐX�£5^�\7��\5`�f8��UW��U���Xe��S� 8�
a/��a���X5^,f�S� 8�
ak�
X��
UWS�`_\��
a
µij, dij

a
τij
Kµ¦���X�Y�U¢��UWS�S� 8U�Y� 8g�a��¢^,UeS�a��»¹�C�¤ S�Ue��`���a�S�X&��X���\5R=\7^,aH��g�`�X&X�S

X�`T^<a�g�UeS�X5`�S�P=^<���@\5ªFU8�<^��[£�U�RT�D\��W�eX�Y�X�deXkS�Ue��`���a�S�X�K�Z¶��`�X��ó�W�
 8��^,UÛ�
X=ª[S�X
�Wg�a�`_\5`�f}�W`5P���^<Ue��`���X��D\�dWS�a�`�SLPL¨Î�"\���\���`�UW��a���`�a���PkS�UW��`���a�S�X � P�S��@\5�
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Zä�ea�^<PQa�ReY�Ue��`�S�X�deX}��\5RW^,a�g�a���`�X���X�a���S� 1�Q��a���X5^<f�S� 1���
X��
UWS�`�X�YÐ�D\5��X��<\�S�X�Y��e�"X�dWX
a}��a���\��"X�Y��e�"X�dWXS�Ue��`���a�S�X-�

τMaj
ν = τDir

ν /2
�W�e�"�e��UW��a��
UWS�`_\_^,f�S�X�U1X�£�S<\���P"ª�UWS�a�U

¹�C�¤ S�Ue��`���a�S�Xÿ�
X=ª�UW`»��\5`�fóX�`�Y�UW`ÿS<\ïY�X�����X����1��\��"X�� ����a���Xe�� ¼��Y5^<��UW`�� �
S�UW��`���a�S�X��W��a��<\��"X�Y��W��X��kaL^<a/�D\5��X��<\�S�X�Y��e�"X���g<\5�W`�a�V�Ue�3K_Zä�<\��
��\_�Q�W`_\�S"�@\���`�S�X��
�
Xe��U¢^,a&¹�C�¤ �D\5��X��<\�S�X�Y��e�"X�dWXãS�Ue��`���a�S�Xã�<\�Y�UWS

τνe ≈ e ·
√

2GF

π2
.

Ì�^,UW��`���X��D\�deS�a�`�S�X�U1Y�RT\�a��
Xe��Ue���W`�Y�a�Um¹�C�¤½S�Ue��`���a�S�XÐ�
Y�S�U�ÏFS�a��cS�UWXT�,S�X���Xe��S� 8�
�¢^,Ue��`���X��D\�dWS�a�`�S� 8� ��X5^,UW�Ç�
X=ª�UW`�£� ]`�fã����U¢����`_\�Y5^,UWS�X���\��

H ∼ τν · rotB,

a�`�UW�&�e\��
 8�ca��
UeUW`Û\��"�Wa<\_^,f�S�X5� Y�UW��`�X���S�P�¨Î�W`��LPL�L`�P���P�K=CF\�S�S�X�U
Y5R=\�a��
Xe��UW���W`�Y�a�U
S�UW��`���a�S�XÐ�
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X5^,X�dea�g�UW�e��a��
�Wa�`�P�\�V�a�������dÁ��U/�e��UA�� ¾ap��X5^��&X�£5^�\7�@\5¨Û`��e�"�W`���Ue�D\7^,f�S� 8�
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±�¸9º ² +�Å<½cÃ"Å�Ì%� Å�³ Ë<¿"Ë<½"Å��Ö7<¿cÅ�ÁQ¼ �´�Ô�Ö7 ÂÄ¼�½"Å��Ö7<¿"Å<ÁP½"Ë<ÃcË���ÀHÂÄÃ�¼���Ë)
�¼��Á�
Z1X�����X���XïY� 8£�X���U��<\��<\5�
UW`���a�R=\�V�a�aè��^,UW��`���X��D\�deS�a�`�S�X�deXð`�X��L\ïg<\��W`�a�V� ÉS�U
��Y5^<��U�`�� � ��`�X5^,fÎ£�U�RTX�£�a���S� 8���8��\��è�
X=ª�U�`Î��X���\5R=\_`�f�� ��S<\ð��UW��Y� 8��Y�RTd ^����>�
`7KÐ�3KX�`%UWUïY� 8£�X��<\ÎR=\�Y�a��ea�`èX�����U¢�,U�^,UWS�a�UðS<\5£5^,¨m�@\�UW�
 1�¾Y�U�^,a�g�a�SH�`_\���aL�
��\��ó��a���X5^<f�S� 8Uc�
X��
UeS�`� ��D�'\��<\���`�Ue��aLReP�¨Û§�a�Uc�@\�S�S�P�¨ g<\���`�a�V�P�K]Zâ��^<P�g<\5U
X�����U¢��U¢^,UeS�a��»a��¥g�Ue��U�R[S�\�£�X�� � X������ � \5��`�X���X�Y����"X�`�X��� 8Uã�
X�dWP"`c�WXe��Ue�'ª�\5`�f
�Wa�S�dWP=^<����S�X���`�aH�7��`�XÐ�
X7ªFUW`����a�Y�Ue��`�a���S�UW���<\�Y�aL^,f�S�X�� P}`�X_^,�"X�Y'\�S�a�¨ÿ��\5RW^,a�g�S� 1�
� �/� UW��`�X�Y�K=Zä�W`�X��c����a�^,X=ª�UeS�a�akX�£��WP"ª���\�UW`�� ��Y�X�����X��
XÐY� 8£�X���U ��\��<\��
U�`���a�RT\�V�a�a
`�X���\�g<\5�W`�a�V� ¾�eX��e��a�S�X��º�XS ¸ K
ù Æ ¯'Æ ¯ î ��( ����	�÷#)<( �,�#���c´�*,��)ðö3),*,+�!�	#+�����������÷#+�!#+�ç��"��!�	µô"+��#	�	

*,��ö���),!��#),ñ�)»��),ö3+ õ#+<����	 �è��)»��÷#	���)�ç 1
2Z¥�W`�X�������aL^<X7ªFUeS�a�a��@\�S<\��Y�S�XÐ�"X�Y'\���a<\�S�`�S<\5�k�<\��<\��
U�`���aLR=\�V�aL�F�D\5`���a�g�S� 1�

�¢^,Ue�
UWS�`�X�Y �¢^,Ue��`���X��D\�dWS�a�`�S�X�deX¥`�X���\äg<\���`�a�VÎ�WXä�e��a�S�\��
a
j1 = j2 = 1/2

a
�D\��W�T\��
a

m1 = m2

�
(m1 6= m2)

�<^<����^�PLg�\5��Xe��a�S<\��"X�Y� 1���7\1`_\5��ª�UD����X�`�a�Y�X���X5^,X=ª[S� 1�
g�U�`�S�X��W`�UW�äg<\���`�a�V � �e�8K �<S<\���� K=� # �����/$ �,�W`��3K,O"Ê5O��<a # ��� ¸ $ �<�W`�� K ¸ ��Ê7��K<¦���a&�W`�X���
 ¾a��e��X5^<f�RTX�Y�\_^,a&`_\5��a�U�£�\5RTa��WS� 8U�Y�Ue��`�X��<\-�,�<\5R�^,X=ª�UeS�a�U���Xã�"X�`�X��� 8�¶�@\�UW`
� P=^,f=`�a���X5^,f�SLPL¨Î�<\5�<\��
UW`���a�RT\�V�a�¨L�7`7KËU�K=��\5ª��� 8��a�R � X������ � \���`�X���X�Y8��UW��U���XT��\
X�����U¢��U¢^<��U�`¥�eX�X�`�Y�UW`��W`�Y�P�¨Û§Fa��è� P7^<f7`�a���X5^<f�S� 8�ÿ�
X��
UeS�` ��Ue��U¢�'Xe�@\ïaQ� aL^,a!�
Y��WUãUWdeX&�e��UA��S�a�Uã�<\7��a�P��e â�<\��W����UA��U�^,UWS�a��óY���Xe�<��XT�<��§FUW�ó�ea���`�UW�
U�X�`��Wg�UW`_\LK
¹�\��"X����e��X��eX�£�<\���\��
UW`���a�R=\5V�a�a/��X��
X�d¢\�U�`Ð�<\5RTX�£��<\5`�f�� �/Y8Y�X�����X��eU
X��a�S�UW�D\5`�a�g�Ue�W��aL�
�Wa�S�dWP=^<����S�X���`=�L�Ña©��Xe�@\5Y5^,UeS�a��L�@K�Z1Y�U¢��UW� �¢^,U¢�<PL¨Ð§FUWU¶����U¢����`_\�Y5^,UWS�a�U

γ
�

�D\5`���a�V
� �W�8K=�<S<\5����a��
UW�H� # ���eON$1�8a�X�£�X5RTS<\=g�UWS�a��3�

γ =

(
0 σ

−σ 0

)
: γ0 =

(
I 0
0 −I

)
, γ5 = −iγ0γ1γ2γ3, γ†µ = γµ.

� ��K��X�

σµν = 1/2(γµγν − γνγµ); γµγν + γνγµ = 2gµν ; g00 = 1, gii = −1, k̂ ≡ kλγλ.
B}�<\�Y�S�UeS�a�UDCFa��<\���\}Y}��`�X�� ����U¢����`_\�Y5^,UWS�a�a�Y� 8d ^<�"��a�`���^<U¢�,P�¨Û§�a��¥X�£��<\5ReX��8�

(p̂ −m)u = u(p̂ −m) = 0, u = u+γ4.

R PT��UW�âa��e��X_^,f�RTX�Y'\5`�fóS�X����
a���X�Y���P%£�a��e��a�S�X���X�Y
u(p)u(p) = 1

KmÓ�\5R�^,a�g�S� 8U
� X����
 è��Y�S�XF�"X�Y'\5��a<\�S�`�S�X��p�<\���\��
UW`���a�R=\5V�a�ap�eXT�L�<\�S���¨Û§�UedeX�� �cY�UW��`�X���S�X�dWX

J'G



`�X���\��Ue��U¢�'Xe�@\Û£�UWRDa�Re�
UeS�UWS�a��/g�UW`�S�X��W`�aFg<\���`�a�V/����a Þ �C\>�Ta B a�S�Y'\���a�\�S�`�S�X��W`�a
�
X�d�P"`[����a�S�a��D\5`�fãY�a����

J (V )
µ (kλ) =

e

(2π)3
ū2

[
(k2

λγµ − k̂kµ)F1m1m2
(k2

λ) +
1

m
σµνkνF2m1m2

(k2
λ)

]
u1

è ¯ ¥�¦ ì

=
e

(2π)3
ū2

[
k2

λPµ − (kλPλ)kµ

m(1 − k2
λ/m2)

F3m1m2
(k2

λ) +
1

m
σµνkνF4m1m2

(k2
λ)

]
u1

è ¯ ¥�µ ì

=
e

(2π)3
ū2

[
k2

λPµ − (kλPλ)kµ

m(1 − k2
λ/m2)

F5m1m2
(k2

λ) + (k2
λγµ − k̂kµ)F6m1m2

(k2
λ)

]
u1
è ¯ ¥ £ ì

=
e

(2π)3
ū2

[
k2

λPµ − (kλPλ)kµ

m(1 − k2
λ/m2)

F (e)
m1m2

(k2
λ) − iεµναβPνkαγβγ5

m2(1 − k2
λ/m2)

F (m)
m1m2

(k2
λ)

]
u1.
è ¯ ¥�¶ ì

�,��Ue�Wf
m = m1 + m2, ∆m = m1 − m2, kµ = p1µ − p2µ, Pµ = p1µ + p2µ

�
Fm1m2

(k2
λ)
� � X������ � \��L`�X��� ��m\»�
S�X=ªãa�`�U¢^,f

(1 − k2
λ/m

2)−1 ��X��
��UeS��Wa���P�UW`
^,X���UeS�V�UeY�Xä�WX����<\5§�UeS�a�U # ��� ¸ $¢� # ���TIN$ K � X�X�`�Y�UW`��W`�Y5PL¨Ð§Fa�U&�<\��<\5�
UW`���a�R=\�V�a�a� �e�8K �mS<\5����a��
UW�H�]�eS�X��e��P¶Yð�<\5£�X�`�U # �����_$ÛS<\»�W`��3K8G�Ê�����`�X���\ðg<\���`�a�V (m1 =
m2 = m0)

��X5^<P�g<\�¨Ð`�� �ºa�R � �LK ¸ ����� ��KNG7�ãRT\��
UeS�X���Y�Ue��`�X���X�Y
k2

λγµ − kkµ

a
k2

λPµ − (kλPλ)kµ
S�\

γµ
a
Pµ

�eX�X5`�Y�U�`��W`�Y�UeS�S�X�KÐZ1Ue�Wf��D\»PT��X�£�S�\5�è�
UW`�Xe��a���\
X�����U¢��U¢^,UeS�a��|�
X��
UeS�`�X�Y¶��\��e����U¢��U¢^,UeS�aL�¾�L^,X5`�S�X���`�UW�|R=\��'�"�@\ÿaè`�X���\ÿ£� 1^,\
����U¢�<^,X=ª�UWS<\8Y�<\�£�X�`�U # ���7G%$ KTÓ�\5�e����UA��U�^<UeS�a���Y�Y�Xe�,�L`�� ���
��X��
X5§Ff�¨ó�WX��W`�X7��S�a��H��"X�`�X��� 8UD��Y5^<��¨Û`�� �kYÐa��
��P=^,f��eS�X��&����X���`��<\5S��W`�Y�U1Y�X_^,S�X�Y� 8�
a��<\5��U�`_\��
a

g(p)
K

¤&X��
UeS�` Õ � dWX»��X��'�"����\»�<\��W����U¢�,U�^,UWS�a��¡� Õ
= a + b + c

�FR=\5��a��e 8Y�\�UW`�� � � Y
�"X�Y'\5��a<\�S�`�S�X�� � X����
UC�]Y�Y�a��,U d ¤

Mabc
µ =

1

N !

∫
d3p2g

∗(p2)
∫
d3pg(p)

∫
d3{xaybzc}(0)

s < p2|ĵµ(x)|p1 >,
� �LKN���

dÁ��U |g(p)|2 → δ(p)
K ¤�X��
UeS�`�  Y� 8g�a���^���¨Û`�� �c�<^<�c����X�aLRTY�X5^<f�S� 1�c�<\��"UW`�X�Y�a

�<\5�e�e�D\_`���a�Y�\�Ue� P�¨ g�\��W`�a�V�Pÿ�
X=ª[S�X �Wg�a�`_\5`�fð��X��"X=��§�Ue��� ���mUW��^,a¶��Ue��UW��`�aÇ�
����U¢��U¢^<P |g(p)|2 → δ(p)

K `}^,UWS� ��µ�'\��<\��L`�Ue��a�ReP�¨Û§�a�U��W`���P���`5PL�LPðY�X5^<S�X�Y�X�dWX
�<\5��U�`_\-�7\8S�U
�W`���P���`�P���P/g<\5�W`�a�V� ��7S�U
����UA���W`_\�Y_^<��¨Ð`}Y1�@\�S�S�X�����^<P�g<\�UDa�SL`�Ue��Ue�T\
a��
X�dWP"`�£� ]`�f�X���P"§FUWS� �K «/¨}£�X���gL^,UWSH���eXe��Ue�'ª�\_§Fa�� ����X�a�RTY�Xe��S� 8UFX�`

g(p)
�

X�`�S�X��Wa�`�� �½� ��`�X�� P©`�a���P�K/¡�UW`���PT��S�X�PL£�U¢��a�`�f�� �H�/��UW��Ue���<�½Y �eX�£��W`�Y�UeS�S�X��
�Wa��W`�Ue�
Uc� ��KË��K � X�`��eg�U�`_\Û�}��Y�P��
Ue��S� 8�c�W��a�S�X���\���� �e�8K # M��%$1� a�a��e��X5^,f�RWP�� � X���� P=^, S�X����
a���X�Y���a � X������ � \���`�X���X�Y�S<\�� P=^,f=`�a���X5^,f�S� 8UÛ�
X��
UWS�`� ��"g�`�XkS�a�Y�Xe��S�X��
a�RD��\��<\��
U�`���a�RT\�V�a��f� ��K ¸ ���(� �LK�OI� � X������ � \��L`�X��� ¥S�U
�WX�X�`�Y�UW`���`�Y�P�¨Ð`QXe��S�X�ReS<\=g�S�X
l%¦@NnNu[�9sW�VtX�X¬xuU�Oy'pr�r�%�X�XtX{H«¨É?qNu[y�u9t%�Zpr«V�?�X�Xt%�(�({�uU�Xt�nNu[£��9{ ���Xu9qX�C«V�?�/£X�%prªxu9tX�X��(�X~�ªxu9tX{<�

J��



X�����U¢��U¢^,UeS�S� 8� �<\5�e����UA��U�^<UeS�a����8K¹ \��èYó�¢^<P�g<\�U� �LK ¸ ���D\�deS�aL`�S� 8�º�
X��
UeS�`
g<\5�W`�a�V� ��=X�����UA��U�^<UeS�S� 8��Y8£���Ue�L`�X�Y��W�"X��k�Wa��W`�Ue�
Uc� £�KË��K �(�eX���\5RT 8Y'\5UW`�� �k�<\�Y�S� 8�

µ = (e/2m0)[F1(0) + F2(0)],
Y�`�X�Y���UW� ���L\5��RT\��'���

q = eF1(0),\��e��U¢��S�UW��Y'\7�,�<\5`�a�g�S� 8�ä�<\7�,a�P���R=\��'�"�@\�g�\��W`�a�V� ��

r2
q = 6e

[
d

dk2
µ

F1(0) +
1

m2
0

F2(0)
]
,

`7KËU�K=�WXT�,Ue�'ª[aL`ÛY��L^�\7� � X������ � \5��`�X���\-�e�"X�`�X��� 8�/����a�S��L`�XÐS<\5Re 8Y'\5`�fÐ\�S�X��D\_^,f�S� 8�
�D\�dWS�a�`�S� 8�8K
�}S�\_^,X�dWa�g�S�X�Yã�¢^<P�g<\�U � �LK�OI�

r2
q = 6e

[
d

dk2
µ

F5(0) +
1

m2
0

F6(0)
]
.

Ìm`5PÛ��Y�X����W`�Y�UeS�S�X��W`�fÛ����a���XT�,  � X������ � \5��`�X���\
F2

�
X7ªãS�X1`��<\���`�X�Y'\5`�f}�
��X��
X�§Ff�¨
�L^,\��e�Wa�g�Ue�W�"X��&S�\�d ^<���,S�X����
Xe��U�^<a���^,UW��`���X�S<\��<�eg�a�`_\5`�f-��g�`�X�S�\F�<\��e��`�X=��S�a��L�
��X��"�"����\8��X��
��`�X�S�X�Y��e�"X��Q�<^,a�S� »Y�X_^,S� ¥��^,UW��`���X�S<\ÐX�S/a��
UeUW`]��Y�X���S�X���RT\��'��ª�UWS�S� 8�
�¢^,X��H�L����a�g�UW�ÇUWdeX�X�£�X_^,X�g���a�Y��<\5§�\5¨Û`�� �pX5`�S�X��Wa�`�U¢^,f�S�XF����P�d}����P�d¢\�K<¤&X=ª[S�X
��X��L\_R=\5`�f��<��X5^,f5ReP����efã�eX�X�`�S�X�Ï�UeS�a����
a�� S�UWRT\�Y�a��Wa��
 8UkaLRkS�aL����Ue��Y� 8U��,Y'\��

u2

{
k2

λσµνkν +m(k2
λγµ − k̂kµ) − [k2

λPµ − (kλPλ)kµ]
}
u1 = 0,

u2{ik2εµνλσPνkλγσγ5 −m[k2
λPµ − (kλPλ)kµ]− (k2 −m2)(k2

λγµ − k̂kµ)}u1 = 0,

u2

{
(k2

λ −m2)σµνkν + imεµνλσPνkλγσγ5 − i[k2
λPµ − (kλPλ)kµ]

}
u1 = 0,

u2{iεµνλσPνkλγσγ5 +mσµνkν − (k2
λγµ − k̂kµ)}u1 = 0,g�`�X�Y��WU � X����
 %�<\���\��
UW`���a�R=\5V�a�ai� ��K ¸ � �(� ��KNG7���eY�Xe�,�L`�� �ãXe��S<\k�F����P�dWX��H��aã����a

��`�X��ûY��eU � X������ � \��L`�X���  X���\5RT 8Y'\5¨Û`�� �|�eY�X�£�Xe��S� 8�
a|X5`¶��a�S�Ue�D\_`�a�g�UW�e��a��
�Wa�S�dWP=^<����S�X���`�UW��a&��XT��\�Y5^,UWS�a��H�<����X��
U

F6

�

F (e)
m1m2

= F1m1m2
+ F2m1m2

= F3m1m2
+ F4m1m2

= F5m1m2
+ F6m1m2

;

F (m)
m1m2

= (k2
λ/m

2)F1m1m2
+ F2m1m2

= F4m1m2
= (k2

λ/m
2)F6m1m2

.
¦�X���`�X�� P}YÐ��\��<\��
U�`���a�RT\�V�a�af� ��KËOI� � X������ � \���`�X��

F6

��X5^�ª�UeS�£� ]`�fÛ����X���X���V�a�X�S<\_^<UeS
1/k2

λ

��g�`�X�£� Òa��
U�^,X �
UW�W`�X
1
� a�R�^<P�g�UeS�a�U�KDÈÐ��S<\5��XäaLRpY��eU¢�ó�<\���\��
UW`���a�R=\5V�a��

`�X5^,f��"X��X��¢^,U¢��SL���O� ��KNG7����Y5^<��UW`�� �/� P=^,f=`�a���X5^,f�S�X��kY]P���\5RT\�S�S�X��&Y� ]ÏFU
�W�
 8��^,U # ���7GX$ K
J'Ê
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Æ � ��*,),������*,+�$
+���+�÷#)<(�´ Æ

ÈÐ��S<\5��X8��Y�S�X8�"X�Y'\���a<\�S�`�S� 8UD�<\��<\��
U�`���aLR=\�V�a�aF\��"�ea�\_^,f�S�X�deX��^,UW��`���X��D\�deS�a�`�S�X�deX
`�X���\��Ue��U¢�'Xe�@\� �
a�RT�
UWS�UeS�a�Ue�&g�UW`�S�X��W`�aFg<\���`�a�V'���
a��e��X5^<f�RTX�Y�\�S�a�UW�&�<\_RW^,a�g�S� 1�
S<\5£�X���X�Y�£'\5RTa��eS� 1�pY�Ue��`�X���X�Y�X���\5Re 8Y'\�¨Û`�� � � aLRTa�g�UW�e��a�S�UW�e��Y�a�Y'\_^,UWS�`�S� 8�
a K
C/^<������a��
Ue��\Ð�<\_RT£�UW��Ue��� P=^,f=`�a���X_^,f�S�P�¨ÿa ¿ \�S<\���X5^,f�S�P�¨ Å # ���=�X$¢� # ���=J%$��<\���\��
UW`���a�R=\5V�a�a��`�X�dWX�`�X���\�K@È�£�U�X�S�a��
X�dWP"`ã�<\��e�W�D\5`���a�Y'\5`�f�� �c��\�������a

m1 = m2

��`_\���a&����a
m1 6= m2

K<Z�\�S<\���X5^,f�S�X�����\��<\��
U�`���a�RT\�V�a�a

J (A)
µ (kλ) =

e

(2π)3

√√√√m2 − ∆m2

m2 − k2
λ

u2

{
1

m
σµνkνG1m1m2

(k2
λ)

+
1

m2
(k2

λγµ − k̂kµ)G2m1m2
(k2

λ)
}
γ5u1

� ��KNÊ7�
� X������ � \���`�X��

G1

����a�S���`�XÛS<\_RT 8Y'\5`�f8�,a���X5^,f�S� 8�&�¢^,Ue�L`���a�g�Ue�e��a��� RT\��'����X�Y� 8���(�
\
G2

��\5S<\���X5^<f�S� 8�8K7ÈÐ��S<\5��XS�a�Xe��a�S�a�RD��`�aL� � X������ � \���`�X���X�Y8S�U
�WX�X�`�Y�UW`��W`�Y5P�UW`
X�����U¢��U¢^,UeS�S�X�� P�� P=^,f=`�a���X5^,f�S�X�� P��<\��W����U¢�,U�^,UWS�a�¨�K � X�£��W`�Y�UeS�S� 8�k��Ue��U��'Xe��S�X��
RT\��'����X�Y� 8���,a���X5^,f�X�����U¢��U¢^<��U�`�� �&��\��pY�U�^,a�g�a�S�X��

G1

�L`_\���apY�U�^<a�g�a�S�X��
G2

�

d = i
e

m
[G1m1m2

(∆m2) − ∆m

m
G2m1m2

(∆m2)].
� ��K�J��

êQR � X���� P7^<  � ��K�J���Y�a"��S�X���g�`�Xð`�X5^,f��"XóYð��`_\5`�a�g�Ue�W��X�� ��^�PLg�\�U
(∆m = 0)� X������ � \���`�X��

G1m1m2

�
X=ªãS�X8S<\5ReY'\5`�f1��a���X5^,f�S� 8�&R=\5�"�"��X�Y� 8�8K_�}S<\���X5^,f�S� 8�
gL^<UeS¥Y�`�X��"U

J (A)
µ

X�£5^�\7��\�UW`p`�UW�¾�WP"§�Ue�W`�Y�UeS�S� 8� X�`T^,a�g�a�Ue�©X�`pR=\5�"�"��X�Y� 1�äa
�D\�dWS�a�`�S� 1����gL`�X�X�S�S�Um�@\�U�`/Y��L^�\7�[Y�a�R�^<P�g�UeS�a�U��L\QX�����UA��U�^���UW` ¿ �"X�SL`_\���`�S�X�U Å
Y�RT\�a��
Xe��UW���W`�Y�a�U # ���=�%$ � # ���=JN$ a # ���7ÊX$ K"C�Ue���W`�Y�a�`�U¢^,f�S�X��,��UW��Y�X�U}UedeX��¢^�\�d¢\�UW�
X�U���WXT�,Ue�'ª�\5§�UeUp��X���UW��Ueg�S�P�¨ g<\5�W`�f-� ����X���X���V�a�X�S<\_^,f�S�X

k2
λ

aó�<\�Y�S�XäS�P=^,¨ë�<^<�
��Ue\_^,f�S� 1� � X�`�X�S�X�Y�� \�Y�`�X���X�UF����X���X���V�a�X�S<\_^,f�S�X

kµ

��`7K�U5K3g�a���`�Xp����Xe��X5^<f�S�X�K
êQRW^�PLg�\�¨Û§F\5��� ��X���Ue��UWg�S<\5�'�k�eX��W`_\�Y5^���¨Û§F\5�ÿ\�S<\5��X5^,f�S�X��óg<\���`�aó`�X���\ � ��K Ê��(�
S<\5����a��
UW�H�<Yã�5K��5K<�<\�Y�S�\��

e

(2π)3

√
m2 − ∆m2

m3
k2

λσ⊥G2m1m2
(k2
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X=ªãS�X�����a���\�Y�S�a�Y�\�S�a�U � X������ � \5��`�X���X�Y�����a
k2

.. = 0
S�U���Y�S�X

�"X�Y'\5��a<\�S�`�S�X����<\���\��
UW`���a�R=\5V�a�aH�7�eX�X�`�Y�U�`���`�Y�P�¨Û§�a�� �eX�£��W`�Y�UeS�S� 8�&� P=^,f=`�a���X_^,f�S� 8�
�
X��
UWS�`_\��&g<\��W`�a�V� �K_Ìm`�XÛ�WX�d ^�\���P�UW`�� �F�
X�£� 8g�S�X���S�X����
a���X�Y��"X�� � X������ � \���`�X���X�Y
��Y�S�X��"X�Y'\���a<\�S�`�S�X��p�<\��<\5�
UW`���a�R=\�V�a�aH�,Ue�¢^,aH���"X�S�UWg�S�X��<X�S�a�� P=^,f=`�a���X_^,f�S� 8U5K

M��



Zä�eX�X�`�Y�U�`���`�Y�a�ak�eX�e��\5RT\�S�S� 8�&��X�����X�£�P�UW�c�<\5�e�e�
X5`���U�`�fÛ\�S<\���X_^,f�S�P�¨Î�<\��<\5�
UW`���a�R=\�V�a�¨
`�X���\�X�`e�,U�^,f�S�X��cg<\5�W`�a�V� ¾����a

k2
µ = 0

K<¦�X5^<P�g<\�UW�8�

J (A)
µ (kλ) =

1

(2π)3

e

2m0

u2

{
1

m
σµνkνG1(0) − kµG2(k

2
λ)
}
γ5u1

� ��K��=���
Zð��U�ReP=^,f=`_\5`�UÛ�
 ÿ��X5^<P�g�a�^,a��<\��<\��
U�`���aLR=\�V�a�¨Î�'a��W��X5^,f�RWP�¨Û§�P�¨�a�RTX5`���X���S� 8�
4− Y�UW��`�X�� kµ

��Y��"X�`�X���X���\�S<\5��X5^,f�S� 8� � X������ � \���`�X����W`�X�a�`/����a�����Xe��X5^,f�S�X��
Y�UW��`�X���U�aH��`_\���a��¶X�£��<\5RTX�����P"`��<\=g�a�Y�\�UW`ã�eY�X�� � aLRTa�g�UW�e��a��c�e�
 8�¢^µK,¦�X��W`�X�� P
S<\5a�£�X5^,UWU
X�£�§�Ue��a��eY�X�£�XT�,S�X���X�`S�UWXT�,S�X�RTS�\7g�S�X��W`�Ue�F��\��<\��
U�`���a�RT\�V�a�UW�k��Y5^<��U�`�� �
� P=^,f=`�a���X5^,f�S�\5�3K�C/^<���@\_^,f�S�Ue��Ï�UedWX�X�£���P�ª���UWS�a����W`�X�deXãY�X�����X��T\��e�8K,�<\�£�X5`�P
# M��%$ K

±�¸¢· §QÃ"Ë)+<¼��"Ë ��ÀHÁc¿��FË<¿"Ë 86��� Ê}Ë�ÁcÅ<Ã"Ë<¿"Å)+�Ì�(�¼��V�"Ë�Ì�Â>¼�

Z �W`�X�� ����aL^,X=ª�UWS�a�a½�
  ����a�Y�XT�,a�� ����\5`���a��½�e��a��eX��Ñ���<\5Y�aL^ÍÆ�UW��S��D\�S�\
�<^����D\���X��<\�S�X�Y��e��aL�[S�UW��`���a�S�Xãa[�eX���P"`��W`�Y5PL¨Ð§Fa�U � X���� P=^, ����"X�`�X��� 8U�£� 1^<a
a��W��X5^,f5RTX�Y'\5S� ïYXe��S�X���UW`T^,UWY� 1�/Y� 8g�a���^,UWS�a��L�/¹�C�¤½S�Ue��`���a�S�X�K5E�\���aLRTY�UW�W`�S�X��
�D\���X��<\�S�X�Y��e��\5�pg<\5�W`�a�V<\ã�<\5Y�S<\��eX�£��W`�Y�UeS�S�X��c\�SL`�a�g<\5�W`�a�V�U���g�`�Xã����a�Y�XT�,a�`��
��P�§�Ue��`�Y�UWS�S�X�� P/�<\5R�^,a�g�a�¨ÿ���<\�Y�aL^FÆFUe��S��D\�S<\m�<^<���D\5��X��<\�S�X�Y��e��aL��a}��a���\��"X�Y��e��aL�
g<\5�W`�a�V # � ¸�¸ $ K� ^�\�£� 8UmY�RT\�a��
Xe��UW���W`�Y�a��F�D\5��X��<\�S�X�Y��e��aL�/S�Ue�L`���a�S�X

(N)
�
RT\��'��ª�UWS�S� 8�
a

^,UW��`�X�S<\��
aH�
W±, Z0 £�X�RTX�S�\��
aH���W�L\7^<����S� 8�
a&g<\5�W`�a�V<\��
a φ± � φ aVbQa�de�eX�Y� 8���X_^,Ue�

φ0 �
X�dWP"`ã£� ]`�fã����UA���W`_\�Y_^,UeS� ©�¢^,U¢�<PL¨Ð§Fa��
a�^�\�de��\�S�ªãa<\�S<\��
a �

LNW±

int = NΓ(`N)
µ `W+µ + `Γ

(`N)
µ NW−µ,

� ��K��7Ê7�

LNZ0

int = (NΓ(N)
µ N + `Γ(`)

µ `)Zµ,
� ��K��=J��

LNφ±

int = NΓ(`N)`φ+ + `Γ
(`N)

Nφ−,
� ��K��=M��

LNφ
int = (NΓ(Nφ)N + `Γ(`φ)`)φ.

� ��K ¸ ���

LNφ0

int = (NΓ(N)N + `Γ(`)`)φ0.
� ��K ¸ �X�

¡�\ � Ue��S��D\�S�X�Y��e��aL� ��a<\5de�<\��
�D\7�¾�
  £�PT��UW�ÉX�£�X�ReS<\=g<\5`�fÿ��a��<\5��X�Y��e��a�U
� Ue���
a�X�S� ���Y�X���S� 8�
a�^<a�S�a����
aH�=\8�D\���X���\�S�X�Y��W��a�U
S�UW��`���a�S�X]�QXe��a�S<\���S� 8�
a K

M ¸



¡�\[��a��WP�S��"U ¸ M[�
  ����U¢����`_\�Y5^<��Ue�ºY�Ue��Ï�a�S�  Y�R=\�a��
XT�,Ue����`�Y�a�����a��<\��"X�Y��W��X��
a��D\���X���\�S�X�Y��W�"X�� g<\��W`�a�V|�äRT\��'��ª�UWS�S� 8�
a|a�S�UW��`��<\7^,f�S� 8�
a¾£�X�RTX�S�\��
a a
�W�L\7^<����S� 8�
acg<\���`�a�V�\��
a3K

�
�

�
�

�
�

�
�

�
�

�
�

�
�

u
�
�

�
�

�
�

�
�

�
�

�
�

�
�

u

W±, φ± Z0, φ0, φ

f N N N

�
�

�
�

�
�

�
�

�
�

�
�

�
�

u

Z0, φ0, φ

f f
Ó
a��5K ¸ M�Æ�UW��S��D\�S�X�Y��e��a�U��,a<\�de��\��
�
 ��<^<�pY5R=\�a��
Xe��UW���W`�Y�a��p��a��<\��"X�Y��e�"X���a
�D\���X��<\�S�X�Y��e�"X��pg<\���`�a�V&��R=\��'��ªFUeS�S� 8�
a&a&S�Ue��`��<\_^,f�S� 8�
ac£�X�ReX�S<\��
a�a
�W�L\7^<����S� 8�
acg<\���`�a�V�\��
a3K
� X�X5`�Y�U�`��W`�Y�P�¨Û§�a�UFa��¶���<\�Y�a�^�\[ÆFUW��S��D\�S<\�a��
UW¨Û`ãY�a����

• iΓ(`N)
µ

�<^<��Y� 1��Xe�,��§�UedeX
W− aL^<a&Y5��Xe�,��§�UedeX

W+ �

• iΓ
(`N)
µ

�<^<��Y� 1��Xe�,��§�UedeX
W+ aL^<a&Y5��Xe�,��§�UedeX

W− �
• iΓ(`N) �<^<��Y� 1��Xe�,��§�UedeX φ− aL^,a�Y5�'Xe�,�L§FUWdeX

φ+ �

• iΓ
(`N) �<^<��Y� 1��Xe�,��§�UedeX

φ+ aL^,a�Y5�'Xe�,�L§FUWdeX
φ− �

• i(Γ(N)
µ + Γ(NC)

µ )
�<^<�

Z0 �
• i(Γ(N) + Γ(NC))

�<^<�
φ0 �

• i(Γ(Nφ) + Γ(NφC))
�<^<�

φ
K

�,��UW�ef
Γ(NC)

µ ≡ C
[
Γ(N)

µ

]T
C−1 a Γ(NC) ≡ C

[
Γ(N)

]T
C−1 � �WX�X�`�Y�UW`���`�Y�UWS�S�X}�<^<�

Γ(NφC) �¢K¦���a Y� 8g�a��¢^,UeS�a�aº��UT\_^,f�S� 1� ����X�V�Ue�W�eX�YÎ�
 û��X5^<ªãS� ¼����a��,Ue�'ª[a�Y'\5`�f�� �
�¢^,U¢�,P�¨Ð§FUedWX}����\�Y�aL^�\m�<^���Y�R=\�a��
XT�,Ue����`�Y�a��QC�a��<\5�L� ¤c\5��X��<\�S�\��¢�<^���Y5�'Xe�,�L§FUe�
� Y� 1�'Xe�,�L§FUe�'�@�,a��<\��"X�Y��W�"X��kg�\��W`�a�V� ðY� 1��Xe�,��§�a��f� Y5�'Xe�,�L§Fa��'���D\5��X��<\�S�X�Y��e��a��
� Ue���
a�X�Sº��X5^�ª�UeS©£� ]`�fèa�S�`�Ue������UW`�a���X�Y'\�S ��\��©g<\���`�a�V<\èa©S<\5X�£�X���X5`ÿ�<^<�
\�SL`�a�g<\5�W`�a�V3K

Z1Y�Xe�,�FX�£�X�ReS<\=g�UeS�aL�
PL,R = 1

2
(1∓γ5)

�_�
 Î�
X7ªFUe�äR=\���a��T\5`�f�YQX�£�§�Ue� Y�a���U
�<^��pY��eU¢��Y�Ue��Ï�a�S3�

Γ(x)
µ = γµ

(
PLA

(x)
L + PRA

(x)
R

)
, x = `, N, `N ,

Γ
(`N)
µ ≡ γ0

[
Γ(`N)

µ

]†
γ0 = γµ

(
PLA

(`N)∗
L + PRA

(`N)∗
R

)
,

� ��K ¸�¸ �

M�I



a

Γ(x) = PLB
(x)
L + PRB

(x)
R , x = N,Nφ, `N,

Γ
(`N) ≡ γ0

[
Γ(`N)

]†
γ0 = PRB

(`N)∗
L + PLB

(`N)∗
R .

� ��K ¸ I��

ÈQ�W`_\7^,f�S� 8U/���<\�Y�aL^�\ãÆ�UW��S��D\�S�\�X���`_\�¨Û`�� ��£�U�R/a�RT�
UWS�UeS�aL�H�,�e�8K # � ¸ IX$ K¹ \5��ª�UÐ�<^��pS<\5ÏFa��pV�U�^<Ue���
 ºa��W��X5^,f5RTX�Y'\7^,ap��^,UA�,P�¨Û§Fa�U�����X��<\�d¢\5`�X��� |Y
��\_^,a�£���X�Y��"U�`5�¢bQX � `_\_� ÆFUe��S��D\5S<\��

i∆F (k) =
i

k̂ − m + iε
, ,

i∆µν
W,Z(k) =

−igµν

k2 − M2
W,Z + iε

, W,Z −

i∆φ±(k) =
i

k2 − M2
W + iε

,

i∆φ(k) =
i

k2 − M2
Z + iε

,

i∆φ0(k) =
i

k2 − 2µ2 + iε
. .

BQ��\�Y�S�UWS�a��Y� ��K ¸�¸ ����K ¸ I���a��
Ue¨Û`�X�£�§Fa���Y�a��ãa/��X5^�ª[S� Î£� ]`�f�X�����UA��U�^<UeS� 
�<^��k�"X�S�����UW`�S�X��F`�UeX���a�a�Y�RT\�a��
Xe��Ue���W`�Y�a��3K5¡�a�ª�U��
 »����a�Y�Xe��a���X�����U¢��U¢^,UeS�a�U
�"X�� �/� a�V�a�UeS�`�X�Y

A
(x)
L,R

a
B

(x)
L,R

��^<�p�W`_\�S"�@\���`�S�X����
Xe��U¢^,a3K

ù Æ ²HÆ ¯ ��÷�!#��� �"(#�"�#	���ö )Í�"ò&ò&	ß�#	��"�#��)�*
A

(x)
L,R

	
B

(x)
L,R

*�!�+�ç�ö3+L$�����+���� +�!����#),�
ç�)"� �'(�	 Æ

� `_\�S"�@\���`�S<\5�¥�
Xe��U�^,f��¢^�\�£� 1��Y�R=\5a��
Xe��Ue����`�Y�a��ä�@\5UW`�S<\5����X����<\���S�Ue� �
Ue��U
`���a&��\5RW^,a�g�S� 1�&�e��X��eX�£'\�Y�Y�U¢��UWS�a�������X�aLRTY�X5^<f�S� 1���D\��W�/S�Ue��`���a�S�X�K

• Z���Ue��Y�X��&�¢^<P�g<\�UDY�Y�Xe�,�L`S�X�Y� 8��`���a��L^,U�`cb}a�dedW�eX�Y�X�deX��X5^<���
dWa���UW��R=\��'�"��X��
Y = 2

YQ��X���X_^,S�UeS�a�U}�ã�W`_\�S���\���`�S�X�� POb}a�dedW�eX�Y�X�� P��,P�£5^,UW`5P[��X�de�LPL����U
SU(2)L

�Wa��
�
UW`���a�a3K7¹ \5��X��Q`���a���^,UW`Û�
X=ª�UW`£� ]`�fÛ����U¢����`_\�Y5^,UWS��D\5`���a�V�UW�
2 × 2

�

H =

(
−H+/

√
2 H++

H0 H+/
√

2

)
,

M�O



dÁ�,U�¨}��\�Y��W��a�� gL^,UWSèY�R=\5a��
Xe��Ue����`�Y�aL�ºY»��^�\�£�X��½^�\�dW�<\�S�ªãa<\�S�Uca��
UeU�`
Y�a��

∑

ij

gij(νiL, `iL)H†iτ2

(
(νjL)c

(`jL)c

)
+ h.c.

� ��K ¸ OI�

CF\�S�S�X�U�Y�RT\�a��
Xe��Ue���W`�Y�a�U��@\5UW`ãS<\��Ç¤c\���X���\�S�X�Y��W��a����D\��e�WX�Y� 8��gL^,UWS

(ML)ij = 2
〈H0〉√

2
g∗ij.

• Z1X8Y�`�X���X�����Xe�<�'Xe��U�a��e��X5^,f�RWP�UW`�� �k`�X�` � \���`X�Tg�`�X � ¤H�
X=ª�U�`Û�WXe��Ue�'ª�\5`�f
k
�ea�S�d ^,UW`�X�Y���XFdW��P�����U

SU(2)L ⊗U(1)
���"X�`�X��� 8UQS�UQY5R=\�a��
Xe��UW���W`�Y�P�¨Û`

�1�L\7^,a�£���X�Y�X�g�S� 8�
a�£�X5RTX�S<\5�
aH��S�X�����a�Y�Xe�,�L`k���D\5��X��<\�S�X�Y��e��a�� �D\��e�e\��
S�Ue��`���a�S�X

∑

ij

g′ijνiR (MR)ij (νjR)c + h.c. .
� ��K ¸ G7�

• êW�WS<\��"X�S�UWVH�=Y]`���UW`�f�Ue����Xe�<��Xe��Um�
X=ªãS�X8Y�Y�UW�W`�a/�D\5�e�e ïS�Ue�L`���a�S�X��7a�� �'Xe�,�
aLRD¨}��\�Y��W��X�deXY�R=\5a��
Xe��Ue����`�Y�aL�

SU(2)L

bQa�dede�WX�Y�X�dWX1�,P�£5^,UW`_\
Φ = (φ+, φ0)T �

∑

ij

g
′′

ijνiRΦc†
(
νjL

`jL

)
+ h.c. ,

� ��K ¸ ���

dÁ�,U
Φc = iτ2Φ

∗ K,Ìm`�Xã`_\���S<\5Re 8Y'\�Ue�
 8����a��<\5��X�Y��e��a��c�D\��W�eX�Y� 8��gL^,UWS
(
MT

D

)
ij

= g
′′

ij〈φ0〉.

Z1�WU��W`�a&��^<P�g<\5a&�
X=ªãS�X��eY�UW�W`�ac��UA��a�S�X�� P ¿?2 ÂWÂ � 2 ÃTÄ]Å ^�\�dW�<\�S�ªãa<\�SLP

Lmass = −1

2

(
(νL)c, νR

)( ML MD

MT
D MR

)(
νL

(νR)c

)
+ h.c. ,

� ��K ¸ Ê7�

dÁ��U���X_^<��S�Ue��`���a�S�XãX�����UA��U�^���¨Û`�� ���¢^,U¢�,P�¨Ð§Fa��èX�£��<\5RTX��8�

(νL)c ≡ CνL
T , (νR)c ≡ CνR

T , (νL)c = −νT
LC

−1, (νR)c = −νT
RC

−1.� ��K ¸ J��
ÈQ�eS�X�Y� 8Y'\5���efFS<\F��P"§FUe��`�Y�P�¨Ð§FaL�&�e�"�W��Ue��a��
UeS�`_\_^<f�S� 1���@\�S�S� 1�����
  ReS<\_�

UW�&X8��P�§�Ue��`�Y�X�Y�\�S�a�a/`���U¢�/S�Ue��`���a�S�X-�=��X��W`�X�� PÛ�<^��}�@\_^,f�S�Ue��Ï�UedeXÐ�<\��W�e�
X�`���UeS�a��

M'G



Y�X�����X��e\k�
 èX�dW�<\�S�a�g�a��
� ��`�X_^,f��"X�`���Ue� � � ^,UW��Y�X���S� 8�
a�S�Ue�L`���a�S�X
ναL
�
α =

e, µ, τ
�¢�

νL, (νL)c, νL, (νL)c 3 − ,

νR, (νR)c, νR, (νR)c k − ,
dÁ��U�a�S���Ue�"�

k
X�£�X5RTS<\=g<\�U�` g�a��¢^,X �ea�S�d ^<UW`�X�Yï��XädW��P�����U

SU(2)L

Yä�<\��e�W�D\5`5�
��a�Y'\�Ue�
X��Î`�UeX���a�a3K�¤& ëY�Y�U¢�,Ue�

(3 + k)
� Y�UW��`�X��

nL = (νL, (νR)c)T `_\��H�
g�`�X
Y� 8��\5ª�UeS�a�U � ��K ¸ Ê7�1�
X=ª�U�`ã£� ]`�f�����U¢�,�W`_\�Y5^<UeS�X

Lmass = −1

2
(nL)cMnL + h.c.

¤c\_`���a�V�\ M Ue��`�f
(3 + k) × (3 + k)

��X��
�L^,Ue�"�WS<\5�ä�Wa��
�
UW`���a�g�S<\_�ä�D\5`���a�V<\-�
g�f�a���XT��� £5^,X���a3�

ML

�
3×3

�"X��
�L^,UW�"�eS<\5���D\5`���a�V<\0�
MD

�
3×k ��X��
�L^,Ue�"�WS<\5��D\5`���a�V<\8a

MR

�Û�"X��
�L^<Ue�"�eS<\_���D\5`���a�V<\LK7¤c\5`���a�V<\ M �
X7ªFUW`Ð£� ]`�f1��a�\�deX�S�\_^,a�ReX�Y'\�S<\
�¢^,U¢�,P�¨Ð§Fa��èX�£��<\5RTX��8�

M =
(
U †
)T
M̂U †, M̂ = diag(m1, . . . , m3+k), mi ≥ 0,

Y��¢^,U¢�,�W`�Y�a�U�g�UWdeX��
 |a��
UWUe�

Lmass = −1

2
(nL)cMnL + h.c. = −1

2
(n̂L)cM̂n̂L + h.c. = −1

2
NM̂N.

� ��K ¸ M��
�,��UW�ef�Y�Y�UA��UeS� 

(3 + k)
��Y�Ue��`�X��

N = n̂L + (n̂L)c a (3 + k) × (3 + k)
�D\_`���a�V�\

�W�
UWÏFa�Y'\�S�a��
n̂L = U †nL, (n̂L)c = (nL)c

(
U †
)T
.

� ��K�I����
ê��e��X5^,f�RWP����eX�X5`�S�X�Ï�UeS�aL�

PLN = n̂L, PRN = (n̂L)c � ��K�I��X�
ap�<\���\��
UW`���a�ReP5���D\5`���a�V�P

U
��\��

U =

(
UL

U∗
R

)
, dim UL = 3 × (3 + k) dim UR = k × (3 + k),

� ��K�I ¸ �
X�����U¢��U¢^,a�� � ^,UW��Y�X���S� 8�&£�\5RTa���S�UW��`���a�S�X[�WX�X�`�S�X�ÏFUWS�a����
a

νL = UL(PLN), (νL)c = U∗
L(PRN), νR = UR(PRN), (νR)c = U∗

R(PLN).� ��K�I�I��
M��



ZmRT\�a��
Xe��Ue���W`�Y�a�Uï^,UW��`�X�S�X�Y%a|Y�Ue��`�X���S� 1�|£�X�ReX�S�X�YÿY � ¤ X���a��e 8Y�\�UW`�� �
��Y5PL� ��^�\5de�<\�SLª[a<\5S<\��
a

LCC =
g√
2

(
J+

µ W
+µ + J−

µ W
−µ
)
, LNC = JEM

µ Aµ +
g

cos θW
J0

µZ
µ,
� ��K�I�OI�

dÁ��U�`�X���acX�����U¢�,U�^,UWS� ©��^,UA�,P�¨Û§�a��%X�£���\5RTX��
(
J+

µ

)
`

=
1

2
ν`γµ(1 − γ5)`

′,

(
J0

µ

)
`

=
1

2

∑

f=ν,`

[
gf

Lf
′γµ(1 − γ5)f

′ + gf
Rf

′γµ(1 + γ5)f
′
]
.

� a��
Y�X5^g�
f ′ �
X�£�X�RTS�\7g�\�UW`/��\_^,a�£���X�Y�X�g�S�X�U8�eX�£��W`�Y�UeS�S�X�UÛ�WX��W`�X=��S�a�U � Ue���
a�X�S<\-�\ �

f
�k�ÿUedWXð��^,\�£�X�U��eX�£��W`�Y�UeS�S�X�U��eX��W`�X=��S�a�U�K]¦���a%�e��X�S�`_\�S�S�X��ÒS�\���P"ÏFUWS�a�a

�Wa��
�
UW`���a�a � UW���
a�X�S� ½����a�X�£���U�`_\�¨Û`&�D\��e�W �Kµ¤c\��W�eX�Y�\5�ä�D\5`���a�V<\�^,Ue�L`�X�S�X�Y
a��
UWUW`ã��^,UA�,P�¨Û§�a�U��D\5`���a�g�S� 8U���^<Ue�
UeSL`� 

(M ′
`) = − v√

2
g

′′

ij, `′L,R = SL,R`L,R, Mdiag
` = (SL)†M ′

`SR.

�3\��'�Lª�UeS�S� 8��`�X���`�Ue��UW��f[Y� 8�<\5ª�\�U�`�� �&��\��
(
J+

µ

)
`
=

1

2
ν`γµ(1 − γ5)`

′ =
∑

i,α

(U∗
L)i`(SL)`αNiγµPL`α,

� ��K�I'G7�
dÁ��U

i = 1, . . . , (3+ k)
a
α = e, µ, τ

K�¦�X���^,UÛ�WP��
�
a���X�Y�\�S�a��[��XFY��WUe�ï^,UW��`�X�S<\��
�
X=ªãS�X�X�����UA��U�^,aL`�f[�D\_`���a�V� 

A
(`N)
L,R

�¢^,U¢�<PL¨Ð§Fa��èX�£��<\5ReX��8�
(
A

(`N)
L

)
iα

=
g√
2

∑

`

(U∗
L)i`(SL)`α, A

(`N)
R = 0, ` = e, µ, τ.

� ��KNI����
¹�\���a�� X�£���\5RTX�����Yc^,Ue��`�X�S�S�X��H�eUW��`�X���U��D\�S<\7^,X�dea�g�S�X¥��Y'\����"X�Y�X�� Pð�WUe��`�X���P7�
�
 Éa��
UWUe�â�D\5`���a�V�PÇ�e�
UWÏ�a�Y'\�S�a��H�

KL = S†
LUL
�m�"X�`�X��<\5�ÇYð�T\��
X��ÍX�£�§FUW�

Y�a"��U8��Y5^<��UW`�� �
3× (3+k)

�"X��
�L^<Ue�"�eS�X����D\5`���a�V�Ue�ã�
3(k+1)

�"X��
�L^,UW�"�eS� 8�
a
�<\5�<\��
UW`��<\��
a # �=���%$
`_\��H�µg�`�X�RT\��'��ª�UWS�S� 8�»`�X��¥����a�S�a��D\�UW`cX��"X�S�g<\5`�U�^,f�S� 8�Y�a"�

J−
µ =

1

2
`γµ(1 − γ5)KLN.

ê��e��X5^,f�RWP���X�����UA��U�^<UeS�a�U/`�X���\-�<�
X=ªãS�X�X�����UA��U�^<a�`�f��D\_`���a�V� 
A

(`)
L,R

�L\5�

A
(`)
L =

gg`
L

cos θW
, A

(`)
R =

gg`
R

cos θW
, g`

L = −1

2
+ sin2 θW , g`

R = sin2 θW .� ��K�I'Ê7�
M'Ê



¦���a��<\��W�e�
X�`���UeS�a�a�S�UW��`���\_^,f�S�X�deX`�X���\8S�Ue�L`���a�S�X}�eaL`�P'\5V�a��/S�Ue�W�"X5^,f��"XÐ�
UeS���UW`�� ���
ap�
 |a��
UeUe�

(
J0

µ

)
να

=
1

2
ναγµ(1 − γ5)να =

∑

i,j

gν
L(U∗

L)iα(UL)αjNiγµPLNj.
� ��K�I�J��

¦�X��¢^,U��WP��
�
a���X�Y�\�S�a�����X�Y��WUe�ÇS�Ue��`���a�S�S� 8� � ^,UW��Y�X��<\5�

J0
µ =

∑

α=e,µ,τ

(
J0

µ

)
να

,

S<\7�'Xe��a��¶X�£�§Fa�UkY� 8��\5ª�UeS�a��[�<^<���D\5`���a�V
A

(N)
L,R

�

(
A

(N)
L

)
ij

=
ggν

L

cos θW

∑

α=e,µ,τ

(U∗
L)iα(UL)αj, A

(N)
R = 0, gν

L =
1

2
.

� ��K�I�M��

C/^<�ãX�����UA��U�^,UWS�a��p�D\5`���a�V
B

(x)
L,R

�L�
 èY�X��e��X5^<f�RTX�Y�\_^,a��Wf�Y� 8�<\_ª�UeS�a�Ue�ï�<^<�
��X_^,S�X��/\��
�L^<a�`�PT�� ï����X�V�UW�e�e\

e+ν → e+ν
aH�ea��e��X_^,f�ReP5�/Y��L^�\7�kS�U � a�RTa�g�Ue�W��aL�

�W�L\7^<����S� 1�pR=\��'��ªFUeS�S� 1��g�\��W`�a�V
φ± �<��X5^<P�g<\5Ue�

(
B

(`N)
L

)
iα

= − gmi√
2MW

∑

`=e,µ,τ

(U∗
L)i`(SL)`α,

(
B

(`N)
R

)
iα

=
gm`α√
2MW

∑

`=e,µ,τ

(U∗
L)i`(SL)`α,

\k�<^<��S�UW��`���\_^,f�S� 1�&£�X5RTX�S�X�Y��
(
B

(Nφ)
L

)
ij

=
gmi

2MZ cos θW

∑

`=e,µ,τ

(U∗
L)i`(UL)`j,

(
B

(Nφ)
R

)
ij

=
−gmj

2MZ cos θW

∑

`=e,µ,τ

(U∗
L)i`(UL)`j,

iΓ(`φ) =
gm`

2MZ cos θW

γ5.
� ��KËO'���

C/^<�¶X�����UA��U�^<UeS�a�� �D\_`���a�V� 
B

(N)
L,R

��Y5�'Xe�,�L§FUW�èYðY�Ue�LÏFa�S�P¶S�UW��`���a�S�X5��b}a�dedW�
Y�RT\�a��
Xe��UW���W`�Y�a��H�=a��e��X5^<f�ReP�Ue��Y� 8��\5ª�UeS�a�� � ��K ¸ ����aO� ��K�I�I���Ke¦�X���^,U
�W��X�S�`_\5S�S�X�dWX
S<\5��P"ÏFUeS�a��/�ea��
�
U�`���a�akS�Ue�L`���a�S�X}����a�X�£���U�`_\�UW`8��a��<\5��X�Y��e��a�U��D\5�e�e ä^�\�dW�<\�S�ªãa<\�S
����a�S�a��D\�U�`[Y�a��

Lννφ0 = 21/4
√
GF

∑

α,β

{(
MT

D

)
αβ
ναRνβL +

(
MT

D

)∗
βα
νβLναR

}
φ0

M�J



= 21/4
√
GF

∑

α,β

∑

ij

{
(U∗

R)jα

(
MT

D

)
αβ

(UL)βiNjPLNi

+ (U∗
L)iβ

(
MT

D

)∗
βα

(UR)αjNiPRNj

}
φ0.

� ��KËO��X�
êQR��W`�X�deX�P��<\�Y�S�UWS�a����e��\5ReP�ª�U��¢^,U¢�<P�UW`X�@g�`�X

(
B

(N)
L

)
ji

=
−g

2MW

∑

α,β

(U∗
R)jα

(
MT

D

)
αβ

(UL)βi,

(
B

(N)
R

)
ij

=
−g

2MW

∑

α,β

(U∗
L)iβ

(
MT

D

)∗
βα

(UR)αj.

iΓ(`) =
igm`

2MW
.

� ��KËO ¸ �

±�¸õÿ ��¾��c¼cÌÍ��ÀH¿�¼"À 8�¼"Ì�½cÀHÃ"Ì ¼"Å<¿c¿c¾	� ¼c¿�Â¤ÀY*!Ã"Ë���Å)+
Z ��\�S�S�X�� ����aL^,X=ª�UeS�a�aä����a�Y�U¢��UWS<\�����X�V�U¢�,P��<\�Y� 8g�a���^,UWS�a�� a�S�`�UedW�<\_^,X�Yp��X
��Y5P"�Lg<\5�W`�a�g�S�X�� P�����X��W`��<\�S���`�Y�P # J�ON$ KX�,��UW�efa��e��X5^,f�ReX�Y'\�S� ¥��^<U¢�,P�¨Û§�a�U1X�£�X�RTS�\7g�UeS�a�� �

u(p−)p̂− = m1u(p−), p̂+v(p+) = −m2v(p+),

p2
− = m2

1, p2
+ = m2

2, k2
1 = k2

2 = m2
k.

� ��KËO'I��
ÈQ£�§�a���Y�a���a�S�`�Uede��\_^,X�Y]�<^<��Y� 8g�a���^,UWS�a��/�
S�a��
 1��g<\��W`�Ue�k\��
�L^,aL`�PT�F`���UWP�dWX5^,f�S� 1�
��a�\�de�<\5�
�Ç�
X=ª[S�X�����U¢����`_\�Y�a�`�f�Y�Y�a���U

I =
∫∫

d4k1d
4k2 δ(k

2
1−m2

k) δ(k
2
2−m2

k) δ
4(p−+p+−k1−k2)

F (p−, p+, k1, k2)

(p− − k1)2 −M2
.� ��KËO�OI�

C/^<��PT��X�£��W`�Y�\�Y�Y�U¢��UW�ÇS�X�Y� 8U/��Ue��UW�
UeS�S� 8U

q = k1 + k2, Q = k1 − k2, d4k1d
4k2 →

1

4
d4qd4Q,

� ��KËO"G7�
g�`�Xã����a�Y�Xe��a�`ã����^,UA�,P�¨Û§Fa��%R=\��
UWS<\��

δ(k2
1 −m2

k)δ(k
2
2 −m2

k) → δ(q2 +Q2 − 4m2
k)δ(q ·Q),

q2 ≡ (k1 + k2)
2 ≡ (p− + p+)2 = m2

1 +m2
2 + 2p−p+,

(p−−k1)
2−M2 = −(a+p− ·Q), a = M2 +

1

2
(q2−2m2

k −m2
1−m2

2).
� ��KËO'���
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I =
1

4

∫∫
d4Qd4q δ(q2 +Q2 − 4m2

k) δ(q ·Q) δ4(p− + p+ − q)
F (p−, p+, Q, q)

−(a+ p− ·Q)
.� ��KËO"Ê7�

� ��X��
X�§Ff�¨
δ4(p− + p+ − q)

� P�S���V�a�aäY� 8��X5^<S���UW�èa�S�`�UWde��a���X�Y'\�S�a�U���X
d4qað�<^<�ð�@\_^<f�S�Ue�LÏFUedWXða�S�`�UedW��a���X�Y�\�S�a��Ç��Ue��U¢�'Xe��a��ÍY¥�ea��W`�UW� PÇV�UeS�`��<\ï�D\��W���

dÁ��U
q = (q0, 0)

K3CF\_^,f�S�Ue��Ï�UeU�a�SL`�UedW��a���X�Y'\�S�a�U�����X�Y�Xe��a��©Yp��Y'\&��`_\��<\�K�Z1X5�
��UW��Y� 1���,�eS�a��D\�Ue�¶XT�,S�P

δ
� � PLS���V�a�¨

∫
d4Qδ(q ·Q) . . . =

∫
dQ0d

3Qδ(q0 ·Q0) . . . =
1

q0

∫
d3Q . . . ,

apS<\_��Xe��a��

I = − 1

4q0

∫
d3Qδ

[
Q2 − (q2

0 − 4m2
k)
] F (Q, q0)

a− p− · Q .
� ��KËO'J��

Z1X_� Y�`�X��� 1���TY8`�UW���
a�S<\_��S�X�Y�X�����UW��Ue�
UWS�S�X��
x = Q/

√
q2
0 − 4m2

k

S<\5Ï a�S�`�UedW�<\_^
����a�S�a��D\�U�`[Y�a��

I = − 1

8q0

√
q2
0 − 4m2

k

∫
d|x| dΩ δ(|x| − 1)

F (Q = x
√
q2
0 − 4m2

k)

a− p− · x
√
q2
0 − 4m2

k

,
� ��KËO'M��

dÁ��U
dΩ = −dϕd cos θ

K@C/^<�c�@\7^,f�S�UW��ÏFaL�ïY� 8g�a���^,UWS�a��ï��Ue��UW����UW�©Y��Wa��W`�Ue� P��
dÁ��U�a��
�LP7^<f��

p−
a��
UeU�`ã`�X5^,f��"X�XT�,S�P

z
����X��
��X�S�UWS�`�P

pz

K
Ó�\5�e�e�
X5`���a��½Y��eUpY�X�Re�
X=ª[S� 8U��"X��
£�a�S<\�V�a�a¶��Xe�� 8SL`�UedW�<\_^,f�S�X�� � P�S���V�a�a

F (Q, q)
K

• F (Q, q) = 1
�<Y��@\�S�S�X��¶�¢^<P�g<\�UO� ��KËO'M��1a��
UeUW`ãY�a��

I = − 1

8q0

√
q2
0 − 4m2

k

∫
dΩ

1

a− b cos θ
⇒ − 1

4q0

√
q2
0 − 4m2

k ·
π

b
ln

∣∣∣∣∣
a+ b

a− b

∣∣∣∣∣ .� ��KNG����
�,�,Ue�ef��
 ºY�X��e��X5^,f�ReX�Y'\_^,a��ef��eX�X�`�S�X�Ï�UeS�a�UW�

p− · Q = |p−||Q| cos θ = pz|x|
√
q2
0 − 4m2

k cos θ = b|x| cos θ.

Z�����X�a�ReY�X5^,f�S�X����ea���`�Ue�
U�X�`��eg�U�`_\ |p−| = 1
2

√
q2
0 − 4m2

1

KTZ1Y�Xe�,��X�£�X�RTS<\=g�UWS�a�U
t = q2

0

�<a��
UWUe�
I = −π

2

1√
t(t− 4m2

1)
ln

∣∣∣∣∣
a+ b

a− b

∣∣∣∣∣ ,
� ��KNGL�X�

�=���



a = M2 +
1

2
(t− 2m2

k −m2
1 −m2

2), b =
1

2

√
t− 4m2

1

√
t− 4m2

k, t = q2
0 .� ��KNG ¸ �

• F (Q, q) = A ·Q = A0 ·Q0 − A ·Q �<S�X���X��W��X_^,f���P Q0 = 0
��`�X

F (Q) = −A · Q ≡ −A · x
√
q2
0 − 4m2

k.

C/^<�/PT��X�£���`�Y'\ÛY� 8£�Ue��Ue� Y�Ue�L`�X��
A
Y7��X5^,fÛX��ea

z
�5`�X�dÁ�@\ÛP��<\�Y�S�UeS�a�U�� ��KËO'M��

����UeX�£��<\5ReP�UW`�� ��Y

I = − 1

8q0

√
q2
0 − 4m2

k

∫
d|x| dΩ δ(|x| − 1)

×
−|A| · |x| cos θ

√
q2
0 − 4m2

k

a− |p−| · |x| cos θ
√
q2
0 − 4m2

k

=
1

8q0
(q2

0 − 4m2
k)Az

∫
dΩ

cos θ

a− b cos θ
.

� ��KNG�I��
¦�X��¢^,U�a�S�`�Uede��a���X�Y'\5S�a��&a��
UeUW�

I =
π

4
Azq0

(
1 − 4m2

k

q2
0

)
1

b

[
−2 +

a

b
ln

∣∣∣∣∣
a + b

a− b

∣∣∣∣∣

]
.

� ��KNG5OI�
¦�UW��U���XT�<�cX�`

A = (0, 0, Az)
�

A = (Ax, Ay, Az)
�<S<\_��XT�,a��

I =
π

2

A · (p− − p+)√
t(t− 4m2

1)
·
√√√√t− 4m2

k

t− 4m2
1

[
2 − a

b
ln

∣∣∣∣∣
a+ b

a− b

∣∣∣∣∣

]
.
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• F (Q, q) = A ·QB ·Q

I =
π

4

(t − 4m2
k)√

t(t − 4m2
1)

×
{[

A · (p− − p+)B · (p− − p+)

t − 4m2
1

− A · q B · q
t

+ A · B
]
ln

∣∣∣∣
a + b

a − b

∣∣∣∣

+

[
3
A · (p− − p+)B · (p− − p+)

t − 4m2
1

− A · q B · q
t

+ A · B
] [

2
a

b
− a2

b2
ln

∣∣∣∣
a + b

a − b

∣∣∣∣

]}
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• F (Q, q) = (q2γµ − q̂qµ)γ5
�<a��e��X_^,f�ReP5�cY� 8�<\5ª�UWS�a��¥� �LK G��k����KNG ¸ �Ad Ù

Iµ5 = −π
2

t ln c√
t(t− 4m2

1)
γµγ5 +

π

2

q̂qµγ5 ln c√
t(t− 4m2

1)
.
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• F (Q, q) = q̂Qµγ5

K��ÛS<\_^,X�dWa�g�S�XÐ��^�PLg�\�¨
F (Q, q) = A·Q = A0·Q0−A·Q ��W�8K<Y� 8�<\5ªFUeS�a��¥� ��KNG�Ik���LK G�G��(��a��
UWUe�

Iµ5 =
π

2

q̂(p− − p+)µγ5√
t(t− 4m2

1)
·
√√√√t− 4m2

k

t− 4m2
1

(
2 − a

b
ln c

)
.
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�"X�S�Ueg�S� 8�&��UWRWP=^,f=`_\5`�S�U��WXT�,Ue�'ª[aL`

γµγ5

��`���P���`5PL�LP�K

• F (Q, q) = Q̂q̂γµγ5

Iµ5 =
π

2

(p̂− − p̂+) · (p̂− + p̂+)γµγ5√
t(t− 4m2

1)
·
√√√√t− 4m2

k

t− 4m2
1

(
2 − a

b
ln c

)
.
� ��KNG�M��

¦���a�S�a��D\5�pY�X�Y�S�a��D\�S�a�U�Y� 8��\5ª�UeS�a��
� ��KËO'I��r��a��
UeUW�
u(p−)(p̂−−p̂+)(p̂−+p̂+)γµγ5v(p+) ⇒ [−t+2m1(m1−m2)]u(p−)γµγ5v(p+)+. . . ,

a���X��W`�X�� P�P��<\�Y�S�UeS�a�UO� �LK G�M7�m����UWX�£��<\5RWP�U�`�� �äY

Iµ5 =
π

2

[−t + 2m1(m1 −m2)]√
t(t− 4m2

1)
·
√√√√t− 4m2

k

t− 4m2
1

(
2 − a

b
ln c

)
γµγ5.

� ��K������

• F (Q, q) = Q̂Qµγ5

Iµ5 =
π

4

(t− 4m2
k)√

t(t− 4m2
1)

{[
(p̂− − p̂+)(p− − p+)µ

t− 4m2
1

− q̂qµ
t

+ γµ

]
ln c

+

[
3
(p̂− − p̂+)(p− − p+)µ

t− 4m2
1

− q̂qµ
t

+ γµ

](
2
a

b
− a2

b2
ln c

)}
γ5,

� ��K����X�
l%Ú@NnNu[�9s¥�n�prq%u9ugy�{ �%u9�Xu[�(|(�/�9t%pZ�%�Cq%�

I
�

Iµ5

�r�(q%s(£��%�¹�X�(�(|({ �X�5nN�Xu[�X£XtX~��rsN���X�r�n�prt%tX{�v��XtX�ru[¦9�%prqAtXu5�?u9���Xt�nNu[£��
µ
�A�?�5nNu[�_¬¹�%�

γ5

y'pr�r�X�f�X~(�_���@n�prq%s(t%u9vXwx�%yÎ�%�?�X�(q%s(�[~(u5y
�(|/�(�9tNpZ�Xu9tX�%u

c =
∣∣∣a+b
a−b

∣∣∣
�

�=� ¸



��X��e�"X5^,f���P

u(p−)(p̂− − p̂+)γ5v(p+) ⇒ (m1 −m2)u(p−)γ5v(p+),

g�\��W`�f��<�eX�X5`�Y�U�`��W`�Y�P�¨Û§F\5�ä¹µC�¤�S�UW��`���a�S�X��,a��
UeU�`[Y�a��

Iµ5 =
π

4

(t − 4m2
k)√

t(t − 4m2
1)

{(
ln c + 2

a

b
− a2

b2
ln c

)
γµγ5 −

(
ln c + 2

a

b
− a2

b2
ln c

)
q̂qµ

t
γ5

}
.

è ¯ ¥ ¯ ¦ ì
• F (Q, q) = Q̂Q̂γµγ5

K,ê��e��X5^<f�ReP5�&Y� 8�<\5ª�UWS�a�U � ��KNG����r��S<\_��Xe��a��

Iµ5 =
π

4

(t − 4m2
k)√

t(t − 4m2
1)

{[
(p̂− − p̂+)(p̂− − p̂+)

t − 4m2
1

− q̂q̂

t
+ γνγν

]
ln c

+

[
3
(p̂− − p̂+)(p̂− − p̂+)

t − 4m2
1

− q̂q̂

t
+ γνγν

](
2
a

b
− a2

b2
ln c

)}
γµγ5.
è ¯ ¥ ¯ µ ì

� ��X��
X�§Ff�¨Ñ�WX�X�`�S�X�ÏFUWS�a��

(p̂− − p̂+)(p̂− − p̂+) = −t + 2(m2
1 +m2

2),

�"X�S�Ueg�S� 8�&X�`�Y�UW`ã����a�S�a��D\�UW`ãY�a��

Iµ5 =
π

4

(t − 4m2
k)√

t(t − 4m2
1)

{
2 ln c − 2

(
m2

1 − m2
2

t − 4m2
1

)(
ln c + 3

[
2
a

b
− a2

b2
ln c

])}
γµγ5.
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• F (Q, q) = Q̂qµγ5

Iµ5 =
π

2

(p̂− − p̂+)qµγ5√
t(t− 4m2

1)
·
√√√√t− 4m2

k

t− 4m2
1

(
2 − a

b
ln c

)
.
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γµγ5

K

• F (Q, q) = (Q · q)γµγ5
K�Z%�W`�X��¶�¢^<P�g<\�U�£5^�\5deXe�@\��'�

δ(q ·Q)
YFP��<\�Y�S�UWS�a�a
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K
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• F (Q, q) = (Q · p−)γµγ5

Iµ5 =
π

2

p− · (p− − p+)

t(t− 4m2
1)

√√√√t− 4m2
k

t− 4m2
1

(
2 − a

b
ln c

)
γµγ5

= −π
4

(t−m2
2 − 3m2

1)

t(t− 4m2
1)

√√√√t− 4m2
k

t− 4m2
1

(
2 − a

b
ln c

)
γµγ5.

� ��K������

• F (Q, q) = Q̂γµγ5

KeZc��\�S�S�X�����^�PLg�\�UD�
 ïY�X��e��X5^<f�RTX�Y�\_^,a��WfÐ�WX�X�`�S�X�ÏFUWS�a�UW�

u(p−)(p̂− − p̂+)γµγ5v(p+) ⇒ (m1 +m2)u(p−)γµγ5v(p+) + . . .

ap�"X�S�UWg�S� 8��a�S�`�UWde�<\_^�a��
UeU�`[Y�a��

Iµ5 =
π

2

(m1 +m2)√
t(t− 4m2

1)

√√√√t− 4m2
k

t− 4m2
1

(
2 − a

b
ln c

)
γµγ5.
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ZäY� 8g�a���^,UWS�a��L��¹µC�¤ `_\���ª�UD��X5`���UW£�X�Y'\_^<X��efY� 8g�a���^,a�`�f}a�SL`�UedW�<\_^, »�e��\_^<����S�X�dWX
a�`�UWS�RTX���S�X�dWX�Y�a��@\

Iρ =
∫
dρ, IQ =

∫
dρQ2, Îµ =

∫
dρ

Q̂Qµ

q2 −M2
Z

,
� ��K���J��

dρ =
1

(2π)2

1

4
d4Qd4qδ(q2 +Q2 − 4M2

W )δ(q ·Q)δ4(p− + p+ − q).

¦�Ue��Y� 8U}��Y'\�a�R/S�aL��a��
UW¨Û`ã����X���`�X���Y�a��

Iρ =
1

8π

√

1 − 4M2
W

t
, IQ = − 1

8π

(t− 4M2
W )3/2

√
t

,
� ��K���M��

\���X���^<U¢��S�a��äa�S�`�UWde�<\7^¥YãP��<\�Y�S�UeS�a�a� ��K���J��8�
X7ªãS�X���X5^<P�g�aL`�f�a�R�a�S�`�UWde�<\7^�\
`�UeS�ReX���S�X�dWX[Y�a"�@\-��Y� 8g�a���^,UWS�a�Uk��X5`�X���X�deX�X�£��WP"ª��@\_^,X��ef�Y���\�£�X�`�U # J�O�$ KCF\_^,UWU/����a�Y�Xe��a��ó��UW`_\7^,a�Y� 8g�a���^,UWS�a��&a�S�`�UWde�<\7^�\�`�UeS�ReX���S�X�dWX[Y�a"�@\

Iµν =
∫
dρQµQν .

� ��KNÊ����
Ó#\��e�W�
X�`���a��%X���`�X�S�X����D\7^,f�S� 8�&£'\5RTa��/�WX��W`_\5Y5^,UeS�S� 8��a�R

p−, p+
�

Vµ =
(p− + p+)µ√
(p− + p+)2

, Wµ =
(p− − p+)µ√
(p− − p+)2

.
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Zè�W`�aL�&X�£�X�ReS<\=g�UeS�a��L��RT\���a�Ï�Ue�Ç`�UeS�ReX���S� 8�cX���`�X�S�X����D\_^<f�S� 8�c£�\5RTa�����\��

R(1)
µν = VµVν, R(2)

µν = WµWν , R(3)
µν =

1√
2
(VµWν −WµVν),

R(4)
µν =

1√
2
[gµν(VµVν −WµWν)].

¹�\���a��ÿX�£��<\_RTX�����P��<\5Y�S�UeS�a�Uf� ��KNÊ����1�
X=ª�UW`�£� ]`�fã����a�Y�UA��UeS�Xã�pY�a��,P
Iµν = A′

1R
(1)
µν + A′

2R
(2)
µν + A′

3R
(3)
µν + A′

4R
(4)
µν .

«/UedW�"XãY�a"��S�X��<g�`�Xã�¢^,U¢�<PL¨Ð§Fa�Uk�eX�X5`�S�X�Ï�UeS�aL�ca��
UW¨Û`ã�
Ue��`�X
R(2)

µν Iµν = A′
2, R(2)

µνR
(i)
µν = 0 i 6= 2,

R(3)
µν Iµν =

√
2A′

3, R(3)
µνR

(i)
µν = 0 i 6= 3,��X��W`�X�� Pã�
 Ç�e�<\5RWP�ª�UÐ��X5^<P�g<\�UW�

A′
2 = A′

3 = 0
K"¦�X���^,UÐ�W`�aL�ã����UWX�£��<\5ReX�Y'\�S�a��

a�SL`�UedW�<\_^
Iµν

�
X=ªãS�X�R=\���a��T\5`�f[��\��

Iµν = A(p− + p+)µ(p− + p+)ν + B(p− − p+)µ(p− − p+)ν + Cgµν

≡ Aqµqν + BQµQν + Cgµν .
� ��KNÊL�X�

¦�X��¢^,U�����X���`� 1������UWX�£��<\_RTX�Y'\5S�a�����X5^<P�g<\�UW�

A =
1

2

[
3

t2
qµqνIµν −

QµQνIµν

t(t− 4m2)
− 1

t
gµνIµν

]
,

B =
1

2

[
− 1

t(t− 4m2)
qµqνIµν +

3QµQνIµν

(t− 4m2)2
+

gµνIµν

(t− 4m2)

]
,

C =
1

2

[
−1

t
qµqνIµν +

QµQνIµν

(t− 4m2)
+ gµνIµν

]
,

dÁ��U�Y�Y�U¢��UWS� ¾X�£�X5RTS<\=g�UWS�a��

q2 = t = 2m2 +2p−p+, Q2 = 2m2 − 2p−p+ = −(t− 4m2), p2
− = p2

+ = m2.
ê��e��X5^,f�RWP��
� ��KËO�O�����KËO'M��(��S<\_�'Xe��a��

gµνIµν =
1

4π2

(
− π

2
√
t

)(
t− 4M2

W

)3/2
,

qµqνIµν = 0,

QµQνIµν =
1

4π2

(
4π

3

)(
t− 4m2

8
√
t

)(
t− 4M2

W

)3/2
,
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dÁ��U A � B a C �

A =
1

4π2
· π

6

(
t− 4M2

W

t

)3/2

, B = 0, C = −tA.

¹�\���a��ÿX�£��<\_RTX�����a�S�`�UWde�<\_^
Iµν

a��
UeUW`ãY�a��

Iµν = A{(p− + p+)µ(p− + p+)ν − tgµν} .
� ��KNÊ ¸ �

R ^,\�deXe�@\��'�c��U¢^,f=`_\_� � P�S���V�a�a
δ4(p− + p+ − q)

a�S�`�UWde�<\7^Q� �LKN��J7�Û�
X=ª�UW`p£� ]`�f
�WY�U¢��UWS&��Y� 8g�a���^,UWS�a�¨½a�S�`�UWde�<\_^,\g� �LK Ê ¸ ���

Îµ =
∫
dρ

Q̂Qµ

q2 −M2
Z

=
A{(p− + p+)µ(p− + p+)ν − tgµν}

(p− + p+)2 −M2
Z

⇒ − 1

24π

(
t− 4M2

W

t−M2
Z

)√

1 − 4M2
W

t
γµ.

� ��KNÊ�I��
Z ��X��¢^,U¢��S�Ue�äY� 8�<\_ª�UeS�a�akP�g�`�UWSF`�X5^<f��"X}gL^,UWSH�_X�`�Y�UWg<\�¨Ð§Fa���RT\ÐY��L^�\7��YÛ¹�C�¤
�D\���X��<\�S�X�Y��e�"X�dWX�S�Ue��`���a�S�X�K

±�¸%$ ½ ��½��c¼cÂi�Y8�¾ ¼ +Ó(ì��Ë 8U¾ + �Y¿c¼��F¾�À´�cË�Ì�Â>¼ ÂÄÅ�ÃcÅ<¼ 8�¿cÅ)*�Å
;QÅ<Ã6�¿¾f;�ËÓ(�Â¤Å<Ã"Ë ¿"ÀHÁcÂ>Ãc¼�¿"Å

Zä�W`�X�������aL^,X=ª�UWS�a�a/�
 ï����U¢����`_\�Y5^<��Ue����X5^,S� 8�/�e��a��eX��/\��
�L^<a�`�PT��`���U�PLdWX5^,f�S�X�deX
a���X5^�����a�RT\�V�a�X�S�S�X�dWX`�a��<\1��a<\�dW�<\��
��Y

t
� ��\�S<\7^,U��=\]`_\��Lª�U
�
S�a��
 8UDa���UT\7^,f�S� 8U

g<\5�W`�a�`�X���X�a���S�X�deX � X������ � \���`�X��<\�K

``φ
��!��'��ñ�)<( ��������� 	#+�ñ5!#+�ç�ç��

M = 2
∫
d% u(p−)

[
iΓ(`N)

]
i∆F (k1) (−ieγµ)

× i∆F (−k2)
[
iΓ

(`N)
]
v(p+) [i∆φ+(p− − k1)]Aµ(q),

Im q2Ti(q
2) =

1

32π

(∣∣∣B(`N)
L

∣∣∣
2 −

∣∣∣B(`N)
R

∣∣∣
2
) (

I` − J` − L`

)
,

dÁ��U

d% =
d4k1

(2π)4

d4k2

(2π)4
(2π)4δ4(p− + p+ − k1 − k2).
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Ó�UT\_^,f�S<\5��g<\���`�f8`�X���X�a���S�X�deX � X������ � \��L`�X��<\]�
X=ª�U�`Ð£� ]`�fY� 8g�a���^,UWS<\ÐY5Re��`�a�Ue�
a�SL`�UedW�<\_^�\

Ti(q
2) = gF

β

2

∫ ∞

2β

F (x, β)dx

x2(x + α)
,

����Xe�� 8S�`�UedW�<\_^,f�S�X�� � P�S���V�a�UW�

F (x, β) = −(1 − x− β)

√

1 − 2β

x
+

[
(1 − β)2

2x
+ β

]

+ ln


1 + x− β +

√
x(x− 2β)

1 + x− β −
√
x(x− 2β)


 ,

dÁ��U
gF =

√
2GF

16π2

K<Z1�WUkX���`_\_^,f�S� 8UkX�£�X�RTS<\=g�UWS�a����@\�S� |Y�Y� 8�<\5ªFUeS�a�a � I�K��7Ê7�¢K
WW`

��!#�'��ñ5)<(-�,�����p�
	�+�ñ�!�+�ç�ç��

M = 2
∫
d% u(p−)

[
iΓ

(`N)
λ

]
i∆λα

W (k1)
[
−ieVαµβ(q,−k1,−k2)

]

× i∆βν
W (−k2)

[
iΓ

(`N)
ν

]
v(p+) [i∆F (p− − k1)]Aµ(q),

Im q2Ti(q
2) =

1

16π

(∣∣∣A(`N)
L

∣∣∣
2
−
∣∣∣A(`N)

R

∣∣∣
2
)(

IW − JW +
1

2
aWLW − 3

2
LW

)
.

Z1UW��ÏFa�S�S<\5� � PLS���V�a��
Vαµβ(r1, r2, r3)

a��
UeUW`ã�W`_\5S��@\���`�S� 8��Y�a"���

Vαµβ(r1, r2, r3) = (r1 − r2)β gµα +(r2 − r3)µ gαβ +(r3− r1)α gβµ, r1 + r2 + r3 = 0.

Ti(q
2) = gF (1−αW )

∫ 1

0

{
−1

2
(3 − x)

√
x −

[
9

4
− 5

2
x +

x2

4

]
ln

(
1 +

√
x

1 −√
x

)}
dx

(1 − αW x)
,

dÁ��U
αk = (1 − 4m2

k/q
2)

−1 K

Wφ`
��!��'��ñ�)<( �,�#����� 	#+�ñ�!�+�ç�ç��

M = 2
∫
d% u(p−)

[
iΓ

(`N)
λ

]
i∆λα

W (k1) (iemWgαµ)

× i∆φ+(−k2)
[
iΓ

(`N)
]
v(p+) [i∆F (p− − k1)]Aµ(q),

Im q2Ti(q
2) =

mW

16πq2

[(
A

(`N)
R B

(`N)∗
L − A

(`N)
L B

(`N)∗
R

)
LWm`

+
(
A

(`N)
L B

(`N)∗
L − A

(`N)
R B

(`N)∗
R

)
(LW + JW )mi

]
,
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Ti(q
2) = gF (1 − αW )

(
−β

4

)∫ 1

0

(
1 − x

1 − αWx

)
ln

(
1 +

√
x

1 −√
x

)
dx.

φW`
��!��'��ñ�)<( �,�#����� 	#+�ñ�!�+�ç�ç��

M = 2
∫
d% u(p−)

[
iΓ(`N)

]
i∆φ+(k1)(iemWgµβ)

× i∆βν
W (−k2)

[
iΓ

(`N)
ν

]
v(p+) [i∆F (p− − k1)]Aµ(q),

Im q2Ti(q
2) =

mW

16πq2

[(
B

(`N)
L A

(`N)∗
R − B

(`N)
R A

(`N)∗
L

)
LWm`

+
(
B

(`N)
L A

(`N)∗
L − B

(`N)
R A

(`N)∗
R

)
(LW + JW )mi

]
.

Ó�UT\_^,f�S<\5��g<\���`�fF�@\�S�S�X�����a�\�de�<\5�
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Wφ`

��a<\�dW�<\��
�
 �K

φφ`
��!#�'��ñ5)<(-�,�������
	�+�ñ5!#+�ç�ç��

M = 2
∫
d% u(p−)

[
iΓ(`N)

]
i∆F (p− − k1)[−ie(k2 − k1)µ]

×
[
iΓ

(`N)
]
v(p+)i∆φ+(k1) i∆φ+(−k2)Aµ(q),

Im q2Ti(q
2) =

IW
32π

(∣∣∣B(`N)
L

∣∣∣
2 −

∣∣∣B(`N)
R

∣∣∣
2
)
.

Ti(q
2) = gF (1 − αW )

(
−β

8

)

×
∫ 1

0

{
(1 + x)

√
x− 1

2
(1 + x)2 ln

(
1 +

√
x

1 −√
x

)}
dx

(1 − αWx)
,

ffZ
�
	�+�ñ�!�+�ç�ç�+ï÷#)<(�´�!#	µô"+���	#),���#),ñ5)ÿ*,	3�
+

M = −
∫
d% u(p−)

[
i(Γ(N)

ν + Γ(NC)
ν )

]
i∆νρ

Z (q)
[
iΓ(f)

ρ

]

× i∆F (−k2)
(
−ieQfγµ

)
i∆F (k1)v(p+)Aµ(q),

Im q2Ti(q
2) =

1

16π

[
A

(N)
R − A

(N)
L

] [
A

(f)
R + A

(f)
L

]√
af

(
1 − af

3

)(
1 − m2

Z

q2

)−1

.

�=��J



Ti(q
2) = −2gF (1 − αf )Ω

∑

f

(gf
L + gf

R)
∫ 1

0

√
x
(
1 − x

3

)
dx

(1 − αfx)(x± cf)
,

dÁ��UmRTS<\��
(+)

Y}ReS<\��
UWS<\5`�U¢^,U8��Xe�� 8S�`�UedW�<\_^,f�S�X�� � P�S���V�a�a��eX�X5`�Y�U�`��W`�Y�P�U�`
f =

t
��Y'\����LP7�,\FRTS<\5�

(−) f = u, d, s, c, b
��Y�\�����\��8K

WWZ
� 	#+�ñ5!#+�ç�ç�+ð÷#)<(�´�!�	�ô"+���	�)�����)�ñ5)Î*�	3� +

M =
∫
d% u(p−)

[
i(Γ(N)

ν + Γ(NC)
ν )

]
i∆νρ

Z (q)

×
[
−ig cos θWVραβ(−q, k2, k1)

]

× i∆αα′

W (k1) i∆
ββ′

W (k2)
[
−ieVµα′β′(q,−k1,−k2)

]
v(p+)Aµ(q),

Im q2Ti(q
2) =

g cos θW

96π

[
A

(N)
R − A

(N)
L

] (23q2 + 16m2
W )

√
aW

q2 −m2
Z

.

Ti(q
2) = −gF

12
(1 − αW ) cos2 θW

∫ 1

0

(108 − 16x)
√
xdx

(cW + x)(1 − αWx)
.

WφZ
�
	�+�ñ�!�+�ç�ç�+ð÷�)<(#´3!#	µô"+���	#),���#),ñ�)Î*,	3�
+

M =
∫
d% u(p−)

[
i(Γ(N)

ν + Γ(NC)
ν )

]
i∆νρ

Z (q)

×
(
−igmZ sin2 θWgρα

)
i∆αα′

W (k1)i∆φ+(−k2)

× (iemWgα′µ) v(p+)Aµ(q),

Im q2Ti(q
2) =

g sin2 θW

16π

[
A

(N)
R − A

(N)
L

] mWmZ
√
aW

q2 −m2
Z

.

Ti(q
2) = −gF

2
(1 − αW ) sin2 θW

∫ 1

0

(1 − x)
√
xdx

(cW + x)(1 − αWx)
.

φφZ
� 	#+�ñ5!#+�ç�ç�+»÷�),(�´�!�	�ô"+R�#	�),�#��),ñ�)Î*,	�� +

M =
∫
d% u(p−)

[
i(Γ(N)

ν + Γ(NC)
ν )

]
i∆νρ

Z (q)

×
[
−ig1 − 2 sin2 θW

2 cos θW
(k1 − k2)ρ

]

× i∆φ+(−k2)i∆φ−(k1)
[
ie(k1 − k2)µ

]
v(p+)Aµ(q),

Im q2Ti(q
2) =

g(1 − 2 sin2 θW )

96π cos θW

[
A

(N)
R − A

(N)
L

] a
3/2
W

1 −m2
Z/q

2
.

�=��M



Ti(q
2) = −gF

3
(1 − αW )(1 − 2 sin2 θW )

∫ 1

0

x3/2dx

(cW + x)(1 − αWx)
.
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Z&�@\�S�S�X��p����aL^<X7ªFUeS�a�a/�
 ¥�<\��e�W�
X�`���a���Y�X�����X�� X�£8X�£�§FUW�cY�a��,U
��^,UW��`���X��D\�deS�aL`�S�X�dWX
`�X���\�D\5��X��<\�S�X�Y��e�"X�dWXS�Ue��`���a�S�XÐYÐ\�S<\���X5^,f�S�X����<\��<\��
U�`���aLR=\�V�a�a��
��Y'\5S�`�X�Y�X���X5^,UWY�X��
`�X�g���a¥RT��UWS�a��3K�Ó#\5RW^,X=ª�UWS�a�Uã��X5^,UW�ïS�UW��`���a�S�X�aï\�S�`�a�S�Ue�L`���a�S�Xä��X&��^,X��e��a��
Y�X_^,S<\��ÿa��
UeU�`[�¢^,U¢�<PL¨Ð§Fa��cY�a����

Nα(x) =
1√
2

∑

h

∫
d3k

(2π)3/2

1√
2k0

[
uα(k, h)a(k, h)e−ikx + vα(k, h)a†(k, h)e+ikx

]

Nα(x) =
1√
2

∑

h

∫
d3k

(2π)3/2

1√
2k0

[
uα(k, h)a†(k, h)e+ikx + vα(k, h)a(k, h)e−ikx

]
,

è ¯ ¥ ° £ ì
�"X�`�X��� 8� �e��Y�a�Y'\_^,UWS�`�UWS X���a��e\�S�a�¨H�D\5��X��<\�S�X�Y��e�"X�dWX�S�Ue�L`���a�S�X�Yã`�Ue���
a�S<\_�
��Y5P"�L�"X��
��X�S�UeS�`�S� 1�c�e��a�S�X���X�Y # � ¸ ON$

N =
1√
2

(
φ

−iσ2φ
∗

)
,

� ��KNÊ�G7�
dÁ��U}��Y5P"�L�"X��
��X�S�UeS�`�S�X�UF��X5^,U

φ(x)
X�����UA��U�^<UeS�Xã�L\5�

φ(x) =
1√
V

∑

k,h

{
h

(
k0 + h|k|

2k0

)1/2

a(k, h)ϕ(k, h)e−ikx

+

(
k0 − h|k|

2k0

)1/2

a†(k, h)ϕ(k,−h)e+ikx

}
.

� X�X5`�S�X�Ï�UeS�a�Um�
U�ª��,P}g�UW`� 8��U��L�"X��
��X�S�UeS�`�S� 8�
a��e��a�S�X��<\��
a
u, v

a}��Y�P'�L�"X��
��X�S�UWS�`�S� 8�
a
X��L`�X�S�X����D\_^,a�ReX�Y'\�S�S� 8�
ac�WX�£��W`�Y�UeS�S� 8�
ac�WX��W`�X7��S�a����
ac�e��a�S�X���X�Yãa��
UWUW`ãY�a��

u(k, h) =


 h

√
k0 + h|k|ϕ(k, h)

−h
√
k0 − h|k|ϕ(k, h)


 , v(k, h) =



√
k0 − h|k|ϕ(k, h)√
k0 + h|k|ϕ(k, h)


 ,

dÁ��UD�Wa��
Y�X5^
h = ±1

X�£�X�RTS�\7g�\�UW`�W��a��<\_^<f�S�X���`�f�K_Z���X��¢^,U¢�<PL¨Ð§FaL�kY� 8g�a���^,UWS�a����
£�PT��UW�Ça��W��X5^,f5RTX�Y'\_`�f���^,UA�,P�¨Û§Fa�U�S�X����
a���X�Y���a

u(k, h)u(k, s) = −v(k, h)v(k, s) = 2mδhs,

���=�



ϕ†(k, h)ϕ(k, s) = δhs, σkϕ(k, h) = h|k|ϕ(k, h),

−iσ2ϕ
∗(k, h) = hϕ(k,−h),

apX�����U¢��U¢^,UeS�a�U�Xe��S�X�g�\��W`�a�g�S�X�dWX[�WX��W`�X7��S�a��

|p, α〉 = a†(p, α)|0〉, 〈p, α|p′, α′〉 = δ3(p − p′)δαα′ .
� ��KNÊ����

ê��e��X5^,f�RWP���X�����UA��U�^<UeS�a�U/`�X���\

JEM
µ (0) = : N(0)ΓµN(0) :

a�Y� 8�<\_ª�UeS�a�UA� ��KNÊ����r�e£�UW�"�}��\�S�S� 8��`�X����
U�ª��,P}Xe��S�X�g<\5�W`�a�g�S� 8�
a��WX��W`�X=��S�a����
aH�
a��
UWUe�

〈p′, β|JEM
µ (0)|p, α〉 ∼ uβ(p′)Γµuα(p) + vα(p)Γµvβ(p′).

� ��KNÊ�Ê7�
¦���a�S�a��D\5�pY�X�Y�S�a��D\�S�a�U�P��¢^,X�Y�a�Uk¤c\5��X��<\�S� 

NC(x) = CN(x)C−1 = N(x), NC = CN
T
, C = iγ2γ0,

� ��KNÊ�J��
�
X=ªãS�X�R=\���a��T\5`�f

vα(p)Γµvβ(p′) ≡ −uT
α(p)

(
C−1ΓµC

)
uT

β (p′)

=
[
−uβ(p′)

(
C−1ΓµC

)T
uα(p)

]T

= −uβ(p′)
(
C−1ΓµC

)T
uα(p),

� ��KNÊ�M��
apY� 8�<\_ª�UeS�a�Uf� ��K Ê�Ê7�m����UWX�£��<\_ReP�U�`�� �ä��Y�a��<P

〈p′, β|JEM
µ (0)|p, α〉 ∼ uβ(p′)Γµuα(p) − uβ(p′)Γµuα(p), Γµ ≡

(
C−1ΓµC

)T
.� ��K�J����

¡�\�a�£�X5^,UeU���X���P=^<����S�X�U�X�����U¢��U¢^,UeS�a�UkY�UW��ÏFa�S�S�X�dWXãX���Ue�<\5`�X��<\�a��
UWUW`�Y�a�� # J�M-�M�IX$

Γµ = V γµ + Aγµγ5 +Miσµνq
ν + Eiσµνq

νγ5 + Sqµ + Pqµγ5.
� ��K�J��X�

ê��e��X5^,f�RWP����eX�X5`�S�X�Ï�UeS�aL�

CγµC
−1 = −γT

µ , Cγ5C
−1 = γT

5 ,

�����



C−1 = CT = C† = −C, C†C = CC† = I, C2 = (C−1)2 = −I,
�
X=ªãS�X�R=\���a��T\5`�fãY� 8��\5ª�UeS�a�U}�<^<��X���UW�<\5`�X��<\

Γµ

��\��

Γµ ≡
(
C−1ΓµC

)T
= −V γµ +Aγµγ5 −Miσµνq

ν − Eiσµνq
νγ5 + Sqµ + Pqµγ5,

apY��eaL^<Pi� ��K�J����1��X_^<P�g<\�Ue�

〈p′, β|JEM
µ (0)|p, α〉 ⇒ uβ(p′) [Aγµγ5 + qµ(S + Pγ5)] uα(p).

¦���a�S�a��D\5�pY�X�Y�S�a��D\�S�a�U�P��¢^,X�Y�a�U
qµJEM

µ = 0
��a��
UeUW�ÿ��Y'\FP��<\�Y�S�UeS�aL�

S = 0, (m+m′)A+ Pq2 = 0,

aÎX�£�§F\5�Î�W`���P���`�P��<\ð�¢^,Ue�L`���X��D\5deS�a�`�S�X�dWX»`�X���\ï¤c\���X��<\�S�X�Y��e�"X�deX¥S�UW��`���a�S�X
����a�S�a��D\�U�`[Y�a��

〈p′, β|JEM
µ (0)|p, α〉 ⇒ uβ(p′)

[
G(q2)(q2γµ − qµq̂)γ5

]
uα(p).

� ��K�J ¸ �
dÁ��U

G(q2) = −P/(m+m′)
��`_\��ãS�\5RT 8Y'\5Ue�
 8��\5S<\���X5^<f�S� 8���
X��
UeS�`kS�UW��`���a�S�X

# Ê��%$ K � X�Y��<\7��UWS�a�U8��`�X����<\5�<\��
UW`���a�RT\�V�a�a��m`�X���X�a��,S�X����<\��<\5�
UW`���a�R=\�V�a�Ue���<^<�
mi = mf

�
 ÎX�£���P�ª��@\_^<aFY� ]ÏFUN�'\}S�UW����a�dWXe��S�X���`�f/UeU��<^���X���a��e\�S�a��F����X�V�UW�e�e\
a�R�^<P�g�UeS�a��cX�g�UeY�a"��S<\�K
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# ��MN$�ØkK ÖQÃ�6ÐÃ���� ��K À04<ÃªS��PS �<Ø 298Z6[� J 4�.�2 ¢�K ì ù,ú � �TM�M����1M�I�I
# Ê��N$ ß K ß K Þ 4�Â/�&Â(8}ÃN; K �'\ 4I.�2 K@Ù Â_S K,Ô Â/8[8 K é,é � �=M�J'G7�Ð�7G�I�O
# ÊL�_$ À K!) �7��Â/8[8Z��Â(8}ÃN; K � Õ * N_; K!\ 4�.�2 K )¡� \ 65��N K À *�J�J ; K � V ² ú � �=M�M ¸ ��O'J��
# Ê ¸ $ Þ �=25��Â/65�72 ��Ø 2[8565� J 4�.�2 K À J ÃyNeÂ K ÀpN_� K ¯ Ó � �=M�J��X�]J'Ê
# Ê�IN$kÚïKÄ)}K ���7;=�7254��=�»ÃN��� ÚïK>DAK �<.�25��852 � . �ÄD B Ü�\ÑÙ Â J �76[8kÕ�� K��g� �=M�J����r=µÔ
K>)}K

à � * � �çÔ Ã�� K)Z �PQ K ì,ì � �=M�J�����J�O'Êp=DÔ
K�)}K à � * � �1Ú¥Kx)ÛK ����;��72[4����ÿÃ���� ÚïK
DAK �<.�25��852 � . ��Ô Ã�� KßZ ��Q K ì�ì � �=M�J��7�/Ê�G5O�= Þ K � À�Ã Ô �=� Ã���� � K-¢�K#Ú Ã�6GN_� ÃN��� �
\ 4�.�2 K@Ù ÂrS K ��æ ± � �=M�J�J7�}�=I���J

# Ê5O�$�� � � \7����UW���Uè Å½ÅêéØëíìîì/÷<÷<÷ ¥ è ô�é ¥ ö|ïñð ¥ ò Ã»ó ì ¾¿¶Á¸ ì Â�ô é�ô�õ½Å?ô@öyÅ�ì÷ï�øñùºïeúûø�ó½Åêõ ô ¥ è Å Ä ð

���=J



# Ê�G%$U\�KbZ1K ß ÃN6565�=25�7� � Ö K ß K'\ Â/6 � ����2ÛÃ���� � K!��K ÀpN/�0�N8 �'\ 4�.�2 K�Ô Â/858 K æ�ì · � �=M�M'G7�
�=I�Êp=H��K Þ �7�R�K�7698Z��Â(8�Ã�; K=� 4�Â J��3J 4 S5M������ ¸�¸ �R=,Ø�KËØ N � Â/6�Ã����¥À K�\ Ã � S5Ã�2 Ãf4�Â JL�
J 4 S�M������eO ¸ I

# Ê��N$ÖÔ Ã K�)}K�	 Â/; � ���µS���N]4 �7	 4 K�Ü � 2 J3K B#Â/�76 KIZ ��Q K æ,æ � �=M'G�Ê����7G�IL� # À�� S K�\ 4�.�2 K�¢�Ü B \ù � �=M'G�J7�Û���=J�ON$
# Ê�Ê%$ � K�ÚïK Ö *�: �µS0� � �<Ø�K<Ø�K Þ 4�Â_254 � �µS ��\ 4�.�2 K \ Ã�698 K Õ * N_; K é � �TM'Ê5OI�8Ê�ML�
# Ê�JN$ � K�ÚïK Ö *-: �µS�� � � � K5ÜK5×�* Q_��Â/8Z2[�µS ��\ 6 Â J 65����8 ¢�D Õ ÙÿÜ ¸ � M��7� G�I-� Ö *�: �<Ã �L�=M�M��R=

4�Â JL�3J 4 S�M������ ¸ G�J
# Ê�MN$ � K�ÚïK Ö *�: �µS0� � � � K,Ü8K,×�* Q_��Â(8Z2[� S �!D ��8 KÍ¢�K�Ú ��� K!\ 4�.�2 K V ¯�æ � �TM�M�J��8G ¸ G�Ê
# J��N$/Ü8K Õ K%)+* � �=�<Ã � � K_Ú¥K Ö *�: �µS�� � � � K_Ü8K_×�* Q_��Â(8Z2[� S �N\ 4I.�2 K�Ô Â/8[8 K õ ì é æ � �=M�M�J���=I5O

# J��_$/Ü8K Õ K@)+* � ���<Ã � � K
ÚïK Ö *�: �µS0� � � � K
Ü8K
×�* Q/��Â/8525�µS ��Ô Ã�� KÓZ �PQ K ù ¯ � �=M�M�J����� ¸ M # À0�µS K!\ ÃN6[8 K<Ø 85�7� K Õ * N/; K � ù ¯ � �TM�M�J��Û�T��I'G%$
# J ¸ $ � K�Ú¥K Ö *�: �µS�� � � ¢�D Õ ÙâÙ Ã J �=� Þ ��� � * ����NeÃN8Z�=�7� æýü�æ ùnþ � �=M�J�M��QI�MR= � K�ÚïK

Ö *-: �µS�� � � À K � K À04<Ã : Ã����µS �¤\ 4�.�2 K#Ô Â(858 K�Ø ¯'ì@² � �=M�J�M�� ¸ ��IR=ß¢�K#Ú ÃN854 KµØ��
Ú Ã%8Z4 K%� Â_� K ²�æ � �=M�M���� I ¸ O"Gp=îÿ>� u½|}lkorv�zyq�v�ukurs}l ¿ Ü 252 Ã�.�2>�7�"8Z4�ÂÓ�K�76[�[ÃN;�Ã�2 J Â_N/852
�y��Â/; ÂMN(8Z6[�7�[Ã , ��Â/85��N�8Z4�Â/�76[. K Å�� �yv�Ã�l�� Ï|ËðØ�K}Ô Ã � 4<Ã � � Ã KA� ��65;��ÑÀ�N_� Â/��8Z�Eá�N K
À0�=� , Ã J �76ÁÂ K3�=M�M�I�K-J-J3K,I�M�M_��O"Ê5O�K

# J�IN$/Ü8K,Ù Ã���Â_2GN *3� \ 4�.�2 K�Ù ÂrS K Ö æ,² � �=M�J'G7�Ð� ¸ ���
# J�O�$L	�K¤	�KµØ .0�-��� � À K�Ø�KÄ) Ã�6 Ã�� ��Ø�K à K¤) ÃN6 * 8 � Õ * N_; KÄ\ 4�.�2 K¤) é,é � �=M'Ê�I7��������=

À K�Ø�K�) Ã�6 Ã�� � Õ * N_; K�\ 4�.�2 K!) ù ² � �=M�Ê�I��1I�I�IR= Õ K Öc�7� : Â(. ��ØkK Ö K<× Â/����Â_�0. �
\ 4�.�2 K<Ô Â/8[8 K�) · ¯ � �=M�J���� O ¸ JR=LÚïK�Øc: Ã � � Þ K�Ø .������ �LÜ<* 65� J 4�.02[��N/2 Ô Â/858 Â_6[2 ì
� �=M�J'Ê7�]J�J��

# J'G%$ ß K Þ Q(.�Q �#×�Kµ× �7;�����Q/� Â�Þ ��ÚïKÄ	 6 Ã�; Â � � Þ Ã�� K ¢�K>\ 4�.02 K ù,ù � �=M�J�J����TI ¸ =�ÚïKß¢�KÚ�* 25�7;T� �!)}K<Ù�K ß �7;=2[8 Â/��� �-\ 4I.�2 K Ù Â_S K Ö ì æ � �=M�M��X� ¸ M'G5�
# J��N$ ¢�K�ÔDK#Ô�* N_�=� �µØ�K�Ù �72 Ã���� ��Ø�K¤	 Ã J Â_�<Ã �¤\ 4�.�2 K
Ù Â_S K Ö æµ¯ � �TM�J'G7���=��M��y=¤��K

Ö}Â , 6 ÃN2525� �<Ø�K À0�=65;=��� �0\ 4I.�2 K@Ù Â_S K Ö æ · � �=M�J�M�� ¸ J'Ê
# J'Ê%$ � K�ÚïK Ö *�: �µS0� � �3Ô
K@ØkK B>�72 * �I.�Ã�� � À�� S K�¢�K�\ Ã�6[8 K Õ * N_; K ¯'ì � �=M�J�I��ÛG5��O�= � KÚïK Ö *�: �µS�� � � � K � K B *�,7* 2[4�Â_S � \ 4I.�2 K Ù Â J3K ¯ ú@± � �=M�M��7�}�TO'�

���=M



# J�JN$�ØkK � �7� , �76 Ã � B K ��Ù�K ��K ÀI8 * Ã�698 �!	�K!\ 4�.�2 K Þ é,é � �=M�M ¸ �}�=���
# J�MN$�DAK}Ô�* KF× � : QTÃ�6ÁÂ_S ��Ô
K)ÛK à � * � � ÿ>��\ 6[� : ; Â_��2
�y�YB�4�Â/�76 Â(8Z��NeÃ�; \ 4�.�25�PN_2 K\<*�: ;=��2[4���� , ß � * 2ÁÂm¿ Õ}Ã * � Ã_Å K�Ú �72�N/�=Ä K<�=M'Ê ¸ KNJ�J3K ¸ �=M_� ¸�¸ O�=N)}K'× Ã�.02ÁÂ_6 �I\ 4�.�2 K

Ù Â_S K Ö ² ù � �TM�J ¸ �
�=��� ¸ =N\ 4�.�2 K'Ù Â_S K Ö æ Ó � �=M�J�OI�
�=� ¸ IR=\¢�K�Z1K Õ�� Â_S�Â_2 �7\ 4�.�2 K
Ù Â_S K Ö ² ù � �=M�J ¸ �1I��7G ¸

# M��N$/b8K
¡�K R P���a�S<\-� Z}K
¤ïK�CkPL£�X�Y�a��óaÎZ}K�b8K EQP"RTS�UWV�X�Y�� ����Ue����a�S�`»È�êUh�êk�\ ¸ � M'Ê7� O�� ¸
# M��_$ � K+)}K ÀLÂ/� � � ��Q ��Ô Ã K�ØkK À�� �76[�0�-����2 � . ��\ ��2 � �ãÃ 	 4 KmÜ � 2 J K B�Â_�76 KdZ �PQ K ì ú� �=M�J�J��8I��L� # ¢�Ü B \ºÔ Â/8[8 K ì ú � �=M�J�J��8I�M�MN$ = 	 4 K�Ü � 2 J3K B#Â/�76 K�Z �PQ K ·,é � �=M�J�M��

I'G # À0�µS K�\ 4�.�2 K�¢�Ü B \ ù,ú � �TM�J�M�� ¸ �%$
# M ¸ $ À KW� Â_��� : Â_6 ,�� ��K�Z Â_�=� : Â_6 ,���\ 4I.�2 K�Ù Â_S K[Ô Â(858 K � æ � �=M'G�M7�è������=�Ø�KãÚïK

\ Â_6 Â/;��7���µS �eÔ Ã K0)}K-	 Â_; � ���µS���N]4 ��	 4 KLÜ � 2 J3K B#Â/�76 KRZ ��Q K æ · � �TM������8�����7G # À�� S K\ 4�.�2 K,¢�Ü B \>� ¯�² � �=M����X�]Ê�Ê�Ê%$
# M�IN$/Ü8KDÚïKDÔ �T�K254�� 8ÞQ �#Ô
K<\#K@\ � 8AÃ�ÂrS�2 � . ���ìlrqTzæÃ�vxwµv�u�Ã�v4o��MsRzy�UÃ sÌåÇÃ�È}lÛÆf~»Ë5KDÚ �72�N/�7Ä K

�=M�ÊL��K

# M�O�$�ØkKÄDAK#Ø N]4�� Â_QeÂ_6 � � K¤)}KÄ) Â/6 Â_298 Â(8Z2 � . ���ÁsRzy�UÃ sÌå lrq�lko�Ã�~�ÆM�æË\�Ízæå�v4oku�K�Ú �72�N/�7Ä K
�=M�ÊL��K

# M'G%$U\ Ã�6[85��N_; Â�ÖQÃN8 Ã � 65� *�JH�,Ü<* 65� J3K!\ 4I.�2 K,¢�K � æ � �=M�M�J��Û�
# M��N$æZ1K�Ù Â/����Â/21Â(8Ã�; K �0\ 4�.�2 K,Ù Â_S K�Ô Â(858 K æ ± � �=M'Ê5���mI��=Gp=LØkK � K�× . * ;�� Þ[� Â_S � Õ * N/; K

\ 4�.�2 K õ ²<ì@æ � �=M�J5OI� I�J'Ê�= ß K%� 65��8�N]4�ÃN��� Ù/K7Ù � : �=��Â/8[8 �X	�KC\ 4�.�2 K � æ · � �=M�J�J��
G�G5I

# M'Ê%$ Ö K � 6 ÃN2525� ��ÚïK!\ � Â/8565�7�-��Ã���� Ø�K<Ù ���N858Z� ��\ 4�.02 K Ù Â_S K ��ì · � �=M�M�OI�8G5J ¸ O
# M�JN$ � K'Ô
K�� ����Q :�* 6 ,-� � K Õ K B>2[.I85� S��PN]4 ��	 4 K'Ü � 2 J3K B�Â_��6 K�Z ��Q K ú,ú � �=M�J'G7�#J�O # À�� S K\ 4�.�2 K,¢�Ü B \ ù ¯ � �=M�J�G7�mO'JN$
# M�MN$/Z}K,ZÛK!jµa�^,UeY��W��a��H�,ê�K � K � \�VLPLS���UWY�a�gH��hÛ��Ue� K�Æ�aLR�K ùUÓ � �TM�M'Ê7�1ML�=�
# �=���N$ ¢�K3ÔDK3Ô * N_��� � Ø�K3Ù �72 Ã���� � Ã���� Ø�K�	 Â J Â_�<Ã \ 4�.02 K�Ù ÂrS K �&æ�¯ � �=M�J�G7�/�=��M���=��K Ö}Â , 6 Ã�2[25� �<Ø�K À0�=65;��=��Ã���� � K�Ú Ã�6GN_� Ã���� \ 4�.02 K Ù Â_S K ��æ · � �=M�J�M�� ¸ J'Ê
# �=���_$/Ù�K Þ K<Ø ;�; Â/�pÂ/8ÛÃ�; K ��\ 4�.�2 K�Ù Â_S K �pì ± � �=M�M�I��}���

� ¸ �



# �=� ¸ $ � K¶ÚïK Ö *�: � S�� � �¶Ü8K Õ K)+* � ����Ã � � KÿÜ8Kÿ×�* Q_��Â(8Z25�µS à K À0� �=65���µS �
* � J�*�: ;=��254�Â_� K

# �=��IN$kÚ¥K À�Ã � * �<Ã �\ 4�.�2 KãÙ Â_S K�Ô Â/8[8 K ± ² ��J���O � �TM�M'G7�>=�ÚïK ÀLÃ � * �<ÃÑÃ���� Ô�K
×�* 6[��4<Ã�6 Ã �'\ 4�.�2 K�Ù ÂrS K,Ô Â(858 K ± ì �3� ¸ J�O�� �=M�M'G7��K

# �=��O�$ � K"Ø�K Õ}Ã * � �µS ��\ ��2 � �ãÃ 	 4 KLÜ � 2 J K B�Â_�76 K�Z ��Q K é ì � �=M�ML�X�1�=J�M # ¢�Ü B \óÔ Â/8[8 Ké ì � �=M�M��X�]�=J'G%$ =0	 4 K�Ü � 2 J3K B�Â_��6 KpZ ��Q K ¯ Ó ¯ � �TM�M ¸ �
I # À0�µS K�\ 4�.�2 K}¢�Ü B \>� ± ì� �=M�M ¸ �}�/$4=�D ��8 Â_65� K,¢�K<Ú �0� K!\ 4�.�2 K Ö ¯ � �TM�M ¸ �1I�M'Ê
# �=�'G%$ � K<Ø�K ÕÛÃ * ���µS �!\ 4�.�2 K�Ô Â/8[8 K!) æ�²,æ � �=M�M5OI�]I'GL�
# �=���N$ ¢�K ÀpN]4�ÂMN]4�8 Â/6 �)¢�K�� KßZ1K ��Ã�;=; Â � \ 4�.�2 K#Ù ÂrS K Ö ²µ¯ � �=M�J��7��I���MR= ²,² � �=M�J����

¸�¸�¸ Êp=b¢�K�� K}ZmK ��Ã�;�; Â ��\ 6[� ,�K'\ Ã�6[8 K Õ * N/; K'\ 4�.�2 K ² ù � �=M�M��X�1M��
# �=�'Ê%$/Ô
K-� �7;T� Â_��298 Â_�=� ��\ 4�.�2 K�Ù Â_S K Ö ¯ ± � �=M�Ê�J�� ¸ I���MR=�\ 4�.�2 K�Ù Â_S K Ö ² Ó � �=M�Ê�M��

¸ ��I�O�= À K�\#KmÚ � � 4�Â/.�Â_S¶Ã���� Ø�K�Ô�*3K À0����6[���µS �ãÔ ÃN� K�Z ��Q K ì ² � �=M�J�G7���TO�O��
# À0�µS K,¢�K Õ * N/; K!\ 4�.02 K ì ² � �=M�J�G7�1M��=I%$4= Õ * �µS7� Þ ����Â_��8Z� Þ · � �=M�J����Û�7Ê

# �=��JN$kÚ¥K � K!) Â/656[. �!\ 65��N K,Ù�K À0��N K,Ô �7�-���7� Ø æ · ² � �=M�J5OI�1O"G
# �=��MN$/ZÛK�¤ïKLCkPL£�X�Y�a��pa����3K ��BÛÆ�¡
# ���=�N$ À K@Ü8K,× �76 Â/� : ;��=8 � � K,Ü8K�×�* Q_��Â(8Z2[� S&Ã��-��� K<ØkK Õ}Ã * ���µS �!\ 6[�pN K'D ��8 K Þ �7�R� K

� * Ã���8 * �ëÀ�.�2[8 Â/� 2 � ÕÐÂWÄPB>6 Â/����2]ÃN��� Ú Â(8Z4�����2 ��Ú �=��2 � �TM�M'G0� Â/� K0: . Ø�K à K
) ÃN6 * 8ÐÂ/8ÐÃN; K � À0��� , Ã J �76 Â �0� �765;=�cÀ�N_� K�� �=M�M�G7�+J3K ¸ ��M

# �����_$��kKNê�K%�Ð�La�U�RTUe���'Z}K R K R UW��Ue��`�UWV���a��H�
	 gfÊyh}Émi g\Êªç�[k`��r]IÉ�ÌÍi Ý e}h}ÊªjÑe}]IÊN��¤¥K �
¡�\TP��L\0�>� �=M���M���K

# ��� ¸ $L��K°) Ã�6[85�7� �zÿr�UÃ�~�ÆM�ysbo�Ã�v	Æf� Ã�Æ ë v�u½|}lr~Þurv	Æf� ÎÍlkoÛÈ��}v��Msblku9vx��Óv4lrqT� Î È}lÛÆf~�Ë%�
) Â/� Þ Ã������ ��� �=M���G7��K

# ���=IN$/ZÛK�ÚïK5CkPL£�X�Y�a��H�7hkÆf� æ �<�TO'J�� �=M������ # À0�µS K�¢�K Õ * N_; KI\ 4�.�2 K � æ �<�T�'GW� �=M������?$ K
# ���TO�$�«�K R K�ÈQ��P�S�f��ÑÈY`bÊ�� �)��gµcfÊye�jÑi Ý �ràb^_Émgfe�ç�[k`Í�Djæ�rh}É�ÊrÌbh}�ß×¡Ë�Ê�^_É�e}Ø'��¤¥K �

Æ�¤¥�Ä� �TM���I��¢K
# ���7G%$/Ù�K!��K À�ÃyN]4�2 �!\ 4I.�2 K Ù Â_S K � ¯L² ù � ¸�¸ G5�V� �=M�� ¸ ��K
# ���=�N$�DAKâÔ�*3KD× � : QTÃN6 Â_S �DÔ
K°)}K à � * � �=��Ú¥K � K B#Â/6 Â_��8 � ÂrS �x	 4 Ü B Z¡\ ��2 K Ù Â/� K=� ² �DM-�� �=M��'G7�¢K # ¢�Ü B Z%Ô Â/8[8 K � ² � Gg� �TM��'G7�3$4=<ØkK Ö K Öc�7; , �µS ��	 4 Ü B Za\ �=2 K@Ù Â/� K=� ² � �

� �=M��'G7� # ¢�Ü B Z¶Ô Â(858 K � ² �<I�� �=M���G7�?$ K
� ¸ �



# ���7Ê%$ÖÔ Ã KÄ)ÛK¤	 Â/; � ���µS���N]4 �Ä	 4 K�Ü � 2 J3K B#Â/�76 K Z �PQ K � æ�æ �D�7G�IL�g� �=M'G�Ê7� # À0�µS K¤\ 4�.�2 K �¢�Ü B \Ä� ù �����=J5OY� �=M'G5J��x$ K
# ���=JN$ÖÔ Ã K )}KL	 Â/; � ���µS0�PN]4 ��Ø�KNÚïKL\ Â_6ÁÂ_;=�7� �µS �L	 4 K/Ü � 2 J3K B#Â/�76 K Z ��Q K=� æ · �������7G

� �=M������ # À0�µS K!\ 4I.�2 K ��¢�Ü B Zx� ¯�² �,Ê�Ê�ÊV� �=M����X�3$ K
# ���=MN$/ZÛK ¤ïKLCkP�£�X�Y�a��H��«�K°�kK�¹�X��WP�S���S���Ì¹`��chk��`7K �TO-�<Y� 8�3KNG0�3���=ML�O� �=M�J�I7��K
# � ¸ �N$�b�K,¦�aL^,f���P�SH����eRcfe}]IÊÖÌÍ��`pçbÉ�ebgfeb^_Ém^_]Ie�×#Ë�Ê�^rÉ�e}Ø'��¤ïK �N¤&a����¤� �=M�J�I7��K
# � ¸ �_$/ZÛK ¤ïKLCkP�£�X�Y�a��H�'��K���K!`�U�ÏF�"X�Y���Ì¹`��"hk��`7KNG0�<Y� 8�3K�I-��Ê�ML��� �=M'Ê_OI��K
# � ¸�¸ $ ¢�KÄ� ; * QeÃ �µÚïKÄ	 6 Ã�; Â � � \ 4�.�2 K#Ù ÂrS K Ö ì é � �=M�M ¸ �F�=��M�Ip=�\ 4I.�2 K Ù Â_S K Ö ì ú

� �=M�M�I��8G5��M�I�K
# � ¸ IN$/Ô
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