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HFRJH }B�]7"?Uj�-0$+2� '�a&'���'-Z�<���[�^� RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R M8Y
HFRJHFR G �b�>-% "90�[7"9%$#�'=�$#7G���+�.R^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R M=N
HFRJHFRJI lP "�%90�>-C&"/1�.��$#�'�>-Z&)(x5��% '&"�,R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R M=N

� 	 
���9-�.�2����,.�=�&��9-� "$
�� � ,69��6� ����� ,6�*"$
 �89�,6� � �����*��� � ��+W7�� � F
K'R G }z�>-P5��O5��'���:�����0-�&'���'-C�<���^�^� R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R Y@H

K'R G R G f� '�^&"�>-Z&F$��)5�90�����0�>-Z$#���0��9L�1=��%$+/1�'-�&'���'-C�+�^&"5��0�>=��0�� "9�RaR^R!R^RaR^RaRaR^RaR^R!R^R Y@L
K'R G RJI lN=>=>@>-Zd]�Q(x5��'��9%;�$+�!&F 4�'�� "�%9%$#�'/ R^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R Y@M

K'RJI �b5��%?'/U&"�>-P&"�^&"5��0��9%�e$#�G���%$+/1�b&"�[�Q(x5��'��9%;�$+��&"�>-N�! '/1�'- RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R Y=Y
K'RJIFR G }z/1�";� '�� "9�&"�[���]�%9L�XWY�>=��0/1$#90�!���C7T��9%�0�^&)(x5��'��9%;�$+�!7G��9C$+/1�"$+-L���%$+/1��R^RaRaR^RaR^R!R^R Y=Y
K'RJIFRJI SK/1 "9%M" "90�a&"�^���_�%9L�XW%�>=��0/1$#90�!&'���'-C�+�a=0?G���e74�.��;��'5��%$+2U '�.R!R^RaR^RaRaR^RaR^R!R^R N G

K'RJH }z�a=L?G�1-0-0�� "9Z&"�a�%9L�1=>� RaRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R N�K
K'RJHFR G pz9L���'-%H{/19%�.���%$+/1�b&"�^|P/1 ";�? RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R N=L
K'RJHFRJI lP�#;O/19%$#�%?"�:�a&"�a&"5��0�>=��%$+/1��&"�^���_�%9L�1=>��RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R N8Y

K'R K �Z5>-0 "�#�L���0-C&"�^���_90�>=0?'��90=L?'��&"�a�%9L�1=>�a���C&"�^���_90�>=>/1�'-%�%9% '=��%$+/1� RaR^R!R^RaR^RaRaR^RaR^R!R^R O=L
K'R K'R G �Z5>-0 "�#�L���0-C&"�[���]90�>=0?'��90=L?'�!&"�^�%9L�1=>��R^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R O=L
K'R K'RJI �Z�>=>/1�'-0�%9% '=��%$+/1��&"�^�Q(x5��'��9%;�$+� RaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R O=N

K'RJL SK/1�'=��# '-%$+/1�b-% "9N���]90�>=>/1�'-%�%9% '=��%$+/1�bR^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z�K
X � �&,.".
3".
�� �(����
�� � �=�&��9-�.���5, � � �! 7 !�� �2�&���5,6
�� >#"-X

LFR G �b/1�%$#�1���%$+/1��&F <=0?'/1$ID4&"�^�Q(*���G���#jF-0�^&"�>-%$��h} RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=L
LFRJI }B�e-L5��+�>=��%$+/1��&"�>-Z2U G�1-%$I� 5����1-%�%$+2U '�>- RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=M

LFRJIFR G S\��9L�1=��05�9%$+-%�%$+2U '�>-Z&"�>-C2U G�1-%$I� 5����1-%�%$+2U '�>- R^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z8Y
LFRJIFRJI SK/1 "7" "90�a-% "9N�+�>-P&F$+-%�%9%$#M" "�%$+/1�'- R^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G Z
LFRJIFRJH �
�.=V�1=�$#�05����N7" "90���05a&F 6w'�#�%90� RaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G=G

LFRJH }h(x5��'��9%;�$+��&"�>-C�'�� "�%9%$#�'/�-6RaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G H
LFRJHFR G }B�_7G��9%�%$+�!?G�1&F90/1�"$+2� '��R^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G H
LFRJHFRJI ���'��9%;�$+�^�0/1�L���+�<RaRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G H
LFRJHFRJH }z�>-C��9%90�� "90-P-%jF-%�05��.���%$+2� '�>- RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G M

LFR K �����0��9%7"905��L���%$+/1�����6�0��9%�:�!&"�[7G��9L���:@��%90�>-�&)(x/�-0=�$#�#�����%$+/1� RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G O
LFR K'R G �b5��%?'/U&"�^&)(x�EDF�%9L�1=��%$+/1�<&"�>-N7G��9L���:@��%90�>-�&)(x/�-0=�$#�#�����%$+/1�4RaR^R!R^RaR^RaRaR^RaR^R!R^R G=G O
LFR K'RJI �P��7"78/19%�C&"�>-C-%78�>=��%90�>-�R^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G I=Z
LFR K'RJH SK/1���0/1 "90-P&"�a=>/1�Fwy���'=>�a78/1 "9N�+�>-%$��h} R^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G I�K

& 9��6� ! ,.�&��9-� > P('
)*� ��! ��9-+W� � �*�$��
 > F+"
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G R G pq��M"�+�V�� <&"�>-N7G��9%�%$+=� "�+�>-P5��+5��:�����L��$#90�>-�&F ��b/U&"@��+�!�U�L���'&'��90&�R!R^RaR^RaRaR^RaR^R!RaR^RaR H
G RJI lP�G���+/1;�$+�a���U�%90�a&F$��T '-0$+/1��5��+�>=��%90/1�.��;��'5��%$+2� '�_���C&"5>-%$#�U�05�;�9L���%$+/1�

β
R^RaRaR^RaR^RaR!R^RaR G Y

G RJH �[5>-%$#�U�05�;�9L���%$+/1�<&F 4�� '/1�4�� '�[7G��9��'��9%�e$B���C7G��9[��� ��RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR I G
G R K ��$���;�9L���e�:�a&"�	�'��jU�"�.���bd]�Q(x/190&F90�a&"�>-Z��9%M"90�>-P&"�

νl + l′ → l + νl′
RaRaR^RaR^R!RaR^RaR I=I

G RJL fh��9%�0�ED6&)( $#���0��9L�1=��%$+/1��&F bSNS
u − W− − d

RaR^R!R^RaR^RaRaR^RaR^R!R^RaRaR^RaR^RaR!R^RaR I�K
G RJM ���>=��%$+/1�<�E�.=V�1=>� $�� &"�>-Z�'�� "�%9%$#�'/�- R^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR I8Y
G R Y SK/1�Fw';� "9L���%$+/1�b&)( $#���0��9L�1=��%$+/1�b�'�� "�%9%$#�'/��1�����%$#�'�� "�%9%$#�'/6�>�O�>=!���_�.���%$+@�90� RaR^RaR^R!RaR^RaR I8Y
G RJN ��$+-%�%9%$#M" "�%$+/1�<&"�aiK90��$#�Y�
� $#;��'��9Z&"�>-C905>-0/1�G���'=>�>-�RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR I=N
G RJO ���>=��%$+/1�'-P�E�.=V�1=>�>-C�0/1�L���+�>-P&"�>-N7"90/U&F '=��%$+/1�'-P&"�[905>-0/1�G���'=>�>-Pde "�67"$+/1� RaR^RaR^R!RaR^RaR I=O
G R G Z �[/1�"�'5>�>-C&"�!���%�u&"�[�'�� "�%9%$#�'/�-����C&)(*�����%$I�Q�'�� "�%9%$#�'/�-[RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR H G
G R G=G ���>=��%$+/1�<�E�.=V�1=>�^�0/1�L���+�!&"�>-N�'�� "�%9%$#�'/�-P���Z&"�>-Z���U�%$I�Q�'�� "�%9%$#�'/�- $���� �P�3�
���[�Y��R!RaR^RaR H G
IFR G �U78�>=��%90�a&"�>-N�'�� "�%9%$#�'/�-P5��e$+-N7G��9C�+�a-L/1�+��$#�uRaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR H=L
IFRJI gh90/1MG��M"$#�#$#�05!&"�^-% "9%��$+�a&"�>-N�'�� "�%9%$#�'/�-

νe
���
νµ

RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR K�M
IFRJH gh90/1MG��M"$#�#$#�05>-P&)(*��7"7G��9%$#�%$+/1�'-P7G��9C/�-0=�$#�#�����%$+/1�<&"�[�'�� "�%9%$#�'/�- R^R!R^RaR^RaRaR^RaR^R!RaR^RaR K�N
IFR K ��-%7G�1=>�>-C&"�^7G��9L���:@��%90�>-P&"5��0��9%�e$#�'5a7G��9����^����$#�'-%$B2U '�[7G��9Z&)(*�� "�%90�>-Z�EDF785�9%$+���'=>�>- RaR L=Z
IFRJL ��-%7G�1=>�Z&"�P7G��9L���:@��%90�>-\&"5��0��9%�e$#�'5Z7G��9��a���e�����'&,-L�� "�y����7G��9��a���e�����'&��>�O�>=P�+�>-3�EDF7T5E�

9%$+���'=>�>-Z-% "9C�'�� "�%9%$#�'/�-Z-L/1����$#90�>-VR R^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L G
IFRJM ��-%7G�1=>��&"�>-�7G��9L���:@��%90�>- (

∆m2
23, sin

2(2θ23)
) 7"9%$+-_7G��9e��� �V�O�>=,�+�>-_�'�� "�%9%$#�'/�-:���%�:/��

-07"?'5�9%$+2� '�>-�R!R^RaR^RaRaR^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L=I
IFR Y ��-%7G�1=>�!&"�>-P7G��9L���:@��%90�>- (

∆m2
23, sin

2(2θ23)
) 7"9%$+-C7G��9a��� �V�O�>=a�+�>-P�'�� "�%9%$#�'/�-P&F �HJ��$+-Y�

=>�V�� <&"���^��� RaR^RaRaR^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L=H
IFRJN ��-%7G�1=>�Z&"�>-37G��9L���:@��%90�>-K7"9%$+-�7G��9K}m���P� �>�O�>=P�+�>-h�'�� "�%9%$#�'/�-\���+�>=��%90/1�"$+2� '�>-\&F .HJ��$+-0=>�V�� 

&"�^}q���P� R!R^RaR^RaRaR^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L=H
HFR G ��=L?'5��.�:&F 4&F$+-%78/�-%$#�%$IH��ED�785�9%$#�:�����L���q&"�^�<���^�^� R^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L=L
HFRJI ��$��)5�90�����0-P-%7T�>=��%90�>-C7T/�-0-0$#M"�+�>-\7T/1 "9Z�b���[�^� R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L=M
HFRJH SK/1�U�L���e$#�G���%$+/1�'-P&F 4HJ��$+-0=>�V�� �7G��9N$#���0��9%�����#�+�!&)(x5��'��9%;�$+� RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L8Y
HFR K ��=L?'5��.�:&"�[�Q(x/17"�%$+2U '�a&"�a�b���^�^�TR8RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L=N
HFRJL }B�>-NMG���'&"�>-Z&"�^-0=�$#�U�%$#�#�����0�� "9bR!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M=Z
HFRJM �[5>=V������;O�a-07T�>=��%9L���B&"�>-Nw'M"90�>-��k}q� R^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M G
HFR Y }B�^&"5��0�>=��0�� "9Z�+/1$#���L��$#� R^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M G
HFRJN ��=L?'5��.�:&F 4&"5��0�>=��0�� "9P7"90/U=L?'�a���Z&"�^-0�>-C&F$��)5�90�����0�>-Z7G��9%�%$+�>-VR.R!R^RaR^RaRaR^RaR^R!RaR^RaR M=H
HFRJO ��=L?'5��.�:&)(  "�'�^7"���12U '�^&"�^���_905�;�$+/1�b=V���+/19%$#�:5��%9%$+2� '��&F 4&"5��0�>=��0�� "9Z7"90/�=0?'��R R^R!RaR^RaR M�K
HFR G Z gh?'/1�0/1;�9L��7"?"$+�!&F �&"5��0�>=��0�� "9�&)(x5��L���+/1�"�G��;O�_S\���+�[���VR R^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M8Y
HFR G=G �P5�7T/1�'-L��&"�>-P&"5��0�>=��0�� "90-C78/1 "9C&F$��85�90���U�0�>-Z7G��9%�%$+=� "�+�>-_R^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M8Y
HFR G Ik�����'-0$#M"$#�#$#�05a&"�a�b���^�^�,-% "9C�Q(x�>-%7G�1=>�a&"�>-C7G��9L���:@��%90�>-Z&)(x/�-0=�$#�#�����%$+/1� R^RaRaR^RaR^R!RaR^RaR M=N
HFR G HkSK/1�Fw';� "9L���%$+/1�b&F 4M8/1 '=��#$+��9Z&"�[�O5��0/.�1=��%$IHh&"�^�<���^�^� RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M=O
HFR G K �P5>-% "�#�L���0-C�>-%�%$#�:5>-Z&"�a�<���^�^�:78/1 "9C�Q(*���";��+�a&"�a�:5������";O�

θ13
R	R^RaR^RaRaR^RaR^R!RaR^RaR Y@Z
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K'R G ��=0?'5��.�.&)(  "�'�^7"���12U '�a&"�a-0=�$#�U�%$#�#�����0�� "9P&"/1���Z�+�>-NMG���'&"�>-C90���>/1$#�O���U�P "�4-%$#;��G��� RaR^R!R^R Y K
K'RJI �
D"���e7"�+�!&"�[�� '�a&)(  "�'�^$#�U�0��9L�1=��%$+/1� $�� &'���'-C�+�a&"5��0�>=��0�� "9Z�+/1$#�U�L��$#� RaR^RaRaR^RaR^R!R^R Y@L
K'RJH �
D"���e7"�+�!&"�[�� '�a&)(  "�'�^$#�U�0��9L�1=��%$+/1� �Z�K�u&'���'-C�+�^&"5��0�>=��0�� "9Z�+/1$#�U�L��$#� R^RaRaR^RaR^R!R^R Y@L
K'R K �
D"���e7"�+�!&"�[�� '�a&)(  "�'�^$#�U�0��9L�1=��%$+/1�<�[�Y�u&'���'-Z�+�^&"5��0�>=��0�� "9Z�+/1$#�U�L��$#��RaR^RaRaR^RaR^R!R^R Y@M
K'RJL �Z5�78/1�'-0�^&"�>-C&"5��0�>=��0�� "90-P78/1 "9C&F$��85�90���U�0�>-Z7G��9%�%$+=� "�+�>-_R^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R Y=Y
K'RJM gq��9%�0�>-P&)(x5��'��9%;�$+�!7G��9N$+/1�"$+-L���%$+/1�<&)(  "�4�� '/1��&'���'-C�+��HJ��9C���Z&'���'-N�+�[78/1�#jF-%� j�90@��'� R!R^R Y@N
K'R Y ��=0?'5��.�.&F 4�:/1�%$IH�&"�^905�7T5��%$#�%$+/1�<&"�>-C7"���12U '�>-C&F �&"5��0�>=��0�� "9C�+/1$#�U�L��$#�<&"�a�b���^�^� R!R^R Y@O
K'RJN f����+�� "9Z$#�"$#�%$����+�!&"�

γ
&)(  "�4�� '/1�<����HJ/1�'=��%$+/1��&"�^���_�+/1�";� '�� "9�&"�a-L�_�%9L�1=>�

stot
RaR^R!R^R N=Z

K'RJO �h=V��9%�[d_���e=>/1 "9%MT�^&"�a�Q(*�XW� '-%�0���:���U�P&"�[���]78��9%�0�^&)(x5��'��9%;�$+�a7G��9Z$+/1�"$+-L���%$+/1� RaR^RaR^R!R^R N=Z
K'R G Z f���9%$����%$+/1�<&"�a���_7G��9%�%$+�a/19%�%?'/19L�1&F$����+��&"�[�Q(x5>2U G���%$+/1��&F 4�:/1 "�O���:���U��&F 6�� '/1�zR R^R!R^R N=H
K'R G=G �Z�������%$+/1�'-P�����%90�^�Q(x�>-07G�1=>�^905>���B���C�Q(x�>-%7G�1=>�!&"�^|P/1 ";�?zRKR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R N=M
K'R G I �Z�������%$+/1�'-P�����%90�^�Q(x�>-07G�1=>�^905>���B���C�Q(x�>-%7G�1=>�!&"�^|P/1 ";�?����4=>/�/190&"/1�"�'5>�>-P7T/1����$#90�>-VR�R^R!R^R N8Y
K'R G H �
D"���e7"�+�!&"�[�%9L���'-YHJ/19%�.���%$+/1�<&"�!|P/1 ";�?�R^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R N=N
K'R G K g�90/�=>5>&"5a&"�^=>/1�'-%�%9% '=��%$+/1��&"�[78/1$#���0-Z�%9%$+&F$#�:���'-%$+/1�'���+-Pd_7G��9%�%$#9C&"�[78/1$#���0-Z-% "9N�+�>-N7"�����'-

�����Cf R^RaRaR^R!R^RaR^RaRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R N=O
K'R G L ���1-02� '�a��7"7"�#$+2U '5!de=L?G�12� '�aMG���'&"�^�0/1 '=0?'5>�!7T/1 "9Z&"5��0��9%�e$#�'��9�-L�]&"���'-%$#�05 RaR^RaR^R!R^R O=Z
K'R G M �
D"���e7"�+�>-Z&"�a=V���+=� "�m&"�a&"���'-%$#�05^-% "9Z&"�>-CMG���'&"�>-C�0/1 '=0?'5>�>-sRZRaRaR^R!R^RaR^RaRaR^RaR^R!R^R O=Z
K'R G Yk�U78�>=��%90�a&"�>-Z5��O5��'���:���U�0-P-05��+�>=��%$+/1�"�'5>- R^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R O G
K'R G N �U78�>=��%90�>-Z&"�>-C5��O5��'���:���U�0-[SNS -L5��+�>=��%$+/1�"�'5>-,R^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R O=I
K'R G O g
��9L���:5��%9%$+-L���%$+/1��&"�>-N7G��9L��MT/1�+�>-Z7T/1 "9N���_�%9L���'-%H{/19%�.���%$+/1�b&"�a|P/1 ";�? RaR^RaRaR^RaR^R!R^R O=I
K'RJI=Z g�90/178/19%�%$+/1�<&"�^�%9%$#7"�+���0-P=>/1�'-0��9%�O5>-N78/1 "9Z&F$��)5�90�����0�>-C�����+�� "90-Z&"�[t R^RaR^RaRaR^RaR^R!R^R O�K
K'RJI G ��$+-%�%9%$#M" "�%$+/1�'-�&"�>-C��9%90�� "90-Z-% "9N�+�>-C7T/�-%$#�%$+/1�'-C�%9L���'-%�O��90-L���+�>-Z&F ��O��9%�0�ED R^RaRaR^RaR^R!R^R O=M
K'RJI=I ��9%90�� "9�-% "9N���]78/�-%$#�%$+/1�6�+/1�";�$#�% '&F$#�G���+�ar!&F 6�O��9%�0�ED RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R O8Y
K'RJI=H SK/19%905������%$+/1�'-������%90�a78/�-%$#�%$+/1�6�+/1�";�$#�% '&F$#�G���+�_���N�%9L���'-%�O��90-0� RaRaR^R!R^RaR^RaRaR^RaR^R!R^R O8Y
K'RJI�K ��$+-%�%9%$#M" "�%$+/1�<&"�>-Z��9%90�� "90-Z-% "9N�+�>-N����9%$���M"�+�>-Z=�$#�'5��.���%$+2U '�>-VAG�� ��O��9%�0�ED R^RaRaR^RaR^R!R^R O=O
K'RJI=L SK/1�e7G��9L��$+-0/1�������%90�Z�+�>-h5��'��9%;�$+�>-�90�>=>/1�'-0�%9% "$#�0�>-�7G��9h�:�>-0 "90�C&"�N���[�+/1�";� '�� "9K&"�N���[�%9L�1=>�

���C�+�>-C5��'��9%;�$+�>-P-%$#�! "�+5>�>-nRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=Z
K'RJI=M SK/1�e7G��9L��$+-0/1�������%90�Z�+�>-h5��'��9%;�$+�>-�90�>=>/1�'-0�%9% "$#�0�>-�7G��9h�:�>-0 "90�C&"�N���[�+/1�";� '�� "9K&"�N���[�%9L�1=>�

���C�+�>-C5��'��9%;�$+�>-P-%$#�! "�+5>�>-nRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z G
K'RJI8YkSK/1�e7G��9L��$+-0/1�������%90�Z�+�>-h5��'��9%;�$+�>-�90�>=>/1�'-0�%9% "$#�0�>-�7G��9h�:�>-0 "90�C&"�N���[�+/1�";� '�� "9K&"�N���[�%9L�1=>�

���C�+�>-C5��'��9%;�$+�>-P-%$#�! "�+5>�>-Z7T/1 "9Z�Q(*���G���#j�-0�^-0�L���'&'��90&4&"�a�b���^�^� R^R!R^RaR^RaRaR^RaR^R!R^R G Z=I
K'RJI=N SK/1�e7G��9L��$+-0/1�4���U�%90�[�+�>-K5��'��9%;�$+�>-C90�>=>/1�'-%�%9% "$#�0�>-\7G��9N=>/1 "9%M" "90�^���K�+�>-\5��'��9%;�$+�>-N-%$#�� "�+5>�>-

�{��9%90�� "90-C90�������%$#�O�>-E�uRaR^RaRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=I
K'RJI=O SK/1�e7G��9L��$+-0/1�4���U�%90�[�+�>-K5��'��9%;�$+�>-C90�>=>/1�'-%�%9% "$#�0�>-\7G��9N=>/1 "9%M" "90�^���K�+�>-\5��'��9%;�$+�>-N-%$#�� "�+5>�>-

�{��9%90�� "90-P��M'-L/1�# '�>-`�,RaR^RaRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=H
K'RJH=Z SK/1�e7G��9L��$+-0/1�4���U�%90�[�+�>-K5��'��9%;�$+�>-C90�>=>/1�'-%�%9% "$#�0�>-\7G��9N=>/1 "9%M" "90�^���K�+�>-\5��'��9%;�$+�>-N-%$#�� "�+5>�>-

78/1 "9C�Q(*���G���#j�-L�^-%�L���'&'��90&�&"�^�b���^�^� RaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z�K
LFR G g�90/1MG��M"$#�#$#�05_&)(x/�-0=�$#�#�����%$+/1��&F 

νµ
���6HJ/1�'=��%$+/1��&"�a-0/1�45��'��9%;�$+� RaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=M

LFRJI �b/VjO���"�'�!&"�>-Z&"���'-%$#�05>-Z���C&"�>-N?G�� "�0�� "90-�&"�^-%$#;��G�� FD678/1 "9N�+�>-N�%90/1$+-C��jU78�>-C&)( $#���0��9L�1=��%$+/1� G Z8Y
LFRJH ��/1�!M"90�!&"�[MG���'&"�>-Z7G��9Z5��O5��'���:������&"�a&"���'-%$#�05>-C-0 "7T5�9%$+�� "90�>-�d K'AWMFA NFA G ZFA G IFA'��� G K R G Z=N
LFR K �b/VjO���"�'�!&F <-%$#;��G���z-% "9N�+�>- Ke7"90���e$+@�90�>-Z7"���12� '�>-6R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G Z=O
LFRJL ��$+-%�%9%$#M" "�%$+/1��&"�>-P5��O5��'���:���U�0-a&'���'-P�Q(x�>-%7G�1=>��&"�>-�����9%$���M"�+�>-[&"�!&"���'-%$#�05_����&"��?G�� "�0�� "9

&"�a-%$#;��G���[RaRaR^R!R^RaR^RaRaR^RaR^R!R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G Z
LFRJM ��$+-%�%9%$#M" "�%$+/1�6&"�Z7"90/178/19%�%$+/1�'-\&"�>-K� j�7T�>-K&)(x5��O5��'���:�����0-C&'���'-K�Q(x�>-%7G�1=>��&"�>-K�1��9%$���M"�+�>-\&"�

&"���'-%$#�05a���P&"�[?G�� "�0�� "9P&"�^-%$#;��G��� R^RaRaR^RaR^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G Z
LFR Y g� "90���05>-����C�E�.=V�1=�$#�05!&"�^-05��+�>=��%$+/1�<&F 6w'�#�%90� R^RaR^R!RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!R^R G=G=G
LFRJN �Z5>-L/1�# "�%$+/1��=V���+/19%$#�:5��%9%$+2� '������5��'��9%;�$+�a&"�a&F$��)5�90�����0�>-Z7G��9%�%$+=� "�+�>-PR!R^RaR^RaRaR^RaR^R!R^R G=G H



pm��M"�+�!&"�>-Nw';� "90�>- �V�v�

LFRJO �h9%90�� "9NHJ��$#�0�!���6�'5�;��#$#;O�V�����Z�+�>-P� �8���0-C�� '=��+5V��$#90�>- R^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G=G M
LFR G Z ��$+-%�%9%$#M" "�%$+/1��&"�>-_��9%90�� "90-�90�������%$#�O�>-]-% "9��Q(x5��'��9%;�$+�,&"�>-��'�� "�%9%$#�'/�-]-05��+�>=��%$+/1�"�'5>-VAm7G��9����

90�>=>/1�'-0�%9% '=��%$+/1�<=�$#�'5��.���%$+2U '��R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G=G N
LFR G=G ��$+-%�%9%$#M" "�%$+/1�<&"�>-C��9%90�� "90-P��M'-0/1�# '�>-P-% "9N�Q(x5��'��9%;�$+�!&"�>- �Z�3� R^R!R^RaR^RaRaR^RaR^R!RaR^RaR G=G N
LFR G I ��$+-%�%9%$#M" "�%$+/1�'-N&"�P�Q(x��9%90�� "9C&"�P90�>=>/1�'-%�%9% '=��%$+/1�4&"���Q(x5��'��9%;�$+�[7T/1 "9K�Q(x���'-0���!M"�+�^&"�>-\5��O5��'�E�

�:���U�0-Z-05��+�>=��%$+/1�"�'5>- RaR^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G=G O
LFR G H ����7"7T/19%�C&"�[�'/19%�.���#$+-`���%$+/1�<&"�>-Z-07T�>=��%90�>-C-0$#�! "�+5>-Z}B/1$#���L��$#�y��g�90/�=0?'� RaRaR^RaR^R!RaR^RaR G I G
LFR G K �G/19%�.���%$+/1�<&"�>-N9L��7"78/19%�0-Z&"�^-%78�>=��%90�>-C-%$#�� "�+5>-Z���C90�>=>/1�'-0�%9% "$#�0- R^RaR^RaRaR^RaR^R!RaR^RaR G I=H
LFR G L �[5EHJ/19%�.���%$+/1��&)(  "�4$#�U�0��9%�1���#�+�!7G��9C90�>=>/1�'-%�%9% '=��%$+/1� RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G I=H
LFR G M �P�������%$+/1�4�����%90��&"5EH{/19%�.���%$+/1�b&)(  "�4M"$#�4���C�Q(x��9%90�� "9Z&"�^90�>=>/1�'-0�%9% '=��%$+/1� RaR^RaR^R!RaR^RaR G I�K
LFR G Y ����7"7T/19%�C&"�>-Z-%7T�>=��%90�>-Z-%$#�! "�+5>-P/�-0=�$#�#�+5s�X�'/1�F� /�-0=�$#�#�+5 RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G I=M
LFR G NkSK/1�U�0/1 "90-h&"�N=>/1�Fwy���'=>�C&'���'-
�Q(x�>-%7G�1=>�Z&"�>-
7G��9L���:@��%90�>-

(sin2(2θ),∆m2)
78/1 "9
&"�� FD:���'-

&"�^&"/1�"�'5>�>-NR!R^RaR^RaRaR^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G I8Y
LFR G OkSK/1�U�0/1 "90-h&"�N=>/1�Fwy���'=>�C&'���'-
�Q(x�>-%7G�1=>�N&"�>-h7G��9L���:@��%90�>-

(sin2(2θ),∆m2)
78/1 "9

25×10207"90/1�0/1�'-P-% "9C=�$#M"�+� RaRaR^RaR^R!RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G I8Y
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G R G S\��9L�1=��05�9%$+-0�%$+2� '�>-P&"�>-C2� G��9%tF- RaR^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR K
G RJI S\��9L�1=��05�9%$+-0�%$+2� '�>-P&"�>-N�+��7"�0/1�'-Z=L?G��9%;O5>- R^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L
G RJH S\��9L�1=��05�9%$+-0�%$+2� '�>-P&"�>-N�'�� "�%9%$#�'/�-�R^RaR^RaR^RaR!R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L
G R K S\��9L�1=��05�9%$+-0�%$+2� '�>-P&"�>-Ci\/�-0/1�'-C&)( $#���0��9L�1=��%$+/1�'- R^RaR^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR M
G RJL ��$��)5�90�����0-Z� j�7T�>-C&)(x/1785�9L���0�� "90-C78/�-0-%$#M"�+�>-

ψ̄aOψb
R^RaR^RaRaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR G N

IFR G �P5>=V��7"$#�% "�����%$IHh&"�^&F$��85�90���U�0�>-P�EDF7T5�9%$+���'=>�>-Z&"�a&F$+-%7G��9%$#�%$+/1�478/�-0-%$#M"�+�>- RaRaR^RaR^R!RaR^RaR K�Y
HFR G ��/1 "90=>�!&"�>-C=>/1���L���e$#�G���%$+/1�'-[&F �HQ��$+-0=>�V�� ����

νe
���C���

ν̄µ
RaR^R!R^RaR^RaRaR^RaR^R!RaR^RaR L8Y

HFRJI �P5>=V��7"$#�% "�����%$IHh&"�>-C=V��9L�1=��05�9%$+-%�%$+2U '�>-Z���Z&F$��)5�90���'=>�>-Z&"�>-C&"�� FD6&"5��0�>=��0�� "90- R^RaR^R!RaR^RaR M=L
LFR G �h�'��9%;�$+�>-Z&"�>-N�%90/1$+-Z7"90���e$+��90-C�.�XDF$#�! "� &)(x/�-L=�$#�#�����%$+/1��&F 

νµ
R!R^RaR^RaRaR^RaR^R!RaR^RaR G Z=M
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gm/1 "9a&"�>-P9L��$+-0/1�'-^&"���#$+-%$#M"$#�#$#�05�AT���.-%$#;��"$IwG=V���%$+/1��&)(  "�'�]��M"905���$����%$+/1��/1 b&)(  "���1=�90/1��j��:�_�z(x�>-%�[-0/1 "�O�����
9L��7"7T���+5>�a2U z(*d]-L�_7"90���e$+@�90�_��7"7G��9%$#�%$+/1�<&'���'-N�+�^�0�EDF�0�^&)(  "��=L?G��7"$#�%90��RGg
��9P��$#�#�+�� "90-VA"7" "$+-02U '�^�'/1 '-N "�%$I�
�#$+-0/1�'-[�0/1 1WY/1 "90-a�Q(*��M"905��U$����%$+/1�����u7"�# '-[ '-0 '���#�+��A8$#�h�>-%��Hv905>2U '�����a2U '�]=>�e-0/1$#�[�+�]�0��9%�:�:���";�����$+-a2� "$�-0/1$#�
���e7"�+/VjO5�Ay�� '2U '���B=V�1-N�'/1 '-Z7"905>-0�����0/1�'-Z "�'�^�%9L�1&F '=��%$+/1�zR
A D �b/�&"@��+�!�U�L���'&'��90&
AT:���� D ����$#�4���1WY�>=��0/19NHJ/19C���� "�%9%$#�'/,��-0=�$#�#�����%$+/1�b���V��90=L?
���
	 $P G���U�% "� ���+�>=��%90/,��jU�G���e$+=
��� &F$��8 '-%$+/1� $P G�1-%$m�����1-%�%$+2U '�
	 :&D �[�>��74���'�����1-%�%$+=���=V���%�0��9%$#�";��{&F$��T '-%$+/1��7"90/�H{/1�'&"���e�:���U�P$#�'5����1-%�%$+2U '�s�
	 � D ��$��8 '-%$+/1���>�O�>=!7"90/U&F '=��%$+/1�<&"�^905>-0/1�G���'=>�
& & SK/1 "9L���U�[S3?G��9%;O5
� & ���� "�%9L���qS3 "9%90���U�_�{=>/1 "9L�����P�'�� "�%90�s�
	�� �[5��0�>=��0�� "9Zgh90/U=L?'�
	 1 �[5��0�>=��0�� "9Z}B/1$#���L��$#�
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�[5>=>/1 "�U9%$#9����67"?�jF-%$+2U '�:&"�>-��'�� "�%9%$#�'/�-VAB=�(x�>-%�_-V(x5��:��9%�O��$#�#�+��9�&"���������_�Q( $#�Fw'�"$#�:�����_78���%$#�����a�Q( $#�Fw'�"$I�
�:������;�9L���'&)RFSK���%�0�N7G��9%�%$+=� "�+��AOM"$+���.$#���05�;�905>��&'���'-h�+�\�:/�&"@��+�Z-%�L���'&'��90&:&"�C���[7"?�jF-%$+2U '�C&"�>-�7G��9%�%$+=� "�+�>-VA
���,�>-%�3�Q(  "�'�Z&"�>-37"�# '-35��"$#;��.���%$+2U '�>-\����&"5EwG�Z�+�>-�7"�# '-�;�9L���'&"-K$#�'-%�%9% "�:���U�0-\&"�C�:�>-% "90��RF����7"�3&"5>=>���"�"$+�>-
&"�690�>=0?'��90=L?'�����.&)(x�EDF7T5�9%$+���'=>�>-.;�9L���'&F$+-0-L���U�0�>-.&"�6�0�>=L?"�'/1�+/1;�$+�>-VA�&)( $#�";O5��"$+/�-%$#�05<���:-% "9%�0/1 "�.&"�6�L��$#�#�+��A
�Xw'��&"�^&"5��0��9%�e$#�'��9C�+�>-N7"90/17"9%$+5��05>-P&"�>-N�'�� "�%9%$#�'/�-VA'/1�U�Nw'�"$z7G��9\HQ��$#90�^&"�^=>���%�0�^7"?�jF-%$+2U '��AF "�'�^M"9L���'=0?'�
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†leL),

/�"
ge

�>-%�a "��=>/U�E�.=�$+���U�_&"�,=>/1 "7"����;O�,&"� �h "t1�V�K�FR
���o$#�'-L5�9L�����_���6�����+�� "9_&F oH{/1�'&'���:���U�L���K&'���'-
φ90�>-%7T/1�'-`��M"�+�a&"�[���]M"9%$+-% "90�a&"�^-0jU�:5��%9%$+��A'/1�4/1M"�%$+���U���

Le
Yukawa = −ge

v√
2
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(
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(
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

|Vud| |Vus| |Vub|
|Vcd| |Vcs| |Vcb|
|Vtd| |Vts| |Vtb|



 ≈





0, 9739
d

0, 9751 0, 221
d

0, 227 0, 0029
d

0, 0045
0, 221

d
0, 227 0, 9730

d
0, 9751 0, 039

d
0, 044

0, 0048
d

0, 014 0, 037
d

0, 043 0, 9990
d

0, 9992




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g√
2
ψ̄uγ

µ 1 − γ5
2
ψd → cos θC

g√
2
ψ̄uγ

µ 1 − γ5
2
ψd′ ≈ Vud

g√
2
ψ̄uγ

µ 1 − γ5
2
ψd′
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s = (k + p)2 = M2 + 2ME
u = (k′ − p)2 = M2 + m2

qµ = (k − k′)µ

Q2 = −q2 = −qµq
µ

M = M+M′
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λ
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LZ = − g

2 cos θW





∑

l=e,µ,τ

ψ̄νlγ
µ (1 − γ5)

2
ψνl



Zµ.
� G R G=G=G �
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Z
-V(x5>=�9%$#���

LZ = − g

cos θW

(

∑

q

ψ̄qγ
µ

[

cq
L

(1 − γ5)
2

+ cq
R

(1 + γ5)

2

]

ψq

)

Zµ,
� G R G=G IO�

�V�O�>=^�+�>-
cq
R = tq3 − Qq sin2 θW

���
cq
L = −Qq sin2 θW

�����#�������_�

cu
L = +1

2 − 2
3 sin2 θW cu

R = −2
3 sin2 θW

cd
L = −1

2 + 1
3 sin2 θW cd

R = +1
3 sin2 θW

R
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Rν
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Rν̄
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Rν =
1

2

σ(νu → νu) + σ(νd → νd)

σ(νu → µ−d)

� G R G=G HO�

Rν̄ =
1

2

σ(ν̄u → ν̄u) + σ(ν̄d → ν̄d)

σ(ν̄d → µ+u)
.
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u
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d
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Rν =
(

|cu
L|2 + |cd

L|2
)

+
1

3

(

|cu
R|2 + |cd

R|2
) � G R G=G LO�

Rν̄ = 3

(

(

|cu
R|2 + |cd

R|2
)

+
1

3

(

|cu
L|2 + |cd

L|2
)

)

.
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3
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Rν̄
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σ(νu → µ−d)
���
σ(ν̄d → µ+u)
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Rν =
1

2
− sin2 θW +

20

27
sin4 θW

� G R G=G Y��

Rν̄ =
1

2
− sin2 θW +

20

9
sin4 θW.
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sin2 θW ' 0, 23
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Rν ' 0, 31
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Rν̄ ' 0, 38
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���

E2
90�>-%78�>=��%$#�O�>-VR

lP$#�'-%$QA"-%$)�Q(x/1��7"905�7G��90�a�+�^-%jF-%�0@��:�a&'���'-N "�<&"�a=>�>-C&"�� FD45��L���0-VAF$#�zju90�>-%�0��9L�]$#�'&"5Ew'�"$#�:���U�VR8�U "7"78/�-0/1�'-
�.��$#�U�0���G������2� z(x/1���+�[7"905�7G��90�^&'���'-\ "�45��L��� |φa〉

&F$��)5�90�����C&"�^=>�>-\�O�>=��0�� "90-N7"90/17"90�>-sR"�P�678�� "�N&"5Ew'�"$#9
-L/1�45��L���Z/19%�%?'/1;O/1�G��� |φb〉

�0���m2� '�
〈φa|φb〉 = 0

}B�_-0j�-%�0@��:�_��$#�'-%$
7"905�7G��905_�'��90�>-0�0��9L�:7G�1-[&'���'-^-0/1��5��L���[$#�"$#�%$����QR)�P�b78�� "�[&"5>=>/1�e78/�-0��9 |φa〉
��� |φb〉-0 "9h�+�>-h�O�>=��0�� "90-K&"�C���aMG�1-0�N7"90/17"90�Z&F ,?G���e$#�#�0/1�"$+���zRF�T(*��;�$+-L-L�����\&)(  "�'�C�%9L���'-YHJ/19%�.���%$+/1�u "�"$#�L��$#90��AU=>���%�0�

&"5>=>/1�e78/�-%$#�%$+/1�u-V(x5>=�9%$#��&"�\HQ� �>/1�.�e$#�"$#�.���+�P���:$#���%90/�&F "$+-L�����K "�,���";��+�Z905>���G���h "�'�N7"?G�1-0�P=>/1�e7"�+�EDF�Z2� '�
�'/1 '-C�'/1�0��90/1�'-

θ
���
3
�

|φa〉 = ei3 (cos θ|φ1〉 + sinθ|φ2〉)
|φb〉 = ei3 (− sin θ|φ1〉 + cos θ|φ2〉) .

�P��&"5Ew'�"$#�]�.��$#���0���G���U� |ψ(t)〉 =>/1�e�:��5��L�����e�Q(x5��L���e&F �-%j�-0�0@��:�ud< "�n$#�'-%�L�����
t
&"�,-0/1��5��O/1�# "�%$+/1�zR

SK/1�e�:�!�'/1 '-N�Q(*�>�O/1�'-�&F$#�C7"905>=>5>&"���e�:���U�VAy=>���# "$I� =�$q�>-%�N7"905�7G��905a$#�"$#�%$����+���:���U��&'���'-Z�Q(x5��L��� |φa〉
A'=>�^2U "$

-L�[�%9L�1&F "$#�C7G��9C���]=>/1�'&F$#�%$+/1��$#�"$#�%$����+�,�

|ψ(0)〉 = |φa〉 = ei3 (cos θ|φ1〉 + sin θ|φ2〉) .



��-0=�$#�#�����%$+/1�'-Z&"�^�'�� "�%9%$#�'/�-P&'���'-C�+�[��$+&"� � �
S3?G�1=� "�4&"�>-N5��L���0-\7"90/17"90�>-C5��O/1�# '�a�>�O�>=[ "�'�[7"?G�1-0�[2U "$8�# "$8�>-0�K7"90/17"90�^���\7"90/178/19%�%$+/1�"�'���#�+�!d_-L���1���+�� "9
7"90/17"90��R'lZ$#�'-0$QA"�Q(*�1=��%$+/1��&"�^�Q(x/1785�9L���0�� "9Z&)(x5��O/1�# "�%$+/1� U -0 "9C�+�>-N�O�>=��0�� "90-C7"90/17"90�>-P�>-%�N���]-% "$#�������0�:�

U|φ1〉 = e−iE1t/~|φ1〉
U|φ2〉 = e−iE2t/~|φ2〉

�P�����4&"5>&F "$#�Z�Q(x5��O/1�# "�%$+/1�b&"� |ψ(t)〉 �

|ψ(t)〉 = U|ψ(0)〉 = ei3
(

cos θe−iE1t/~|φ1〉 + sin θe−iE2t/~|φ2〉
)

.

�P/1 '-K�>�O/1�'-K5��O/U2U '5N�+�\HQ��$#��2U '�C-%$'�Q(x5��L���h�z(x�>-0��7G�1-h$#�"$#�%$����+���:���U�K&'���'-� "�,5��L���h7"90/17"90�P&F :?G���e$#�#�0/1�"$+���zA
$#�\5��O/1�# '��9L�o�� �=>/1 "90-.&F n�0���e7'-e���:=L?G���";O��9L��&)(x5��L���VR��
DF7"9%$#�:/1�'-.���+/190-]�Q(*���e7"�#$#�% '&"�4&"��7"90/1MG��M"$#�#$#�05
2� z(  "��5��L���Z$#�"$#�%$����+���:�����Z7"905�7G��905���� |φa〉

-L/1$#�C/1M'-0��9%�O5�AG��7"90@>-C "�6�0���e7'-
t
A"��� |φb〉

�

〈φb|ψ(t)〉 = ei3
(

cos θe−iE1t/~〈φb|φ1〉 + sin θe−iE2t/~〈φb|φ2〉
)

= − sin θ cos θ
(

e−iE1t/~ − e−iE2t/~

)

lZ$#�'-%$QAF���e7"90/1MG��M"$#�#$#�05 Pab(t)
�1-0-L/U=�$+5>�ad]=>���%�0�!���e7"�#$#�% '&"�!�1�� "�a�

Pab(t) = |〈φb|ψ(t)〉|2

=
1

2
sin2 2θ

[

1 − cos

(

E1 − E2

~
t

)]

= sin2 2θ sin2

(

E1 − E2

2~
t

)

.

�P�u�O/1$#�N��7"7G��9L���+�%90�[ "���0��9%�:�[/�-0=�$#�#�������N&"5�78���'&'�����C&F u�0���e7'-VAF2� "$T7T��9%�:���C�� �-%jF-%�0@��:�Z7"905�7G��905[&'���'-
 "��5��L���C�'/1�n~E7"90/17"90�O~1Ay&)(*�>�O/1$#9P "�'�^7"90/1MG��M"$#�#$#�05!�'/1���� "�#�+�!&)(x���%90��/1M'-0��9%�O5a&'���'-P-0/1�45��L���P/19%�%?'/1;O/1�G���
�� b=>/1 "90-�&"��-L/1�<5��O/1�# "�%$+/1��&'���'-��+�a�0���e7'-VRT}z�!Hv905>2U '���'=>��&"��=>���%�0��/�-L=�$#�#�����%$+/1���>-0�Z7"90/178/19%�%$+/1�"�'���#�+�]d
���a&F$��)5�90���'=>�P&"�>-��1���+�� "90-37"90/17"90�>-\&F .?G���e$#�#�0/1�"$+���zA����3-0/1�����e7"�#$#�% '&"��A

sin2 2θ
A�&"5�78���'&.&"�P=>�Z2U '�C�Q(x/1�

��7"7T���#�+�P�Q(*���";��+�[&"�C�:5������";O�
θ
RF�P�,90���.��902U '�[2� '�P=>���%�0�����e7"�#$#�% '&"�[�>-%�K�.�XDF$#�.���+�_�{���K�1�� "� G �
�+/190-L2� '�

θ = π
4

R

�p���p��� �A��� �}�O�L� �L�����L��� ���!� �
�)����� �L� � ��� � �p����� �����p��� � ��� ����� � � �)����� 	
}h( $+&"5>�e&)(x/�-0=�$#�#�����%$+/1��&"�_�'�� "�%9%$#�'/�-[H{ "�[7T/1 "9[���,7"90���e$+@�90�_H{/1$+-[5��O/�2� '5_7G��9^gq/1���0�>=>/19%�O/����bHQ��$+-L�����

�Q(*���G���+/1;�$+�,�>�O�>=:�+�e-%j�-0�0@��:�e/�-0=�$#�#�������!&"�>-at1�1/1�'-^�'�� "�%90�>-sA)7G��9^���12� '���#�+�:�+�]�'�� "�%9%$#�'/�/�-0=�$#�#�+��9L��$#�!���� "�
�����%$#�'�� "�%9%$#�'/����z$#���O��90-0���:���U�VRX��/1 '-z-L�V�O/1�'-z�.��$#�U�0���G������2� '��=>�h�z(x�>-%�z7G�1-) "�aM8/1�a�:/�&"@��+�h&)(x/�-0=�$#�#�����%$+/1�zA
�.��$+-�2� z( $#�F-V(*��;�$#��&)(x/�-0=�$#�#�����%$+/1�e&"�\-L�>�O�� "9VROSK/1�'-%$+&"5�90/1�'-� "�]-%jF-%�0@��:�K2� G���U�%$+2� '�N&"/1�U�q�Q(x�>-07G�1=>�K&"�>-
5��L���0-
�>-%�h&"�N&F$#�:���'-%$+/1�.�%90/1$+-sR��P/1 '-����#�+/1�'-h�%9L�>����$#�#�+��93&F$#90�>=��0���:�����K-% "9h�Q(x�ED"���e7"�+�C&"�>-��'�� "�%9%$#�'/�-32� "$'�EDF$+-%�0�����
���u�%90/1$+-N-`�>�O�� "90-C���KHJ/19%�:�����N�%90/1$+-N5��L���0-N2U G�����%$+2U '�>-C2� '���Q(x/1������=>/1�'-0$+&"5�90��9C/19%�%?'/1;O/1�G�� FD�� |νe〉 A |νµ〉 A��� |ντ〉 R'l	=>�!-%�L�1&"��A"�'/1 '-Z���#�+/1�'-CHJ��$#90�[�%90/1$+-Z?�j�7T/1�%?'@>-0�>-!�

�

�+�>-N�%90/1$+-C5��L���0- |νe〉 A |νµ〉 A'��� |ντ〉 �'�[HJ/19%�:�����C7G�1-Z "�'�[MG�1-0�^7"90/17"90�a&F 4?G���e$#�#�0/1�"$+��� 

�

�+�>-N�O�>=��0�� "90-Z7"90/17"90�>-Z&F 4?G���e$#�#�0/1�"$+���<�'/1�05>- |ν1〉 A |ν2〉 A"��� |ν3〉 A'-0/1�U�N�.�1-0-%$IHJ- 

�

�+�>-N�����+�� "90-N7"90/17"90�>-P�1-L-0/U=�$+5>�>-
E1
A
E2
A"���

E3
�'�a-0/1���N7G�1-Z�0/1 "�0�>-N�+�>-N�%90/1$+-P&"5�;O5��'5�905>�>-VR
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� � �

}B�>-P&"�� FD47"90���e$+��90-�78/1$#���0-��'/1 '-Z78��9%�:���%�0�����^&)(x5>=�9%$#90���+�>-P5��L���0-�&"�!-`�>�O�� "90- |νl〉l={e, µ, τ}
=>/1�e�:�! "�'�

&"5>=>/1�e78/�-%$#�%$+/1�b���45��L���0-C7"90/17"90�>-C&F 4?G���e$#�#�0/1�"$+���n�

|νl〉 =
∑

i=1,2,3

Uli|νi〉.
� IFR G �

}B�>-K=>/��E�.=�$+�����0-
Uli

HJ/19%�:�����\ "�'�P�.���%9%$+=>�
n×n

�J�>�O�>=
n = 3

&'���'-K�'/1�%90�P=V�1-E�h&)(x5��+5��:���U�0-C=>/1�e7"�+�EDF�>-sR




νe
νµ
ντ



 =





Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3









ν1
ν2
ν3





�P�'�:�0���#�+�.�.���%9%$+=>�,�>-0�!7G��9L���:5��%905>�,7G��9
2n2 �'/1�!M"90�>-_905>���+-VRqSK/1�e�:�,$#�3-s(*��;�$#��&)(  "��=L?G���";O���:�����:&"�MG�1-L��A

U
&"/1$#�
���%90�� "�"$#�L��$#90��A1=�(x�>-%�Y��dX� &F$#90�\2U '�

U†U =
�8R�SK���%�0�3=>/1�U�%9L��$#���0�N78��9%�:���q&"�3905>&F "$#90�K�+���'/1��M"90�

&"�,7G��9L���:@��%90�>-]905>���+-_&"�.�:/1$#�%$+5��
n2 �ERB}B�>- 2n − 1

7"?G�1-0�>-�90�������%$#�O�>-e&"�>-
2n

�'�� "�%9%$#�'/�-]7T�� "�O���U�e���%90�
90�>&"5Ew'�"$+�>-P&"�^�.���"$+@�90�!d]�'�[����$+-L-0��9C2� '�

(n − 1)2
7G��9L���:@��%90�>-C905>���+-Z$#�'&"5�7T���'&'���U�0-VR

�P��=0?'/1$IDn&"�,7G��9L���:5��%9%$+-L���%$+/1� �>-%�]&"�u&"5Ew'�"$#9
Cn

2 = 1
2n(n − 1)

&)(x�����%90���� FD�=>/1�e�:�6&"�>-e���";��+�>-]&"�
�:5������";O�^���N�+�>- 1

2 (n− 1)(n − 2)
90�>-0�L�����0-VA"=>/1�e�:�^&"�>-\7"?G�1-0�>-N&"�[��$+/1�����%$+/1�4&"�aSKgmR"��/1 '-C���#�+/1�'-C&"/1�'=

�EDF7"9%$#�:��9_�'/1�%90�.�.���%9%$+=>�u=>/1�e�:�u "�o7"90/�&F "$#�_&"� 1
2n(n − 1)

�.���%9%$+=>�>-]&"�.90/1�L���%$+/1� Oij
�J�>�O�>=

i < j
�

�1-L-0/U=�$+5>�>-a�� FD����";��+�>-^&"�]�:5������";O�
θij
AT���a&"� 1

2 (n − 1)(n − 2)
7"?G�1-L�>-^&"����$+/1�����%$+/1�o&"�:SKg	�1-0-L/U=�$+5>�>-

db�0/1 "�0�>-:�+�>-]�.���%9%$+=>�>-.&"��90/1�L���%$+/1�'- Oij
�0���+-e2� '�

(j − i) ≥ 2
R�SK�uH{/19%�.���#$+-%�:�<�b�Q(*�>�������L��;O�4&)(x���%90�

;O5��'5�9L���#$+-`��M"�+�a78/1 "9N�0/1 "�C�'/1�!M"90��&"�a&F$#�:���'-%$+/1�'-VR
gq/1 "9]����90���O���"$#9]d6�'/�-a�%90/1$+-_&F$#�:���'-%$+/1�'-�&F n-0�>=��0�� "9!&"�>-��'�� "�%9%$#�'/�-VAz$#�K�ED�$+-0�0�:&"/1�'=:�%90/1$+-_���";��+�>-�&"�
�:5������";O�

θ12
A
θ23

AG���
θ13

AG��$#�'-%$q2� z(  "�'�!7"?G�1-0�!&"�!�U$+/1�����%$+/1��&"�_SKg  "�"$+2U '��A
δ
AG�1-0-0/�=�$+5>��d]���:�.���%9%$+=>�

O13
RU}�( $#���%90/�&F '=��%$+/1��&F ,�0��9%�:�aSKg�-0�ZHQ��$#�K&"�����!�:���:�P�.���"$+@�90�[2U '��7T/1 "9K�+�P-L�>=��0�� "9\&"�>-\2U G��9%t�-sRF�P�

=L?'/1$+-%$#�P���+/190-P&"��HJ��$#90�^���_�%9L���'-%H{/19%�.���%$+/1�b-% "$#�1���U�0�:�

O′
13 = P†

δO13Pδ,

/�"
Pδ =

&F$���;
(eiδ, 1, 1)

R �q$#�G���+���:�����VAy���_�.���%9%$+=>�
U = O12O′

13O23
�� "9L�]���_HJ/19%�:�^-% "$#�������0�:�

U =





cos θ12 sin θ12 0
− sinθ12 cos θ12 0

0 0 1









cos θ13 0 sinθ13e
−iδ

0 1 0

− sinθ13e
iδ 0 cos θ13









1 0 0
0 cos θ23 sin θ23
0 − sinθ23 cos θ23





SK���%�0�,�.���%9%$+=>�,7T/19%�0�.�+�:�'/1� &"�:�.���%9%$+=>�u�<�^��g	78/1 "9,�m�b��t�$QAB�[��t���;��>�K�FAh�F��t����L�4���_gm/1�U�0�>=>/19%�O/"R
�h�#�+�a-V(x5>=�9%$#�Z-0/1 "�O���U�Z-0/1 '-C-`��H{/19%�:�a&"5��O���+/17"785>�:�

UMNSP =





c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12c23 − c12s23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13





/�"
cij = cos θij

���
sij = sin θij

R1���"�>-%�h=>��7T���'&'���U�h "�:=V�1-
7G��9%�%$+=� "�#$+��9Kd�=>/1�'-%$+&"5�90��9VA�2� "$'=>/190-0�K�+�>-h=L?'/�-0�>-VR
�^���'-[�+�e=V�1-^/�"��+�>-a=L?G���e7'-a-0/1���a&"�e���XW%/19L���G�FA)=�(x�>-%�Y��dX� &F$#90�e/�"��+�_�'�� "�%9%$#�'/4���[�Q(*�����%$I�Q�'�� "�%9%$#�'/b-0/1���
$+&"���U�%$+2� '�>-sA'&"�>-N=>/1���%9L��$#�U�0�>-P-% "9N�+�>-\7"?G�1-L�>-C&"�>-N=0?G���e7'-P&"�[�'�� "�%9%$#�'/�-Z�XWY/1 "�0���U�Z&"�� FD�7"?G�1-0�>-C-% "7"7"�+5E�
�:���U�L��$#90�>-[2� '�^�Q(x/1����7"7T���#�+�!7"?G�1-0�>-Z&"���b�XW%/19L���G�FRGlP$#�'-%$QA'&'���'-�=>�>-Z=>/1�'&F$#�%$+/1�'-�$#�)HQ�� '&F9L��$#�Z�� "�#�%$#7"�#$+��9
���_�.���%9%$+=>�^�b�^��g�7G��9C&F$���;

(1, eiα, eiβ)
R"� �)�>-%�Zd�90���.��902U '��9Z2� '���+�>-N7"?G�1-L�>-N&"�^�b�XW%/19L���G�_�'�[7T�� "�O���U�

7G�1-Z���%90�^�:�>-% "905>�>-C7G��9C&"�>-P�ED�785�9%$+���'=>�>-C&)(x/�-0=�$#�#�����%$+/1��� �xgm���0=>/s�TAEI=Z=Z�K � R
� & ¢q¸�¢q¯�¹�¨�¯n¤�.+¡´¨ ¦�¢«± +$¢«¦�± +$¢D¹$¢(¹$³mª (�¡°¢D¹�ºq£ ®°¯`¤�ºqµm¦�¨F¤�®´³m¯

β
£�¨�¯�£5¯�¢«ª$¤ ¦�®°¯�³N¸�¢«¦�§D¢«¤5¹�¢�¡°¢q£L¹$º²¤�¢«¦�§D®°¯�¢«¦5³mª�¹^­ ¢«¯?§D¢«¤ ¤ ¦�¢ª�¯�¢A¡´®°§D®·¤�¢i¾



��-0=�$#�#�����%$+/1�'-Z&"�^�'�� "�%9%$#�'/�-P&'���'-C�+�[��$+&"� � �
�b��$#�U�0���G�����Z2U '�Z�����.���%9%$+=>�[&"���:5������";O�[�>-%�N�ED�7"�#$+=�$#�05>��A�90���O���'/1�'-Cd����^HJ/19%�! "�+�:� IFR G �32U "$y�'/1 '-N&"/1�"�'�
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∑
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
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
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∑

j

∑
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)
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∑
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∑
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cos [(Ej − Ek) t − (pj − pk) L]

+ 2
∑
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(
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∗
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∗
l′jUl′k

)

sin [(Ej − Ek) t − (pj − pk) L]
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√
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t
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2E2
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(Ej − Ek) t − (pj − pk) L =
(
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k

) L

2E

= ∆m2
jk

L

2E
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Pll′(L) = |Ulj|2|Ul′j|2 + 2
∑
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∆m2
jk

L
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∆m2
jk

L

2E

)

� IFRJOO�

�h�Fw'�zAO "�'�C&"��9%�"$+@�90�N�%9L���'-%H{/19%�.���%$+/1�,�%9%$#;O/1�'/1�:5��%9%$+2� '�P7T��9%�:���3&)(x5��#$#�e$#�'��9��+�N7"90���e$+��93�0��9%�:�C&"�!� IFRJOO�\�

Pll′(L) = δll′ − 4
∑
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L
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2

√

(E1 − E2)2 + 4|V12|2
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|φ1〉 = eiφ′
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cos θ′|ψ+〉 + sinθ′|ψ−〉
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)
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|φb〉 = eiφ (− sinθ|φ1〉 + cos θ|φ2〉)

� IFRJI=ZO�

g
��9C�%9L���'-%$#�%$#��$#�05�AG/1�678�� "�Z�EDF7"9%$#�:��9 |φa〉
��� |φb〉

=>/1�e�:�a&"�>-C-0 "7T��9%78/�-%$#�%$+/1�'-Z&"� |ψ+〉
��� |ψ−〉 �

|φa〉 = eiφm (cos θm|ψ+〉 + sin θm|ψ−〉)
|φb〉 = eiφm (− sinθm|ψ+〉 + cos θm|ψ−〉)

�h�4 "�%$#�#$+-L�����Z�+�>-N�'/1�L���%$+/1�'-P&"�>-Z5>2� G���%$+/1�'-_� IFR G OO�\���!� IFRJI=ZO��A'/1�6�%90/1 "�O�:�

φm = φ+ φ′

θm = θ+ θ′

�h��90��7"90���G�����^�+�>-Z905>-% "�#�L���0-[&"�a���.-0�>=��%$+/1� IFRJIFR G AT/1��78�� "�P�EDF7"9%$#�:��9����e7"90/1MG��M"$#�#$#�05]2� z(  "�b5��L��� |ψ(t)〉$#�"$#�%$����+���:���U�P7"905�7G��905!��� |φa〉
-0/1$#�C&"5��0�>=��05�&'���'-N "��5��L��� |φb〉

��7"90@>-N "�4�0���e7'-
t
�

Pab(t) =
1

2
sin2 2θm

[

1 − cos

(

E+ − E−
~

t

)]

= sin2 2θm sin2

(

E+ − E−
2~

t

)

}�(x5>2� G���%$+/1��� IFR G KU�K7T��9%�:���P&)(x�ED�7"9%$#�:��9C���:&F$��85�90���'=>�a&)(x5��'��9%;�$+�>-Z7"90/17"90�>-
E− − E+

�

E+ − E− =
√

(E1 − E2)2 + 4|V12|2
� IFRJI G �

�h�4905�$#���%90/�&F "$+-L�����P�+�>-N78/1�0�����%$+���+-
V11

���
V22

A'/1�6�%9L���'-YHJ/19%�:�a-%jF-%�05��.���%$+2U '���:�������

(E1 − E2) → (E1 − E2) + (V11 − V22).

g
��9a-0/1 '=�$+-^&"�_�#$+-%$#M"$#�#$#�05_�'/1 '-[�'�_�+�>-[$#���%90/�&F "$#90/1�'-^�0/1 1W%/1 "90-[7G�1-VAT�.��$+-[�'/1 '-[�'/1 '-�����-0��9%��$#90/1�'-^&'���'-
����-L�>=��%$+/1��-% "$#�1���U�0��Rz�
DF7"9%$#�:/1�'-^�.��$#���0���G���U�

sin2 2θm
����HJ/1�'=��%$+/1��&"�

E1
A
E2
A
V12

���
θ
;�9��1=>�:du���



��-0=�$#�#�����%$+/1�'-Z&"�^�'�� "�%9%$#�'/�-P&'���'-C���_�.���%$+@�90� �[�
90�������%$+/1�n� IFR G Y��[�

sin2 2θm =
(

sin 2θ cos 2θ′ + sin 2θ′ cos 2θ
)2

= cos2 2θ cos2 2θ′
(

tan 2θ+ tan 2θ′
)2

=
(tan 2θ+ tan 2θ′)2

(1 + tan2 2θ) (1 + tan2 2θ′)

=

(

tan 2θ+ 2|V12|2
E1−E2

)2

(1 + tan2 2θ)

(

1 +
(

2|V12|2
E1−E2

)2
)

= sin2 2θ

(

1 + 2|V12|2
tan 2θ(E1−E2)

)2

(

1 +
(

2|V12|2
E1−E2

)2
)

� IFRJI=IO�

�P�490���.��902� '�^H{/19%�N?'�� "90�� '-0���:���U��2U '�[78/1 "9
V12 = 0

AF�+�
sin2 2θm

�>-0�C5�;����m�� 
sin2 2θ

R

�p�
�p��� � �
� � � � � ��� ��� �#� ����� ������� ����� ����� ���!� � �)�
}B�.90�������%$+/1�b���U�%90�����:7"90/17G��;����%$+/1��&"�>-Z�'�� "�%9%$#�'/�-[&'���'-P���:�.���%$+@�90�_���Z�Q(x���'-0����M"�+�]&"�>-P=V���+=� "�+-[2U '�

�'/1 '-N�O���'/1�'-C&"�[�:���'��9VA"905>-%$+&"�^&'���'-C�+�ZHQ��$#�C2U '�[���!�.���%$+@�90�a;O5��'@�90�^ "�67T/1�0���U�%$+���B� �)�>=��%$IH
2U "$)-V(*�XWY/1 "�0�
�� 6?G���e$#�#�0/1�"$+���<&'���'-C�+�[��$+&"��R"����� �)���VA ��/1�IHJ���'-%�0��$#�<���"�'/1�'=>� � ��/1�IHJ���'-%�0��$#�zA G O8Y@N �B��� G O8Y@NFA'2� '�^&"�>-
&F$��T '-%$+/1�'-Z=>/1?'5�90�����0�>-P�O��90-C�Q(*�>�������Z7T�� "�O���U�Z�:/�&F$IwG��9C���_7"90/17G��;����%$+/1�<&"�>-N�'�� "�%9%$#�'/�-�&'���'-N���_�.���%$+@�90�
���h;O5��'5�90��9� "�.=>/1�e78/19%�0���:�����N&)(x/�-0=�$#�#�����%$+/1�u� �8�>=��%$IHz&F$��)5�90�����K&"�C=>���# "$y2U z( $#�+-��� "9L��$+�����\�� .&'���'-��+�N�U$+&"��R
SK���C� �8���C�>-%�N&"5>-0/19%�.��$+-Z=>/1�"�� �-0/1 '-\�+�[�'/1� &)(x� �)���C��� � 78/19%�L�����N�+�[�'/1� &"�^-0�>-\78@�90�>-^�F��$#t�?'��jO���TA
�U�e$#9%�'/V�8A ��/1�IHJ���'-%�0��$#�zR
SK�>-e&F$��T '-%$+/1�'-e=>/1?'5�90���U�0�>-:5����1-%�%$+2U '�>-]7T�� "�O���U�:$#���0��9%�O���"$#9 �V� � �Q(x5>=0?G���";O�4&)(  "��M8/�-0/1�

Z0 Am&"/1�'=�7G��9=>/1 "9L�����Z�'�� "�%90��AG$#�'&"5�7T���'&'���:���U��&"�a���]�G���% "90�!&F 4�'�� "�%9%$#�'/"R8SK�^�0��9%�:�a=>/1�U�%9%$#M" '��&"�^���e�:���:�[HJ� �>/1�
&'���'-a�+�e?G���e$#�#�0/1�"$+���n7T/1 "9!�0/1 "�0�>-a�+�>-a-L�V�O�� "90-VRqSK��78���'&'�����VAm�+�e�'�� "�%9%$#�'/�7T/�-0-L@>&"�] "�'�e�.���"$+@�90�.-% "7F�
7"�+5��:�����L��$#90�4&"�u905V���#$+-0��9e=>���%�0��&F$��T '-0$+/1� �q7G��9e=>/1 "9L�����:=L?G��9%;O5�R������ �8���VAq78/1 "9_2U '��=>���%�0��&F$��T '-%$+/1�
-0/1$#�!=>/1?'5�90�����0��Am$#�
HQ�� "�!2� '�.=>���#�+�E� =�$��'�]�:/�&F$IwG�:7G�1-^�+�>-!7G��9%�%$+=� "�+�>-VAB/19a "�'�:$#���0��9L�1=��%$+/1�n7G��9!=>/1 "9L�����
=0?G��9%;O5Z&)(  "�.�'�� "�%9%$#�'/a7"90/�&F "$#���+�\�+��7"�0/1�,=L?G��9%;O5P�1-0-L/U=�$+5�R�}B�a=>/1?'5�90���'=>�C$#�e78/�-0�C2U '�C=>�\�+��7"�0/1�,=�905>5Z��$#�
5��05a7"905>-0���U�P5�;����+���:�����^�>���������Q( $#���0��9L�1=��%$+/1�zRT}z��-0�� "�z�+��7"�0/1�<=L?G��9%;O5!7"905>-L�����P&'���'-Z���e�G���% "90��&"�[HJ� �>/1�
7T��9%�.���'���U�0�4���e-%�L��M"�+�6�>-%�_�Q(x5��+�>=��%90/1�zR3SK��&"5>-05>2� "$#�#$#M"90�uHQ�>�O/19%$+-L�����4HQ���e$#�#�+���+��7"�0/1�"$+2U '�65��+�>=��%90/1�"$+2� '�
&'���'-\���!&F$��8 '-%$+/1�zAF���K=�905>�� "�'�[&F$��)5�90���'=>��&"��7"?G�1-0�[���U�%90�P�+�>-\5��L���0-N5��+�>=��%90/1�"$+2U '�>-N���\�+�>-\�� "�%90�>-sR"SK���%�0�
&F$��85�90���'=>�\&"�37"?G�1-0�K$#���%90/�&F "$#�q "�]78/1�0�����%$+���"� �)�>=��%$IHy&F$��85�90���U�VA17T/1 "9q���CHJ���e$#�#�+�\5��+�>=��%90/1�"$+2U '��A�&"�>-��� "�%90�>-
HJ���e$#�#�+�>-VR
SK�!7"?'5��'/1�:@��'�]&"��7T/1�0���U�%$+���q� �)�>=��%$IH3�>-%�[���G���+/1;� '�]d.=>���# "$m7"905>-L�����^&'���'-Z���.905EH{9L�1=��%$+/1�b&"�����e�# "�e$+@�90�
&'���'-Z�+�>-P�e$#�#$+�� FD��.���05�9%$+���+- ���U�e$#9%�'/V�8A-I=Z=Z�K�� Ryg��# '-�7"905>=�$+-0���e�:�����VAT���,&F$��85�90���'=>����$+�����VAT=>/1�e�:�!�'/1 '-
�O���'/1�'-^&"�!�+���O/1$#9VAy&F �=>/1 "9L���U�[=L?G��9%;O5

νe + e− → e− + νe
Ay7T/�-0-0$#M"�+�! "�"$+2U '���:�����[78/1 "9��+�

νe
R8SK���%�0�

$#���0��9L�1=��%$+/1��;O5��'@�90�_ "�<78/1�0�����%$+����� �)�>=��%$IH32U '�!�'/1 '-��'/1�0��90/1�'-
VW

RTpB/1 '-��+�>-��'�� "�%9%$#�'/�-]�vj<=>/1�e7"9%$+-P�+�
νe
�EAO$#�'&"5�7T���'&'���e�:���U�K&"�N�+�� "93-L�>�O�� "9VA�78�� "�O�����3$#���0��9L��;�$#9\�>�O�>=C���^�.���%$+@�90�C&"�C=>/1�e78/�-%$#�%$+/1�.&"�N���[�0��9%90�

�v?G�1&F90/1�'-����_5��+�>=��%90/1�'-`�^7G��9��Q( $#���0��9%�:5>&F$���$#90��&)(  "�oM8/�-0/1�n&"�[W%�� ";O�
Z0 RqSK���%�0�.$#���0��9L�1=��%$+/1��=>/1�e�! "�'�

;O5��'@�90�\ "�_78/1�0�����%$+���y� �8�>=��%$IH82� '�K�'/1 '-
�'/1�0��90/1�'-
VZ

R1lP$#�'-%$QA1/1�]9L�XWY/1 "�0�\ "�]?G���e$#�#�0/1�"$+���.&F$���;O/1�G���'&'���'-
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���_MG�1-L�a&"�>-C5��L���0-C&"�a-`�>�O�� "9VR

Hmat





νe
νµ
ντ



 =





VZ + VW 0 0
0 VZ 0
0 0 VZ









νe
νµ
ντ





� IFRJI=HO�

gh��� �>/1�'-.�'/1 '-,&)(*��MT/190& &'���'-: "�'��=>/1�Fw';� "9L���%$+/1� d�&"�� FD�HQ���e$#�#�+�>-.&"���'�� "�%9%$#�'/�-VAh78/1 "9eHQ��$#90�6�+�4�#$+���
�V�O�>=Z���!-0�>=��%$+/1�u7"905>=>5>&"�����0��R"lZw'�,&"�C�%9L�V�1��$#�#�+��9N&'���'-3 "�'�ZMG�1-L�Z=>/1�e�! "�'��AF/1�6��7"7"�#$+2� '��-% "93���^�.���%9%$+=>�
90��7"905>-L�����L�������+�[?G���e$#�#�0/1�"$+����7"905>=>5>&"���U�VAG���_�%9L���'-%H{/19%�.���%$+/1�b-% "$#�1���U�0��A��

Hmat → H12
mat =

(

cos θ − sin θ
sin θ cos θ

)(

VZ + VW 0
0 VZ

)(

cos θ sin θ
− sin θ cos θ

)

= VZ

(

1 0
0 1

)

+ VW

(

cos2 θ sin θ cos θ
sin θ cos θ sin2 θ

)

�P���O/1$#��2U '�e�+�e�0��9%�:�u&"5�7T���'&'���U�_&"�
VZ

�>-%�a7"90/178/19%�%$+/1�"�'���Nd6�����.���%9%$+=>�, "�"$#�05�Rq�P9_/1�n���� o&'���'-
���u-0�>=��%$+/1��7"905>=>5>&"���U�0�:2� '�_�+�>-�7"90/1MG��M"$#�#$#�05>-a&"�_�%9L���'-%$#�%$+/1��&"5�78���'&"�����!&"�_���u&F$��)5�90���'=>�_&"�>-^5��+5��:���U�0-
&F$���;O/1�G�� FD)A�=>�\2� "$"-%$#;��"$IwG�\2U '�K�+�3�0��9%�:�N=>/1�e�� "�:���

VZ
&F$+-07G��9L��$#�h&'���'-�=>���%�0�\7"90/1MG��M"$#�#$#�05�R�}h(*���G���+/1;�$+�

�V�O�>=�����-L�>=��%$+/1�u7"905>=>5>&"���U�0�a&"/1�"�'�^���+/190-VA�7T/1 "9\ "�'�^��7"7"90/>DF$#�.���%$+/1�<d�&"�� FD.HQ���e$#�#�+�>-\&"�P�'�� "�%9%$#�'/�-!���+�
78/1�0�����%$+���

V12 = VW sin θ cos θ
A
V11 = VW cos2 θ

���
V22 = VW sin2 θ

Ry���<7"90���G���U�[ "�b=V�1-^d:&"�� FD
HQ���e$#�#�+�>-

(νe, νµ)
&"/1���_�+�>-�5��L���0-�7"90/17"90�>-]&"�.�.�1-0-L�.-0/1�U�

(ν1, ν2)
Am�+�>-�7G��9L���:@��%90�>-_&)(x/�-L=�$#�#�����%$+/1��-L/1���

�:/�&F$IwG5>-K&)(*��7"90@>-3�+�>-3905>-% "�#�L���0-\&"�P���a-0�>=��%$+/1�u7"905>=>�>&"�����0�e�{5>2U G���%$+/1�'-[� IFRJI G �����^� IFRJI=IO��R�gq/1 "9N=>�Z2U "$y�>-%�
&F 
∆m2 � �8�>=��%$IH%AF$#�B-0�[90���%90/1 "�O�a&'���'-Z�Q(x�ED�7"90�>-L-%$+/1�4&F ∆E &"�[�Q(x5>2U G���%$+/1�n� IFRJI G �[�

(E+ − E−) =
∆m2

mat

2E

=

√

(

E1 − E2 + VW(cos2 θ− sin2 θ)
)2

+ 4V2
W cos2 θ sin2 θ

=

√

(

∆m2

2E
− VW cos(2θ)

)2

+ V2
W sin2(2θ)

=
1

2E

√

(∆m2 cos(2θ) − 2EVW)2 + (∆m2)2 sin2(2θ)

=
∆m2

2E

√

(

cos(2θ) − 2EVW

∆m2

)2

+ sin2(2θ)

� IFRJI�KU�

�P��7T�� "�C�EDF7"�#$+=�$#�0��9C�+�^78/1�0�����%$+���B� �)�>=��%$IHh=>/1�e�:� ���y "M8��9VAWI=Z=Z�K����
VW =

√
2GFne

� IFRJI=LO�
�h�4�'/1�L�����

A = 2
√

2EGFne
A"/1�4�%90/1 "�O��AG�>�O�>=!�Q(x5>2� G���%$+/1�n� IFRJI�KU�[�

∆m2
mat = ∆m2

√

(

cos(2θ) − A

∆m2

)2

+ sin2(2θ)
� IFRJI=MO�

�P���%90/1 "�O��A'&"�[�:���:��A'�Q(*���";��+�a&"�a�:5������";O�a� �8�>=��%$IHN�

sin2(2θmat) =
sin2(2θ)

(

cos(2θ) − A
∆m2

)2
+ sin2(2θ)

� IFRJI8Y��

�P���O/1$#�VA"&'���'-C�Q(x5>2U G���%$+/1��� IFRJI8Y���A"���_7"905>-0���'=>�!&)(  "�'�^905>-0/1�G���'=>�a�+/190-L2� '�[���_90�������%$+/1�n�
2
√

2EGFne = ∆m2 cos(2θ)



�<�>-% "90��9P&"�>-C/�-0=�$#�#�����%$+/1�'-Z&"�[�'�� "�%9%$#�'/�- � �

�[���'-N=>���%�0�[=>/1�Fw';� "9L���%$+/1�zA"�Q(*���e7"�#$#�% '&"�!&)(x/�-0=�$#�#�����%$+/1�6�1�� "� G AF���\���!Hv905>2U '���'=>�[&)(x/�-0=�$#�#�����%$+/1�4�>-%�\�! "�#�%$I�
7"�#$+5>�^7G��9

sin2(2θ)
A'=�(x�>-%�Zde&F$#90�^&F$#�e$#�U '5>��R

}z�!=V�1-�d H]HQ���e$#�#�+�>-Z�>-%�Z7"�# '-P&"5��#$+=V����=V��9C$#�zHQ�� "�CM"$+���'-% "9�&F$���;O/1�G���#$+-0��9P���e�.���%9%$+=>�
3 × 3

90��7"905>-0�����L���U�
�+�^?G���e$#�#�0/1�"$+���<&'���'-N���eMG�1-0�^&"�>-C5��L���0-C7"90/17"90�>-P&"�[�.�1-0-0�e�





E1 0 0
0 E2 0
0 0 E3



+ U†
MNSP





VW 0 0
0 0 0
0 0 0



UMNSP

SK��7T���'&'���U�K�'/1 '-378/1 "�O/1�'-�90���.��902U '��9K2U '�C�+�>-K� �)���0-3&"�Z�.���%$+@�90�Z�z(*��7"7G��9L���+�%90/1�U�C2� '�Z7T/1 "93�+�>-3/�-0=�$#�#���X�
�%$+/1�'-\HJ��$+-`�����N$#���0��9%�O���"$#9Z�+�[�'�� "�%9%$#�'/e5��+�>=��%90/1�"$+2� '��R'�h�67"90���e$+@�90�!��7"7"90/>DF$#�.���%$+/1��$#�)-V(*��;�$#�C&"�[�Q(x/�-0=�$#�#���X�
�%$+/1�

νe ↔ νµ
A"=>/1�e�:�a�'/1 '-N�+�^�O��9%90/1�'-P&'���'-N���e-0�>=��%$+/1�<-% "$#�1���U�0��R'lP$#�'-%$QA'�� 47"90���e$+��9Z/190&F90��AG�+�>-C� �8���0-

&"�^�.���%$+@�90�^78�� "�O�����P���%90�[�%9L��$#�05>-P=>/1�e�:�^ "��=V�1-Zd:&"�� FD,HQ���e$#�#�+�>-VR
gm/1 "9e�+�u�:/1�:�����VA
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7"?'5��'/1�:@��'�e-%$#�e$#����$#90�ed,=>���# "$q�%9L��$#�05]?G��M"$#�% '���#�+���:�����������P�<� � �P5>-0/1�G���'=>�]�b��;��'5��%$+2U '�]�Z '=��+5V��$#90�s�ER
�P/1 '-N�'�!&"5��O���+/17"7T��90/1�'-Z7G�1-C=>���P�1-%78�>=��C=V��9C�%90/17�5��+/1$#;��'5a&"�a�'/1�%90�a-% 1W%��� � R
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254 >04OEG<�HFHFC�9O<�>06?4 �?2�6
258 9O;=<F6
>04

�](*��7"90@>-P�+�>-��EDF7T5�9%$+���'=>�>-�&)(x/�-0=�$#�#�����%$+/1��&"�a�'�� "�%9%$#�'/�-^�EDF$+-%�L�����0�>-�����7G�1-0-05>�>-VAG�'/1 '-��V�O/1�'-�&"5�W0de "�'�
$+&"5>�_&"�>-^&"/1�.��$#�'�>-^&"�

L/E
d.90��;���90&"��9VR)����� �)���VAy���u=>/1��M"$#�G��$+-0/1��&"�>-[905>-% "�#�L���0-^&"�]=>�>-[�ED�785�9%$+���'=>�>-

7T��9%�:���4&)(*�V�O/1$#96 "� /190&F90��&"�b;�9L���'&"�� "94�����+�>-������+�� "90-4��7"7"90/>DF$#�.���%$#�O�>-�&"�>-u7G��9L���:@��%90�>-�&)(x/�-0=�$#�#���X�
�%$+/1�zR�}�(*���G���#j�-0��=>/1�!M"$#�'5>�^&"�^���^� �xlP?G��9%�e$#� ���P���QR#AWI=Z=Z=L � A��a���e�����'& �xlP9L��tU$z���Z���QR#AWI=Z=Z=L �)��$#�'-%$82U '�
&"�o�0/1 "�0�>-��+�>-��EDF7T5�9%$+���'=>�>-�&"���'�� "�%9%$#�'/�-�-0/1����$#90�>-�&"/1�"�'������ "� =>/1�e7T/19%�0���:���U��&)(x/�-0=�$#�#�����%$+/1� �>�O�>=
∆m2

12 ' 8 × 10−5 ���
sin2 2θ12 ' 0, 86

Rh�[�u7"�# '-VAh�U "7T��9Y� �a���e$+/1t����'&"�4��� � I � �xlZ�#$# <���Z���QR#AWI=Z=Z=L �
&"/1�"�'�����

∆m2
23 ' 2, 5 × 10−3 ��� sin2 2θ23 ' 1

Rm���Fw'�zAB78/1 "9!�+�,&"��9%�"$+��9]���";��+�u&"�:�:5������";O�,�Q(x�EDF7T5E�
9%$+���'=>�^S3?'/�/1r[&"/1�"�'�Z���!�:��$#�#�+�� "90���#$#�e$#�0���1=��% '���#�+�[=V��9N�� '=� "�'�P/�-0=�$#�#�����%$+/1�6&"�

sin2 2θ13 > 0, 18
�z(*��5��05

&"5��0�>=��05>��RGSK�>-\905>-% "�#�L���0-VA"�� '-0-%$T7T�� �7"905>=�$+-N-0/1$+���U�Y�Q$#�+-VA"&"/1�"�'�����N "�'��$#�FHJ/19%�.���%$+/1�67"9%$#�:/190&F$����+�^78/1 "9K�+�>-
�:�>-% "90�>-
&)(x/�-0=�$#�#�����%$+/1�'-h�1=��% '���#�+�>-
���BH{ "�% "90�>-VR�� �+-m7T��9%�:���%�0���U�h&)(x/17"�%$#�e$+-0��9q�+�>-q&F$��)5�90�����0-
7G��9L���:@��%90�>-�&"�>-
�ED�785�9%$+���'=>�>-\�:���%�L�����Z���65���$+&"���'=>�[�+�>-\/�-0=�$#�#�����%$+/1�'-VR"lP$#�'-%$87T�� "�Y� /1�_W%/1 '��9\-0 "9K�Q(x5��'��9%;�$+��A'����&F$+-0�L���'=>��&"�
7G��90=>/1 "90-C���N�+��� j�7T�[&"�[�'�� "�%9%$#�'/�-C5��% '&F$+5>-VR"����$+-K7"9%$#�'=�$#7G���+���:�����VAy�0/1 "�0�>-\�+�>-N�ED�785�9%$+���'=>�>-C&"���:�>-% "90�>-
&)(x/�-0=�$#�#�����%$+/1�'-Z-0�[&F$#��$+-0�����C���4&"�� FD6=V���05�;O/19%$+�>-!���+�>-N�:�>-0 "90�>-\7G��9C&F$+-%7G��9%$#�%$+/1�����C=>���#�+�>-N7G��9Z��7"7G��9%$#�%$+/1�
&)(  "�'�a-L�>�O�� "9VR

�p���L��� �����}���^��������� ����� ���=� � ��� ���
}B�b�:�>-% "90��7G��9e&F$+-%7G��9%$#�%$+/1� =>/1�'-%$+-0�0�4d��'�u90��;���90&"��9.2U z(  "�'��-0�� "�+�6-L�V�O�� "9:&"�,�'�� "�%9%$#�'/"A����]&)(x���

/1M'-0��9%�O��9a���u����9%$����%$+/1��&"� �' FD��� �=>/1 "90-a&"�.-L�,7"90/17G��;����%$+/1�zRqSK���#�+�E� =�$��>-%�!���+/190-a7"90/17T/19%�%$+/1�"�'���#�+�.du���
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7"90/1MG��M"$#�#$#�05�2� z(  "���'�� "�%9%$#�'/:&)(  "�'�a-L�V�O�� "9Z&"/1�"�'5>�!-0/1$#�C&"5��0�>=��05!&'���'-Z-L�]-L�V�O�� "9Z&)(x/19%$#;�$#�'�.�

Pll(L) = 1 − 4
∑

j<k

|Ulj|2|Ulk|2 sin2

(

∆m2
jk

L

4E

)

Pll(L) = 1 − 4|Ul1|2|Ul2|2 sin2

(

∆m2
12

L

4E

)

− 4|Ul1|2|Ul3|2 sin2

(

∆m2
13

L

4E

)

− 4|Ul2|2|Ul3|2 sin2

(

∆m2
23

L

4E

)

�U "9^���,w';� "90��IFRJIFA)/1��7T�� "�^�O/1$#9^�+�>-^7"90/1MG��M"$#�#$#�05>- Pee
��� Pµµ ����HJ/1�'=��%$+/1�o&F �9L��7"78/19%� L/E

A)���^78/1 "9
&F$��)5�90�����0�>-_�����+�� "90-!&"�

sin2 2θ13
���_�V�O�>=.�+�>-!�:��$#�#�+�� "90-]�XWY '-%�0���:���U�0-_�1=��% '���+-e�� FD��ED�785�9%$+���'=>�>-VAB7T/1 "9

�+�>-P�� "�%90�>-C7G��9L���:@��%90�>-VR

Q�RTS�U �=U��=Y��¬gFz�]�\+]`jw_ jvhXo d}a�emcng � j~a d}aFe5s'a`c^hkg«jws z`e
νe
a h
νµ 	 � � aqs+ePaqr
]`_~a�d}aPe�lFz}cng ]�aPe�z`s'hGo`hXo�hTgq\�lPomaPe�aqslPz`s+e²jkd}oPgq\ns h[_~aFe �P\n_~a`cngqeGemcnj �P\ns hXaPe�d}aFe�f�\`gP\`r:| hTgPaFe5d�� z`e�l²j _w_~\�hTj~z`s	�}_~aFe�fW_Tc�e �k\ �`z g«j ePoPe�f�\`gp_~aFepa ��f=oPg²jbaqsWlFaPe\}lih�c�aP_w_baPe d�� z`e�l²j _w_~\�hTj~z`s��

sin2 2θ12 = 0, 86
�
∆m2

12 = 8 × 10−5
�
sin2 2θ23 = 1

�
∆m2

23 = 2, 5 × 10−3 	��j �[oqgFaqs hXaFe��F\`_ba cngqe�d}a
sin2 2θ13

z`s h¬o`hXopf g«j eqaFe
�U "9�=>���%�0�:�:���:�ew';� "90�,/1��78�� "�!�O/1$#9a�+�>-�&F$��85�90���U�0�>-!rV/1�'�>-_2� '�.-0=�9% "�0�������+�>-!&F$��)5�90�����0-�� j�7T�>-�&)(x�EDU�
785�9%$+���'=>�>-e&"�u�:�>-% "90��&)(x/�-0=�$#�#�����%$+/1�zR�}z�u7"9%$#�'=�$#78�u&"�u�:�>-% "90��=>/1�'-%$+-0�0�udb=>/1�e7G��90��9e "� �' FDn���%�0���'&F 
�{&"5��0��9%�e$#�'5_7G��9[�:�>-% "90�_/1 <7G��9[-%$#�� "�����%$+/1�y�EAz�� �' FD��:�>-0 "905_d. "�'�]=>��9%�L��$#�'�_&F$+-0�L���'=>��&"��7G��90=>/1 "90-VR
�P��7T�� "�]���'-% "$#�0�.7"90/U=>5>&"��9ed6 "���XW� '-0�0���:�����]&"�>-!7G��9L���:@��%90�>-]&)(  "�n�:/U&"@��+�u&)(x/�-0=�$#�#�����%$+/1� �v�+�>-

∆m2���^�+�>-
θij
�[�� �9L��7"78/19%�!&"�>- �' FD����%�0���'&F '-a���^�:�>-% "905>-VRB�P�o7T�� "�^�O/1$#9a-% "9^���,w';� "90�e&"�.&F90/1$#�0�e2� '�]���

7"90/1MG��M"$#�#$#�05^&"��-% "9%��$+�P&F 
νµ
�'�[&"5�78���'&.7G�1-N&"�>-K�����+�� "90-\&F ,7G��9L���:@��%90�

θ13
$#�FHJ5�9%$+�� "90�>-Cd����a�#$#�e$#�0�[&"�

S3?'/�/1rORT�P�<7T�� "�P�O/1$#9P5�;����+���:���U��2U '�a���e=>/1�e78/�-L���U�����
∆m2

12

=>/1�e�:���'=>�]d:��7"7G��9L���+�%90� � d:7G��9%�%$#9P&"�
L/E ≈ 2000km/GeV

����7"90/U&F "$#�P "�'�����U�O���+/17"7T�e�� "�0/1 "9[&"�!�Q(x/�-0=�$#�#�����%$+/1��&"�����:=>/1�e78/�-L�����0�]&"�a7"�# '-
;�9L���'&"�^Hv905>2U '���'=>�^���

∆m2
23

RG�P�4�>-%�Z���+/190-C�����:�>-% "90�^&"�[HQ��$#90�[ "�4=>��9%�L��$#�4�'/1�!M"90��&"�^-%$#�e7"�#$IwG=V���%$+/1�'-
-0 "9N���]7"90/1MG��M"$#�#$#�05 Pµµ d_MG�1- L/E

�
�

7" "$+-02U '�h�+�h7G��9L���:@��%90�
θ13

W%/1 '�h "�!9��1�+�3�'5�;��#$#;O�V��M"�+�K����&"�>-0-0/1 '-q&"�h���C�#$#�e$#�0�3&"�\S3?'/U/1rOAs7"90���"�'/1�'-
�+�[�� "�z78/1 "9Z-%$#�e7"�#$IwG��9Z�+�>-C=V���+=� "�+- 
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�<�>-% "90��9P&"�>-C/�-0=�$#�#�����%$+/1�'-Z&"�[�'�� "�%9%$#�'/�- � �

�

d�HQ��$#M"�+�
L/E

AF�+�>-N�0��9%�:�>-P&"��HJ��$#M"�+�>-\H{905>2U '���'=>�>-VA"���
∆m2

12

A�W%/1 '�����Z "�69��1�+�^�'5�;��#$#;O�V��M"�+�>-Z&"���������
=>�� FD6&"�>-C?G�� "�0�>-\H{905>2� '���'=>�>-sA'���

∆m2
23



�

�+�>-C�EDF7T5�9%$+���'=>�>-P-% "9Z�1=>=>5��+5�9L���0�� "9��'�^90��;���90&'������2� '�[�+�^7"90���e$+��9P7"$+2� '�^&)(x/�-L=�$#�#�����%$+/1�n�{/1 4�+�^7"90�E�
�e$+��9Z&"5EwG=�$#�Z&"�a7"90/1MG��M"$#�#$#�05!&"�a-% "9%��$+�s�EA"�'/1 '-N78/1 "�O/1�'-Z5>=V��9%�0��9Z�0/1 "�C9%$+-02U '�a&"�[7"?'5��'/1�:@��'�>-P&"�
MG���%�0���:�����0-[���U�%90�!�+�>-P=>/1�e7T/�-L���U�0�>-[���

∆m2
23

���
∆m2

13

���Z�'/1 '-P7T/1 "�O/1�'-P&"/1�'=^HQ��$#90�a�Q(*��7"7"90/VD�$I�
�.���%$+/1��2U '�

sin2
(

∆m2
23

L
4E

)

≈ sin2
(

∆m2
13

L
4E

) 78/1 "9C���_7"90���e$+@�90��/�-0=�$#�#�����%$+/1�zR
}B�]�.���%9%$+=>�a�b�[��g &"���U$+���U�VA'&'���'-Z=>���%�0����7"7"90/>DF$#�.���%$+/1���

UMNSP ≈





c12 s12 0
−s12c23 c12c23 s23
s12c23 −c12s23 c23



 =





Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3





}B�]7"90/1MG��M"$#�#$#�05!&"�!-% "9%�U$+� Pµµ &"����$+�������

Pµµ(L) ≈ 1 − 4
(

|Uµ1|2|Uµ3|2 + |Uµ2|2|Uµ3|2
)

sin2

(

∆m2
23

L

4E

) � IFRJI=NO�

≈ 1 − 4
(

|Uµ1|2 + |Uµ2|2
)

|Uµ3|2 sin2

(

∆m2
23

L

4E

) � IFRJI=OO�

≈ 1 − 4
(

1 − |Uµ3|2
)

|Uµ3|2 sin2

(

∆m2
23

L

4E

) � IFRJH=ZO�

≈ 1 − 4 cos2(θ23) sin2(θ23) sin2

(

∆m2
23

L

4E

) � IFRJH G �

Pµµ(L) ≈ 1 − sin2(2θ23) sin2

(

∆m2
23

L

4E

) � IFRJH=IO�
SK�>-,��7"7"90/>DF$#�.���%$+/1�'-u=>/1�'&F "$+-0�����,M"$+��� d� "�'�4-0/1�# "�%$+/1� &)(x/�-0=�$#�#�����%$+/1�kd�&"�� FD�HQ���e$#�#�+�>-.&"�6�'�� "�%9%$#�'/�-
(νµ, ντ)

A�2U '�u�'/1 '-.���%�0���'&F$+/1�'-VA
7" "$+-02U '��78/�-0��9
θ13

�U "�C=>/1�'&F "$#�.d�&"5>=>/1 "7"�+��9:�+�>-e/�-0=�$#�#�����%$+/1�'-
νe ↔

νµ
���
νµ ↔ ντ

Rh�[�6�:���:��Ah�'/1 '-e78/1 "9%9%$+/1�'-,�:/1���%90��9,2U '�6�Q(x5��% '&"�4&"�4����7"90/1MG��M"$#�#$#�05<&"��-% "9%�U$+�6&F 
νe

�>-%�_7"9%$#�'=�$#7G���+���:�����: "�'�u-0/1�# "�%$+/1� d<&"�� FD�HJ���e$#�#�+�>-
(νe, νµ)

78/1 "9��+�>-_7"90���e$+@�90�>-e/�-0=�$#�#�����%$+/1�'-4��� � � �
w';� "90�BIFRJIO�ER���� =>�62� "$N=>/1�'=>��9%�'���+�>-e�:�>-0 "90�>-]� j�7T� �a���e�����'&)Ah/1���O/1$#�:-% "9]�+�>-e=>/1 "9%M8�>-e&"��;��� '=0?'�
&"�6���bw';� "90�#IFRJIo2� '���+�>-,/�-0=�$#�#�����%$+/1�'-,?G�� "�0�>-eH{905>2� '���'=>�>-,�'�678��9%�% "9%MT���U�,2U z(*d��Q(x/190&F90�

sin2 2θ13
�+�>-

/�-0=�$#�#�����%$+/1�'-�&"�:MG�1-0-0�]H{905>2� '���'=>�,���!&)(*���e7"�#$#�% '&"�
sin2 2θ12 ≈ 0, 86

Rq����=>/1�'=��# '-0$+/1�zAz�+�>-!�EDF785�9%$+���'=>�>-
&"�e�:�>-% "90�e&)(x/�-0=�$#�#�����%$+/1�'-�7G��9!&F$+-%7G��9%$#�%$+/1��78�� "�O�������:�>-% "90��9VAz&'���'-^ "�'�.=>��9%�L��$#�'�:=>/1�Fw';� "9L���%$+/1�zAB "�'�
/�-0=�$#�#�����%$+/1�,d�&"�� FD�HQ���e$#�#�+�>-VA�=>/1�e�:�C&'���'-
�+�\�L��M"�+�V�� IFR G R��[���'-
�0/1 '-h�+�>-�=V�1-VA1 "�'�\�:�>-% "90�N&)(x/�-0=�$#�#�����%$+/1�

��/1 "90=>�>- ���� "�%9%$#�'/�-
L/E

g
��9L���:@��%90�>- lZ7"7"90/VD�$#�.���%$+/1�'-
&"�^�'�� "�%9%$#�'/�- /1M'-0��9%�O5>- ���������
	���
���������	���� �EDF7"�+/1905>- d]&"�� FD�HJ���e$#�#�+�>-
�Z5V�1=��0�� "90-

ν̄e
> 104 �

θ13
A
∆m2

13

�
(νe, νµ)< 103 �

θ12
A
∆m2

12

���/1�+��$#�
νe

��� �
lN=>=>5��+5�9L���0�� "90-

νµ
< 103 �

θ23
A
∆m2

23

�
(νµ, ντ)l\�%�:/�-%7"?'@�90�

< 104
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∆m2 = 5, 0+6,2
−1,8 × 10−5eV2 ��� tan2 θ = 0, 45+0,11
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∆m2 = 6, 5+4,4
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−0,5×10−5eV2 ��� tan2 θ = 0, 40+0,1
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2(2θ23)
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K+  &?�C<#&yt') �_wA) -H

π−
 &?}A) -H
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νµ d JeH�A) -H +^6B*�6B:��f�

π+/K+ → µ+ + νµ.
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a~%O6B*,+Ic<'@%�C�:1=<%(:<'@?�C< xb9;*,C/"<%('@*,+&'@"�6BAvs�:<'q -H(?DA) �,:���C< 	E>:,9;*,H +-9LH(Ej')st:, -H st:<'q -H(?D"�6B%(yz &*�:�d¦:,HIst:, �A N W,�q -HDE>:,9;*,H +&%I#-#-H  &*C< &c,9;%IH�C�:7C<#&?I -+&?I &:<%	*, jHI9;*�?�+- &"~ &*,C,6B*�?r"�6;H N '@�L*,9;%I &%^W�0lA)H�"~ &:<yz &*�?>6^yz9;'@%�:<*U'@*�?I#&% �&?r+- &%(?O6B'@*7C,6B*,HAK�!#&?(:,C< L\
:<*<')s�:, � &*7HI9;* �z &*<%I L\qC< jAM6/+-9;*,HI &%(yL6B?(')9;* C< jAM6/H;-tEG#&?(%(') �uwY �	Wvuw &?(?I GHS-VEG#&?(%(') j"$ &:<? �&?(%I Ej')HI N AK�!#&"<%I &:<yz F &* +-9;Ej"�6B%O6B*�?hAK�!9LHI+&'@A@AM6B?(')9;* C< 
νµ

6-yz -+[+- &A@A) FC< 
ν̄µ
W�$�*  ba~ &?^\ZA) -HJ p�V"~#&%(') &*,+- -H>C< C�')H("�6B%('@?(')9;*U*q�!#&?O6B*�?	"�6;H�HI &*,H('@=<A) -H N AM6�yV')9;AM6B?(')9;*UC< juwYv\$9;*1?I -H(?I L\�"�6B%	+- &?(?I rEG#&?(c,9VC< L\~C�'@%I -+&?I &EG &*�?

∆m2
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"$9;:<%	A) -Hr9LHI+&'@A@AM6B?(')9;*,HrC< 
νµ

 &?
ν̄µ
W�4`%�?I9;:<?I GC�'@a
#&%I &*,+- G &*�?(%I F+- -H�C< &:��U�L%O6B*,C< &:<%IHrHI &%O6B'@?�:<*, +-9;*,HI#-s�:, &*,+- `C�'@%I -+&?I `C< AM6nyV')9;AM6B?(')9;*FC< �uwY �_C,6B*,H�A) HI -+&?I &:<%wC< -H�*, &:<?(%('@*,9LH^W�uw9;*,+&%;+&?I &EG &*�?^\�'@A�H^� 6B�L'@?C< G%I &��6B%IC< &%h?I9;:,HrA) -H>Er:,9;*,HJ+&%I#-#-HJ"�6B%r:<*, �'@*�?I &%O6;+&?(')9;* C< G*, &:<?(%('@*,9<\Zyz &*�6B*�?jC�: =�6;H> &?JC< -H>+ 5;?I#-H^W

$�*7 ba~ &?^\
+- &:��Uyz &*�6B*�?JC< jC< -HIH(:,H	HI9;*t?�H(:,HI+- &"<?('@=<A) -H�C
� �&?(%I �C< -H	Er:,9;*,H�+-9LHIEj')s�:, -H^W ch� 6B:<?(%I j"�6B%(?^\~A) 
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xK6B'@?	s�:, >A) hC<#&?I -+&?I &:<%rHI9;'@?�E�6B�L*,#&?(')HI#h"~ &%(EG &?nC< jC�')HI?('@*<�L:, &%�A) -Hn*, &:<?(%('@*,9LHrC< -Hn6B*t?('@"K*, &:<?(%('@*,9LH���A)9;%IHC
� :<*, n'@*t?I &%O6;+&?(')9;*8"�6B%D+-9;:<%O6B*�?`+Ic�6B%(�z#L\<A) 
νµ
"<%I9tC�:<'@?D:<*

µ−
\V?O6B*,C�')H s�:, �A) 

ν̄µ
"<%I9tC�:<'@?D:<*

µ+
W<o '@*,H('A) 	+Oc�6BEj"8E�6B�L*,#&?(')st:, r+-9;:<%(=~ &%O6hAM6J?(%O6�d( -+&?I9;'@%I rC< 	+- -H C< &:���"�6B%(?(')+&:<A) -H C< 	x]621-9;*X9;"<"~9LHI#- LWuw -+&'~"~ &%(EG &?DC
�!#&?O6B=<A@'@%D:<*, �C�')HI?(%('@=<:<?(')9;*XC< �,:��["$9;:<%|A) -Hw*, &:<?(%('@*,9LHra]6B-�6B*�? +&%I#-#�A) -H|Er:,9;*,H|yV')H('@=<A) -Hgfp\6^yz -+ +- &A@A) "$9;:<%�A) -H�6B*�?('@"K*, &:<?(%('@*,9LH�a]6�-�6B*t?w+&%I#-# A) -H�6B*�?('@"KE>:,9;*,Hwyt')H('@=<A) -HpfpWzm *, C�'@a~#&%I &*,+- yt')H('@=<A)  &*�?(%I A) -HnC< &:��UC�')H(?(%('@=<:<?(')9;*U"$9;:<%(%O6B'@?�6BA)9;%IH �&?(%I J'@*�?I &%("<%I#&?I#- j &*U?I &%(EG hC< Jyt')9;AM6B?(')9;* C< juwY �	W c	6B*,H`A) J+^6;H+-9;*t?(%O6B'@%I L\�.1032	4	5F"~9;:<%(%O6B'@?`6 3G%(EG &%`HO6h+-9;*,HO &%(y;6B?(')9;*qW

m`*, rC< &%(*<',+&%I >EG -H(:<%I >'@Ej"$9;%(?O6B*t?I >st:, r.10¦2n4	5X -H(?  &*1EG -H(:<%I rC< r%I#^6BA@')HI &%^\� -HI? AK� 6B"<"�6B%('@?(')9;*UC< r*, &:*"?(%('@*,9LH #&A) -+&?(%I9;*<')s�:, -H^W��w') &*Gs�:, DA) DC<#&?I -+&?I &:<% *, HI9;'@?�"�6;H�9;"<?('@Ej')HI# "$9;:<%�+- D�z &*<%I C< |EG -H(:<%I L\L:<*GA)9;:<%IC ba
9;%(?r -H(?� &*<��6B�z#�C,6B*,Hr+- &?(?I GC�'@%I -+&?(')9;*qWZm * *, &:<?(%('@*,9Q#&A) -+&?(%I9;*<')s�:, �"$9;:<%(%O6B'@? �&?(%I G')C< &*�?('@)�#GA)9;%IHOs�:q� '@A'@*t?I &%O6B�L'@?n"�6B%�+-9;:<%O6B*t?�+Ic�6B%(�z#L\~C<9;*<*�6B*�?n:<*U#&A) -+&?(%I9;*qW$�Z6G"<%('@*,+&'@"�6BA) jC�' 3�+&:<A@?I#hC< �AK�! p�< &%I+&')+- h+-9;*,H(')H(?I 
N C�')H(?('@*<�L:, &%r:<*, h�z &%(=$ h#&A) -+&?(%I9;*<')st:, GC< hAM6F�z &%(=$ hc�6;C�%I9;*<')st:, jC
� :<*7+-9;:<%O6B*�?�*, &:<?(%I LW�Y�A@:,H(') &:<%IH	EG#b"?(c,9VC< -HjHI9;*t? N AK�!#&?(:,C< / &?hAK�!9;=�de -+&?('�xD),*�6BAD -H(?jC
� 6-yz9;'@%j:<*, /HI &*,H('@=<'@A@'@?I#  8x]9;')H>EG &'@A@A) &:<%I N AK� 6B*<�LA) �C< EG#&AM6B*<�z 

θ13
st:, 	+- &A@A) �C< >u �	4	4��vW cn &:���HI+-#&*�6B%(')9LH HI9;*t? 6BA)9;%IH "~9LHIH('@=<A) -H`�

�LW HI9;'@?GAM6UyL6BA) &:<%�C< �AK� 6B*<�LA) 8C< �EG#&AM6B*<�z 
θ13

 -H(?G"<%I9V+Ic, 8C< �AM6UA@'@Ej'@?I 8#&?O6B=<A@') X"�6B%GAK�! p�V"~#&%(') &*,+- u�c,9t9 
[a N HO6-yz9;'@% sin2 θ13 / 0.18
f�\

 �W HI9;'@?  &A@A) � -H(?D'@*�x]#&%(') &:<%I N AM6hHO &*,H('@=<'@A@'@?I#�C< �.1032	4	5Ua N HO6^yz9;'@% sin2 θ13 < 0.07
fpW

c	6B*,H�A) r+^6;Hh�L\$.Q0¦2	4	5/"~9;:<%(%O6F9;=,HO &%(yz &%`AK�!9LHI+&'@A@AM6B?(')9;*
νµ → νe

�L%/.;+- N AM6�EG -H(:<%I JC�:1HI"$ -+&?(%I JC< νe'@A@A@:,HI?(%I#� &*5),�L:<%I rR�W@����a]6zf|?I &Aqst:q� '@A� -H(? C<#-+&%('@?`C,6B*,H A) 	+Ic�6B"<'@?(%I � �W
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θ13
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θ13

­
4`*�yz9;'@?/H(:<%/+- QH("~ -+&?(%I 8st:, QA) 8=<%(:<'@?/C< Xx]9;*,C  &* +-9;:<%O6B*t?IH/*, &:<?(%I -H[ -HI?/6;HIHO 
Q#&A) &yz#LWxc	6B*,H�A) +^6;H  �\D.Q0¦2n4	5�*, Uyz &%(%O6 "�6;HXC
�!9LHI+&'@A@AM6B?(')9;* C,6B*,H�A) H("$ -+&?(%I C< UAM6 ),�L:<%I R�W@����a]6zfp\  &?X &* C<#-C�:<'@%O6



��6h"<c(-�H(')st:, �C,6B*,H .1032	4	5 � �

:<*, QA@'@Ej'@?I �
sin2 θ13 < 0.07

\ N 3σ
\�"$9;:<%[:<*, QHI?O6B?(')H(?(')s�:, 1C< 

25 × 1020 "<%I9;?I9;*,H�H(:<%/+&'@=<A) WSW \� &?"$9;:<%
∆m2

23 ≈ 2, 5 × 10−3  �E 2 Wvuw �%I#-H(:<A@?O6B?h -H(?>HI+Oc,#&E�6B?(')HI#/H(:<%rAM6 ),�L:<%I [R�W@����a�=�f�"~9;:<%>C�'@a
#&%I &*�?I -HH(?O6B?(')H(?(')st:, -H^\< &? "~9;:<% C�'@a~#&%I &*t?I -H yL6BA) &:<%IH C< 
∆m2

23

W
2`9;:,Hjyz &*,9;*,HFC< �yz9;'@%�st:, �.Q0¦2	4	5 "$9LHIH2+-C< /:<* AM6B%(�z X#&yz &*�?O6B'@A�C< �EG -H(:<%I -HGC< X"<c(-�H(')s�:, X"$9LHIHI'@=<A) LWuw &"$ &*,C,6B*t?^\ HI -HjC<#&?I -+&?I &:<%IH[HI9;*�?G9;"<?('@Ej')HO#-HG"~9;:<%jAM6UC<#&?I &%(Ej'@*�6B?(')9;*�C< -Hj"�6B%O6BEG+&?(%I -H

∆m2
23

 &?
θ23

\�L%/.;+- N AK�! p�<+- &A@A) &*�?I 	 43�+^6;+&'@?I#nH(:<%wAM6�EG -H(:<%I �C< �AK�!#&*, &%(�L') nC< -H�E>:,9;*,H^\�s�:<'~+-9;*,H(?('@?(:, `A) `+-9V &:<%DC< EG9;*6B*�6BA�-VHI LW

}�} & �'�B�
�����O���������^�O�K� � 9%�O�
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uw h+Ic�6B"<'@?(%I h -H(?n+-9;*,HO6;+&%I# N AM6FEG#&?(c,9VC< JC< >%I -+-9;*,H(?(%(:,+&?(')9;*7C< -H�?(%O6;+- -HnC< JEr:,9;*,H	st:, d-� 6B'vC<#&yz b"A)9;"<"$#- L\V+-9;EjEG �:<*, �6BA@?I &%(*�6B?('@yz N AM6�EG#&?(c,9VC< �C< %I -+-9;*,H(?(%(:,+&?(')9;*XHI?O6B*,C,6B%ICFC< �.Q0¦2	4	5$Wt.19;*F?(%O6^y;6B'@A6n"$9;%(?I#D &*�"�6B%(?(')+&:<A@') &%�H(:<%�AM6n%I -+Oc, &%I+Ic, `C< -H�?(%O6;+- -H�C< -H Er:,9;*,H�6B'@*,HI'�s�:, DHI:<%�AM6	C<#&?I &%(Ej'@*�6B?(')9;*FC< DA) &:<%#&*, &%(�L') �\<+- &?(?I 	C< &%(*<',+&%I n"$9;:<yL6B*�? �&?(%I �%I#^6BA@')HI#- 	C< nC< &:���xK621-9;*,H|C�'@a~#&%I &*t?I -H`�V"�6B%|+^6BA)9;%('@EG#&?(%(') L\�9;:["�6B%6B*�6BA�-VHI jC< hAM6/+-9;:<%(=<:<%I �C�: Er:,9;*qW�c	6B*,Hn?I9;:<?r+- jst:<'�H(:<'@?^\
9;*7HI h"<AM6;+- jC,6B*,H	A) jC<#&?I -+&?I &:<%>A)9;'@*�?O6B'@*qW��� 6B"<"<A@')+^6B?(')9;* C< j+- &?�6BA@�z9;%('@?(c<EG �6B: C<#&?I -+&?I &:<%	"<%I9t+Oc, h*q� 6F"�6;H	 &*,+-9;%I j#&?I#Jx]6B'@?I LW~��6[C<#&?I &%(Ej'@*�6B?(')9;*C< nAK�!#&*, &%(�L') 	C< -HD*, &:<?(%('@*,9LH  -H(?|AM6h+&A) pxvC< nAK� 6B*�6BA�-�HI �"<%('@*,+&'@"�6BA) �C< -H #&yz#&*, &EG &*t?IH C< n.1032	4	5$W*$�*X ba~ &?^\+L�! -H(?[{pAK�!9;=,HI &%(yL6B=<A) z{[s�:<'�"$ &%(EG &?hC< �C<#&?I &%(Ej'@*, &%jH^� '@AY- 6X &: :<*, F9LHI+&'@A@AM6B?(')9;*  &?^\ZA) �+^6;HJ#-+Ic,#^6B*�?^\}A) -H"�6B%O6BEG+&?(%I -H C
�!9LHI+&'@A@AM6B?(')9;*qWz� � 6B*�6BA�-VHI "<%('@*,+&'@"�6BA) C< D.Q0¦2	4	5�%I#-HI')C< DC,6B*,H}AK�!#&?(:,C< C< -H�+-9;:<%O6B*�?IH�+Ic�6B%(�z#-HC< 
νµ

�
νµ + N → µ− + X .

a �,W@��f
��6 C<#&?I &%(Ej'@*�6B?(')9;*jC< �AK�!#&*, &%(�L') wC�:r*, &:<?(%('@*,9`C<#&"$ &*,C>C<9;*,+ C< +- &A@A) �C�:�Er:,9;*h &?ZC�:r"<%I9tC�:<'@?Zc�6;C�%I9;*<')s�:, C< �AK� '@*�?I &%O6;+&?(')9;*qWw�q -H�C<#&?I -+&?I &:<%IH[C< X.1032	4	5 "~ &%(EG &?(?I &*�?FC< XEG -H(:<%I &%F+- -HG#&*, &%(�L') -H�Wwuw9;EjEG �*,9;:,HAK� 6-yz9;*,H�yt:1C,6B*,H A) >+Ic�6B"<'@?(%I jR�\,A) -H�C<#&?I -+&?I &:<%IHnHI9;*�?nC< -H�+^6BA)9;%('@EG+&?(%I -H^\�+- >s�:<'ZA@'@Ej'@?I rA) &:<%�%I#-HI9;A@:<?(')9;*,H &*X#&*, &%(�L') n"$9;:<%DA) -H|�z &%(=~ -H|c�6;C�%I9;*<')s�:, N 55%/

√

E(GeV)
 &?DC
�! &*�yV'@%I9;*

10%
"$9;:<%|A) -H|Er:,9;*,H�W,2`9;:,H*,9;:,H�+-9;*,+- &*t?(%I &%I9;*,H^\<C,6B*,H�+- E�6B*�:,HI+&%('@?^\�H(:<%�AM6�C<#&?I &%(Ej'@*�6B?(')9;*�C< AK�!#&*, &%(�L') nC< -H�Er:,9;*,H�:<*F"~9;'@*�?|+&A) pxC< 	AK� 6B*�6BA�-VHO 	C< -H %D$�� s�:, n*,9;:,H yz &%(%I9;*,H 6B:8+Ic�6B"<'@?(%I >H(:<'@yL6B*�?^W

� /21 3 4�: ��� � ��4�� 4 � �=:���8���: ���� "%$

0lA
 -H(?D'@*t?I#&%I -HIHO6B*t?^\,C,6B*,HD:<*�"<%I &Ej') &% ?I &Ej",H^\<C
� 6^yz9;'@% :<*, n')C<#- 	C< 	+- 	st:, `AK�!9;*�"~ &:<? 9;=,HI &%(yz &% C,6B*,HA) -H`C<#&?I -+&?I &:<%IH	C< >.Q0¦2n4	5$W~u�c�6;s�:, >?�-V"~ rC
�!#&yz#&*, &EG &*�?	AM6B')HOHI �:<*, >?(%O6;+- >+^6B%O6;+&?I#&%(')HI?(')s�:, LWic	6B*,H ?I9;:<?+- G+Ic�6B"<'@?(%I L\�'@A�HI &%O6�st:, -H(?(')9;*7C< G+^6B%O6;+&?I#&%(')HI &%�A) -H>H('@�L*�6B:�� C< -H�C<#&?I -+&?I &:<%IH> &?�C< GA) -Hr6B*�6BA�-VHO &%^Wq0lA� -HI?C<9;*,+X -HIHI &*t?(') &A`C< �"<%I#-+&')HI &%�AK�! &*,HI &Er=<A) QC< -HG*,9;?O6B?(')9;*,H[s�:, /*,9;:,HF &Ej"<A)9;') &%I9;*,H^\  &?�C
� 6B"<"<%I9Bx]9;*,C�'@%�AM6C< -HI+&%('@"<?(')9;*QC< nAM6h?I9;"~9;A)9;�L') �C< -H C<#&?I -+&?I &:<%IH�W
uw9;EjEG D*,9;:,H�AK� 6-yz9;*,H yt:jC,6B*,H�A) D+Oc�6B"<'@?(%I R�\;A) -H�C<#&?I -+&?I &:<%IH�C< D.Q0¦2n4	5>+-9;*,H(')HI?I &*�?  &*j:<*, 6BA@?I &%(*�6B*,+- C< >"<AM6;st:, -H	C
� 6;+&') &%� &?nC< JHO+&'@*�?('@A@AM6B?I &:<%^Wq�q -Hn"<AM6;st:, -H	C< hHI+&'@*�?('@A@AM6B?I &:<%�HO9;*�?�C<#-+-9;:<"~#- -H	 &*1=�6B*,C< -H�\$+- s�:<'$"$ &%(EG &?DC
�!9;=<?I &*<'@%|AM6>A)9t+^6BA@')Hg6B?(')9;*F?(%O6B*,H(yz &%IHg6BA) 	C< AM6>HI9;:<%I+- nC�:[HI'@�L*�6BA$C,6B*,H|A) `"<AM6B*�9;%(?(c,9;�z9;*�6BA NAM6jC�'@%I -+&?(')9;*8C< -HD=�6B*,C< -H^\�+-9;EjEG rHI+Oc,#&E�6B?(')HI#�H(:<%DAM6�),�L:<%I �,W@�LW
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ν(2, 5 GeV) + n → µ−(1, 7 GeV) + p(0, 4 GeV)
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ν(2, 8 GeV) + p → µ−(1, 7 GeV) + p(1, 0 GeV) + π+(0, 6 GeV)
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ν(11, 2 GeV) + n → µ−(4, 9 GeV) +
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 -H(?>A) �%O6B-z9;* C< [+&AM6;HIH(')st:, �C< FAK�!#&A) -+&?(%I9;*qW�c	6B*,Hr?I9;:<?h+- [s�:<'|H(:<'@?^\Z*,9;:,HJ6BA@A)9;*,HJ?(%O6-yL6B'@A@A) &%G6-yz -+AM6XyL6B%('M6B=<A) 

γ = E/mµc
2 \vs�:<'w -H(?JHg6B*,H>C�'@EG &*,H(')9;*q\v?I9;:<?h &* AM68*,9;E�6B*�?8{&#&*, &%(�L') z{;W}Yv9;:<%h*,9;?(%I [+^6;H"�6B%(?(')+&:<A@') &%^\ZA) -H>"~ &%(?I -HrC
�!#&*, &%(�L') ["�6B%r')9;*<')HO6B?(')9;*ka �,W[ zfrC,6B*,HrA) FHI+&'@*�?('@A@AM6B?I &:<%Xa�"~9;A�-VH(? -t%;+&*, �fp\Z &?>C,6B*,H
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AK� 6;+&') &%Jab+-9;*,H(')C<#&%I#r+-9;EjEG �C�:/x] &%gfp\,H^�!#-+&%('@yz &*t? �
(

dγ

ds

)

scint

= − kscint
0

1

β2

[

ln

(

(

kscint
1

)2

(

γ2 − 1
)2

1 + 2γ(me/mµ)

)

− 2β2

] a �,W Rzf
(

dγ

ds

)

fer

= − kfer
0

1

β2

[

ln

(

(

kfer
1

)2
(

γ2 − 1
)2

1 + 2γ(me/mµ)

)

− 2β2

]

,
a �,W �tf

9���A) -H`+-9;*,H(?O6B*�?I -H
k0 = Kρ

2mµc2
Z
A

 &?
k1 = 2mec2

I

yL6BA) &*�?���$�')C< &A@E�6B*Q &?`6BAKW@\  LSLS � 
'�

.U6B?I#&%('M6B:��
k0 k15V+&'@*�?('@A@AM6B?I &:<%

8, 27 . 10−4 cm−1 1, 49 . 104

i  &% 5, 31 . 10−3 cm−1 3, 57 . 103

�� -H�#-st:�6B?(')9;*,HZC�'@a
#&%I &*�?(') &A@A) -H�C< �? -t"~ `a �,W �tfq &?�a �,W Rzfq*q�!9;*�?�"�6;HvC< �HI9;A@:<?(')9;*h6B*�6BA�-t?(')st:, w+-9;*<*�:, wC<9;*<*�6B*�?
γ
 &*�x]9;*,+&?(')9;*QC�:1+Ic, &Ej'@*1"�6B%I+-9;:<%(:1C,6B*,H AM6jE�6B?(',+&%I r"$9;:<%`:<*, �+-9;*,C�'@?(')9;*Q'@*<'@?('M6BA) 

γ0
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γ0
 &* x]9;*,+&?(')9;* C< �AM68A)9;*<�L:, &:<%h?I9;?O6BA) 

stot
C�: +Ic, &Ej'@*"�6B%I+-9;:<%(:>"�6B%qAM6|"�6B%(?(')+&:<A) ��

γ0(stot)
WB5t:<%qAM6%),�L:<%I �,W#"�\�9;*�"$ &:<?
yz9;'@%ZA) -H
"~ &%(?I -H�C
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γ

uw -Hh"~ &%(?I -HhHI9;*�?j%I#&�L:<A@',+&%I -Hj &?h?(%;+-Hh'@*�x]#&%(') &:<%I -H N AK�!#&*, &%(�L') �H(:<%J?I9;:<?I �HO6X��6BEjEG L\}E��&EG N xK6B'@=<A) γa de:,HIst:q� N γ ' 2
fpW�4`*jH^� 6B?(?I &*,CjC<9;*,+ N +- wst:, wAM6 xb9;*,+&?(')9;* γ(s) HO9;'@?�6;HOHI 
|%I#&�L:<A@',+&%I LWLYZ9;:<%�AM6�C<#&?I &%(Ej'@*, &%9;*Q"<%I9t+�+-C< h6BA)9;%IH`"�6B% '@?I#&%O6B?(')9;*UH(:<%`C< -H`"$9;%(?(')9;*,H�C< r+Oc, &Ej'@*

δs
W$4`*8"�6B%(?nC
� :<*, r"�6B%(?(')+&:<A) JC
�!#&*, &%(�L') '@*<'@?('M6BA) 

γ0
\< &?|"$9;:<% +Oc�6;s�:, nyL6BA) &:<% C< 

γ(s) N :<*X &*,C�%I9;'@? s
C< 	HO6>?(%O6�d( -+&?I9;'@%I L\,9;*�C<#&?I &%(Ej'@*, 	AM6JyL6BA) &:<%



.Q#&?(c,9VC< -H C< �C<#&?I &%(Ej'@*�6B?(')9;*1C< 	AK�!#&*, &%(�L') rC< -HDE>:,9;*,H ���

C< 
γ(s + δs)

"�6B%DAM6Jx]9;%(Er:<A) rC�'@a~#&%I &*t?(') &A@A) �

γ(s + δs) = γ(s) + δs
dγ

ds

a �,W[Zzf
$�*jH^� 6B%(% �&?O6B*�?�%O6B')HI9;*�6B=<A) &EG &*t?�C +-H�s�:, 

γ
6B?(?I &'@*t?vAM6`yL6BA) &:<%vC< n�L\@��"�6B%� p�� &Ej"<A) L\BAM6`y;6BA) &:<%}C< 

s
6B?(?I &'@*�?I +-9;%(%I -H("$9;*,C N AM6�A)9;*<�L:, &:<%�?I9;?O6BA) DC< |AM6�?(%O6�de -+&?I9;'@%I C
� :<*, D"�6B%(?(')+&:<A) C
�!#&*, &%(�L') D'@*<'@?('M6BA) γ0 WL�q |"<%I9;=<A,+&EG  -H(? st:, nA) -H C<#&?I -+&?I &:<%IH�C< �.Q0¦2	4	5F*, �HI9;*�? "�6;H c,9;EG9;��+&*, r &*8E�6B?I#&%('M6B:��~W�0lAqH^� 6B�L'@?`C
� :<*, �H(:,+-+- -HIH(')9;*C< �"<AM6;st:, -HhC
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� 6;+&') &%�xb9;*t?Y �\[Z �r+&E C
�!#&"�6B')HOHI &:<%� &?�+- &A@A) -HC< jHI+&'@*�?('@A@AM6B?I &:<%^\��j+&E \q+- hEG9;?('�x|HO >%I#&"i+&?I j?I9;:,H	A) -H`Z�\ � �Q+&EX\
+-9;EjEG j'@*,C�')s�:,#jHI:<%	A) jHI+Ic,#&E�6�C< hAM6

),�L:<%I �,W PVW
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��6G?(%O6^yz &%IHI#- JC<  �\[Z �F+&E C
� 6;+&') &%�*, �EG9VC�'@)� �"<%I -HIst:, �"�6;H`AM6jyL6BA) &:<%`C< 

γ
C�:8Er:,9;*U &?` &*,+-9;%I >EG9;'@*,H+- &A@A) GC< dγ

ds

\
st:<'  -H(?�st:�6;H('@EG &*�?J+-9;*,H(?O6B*�?I LW}4`*Ux]6B'@?J6BA)9;%IH�AK� 6B"<"<%I9-��'@E�6B?(')9;* s�:, h?(%O6^yz &%IHI &%rAK� 6;+&') &%^\
A) HI+&'@*�?('@A@AM6B?I &:<%^\�"<:<')H A) nyV')C< L\<%I &yt') &*t? N ?(%O6-yz &%IHO &% :<*XE�6B?I#&%('M6B:8#-st:<'@yL6BA) &*�?`C,6B*,H A) -s�:, &A'�
(

dγ

ds

)

equiv

=

(

2, 54 ×
(

dγ

ds

)

fer

+ 1 ×
(

dγ

ds

)

scint

)

/5, 94.
a �,W#"zf

uw &?(?I r6B"<"<%I9-��'@E�6B?(')9;*Q�z#&* +&%I �:<*, � &%(%I &:<% H(:<%
dγ/ds

C< nEG9;'@*,H C< �S�\ R��[\,st:, &A@A) �st:, 	HI9;'@?DAM6hyL6BA) &:<% C< 
γ
HI:<"$#&%(') &:<%I N R�\, &? C< rAK� 6B*<�LA) rC
� '@*,+&')C< &*,+- /a�'@*�xb#&%(') &:<% N �LS ◦ f|C�:QEr:,9;*qW$4`*Q"<%I &*,C8C<#-HI9;%(E�6B')H�\<"$9;:<%

dγ/ds
\VAK�! p��"<%I -HIH(')9;*8C<9;*<*,#- �"�6B% AK�!#-s�:�6B?(')9;*�a �,W#"zf&W��6 ),�L:<%I �,W��hEG9;*�?(%I JAM6hyL6BA) &:<% '@*<'@?('M6BA) J+^6BA)+&:<A)#- JC< 

γ
C
� :<*QE>:,9;*Q &*Xx]9;*,+&?(')9;*UC< 	AM6jA)9;*<�L:, &:<%nC< rHO6?(%O6;+- 

stot
W

o!),*�C< %I &*,C�%I `6B*�6BA�-V?(')s�:, AM6	+-9;%(%I -H("~9;*,C,6B*,+-  &*�?(%I 
γ0
 &?�AM6nA)9;*<�L:, &:<% ?I9;?O6BA) `C< DAM6n?(%O6;+- L\t9;*� ba~ -+&?(:, :<*Q6�d¦:,HI?I &EG &*�? "�6B% :<*, 	xb9;*,+&?(')9;*Q6B"<"<%I9;"<%(')#- LW�Y�%I &*,9;*,H :<*, 	xb9;*,+&?(')9;*8C�:8?�-V"$ �

γ0 (stot) =
(

a0 + a1stot + a2s
2
tot

)

ln
(

b0 + b1stot + b2s
2
tot

)

.
a �,W PLf
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�� 	EG &'@A@A) &:<%`6�de:,H(?I &EG &*�?�C< -HD"�6B%O6BEG+&?(%I -H`C<9;*<*, �

a0 = 0, 300055 b0 = 40, 8478
a1 = 5, 44961 × 10−3 b1 = 11, 7814
a2 = −2, 0064 × 10−8 b2 = 0, 110866
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� 6;+&') &% C<#&A@'@Ej'@?O6B*t?`AK�! -H("�6;+- '@*�?I &%(EG9VC�:<A) LW$uw &?(?I �#&*, &%(�L') >9;Ej')HI 
∆γ
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� '@*,+&')C< &*,+- rH(:<%`+Ic�6;st:, 	"<AM6;s�:, 

θSM1
 &?
θSM2

W<o`A)9;%IH +- �C<#&" 5;? C
�!#&*, &%(�L') �yL6B:<?0�
∆γ = 2, 54
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1

cos θSM1
+

1

cos θSM2

)(

dγ

ds
(γintermodule)

)
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,
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~v = ~βc
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E = γmc2
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d
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=
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β

d

dτ
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mc2 d

dτ

(

γ~β
)

= qcB~β×~eθ + mc2
~β

β2
dγ

dτ
.
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γ < 4
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1

β2
=

1

1 − 1/γ2
' 1 +

1

γ2
\�"~9;:<%

γ2 � 1.
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fp\�s�:<' -HI?D'@*�xb#&%(') &:<%I N S�\[ �� "$9;:<%
γ > 4
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d

dτ
~β =
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γmc2
~β×~eθ +
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dγ

dτ
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−βθ
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θ+

d

dτ
βr = − qcB
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βz +

βr

γ3
dγ

dτ
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−k2
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d
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−k2
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+ βz

d

dz

(

βz
dr

dz

)

= − qcB

γmc2
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β2z
dr
dz

γ3
dγ
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dz
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r3
− β2zf ′′(z) =

qcB

γmc2
βz
(

1 + f ′2(z)
)
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mc2

βz
(

1 + f ′2(z)
)
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r3
− β2zf ′′(z)
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β2 = β2r + β2z + β2θ = β2z
(

1 + f ′2(z)
)

+
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1 + f ′2(z)
.

a �,W[ LRzf
$�*X'@*;de -+&?O6B*t?>a �,W[ LRzfDC,6B*,H>a �,W[ ���f&\<9;*X?(%I9;:<yz � &**),* �

γ =
qcB

mc2

(

1 + f ′2(z)
) 3

2
√

1 − k2/r2
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n−2k
∑

i=1

n−k
∑

j=i+k

(n − j) =
2k − n + 3kn − 6k2 − 3kn2 + 4k3 + n3
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Moyenne = −0.003897, Ecart type = 0.182775
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Moyenne = 0.265038, Ecart type = 0.398961
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W�Y}6B%Z p�< &Ej"<A) L\AM6[EG#&?(c,9VC< jH(?O6B*,C,6B%IC7C< j.10¦2n4	5Q:<?('@A@')HI h:<*, h?(%O6B*,H(xb9;%(E�6B?(')9;* C< ��9;:<�Lc7A@'@*,#^6B'@%I j"~9;:<%r6BEG9;%I+- &%rHO6%I -+Oc, &%I+Ic, JC< 	?(%O6;+- LW�� � :<?('@A@')HO6B?(')9;*1C< �AM6h?(%O6B*,Hex]9;%(E�6B?(')9;*QC< ��9;:<�Lc N C�'@EG &*,HI')9;*QH(:<"~#&%(') &:<%I �ab+-9;EjEG "~9;:<%wA) `+^6;HwC< AM6r"�6B%O6B=~9;A) �f�"~9;:<%(%O6B'@?|H^� 6-yz#&%I &%|"<A@:,H|HO6B?(')HexK6B')HO6B*�?I �C,6B*,Hw:<*[ &*tyt'@%I9;*<*, &EG &*t?DE�6B�L*,#&?(')HI#+-9;EjEG �A) �HI9;*�? A) -H C<#&?I -+&?I &:<%IH C< �.10¦2n4	5$W
�w') &* st:q� :<*7"~ &: 6BEr=<'@?(') &:,HO L\qAK� ')C<#- �C< h?(%I9;:<yz &%>:<*, hx]9;*,+&?(')9;*�6B*�6BA�-V?(')s�:, GH�� 6�d¦:,H(?O6B*t?>6B:7Ej') &:�� N AM6?(%O6;+- L\,"$9;:<%  &*8C<#-C�:<'@%I �AM6j+-9;:<%(=<:<%I r -H(? HO#-C�:<')HO6B*�?I � &? "<%I9;EG &?(?I &:,HI LW
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o "<%;+-HD6^yz9;'@%w"<%I#-HO &*�?I#L\�C,6B*,HwA) +Ic�6B"<'@?(%I ��,\t:<*[?(%O6-yL6B'@A$C< `%I -+-9;*,H(?(%(:,+&?(')9;*XC< -Hw#&yz#&*, &EG &*�?IHDyV:,H "�6B%A) �C<#&?I -+&?I &:<%^\v*,9;:,Hj6BA@A)9;*,Hryz9;'@%h+-9;EjEG &*�?j9;*�"$ &:<?>:<?('@A@')HI &%>:<* A)9;?JC
�!#&yz#&*, &EG &*t?IHh%I -+-9;*,H(?(%(:<'@?IHJ"$9;:<%C<#&?I &%(Ej'@*, &%�:<*, D9LHI+&'@A@AM6B?(')9;*GC< w*, &:<?(%('@*,9LH C,6B*,H�.1032	4	5$WKc	6B*,H}?I9;:<?�+- wst:<'<H(:<'@?^\;*,9;:,H}*q� :<?('@A@')HI &%I9;*,H�+- b""$ &*,C,6B*t?�"�6;H}AM6�%I -+-9;*,H(?(%(:,+&?(')9;*G"<%I#-HI &*t?I#- �ab+^6B%� &A@A) �*, DC<9;*<*, w"�6;H� &*,+-9;%I DC
� 6;HIHO 
D=$9;*h%I#-H(:<A@?O6B?IHgfp\BE�6B')HAM6h%I -+-9;*,H(?(%(:,+&?(')9;*QHI?O6B*,C,6B%ICXC< 	.Q0¦2	4	5[C<9;*�? *,9;:,H�6-yz9;*,H yV:�A) -HD"~ &%exb9;%(E�6B*,+- -H` &*�?I &%(EG �C< 	%I -+-9;*,H�"?(%(:,+&?(')9;*  &* #&*, &%(�L') LW>cn6B*,H>+- j+Ic�6B"<'@?(%I F*,9;:,H	x] &%I9;*,H	:<*, �6B*�6BA�-�HI GC< -Hr'@*�?I &%O6;+&?(')9;*,HJs�:�6;H('@"l#&AM6;HI?(')s�:, -H"$9;:<%� &*7C<#-C�:<'@%I hA) -H	"�6B%O6BEG+&?(%I -HrC
�!9LHI+&'@A@AM6B?(')9;* (
∆m2

23, sin
2(2θ23)

) W
Yv9;:<%r+- &AM6�\~*,9;:,H	 p�V"~9LHI &%I9;*,H	A) -HEG9;?('@y;6B?(')9;*,HFC
� :<* ?I &A +Ic,9;'��
\�"<:<')HGAM6UHO#&A) -+&?(')9;*_C< �+- �?�-V"~ �C
� '@*�?I &%O6;+&?(')9;*_"�6B%(Ej' ?I9;:<?I -HGA) -H�6B:<?(%I -H^W2`9;:,HFyz &%(%I9;*,HF &*,HI:<'@?I Q+-9;EjEG &*t?^\ N "�6B%(?('@%[C< 8AK�!#&*, &%(�L') QC< -HFEr:,9;*,H/C< -H[#&yz#&*, &EG &*�?IH/HI#&A) -+&?(')9;*<*,#-H^\9;*�C<#-C�:<'@?h+- &A@A) FC< -H>*, &:<?(%('@*,9LHh%I -H("~9;*,HO6B=<A) -HJC< �AK� '@*t?I &%O6;+&?(')9;*q\�6B'@*,H('�st:, �A) -HJ &%(%I &:<%IHhHS-�H(?I#&E�6B?(')s�:, -H"<%I#-HI &*�?I -H�C,6B*,HnA) j+^6BA)+&:<AKW $�**),*q\~?I9;:;de9;:<%IH N "�6B%(?('@%�C< jC<9;*<*,#- -H	H('@E>:<A)#- -H^\~*,9;:,H�C<#&?I &%(Ej'@*, &%I9;*,H	AK�! -H�""�6;+- �x]6^yz9;%O6B=<A) 	C< -H|"�6B%O6BEG+&?(%I -H C
�!9LHI+&'@A@AM6B?(')9;*Xst:, �*,9;:,HD+-9;Ej"�6B%I &%I9;*,H`6-yz -+nA) -H|yL6BA) &:<%IHDC
�! &*�?(%I#- rC< `AM6H('@Er:<AM6B?(')9;*qW

� /21 � � �=9 �%8 �=9���� � ? < ���!9�� ��4�����8 � 8 ��� :=4 � 4�:����f3

uw9;EjEG �*,9;:,H�AK� 6^yz9;*,H|yt:/C,6B*,HwA) `+Oc�6B"<'@?(%I ` �\�AK�!9LHO+&'@A@AM6B?(')9;*/C�:/*, &:<?(%('@*,9hC<#&"~ &*,CFC< �HI9;*/#&*, &%(�L') � &?C< HO6rC�')H(?O6B*,+- C< "<%I9;"�6B��6B?(')9;*qW#c	6B*,H�A) +^6;HwC< .1032	4	5$\LA) x]6B')HI+- ^6B:[C< 2`:,.Q0} &*tyz9;') �C< -H
νµ
H(:<% :<*, C�')H(?O6B*,+- rC< >� �	P;RLSjTVEX\,C<9;*�?`A) rH("~ -+&?(%I �H^�!#&?I &*,CQC< 	EG9;'@*,H�C
� :<* Cn �E N "<A@:,H(') &:<%IH`C�' 
�6B'@*, -H�C< Cn �EJWo :UC<#&?I -+&?I &:<%	A)9;'@*�?O6B'@*q\
9;*U"~ &:<?n p��"<%('@EG &%nAM6F"<%I9;=�6B=<'@A@'@?I#jC
�!9LHI+&'@A@AM6B?(')9;*7C
� :<*U*, &:<?(%('@*,9FE>:,9;*<')s�:, j &*xb9;*,+&?(')9;*8C< rHI9;*X#&*, &%(�L') G�

Pνµ→νx ≈ sin2 2θ23 sin2

(

1, 27∆m2
23

L(km)

E(GeV)

)

,
a�Z�W@��f

9��
∆m2

23

 -H(?� p�V"<%('@EG#� &*7 �E 2 W
� �!9LHI+&'@A@AM6B?(')9;*�6B:<%O6[:<*, j"<%I9;=�6B=<'@A@'@?I#GE�6��V'@E�6BA) GC
� �&?(%I �9;=,HI &%(yz#- h"$9;:<%C< -H #&*, &%(�L') -H
En

?I &A@A) -H s�:, 
1, 27∆m2

23
L

Eosc
= (2n + 1)π2

\,6^yz -+
n
 &*�?(') &%^\�+- �s�:<'qC<9;*<*, �

En = 2, 54∆m2
23

L

(2n + 1)π
.

a�Z�W[ zf
�q -H E�6���'@E�6FC
�!9LHI+&'@A@AM6B?(')9;*U6B"<"�6B%O6��)?(%I9;*t?	C<9;*,+r"~9;:<%`C< -H`#&*, &%(�L') -H`'@*�x]#&%(') &:<%I -H N E0 = 2, 54∆m2

23
L
π ≈�L\[Z Cn �EhW��� ?O6B=<A) ^6B: Z�W@� %I &"<%I &*,C>A) -HZ?(%I9;')HZ"<%I &Ej') &%IHvE�6���'@E�6�\� &?ZAM6�),�L:<%I xZ�W@��%I &"<%I9VC�:<'@?vAM6 "<%I9;=�6B=<'@A@'@?I#C
�!9LHI+&'@A@AM6B?(')9;*�a�Z�W@��f| &*/x]9;*,+&?(')9;*8C< 	AK�!#&*, &%(�L') >C�:�*, &:<?(%('@*,9<W
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Energie du neutrino en GeV

Probabilité d’oscillation du νµ

�|� �|� �$�b�<� =q¥I ^l���l-��¨ ��¡b� �)(  -�O�3��¨�¨��z¡M�) &§F���
νµ
£e§h¢  -§<�g¡ �@ -§F�L£ �( &§G�e§�£e¥ p��)£

� ?O6B*�?rC<9;*<*,#GHO9;*7H("$ -+&?(%I h=�6;HOHI h#&*, &%(�L') 8ar),�L:<%I �R�W[ zfp\q.1032	4	5QC< &yt%O6B'@?ryz9;'@%	AK�!9LHI+&'@A@AM6B?(')9;* 6B:<?I9;:<%rC�:"<%I &Ej') &%�"<')st:, Fab9;%IC�%I >SzfDyz &%IHr�L\[Z Cn �EhW$4`%^\�+-9;EjEG r*,9;:,H`AK� 6-yz9;*,H�C<#¦d N HI9;:<A@'@�L*,#L\,A) -H�#&yz#&*, &EG &*�?IHnC< =�6;HOHI #&*, &%(�L') wHI9;*�?vC<9;Ej'@*,#-Hv"�6B%ZA) -H %D$���Wocn �"<A@:,H^\�A) -H %D$��/+-9;*,H(?('@?(:, &*t?}A) �EG &'@A@A) &:<%}A)9;?ZC
�!#&yz#&*, &EG &*t?IHst:, JAK�!9;*U"<:<')HIHI J'@E�6B�L'@*, &%�+^6B%n?(%;+-Hn"<%I9;"<%I L\
C<9;*,+>?(%;+-Hn=<') &* %I -+-9;*,HI?(%(:<'@?^W�uw Jst:<'�H('@�L*<'@)� hs�:, h+L�! -H(?nA) ? -t"~ /C
�!#&yz#&*, &EG &*�?[s�:<'|*,9;:,HGC<9;*<*, &%O61A) /EG9;'@*,HjC
�! &%(%I &:<%�H;-VH(?I#&E�6B?(')st:, /C,6B*,HhAM61%I -+-9;*,H(?(%(:,+&?(')9;*_C< AK�!#&*, &%(�L') L\|C<9;*,+1C< 8AK�! -HI"�6;+- QC< -HF"�6B%O6BEG+&?(%I -H^W|.16B')H[#&yV')C< &EjEG &*�?^\|AK� :<?('@A@')HO6B?(')9;*kC< -H %D$���*,#-+- -HIH('@?I C
� 6B=~9;%ICXst:q�!9;*�A) -H ')C< &*t?('@)� $#$u��! -H(? +- �st:, n*,9;:,H`6BA@A)9;*,H  -HIHO6�-z &%`C< 	%I#^6BA@')HI &% C,6B*,HDAM6hHO -+&?(')9;*8s�:<'qHI:<'@?^W

�{/�� 358 :�� �24�<"�=9 ��� ��4�: � ? 8�: 9
	�� �;8!: �=9�� ?�4�:

o "<%;+-H}AK�!#&?O6B"~ |"<:<%I &EG &*�?�6BA@�z9;%('@?(c<Ej')st:, C< w%I -+Ic, &%I+Oc, C< w?(%O6;+- L\L &?�C< w%I -+-9;*,H(?(%(:,+&?(')9;*�C< |AK�!#&*, &%(�L') L\*,9;:,Hr"$9;:<yz9;*,H�"<%I9t+-#-C< &% N AM6�HI#&A) -+&?(')9;* C< -H>#&yz#&*, &EG &*�?IHJs�:<'�*,9;:,H�'@*�?I &%I -HIHI &*t?>"~9;:<%�+- &?(?I F6B*�6BA�-�HI �A) -H�'@*�?I &%O6;+&?(')9;*,Hhs�:�6;HI'�#&AM6;H(?(')s�:, -Hr"�6B%r+-9;:<%O6B*�?IHJ+Ic�6B%(�z#-H>C< 
νµ
WqYZ9;:<%>%I#^6BA@')HI &%r+- &?(?I GHO#&A) -+&?(')9;*q\q'@A� -H(? -HOHI &*�?(') &ADC< /H^� 6B"<"<: -z &%jH(:<%hA) -HhH('@Er:<AM6B?(')9;*,HG.19;*�?I Xu|6B%(A)9UC
� '@*�?I &%O6;+&?(')9;*,HFC< [*, &:<?(%('@*,9LHjC< �xK6B')HI+- ^6B:6^yz -+	A) -H C<#&?I -+&?I &:<%IH^W���6h?I -+Oc<*<')s�:, >C< 	HI#&"�6B%O6B?(')9;*QH^�! ba
 -+&?(:, 	C< 	E�6B*<',+&%I 	?(%;+-H`H('@Ej"<A) �

A 9;* +Ic,9;')H('@?wde:,C�')+&') &:,HI &EG &*�?�:<*UA)9;?	C< Jy;6B%('M6B=<A) -H	+^6B%O6;+&?I#&%(')Hg6B*�?r6B:UEj') &:��1+Oc�6;s�:, h? -t"~ hC
� '@*�?I &%�"6;+&?(')9;*`\
A 9;*89;"<?('@Ej')HI >C< -H +-9;:<"<:<%I -H�H(:<% +- -H`y;6B%('M6B=<A) -H "$ &%(EG &?(?O6B*t?�C< >HI#&"�6B%I &% A) -H #&yz#&*, &EG &*t?IH	HI &A)9;*X?I &A9;:�?I &Aq?�-V"~ 	C
� '@*�?I &%O6;+&?(')9;*`\
A 9;*J6B"<"<A@')st:, �+- -Hv+-9;:<"<:<%I -H}6B:��r#&yz#&*, &EG &*�?IH�6
),*hC< �A) -HZ%O6;HIHI &Er=<A) &%} &*r"�6;st:, &?IH^\BHI &A)9;*rA) -Hv+&%('@?;+&%I -HC<#b),*<')HD"�6B% AK�!9;"<?('@Ej')HO6B?(')9;*Q"<%I#-+-#-C< &*�?I JC< -H +-9;:<"<:<%I -H^W
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uw9;*,+&%;+&?I &EG &*�?^\|AM6 C�' 3�+&:<A@?I#1C< XAK�! p�< &%I+&')+- 8 -HI?FC,6B*,HFA) X+Ic,9;'��_C< Q+- -H�yL6B%('M6B=<A) -HFC�')HO+&%('@Ej'@*�6B*�?I -H^W��6 "<%I &Ej',+&%I 7+-9;*,H(?O6B?O6B?(')9;*q\ AM6�"<A@:,H�*�6 �]yz L\  -H(?Xst:, UA) -H %D$�� "<%I9tC�:<')HO &*�?X:<*, UxK6B'@=<A) +-9;Ej"~9LHO6B*�?I c�6;C�%I9;*<')s�:, LW`��6 E�6�d(9;%('@?I#7C< AK�!#&*, &%(�L') �C�: *, &:<?(%('@*,9_ -HI?�?(%O6B*,H(Ej')HI 6B: Er:,9;* C,6B*,H8A) -HX%I#^6;+&?(')9;*,H
νµ + n → µ− + p

W}�q �"<%I9;?I9;* 6B'@*,H('D"<%I9tC�:<'@?j"~9LHIH;+-C< &%O6U &* EG9�-z &*<*, X:<*, �#&*, &%(�L') XC
� :<*, 8+- &*�?O6B'@*, C< [.1 �Eh\} &?>A) /C<#&?I -+&?I &:<%j*, [A) ["$ &%I+- &yV%O6Qs�:�6;H('@EG &*t?j"�6;H^W}�q -H &�$w5$\Z &:��
\v"<%I9tC�:<')HI &*t?G &* "<A@:,Hh:<*, %I#-HI9;*�6B*,+- [ab &*Q�z#&*,#&%O6BAZ:<*, 
∆(1232)

+-9;EjEG r*,9;:,H`AK� 6-yz9;*,H`yV:QC,6B*,H`A) r+Ic�6B"<'@?(%I [��fDst:<'�HI >C<#-H('@*�?;+&�L%I "$9;:<%>"<%I9tC�:<'@%I FC< -Hr"<')9;*,H^WZo '@*,HI'K\
AM6XHI9;EjEG FC< jAK�!#&*, &%(�L') [C�: "<')9;*  &?JC< �+- &A@A) FC�: %I -+&:<A�C�: *�:,+&A)#-9;*"<%I9tC�:<'@?IH �z#&* +&%I 	:<*, n"�6B%(?(') 	c�6;C�%I9;*<')st:, �"<A@:,HD'@Ej"~9;%(?O6B*�?I LW~uw &AM6h*, 	HI n?(%O6;C�:<'@? "�6;HD?I9;:;d(9;:<%IHD"�6B% :<*, �z &%(=$ rc�6;C�%I9;*<')s�:, >yt')HI'@=<A) LW $�*U ba~ &?^\�A) �"<')9;*1#&?O6B*�?�=<') &*1HI9;:<yz &*t?�C< �x]6B'@=<A) >#&*, &%(�L') L\�'@AZ*, �?I9;:,+Oc, >"�6;H"<A@:,H C
� :<*, �9;:XC< &:��/=�6B*,C< -H 6-yL6B*�? C
� �&?(%I >6B=,HI9;%(=$#n"�6B%DA) 	C<#&?I -+&?I &:<%^W~uw &"$ &*,C,6B*t?^\<AK� 6;C<C�'@?(')9;*QC�:�"<')9;*6B:�*�:,+&A)#-9;*X"<%I9�yz9tst:, 	:<*XH('@�L*�6BA�6B:/*<'@yz ^6B:8C�:�yz &%(?I p�
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Nombre de bandes, par événement, de densité > 6
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Nombre de bandes, par événement, de densité > 10
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Nombre de bandes, par événement, de densité > 12
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Nombre de bandes, par événement, de densité > 14
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(Pν + PN)2 = (Pµ + PN′)2

M2
ν + M2

N + 2Pν · PN = M2
µ + M2

N′ + 2Pµ · PN′

Pν · PN − Pµ · PN′ =
M2
µ + M2

N′ − M2
ν − M2

N
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θxx′
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(~px, ~px′)
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Pν · PN − Pµ · (Pν + PN − Pµ) =
M2
µ + M2

N′ − M2
N

2

Pν · (PN − Pµ) =
M2

N′ − M2
µ − M2

N

2
+ Pµ · PN

Eν (EN − Eµ − ε cos(θνN) + pµ cos(θνµ)) =
M2

N′ − M2
µ − M2

N

2
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Eν =

(

M2
N′ − M2

µ − M2
N

)

/2 + Pµ · PN

EN − Eµ − ε cos(θνN) + pµ cos(θνµ)
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ε = 0
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Eν =

(

M2
N′ − M2

µ − M2
N

)

/2 + EµMN

MN − Eµ + pµ cos(θνµ)

a�Z�W PLf

� 
 �,� � � ��� ��	�� ����� � 
�	�� � 


YZ9;:<%�:<* %D$ ��\LAM6�%I#^6;+&?(')9;*� -H(?
νµ+n → µ−+p

W � ?O6B*�?�C<9;*<*,#Dst:, |*G &?�"G9;*�?�s�:�6;H('@EG &*t?�AM6�E��&EG E�6;HOHI _ a N �L\ R[.1 �E "<%;+-Hgfp\
(M2

N′ − M2
N)/2 ' 1, 2 × 10−3GeV2 W~�q h?I &%(EG M2

µ/2
\
s�:�6B*t? N A@:<'vyL6B:<?

} ���
���������O�K�O�
���
∆
�K�;�����������o�[� �[�[�%�� ���B�����b� � � � �



���!#&*, &%(�L') rC< -HD*, &:<?(%('@*,9LH ���^�

 &*�yV'@%I9;*
2, 5 × 10−3GeV2 W cn 	"<A@:,H^\,C< -H Er:,9;*,H�C< 	?(%I9;"�xK6B'@=<A) -H #&*, &%(�L') r*, nxb9;*t? "�6;H C< �?(%O6;+- -H�6;HIHO 
A)9;*<�L:, -HG &?jHI9;*�?j%I ¦d( &?I#-H^\vAM6Q"<A@:<"�6B%(?GC�: ?I &Ej",H^\v"�6B%jA) -Hj+-9;*�?(%O6B'@*�?I -H�Ej'@*<'@E�6BA) -HGC< /%I -+-9;*,H(?(%(:,+&?(')9;*qWo '@*,H('K\,E��&EG �"~9;:<% :<*XE>:,9;*QC< >S�\[Z�Cn �Eh\,A) 	*t:<EG#&%O6B?I &:<%	 -H(? C<9;Ej'@*,#�"�6B%

EµMN > Eµ(GeV)GeV2 W���! p�V"<%I -HOH(')9;* a�Z�W PLfD6B?(?I &'@*t?�6BA)9;%IH HI9;*8*<'@yz ^6B:8C< 	H('@Ej"<A@'@)�+^6B?(')9;*8E�6���'@E�6BAY�

Eν =
EµMN

MN − Eµ + pµ cos(θνµ)
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� :<*, �9LHO+&'@A@AM6B?(')9;*

νµ → νµ
"�6B%�AM6>EG#&?(c,9VC< `C�:

χ2
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α ' 4, 5mrad
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(sin2(2θ) = 1,∆m2 = 2, 5 × 10−3eV2)
­

2`9;:,H�"~9;:<yz9;*,H`yz9;'@%nst:, rE��&EG h6B"<%;+-H�A) -H "[6B*,H�C< >C<9;*<*,#- -H^\$AK�! &*,+^6;C�%I &EG &*t?�C< 
∆m2  -H(?nH('@Ej'@AM6B'@%I N+- &A@:<'�C< F5t:<"~ &% ��6BEj')9;TL6B*,C< 1a�EG9;*t?(%I#F &*f),�L:<%I � �W#"zfp\qE�6B')H>EG9;'@*,H�=~9;* st:, �+- &A@:<' st:, GAK� 6B*�6BA�-�HI GC< .Q0¦2n4	5 +-9;Ej"<?I F9;=<?I &*<'@%h6B: =~9;:<?>C�:7E��&EG F?I &Ej",H^\ N HO6-yz9;'@%J:<*  &*,+^6;C�%I &EG &*�?jC< ∆m2 N �^S�� aSR��+Ic�6B"<'@?(%I �RzfpWquw &?(?I jC�'@a
#&%I &*,+- JH��! p�V"<A@')st:, J"�6B%	A) >"~9;?I &*�?(') &A�C
�!9;"<?('@Ej')Hg6B?(')9;* C< J*,9;?(%I h6B*�6BA�-�HI hst:<'v*q� 6"�6;H�"<:��&?(%I D p�V"<A)9;'@?I#DC,6B*,H HO6`�LA)9;=�6BA@'@?I#LW(cn w"<A@:,H^\;*,9;:,H�*q� 6-yz9;*,H "�6;H�EG &*,#|AK� 6B*�6BA�-�HI DC< |AM6�E��&EG wx]621-9;*s�:, `AM6J+-9;A@AM6B=$9;%O6B?(')9;*�AK� 6�x]6B'@?^W#$�*� ba
 &?^\t?I9;:<?I �AM6r"�6B%(?(') nH(:<%�AK� '@*��,:, &*,+- 	C< -H| &%(%I &:<%IHDC< �%I -+-9;*,H(?(%(:,+&?(')9;*H(:<%�AM6/x]9;%(EG GC�:�H("$ -+&?(%I G*q�! -H(?r"�6;Hr?(%O6B'@?I#- �C< GAM6�E��&EG jxK621-9;* "�6B%rAM6X+-9;A@AM6B=$9;%O6B?(')9;*qWv0lA� -H(? N *,9;?I &%#&��6BA) &EG &*�?Ds�:, A) -H H("~ -+&?(%I -H  &?�A) -H�%O6B"<"~9;%(?IH�C< HI"$ -+&?(%I -H� ba~ -+&?(:,#-H�"�6B% AM6	+-9;A@AM6B=~9;%O6B?(')9;*/HI9;*�?w ba~ -+&?(:,#-HH(:<%}AK�!#&*, &%(�L') �yV')H('@=<A) L\;+L�! -H(?�" N "lC�'@%I |AM6�HI9;EjEG |C< �AK�!#&*, &%(�L') |c�6;C�%I9;*<')s�:, |yV')H('@=<A) | &?vC< wAK�!#&*, &%(�L') |E>:,9;*<')s�:, yt')H('@=<A) LW=c	6B*,H AK�!#&?(:,C< rst:<'qyV') &*�?�C
� �&?(%I r"<%I#-HI &*t?I#- L\�*,9;:,H`+-9;*,H(')C<#&%I9;*,H`AK�!#&*, &%(�L') r?I9;?O6BA) >C�:8*, &:<?(%('@*,9�+- 



����� � ����
�� 
(��� ��������
��K�����	�^������� ���X� � ��� �����������K���

st:<'
AM6B')HIHI n=~ ^6B:<yz9;:<"XEG9;'@*,H`C< 	"<AM6;+- r6B:��/'@*,+- &%(?('@?(:,C< -H`HS-�H(?I#&E�6B?(')st:, -H^\�*,9;?O6BEG &*�? N =�6;HIHI 	#&*, &%(�L') LWYv9;:<%n+- rst:<'� -H(?`C< �AK� 6B*�6BA�-VHI %D$���E��&EG L\,:<*�de &:1H(:<% A) -H`"�6B%O6BEG+&?(%I -H`C< >+-9;:<"<:<%I J6B:<%O6B'@?`"<:Q+- &%(?O6B'@"*, &EG &*t? C<9;*<*, &% A@') &: N C< -H|%I#-H(:<A@?O6B?IH "<A@:,HD'@*�?I &%I -HIHg6B*�?IH^W,2�9;:,H 6-yz9;*,H "<:�yz#&%('@)� &% #&��6BA) &EG &*�?�s�:, 	+- &?(?I 6B*�6BA�-�HI j6F:<*U"$9;?I &*t?(') &A�*,9;*U*,#&�LA@'@�z ^6B=<A) L\
=<') &*7s�:q�! &* C<#&=<:<?�C< hC<#&yz &A)9;"<"~ &EG &*�?^\�+^6B%	 &A@A) hC<9;*<*, jC< -H%I#-HI:<A@?O6B?IH�+-9;c,#&%I &*t?IH�6-yz -+>AM6G%I#^6BA@'@?I#L\$ &?�"$ &:<?�9;=,HI &%(yz &%n:<*, r9LHI+&'@A@AM6B?(')9;*qW~Yv9;:<%�EG &*, &% N =<') &*QAM6 ),*1C< +- &?(?I |6B*�6BA�-�HI L\^'@A�HI &%O6B'@?�'@Ej"~9;%(?O6B*�?�C
�!#&?(:,C�') &%}A) +-9;Ej"~9;%(?I &EG &*�?�C< -Hv &%(%I &:<%}H(?O6B?(')H(?(')st:, � &?vHS-VHI?I#&E�6B?(')s�:,  &*Qx]9;*,+&?(')9;*1C< -H�+-9;:<"<:<%I -H^\$?O6B*�?�6B:8*<'@yz ^6B: C< -H`y;6B%('M6B=<A) -HnC�')HI+&%('@Ej'@*�6B*t?I -H�st:, rC< -H
P � � � � � W
uw &AM6F p�V'@�z  &*,+-9;%I �:<*['@Ej"$9;%(?O6B*t?D'@*�yz -H(?(')HOHI &EG &*�?^\�*,9;?O6BEjEG &*t?  &*F?I &Ej",H|C< n+^6BA)+&:<AK\V"$9;:<%|#&?(:,C�') &%|AK�! &*,HI &Er=<A) nC< -H"~9LHIH('@=<'@A@'@?I#-H�W



� �
�

� �������	��
��
���

o :f),A C< -H�C< &:��7C< &%(*<') &%IH>+Oc�6B"<'@?(%I -H^\q*,9;:,HJ6-yz9;*,Hr"<: +-9;*,H(?O6B?I &%>st:, j?(%O6B'@?I &%�A) -H>C<9;*<*,#- -Hr+-9;EjEG +- &A@A) -HrC< G.1032	4	5UC< &E�6B*,C< �:<*7?(%O6B'@?I &EG &*�?J'@*�xb9;%(E�6B?(')st:, GA)9;:<%IC  &?r+-9;:<?I &:��  &*7?I &Ej",H^W��q jxK6B'@?rst:, A) -H C<#&?I -+&?I &:<%IH|HI9;') &*�?�E�6B�L*,#&?(')HI#-H|6B"<"$9;%(?I &*t?�:<*, `C�' 3�+&:<A@?I#`H(:<"<"<A)#&EG &*t?O6B'@%I 	6B:G*<'@yz ^6B:[C�:�?(%O6B'@?I &EG &*�?C< -HGC<9;*<*,#- -H^\}E�6B')Hj:<* �L%O6B*,C =~#&*,#b)�+- /"$9;:<%jAK� '@*�x]9;%(E�6B?(')9;*_st:, /AK�!9;* "$ &:<?G &* ?('@%I &%^W�� � 6B*�6BA�-VHI /"�6B%+-9;:<%(=<:<%I rC< -HD?(%O6�d( -+&?I9;'@%I �C< -HDE>:,9;*,H ')HIH(:,H C< -HD'@*�?I#&%O6;+&?(')9;*,H�C< -HD*, &:<?(%('@*,9LH "�6B%`+-9;:<%O6B*�?IH +Oc�6B%(�z#-H` -HI?:<*F6B?I9;:<?� -HIHO &*�?(') &A�C,6B*,H AK� 6B*�6BA�-VHI "$ &%(EG &?(?O6B*t?wC
� 6B:<�LEG &*t?I &%w+-9;*,H(')C<#&%O6B=<A) &EG &*t?|A) |yz9;A@:<EG �)�C�:,+&') &AK\� &?C<9;*,+L\tAM6>H(?O6B?(')H(?(')st:, LWV��6�%I -+-9;*,HI?(%(:,+&?(')9;*86BA@?I &%(*�6B?('@yz �st:, `*,9;:,H|6^yz9;*,Hw"<%I9;"$9LHI#- 	6B:/+Ic�6B"<'@?(%I �hHI =�6;HI  -HIHI &*�?(') &A@A) &EG &*t? H(:<%|+- &?|6;HI"$ -+&?^W �w') &*[st:, �AK� 6B*�6BA�-VHO EG &*,#- 	6B:/=$9;:<?w*, nC<9;*<*, �"�6;HwC< `%I#-H(:<A@?O6B?IH 6B:,HIHI'"<%I9;=�6B*�?IHJs�:, j+- &:�� C< jAK� 6B*�6BA�-�HI GH(?O6B*,C,6B%IC7C< j.10¦2n4	5$\~AM6/%I -+Oc, &%I+Ic, [C< -H	?(%O6;+- -HrC< hE>:,9;*,H N AK� 6B')C< C< >AM6F?(%O6B*,Hex]9;%(E�6B?(')9;*7C< �`9;:<�Lc N ?(%I9;')HnC�'@EG &*,H(')9;*,H	"~ &:<? �&?(%I J'@*,HI#&%I#- hC,6B*,HnAK� 6BA@�z9;%('@?(c<EG GH(?O6B*,C,6B%ICC,6B*,H�A) j=<:<?JC
� 6BEG9;%I+- &%>AM6/%I -+-9;*,HI?(%(:,+&?(')9;* "�6B%�A) ),A@?(%I �C< ��6BA@E�6B*ka�:<?('@A@')HI#GC,6B*,HrAM6�%I -+-9;*,H(?(%(:,+&?(')9;*H(?O6B*,C,6B%IC�fpW}YZ9;:<%G+- &?(?I [%O6B')HI9;*q\Z'@AwHO &%O6B'@?J*,#-+- -HOHO6B'@%I FC< ["~9;:,HIHI &%JC,6-yL6B*�?O6B�z /AK�!#&?(:,C< /C< [*,9;?(%I F%I -+-9;**"*�6B')HIHO6B*,+- /C< �?(%O6;+- -H�\v &* 6B"<"<A@')st:�6B*�?GC< -Hj6BA@�z9;%('@?(c<EG -HGC< [+-9;*�yz &%(�z &*,+- �"<A@:,HJ"~ &%exb9;%(E�6B*t?IHjs�:, [+- &:��:<?('@A@')HI#-H^\~6B'@*,H('vst:q�! &*1%I -+Ic, &%I+Ic�6B*t?�:<*, >*,9;:<yz &A@A) rx]9;*,+&?(')9;* N ?(%I9;')H`"�6B%O6BEG+&?(%I -H	st:<'vH^� 6�de:,H(?I &%O6B'@?�Ej') &:��
N AM6r+-9;:<%(=<:<%I `�z#&*,#&%O6BA) nC< `AM6	?(%O6;+- LW���� 6^y;6B*t?O6B�z 	C
� :<*F?I &A$EG9tC�:<A) �C
� 6BEG9;%61^6B�z �"$ &%(EG &?(?(%O6B'@? 6BEG#&A@')9;%I &%A) -H>"~ &%ex]9;%(E�6B*,+- -HJ &*�%O6B"<')C�'@?I#/ &?J &*�"<%I#-+&')H(')9;* C< FAM6X%I -+-9;*<*�6B')HIHg6B*,+- [C< FEr:,9;*,H�\vC<9;*,+[C< [+-9;:<%O6B*�?IH+Ic�6B%(�z#-H^W
$�*F+- `s�:<'�+-9;*,+- &%(*, `A) D?(%O6^y;6B'@A~H(:<%�A) !),A@?(%O6B�z C< -H #&yz#&*, &EG &*t?IH^\VA) D=<:<?� -HI? ?I9;:<?w6B:<?(%I LWt��� ')C<#^6BA~#&?O6B*�?�C< "$9;:<yz9;'@%nHI#&"�6B%I &%�AK�! &*,HI &Er=<A) jC< -H�#&yz#&*, &EG &*�?IHn"�6B%�?�-V"$ JC
� '@*�?I &%O6;+&?(')9;* �$+-9;:<%O6B*�?IH�*, &:<?(%I -H �G+-9;:<%O6B*�?IH+Ic�6B%(�z#-H^\$E�6B')H�#&��6BA) &EG &*�?�6B:1HO &'@*QC< -H�+-9;:<%O6B*�?IH	+Ic�6B%(�z#-H�\$9;*1HI9;:<c�6B'@?I >"$9;:<yz9;'@%nHI#&"�6B%I &%�A) -H�%D$�� \�A) -H
&�$�5$\} &?JA) -H�cn0(5$WZ� �!9;=�de &?jC< F*,9;?(%I ),A@?(%I /+-9;*,H(')HI?I N ')HI9;A) &%JA) -H %D$���W�2�9;:,Hh6^yz9;*,Hhyt: st:, FHI#&"�6B%I &%A) -H %D$��kC< -H &�$�5  -H(?JA)9;'@* C
� �&?(%I F#&yV')C< &*�?^\ N +^6B:,HI L\� &*t?(%I /6B:<?(%I L\}C< FAM6��L%O6B*t:<AM6B%('@?I#�C�:�C<#&?I -+&?I &:<%^Wuw &"$ &*,C,6B*t?^\~*,9;:,Hn6^yz9;*,H	#&AM6B=$9;%I#J:<* ),A@?(%I J=�6;HI#>HI:<%�C< &:��8yL6B%('M6B=<A) -H	C�')HI+&%('@Ej'@*�6B*t?I -H	s�:, >*,9;:,H�6-yz9;*,H+-9;*,H(?(%(:<'@?IH^\< &*�"�6B%(?(') 	�L%/.;+- N AK� 6B*�6BA�-�HI 	C�:�+Ic�6B"<'@?(%I �,\< &?|st:<'
"~ &%(EG &? C
�!9;=<?I &*<'@% :<*�A)9;? C
� :<*, n=$9;*<*, "<:<%I &?I#L\tE�6B')H|C
� :<*, � 43�+^6;+&'@?I#n &*,+-9;%I `?(%I9;"FxK6B'@=<A) LWt��6>HI#&"�6B%O6B?(')9;*�#&yz#&*, &EG &*�?D"�6B%|#&yz#&*, &EG &*�?|"~9;:<%�:<*9t &'@A$c�6B=<'@?(:,#L\�"$ &:<?|C<9;*<*, &%DC< EG &'@A@A) &:<%IH|%I#-HI:<A@?O6B?IH^\�+- `st:<'�AM6B')HOHI "<%I#-Hg6B�z &%|st:q�! &*/#&AM6B=$9;%O6B*t?  &*,+-9;%I `A) -H+&%('@?;+&%I -H`C< �HO#&A) -+&?(')9;*Q9;*8"~9;:<%(%O6B'@?�6BEG#&A@')9;%I &%�C< 	xK621-9;*8+-9;*,H(')C<#&%O6B=<A) >A) ),A@?(%I L\� &?`+- rC<#¦d N  &*X"~9;:,HIHO6B*�?AK�!#&?(:,C< >C< r*,9LH yL6B%('M6B=<A) -H`C< >HI &:<'@AZst:<'q*q�!9;*t?�"�6;H "<: �&?(%I J9;"<?('@Ej')HI#- -H^\,x]6B:<?I >C< �?I &Ej",H^W~uw9;EjEG r*,9;:,HAK� 6-yz9;*,HDH('@�L*�6BA)#` &* ),*/C< +Oc�6B"<'@?(%I Z�\t'@A�HO &%O6B'@?�*,#-+- -HIHg6B'@%I `C
�!#&?(:,C�') &%|A) -Hw+-9;*�?I9;:<%IHDC< +-9;**)�6B*,+- �'@*,C�:<'@?IH"�6B%`+Ic�6;st:, >?�-V"$ >C< >+-9;:<"<:<%I J &?`+Oc�6;s�:, >y;6BA) &:<%�C< -H yL6B%('M6B=<A) -H�C< >HI &:<'@AK\�"$9;:<%� &*QC<#-C�:<'@%I >AM6G+-9;**),�L:*"%O6B?(')9;*X9;"<?('@E�6BA) �C< n"$ &%(EG &?(?O6B*t? C< n%I &?(%I9;:<yz &%DAK�!9LHI+&'@A@AM6B?(')9;*Q6^yz -+	A) �"<A@:,H C< �"<%I#-+&')H(')9;*qW�uw &AM6h+-9;*,H(?('@?(:, #&yt')C< &EjEG &*t? :<*X?(%O6^y;6B'@Aq'@Ej"~9;%(?O6B*�?� &? �z9;:<%(E�6B*,CX &*X?I &Ej",H`C< 	+^6BA)+&:<A� &? C< n?(%O6B'@?I &EG &*t?^W

���!#&?O6B"$ hH(:<'@yL6B*�?I h+-9;*,H(')HI?I &%O6B'@?	6BA)9;%IH N 6;C,6B"<?I &%	C< r*,9;:<yz &A@A) -HnyL6B%('M6B=<A) -H^\~ &*,+-9;%I r"<A@:,H	C�')HO+&%('@Ej'@*�6B*�?I -H^\6
),*UC< >"~9;:<yz9;'@%�HI#&"�6B%I &%nA) -H %D$�� C< -H	6B:<?(%I -H�'@*�?I &%O6;+&?(')9;*,H^\~yz9;'@%I hC
� :<?('@A@')HI &%�:<*U%I#-HI ^6B:UC< r*, &:<%I9;*, -H �
� ���
�i�����[���]�2�K�2� �����]�K�;� �������S�O�!��� �o�������b�
��� �������e���]��� �����
�O�
� �������b�[��� �^�O���;���[�b���^�b�
�=���i�o�O� �
�����
�'�
�O�!�O�[�o��� ���b�����



� � � � �^���������X� �^�

HI'@Er:<AM6B*�? d¦:,HI?I &EG &*�? AM6h%I -+-9;*<*�6B')HOHO6B*,+- r#&yz#&*, &EG &*t? "�6B% #&yz#&*, &EG &*t? "�6B% AK�!9V &'@A
c�:<E�6B'@*qW@W@W� �!#&yz9;A@:<?(')9;*1C< 	AK� 6B*�6BA�-�HI >C< �.Q0¦2	4	5F*q�! -H(?`C<9;*,+	"�6;H` &*8=<:<?I#- L\, &?`:<*, 	%I -+Ic, &%I+Oc, hHO6B*,HD%I &A:.;+Ic, JC< 	AM6EG &'@A@A) &:<%I |"<%I#-+&')HI')9;*J"~9LHIH('@=<A) wH(:<%vA) -Hv"�6B%O6BEG+&?(%I -H
23
C< �AK�!9LHI+&'@A@AM6B?(')9;*G -H(?v:<*j#&A)#&EG &*�?�C<#&?I &%(Ej'@*�6B*�?�"~9;:<%A) -Hn p��"$#&%(') &*,+- -H	C< J*, &:<?(%('@*,9/C< J"<%I9t+Oc�6B'@*, h�z#&*,#&%O6B?(')9;*7+-9;EjEG JA) -H	 p�V"~#&%(') &*,+- -HnC�'@?I -HG{&9oa="36���')H�{J6B:��

� ?O6B?IH�"lm *<')H|"~9;:<%D2`9
ν
6>9;:�6B:���6B"~9;*/"$9;:<% �! ��jW*cn �E��&EG L\tA) -H �,:��[C< `*, &:<?(%('@*,9LH�\,6B"<%;+-HD9LHI+&'@A@AM6B?(')9;*q\6B:<"<%;+-H|C< -H| p��"$#&%(') &*,+- -H|H(:<%w%I#^6;+&?I &:<%DHI9;*�?DC�'@%I -+&?I &EG &*�?DA@')#-H N ∆m2

23

Wto`'@*,H('K\t:<*, =~9;*<*, �+-9;*<*�6B')HIHO6B*,+- "<%I#^6BAM6B=<A) [C< �+- -H>"�6B%O6BEG+&?(%I -Hh -H(?�:<* 6B?I9;:<?>'@Ej"~9;%(?O6B*�?J"$9;:<%>A@'@Ej'@?I &%>A) -Hr'@*,+- &%(?('@?(:,C< -HhHS-VHI?I#&E�6B?(')s�:, C,6B*,H AM6hEG -H(:<%I �C< 
θ13

"<:<')H C< 	AM6J"<c�6;HO �C< nyt')9;AM6B?(')9;*QC< >uwY�6;+-+- -HIHI'@=<A) � &*�?(c,#-9;%(') >6B:��� p�V"~#&%(') &*,+- -H"�6B%`C�')H("�6B%('@?(')9;*qW

�o�o������� 	o�B�����
�������K�2���;���[�b�����= 
νe

�
�
�= 
νµ/e �



��� �

� ��� �	�
�������	��
����

�!o c�6B%(Ej'@E  &?�6BAKW@\  LSLS^Z 
>o`c�6B%(Ej'@EX\ �nW, &? 6BAKW�a x]#&yt%(') &%� LSLS^ZzfpW ��VSQ ��VOJML T]\�6B%�
�'@yI� *t:,+&A@"l p� �;S^ZLS^ LS^ ��LW
�!o c<EG -CX &?�6BAKW@\  LSLS � 
Jo`c<EG -C
\�5$Wz2>W; &?�6BAKW,a� LSLS �tfpW$.1 ^6;H(:<%I &EG &*�?w9Bx�?(c, �Z9;?O6BA�oD+&?('@yz 8 � 5V9;AM6B%�2` &:*"?(%('@*,9 i A@:��86B? ?(c, >5t:,C�=<:<%S-�2` &:<?(%('@*,9/4`=,HI &%(yL6B?I9;%S- �D'@?(c $�*<c�6B*,+- -CQ2� &:<?(%O6BAvu�:<%(%I &*t?n5V &*,H('@?('@yV'@?�-zW
� ��� �OJ�R;H����!Q d J�Q�� ��QXT�T�QbV
�p\ �^ <ae� �zf{�@� ���^RLS�� A 	JW

�!o '@?I+Oc<')HI9;*Q6B*,C �� X-z\  LSLS � 
>o`'@?I+Ic<')HI9;*q\�0gW �,WK&rWL6B*,C �� X-z\Lo>W �,W(CjW�a� LSLS �tfpW��!H����(Q�T �*QSUKVbJ�Q �!JrL �*HKVXTeJeR��,Q
����� �OJ�R ����� �=VSH�R�TeJ�R;H���JML TeVSU ��� R�TeJ�UKL��

3rd Q � � d U�� � ��� � ��� ���;W �w%(')H(?I9;AK\<:<T �<039;"X -C�'@?(')9;*qW
�!o A@'@:8 &? 6BAKW@\= LSLS^Z 
>o A@'@:q\K$ WB &?�6BAKWVa� LSLS^ZzfpW $�yt')C< &*,+- wx]9;%ZE>:,9;*j*, &:<?(%('@*,9n9LHI+&'@A@AM6B?(')9;*j'@*h6B*G6;+-+- &A) &%O6B?I9;%�"=�6;HI -C� p��"$ &%('@EG &*t?^W � ��� �����!Q d � �>QXT�T �M\ � � � S���� �LS^ �W
�!o A@AM6B=�-/ &? 6BAKW@\�������� 
Jo`A@AM6B=(-z\ �,W*EhW< &?`6BAKWqae�������zfpW"��9;?O6BA�+&%I9LHIHS"lHI -+&?(')9;*,H 9Bx}+Ic�6B%(�z -C8+&:<%(%I &*t? *, &:<?(%('@*,96B*,C86B*�?('@"K*, &:<?(%('@*,9F'@*�?I &%O6;+&?(')9;*19;*X')HI9LHI+^6BAM6B%D*t:,+&A) &'KW"! ��� ��� ���)\�u|R�� � ��SLR A �,�^S�W
�!o *,C�%I -9;"~9;:<A)9LH`6B*,C C�6BA@AM6B�Lc, &%^\= LSLS^Z 
>o`*,C�%I -9;"$9;:<A)9LH�\�u�W,6B*,C C	6BA@AM6B�Lc, &%^\ �JW
a� LSLS^ZzfpW ��9V9;A)H|xb9;%D*, &:*"?(%('@*,9j'@*�?I &%O6;+&?(')9;*QEG9tC< &A�y;6BA@')C,6B?(')9;*qW�# �*R � �$� ��� � ���%VSUBR � � � � � � �M\
�^R � �[ �tP A  ^Z^ �W
�!o "~9;A@A)9;*<')9G &?`6BAKW@\
��� ��� 
ho "~9;A@A)9;*<')9<\;. WB &?�6BAKWVae��� ���zfpW,03*<'@?('M6BA�%I -H(:<A@?IHZx�%I9;E�?(c, u �	4	4��GA)9;*<�n=�6;HI &A@'@*, %I ^6;+&?I9;% *, &:<?(%('@*,9�9LHO+&'@A@AM6B?(')9;*8 p�V"~ &%('@EG &*�?^W%� ��� �OJ�R � ��Q�T�T�QbV �'& \��( LS � R �zP A ��S �,W
�!o %O6BTV'q &?`6BAKW@\  LSLS^Z 
>o`%O6BTV'K\ �	W, &?`6BAKW�a� LSLS^ZzfpWw.1 ^6;H(:<%I &EG &*�?�9Bxv*, &:<?(%('@*,9[9LHI+&'@A@AM6B?(')9;* �D'@?(c8T;6BEjAM6B*,C �
$�yV')C< &*,+- �9Bx}HI"$ -+&?(%O6BA�C�')HI?I9;%(?(')9;*qW�� ��� � ����Q d � �>QXT�T �)\ � � � S���� �LS��LW

� ��:,C<C8 &?`6BAKW@\  LSLS^Z 
 �w:,C<C
\��JW@\��w9VC< &T~\Lo>W@\z6B*,CGo`%(%('@*<�L?I9;*q\ �,W,a� LSLS^ZzfpW=E� -+&?I9;%�6B*,C�6���'M6BA�x]9;%(E�x]6;+&?I9;%IH6B"<"<A@') -C�?I9j*, &:<?(%('@*,9Gst:�6;H(') &AM6;H(?(')+rHI+^6B?(?I &%('@*<�,W�#�� R�� �$� ��� �����%V�U�R � � � � � � �M\
�^R � � �LS A �^Z�W
� uw9;c, &**"��Z6B*<*,9;:,CBde'K\Z���zP;R 
Guw9;c, &**"��Z6B*<*,9;:,CBde'K\ u�W�ae���zP;RzfpW F 
SR;HKL J � � Q � �*HKL=TeJ � � Q)( U�� � � W �` &%(E�6B*<*
� �LSh"qW

��cn6^yt')H` &? 6BAKW@\q����"�� 
 c	6-yV')H^\=&`6�-VEG9;*,C
\ �,W@\ �n6B%(EG &%^\�cJW~5$W@\�6B*,C �`9oa~E�6B*q\ �jW$u�WZae����"��zfpWn5V ^6B%I+Ic1x]9;%*, &:<?(%('@*,9LHDxb%I9;E ?(c, 	H(:<*qW�� ��� � ���!Q d � ��QXT�T �M\  LS5�@�B LS^Z A �B LS ��W
��$�')C< &A@E�6B*Q &?`6BAKW@\  LSLS � 
 $�')C< &A@E�6B*q\�5$W@\ �n6�-z -H�\ �jW@\ 6B*,C 4`A@'@yz L\��jW	W�a� LSLS �tfpW &  &yV') �� 9BxjYv6B%(?(')+&A) Y�c(-�H(')+-H^W � ��� �OJ�R � ��QXT�T�QXV �'& \ Z �^ 5�@� 	JW
� i :,+Ic,H� &? 6BAKW@\  LSLS � 
 i :,+Oc,H^\ �	W@\�Cn &�z &A@'M6�\ �,W@\�6B*,C15V+Ic, &%I &%^\
5$Wqa� LSLS �tfpW'$�A) -+&?(%I9;E�6B�L*, &?(')+>x]9;%(E�x]6;+&?I9;%IH9Bxv?(c, n*t:,+&A) -9;*8'@*X%I &AM6B?('@yV')H(?(')+	=�6B%S-z9;*Q+Ic<'@%O6BA�"~ &%(?(:<%(=�6B?(')9;*8?(c, -9;%S-zW+* ��� ��� ���)\ C	RLS �@����SzP A ���( �"�W
��C	6BA@AM6B�Lc, &%^\= LSLS^ 
 C�6BA@AM6B�Lc, &%^\ �JW�a� LSLS^ zfpW �|c, *, &:<�z &*[*, &:<?(%('@*,9h &yz &*�?w�z &*, &%O6B?I9;%^W,#�� R�� �-� ��� � �.�xV�UBR �

� � � � � �)\
�L�B �@� ��� A ��� �,W
��C	6BEG9 ��6B*,C �� &A@A) &%^\q���LR�" 
GC	6BEG9 ��\]ChW~6B*,C �� &A@A) &%^\ $ W�ae���LR�"zfpWr5V &A) -+&?(')9;* %(:<A) -H`x]9;%`?(c, J=~ &?O6�C�')H('@**"?I &�L%O6B?(')9;*qW � ��� �����!Q d �M\ � �5��� �^Z A � � ��W
��Cn9;A)C�c�6B=$ &%` &?`6BAKW@\
���^Z�� 
 Cn9;A)C�c�6B=~ &%^\�. W@\*C�%I9VC 
-'@*,H^\t� W@\�6B*,C�5t:<*(-�6B%^\<oJW�ae���^Z��zfpW$�` &A@')+&'@? -F9Bxq*, &:<?(%('@"*,9LH^W/� ��� �����!Q d �M\q�^S � �@�^S��BZ A �^S���PVW
��Cn9;A)C<H(?I9;*, � &?`6BAKW@\
����"^ 
GCn9;A)C<H(?I9;*, L\ �,W@\�5�6BAM6BEX\<oJW@\<6B*,C[�7 &'@*�=~ &%(�,\�5$Wqae����"^ zfpW ��%I9;Tz &*XH;-tEjEG &?(%(') -H^W
� ��� � ����Q d �M\q�B zP5� ��"^Z A �zP;S�W



� ��� �������#�M��� �����	�%��


� �`9tC,6BE�6� &? 6BAKW@\  LSLS�� 
 �`9tC,6BE�6�\ �jWz &?�6BAKW�a� LSLS���fpWq4`=,HI &%(yL6B?(')9;*�9Bx
?O6B:*"K*, &:<?(%('@*,9>'@*�?I &%O6;+&?(')9;*,H^W � ��� ���
��QXT�T �M\���ZLS � �[ �� � A  ^ �,W

� �`9;%IC<9LH(T#-/ &? 6BAKW@\= LSLSLR 
 � 9;%IC<9LH(T#-z\�.�W, &?`6BAKWZa� LSLSLRzfpW|u|6BA)C< &?`c�6;C�%I9;*QC,6B?O6�6B*,CQ6B*�6BA�-VH(')H�W �� -+Oc<*<')+^6BA%I &"$9;%(?^\<2`:,.Q0�"l2	4 ��$�"lo`2�o�" � �tPVW
�!Yv &?I+-9^y~\= LSLS � 
hYZ &?I+-9�y$\ 5$W �	W a� LSLS �tfpW72� &:<?(%('@*,9UE�6;HIHI -H�\ZEj'���'@*<�,\}.16�d(9;%O6B*�67uwY�"KyV')9;AM6B?('@*<� "<c�6;HI -H6B*,C

(ββ)0ν
C< -+^6�-~W�#0Q�� *�U��#VbL=H���U � � ��� �OJ�R �p\)"5�@�^S � A 	JW

� 5tEj'@%(*,9�y$\� LSLS � 
h5tEj'@%(*,9^y~\�oJW��jWza� LSLS �tfpW��|c, �EGH �  ba
 -+&?�6B*,C	E�6B?(?I &%Z ba
 -+&?IH
'@*�*, &:<?(%('@*,9 9LHI+&'@A@AM6B?(')9;*,H^W
� 5tEj'@?(cq\����zPK 
j5tEj'@?(cq\�u�W �JW$� W�ae���zPK zfpWJ2� &:<?(%('@*,9�%I ^6;+&?(')9;*,Hr6B?r6;+-+- &A) &%O6B?I9;%> &*, &%(�L') -H^W � ��� � ���!Q �iT �)\R5�[ �"��LW
� �79;A�x] &*,H(?I &'@*q\q���zP�� 
J�79;A�xb &*,HI?I &'@*q\F��WUae���zP��zfpW 2� &:<?(%('@*,9 9LHO+&'@A@AM6B?(')9;*,H '@* E�6B?(?I &%^W � ��� � � �!Q d �M\cJ��P �[ LR�" ��W
� � :Q &? 6BAKW@\q���^ZzP�
r� :q\zu�W@\�o`Er=<A) &%^\K$ W@\ �n6�- �w6B%IC
\^&rW���W@\ ��9;"<"$ -H^\ochW�chW@\L6B*,C �`:,C<HI9;*q\o&rW�YZW<ae���^ZzPLfpW
$}�V"~ &%('@EG &*�?O6BAZ?I -H(? 9Bx}"�6B%('@?�-�+-9;*,HI &%(yL6B?(')9;*8'@*�=~ &?O6hC< -+^6�-zW � ��� � ���!Q d �)\q�^S^Z �@���,�^R A ���,�BZ�W

� ��6B*<�,\����^Z � 

��6B*<�,\vu�W!2JWq &?r.Q'@A@A)H^\]&>W ae���^Z �tfpW/uw9;*,HO &%(y;6B?(')9;*�9Bx|')HO9;?I9;"<')+GH("<'@* 6B*,C ')HI9;?I9;"<')+j��6B:<�z '@*�yL6B%('M6B*,+- LW � ��� ��� ��Q d �M\ ��"5�@����� A ����"�W
� ��:<=~ &%^\  LSLS � 
 ��:<=~ &%^\ �jWqa� LSLS �tfpW%#0Q �*TeVOJML=U ����� �OJ�R �&W �w%(')H(?I9;AK\<m � ��0e4�Y a� LSLS �tfpW



� ������� �

���! &*�?(c,9;:,H('M6;HIEG 7C< UAM6�+-9;EjEr:<*�6B:<?I#7HI+&') &*t?('@)�s�:, 7"$9;:<%/AK�!#&?(:,C< C< -H�9LHI+&'@A@AM6B?(')9;*,HXC< 1*, &:<?(%('@*,9LH�*q� 6C
�!#&��6BA�s�:, |A) -H�E�6;HIHI -H�C< DA) &:<%IH C<#&?I -+&?I &:<%IH^W����! p��"~#&%(') &*,+- .Q0¦2	4	5JC<#&?I &%(Ej'@*,  &?�+-9;Ej"�6B%I A) -H H("$ -+&?(%I -H"<%I9t+Oc, -H  &?�A)9;'@*�?O6B'@*,H�C< -H}*, &:<?(%('@*,9LH�E>:,9;*<')s�:, -H�C�:hx]6B')HI+- ^6B:G2`:,.10g\L6
),*�C< |EG -H(:<%I &%�C< &:��h"�6B%O6BEG+&?(%I -HC
�!9LHI+&'@A@AM6B?(')9;* �
∆m2

23

 &?
sin2 (2θ23)

W��q -HGH("~ -+&?(%I -HjHI9;*t?G9;=<?I &*�:,HG"�6B%�6B*�6BA�-�HI �C< -Hj'@*t?I &%O6;+&?(')9;*,HG"�6B%+-9;:<%O6B*�?IHn+Ic�6B%(�z#-HnC<9;*�?�AM6GC�' 3�+&:<A@?I#>%I#-H(')C< JC,6B*,H AK� ')C< &*t?('@)�+^6B?(')9;* C< -H "<%I9VC�:<'@?IH`C< -H`'@*�?I &%O6;+&?(')9;*,HGab LW �,WEr:,9;*,HgfpW�m`*, /EG#&?(c,9tC< �6BA@?I &%(*�6B?('@yz �"~ &%(EG &?(?O6B*�?FC
� ')C< &*�?('@)� &%�A) -Hh?(%O6;+- -HjC< [E>:,9;*,HG+-9;:<%(=$#- -HG"�6B%JA) +Ic�6BEj"7E�6B�L*,#&?(')st:, jC< -H	C<#&?I -+&?I &:<%IH^\q6B'@*,H('�st:, hC< JC<#&?I &%(Ej'@*, &%rA) &:<%IH	#&*, &%(�L') -H� -H(?n"<%I#-HI &*�?I#- jC,6B*,H	+- E�6B*�:,HI+&%('@?^W~��6[HI &*,H('@=<'@A@'@?I#JC< -H�C<#&?I -+&?I &:<%IH	 -H(?�9;"<?('@E�6BA) J"~9;:<%`A) -H`'@*�?I &%O6;+&?(')9;*,Hrs�:�6;H('@"l#&AM6;HI?(')s�:, -H�C<9;*�?:<*, 	EG#&?(c,9tC< rC< �HI#&A) -+&?(')9;*8 -H(?D"<%I9;"~9LHI#- L\�6
),*QC
�!#&?(:,C�') &% A) &:<% 9LHI+&'@A@AM6B?(')9;*qW ��') &*Qs�:, n%I#-C�:<')HO6B*t? AM6hH(?O6
"?(')H(?(')s�:, L\�:<*, �?I &A@A) J#&?(:,C< �'@*t?(%I9tC�:<'@?nEG9;'@*,H�C
�! &%(%I &:<%�HS-�H(?I#&E�6B?(')st:, L\�+-9;*,H(?('@?(:�6B*t?`AM6GEG#&?(c,9tC< >')C<#^6BA) NA)9;*<�G?I &%(EG LW

� 	 ��

������


�|c, Q &*t?(c�:,H('M6;H(E 9Bx	?(c, 1HI+&') &*�?('@)�+1+-9;EjEr:<*<'@? -_x]9;%FH(?(:,C*-V'@*<� 9LHO+&'@A@AM6B?(')9;*,H[9Bx�*, &:<?(%('@*,9LH[')H[ -s�:�6BA@A) -C9;*<A�-[=�-F?(c, �E�6;HIH 9Bx}?(c, &'@% C< &?I -+&?I9;%IH^W �|c, �.10¦2n4	5[ p��"$ &%('@EG &*t?`C< &?I &%(Ej'@*, -H�6B*,CX+-9;Ej"�6B%I -H ?(c, 	*, ^6B%H("$ -+&?(%(:<E 9Bx�Er:,9;*<')+/*, &:<?(%('@*,9LHhxb%I9;E ?(c, [2�m�.Q0	=~ ^6BE ?I91?(c, [x]6B%h9;*, L\}'@* 9;%IC< &%J?I91EG ^6;H(:<%I /? ��99LHI+&'@A@AM6B?(')9;*�"�6B%O6BEG &?I &%IH �
∆m2

23

6B*,C
sin2 (2θ23)

W��|c, H("~ -+&?(%O6�6B%I 9;=<?O6B'@*, -CF=(-G6B*�6BA�-�H('@*<��?(c, `+Ic�6B%(�z -C+&:<%(%I &*�? '@*t?I &%O6;+&?(')9;*,H �Dc<')+IcFC�' 3�+&:<A@? -jA@') -H�'@*G')C< &*t?('�xM-V'@*<�r?(c, '@*�?I &%O6;+&?(')9;*,H�"<%I9tC�:,+&?IH�ab LW �,WzEr:,9;*,HpfpW�o`*6BA@?I &%(*�6B?('@yz rEG &?(c,9VC�')C< &*�?('�xe-V'@*<��?(c, �?(%O6;+- -H`9Bx�Er:,9;*,H^\�=$ &*t? =(-/?(c, �E�6B�L*, &?(')+`)� &A)C89Bx}?(c, �C< &?I -+&?I9;%IH^\6B*,C1C< &?I &%(Ej'@*<'@*<��?(c, &'@%	 &*, &%(�L') -Hn')H�"<%I -HI &*t?I -CU'@*Q?(c<')H�E�6B*�:,HO+&%('@"<?^W �|c, >HO &*,H('@?('@yt'@? -Q9Bx ?(c, hC< &?I -+&?I9;%IH')H�9;"<?('@E�6BAvx]9;%`?(c, Jst:�6;H('@"l &AM6;H(?(')+J'@*�?I &%O6;+&?(')9;*,H^\$x]9;% �Dc<')+Ic76[HI &A) -+&?(')9;*QEG &?(c,9VC1')H�"<%I9;"$9LHI -C
\�?I9/H(?(:,C*-?(c, &'@% 9LHI+&'@A@AM6B?(')9;*qW $�yz &*�?(c,9;:<�LcX'@?|%I -C�:,+- -HD?(c, 	HI?O6B?(')H(?(')+-H^\<H(:,+Oc86>HI?(:,C*-F'@*t?(%I9tC�:,+- -H|x] ��� &% H;-VH(?I &E�6B?(')+ &%(%I9;%IH^\,+-9;*,H(?('@?(:<?('@*<�F?(c, n')C< ^6BAqEG &?(c,9tC89;*X?(c, nA)9;*<�G%O6B*<�z LW


