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$-e eγ ννγ ννγ ννγ νν→→→→�γγ ννγγ ννγγ ννγγ νν→→→→ ������ �	
�� ��

.#66� 3.;��33� @�6��33� W��A�33�# �A�3364��� γγ νν→��l33� �# 
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:��F8 ��f5�#7� 

)�!(
( ) ( ) ( ) exp( ) ( )

( ) ( ) ( ) ( ) ( ) ,

iA x B x A x B x

iA x B x A x B x

µν
µ ν

µν
µ ν

θ

θ Ο θ

∗ ≡ ∂ ∂
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D8���Q�� θ# ��68 ���� W��A��@�6 2|� �#.��5�s3H� ��738
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.#� 7.���A��# ��� ;��3� @�6��3� �A�364��� γγ νν→��l3� �#

�9$��� ���D8�� �8 ��θ2.
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��33�;$33a��� _33H78 =33a&� Ca33H 
z

E
M

α θ2 2 6

4
33� �

z

E
M

α
Λ

2 6

4 4
<#�#

 �� ���70 .# q�3E :��3%�� �# ��3T�# $3H @3�2M3� W��A���

b��DS eθ�:� $� �� ;� �� ��9 \$��� 5��� 6��# �# �A�364��� 5

��70��879 �7U � '��# s�Ca3H d3� �'3H� W�3� ���3� 76

 �� `H�6I� =a&� Eα θ2 4 6��Eα
Λ

2 6

8
��78 $4 #7� ���70 E�3� 

%�9R $� $�78�#�F�� 
;Pm8 2��> �'H� �.D8���3A�
� 5Ca3H 

����U =a&��# @�2M3� �# W��A���A��m3I9� #73�� '3	S $3� 

9�:7�5�&� �# �3�# $3H �3� $J3�# W��A��$3� ��3T 'DJ39
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θ

θ

θ

−
= − ×

− − −

+ − +

− +
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1 3 1 1 1 3 3 1 1
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2

2

( ) .k µ 



1

�# 'H# $�a��� �#��R �� �# W73I6�� ��U ��&� �79�> :� N�� �\

zγγ��k k k+ + =1 2 3<#�4 <#�XIH� ���� @�B �s�b{�� $4 @

��G;k ν
2#�# ���> �Xc �� ����� �� �s.�3g� :� d3� $4 ��U k ν

2

��;	�� �����879 �����70 $6��# �# 76�'��# s

( ) ( ) ( ) ( ) ( ) ( )k u p v p u p k v pν
νγ γ γ/− = −5 5

2 1 2 1 2 21 1 ,

# q�E :����# �T�s

k p p/ = − −/ /2 1 2 ,

%#�F� :� <#�XIH� �� �0R �# ��#���� ���;�879 ��#7� �Xc ���76

	���@��� �74-� 5�#7�.

�p9���9$��� 5��� 9�
��p9 h����$9�� �;'H� .� �#�9 �
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5� 3IG�� $3� ��78536��# $34 #�# ��m39 �A�364��� 5�6M���3� 

γγ νν→8 'Z8�D�2)!(�#���95��9�� .# b��DS $���T
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ρ ν
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µα νρ ν ρ ν ρ
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ε γ γ

θ θ θ

θ

θ

θ
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)f%�(

)�(

.#�1.�A�64��� γγ νν→W�� 
4�� b�YIP� <�TIH# �# .'%�G

)f%� (2D> b��i #�70�� �)�(#�70�� :� �F�.

>.�??��� ��??� ��	
��??
 ���??����� γγ ννγγ ννγγ ννγγ νν→→→→�. 
�<0��9,
�= ���= 

>.7.����� �� ��#89��:�. 
H=a&� Ca 5	�J9��X�#a��� :� �:��'H# $�5�R��

( )
.

d Pd Pm
d p p k k

E Ek k
σ δ

π ν ν
= + − −

×

2 33
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1 3 1 32 2 24 4 1 3

rr

.

).�(

� :� 2D>�:�#�3�� $36��# ��-3
� _3H7I� $DH�Z� $� $M6��3I�� �s

 �4 �� N�� b��DS 'H�5<#�H 64 �8�s.���;��<�TI3H# �73p6� @

�� b�YIP� �p9 �# �� W�� 
45�A���s.2M�(<�36�# ��m39 

#��� b��i '%�G;���0 �5� �# �'H� <�TIH# @.

2M� �#(��: ���α�β8�8 $����: `�Da> $5I�3H �5

��#�� 5a0 '��G <:��9� �879 �76;%78 �'3H� <�� �.@�36u�� 

���5�64�sθ
r

$ZXc �# xz'H� =>�� .�� �0R �#;��: ��

λ��T9��@5�A���s.

A�64��� �7U5V�3X8� W�� 
4�� b�YIP� <�TIH# �# V7� 

5� #��3� b��i W73I6�� r7�
� ��I��;'3H� �X3c .3��E :�5

9787������# ;W�� 3a��� ���36� � �6IJ3� �X3c�^�39� ;<:��39�

5a0 '��GDJ9 b��i �I5

E P=
22 r

,

I9�$
5�#7� $�^�9� ;9 ��9R 3��3��� �3���� s3� �3� 
.�73E $3�

$c{0���#����U '��G <:��9� : 2M� $� �� b��i 3� �3�9 ���

5� �#�s
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,
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ν

ν

=

= −

=

=
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r

r

r

r
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ν
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νπ
+ −=

×
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2 3

2 2 21 3

1

4 4

r

I9�
���� ��I%# =��8 q-G P P= −2 1
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T�65Pd 1
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E′: b��DS $����� �;# =a&� CaH �J9��X�	55�H��s
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d d d          E E

k k
σ β α
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×
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4
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35 ��
 �!"�#�$�% �&��'(�) *+�� ,+� 
$-e eγ ννγ ννγ ννγ νν→→→→�γγ ννγγ ννγγ ννγγ νν→→→→ ������ �	
�� ��

8����.=a&� CaH �6M���� :� 5lF� ;^�9� ���&� �6U �# �4��� ;�� .<#�# �7IH ;�� ��� �� �0RGeV���Λ ='3H# $3� '3H� <�3�R .

$� �7��� ��#�&�=a&� CaH `JG �� �cm25� ����.

MeV
E

1 γγ ννσ → γγ γννσ → e eγ ννσ →
NCσγγ νν→

�w�� *�w��×./� �.w��×�/� − *.w��×!/.

� �*w��×./� !.w��×�/� − ��w��×!/.

�� �.w��×�/. !�w��×�/. − ��w��×!/.

��. !�w��×�/. ( w��×�/. (�w��×�/ !(w��×!/.

��� !�w��×�/. (�w��×�/. (�w��×./� ( w��×!/.

��( ((w��×�/. ((w��×�/. � w��×!/� (.w��×!/.

#�4 �4i�W�
9� :� d� � s��JM;9N7E b�DH�Z� 5a��� ��:��

��'H# $� 5���R�s
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. . . .( )

. . . . . . . . .
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 
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sin
. . . . . . . . . . . .

(sin cos sin cos sin cos )
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k p k p k p k p
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θ θ θ θ θ θ

θ λ
θ θ θ θ θ θ θ θ
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2

3���: ;�� ;�3�A Q��TI9� ��5��l3� 
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Λ

≅
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����3336��A�33364��� =333a&� Ca333H @5γγ νν→�l333� �#;

�9$��� 5��� �:� $� ;^�9� ���&� �� ;3a��� :� �)..('3H# $3� 

5� R��.�� �����p9 $4 #�4 '># ����9$3��� 5��3� 3�p9 h�3��

%{I0�5'H� .�6F5#�&� ��DIS� ��# =3a&� Ca3H $3� �73��� �

$a���)..(�I����� 'H�# ��PI9� $� ���m� �E�&� �# 3�$J

��Λ'H� .$a��� �# $4 ��U)�!(3I>� �5�l3� �# ;W73I6�� 

-� �� �#7� $I�79���� @I�� 

,�. .p pθ <<���p
Λ

  << 
 

2

�7� smU $� :�
�53D8�� b{3�� :� �θ2IJ3� �8N�3� ��s.

�33A� N�33GGeV���Λ =^�9� �#733� ��33PI9� ��33�33a��� �# �

)..(�G �8;[8���53� 3664 ��3� $34 �GeVE <<100�� 

�664 <#��R��.

@.,ABC 
� �#�3��F� @�B �$%�&� @5��� 3�3H��� '5�6M���3� �3�;

H�6� <��IH �# �4���5A�364��� =a&� CaH �5e eγ νν→�� 
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'H� <�� <#��R .#�&��#�S �;� $� �7��� ��# =E�3&� CaH @

^�9����;Q��� �# f	IP� �'H� <�� �4i .

A�64��� =a&� CaH b�DH�Z����;)�(�).(b�73c $� 

	Z8�	5'3H� <�3� �4i =���� �# ]�.[%# $3� 3� � 2�� $3M6 3� @

^�39� �G �# �# b�DH�Z�;eE m<< �e Wm E M<< << 

��3� �-3% �'3H� <�3� W�
9�;MeVE =10�MeV�E =

#�&���&8 ��D5'H� <�� �4i _&� .� {D> $4 �7E ���� ��� 3� ��

#�4�$a��� �s)��(<#��Z� �#em E<<#��# ��DIS� .����6��@

95�A�64��� =a&� CaH ��785e eγ νν→^�9� �#���;����@

� :� ���#�4 $DH�Z� $a��� @.

<#�# :� $4 $u9R ��;����D6IH� Q�5�� #7��$34 '3H� @

A�64��� =a&� CaH5e eγ νν→^�39� :�3
� ���&� �� �# ;

# =a&� CaH ����6M���3� �T �3�;'3H� `3%�t �34��� .:�

��E5A�364��� =3a&� CaH 5�879 � �7387� ��J3m4 ��# 736

�l�;�9$��� 5��� �&� �# 3�$��m3� #�73� �3� $J �l3� �# ,�;

$��� 5��� �9 b�7c �# �-% � 'H� �IA�
�$��� ����l3� �#73� 

�@M�� Q�9�4 h:� ;���^�9� �#�# 'H# ;<��IH �;'H� .

�9�.��D � �	E4 
$6�
� :� 5I�J> '39��F� _3H78 �B�G ����� $� �7��� ;��

'H� <�� @���8 ���Xc� 5IF6c <�Tm9�# 5m���� W�IZ�.
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