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���� .

5��E :� 

( ) . ,

. .

e

e

s p q m p q

s m
p q

= + = +

−
⇒ =

2 2

2

2

2
�'���9 �# �a���)z(��: b�7c $�$I�795�#7� 

( ( cos ))s Eme E
θ

′
− + +2 1

2
.

I9 �#�� $
�a�:)�(ة 2M� $��<#�H �5�#7� 

( )

( )

.

( cos )

,

e G fd
p q

q p q p k k

s Eme E

d P d K d K p q p k k
E E Ek k

σ
π

µ ν
µ ν ν µ

θ

δ

= ×

′+
×′

+ +

′ ′
′ ′+ − − −

′ ′

2 2

10 52

100 4

2 1
2

3 3 3
4

r r r

 

)��(

��E :�5����a��[��TI9�5:���# �� ��s%ة.[

( )

( ) .

d K d K k k r k kE Ek k

r g r r

µ νδ

µν µ νπ

′ ′ ′+ − =∫
′

+

3 3 4

2 2
6

r r

@IJ9�# �� N�G��a�� �F8ة N�� �f: b�7c $� ��

r p q p′= + − ,

��a��(ة�(b��DS $�:��D8 ��25�#7� 

)��(

( )

. ( cos )

. . . .

e G fd s Ep q me E

d P p q r r p r q
E

σ
π θ

= ×′× + +

′
+

′

2 2
1

11 4 23 2 1
2

3
2104 208

r

�33��#�334 @�T��33� d P ′3 r
�33� (cos )d E dEπ θ ′ ′22$334E′

�9�^;%�s���# +'H� 5���9 ���IM 

)�.(( )
( )

(cos )

cos
.

cos

e G s Ef E dE d
me

E E
E E

s Eme E

σ θ
π

θ

θ

′ ′= ×∫ ∫
× −

′ ′
− + −

′
+ +

2 213 1

6 33 2 1

2
21 1

28
2 1

2

lF�5�4 :� �I��;�#���9 5���3� $4;3H� �� $3� ���a��(ة.(:�

��a��(ة�(<#�XIH�5�:� �68��DS ��97� 

. ,

( ) . ,
. ( cos ) ,
. ( cos ) ,

( ) ,
. ( ( cos )) ,
. ( ( cos )) ,
. .

p q E

s p q p q E
q p EE
p p EE

r p q p r E E E
r p E E E
r q E E E
r p EE

θ
θ

θ
θ

=

= + = =
′ ′= +
′ ′= −

′ ′= + − ⇒ = −
′= − −
′= − +

′ ′=

22
2 22 4
1
1

2 4
2 1
2 1

2

�$
�I9 �# ���� ;24 =a&� CaH 	Z8 b��DS�	5:���70 �� ��s

'��# 

)��(/ ,
/

sG E nf
me

σ α
 
 =
 
 

2 20 03
23 8

l

$4α'H� �� ��I0�H '��g �s�� 'H������ E2(.

� $3� 3�8�8 @33� `3�	Z8 b��3DS h�33	5��3� ;=33a&� Ca3H 

A�64���5e eγ νν→'H# $�53� ��R 3�s.:� $34 �73E ��3�� 

��a��(ة�(#��Z� �'H� W7	F�ةIH�# ��DIS� 5=a&� CaH:��ة� 
m Ee <5� ���� .� $ID%��9 ��pI9� :� ��# ��� @�$34 ��U �'J

��H�H� ��� ���� $%#�F��9 @5Q��TI9� W�T6� �# $4 #7� A3��;

I��A �p9 �#�s.

5.�<0��9,�= ���= 

�l� �#w�9 ���:$��� 5��� �l� b�YIP� �ws� �� ���:$��� �3� 

95��97� .�6F5a��� �# �$��� 5���:�V�c �5��664 

)�((,[ , ]*x x x x x x iµ µ µ µνν ν ν θ≡ ∗ − ∗ =

�R �# $4µνθ���3�� � '3H� '3��g � ���3&I� #�� �7J9�8 h

a��� :� $4 �7E��� V7� 5�R����# ��;'H� Q7E ��-
� �F� .



3� ��
 �!"�#�$�% �&��'(�) *+�� ,+� 
$-e eγ ννγ ννγ ννγ νν→→→→�γγ ννγγ ννγγ ννγγ νν→→→→ ������ �	
�� ��

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

�9$��� ���D8�� �8 ��θ.

$a��� �# $4 <��IH ��B)�((� �'H� $I�� ��4 $��A�5�l� ;

�9$��� 5��� ��� � 'H� ;� �# ���� ( )A x�( )B xb�73c $3� 

:��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

∗ ≡ ∂ ∂

= + ∂ ∂ + 2

2

2

s r

 

	�����9 =��8 _J� :� �0R 5�'H# $� 5�R��.h3U74 ��� ��

 �I����� �#7�θ�5�3D8�� b{�� :� ��78�θ2q�3c �8N�3� �

#�4 �p9 .�� :��� $a��� @��3G �# $34 '3H�� θ →0�l3� �;

%7�F�5'H# $� �5R��.

��33�;�33XG �9�33M5�p9 �#733� 33���33� �a33H ��733��� ��� 

�8�33� Q�� �7I33H � Q���dµνθ�33p9 �# �X33c �� 533� A���339� 

�6F5��# �s

)��(, ,...,µ µθ θ µ= = =0 0 0 0 3

����6���8�� @�dµνθ���# ;X%7� $H�#73� �3��70 2&IJ� .�3�

 � :� <#�XIH��X%7� $H @��2&IJ� 5���78�b�73c $3� ��#�� h

:�'0�H �

)�*(.( , , )θ θ θ θ= −23 13 12r

�9 �I�����$��� 5��� �Λ�� :� �;��#�� θ
r

: 2M� $� 3��F8 �3�f

5� #7� 

Λ
θ

=
1
r .

~����: #�3Z8� �# 3���3� �;�3F� b�D3H�Z� W�3
9� ;�l3� �# ;

�9$��� 5���X����70 �#7� �

. . .( )

. . . ( . ) ( . )( . ) ,

a b a b a b

a g b a b a b a b

µνθ θ θµ ν

µν αβθ θ θ θ θ θ θµ να β

≡ = ×

≡ = −
2

rr r

r rr r rr r
 

)� (

�N�3� b��3DS �# $4a�b$3� � �39� <�73P%# ��#�3� ��3U �# 

: b�7c��F8 ��f5�97��

( , ) ,

( , ) .

a a a

b b b

µ

µ

=

=

0

0

r

r

��#�Z8� b�Dg�;a��� �)� (_3���� :� <#�XI3H� �3�)��(�)�*(

'H� 'H���H.

�� �S�7>�'3H# $3� �64 :� @�6 53� R��36 .� �73�x�3H��;

���2o� �zγγ�γγγ�γνν�l� ��0 ;9�$��� 5��� 'H� 

336U #���9�I33H� Q�33� �# ��A�33� '33X� @���5�33� �b��i @

���9�s]�(.[

���;�6M���3� γγ νν→�l3� �# ;�9$3��� 5��3� �# �

D8���Q�� θ# ��68 ���� W��A��@�6 2|� �#.��5�s3H� ��738

#�4.

��H5H $4 �� �<#�4 <� ��sI9 �# ��3
��9$3��� �3� �l3� �#73� 

V�X8�5��3I�� .8�73c �#5� $34 �\zνν#���9�I3H� Q�3� �# 

�l�;%7�F� 59�#��# #7�� .$4 �7E ����5���6��l3� �# s;

�9$��� 5��� �879 � �787� ��E :� 76 3� 3I0�# ��#73�9 }5s3� �3� 

�6M����5��664.

D8�� �# ����θ2��3� ;# ��3�U ��74-3� �6M���3� 3�W��A�

���@�6 2|� �#�A�64��� =a&� CaH �# 5�9��# �&9 24 .

� $� $�78 ����I����� $4 @θ0�	5�� �'H� hU74 �� �3�@

� Q�OH�� ����A�364��� =3a&� Ca3H #�7� �# yZ� $4 �5�38 

D8���θ28���B $U 53�4 �3� ��� �'��# ���70 5�3� � '3># 

	Z8 :� <#�XI33H�33�#�33F�� 2;��m339 533� 33�#�=33a&� Ca33H $334 s

#����A���;2M���&� �# 3�# �3� $J����A� �3�;2M3� .���# �;

D8���A�� 5�9�JM5�6IJ� .

336��# �#�A�3364��� 5#33�2M33� W��A� .�I����33� �
zM

αθ
2

��

��70�'��# s.=>�� �# 
zM 2
1��:7� �A��mI9� �z'H� .d3� 



������ �	
�� � ����� 	���� � ����� ���� 33 

.#� 7.���A��# ��� ;��3� @�6��3� �A�364��� γγ νν→��l3� �#

�9$��� ���D8�� �8 ��θ2.

b��DS =a&� CaH �# 
zM

αθ 
  
 

2

2
�� ���70 ���x .�I����3� ��68

#��T;^�9� �'H� $	�J� b�S{E� �� $4 ;#��3� b��i ;�#

�W�� 4�� b�YIP� <�TIH# E'H� �.I9 �#�'3H�# �3F� �$


��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
zM 4
1

'33H� �IMU7334 .� $33�33�%# @33�	Z8 �# 233�#�33F�� 2;V733� 

�m9 <�9�
6A .

��3PI9� �� GeV���Λ =� @�3B ��$3M6 53� 39�#�W�3� s

��:7�z�GeVz� <���m� �'H� 5�� $34 #73� 3� Ca3H �# @

a&����# =;A�� 5�9�JM5�6IJ� .

� s3�� �3&9 $3� $3�78 �3� � V73� QN�IH� �� �6� 3� $397A @

�6M���� �3� 4 �# �3H�6� ��3�53H�6� <��I3H �# �5��� �3�'

H���5�6M���� ��;�879 � �787� �3D8�� �8 76�θ2�l3� �# ;

�9$��� 5���9�'H� @��� .

� �# �����3�68 $%�&� @3H��� $3�5���3� �6M γγ νν→�# 

�l33�;�9$33��� 5��33� 33D8�� �338 �θ533� :�#�33��s.$33F%�a�

�6M���� ��;�879 � �787� �#730 �Q{I30� �8N�� `8��� �# 76

��68 $�5����# ;��� �'H� '.

�S�>������� @�6;���6M���� \zγγ: 2M3� �# $4 3��

� �'H� <�� <#�# ��m9 $H��	�a��� �)�z(<#�#5�#7� 

( )sin ( , ), ( , )( , )W ze k k k kµνρ
γγΓ θ Θ µ ν ρ= − 1 2 32 2 .

)�z(

�R �# $333� �zk γγ333�333D8�� :� '333��g h��/�'333H� ]�![�

( )( , ), ( , )( , )k k kΘ µ ν ρ1 2 3: b�7c $���F8 ��f5�#7� 

( )

( )
( )

( , ), ( , )( , )

( . ) ( . )

( . )

k k k

k k k k k k

+ k g k k k k

µν ρ ρ

µα νρ ρ ν
α

Θ µ ν ρ

θ

θ

≡

− −

−

1 2 3

1 2 3 2 1 3

1 2 3 2 3



37 ��
 �!"�#�$�% �&��'(�) *+�� ,+� 
$-e eγ ννγ ννγ ννγ νν→→→→�γγ ννγγ ννγγ ννγγ νν→→→→ ������ �	
�� ��

( )
( )
( )

( . )

( . )

. .

i i

k g k k k k

 k g k k k k

 k k k g k g

cyclical permutations of ( ,k ).

να ρµ ρ µ
α

ρα µν µ ν
α

µ νρ ν ρµ

θ

θ

θ

µ

− −

− −

+ −

+

1 2 3 2 3

1 2 3 2 3

1 2 3 3

 

@�6u�� �0R �# �N�3� b��DS :� $	�� @���3F8 :� �fµ µ≡1�

µ ν≡2�µ ρ≡3<#�� <��� ��s.

�.���.�������� �
#333��333� W��A����333� @�6;A�33364��� 5γγ νν→�l333� �# ;

�9$��� 5��� D8�� �8 ��θ2M� �# �� .<#�# ��m9 ��s.<#�XIH� ��

a��� :��)�z(6��# ��A�64��� 5��� ;

( , ) ( , ) ( ) ( )k k p pγ ε γ ε ν νµ ρ+ → +1 3 1 2 ,

: b�7c $��$I�79 �5�#7� 

( ) ( ) ( ) ( ) ( ) ,z

z

ie k
m k k u p v p

M
γγ µνρ

µ ρ νε ε γ γ Θ
−

= − ×
2

5
1 3 1 22

1

�R �# $4 µνρΘ$� 8�8 �: `��F8 ��f5�#7� 

( ){
( )
( )
( )
( )

( )

( . ) ( . )

( . )

( . )

( . )

. .

( . ) ( . )

k k k k k k      

k g k k k k

 k g k k k k

 k g k k k k

 k k k g k g

 k k k k k k

µνρ µν ρ ρ

µα νρ ρ ν
α

να ρµ ρ µ
α

ρα µν µ ν
α

µ νρ ν ρµ

νρ µ µ

Θ θ

θ

θ

θ

θ

θ

≡ − −

+ −

− −

− −

+ −

− −

1 2 3 2 1 3

1 2 3 2 3

1 2 3 2 3

1 2 3 2 3

1 2 3 3

2 3 1 3 2 1

 

( )
( )
( )
( )

( )

( . )

( . )

( . )

. .

( . ) ( . )

 k g k k k k

 k g k k k k

 k g k k k k

 k k k g k g

 k k k k k k

 

να ρµ µ ρ
α

ρα µν µ ν
α

µα νρ ν ρ
α

ν ρµ ρ µν

ρµ ν ν

ρα

θ

θ

θ

θ

θ

θ

+ −

− −

− −

+ −

− −

+

2 3 1 3 1

2 3 1 3 1

2 3 1 3 1

2 3 1 1

3 1 2 1 3 2

( )
( )

( . )

( . )

k g k k k k

k g k k k k             

µν ν µ
α

µα νρ ν ρ
αθ

−

− −

3 1 2 1 2

3 1 2 1 2

( )
( )

( . )

. .

 k g k k k k

k k k g k g  .

να ρµ ρ µ
α

ρ µν µ νρ

θ

θ

− −


+ − 



3 1 2 1 2

3 1 2 2

 

3a��� :� <#�XI3H� ���)� (� $3� $3�78 �3� �3�<�TI3H# �# $34 @

W�� 4�� b�YIP����#�� r7�
� 53a0 '3��G <:��9� b��i 

#���;�k1�k3s
6� b{�� �'H� �Xc �s�#9�3� � s3�# �

���4 20�#���H N�� b��DS 5�9���9 .a����: 2M� $� N�� 3��

<#�H5�#7� 

{ ( )( )
( )
( )

( ) ( ) ( ) ( ) ( )

( . )

( . )

( . )

z

z

ie k
m k k u p v p

M

k k k k k k

 k k k g k k k k k k

 + k k k g k k k k k k

 k k k k k

γγ
µ ρ ν

νρ µ µν ρ ρµ ν ν

µα νρ ν ρ ν ρ
α α α

ρα µν µ ν µ ν
α α α

να ρ µ ρ
α α

ε ε γ γ

θ θ θ

θ

θ

θ

−
= − ×

− − −

+ − +

− +

− +

2
5

1 3 1 22

1 3 1 3 1 3

1 3 3 3 1 3 1 3 3

1 3 1 1 1 3 3 1 1

1 3 3 3 1

1

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 �
6�

5� 3IG�� $3� ��78536��# $34 #�# ��m39 �A�364��� 5�6M���3� 

γγ νν→8 'Z8�D�2)!(�#���95��9�� .# b��DS $���T

{ ( )( )
( )
( )
( )

( ) ( ) ( ) ( )

( . )

( . )

( . )

.

k u p v p

 k k k k k k k

 k k k g k k k k k k

 + k k k g k k k k k k

 k k k k k k

ρ ν

νρ µ µν ρ ρµ ν ν
µ

µα νρ ν ρ ν ρ
α α α

ρα µν µ ν µ ν
α α α

να ρ µ ρ µ
α α

ε γ γ

θ θ θ

θ

θ

θ

− ×

− − −

+ − +

− +


− + =



5
3 1 2

1 1 3 1 3 1 3

1 3 3 3 1 3 1 3 3

1 3 1 1 1 3 3 1 1

1 3 3 3 1 1

1

2

2

0



������ �	
�� � ����� 	���� � ����� ���� 31 

)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
421

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

,

,

,

,

( ) ,

( ) ,

( ) ,

( ) .

k E K

k E K

p E P

p E P
ν

ν

=

= −

=

=

1

3

1 1

2 2

r

r

r

r

Q��TI9� :� d� A��;:�3a��� �).�(��;��#�3� '3��G <:��39�

 5a0#�� �879�76;%78 ���70 <�� ��'��# s

( ) .
.

P
E

m d
d E E

E Ek k
ν

ν
σ δ ν

νπ
+ −=

×
1 2

2 3

2 2 21 3

1

4 4

r

I9�
���� ��I%# =��8 q-G P P= −2 1
r r

'3H� .3�� :��$3a��� @�

��J8;E E Eν ν ′= ≡'3H# $�53� R3��.��9 �# 3� :� d3� �'

���T�65Pd 1
3 r�3� cosd d E dEβ α ′ ′2Q��3TI9� �A3��;��;

E′: b��DS $����� �;# =a&� CaH �J9��X�	55�H��s

cos , .
.

m
d d d          E E

k k
σ β α

π
′= =

×

2

7 2
1 32

$DH�Z� $� N�Gm
2

5� :�#���s.m
2

$� : b�7c �`J3G �� �

m�†m$I�79 5�#7� 

).�(
† .

pol
m mm= ∑

2 1
4

�B �=>�� �#�`(	4 $3� 3��I%�G �3�;%�� �7387� �# �D3a> 3�$

��5�##�A.†m: b�7c $��$I�79 �5�#7� 

{ ( )( )
( )
( )

† ( ) ( ) ( ) ( ) ( )

( . )

( . )

( . )

z

z

ie k
m k k v p u p

M

k k k k k k

 k k k g k k k k k k

 + k k k g k k k k k k

 k k k k

γγ
κ β η

ηβ κ κη β βκ η η

κϕ ηβ η β η β
ϕ ϕ ϕ

βϕ κη κ η κ η
ϕ ϕ ϕ

ηϕ β κ
ϕ ϕ

ε ε γ γ

θ θ θ

θ

θ

θ

∗
∗ ∗= − ×

− − −

+ − +

− +

− +

2
5

1 3 2 12

1 3 1 3 1 3

1 3 3 3 1 3 1 3 3

1 3 1 1 1 3 3 1 1

1 3 3 3

1

2

2

( ) .k kβ κ 



1 1

 

d33��� :� ���-33T;m�†m33a��� �# �).�(:� <#�XI33H� �33� �

��� �#7� 2��4 _����;�879 �9787� � ��76 �3� �3P� �# $34 (..



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

{

}

( . )

. . . . . .

. . . . . . . .
. . . .( )

. . . . . . . . .

z
z

em k k k
M

k p k p p k  k p

 p k  k p k k  p p
 k p  k k p  

 p k  p k p k  p k

γγ

θ θ θ

θ θ θ θ
θ θ

θ θ θ θ

 
= ×  

 

+

+ −

+ −

+ +

222 2 2
1 32

2
1 1 1 2 1 1 1 2

2 1 1 1 1 1 1 2

1 1 1 3 1

1 3 2 1 1 1 2 3

2 4

2 2

2

2

2 2

 

@�6u�� �# 'H# $� #�Z8� :� N�� b��DS �#��R ;��:�<#�XIH� �

<#�4 ��s

. . . . . . . . .

sin
. . . . . . . . . . . .

(sin cos sin cos sin cos )

k k k k k k

 =E  , 
k p k p k p k p

E .

θ θ θ θ θ θ

θ λ
θ θ θ θ θ θ θ θ

θ λ α λ λ α β

= = −

= = − = −

= −

1 1 3 3 1 3
2 2 2

1 1 3 2 1 2 3 1
2 2 2

 

3a��� ;�3�#�Z8� :� <#�XI3H� �3� V73� ;�����J8 5IH�#�)� (

'H� }�&Z8 2��>.

>.-.����� �� ;�

�#7� W7	F� �� N�Gm
2

3���: ;�� ;�3�A Q��TI9� ��5��l3� 

dΩ���: ;�� ;��A _H7I� $ID%� ��λCaH ��� 234 =a&� 

5� 'H# $� ��: b�7c $� s���R 

)..(,z
z

Ek
M

γγ
ασ
Λ

≅
2 62

4 4
79 

����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→�� 

'H# $� #��R �s.@�6u�� �9 #7�� ��� �� $3��� 5��3� ��l3� 

A�3364��� =33a&� Ca33H5γγ νν→33D8�� �338 �� �Q�� θ933� 

#�4 $DH�Z��s.�I9�� ]3�_3���� �# b�D3H�Z� @)��(�)..(



������ �	
�� � ����� 	���� � ����� ���� 3� 

'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�.

�=��� 
1. M Harrris, J Wang and V L Teplitz, astro- 

ph/9707113 V1 9 Jul (1997). 
2. D G Yakovlev, A D Kaminker, O Y Gnedin and P 

Haensel, Phys. Rept. 354 (2001) 1.  
3. D A Dicus and W W Repko, Phys. Rev. D 48 (1993) 

5106; Phys. Rev. Lett. 79 (1997) 569; D A Dicus, C 
Kao and W W Repko, Phys. Rev. D 59 (1999) 
013005; A Abada, J Matias and R Pittau, Nucl. Phys. 
B 543 (1999) 255-268; A Abbasabadi, A Devoto and 
W W Repko, Phys. Rev. D 63 (2001) 093001; A 
Abbasabadi, A Devoto, D A Dicus and W W Repko, 
Phys. Rev. D 59 (1999) 013012. 

4. C N Yang, Phys. Rev. 77 (1950) 242. 
5. K Bhattacharya and P B Pal, Proc. Ind. Natl. Sci. 

Acad. 70 (2004) 145-161. 
6. R Shaisultanov, Phys. Rev. Lett. 80 (1998) 1586; 

Tzuu-Kang Chyi, Chien-Wen Hwang, W F Kao, 
Guey-Ln Lin, Kin-Wang Ng and Jie-Jun Tseng, 
Phys. Lett. B 466 (1999) 274.  

7. E Witten, Nucl. Phys. B 268(1986) 253; N Seiberg 
and E Witten, JHEP 9909(1999) 032; D Kastler, 
Lect. Notes Phys 543 (2000) 131.  

8. M Haghighat and F Loran, Mod. Phys. Lett. A 16 
(2001) 1435; M Haghighat, S M Zebarjad and  F 
Loran, Phys. Rev. D66 (2002) 016005; M Haghighat 
and F Loran, Phys. Rev. D67 (2003) 096003; M 
Chaichian, M M Sheikh-Jabbari and A Tureanu, 
Phys. Rev. Lett. 86 (2001) 2716. 

9. M Chaichian, P Presnajder, M M Sheikh-Jabbari and 
A Tureanu, Eur. Phys. J. C 29 (2003) 413; X Calmet, 
B Jurco, P Schupp, J Wess and M Wohlgenannt, Eur. 
Phys. J. C 23 (2002) 363.  

10. F Halzen and A D Martin, Quarks and Leptons, John 
Wiley & Sons, (1984). 

11. D Bailin, Weak Interactions, Adam Hilger Ltd, 
Bristol, (1982). 

12. F Mandl and G Shaw, Quantum Field Theory, Wiley-
Interscience, New York, (1966). 

13. J Gomis and T Mehen, Nucl. Phys. B 591(2000) 265. 
14. B Melic, K Passek-Kumericki, J Trampetic, P 

Schupp and M Wohlgenannt, hep-ph/0502249 V2 5
May (2005). 

15. G Duplancic, P Schupp and J Trampetic, hep-
ph/0309138 V1 12 Sep. (2003). 

 


