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h7ShS7_8SQ=\jQZ^� 	� �� 
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�� 	 � 	
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 �� �� � � � � � Y� ?=UUZ
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R\9�USU76RS>S]6QQS[S�Sny6?=���>S�Sny9UQ9+
6>U9� >6?!� ]>S� T� hSh676]QS?� Q=h7=T\6Q88
7=;?67Z�Sn7=;_=�?6Qjq6�R\8QZ�TS\QZ�Sn+
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� � �� �S[R=�
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�R6Uj� � �� � � �Y�TS\QSTZ6�mVQ<_88�Q=+
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	� �]=U>S>=�Q=\6>=op6[S�r7=UU69QQS[Ss
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[R6� � 	�! ! �Y�;=79RZ�9R67w�7�Y�?=UU=�k\6<>+
7SQ=� = + +
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 � � � �Y�7=R8+

VU+T6<>S7�_6Q>7=�?=UU�?S\6<V\Z!� � 	�� 
 
= −
� ��

��	 ��	�� ε
� �

�Y� TS\QSTZ6� T6<>S7Z� 8� 6R8Q8]QZ6
T6<>S7Z�hS\978;=_88�h=R=op6[S�r8QR6<U �s
8� 7=UU69QQS[S� r8QR6<U� #s� mS>SQST!� αξ
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��	 �Y
7=R8VU+T6<>S7�k\6<>7SQ=�T�U8U>6?6�<SS7R8+
Q=>!�UT9;=QQS^�U�_6Q>7S?�=>S?=���V??87ST=+
Q86� T� r#4s� h7STSR8>U9� hS� TU6?� k\6<>7SQ=?!

TiSR9p8?�T�USU>=T�?S\6<V\Z�� ξ
α

� � �� � �
� ��� � � Y�Sh6+

7=>S7Z�8?hV\jUST!� R6^U>TVop86�Q=�<SS7R8+
Q=>Z�_6Q>7=�?=UU!�S>QSU8>6\jQVo�<SS7R8Q=>V
=>S?ST�T�?S\6<V\6�8�Q=�<SS7R8Q=>V�k\6<>7S+
Q=���76Q6n76[=9� T� r#4s� ]\6Q=?8!� h7ShS7_8S+
Q=\jQZ?8� ��	�� � !�h676h8q6?�6[S�T�T8R6:
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ξ
α α

α

ξ
α α
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µ ε ξ

µ ε ξ
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��Q=q6?�U\V]=6�RT8l6Q86�9R67�8�k\6<+
>7SQST� T� ?S\6<V\6� ?SlQS� U]8>=>j� Q6;=T8+
U8?Z?8!� hSk>S?V� R\9� TS\QSTZi� mVQ<_8^
Q=]=\jQS[S� 8� <SQ6]QS[S� USU>S9Q8^� ?S\6<V+
\Z� ?SlQS� TSUhS\j;ST=>jU9� h78n\8l6Q86?
�S7Q=Y
h6Q[6^?67=!� hS\Sl8T

αξΨ = Ψ Φ
� � �� �

� ��	
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 � 
 � 
 � ��� � � � ��# 
 � � r $s

[R6� ≡
� �

�# � �Y�8?hV\jU�_6Q>7=�?=UU�?S\6<V+
\Z!�Ψ 
 �� � �Y�Sh8UZT=6>�<S\6n=>6\jQS+T7=p=+
>6\jQS6� USU>S9Q86� ?S\6<V\Z!� αξΦ
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 � �� � �Y

k\6<>7SQQZ6�TS\QSTZ6�mVQ<_88�?S\6<V\97+

QS[S�>67?=!�;=T8U9p86�S>�<SS7R8Q=>�k\6<>+
7SQ=� αξ

�
� 8� S>� ?6ly9R67QS[S� 7=UU>S9Q89�

�
�

<=<�S>�h=7=?6>7ST�
��TZ7=l6Q88� r#-s� kQ67[89�h7S?6lV>S]+

QS[S� USU>S9Q89� 6U>j

κ κ κ κ= + + 	 �	 �" �� � � � � �r �s

[R6� κ κ�" �� � �Y�kQ67[88!�USS>T6>U>TVop86�k\6<+
>7SQQZ?�8�?S\6<V\97QZ?�U>6h6Q9?�UTSnSRZ�
�78Q8?=9�TS�TQ8?=Q86!� ]>S� kQ67[88�Q=\6>=+
op6[S�8�7=UU69QQS[S�mS>SQST� κ κω� ���	 ��� � !
?SlQS� TZhS\Q8>j� 8Q>6[787ST=Q86� hS� 8?+
hV\jUV� h7S?6lV>S]QS[S� USU>S9Q89� T� r#-s�
�S\V]8?:

γ γγ

ν ν ν

γ γ

ν ν

ν ν

ω

ν ν

ω


= +

− −
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− + 
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 �� � � �Y�8?hV\jU!�h676R=QQZ^
?S\6<V\6!� �ν � �� �Y�USTS<VhQSU>j�<T=Q>STZi
]8U6\!� Sh8UZT=op8i� 9R67QZ6� 8� k\6<>7SQ+
QZ6�U>6h6Q8�UTSnSRZ���V??87ST=Q86�hS�ν �T
r #s�?SlQS�TZhS\Q8>j!�6U\8�TSUhS\j;ST=>j+
U9�VU\ST86?�hS\QS>Z�TS\QSTZi�mVQ<_8^!�=
>=<l6�>6?!�]>S� νω −� ���	

� �
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U>=Tq=9+

U9� UV??=� hS� k\6<>7SQQZ?� h7S?6lV>S]QZ?
USU>S9Q89?� T� U\V]=6� Vh7V[S[S� hS� S>QSq6+
Q8o�<�k\6<>7SQQZ?�U>6h6Q9?�UTSnSRZ�7=U+
U69Q89�TZ7=l=6>U9�]676;�;=79RSTZ6�]8U\=
9R67� =>S?ST� ?S\6<V\Z� �� 	! ! � t�$u� 8� h76R+
U>=T\96>U9�T�T8R6:
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R=QQZ?� 8?hV\jUS?!� >S!� hS\Sl8T� � ��� !� T
r  s� ?SlQS� S[7=Q8]8>U9� >S\j<S� 7=UU?S>76+
Q86?� k\6<>78]6U<8i� R8hS\jQZi� h676iSRST�
��k>S?�U\V]=6
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	=UU?S>78?� >6h67j� mS>SQ!� T;=8?SR6^+
U>TVop8^� U� U8U>6?S^� ?S\6<V\!� ;=<\o]6Q+
QZi�T�h7S>9l6QQZ^�Sny6?!�h78]6?�� �?S\6+
<V\�Q=iSR9>U9�T�TS;nVlR6QQS?�USU>S9Q88���S+
Sh67=>8TQZ6�UTS^U>T=�T�h7S_6UU6�7=UU69Q89
;R6Uj�>=<l6�nVRV>�h7S9T\9>jU9�T�>S?�U\V+
]=6!� <S[R=� Sny6?� 8?66>� TZ>9QV>Vo�mS7?V�
"6^U>T8>6\jQS!� =?h\8>VRV� Q6Vh7V[S[S� 7=U+
U69Q89�mS>SQ=�U�kQ67[86^� ω ω� � � � �h78�R6+
TS;nVlR6Q88�SRQS^�?S\6<V\Z�?SlQS�h76R+
U>=T8>j�T�T8R6:
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�S[676Q>QZ6�UTS^U>T=�h7S_6UU=�Q6Vh7V[S+
[S�7=UU69Q89�h7S9T\9o>U9�;R6Uj�T�Q=h7=T\6+
Q88� − =
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�� � !�>�6��T�>S?�U\V]=6!�<S[R=�TZhS\+

Q96>U9�VU\ST86�h7SU>7=QU>T6QQS[S�U8Qi7SQ8;+
?=!� iS7SqS�8;T6U>QS6�T�Q6\8Q6^QS^�Sh>8<6�

�\6RV6>� ;=?6>8>j!� ]>S� <S[676Q>QZ6� km+
m6<>Z� T� Q6Vh7V[S?� 7=UU69Q88� k\6<>7S?=[+
Q8>QS[S�8;\V]6Q89�8;V]=\8Uj�7=Q66���78?6+
7S?� ?Sl6>� U\Vl8>j� kmm6<>� <S[676Q>QS[S
=Q>8U>S<UST=�7=UU69Q89�UT6>=�r��	�s!�T�<S+
>S7S?�<S[676Q>QSU>j�Sn7=;V6>U9�;=�U]6>�T;=+
8?SR6^U>T89� U76RZ� U� ShS7QZ?� 8?hV\jUS?�

UQSTQZ?� S>\8]86?� 7=UU69Q89�mS>SQST� Q=
UT67i8;\V]=>6\jQZi�U8U>6?=i�9T\96>U9�TS;+
?SlQSU>j�76=\8;=_88�kmm6<>=�T�7=TQST6U+
QZi�VU\ST89i���;T6U>QS�t�#u!�]>S�<S\\6<>8+
T8;87ST=QQS6�USU>S9Q86�UT67i8;\V]=>6\jQS+
[S� >8h=� T� U8U>6?6� ?S\6<V\Z�Y�8;\V]6Q86
TS;Q8<=6>� � h78� hSQ8l6Q88� >6?h67=>V7Z
TU\6RU>T86�m=;STS[S�h676iSR=�T>S7S[S�7SR=!
T�>S�T76?9�<=<�T���	��Sh76R6\9opVo�7S\j
8[7=6>�Q6U>=_8SQ=7QZ^�i=7=<>67�U76RZ�7=U+
U68T=>6\9�

�=<S6�S>\8]86�SnVU\=T\8T=6>�8�7=;\8]+
QZ^� ?6i=Q8;?� h7S_6UUST� 7=UU69Q89�� �78
��	��[6Q67=_89�=Q>8U>S<USTS^�<S?hSQ6Q>Z
h7S8UiSR8>� T� 76;V\j>=>6� Q6\8Q6^QS[S� T;=+
8?SR6^U>T89�]6>Z76i�hS\6^�t�u����U\V]=6�l6
7=UU69Q89� γ +<T=Q>ST�Q=�U76R6!�Q=iSR9p6^+
U9�T� UT67i8;\V]=>6\jQS?� USU>S9Q88!� n\=[S+
R=79� Q=\8]8o� Snp6[S� <S[676Q>QS[S� USU>S9+
Q89�8;\V]6Q89�8�T6p6U>T=� γ +<T=Q>�h676R=+
6>�8?hV\jU�Q6�SRQS^�<SQ<76>QS^�?S\6<V\6!
=�TU6?V�=QU=?n\o�?S\6<V\�T�_6\S?�

"8mm676Q_8=\jQS6�U6]6Q86�7=UU69Q89�U
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γ ωσ µ µ
ω

ϕ ϕ

θ θ θ θ

θ θ θ

−
−

−

⊥
≠

Γ= − ×

 × + × 
 

 × + ×  
×
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QS[S�V7STQ9�8;S\87ST=QQS^�?S\6<V\Z�
�>S� USS>QSq6Q86� hS\V]6QS� R\9� U\V]=9!

<S[R=� hS\978;=_8SQQS6� USU>S9Q86� Q=<=]<8
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