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}s}s} �:k� 
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m�qstxqsm�vxm �d�/3:9 �2# � � � µ���+  ���vxw��¤n¤ !qÇ �t£n¤n¤�xn¤�¬u��o �kdm�� Æ nÉ �v£���Kk� ���kd�3nO}
;xw���m u��£no�xw�qsm­kdw��,�ª}¨¡�}3��kdw�kdmon|u�n|w� 
qst u��£no�Nqsw�n¤�|u�qÇ��t �d�4u��£n 3:9 ���xw�qsm­kdw��  ���vxw��¤n¤  � ÈÀno �� Æ {0non|{0n|w�� �~�� l�²��w
�¤·A�A-��"´0µ � + � }¨¡�}"��kdw�kdmon|u�n|w� <u���kdu<�xn¤ ��|w�qs�3n�u��£n���y �x��k� �n
 ��|w�n¤n|t£ h�f� � uF��k��|w��O � �u��£n�m­kdqst Æ ����n¤ l�d� u��£n�{Okdw�qÇ��v£ 
 �u�kdu�qÇ��t,�3n~kdmo ~}Y�4�£n¤ �n�kdw�n
v£ �n¤� u��¥u�w�k�����u��£n
�x��k� �n¤ �qst u��£n��Nqsw�n¤�|u�qÇ��t �d�)�9kdqsthu�n|w �~· �A-��"´hµ�� +  ���vxw��¤n¤  �  ��­u���kdu
u��£n¤ �n
w�n|m­kdqstKÈ!qsu��xqstÂ��w�k��K�d�)u��£n��¤��w�w�n¤�|ul{�k Æ v£n
È!�xq Æ n�ÈÀn�qst�u�n|rOw�kdu�n��ß��w��~�O�:9��~�O�O�\  � �3���O �u�n¤��u�w�k����Bqstxr{� }���n
u��£n|t­ �� Æ {0nÀ�²��w]u��£n! ��3n¤�|q�	��4�x��k� �n¤ �qst�u��£n!�Nqsw�n¤�|u�qÇ��t­�d�3u��£n¤ �n! �n¤�¤��t£�£kdw��� ���vxw��¤n¤  � È!�xqÇ���\kdw�n4v£ �n¤�� �vx�xu�w�k��|u�u��£n|m
È!qsu���m­k �Nqsm�vxm�k��¤�|vxw�k��|� � kdt£��u���w�n�	£t£n<u��£n� ��|w�n¤n|t� ���kd�3nO}
��� ¸�� 5 µ1�~·�7 ¶,��µ8��9 ��� 
 �/�$���Éµ�� ��- )�· ��·�·�´h·�´ �!-�� )���� 
�5 ¶4�!-	� � ��· ���$� ¶ 5 · � ¶9µO¶,�*-�� )�·�µ � ���ß´�·���- )�· � 
�� ¶4�(� ' �ß¶9µ�����+
� � # -�� ¶9µ ��¶4¶ 5 µO¶4¶ 5 ·F���!��·�·�� ���
	4µ0¶!·��6-	� 
15 ¶�-�·��O¶R·��"´ � ) - -1�|¶R·�´ � ¶,�Úµ ��9:�$� 
 ¶�- 
 ��·�µO¶R·��o´���� ¶9µ �6��· �

�
�·F� 5 -	� � ´�µ � �!-
��·�µ����(�~·É¶ 5 µ0¶�¶ 5 ·?���ß´h·���- )�· �/�|µ��|¶ 5 ·������ - � ¶ 5 · � µ��$� ��- )�· �/�$��� 5 µ ' · � -���·�����· � �x·�� ��+ �|¶,� � �¤¶ � ��·�� � 5 �,� 5 �A- � # ���,��µO¶R· �
� µO¶²¶R·�� � 

��n<t£��È��xw������O �n<u��£n��ß� ÆsÆ ��È!qstxr­�x��k� �nb99u�w�k�����qstxr¥�xw����¤n¤�Nvxw�n �ß �n¤nÉk Æ  ��2	£r��*� �

•
¡ k���� �3��qsthu�qstxr �Nqsw�n¤�|u�qÇ��t qÇ �u�w�n~kdu�n¤�Â �n|��kdw�kdu�n Æ � kdt£� qst£�xn|�3n|t£�xn|thu Æ �0} �4�£n�qÇ��t£�O ��x�£n|w�n�qÇ �u�w�n~kdu�n¤�(k� ok
�¤� ÆsÆ n¤�|u�qÇ��t��d��{Bqsw�u�v�k ÆsÆ �Éqst£�xn|�3n|t£�xn|thu)��y �x��k� �nb9R ��|w�n¤n|t£ ��¤n|thu�n|w�n¤����t
u��£nXm­kdqst Æ ����nX�d��qst£�Nqs{BqÇ�Nv�k Æ  �u�kdu�qÇ��t£ ~}
Å  ��|w�n¤n|t�qÇ 5kd�x�xw�� �Bqsm­kdu�n Æ �;="kdu�k��|w��O � !u��£nlm­kdqst Æ ���3n � �xvxu5�~kdt¬��k~{0n Æ kdw�r0n<�x��k� �nlrOw�k��NqÇn|t�u� ~}@� u!m­k¤���3n
n��Nu�w�kd��� Æ kdu�n¤� u��¥u��£n� �qÇ�xn Æ ���3n¤ l�d�)u��£n
 .kdmon
 �u�kdu�qÇ��t �3n~kdm � �xvxu�t£��uQu��\��u��£n|w< �u�kdu�qÇ��t ��n~kdmo ~}Qj1� �6�RuQqÇ 
t£��uÉn��N��n¤�|u�n¤� qst,u��xqÇ < �u�kdr0n�u���kdu 3�y�u���mo��rOw�kd�x�h�,È!q ÆsÆ ��k¤{0n� �v>�­�|qÇn|t�u<�xw�n¤�NqÇ�|u�qs{0n��3�~ÈXn|w�u��¥�3n�v£ �n¤� qst
& �'; Å z �~k Æ qs�xw�kdu�qÇ��t�} �4�£n|w�n �ß��w�n � qsu���t Æ �\� Æ k~�B Qk�w�� Æ nÉk� 5k������xw��B�Nv£�|u!�²��w!qÇ��t£�O ��x�£n|w�n� ��|qÇn|t�u�qÇ �u� ~}

•
� t¬��w��xn|wÀu����xw�n¤ �n|w�{0n< ���vxw��¤n¤ �kduXu��£n<n¤�Nr0nl�d� u��£n?	�n Æ � � u��£nlvx{{9R�£kdu�k�qÇ !k~{�kdq Æ kd� Æ n<È!qsu���u��£nQ�ßv ÆsÆ w�n¤ �� Æ vxu�qÇ��t
�d�!�< 5kdt£���l�>E �0} Å uR�B�xqÇ�~k Æ �f� � uF�<9R�x��m­kdqst��d�!�~�O�� 5kdt£���o��E �É�¤��thu�kdqst£ 	�h�O�N}��O�O��� v ÆsÆ 99w�n¤ �� Æ vxu�qÇ��t��¤n ÆsÆ  ~}

•
� �xn|thu�q �ß�¬u��£n��xw�qsrO��u}�9©4kduB�k�! ���vxw��¤n¤ Qu���kdulkdw�n�u��­�3n<v£ �n¤���²��w5�x��k� �nb99u�w�k�����qstxr£}Qy�n|�3n|t£�Nqstxr���tKu��£n�qÇ��t£��9
 ��x�£n|w�qÇ�
�¤��t£�Nqsu�qÇ��t£ �kdt£��u��£nÉw�n!��vxqsw�n¤�Kk��¤�|vxw�k��|� � u��xqÇ �m­k~�¬w�kdtxr0n<�ßw���m k�m�qstxqsm�vxm��d�)��t Æ � 3:9 ���xw�qsm­kdw��
 ���vxw��¤n¤ Qqst�u��£n
m­kdqst Æ ���3n � u��¥k�m
v£��� Æ kdw�r0n|w5t�vxm��3n|w<�d�)�xw�qsm­kdw���kdt£�K �n¤�¤��t£�£kdw��� ���vxw��¤n¤ 5qstKm­kdqst Æ ���3n
kdt£�¬ �qÇ�xn Æ ���3n¤ ~})zQn|mon|m��3n|w!u���kduQk
�xw�qsm­kdw��¬ ���vxw��¤nlqÇ !�xn�	£t£n¤��k� !�3n|qstxr��xw�qsrO�hu5n|t£��vxrO��u���rOqs{0n

S/N > 3qst,�~��  � kdt£�­qÇ Xv£ �n¤�¥u��
n¤ �u�qsm­kdu�nQu��£n� ���kd�3nQ�d��u��£n<��y �x��k� �nb9R ��|w�n¤n|t\u��
�3n|u�u�n|wÀu���kdt�k�w�k��Nq@kdt�}x�4�£n Æ kdu�u�n|w
k ÆsÆ ��È:u��£n��²kdqst�u�n|wÀ �n¤�¤��t£�£kdw��o ���vxw��¤n¤  u�����n!qst�u�n|rOw�kdu�n¤� Æ ��txr0n|w �3n �ß��w�n5�£n Æ �xqstxr
u��<w�n�	£t£nQu��£n5 ��|w�n¤n|t¥ ���kd�3nO}

•
pBn|u1vx��k5 �� Æ {0n|w �²��wGn~k������d�£u��£nX ���vxw��¤n¤ ~}1yln�	£t£n qstxqsu�q@k Æ �x��m­kdqst£ G�ß��w1n~k������d�£u��£n|m � È!qsu���u��£n��ßv ÆsÆ ��kdt£�NÈ!qsu��
�d� ��9 3O����E � � kdt£��k�u�qsmon Æ n|txrOu��K�d�!�~�� ~}x�4�£n¤ �nÉkdw�nÉ�N�Bt�kdm�qÇ�É�x��m­kdqst£  � È!�xqÇ����È!q ÆsÆ rOw��~È qst¬u�qsmon Æ n|txrOu��
vxt�u�q Æ r0n|u�u��B� Æ ��txr¥�ß��w<k Æ �~Èm9R��w��xn|w<u�qsmonb99�3� Æ ��t£��m�q@k Æ }Y�4�£n|t,u��£n|��kdw�n� �� Æ qsuQqst�u��­u ÈX�¬��{0n|w Æ kd�x�xqstxr���t£n¤ ~}
�4�£nÉ���xu�qsm­k Æ Æ n|txrOu��K�xn|�3n|t£�x ���t�u��£nlqÇ��t£�O ��x�£n|w�qÇ�
�¤��t£�Nqsu�qÇ��t£ ~}

•
©À� ÆsÆ n¤�|uQvx{q9R�£kdu�k��²��wÉ�~�� ~}i�4�£n|t��x�ou��£n��ß� ÆsÆ ��È!qstxr � �²��w5k ÆsÆ qsthu�n|wÚ�²n|w���mon|u�n|w� Q �qsm�v Æ u�kdt£n¤��v£  Æ � �
� � Å th� m�v Æ u�qs� Æ qÇ�~kdu�qs{0n ��w­k��x�Nqsu�qs{0n���k� �n Æ qst£nb9R�xn|�3n|t£�xn|thu�n�0In¤�|u� om�v£ �uo��n�kd�x� Æ qÇn¤� �£n|w�n � �3n �²��w�n�kdth�
 �u�kdu�qÇ��t=99��k� �n¤�Kn�03n¤�|u� �} �
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� pB��mon<vx{{99� Æ kdt£nÉn�0In¤�|u� y�ßnO} r£}���kdt£�N��k� � F��kdw�n�kd�x� Æ qÇn¤�¬u���u��£nl�ßv ÆsÆ 99w�n¤ �� Æ vxu�qÇ��t�vx{{9R�£kdu�kN}
� �1n¤n Æ �10,u��£nl�x��k� �nb99u�w�k����Bqstxr\ ���vxw��¤n¤  � qst���w��xn|w5�d�]�xw�qsrO�hu�t£n¤ � ��

∗ �9�4qsuÉqÇ �k\�xw�qsm­kdw��� ���vxw��¤n � kdt£� q �!ÈXn­kdw�not£��u
k Æ w�n~k��N�,�x��k� �nb99u�w�k����BqstxrKqsu � k��!�hvxqsw�no�x��k� �nb9 Æ �����
��t¬qsuy�ß �n¤n< �n¤�|u��*� }�j���u�nlu���kdu!u��£nlt£n¤�¤n¤ � �qsu �\u���m­kdqst�u�kdqst��x��k� �nb9 Æ �B���¬��t�k
thvxm
��n|w��d�G�xw�qsm­kdw��
 ���vxw��¤n¤ )È!q ÆsÆ �xw�����kd� Æ � Æ qsm�qsuX��vxw��ßw�n¤n¤�x��m� ���mon|È!��kduXu��<mo�~{0n1& �'; Å z:�3n~kdmo )w�kd�xqÇ� Æ ���~{0n|wÀu��£n
 ��B� � ��w�n|{0n|t�qst¬�ßw�n!�hv£n|t£�|�0}

∗ p�mo����u��:qsu� o{BqÇ �qs�xq Æ qsuR� �ßvxt£�|u�qÇ��t:��{0n|w­u��£n��x��m­kdqst:�h�  ��xq �ßu�qstxr�u��£n��x��k� �nb9R�¤n|thu�w�n �d�<u��£n¬�ßv ÆsÆ 9
w�n¤ �� Æ vxu�qÇ��t�vx{{9R�£kdu�k�u��Qqsu� ]�3�O �qsu�qÇ��t � kdt£������kd�x� Æ �Bqstxr<u��£n4��n¤ �uG�Bt£�~È!toqÇ��t£�O ��x�£n|w�qÇ�4�x��k� �n¤ ~} �4�£n
Æ kdu�u�n|w�È!q ÆsÆ ��n · �O¶,�Úµ # -��sµO¶R·�´ qst�u�qsmon � v£ �qstxr�u��£n¥�|vxw�w�n|thu
�¤�Bn��­�|qÇn|thu� ��d�!u��£n­��y��ßvxt£�|u�qÇ��t£ h�f� � uF�
u���kdu1�xn¤ ��|w�qs��nXu��£n qÇ��t£�O ��x�£n|w�qÇ�X�x��k� �n)�ßw���m u��£nXw�n Æ n|{�kdt�u� �u�kdu�qÇ��t£ 1qst�u��£nÀ�Nqsw�n¤�|u�qÇ��t��d�£u��£nX�3n¤n Æ qstxr
 ���vxw��¤nO}

∗ � �4�xqÇ !qÇ �kdt¬n��N�¤n ÆsÆ n|t�u�����qst�u!u����x�� ���mon< �qsm�� Æ nl�xvxu�n�0In¤�|u�qs{0n?="kdrOrOqstxro�d�Gu�w�kdt£ �qÇn|t�u5��w� ��3n¤�|u�w�k Æ
zw;�� �R}

∗ �Rt�u�n|rOw�kdu�nQu��£nQvx{{9R�£kdu�kÉqst¥� w�n!�okdt£�¥u�qsmonQu���r0n|uX�ßn|ÈÀn|w Æ kdw�r0n|w!�¤n ÆsÆ  À�~{0n|w4u��£n� �kdmonQ�x��m­kdqst�}i�4�£n
���xu�qsm­k Æ �¤n ÆsÆ  �q��~n��~kdtÂ��n¬�xn|u�n|w�m�qst£n¤�:�N��t�kdm�qÇ�~k ÆsÆ � �ßw���m*u��£n� �mo�B��u��xt£n¤ � o�d�lu��£n¬ �mo�B��u��£n¤�
{�qÇ �qs�xq Æ qsuR� �d��u��£n\��n¤n Æ qstxr� ���vxw��¤nO}��4�£n Æ kdu�u�n|wo�xn|��n|t£�x ���tÂu��£n� �q��~n��d�Qw�n¤ �qÇ�Nv�k Æ �x��k� �n¬n|w�w���w� 
k�� u�n|w5�x��k� �nb99u�w�k����Bqstxr � È!�xqÇ���Kkdw�nÉn!��vxqs{�k Æ n|t�u5u��okdt�n|w�w���w�qst�kd�x��kdw�n|t�u5�3�O �qsu�qÇ��t�}

∗ ��w�n¤�NqÇ�|u qsu� ]{BqÇ �qs�xq Æ qsuR���²��w�u��£n4m�qstxqsm�vxm�thvxm��3n|wX�d�I�¤n ÆsÆ  ~}g�4�xqÇ )�¤��v Æ ���3n!n|qsu��£n|wXk�w�nb9R�~k Æ �|v Æ kdu�qÇ��t
�ß��w�k ÆsÆ �¤n ÆsÆ   � ��w5��t Æ �¥�²��w�u��£nÉ�¤n ÆsÆ  5�¤��w�w�n¤ �����t£�Nqstxr¥u���u��£n Æ k� �uÉ�~�� Q�d�1u��£n
�N��t�kdm�qÇ�~k ÆsÆ ��rOw��~È!qstxr
�x��m­kdqst�} �ßz5nb99v£ �qstxrªu��£nKn��NqÇ �u�qstxr  �� Æ vxu�qÇ��t m­kdu�w�q��(qÇ \n��­�|qÇn|thuF� } p�vx�x� Æ �(��t£n n!�hv�kdu�qÇ��t �3n|w
�xw�n¤�NqÇ�|u�n¤���¤n ÆsÆ u���u��£nÉw�n Æ n|{�kdt�u5 �� Æ {0n|w � È!�xqÇ��� k��x�x !u��£n|m¢u��oqsu� � �� Æ vxu�qÇ��t�m­kdu�w�q��I}

∗ �9��qsu� o �� Æ vxu�qÇ��tÂm­kdu�w�q��ÂqÇ  � w�qs��n � �  �� Æ {0n\�²��w �²kdtÂqsm��xw��~{0n|mon|t�u\�d�b��qsu� �qÇ��t£�O ��x�£n|w�qÇ���x��k� �n¤  � k� 
 �n¤n|t��ßw���m k ÆsÆ  �u�kdu�qÇ��t£ ~} �4�xqÇ QÈ!q ÆsÆ �3n�n|{0n|w����~�­ !�²��w5u��£nÉ�xw�qsm­kdw��� ���vxw��¤n¤  � k��ßu�n|w�È!�xqÇ��� k�t£n|È
n¤ �u�qsm­kdu�nÀqÇ 1m­k��xnÀ�d�"u��£nX ���kd�3n¤ ]�d��u��£n4��y �x��k� �n4 ��|w�n¤n|t£ ~} Å  �� Æ vxu�qÇ��t��²��wGu��£n �9kdqsthu�n|w� �n¤�¤��t£�£kdw��
 ���vxw��¤n¤ !qÇ !m­k��xn�n|{0n|w��,�~�O�:9��~�O�O�� �}

∗ p�vx�xu�w�k��|u�u��£n­��n¤n Æ qstxr, ���vxw��¤n­� w���m u��£no�ßv ÆsÆ 99w�n¤ �� Æ vxu�qÇ��t vx{{9R�£kdu�kN} Å  �n��N� Æ kdqst£n¤� qst  �n¤�|u�qÇ��t � �
u��xqÇ ��~kdt��3n<�x��t£n<v£ �qstxrou��£n Æ kdw�r0n��¤n ÆsÆ  ~}

� z5n|�3n~kdu4�²��w5k ÆsÆ ��n¤n Æ qstxr¥ ���vxw��¤n¤ ~}
•
zQn|��n~kdu�n|{0n|w�� �~�� ~}

Å �x��k� �nb99u�w�k����BqstxrK�xw��B�¤n¤�Nvxw�n Æ qs�0n�u��xqÇ 
 ��£��v Æ �,�3n�w�vxtxtxqstxrKkdu
k ÆsÆ u�qsmon¤ 
�Nvxw�qstxr & �'; Å z ���£ �n|w�{Okdu�qÇ��t£  � v£ �qstxr
kdu Æ n~k� �u 3:9 ���xw�qsm­kdw��� ���vxw��¤n¤ ~}i�4�xqÇ �qÇ !t£n¤�¤n¤ � �kdw��¥u����¤��t£�Nqsu�qÇ��tKu��£nÉ�£kdu�k
�²��w���k� � �qstxro��t¬u��­k��xv Æ  .kdw��xw����¤n¤ � ���w
��wÉu�w�kdt£ �qÇn|t�u
�xn|u�n¤�|u���w � ��wÉ«Y&N� �.}��Xvxu�qsuÉqÇ �k Æ  ���k¬{0n|w�� �3�~ÈÀn|wÚ� v Æ u���� Æ �ß��wÉ��t=9 Æ qst£n­mo��txqsu���w�qstxr �d�4u��£n��xw����3n|w
�ßvxt£�|u�qÇ��txqstxr��d�j& �'; Å z�qsu� �n Æ � � kdt£� �²��w�mon~k� �vxw�qstxr�qÇ��t£�O ��x�£n|w�qÇ�o�¤��t£�Nqsu�qÇ��t£ ~}�¡) � �n|thu�q@k ÆsÆ � u��£n� �kdmon��xw��B�¤n¤�Nvxw�n
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�~kdt���t Æ ���3n<�¤��w�w�n¤�|u�n¤�¬�²��wQk� �qstxr Æ n<�3��qsthu�qst�u��£nÉ ��B� � u��£n<m­kdrOqstxr¥n|w�w���w�  � mo�O �u Æ �¬�Nv£n<u���w�n¤ �qÇ�Nv�k Æ qÇ��t£�O ��x�£n|w�qÇ�
�x��k� �n�n|w�w���w�  � È!q ÆsÆ qst£�|w�n~k� �n�u��~ÈÀkdw��x Xu��£n!��kdu����¥n¤�Nr0nO}g;£��w�u�vxt�kdu�n Æ � � u��£n|w�n!qÇ ) ���mon�qst£�NqÇ�~kdu�qÇ��t­u���kdu)u��£n!w�n¤ �v Æ u�qstxr
�Xp�; �xn|rOw�k��£kdu�qÇ��t:�~kdtÂ�3n��~k Æ �|v Æ kdu�n¤� � È!�xqÇ���  �vxrOr0n¤ �u� ou���kdu­kdu Æ n~k� �u�u��£n��xw�qsrO�hu�n¤ �u\©4kdu �D�A�É ���vxw��¤n¤ ��~kdtÂ�3n

Ê
© ËIÌ.Í�Î£Ï3ÐoÑ�Ò�Ò�Ó Ô

Ï�Õ Ë3ÎoÖh×fØÚÙ@Û Ê²Ü ÝßÞ Ñ Ý



Author: J.E. Noordam Date of issue: 15th Novem-
ber 2005

Scope: Project Documentation

Kind of issue: Public Doc.nr.: LOFAR-ASTRON-MEM-078

Status: Draft File: lofar/

Revision nr.: 2.1
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�xw��~{BqÇ�xn¤ �k\�ßw�kdmon|ÈX��w�� �²��w�vxt£�xn|w� �u�kdt£�Nqstxr k� ��3n¤�|u� ��d��u�w�k��Nqsu�qÇ��t�k Æ  �n Æ �²�~k Æ È!qsu�� {Okdw�qÇ��v£ �n��BqÇ �u�qstxrKqst£ �u�w�vxmon|thu� 
u���kdu�ÈÀn|w�n Æ n¤ � �n~k� ��\u���vxt£�xn|w� �u�kdt£����n �²��w�nO}
Å t qsm�����w�u�kdt�u¥w�n¤ �v Æ u¥�d�<u��xqÇ \kdt�k Æ �N �qÇ ­qÇ ou���kduo�²n|ÈXn|w¥�xw�qsrO�hu��~k Æ qs�xw�kdu���w� ¬kdw�n�t£n¤n¤�xn¤�Â�²��wou��£nK�~k Æ qs�xw�kdu�qÇ��t �d�
& �'; Å z �ß �n¤n¥k Æ  �� 	£r �*� } ;1qsw� �u Æ � � p�u�kdu�qÇ��t=9 p�u�kdu�qÇ��t ��k� �n Æ qst£n¤ 
kdw�n¥ �n|t£ �qsu�qs{0non|t£��vxrO�Âk�� u�n|w�k ÆsÆ } �Àvxu� �n¤�¤��t£� Æ � �
ÈXn¬�~kdt r0n|u�k¤È4k¤� È!qsu��Â�¤��t£ �qÇ�xn|w�kd� Æ � �9kdqsthu�n|w��~k Æ qs�xw�kdu�qÇ��t  ���vxw��¤n¤ �u��,n¤ �u�qsm­kdu�n\u��£n\qÇ��t£�O ��x�£n|w�qÇ���3n~kdmo ���kd�3n¤ 
kdt£� �x��k� �n, ��|w�n¤n|t£ ~} �4�£n,w�n~k� ���t qÇ �u���kdu � k��ßu�n|w�k��!�hvxqsw�qstxr # 5 µ1�¤·�7 ��-:��9 ��t u��£n,�xw�qsrO�hu�n¤ �u� ���vxw��¤n � v£ �qstxr(kdt
qsthu�n|rOw�kdu�qÇ��t¬u�qsmonQ�d� �~�É �n¤�h� � u��£n���u��£n|wÀ ���vxw��¤n¤ Xm­k¤�­��n!�0n|�xuÀÈ!qsu��xqst¬k<w�k��Nq@kdt\�h�C# 5 µ1�¤·�7 ¶,�Úµ ��9:�$� 
ou��£n5�xw�qsrO�hu�n¤ �u
 ���vxw��¤n � È!�xqÇ��� k ÆsÆ �~È� Qv£ �u��­qsthu�n|rOw�kdu�n Æ ��txr0n|w~}w�QvxwQn~kdw Æ qÇn|w��xn¤�|qÇ �qÇ��tKu��¥ �� Æ {0nl�²��w5�3� Æ ��t£��m�q@k Æ �¤��n��­�|qÇn|t�u�  � kdt£�
 �mo�B��u��xt£n¤ � Xqst\kd�x� Æ �Bqstxr
u��£nQ�¤��w�w�n¤�|u�qÇ��t£  � qÇ X�|w�v£�|q@k Æ �£n|w�nO}i�4�xqÇ Àkd�x�xw��0k���� Æ kdw�r0n Æ ��w�n|mo�~{0n¤ Àu��£nQ �u�qÇ���B���xw���� Æ n|m
�d�) ���vxw��¤nÉ{BqÇ �qs�xq Æ qsu �¬kdu5��k� �n Æ qst£n¤  Æ ��txr0n|wQu���kdt �O���Bm�}j�4�£n<u�n|thu�kdu�qs{0n��¤��t£� Æ v£ �qÇ��t u���kduw& �'; Å z �xw�����kd� Æ ���x�Bn¤ 
t£��u�t£n¤n¤�,p�u�kdu�qÇ��t=9 ©À��w�nopBn Æ �²�~k Æ qÇ lk��xqsr\w�n Æ qÇn � � kdt£��m­k~����k¤{0n�qsm�� Æ qÇ�~kdu�qÇ��t£ Q�²��w5u��£n��xn¤ �qsrOt �d�)u��£n�qst£ �u�w�vxmon|thu
�ßnO} r£}¬t£�K �vx�=9R�¤��w�n¤ F� } �5���¤��vxw� �n¥u��£n­�¤n|t�u�w�k Æ �¤��w�n¥w�n|m­kdqst£ �kdt qsm�����w�u�kdt�u����£ �n|w�{�kdu�qÇ��t�k Æ mo�B�xn � �xvxu
qsu�qÇ 
t£�
Æ ��txr0n|wow�n!��vxqsw�n¤�ª�ß��wo�~k Æ qs�xw�kdu�qÇ��t�} �QtÂu��£n¬�¤��t�u�w�kdw�� � u��£n¬�¤��w�n�qsu� �n Æ �� ��£��v Æ � �3n¬�~k Æ qs�xw�kdu�n¤�ÂÈ!qsu��Âu��£n��£n Æ � �d�
p�u�kdu�qÇ��t=9 p�u�kdu�qÇ��t�pBn Æ �ß�~k Æ�� kdt£����n¤n Æ qstxr£}
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� uQÈ!q ÆsÆ u�kd�0n� ���mon�mo��w�n�u��xqstx�Bqstxr�kdt£� n��N�3n|w�qsmon|thu�qstxr���n �²��w�n
u��£n�k��N{Okdthu�kdr0n¤ Ékdt£� Æ qsm�qsu�kdu�qÇ��t£ <�d� �3n¤n Æ qstxr�kdw�n
�ßv ÆsÆ ��vxt£�xn|w� �u��B���I}Y�4�£n|w�n �²��w�n � qsu�qÇ Q�ß��w�u�vxt�kdu�n�u���kdu�u��£n}& �'; Å z u�n~kdm��~kdt �Nw�k¤È���tKu��£n�n��N��n|w�qÇn|t£�¤n�È!qsu��,u��£n
��pBz � � È!�£n|w�n\u��£n|w�n­qÇ �k� �u�w���txrKu�w�k��Nqsu�qÇ��t �d�5�xn Æ {Bqstxr qsthu�� u��£n­�Bqst£�ª�d� � Æ v>�Bvxw�� � �xw���� Æ n|mo �u���kdu�kdw�n¥t£�~È¢k
� �A-���´�� ¶,�*- � �$��· ���Nµ
�6- � �x�ß��w�& �'; Å z �~k Æ qs�xw�kdu�qÇ��t�}

� � � %	��� �#��

5-��1 ��%/�4�

pB��mon��d�Xu��£n�qÇ�xn~k� l�xn¤ ��|w�qs�3n¤�Kqst,u��xqÇ <�x�B�|vxmon|thu<ÈÀn|w�n
�3��w�t � kdt£�, �u�kdrOr0n|w�n¤�,u��~È4kdw��x �k­mon~k� �vxw�n��d� m­kdu�vxw�qsuR� �
�Nvxw�qstxr qsthu�n|t£ �qs{0n¬�NqÇ ��|v£ � �qÇ��t£ �È!qsu��xqstÂu��£n & �'; Å z[�xw��B�¤n¤ � �qstxr,u�n~kdm qstÂy�È!qstxr0n Æ ��� � n¤ ���n¤�|q@k ÆsÆ � È!qsu��Â��qÇ���xqÇn Æ
�Àw�n|thu! �n|t£ ~}��Qvxw & �'; Å z[�¤� ÆsÆ n~kdrOv£n¤ �qst E�k~�B �u�k���� kdt£�ªjQz1& ��k¤{0n\��n¤n|tÂk�m­k: Ú��w� ���vxw��¤n\�d�Qn|t£�¤��vxw�kdr0n|mon|thu
u��¥È!w�qsu�n�u��£n|m�vx� �ß��w��x��È!t�� }��,kdth�K �vx�£ �n!��v£n|thuln|txrhkdr0n|mon|thu� <È!qsu�� mon|m��3n|w� l�d� u��£n�qst�u�n|w�t�kdu�qÇ��t�k Æ & �'; Å z
u�n~kdm � �xvxu)k Æ  ���È!qsu�� � n|w��xnm�Xw�vx�Bt � � n¤��w�r0n4�Kq Æ n|��kdt£���:qsm �Àw���vhÈ � ��k¤{0n!�¤��t£ �qÇ�xn|w�kd� Æ ��qsm��xw��~{0n¤��u��£n4�|vxw�w�n|thu
{0n|w� �qÇ��t � kdt£��È!q ÆsÆ �£����n �ßv ÆsÆ ���¤��thu�qsthv£n
u����x�o ���qst¬u��£n<� vxu�vxw�nO}

� ��+¤�]2�����/G���
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;1qsrOvxw�n�� � � 5 · # ·�·�� �$� 
 # � -:��· �D� �$�KµC� �N¶$� 5 ·���� 
 � 5 ·�� 7��
)���� 
15 ¶R· �|¶���-	� � ��· � �$��¶ 5 · � µ��$��� - )�·Éµ ��· � �~·�´o¶�-¥µ8����� �$��·
# 5 µ��¤·�7 ��- ��9 ��µ��"´K¶�- # 5 µ1�¤·�7 ¶,�Úµ ��9	
 � -��\·�µ8� 5 ¶,� � ·�7 ����· �¬´8- � µ��$� � �X· � # ·�·�� - � � �����17������ )���� 
15 ¶ 
 ��µO¶ � �;��-	� � ��· �
-���·�)�+ -���·��2��� -��Ú´�·���- ��)���� 
15 ¶,��· � � 
 � - �K·�µ8� 5 � # ·�·������ 
 ��-	� � �.· � � �X·���-�� ' ·F�!-���µ � � )��¤·|¶C- � �xw�qsm­kdw�� � 
�� 

# µ���µ � ·|¶R·�� � � � 
f·�
 �$� � ¶,� � � ·���¶9µ��Gµ���´"�,-�� -1� # 5 ·�� �*� # µ���µ � ·|¶R·�� � �$� � ¶$�
´ ����· �¤¶,�*-�� ��µ��"´\¶ 5 ·�� � � )¤¶,�Úµ8�~¶$�2�ß¶ ��� - � ¶ 5 ·
��· � �²´	�xµ�� � ' 7 ´hµO¶9µ 
 � 5 · �N¶,�����(�~·�´ �¤·�� ����µ�� � -~´h·�� -��.��+
�A-��.� ��� ¶$�F- �É¶ 5 · # ·�·�� �$� 
 ��- � � ��· �ß¶$�¤·�� � �Xµ �"´ # ·�� 5 µ # ��µ �¤· � - �
¶ 5 · ��·��0¶B)���� 
15 ¶R· �|¶ �!-	� � ��·�� 
 � 5 · # ��� � µ � + � 
�� 
 # µ �Úµ � ·|¶R·��D��� � 5 �*� 5 µ���·\µ1�D�!- ���²µO¶R·�´ �/�ß¶ 5 ) -0¶ 5 µ �|¶9µO¶,�,- � µ���´µ ��-	� � ��· 
 ´ ����· �¤¶,�*-�� � �<µ���· � �¤·�´ � � � ¶B- �­µ��$� ¶�- � �.)|¶,��µ8�¤¶<¶ 5 ·;)���� 
15 ¶ # ·�·����$� 
 ��- � � ��· � �/� ¶ 5 ¶ 5 · 
 ��·�µO¶R· �|¶ # -1� � ��)��s·
µ8�A� � ��µ8��+ 
 � �­µ0´0´��ß¶,�*-�� �I¶ 5 · -���·��Àµ1�D�!- ���²µO¶R·�´ �/� ¶ 5 �!-	� � ��· � �$�o¶ 5 · � µ��$�2� - )�·5µ���·!µ�� ��- � �¤·�´É¶�-�· � ¶,� � µO¶R·  �n¤�¤��t£�£kdw��
� 
	� 
 # µ���µ � ·|¶R·�� � � � 5 �*� 5 µ���· - �.� +�µ1� ��- ���²µO¶R·�´ �/�ß¶ 5 µ2� ¶9µO¶,�*-�� 
 
�� �lµ�� � µ�+1� �@) -O¶ 5F# ��� � µ���+�µ �"´2�¤·A�A-��"´0µ � + � 
�� 

# µ���µ � ·|¶R·�� ��µ���· � � �6�¤¶,�*-�� �B- � ����· ��µ���´�¶,� � · � 
 �.+ # �,��µ�����+�� �~· �A-���´0µ���+ # µ���µ � ·|¶R·�� �<µ���·<¶ 5 · �A-�·�
 �!�²·��"¶$� - �<� � - -0¶ 5
� � �6�~¶,�,-��.��¶ 5 µ0¶5´h· �!��� ��)�·\¶ 5 ·4� 5 µ # ·
- � 
 ¶ 5 · � µ���� ��- )�·
- � ��µ;� ¶9µ0¶,�,-�� ' -�� ¶9µ 
 ·;)�·�µ � � -���¶ 5 · �,-�� -1� # 5 ·�� �*� #65 µ1�¤·
���!��·�·��Kµ8��� -1�D�<� ¶ 
	� 5 · �~·Qµ ��·�¶ 5 ·�� ����¶R·�� # - � µO¶R·�´�¶�- # ��·�´��,�~¶)µ��"´F� �.)|¶,��µ8�¤¶]¶ 5 · � µ��.+ �|µ��$��¶R·�� ��µ0¶ ��� ��-	� � ��· � )�·$��- ��·
9:� � � 5 5 � ��� ´<� � ��) �
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;1qsrOvxw�n � � � �*�¤¶�- 
 �Úµ � - � ¶ 5 · ' µ����,-	� � 
 �A- � # �Ç·�� �B�D-���¶,���*) �N¶,�*-�� � ¶�-l¶ 5 · � ·�µ1� � ��·�´ ' �(���*)��$��� ¶,+ vi = mi+∆mi+ci+ni



� 5 · # ��·�´��*�¤¶R·�´ ' µ�� �x·

mi

�!-��É¶ 5 · # ·�·������ 
 �!-	� � ��· ���?��·�µ�� µ �"´ # -�� �ß¶,� ' ·2)�· ��µ	� �~·�¶ 5 · # 5 µ1�~·F�.·���¶,��· 5 µ1� )�·�·�� � - ' ·�´¶�- �ß¶$� # -1��� ¶,�*-���¶�- � �$�.� � ���¤·K¶ 5 · � � � )�·���- � ´8- � µ��$� ��·��$� �2�!-�� � 5 �,� 5 # ��·�´��,�~¶,�,-�� 
 ·�� # ·�� ��� ' ·�� � �(� ��· ��� �$��·�´ 

� 5 ·K¶�- # � � 
15 ¶ # µ��3·�� � 5 - ����¶ 5 µO¶�¶ 5 · ��·��sµO¶,� ' · �A-��"¶,� ��) �N¶,�,-��.�

ni

µ��"´
ci

´h· ����·�µ1�~· �/� ¶ 5
nvis

��¶ 5 ·�� � � )�·���- �
' ��� ��)��$� �ß¶,+F�¤µ � # �Ç· �<�$�6��� �N´�·�´ �$��µ2�~·�� �!��µ��6��- � �N¶,�,- � 
 � 5 · � µ 
 �.� �À·�´ # µ��|¶�����¶ 5 · ) -O¶²¶�- � �Ç·$�|¶ # µ���·�� �$��� � � ¶,��µO¶R· ��¶ 5 µO¶
< ∆mi >

�(�F� -O¶ ' ·���+�´�� �Q·���·��"¶ � � - � ∆mi

)�· ��µ	� �¤· �ß¶ �(��µ��D��-:���ßµ0¶R·�´ �/�ß¶ 5 ¶ 5 · # ·�·������ 
 ��-	� � ��·

 � �N¶!¶ 5 ·
< ci >µ��"´

< ni >
�/���$� )�·"� � µ��$�Ç·���µ �"´ 5 µ ' ·�µ�´�� �Q·���·���¶F- � �9·���¶9µO¶,�*-�� 
 � 5 ·��$� 5 µ � ��7 ���$� ���s·�� � 5 ·���·�¶ 5 ·��$��µ � 
 �Ç· �/� ¶ 5

∆m
�/�$�$�%��µ	� �¤·

cos(φi) < 0
5 µ ' ·4)�·�·�� · � # 5 µ1������·�´ 
 � 5 ·2- ) �~· �¤¶ ���l¶�-�� ��´­¶ 5 -��¤· ' µ�� �x·�� ~p = ~p0

�!-��É¶ 5 · � �.) �¤·¤¶
- � � 
	� 
 # µ���µ � ·|¶R·�� ��¶ 5 µO¶ # ·�� ¶9µ��$� ��¶�-�¶ 5 · # ·�·�� �$� 
 ��-	� � ��·���¶ 5 µO¶ � �$�.� � ���¤· ∆mi


 ) -O¶²¶�- � ��� 
15 ¶ # µ���·�� � 
 � 5 ·
�A-��"¶,� ��) �N¶,�,-��

ci

���F- �F�A-	� �D�~·�¶ 5 · 
 ' ·A�¤¶�-�� � � � � - � � µ��.+"�A-���¶9µ � �$�"µO¶,�$� 
 ��-	� � �.· � 
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;1qsrOvxw�n 3 � � 5 · ����	 �£·��6��· - �@�6- �(�~· -��
χ2 � ���.� � �(�¤µO¶,�*-�� � -��@�¤·�� �!��µ�� ��-�� �B¶,�*-�� �

 � 5 · � µ�� +17Ú´�� � ·�� � �*-��"µ�� ~p−space

�
� 
f·

Q¶ 5 ·B� # µ ��·2- � � 
�� 
 # µ���µ � ·|¶R·�� ' µ�� �x· ��� �(�?��· # ��·��¤·���¶R·�´ 5 -������:-���¶9µ��$� +C�$��-���·�´�� � ·�� � �*-�� �)µ��"´�¶ 5 · 
 µ��!)�� ¶,��µ���+ �
� � �6�~¶,�,-��

∆m(~p)
5 µ1�­µ � ���.� � � � - � ��·�� - µ0¶

~p − ~p0 = 0

 � 5 ·­¶R·�� � �o´�· ��������)�·�´��$� �¤·A�¤¶,�,- � 	 µ���·4�$�"´��*��µO¶R·�´��

·��8�.· # ¶5¶ 5 ·4-���· ��´h· # ·��"´��$� 
 -��
ci

� � 5 �,� 5 ���
¶9µ19O·�� ¶�- )�· ��·�� -B�!-��
¶ 5 �(��´ �(�!��� � � �*-�� 
 � 5 · �NqÇ���xn�n�03n¤�|u ��·$�¤·��D��¶�-
¶ 5 ·"- ) �~·�� ' µO¶,�*-�� ¶ 5 µO¶Q¶ 5 ·¥¶R·�� � �

�x���xj �
=

∑
i (∆m∗

i
ni + n∗

i
∆mi) = 2

∑
i ‖ni‖‖∆mi‖ cos(φi)

��t Æ �  ��xq �ßu� 
�3�O �qsu�qÇ��t��d�]u��£nlm�qstxqsm�vxm��d�1u��£n

χ2
 �vxwÚ�²k��¤nlq �

cos(φ) < 0
} �R�Gu���kdu���kd�x�3n|t£  � u��£nlt£n|È�m�qstxqsm
vxm
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