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��¾WÊ�»���Æ�À ½�ßB�x��Æ�)�»�À¿¾W½¿ÊË�[ÓZ���GÁ�½ �7ÆÇÉvÉ[ÆÇ¾W�GÁÃ�¼Æ�)�ÞË�*âWãBÉ7ë7ÊÇ¾W½¿Æ���Ü�º7ÊÇ½DÓ[�¼ÊIÓ[¾�ÊÇ�¼»�ãB�7�7¾W½¿ÆËÆÃ¾W�7»¼�E¾WÉ�Ü�ë7½DÑ)Õ
Ñ ��ÊË���GÁÃ�¼Æ
º���ÊËÆÇãB�7�x��Æ�ë7ãB�GÁ�ÆÇãBÉxÁÇ½¿�¼�s�ÓÁ
¾W½¿ë7��ãW�·Á�ÊË���7ëxÉ�º�ãBÆÇÆË½ × À ��»���ÁÃÊÇ¾wâ�¾W½ À ¢
	*� ¾ × ãBÊËë�ÞË�(ÆÇÉ7½ ÆZÁÇÊ:Ê�Æ[ÊÇ�¼»�ãB�7�7¾W½¿ÆËÆÃ¾W�GÁ ê ÓZ��Æ�ëx½¿ÊÇ�¼»¼ÁÇ��É7ÊËÆ�ë7�sÁÃÄEÊ¼ÆÇ�i  ê ÏWãBÆË�,	�ì¿¾HÐsº�ãBÉxÊ

Ó(�£¾­âBãB½ Ê�½¿�GÁÃÊËã�ë7Éx½ Á�ëÕ¾W�7Æ�»��
ë7ãMÓ[¾W½¿�7���ÓÁ<Ñ ãBÉ7ÊË�7½ Á�ÁÃãWÉ7Æ�À ��Æ���À¿�ÌÓ[�¼�GÁÃÆ$�x��»��¼ÆÇÆÇ¾W½¿ÊË��Æ2¾JÚ7�=ë7��º�ãBÉxâWãB½¿Ê
ÊÇ��¾WÀ¿½ ÆÇ��Ê�»¼��ÁÃÊÇ¾wâ�¾W½ À&º��¼�7ëÕ¾W�GÁPÁÇãBÉxÁÇ��Æ*»¼��Æh¾��7�7���¼Æ�Ã ê ��ÉpßBÉ7�¼Æh	��¼À ¾HßBÊÇ¾W�pßB�Zº�ãBÉ7ÊP¾­âWãB½¿ÊX¾W»�»¼��ºxÁÇ�
Ó�¾Eë7½ ÊÇ��»ÓÁÃ½ ãB��ë7��ÁÃÄEÊ¼ÆÇ�PëxÉ,»�ãWÁÇ��Ñ ÊÃ¾��EË­¾W½ Æ�)ßº�ãBÉ7Ê�¾­âWãB½¿ÊCÑÞ¾W»�½ À¿½ÂÁÃ�qÓZãB�(ÁÇÊÃ¾­â�¾W½¿À ê �
¾W�GÁÃ�¼Æ��¼Á�º�ãBÉxÊ
ÆÇ�¼ÆZ»¼ãB�7ÆË��½¿À ÆPÁÃÊ�Ê�ÆEÉxÁÃ½ À¿�¼ÆPº��¼�7ëÕ¾W�GÁZÀ ¾,ÊË��ëÕ¾�»¼ÁÃ½ ãB�hÃ$ÁÇÊ:Ê¼ÆZÆËº��¼»�½¿¾WÀ¿�ÌÓ[�¼�·Á ê z�âB�¼Æ=��»ÐÄ·ÉxÁ'Ð(º�ãBÉ7ÊhÆÇ¾
ÆÇÉ7º���Ê"âN½¿ÆÇ½ ãB� ÆÇ»¼½¿���GÁÇ½DÚÕÈ·É7��)ÕÆÇãB� ÁÃÊÇ¾W½ ÁÇ�[ÓZ���GÁ�Ä·ÉpÓ�¾�½¿�R�¼Á�ÆËãB�(ÆËãBÉxÁÇ½¿���sº����7ëÕ¾��·Á�ÁÇãBÉxÁ�»���ÁÇ�[ÓZº7Æ�¢

Ïx� ¾W½DÓ[�¼ÊÃ¾W½ Æ ¾WÉxÆÇÆÇ½xÊÇ�[ÓZ��ÊË»�½ ��Ê ê 	IÓZ½ ÁÇÊÇ½NzP¢G� �¼ÊÇ�¼ÆÇÆÇãWÉ7�EÅWãX�¼Á�ÆËº��¼»�½ ¾�À¿�[ÓZ���GÁ ê z�É7ÊÇ½��P¢BÆ�ÄÕ¾WÊËÀ¿ãwâ
º�ãWÉ7Ê�ÆÇ��Æ�»�ãB�xÆÇ��½ À¿Æ��¼Á�ÁÃãWÉxÁ�ÆÇãB�ZÁÃÊÃ¾­â�¾W½ ÀÕÆÃ¾W�7Æ�À¿�¼È·É7��Àßë7½�É[»¼½¿À �[ÓZ���GÁ
Þ¼� ¾�É7ÊÃ¾W½ Æ�º7É=¾­â�¾W�7»¼��Ê��¼Á�ã × ÁÃ�¼�7½¿Ê
ÊÇ½ ���v¢

Ïx� ¾W½DÓ[�¼ÊÃ¾W½ Æ.�[ßB¾WÀ¿�ÌÓ[�¼�·Á�ÊË�[ÓZ��ÊÇ»¼½¿�¼Ê�ÁÇãBÉxÁ
À¿��º���ÊÇÆËãB�7�7�¼À ëx�P�x�
y$�&����#.�6�ÓÁ
ÁÇÊ:Ê�Æ�ºÕ¾WÊ"ÁÃ½ »�É7À ½�Ê�ÊË��Õ
Ó[�¼�GÁ$À ��Æ�ÁÇÄ7��ÆÇ¾WÊÇëxÆ.�¼Á.¾WÉ7ÆÇÆË½ ê ��¾�É7ÊÇ�¼�·Á$��º7Äx��»��ÓÁÃ»ÐÄ7���ÓÁ�
�½¿�7�¼Æ.�(¾WÊËÁÇì¿�7�ÌÐ�º�ãBÉ7Ê?Ó(�£¾­âBãB½ Ê$¾W»¼»�É7�¼½¿À À¿½
º��¼�7ëÕ¾W�GÁoÓZ��Æ$À¿ãB�pßWÆ�ÆË�#ÞËãBÉ7ÊËÆ ê ��¾W�GÁÇ��Æ�¢���¾�½¿Æ$ÆËÉ7ÊËÁÇãBÉxÁ�ÞË�
âBãBÉ7ëxÊÃ¾W½ Æ.��Ü�º7ÊË½�ÓZ��Ê�ÁÇãBÉxÁÇ�IÓZãB�R¾1Ì���»�Õ
ÁÃ½ ãB���ÓÁoßBÊÃ¾¸ÁÃ½ ÁÇÉ7ë7� ê ��¾WÊËì ¾ÖÏW�¼Æ:Ä7Æ¼)ß�
¾WÈ·É7�¼Àû�ÓÁ9Çv¾W½¿ë7¾Xº�ãBÉ7Ê$À ��É7Ê�ÆÇãBÉ�ÁÃ½¿�¼�R�¼Á2»¼ãMÓZºÕ¾HßB�7½ �
º����xëÕ¾W�GÁ
À¿��ÁÇ�[ÓZº7Æ�È·É7�X�xãBÉ7Æ�¾­âBãB�7Æ�ºÕ¾WÊ"ÁÐ¾HßW� ê ��¾W�GÁÇ��Æ�¢

Ïx�£�ÓÁÃ���xë7Æ�ÓZ��Æ�ÊË�[ÓZ��ÊÇ»¼½¿�ÌÓ[�¼�·ÁÇÆ ê À ¾PâN½¿À¿À ��ë7���
¾W�GÁÃ��Æ�º�ãBÉ7Ê2ÆÇ�¼Æ
»¼Ê:Í¼º��¼ÊÇ½¿�¼Æ�)0Å�� × ¾ × Æ*¢Â¢ ¢
�(��ÊË»�½-¾WÉ�Ü=º��¼ÊÇÆËãB�7�7�¼Æ�È·É7�8Þ¼�£¾W½v»¼ãB�7�·É7�¼Æ�ãWÉRÈNÉx½�Ó(��ãB�GÁ2ÆÇãWÉxÁÃ�¼�NÉx� ê 
����EÊÓâB���¼Á2ÁÇÊ:Ê�Æ2º7¾WÊËÁÇ½¿»�Õ

É7À¿½zÊ�ÊË�[ÓZ���GÁ ê ÏWãBÆÇ�X�&�7ÊÇ½ È·É7�W)�
�¾ × ÊË½¿��À¿¾x)���Æ"ÁÃ� × ¾W�v)�y$�¼À¿���û)Õ�/À¿É7ì Æ�)Õ	�½ �[ßBãE�ÓÁ�	�¾wâN½ ëv¢
�&Á
»��¼ÊËÁÃ¾W½¿�7�ÌÓ[�¼�GÁ ê ÁÃãWÉxÁ�À �¢ÓZãB�7ëx��È·É7½UÓs�£�¼ÆËÁÃ½DÓ[�¼�GÁ
�ÓÁ�È·É7½UÓs�£ãB�GÁ
¾W»¼»�ãMÓZºÕ¾HßB�x�XÆËÉ7Ê
ºxÀ ¾W»¼�

�¼Á*ºÕ¾WÊ*»¼ãBÉ7ÊËÊÇ½¿�¼ÊX�¼À¿�¼»¼ÁÃÊËãB�7½ ÈNÉx�W)»ÓZ��ÊË»�½ ê ÏWÉÕ¾W�7ëx�W) �
�Õ¾x) �3�pÓ[¾��ÓÁ ê × �­¾�É7»�ãBÉxºþë7�=º���ÊÇÆËãB�7�7�¼Æ
ë7ãB�GÁ�À¿�¼Æ â�½ ��Æ�ãB�GÁ�»ÐÄÕ¾W�pßW� × �­¾WÉx»�ãBÉ7ºZº����7ëÕ¾��·Á�ÁÃãWÉxÁÃ��»��ÓÁÇÁÇ��º���ÊË½¿ãNë7�2�¼Á�È·É7½ß�7�CÓs�£ãB�GÁ�ºÕ¾�Æ�ãWÉ × À¿½ �W¢
��½¿�Õ¾�À¿�[ÓZ���GÁ�)pÞ¼�£¾W½DÓ[�¼ÊÃ¾W½ Æ�ÊÇ�[ÓZ��ÊË»�½ ��Ê�ÁÃÊ:Ê¼ÆXÆËº��¼»�½¿¾WÀ¿�ÌÓ[�¼�·Á¦ÏWãBÊ%ßB�[�ÓÁE��¾�ÊÇì ¾§ÏWãBÆË��º�ãBÉ7Ê�ÁÃãBÉxÁXÀ¿�

ÆÇãBÉ�ÁÃ½¿�¼�;�¼Ás¾1Ì���»ÓÁÃ½¿ãW�SÈ·É7½qÓs��ãB�GÁ ãpÌû�¼ÊËÁÇÆs�ÓÁ È·É7�µÞË�©�û� ¾W½�ÆËÉ��x½�ÆÇ�¼ÊÃ¾W½ Æs»�¾WºÕ¾ × À¿�©ë7�JÊÇ�ÓÁÃãBÉxÊÇ�7�¼Ê
È·É7ãB½¿È·Év��½¿À Æ[ëx½¿ÆÇ�¼�GÁRÀ¿�,»¼ãB�GÁÃÊÇ¾W½¿ÊË�W¢�� Á¢ÞË�,�x� Ó(��ãBÉ × À¿½¿�sºÕ¾WÆ�Ó�¾ ÑÞ¾JÓ[½ À¿À¿�RÈ·É7½�Ó(�£¾iÆËÉ × ½�ÁÇãBÉxÁ=»¼�
ÁÃ�ÌÓ[º7Æ¼¢
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�3�JÁÇÄ7�¦Ñ ãBÀ À¿ã Û ½¿�pß[¾W�7ëJ»¼À¿�­¾�ÊÇÀ Ås½ �7ÆÇÉ�ÉZ»¼½¿���GÁ�À ½¿�7�¼Æ�� Û ãBÉxÀ¿ëJÀ¿½zÅW�*ÁÇãR��Ü�º7ÊÇ�¼ÆÇÆ Ó*Å ßBÊÃ¾�ÁÇ½ ÁÇÉ7ë7�XÁÇã
ÁÃÄ7��ë7½�Ìû�¼ÊÇ�¼�·Á�º���ãWº7À¿� Û Ä7ãWÆÇ��Ä7��À º(¾��7ë(ÆËÉ7º7º�ãBÊËÁyÓ[¾Wë7��º�ãBÆÇÆË½ × À ��ÁÃÄ7½ Æ Û ãWÊ:Åß¢
��½¿ÊËÆËÁ�ãHÑ�¾WÀ¿Àß� Û ãBÉ7À¿ë�À¿½�Å��
ÁÇã*ÁÃÄÕ¾��EÅ�ÓXÅ[ÆËÉ7º���ÊËâN½ ÆÇãBÊËÆ� SÏWãBÆÇ��	�ì ¾HÐyÑ ãBÊ$Ä7¾wâN½ �pßP½¿�GÁÇÊÇãNë7É7»��¼ë�ÓZ�

ÁÃãZÁÃÄ7½ Æ�ÚÕ�¼À¿ëv)BÑ ãBÊ�Ä7¾wâN½ �pß=º7ÊËã°âN½ ë7��ë ÓZ�P¾�À¿À/ÁÃÄ7�X�7��»¼��ÆËÆÃ¾WÊ"Å,��À �[ÓZ���GÁÃÆ
ÁÃã�ëxã�ÁÃÄ7½ Æ Û ãBÊ:Å(¾WÀ À-ÁÇÄ7��ÆË�
ÅB��¾WÊÇÆ
¾W�7ëÃÑ ãBÊ�Ä7½¿Æ Û ãBÊ:ÅR»¼ãBÊÇÊË��»ÓÁÃ½¿�YßZÁÇÄ7½¿Æ2ÁÃÄx��ÆÇ½ Æ�Ã��
ÉYßBÉ7��Æ
	��¼À ¾HßBÊÇ¾W�pßB�qÑ ãBÊ2Ä7¾wâN½ �pß�¾�»�»��¼ºxÁÃ�¼ë Ó*Å
ÆÇÉ7º���Ê"âN½¿ÆÇ½ ãB��Ñ ãBÊ$ÁÇÄ7���ÕÊÇ�¼�7»ÐÄ(º7¾WÊËÁ�)YÑ ãBÊ.ÄÕ¾­âN½¿�YßÖÓ�¾Wëx���­¾WÆ"Å�ÁÃÄx� Û ãBÊ�Å=º���Ê%Ñ ãWÊ'ÓZ��ëR½¿� �
¾W�GÁÃ�¼Æ
¾��7ë
Ñ ãBÊ�Ä7½¿Æ�É7ÆË�ÌÑ É7À�¾WëxâN½ »���Æ�ë7É7ÊË½¿�pß�ÁÃÄx�
ÊË��ëÕ¾W»ÓÁÃ½ ãB�hÃNÆÇº���»�½¿¾WÀ¿ÀÂÅP� Û ãBÉ7À ë[À ½�Å���ÁÇãXÁÇÄÕ¾W�EÅ*z�âW��Æ2�N»ÐÄNÉ�Á-ÐIÑ ãBÊ
Ä7½¿Æ2ÆË»�½ ���GÁÃ½àÚÕ»�ë7½¿ÊË��»¼ÁÇ½¿ãB�û)xÄ7½ Æ2ÄNÉYÓ�¾W� ÁÃãWÉ7»ÐÄ�¾��7ë Ä7½¿Æ�ÆÇÉxº7º�ãWÊËÁ
¾WÀ¿À�ÁÃÄ7½ Æ.ÁÃ½DÓ[��¢
� Û ãBÉ7À¿ë À¿½zÅW�Z¾WÀ ÆÇãRÁÃã ÁÃÄÕ¾��EÅJ	IÓZ½ ÁÃÊË½ zh¢-����ÊË��ÆÇÆËãBÉ7�EÅ�ãJ¾W�7ëHÆÇº���»�½¿¾WÀ¿ÀÂÅsz�ÉxÊÇ½&�P¢SÆ�ÄÕ¾WÊËÀ¿ãwâ Ñ ãBÊ

ÁÃÄ7�¼½¿Ê
¾WëxâN½¿»¼��Æ�¾��7ë©¾WÀ À-ÁÇÄ7��½ Ê Û ãBÊ:Å ÁÃÄ7¾�Á�Ó[¾Wë7�Xº�ãBÆËÆÇ½ × À¿��ÁÃÄÕ¾¸Á��2»�ãWÉ7À¿ë©¾�ëxâ�¾W�7»��P¾W�7ë,ã × ÁÐ¾W½ � Ó*Å
ÊÇ�¼ÆÇÉ7ÀÂÁÃÆ�¢
� ãE¾WÀ À�ÁÇÄ7���x��y��&����#.��Æ"ÁÐ¾1ÌJ¾��7ë=âB�¼ÊËÅ ÆÇº���»¼½ ¾WÀ À ÅEÁÃãE¾�À¿À���Äû¢�	X¢7ÆËÁÇÉ7ë7���GÁÇÆ�¾W�xë=ÁÃãZ�-¾WÉ7ÊÇ�¼�GÁ

��º7Äx��»��ÓÁÃ»ÐÄ7��¾W�7ë�ÁÇã�
�½¿�x��Æ���¾WÊ"ÁÃì �7�[Ð»Ñ ãBÊûÄÕ¾­â�½ �pß Û �¼À¿»¼ãMÓ[�¼ë Ó[�&¾JÓ[ãB�Yß.ÁÃÄ7�ÌÓ0ë7É7ÊË½¿�pß�¾WÀ ÀHÓ*Å�À¿ãB�Yß
ÆËÁÃ¾wÅNÆ�¾¸Á���¾W�GÁÇ��Æ�¢�y�ÉxÁ�ºÕ¾WÊ"ÁÃ½ »�É7À¿¾WÊÇÀÂÅB)ß� Û ãBÉxÀ¿ë,À ½�ÅW��ÁÃã=��Ü�º7ÊÇ�¼ÆÇÆ�¾WÀ¿ÀUÓ*ÅÃÑ ãB�7ëx�7��ÆËÆ�¾W�7ë�ßBÊÇ¾�ÁÃ½ÂÁÃÉ7ë7�
ÁÃãE�(¾WÊÇì¿¾¦ÏW��Æ�Ä7Æ�)ß��¾WÈ·É7�¼Àv¾W�7ë·Çv¾�½¿ëÕ¾ Ñ ãBÊ�ÁÇÄ7��½ Ê.ÆÇÉ7ºxº�ãBÊ"Á�¾W�7ë�»�ãMÓZºÕ¾W�GÅ[ãpÌû�¼ÊÇ�¼ëRë7É7ÊÇ½ �pß*ÁÇÄ7��ÁÃ½DÓ[�
Û ��ÆËÄÕ¾WÊÇ�¼ë�½ � ��¾W�GÁÃ�¼Æ�¢
� ãhÁÃÄx��»¼½ Á3ÅRãJÑ �
¾W�GÁÃ��ÆCÑ ãBÊ2½ÂÁÃÆ2»�Ê�Í�º���ÊË½¿��Æ�¾W�xë�Å�� × ¾ × ÆX¢Â¢ ¢
�2ÄÕ¾W�EÅ·ÆXÁÇãs¾WÀ¿À ÁÇÄ7�Eº��¼ãBº7À¿�hÁÇÄÕ¾�Á���ÄÕ¾­âW�^Å·�7ã Û �iãBÊ�ÆËÄÕ¾WÊÇ�¼ë£Ó*Å�ÁÃ½�ÓZ� Û ½ ÁÇÄH½ �?
����x�¼â�¾(¾��7ë

ÆÇº���»¼½ ¾WÀ À ÅZÁÃã�ÏWãBÆÇ���&�7ÊË½¿È·É7�W)�
�¾ × ÊË½¿�¼À ¾x)��&ÆËÁÃ� × ¾W�v)�y$�¼À¿�¼�v)ß�/À¿É7ì Æ�)7	
½¿�[ßWã[¾��7ë�	�¾wâN½ ëv¢
���7ë ãHÑ »�ãBÉxÊÇÆÇ��ÁÇãZ¾WÀ¿À�ÁÃÄ7ãBÆË��º��¼ãBº7À ��ÁÃÄÕ¾�Á2¾Wº7º7ÊË��»�½¿¾�ÁÃ�¼ÆCÓ[��¾��7ë Û Ä7ãEÄÕ¾­âB��¾W»�»¼ãMÓZºÕ¾W�7½ ��ëµÓZ�

º7ÄGÅNÆÇ½¿»�¾WÀ¿ÀÂÅP¾��7ëE��À¿�¼»¼ÁÇÊÇãB�7½ »­¾WÀ À ÅW¢��2Ä7¾W�EÅ·Æ&ÁÃã¢ÏWÉÕ¾W�7ëx�W)·���Õ¾�)G�3�pÓ�¾�¾��7ëkÓPÉ7»ÐÄkÓ[ãWÊÇ�.º���ãBºxÀ¿� Û Ä7ãBÆË�
À¿½ÂâB��Æ2Ä7¾wâW�X»ÐÄ7¾W�pßB�¼ë�¾EÀ¿ãWÁ.½¿�RÁÃÄ7½ Æ2º��¼ÊÇ½ ã�ëRãHÑ ãBÉ7Ê�À ½ âB�¼Æ�¾W�7ë Û Ä7ãEÄÕ¾­âB���7ãWÁCÑ ãBÊ%ßBãWÁÇÁÇ���ÃÓZ�W¢
��½¿�Õ¾�À¿À ÅW)WÀ¿¾WÆËÁ × ÉxÁ��7ãWÁ�À¿��¾WÆËÁ�½ �OÓXÅ*ÁÃÄxãBÉpßBÄGÁÃÆ¼)�� Û ãBÉ7À¿ëZÀ¿½zÅW�.ÁÇã�ÁÇÄÕ¾W�EÅXâB��Ê"ÅEÆÇº���»¼½ ¾WÀ À Å�ÁÃã¢ÏWãBÊ'ßW�

¾W�7ë=��¾WÊÇì¿¾�ÏWãWÆÇ��Ñ ãWÊ�¾�À¿À7ÁÃÄx��ÆÇÉxº7º�ãWÊËÁ$¾W�7ë�Ñ ãB�xë7�7��ÆËÆ�ÁÇÄÕ¾�Á�ÁÃÄ7�ÓÅ[Ä7¾wâW��ãpÌ���ÊË��ë[ÁÇã�ÓZ��¾��7ë Û Ä7½ »ÐÄ=�
ë7ãE�7ãWÁ�Å·�7ã Û ¾W�xë Û ½ À¿Àû�xãWÁ�Å·�7ã Û Ä7ã Û ÁÇãZÊË�¼ÁÇÉ7ÊÇ�(¾WÀ ÁÇÄ7ãBÉpßWÄ ÁÇÄ7�¼Å=ÆÃ¾­ÅRÁÃÄ7��»¼ãB�GÁÃÊÇ¾WÊËÅW¢��
�7ës�.¾HÓ
�7ãWÁoÑ ãBÊ%ßB�¼ÁËÁÃ½ �pßÖÓ*Å�ÑÞ¾JÓ[½ À ÅEÁÃÄÕ¾¸Á
Ä7¾wâW�XÆËÉ�Ì���ÊÇ�¼ë§ÓZ��¾WÀ¿Àû¾WÀ¿ãW�pßPÁÃÄ7��ÁÇÄ7��ÆË½¿Æ�¢
� ãZ¾WÀ ÀvãHÑ�ÅBãBÉv)
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ØÕÖ¸ÍËÝ�×ÕÑ�Ô1Ö�ÚNÖwÏ�ÏwÖ¸Ò�ÏwÑÓÒÕÔ3ÑÓÒ$ÒÓÛÞá¸Ï�Ï�áuÒÇáBÚGá¸Ï

ÚNÑ�ÚÂáZà�ÑÐÏÓàZá Ñ�Û¼ØÕÑÓÍæÛ ÑÓÒ$ÒÓÛÞá>Ó
àZáBÚWÍÃÑPÚNÑ�ÚÂá¸Ï`ÒÓÛ ÑÓÒ$ÒÓÛÞá¸Ï�Ô3Ö�ÚGá¸Ï�Ü

Ý r�±�Þ|� ´Wß ªÕ¬w§>à
á ´	â �-§N±.¨-§ lX§·® µ ¯ ³ ¬w§N¦dã5tv¯7¯ µ §N¨�®°¯



Ü�½ â



ä ¶å³µ´·®¼³µ´�¸

u ³ ¬w®°ª/¨+��«W¬ ´ ª ³\æFç ¤�ã-¦ ´�è �-§©¨�§N¦ ´ ª ³ ¦[± ªg��®¸¨�¦|éi¨�§N¦[¹ ³ §·® â�´ §N¦���± ¬­®¸¯uêÃ®°§N±Þ¯�¬ ´ µ/´ ¦¼¬­§�¦X¯0�
p�q©l ë

u ³ ¬w®°ª/¨+��«G« ´	ì�³'æJíNî ¦ ´ «B¯H¨-§ ´ ª ³ §N¦dï&§N¦�¯Õ¨-ª�¦�� ±¶¬w®°¯7®°®°§N±Þ¯x¬ ´ µ-´ ¦¼¬w¯7¦X§ ³ §N±$p�qJl ë�ë
ë | ±¶¬w®°¯vêÇ®°§�± ¯x¬ ´¶µ-´ ¦¼¬ ´ «�¤-§·¯ µ ã$ê ´ ª ³ ï�¤gã-¦ ´ «G¦E¯�¬Z¬w¤�§©p�qJl ð&ë

ñ ¢ ñ ��¾�ÁËÁÃ��Ê¼)ÕºÕ¾WÊ"ÁÃ½¿»¼À¿�¼Æ�¾W�7ë ½¿�GÁÃ�¼ÊÃ¾W»ÓÁÃ½ ãB�7Æ�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ �uñ
ñ ¢ � �
ãWÁ�¾��7ë(ëx���7ÆË�¢Ó[¾�ÁÇÁÇ��Ê¼ &�2Ä7�¢Ø�É7¾WÊ:ÅMÕ"
�À¿ÉxãB� �&À ¾WÆ%Ó�¾ ¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ �1ò
ñ ¢ ò Ø�
�� ßB���7�¼ÊÃ¾�ÁÇ½¿ãB�û ��
À ÁÇÊÃ¾+Õ�ÊÇ�¼À ¾�ÁÇ½ âN½¿Æ"ÁÃ½¿»�Ä7��¾­âNÅ�Õ�½¿ãB�s»�ãBÀ À¿½ ÆÇ½¿ãW�7Æ ¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ �1ó
ñ ¢/ô �2Ä7��ÆË½¿ÆyÓ[ã�ÁÃ½ â�¾�ÁÇ½¿ãB��¾W�7ësãBÉxÁÇÀ¿½¿�x� ¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ �1õ

ð n=§ µ-´ §Bö ª�÷
§Bø&ï&§·® ´ �H§ ³ ¬w¯Õ±�ªBâ ¦�§·® µ ¯pâ ±Þ§N¦ ù&ë
� ¢ ñ #$ãBÀ¿À ½¿ÆË½¿ãB��ßW��ãMÓZ�¼ÁÇÊËÅ=ãJÑ�Ä7��¾­âNÅ�Õ�½¿ãB�s»�ãBÀ À¿½ ÆÇ½¿ãW�7Æ�¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ òvñ
� ¢ � Ø�
���ÆÇ½�ßW�Õ¾�ÁÃÉxÊÇ��Æ�¾�Á
�����©¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ òB�

� ¢ � ¢ ñ
J/ψ

ÆËÉ7º7º7ÊË��ÆËÆÇ½¿ãW�H¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢ òB�
� ¢ � ¢ � �·ÁÃÊÃ¾��pßB���x��ÆÇÆ����xÄÕ¾W�7»¼�[ÓZ���GÁ ¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ òpò

� ¢ ò Ø�
���ÆÇ½�ßW�Õ¾�ÁÃÉxÊÇ��Æ�¾�Á����
�"#%¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ òB�
� ¢ ò ¢ ñ ��½�ßBÄRÁÇÊÃ¾W�7Æ"âB�¼ÊÇÆÇ�¢Ó[ãHÓ[�¼�·ÁÇÉpÓ º7¾WÊËÁÇ½¿»�À ��ÆÇÉxº7º7ÊÇ�¼ÆÇÆË½¿ãB�v 
ÞË�ÓÁCÕ�È·É7�¼�7»ÐÄ7½ �pß5¢X¢ òB�
� ¢ ò ¢ � �
�7½¿ÆËãWÁÃÊËãBº7½ »MúÕã Û ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ òpó

� ¢/ô Ø�
���ÆÇ½�ßW�Õ¾�ÁÃÉxÊÇ��Æ�¾�Á��-��# ¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ òpõ
� ¢ � �&Ä7ãWÁÃãW���&ÊÇãNë7É7»ÓÁÃ½ ãB�^¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ûô �

ù m*¤-§,oRp�u°lXr�§Bø&ï&§·® ´ �i§ ³ ¬E¯x¬Z¬°¤-§,p�qJl ü�ý
ò ¢ ñ �2Ä7�X����#�¾W»¼»��¼À¿��ÊÇ¾�ÁÃãWÊ%¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ûô �
ò ¢ � �2Ä7�����/�"#.�Uë7�ÓÁÃ��»ÓÁÃãBÊ ¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ûô ó

ò ¢ � ¢ ñ 	
�¼ÁÃ�¼»¼ÁÇãBÊ
À¿¾­ÅBãBÉxÁ6¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ûô ó
ò ¢ � ¢ � #$�¼�GÁÃÊÃ¾�À × ¾WÊÇÊË��À�¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ûô á
ò ¢ � ¢ ò �ÕãBÊ Û ¾�ÊÇësë7�¼ÁÇ��»¼ÁÇãBÊÇÆ*¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ �W�ò ¢ ò � âB���GÁ�ÆÇ½�Ó*É7À ¾�ÁÇ½¿ãB��¾W�7ësÊÇ�¼»�ãB�7Æ"ÁÃÊËÉ7»¼ÁÇ½¿ãB� ¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ � ô
ò ¢ ò ¢ ñ � âW���GÁ�ßB�¼�7��ÊÇ¾�ÁÃãWÊÇÆ���z����
�3�%¾W�xë����aÏW�1��
 ¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ �W�

ÜNâ



ÜNâ�½ þ\ÿ������������
ü ç §·®>÷ ª�®>�i¯ ³ «B§(ªg÷2¬°¤-§ ç qJk�t�¨�§G¬w§N«W¬wªß® ý
	

ô7¢ ñ 	��¼ÁÇ��»ÓÁÃãBÊ�ë7��ÆË»�ÊË½¿ºxÁÇ½¿ãB� ¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ �1õ
ô7¢ � �&ÊÇãWÁÇãWÁ3ÅNº�� × �­¾HÓ ÁÇ��Æ"Á
ÊË��ÆËÉ7À ÁÇÆ ¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ �Já

ô7¢ � ¢ ñ �&�7�¼Ê'ßWÅ ÊË��ÆËãBÀ¿ÉxÁÇ½¿ãB��Ñ ãWÊ2��À¿�¼»¼ÁÇÊÇãMÓ[¾HßB�7�ÓÁÃ½ »�ºÕ¾WÊ"ÁÃ½¿»¼À¿�¼ÆR¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ �Já
ô7¢ � ¢ � �3�Gâ�¾WÊË½ ¾W�GÁCÓ[¾WÆÇÆ�ÊÇ�¼ÆÇãBÀ ÉxÁÃ½ ãB�RãHÑ �7��É�ÁÃÊÃ¾�À/º7½¿ãB�xÆ.¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ óB�

ô7¢ ò ��½�Ó*É7À ¾�ÁÇ½¿ãB�[ºÕ¾WÊÇ¾HÓ[�ÓÁÃ�¼ÊÇÆ ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ópò
ô7¢/ô ���¼»�ãB�xÆËÁÃÊËÉ7»¼ÁÇ½¿ãB�(¾WÀDßBãBÊÇ½ÂÁÃÄpÓ ¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ó ô

ô7¢Wô7¢ ñ #$À É7ÆËÁÇ��ÊË½¿�pß ¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ óB�
ô7¢Wô7¢ � #$ãW�7ÆËÁÇÊÇÉ7»ÓÁÃ½¿ãW�(ãHÑ�ÁÃÊÇ¾W»mÅ=ÆË�[ßMÓZ���GÁÃÆ ¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ópõ
ô7¢Wô7¢ ò � ¾WÊËÁÇ½¿»¼À¿��½¿ëx���GÁÃ½àÚÕ»­¾�ÁÇ½¿ãB��¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ópõ

ô7¢ � 	��¼ÁÇ��»ÓÁÃãBÊ
¾W»�»¼��ºxÁÃ¾W�7»¼� ¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢�� �
ô7¢ ó �3�GÁÃÊÇ½ �7ÆÇ½ »�º��¼Ê%Ñ ãBÊ%Ó�¾��7»��¼Æ ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢��>ô

ô7¢ ó ¢ ñ ����ÆËº�ãW�7ÆÇ��ÁÃãE��À ��»ÓÁÃÊÇãHÓ�¾HßW�7�¼ÁÇ½¿»�ºÕ¾�ÊËÁÃ½ »�À ��Æ�¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢��>ô
ôx¢ ó ¢ ñ ¢ ñ �&�7�¼Ê'ßWÅs����ÆËãBÀ¿É�ÁÃ½¿ãW� ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢��>ô
ôx¢ ó ¢ ñ ¢ � ��ãBÆÇ½ÂÁÃ½ ãB�s���¼ÆÇãBÀ ÉxÁÃ½ ãB�H¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢�� �

ô7¢ ó ¢ � ����ÆËº�ãW�7ÆÇ��ÁÃãEÄÕ¾WëxÊÇãB�7ÆL¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢��
�
ô7¢ ó ¢ ò �2½DÓ[��ãJÑ+úÕ½DßBÄGÁ ¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢�� õ
ô7¢ ó ¢/ô #.� �6º��¼Ê%Ñ ãBÊ%Ó�¾��7»��[¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ õW�

ô7¢�� �(ãNë7½DÚÕ»�¾�ÁÃ½ ãB�7Æ.ëxÉ7��ÁÇãhÁÃÄ7��Ä7��¾wâ·Å�Õ3½ ãB� ���GâN½¿ÊËãB�pÓZ���GÁ�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ õW�
ô7¢ õ �(ãNë7½DÚÕ»�¾�ÁÃ½ ãB�7Æ.ëxÉ7��ÁÇãhÁÃÄ7�����/�"#.�U�¼�Gâ�½ ÊÇãB�YÓ[�¼�·Á ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ õvñ
ô7¢ á #$ãB�7»¼À¿É7ÆË½¿ãB�7Æ ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ õpó

ý ç ¯7®w¬ ´ «G±Þ§ ´ ¨�§ ³ ¬ ´�� «B¯x¬ ´ ª ³ � 	
� ¢ ñ #$ÄÕ¾WÊ%ßB��ësºÕ¾WÊ"ÁÃ½¿»¼À¿��½ ë7���GÁÇ½DÚÕ»�¾�ÁÃ½ ãB� Û ½ ÁÇÄ ÁÇÄ7�X#.� ��¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ õ �
� ¢ � �2½�ÓZ��ãHÑ�úÕ½�ßBÄGÁ�ë7½ ÆÇ»¼ÊÇ½�ÓZ½¿�7¾�ÁÃ½ ãB� ¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ áW�
� ¢ ò ��Ä7ã Û ��Ê�ÆÇÄÕ¾Wº���¾W�Õ¾WÀÂÅNÆÇ½¿Æ × ÅRÁÇÄ7����#$� ¾Wºxº7ÊÇãG¾�»ÐÄ ¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ áW�
� ¢/ô ��¾WÊ"ÁÃ½ »�À¿��½ ë7���GÁÇ½DÚÕ»�¾�ÁÃ½ ãB�Rº7ÊÇã × ¾ × ½ À¿½ ÁÇ½¿�¼Æ ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ápò

� ¢Wô7¢ ñ �N½¿�pßBÀ ��º7Ä7ã�ÁÃãB�7Æ2¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ápò
� ¢Wô7¢ � �&Ä7ã�ÁÃãB�7Æ�½ �(¾hÄ7��¾­âNÅ�Õ�½¿ãB�s���GâN½¿ÊËãB�pÓZ���GÁ�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ápò

� ¢/ô7¢ � ¢ ñ �/ã Û Õ3�¼�7��Ê%ßWÅ º7Ä7ã�ÁÃãB�7Æ�½ � ¾ZÄ7��¾­âNÅ�Õ�½¿ãB� ���GâN½¿ÊËãB�pÓZ���GÁ=¢�¢�¢X¢�¢X¢ áB�
� ¢/ô7¢ � ¢ � ��½�ßBÄ/Õ3���x��Ê'ß�Å=º7Ä7ã�ÁÃãB�7Æ�½ �(¾hÄ7��¾­âNÅ�Õ�½¿ãB�s���GâN½¿ÊËãB�pÓZ���GÁ ¢�¢X¢�¢X¢ ñw�pò

� ¢ � 	��¼ÁÇ��»ÓÁÃ½¿ãW�(ãHÑ
π0
½¿�s����+���¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñw�B�

� ¢ � ¢ ñ �3�Gâ�¾WÊË½ ¾W�GÁCÓ[¾WÆÇÆ�¾W�Õ¾�À ÅNÆÇ½ Æ2ãHÑ��x��ÉxÁÇÊÃ¾WÀ/º7½ ãB�7Æ�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñw�B�
� ¢ � ¢ � �3�Gâ�¾WÊË½ ¾W�GÁCÓ[¾WÆÇÆ�¾W�Õ¾�À ÅNÆÇ½ Æ2ãHÑ��x��ÉxÁÇÊÃ¾WÀ/º7½ ãB�7Æ2½ �(¾hÄ7��¾­âNÅ�Õ�½¿ãB�s���GâN½¿ÊËãB�pÓZ���GÁ ñw�B�

� ¢ ó � âB���GÁ × Å=�¼âB�¼�GÁ�º7ÄxãWÁÃãB�(¾W�7ë
π0
½¿ëx���GÁÃ½àÚÕ»­¾�ÁÇ½¿ãB� ¾¸Á�Ä7½�ßBÄ/Õ3���x��Ê'ß�Å6¢�¢�¢�¢�¢�¢X¢�¢X¢ ñw�põ

� ¢ ó ¢ ñ +��7��Õ3ë7½DÓ[�¼�7ÆÇ½ ãB�Õ¾WÀ�ÆÇÄ7ã Û ��Ê#Õ3ÆÇÄ7¾Wº��X¾W�Õ¾�À ÅNÆÇ½ Æ�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñw�põ
� ¢ ó ¢ � �3ëx���GÁÃ½àÚÕ»­¾�ÁÇ½¿ãB� ãHÑ º7Ä7ã�ÁÃãB�7Æ�¾W�xë

π0 × Å ��#$� ¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñfñpñ
� ¢ ó ¢ ò ����»¼ãMßB�7½ÂÁÃ½ ãB�RãHÑ º7Ä7ãWÁÇãB�7Æ�¾W�7ë

π0 × ÅR¾E�x��É7ÊÇ¾WÀ/�7�¼Á Û ãBÊ�Å ¢�¢�¢�¢�¢�¢X¢�¢X¢ ñfñw�
� ¢ ó ¢/ô �s�¼ÁÃÄxã�ë7Æ�»�ãHÓ[ºÕ¾�ÊÇ½¿ÆËãB� ¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñfñ`á



þ\ÿ��������
��� ÜNâN½¿½

� ¢�� �3ë7���GÁÇ½DÚÕ»�¾�ÁÃ½ ãB� ãHÑ�Äx½�ßBÄ�Õ����7�¼Ê'ßWÅ�º7Ä7ãWÁÇãB�7Æ�»�ãW�·âW��Ê"ÁÃ��ë�½¿�GÁÃãE��À ��»ÓÁÃÊÇãW�sº7¾W½¿ÊËÆ ¢�¢X¢�¢X¢ ñfñ`á
� ¢���¢ ñ #$ãW�·âW��Ê"ÁÃ��ë�º7Ä7ãWÁÇãB�7Æ�ÊÇ�¼»�ãB�7Æ"ÁÃÊËÉ7»¼ÁÇ½¿ãB�d¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñfñ`á
� ¢���¢ � �&Ä7ã�ÁÃãB�s½¿ë7�¼�GÁÃ½DÚ7»­¾�ÁÇ½¿ãB�R½ �(����+��R¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�uñ
� ¢���¢ ò ����ÉxÁÇÊÃ¾WÀ/ºx½¿ãB� ë7�ÓÁÃ��»ÓÁÃ½ ãB� ½¿�s����+�� ¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�W�

� ¢ õ #$ãB�7»¼À¿É7ÆË½¿ãB�7Æ ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°� ô
� ç ®°ªg� ï-¬@ï�¤-ªÕ¬wª ³ ´ ¨-§ ³ ¬ ´�� «B¯�¬ ´ ª ³ ëvð
	

ó ¢ ñ � âB���GÁ�ÆÇ½�Ó*É7À ¾�ÁÇ½¿ãB��¾W�7ësë7�¼ÁÇ��»ÓÁÃ½¿ãW�ÄÓ[¾W½ �RÊÇ��»¼ãB�7Æ"ÁÃÊÇÉx»¼ÁÃ½ ãB�ÃÑ �­¾�ÁÇÉ7ÊÇ�¼Æ ¢�¢�¢�¢�¢X¢�¢X¢ ñ°� �
ó ¢ ñ ¢ ñ �!Ü�º���»¼ÁÇ��ë,��Ü�º��¼ÊÇ½�ÓZ���GÁÃ¾WÀvÊÃ¾¸ÁÃ��Æ ¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�1õ

ó ¢ � ��¾WÊ"ÁÃ½ »�À¿��½ ë7���GÁÇ½DÚÕ»�¾�ÁÃ½ ãB� Û ½ ÁÇÄ(����+��a¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�òW�ó ¢ � ¢ ñ �NÄ7ã Û �¼Ê
ÆËÄÕ¾Wº��X¾��Õ¾WÀ ÅNÆË½¿Æ�� �x�����
¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�òB�ó ¢ ò �3ÆÇãBÀ¿¾�ÁÃ½ ãB�s#$ÉxÁ��(�ÓÁÃÄ7ãNë ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�òB�
ó ¢ ò ¢ ñ �3ÆËãBÀ ¾¸ÁÃ½¿ãW�R»�ÉxÁyÓZ�¼ÁÃÄxã�ë Û ½ ÁÇÄ ºÕ¾WÊËÁÇ½¿»¼À¿� pT

ÁÃÄ7ÊË��ÆËÄ7ãBÀ¿ëH� �"#2�,� ¢�¢�¢�¢X¢�¢X¢ ñ�òpó
ó ¢ ò ¢ � �3ÆËãBÀ ¾¸ÁÃ½¿ãW�R»�ÉxÁyÓZ�¼ÁÃÄxã�ë Û ½ ÁÇÄRÁÃãWÁÃ¾WÀ pT

ÆÇÉpÓ ÁÇÄ7ÊÇ�¼ÆÇÄ7ãWÀ¿ë ½¿� »�ãW�7�[�Þ�"#2�,�7� ¢ ñ ô �
ó ¢ ò ¢ ò #$ãHÓ[ºÕ¾�ÊÇ½¿ÆËãB� × �ÓÁ Û �¼���sÁÃÄ7��Á Û ã[�"#2� Ó[�ÓÁÃÄ7ãNë7Æ ¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ ô��

ó ¢/ô ��½¿�7¾WÀûº7ÊËãMÓZºxÁ�º7Ä7ãWÁÇãB�sÆÇº���»¼ÁÇÊÇÉpÓ ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�uñ
ó ¢ � #$ãB�7»¼À¿É7ÆË½¿ãB�7Æ ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�W�

	 ç ¤-ªÕ¬wª ³ êË¬w¯ â�â §N¨ ß §G¬°¦ ´ ¨-§ ³ ¬ ´�� «B¯x¬ ´ ª ³ ëvý�ý��¢ ñ ���¼ÆÇº�ãB�7ÆË�XãHÑ�ÁÃÄx��ëx�¼ÁÃ�¼»¼ÁÇãBÊÇÆ ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�W���¢ ñ ¢ ñ �2Äx�Xº7ÄxãWÁÃãB� ë7�ÓÁÃ�¼»¼ÁÃãWÊÇÆ
����+��s¾W�xë����,#.¾WÀH¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�W���¢ ñ ¢ � #$Ä7¾WÊ'ßB�¼ë(º7¾WÊËÁÇ½¿»�À ��ë7�¼ÁÇ��»ÓÁÃãBÊ ¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�1ó��¢ � ÏW�¼Á�ÆÇ�¼À¿�¼»¼ÁÃ½ ãB� º7ÊÇãN»��¼ë7É7ÊË� ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�1ó��¢ � ¢ ñ �
ÆÇº���»ÓÁÃÆ�ãHÑ
γ
ÕdÞË�ÓÁ�ÆÇ��À ��»ÓÁÃ½¿ãW�7Æ,¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢ ñ°�1ó��¢ � ¢ � 	
�¼ÁÃ�¼»¼ÁÇ½¿ãB�sãHÑ
π0
À �­¾Wëx½¿�pßhºÕ¾�ÊËÁÃ½ »�À ��ÆZ¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°� ���¢ ò ÏW�¼Á�ÊÇ�¼»�ãB�xÆËÁÃÊËÉ7»¼ÁÇ½¿ãB� ¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�Já��¢/ô ÏW�¼Á�ÆÇ�¼À¿�¼»¼ÁÃ½ ãB� � ÉZ»�½ ���7»ÓÅs¾W�7ës»�ãB�GÁÃ¾HÓ[½ �Õ¾�ÁÇ½¿ãB� ¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�óB���¢ � �ÕÊÃ¾HßMÓZ���GÁÃ¾�ÁÃ½ ãB��Ñ É7�7»ÓÁÃ½ ãB�7ÆL¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�ó ���¢ ó #$ãB�7»¼À¿É7ÆË½¿ãB�7Æ ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ � �

lXª ³ «G±�� ¦ ´ ª ³ ¦ ë�	Eý
lXª ³ «G±�� ¦ ´ ª ³ §N¦��Ç«B¯7¦¼¬w§N±�± ¯ ³ ª�� ë�	��
lXª ³ «G±�� ¦ ´ ª ³ ¦��V÷�®°¯ ³�� ¯ ´ ¦�� ë � ù
o l*ªg�!�Hª ³ ±#ã�� ¦¼§�¨5¯pâUâ�®¸§ µ-´ ¯x¬ ´ ª ³ ¦ ë � �
� � ´Þ³ §u�i¯x¬ ´ «G¦ ë �&ë
l ç"! mXq(u¼o «B®¸ª�¦­¦Z¦�§N«W¬ ´ ª ³ ¦ ë ��ù



ÜNâ�½ ½¿½ þ\ÿ������������
� ´ â ± ´ ª â ®°¯Eï�¤gã ë ��ý



# ±&¸|´ ¶%$ & ±h¨%'¯©�®¼¸

ñ �<fàc[���ac)(*( 3S~�3,+�-/c`5#365.+��#�6~MfÆe#365.+/c[��Åàc<e/-s�6�`��fh310o9!�324�wc<ÅÆfÆ��}s3]g6�`}Je�fÆ}+�s3SfÆ}s~Mf54J�s3]��}s3
e��ac[}s5�fÆe�fh�`}6+��#�87/c)7�Åh3�~M�9+��#3�(qfh3-�q�`�#~M�#3:2��wckÅÆfÆ��}s3�3-};+Y�`fÆ}Je�fÆÅÆÅh�ÔfÆ}s~Mf54J�s3Ô��}s3¢�#�-��fh�`}
c�1436g���}s3<+p��5#5�f=7�Åh3Ie��ac[}s5�fÆe�fh�`}µg6�`}+e�fÆ}J�s3*(Ôc[fh5<�ac)+�fh~�3 c)+�+Y3-Åh�63<>¿g-�#��5#5a��143-�@?A2C�B3Ig63-�#g-Åh3+�Åh3-fÆ} fÆ}s~Mf54J�s3¢Åh3B+p�`fÆ}+eDCs}/c[Å»g-��fÆe�f54+�s3¦~FE ��}s3¦ÅÆfÆ��}s3¦~�3Ôe��ac[}s5#fÆe�fh�`} ~M�6+��#3�(qfh3-�q�`�#~M�#3
�8GÖÅàcIe��ac[}s5�fÆe�fh�`}�5#3-�ac[fÆeS~�3o~�3-�IHHf5J�( 3y�`�#~M�#3LKM4+��fF+p�`�����ac[fÆeON-e��#3oÅh�Hg�c[ÅÆfh5#�63QP

µB ∼ 700
��3õ¤QRS2w��365Q+�-/c`5a365Q+�ÅÆ�s5y3SH��`e�f54J�s365Q+p3-��143-}+e�3SHHfh5�e#3-�DPT-/c[��e#3Ô~�3-}s5�fÆe#��@U+/c[�y3SH�3�(*+�Åh3P ÅVE fÆ}+e#�-��fh3-���o~�365?�-e#�`fÆÅh365<~�3C}s3-��e��#�`}s5W2]�w3658g6�`}s~MfÆe�fh�`}s5�~�3C�43-Å,KYX��#363�Z�3'ËF�`��e[R?g�-�f=(qf54J�s3
c[e�e#3-fÆ}Je#365�~sc[}s5�~�365C3SH
+p�-��fh3-}sg6365y~�3qg6�`ÅÆÅÆfh5#fh�`}s5y~FE fh�`}s5CÅh�`���#~�5DPÖj?�C7Y@w7Hb�7Ã3-eCl?:<�r9
5#�`}Je�c[�s5a5�f�( �`}Je��#�6365W2��wc]\^J6g�-s3_P]-/c[��e#3£x�3-eD7/c`5

µB
fÆ}s~Mf54J�s3ÔÅh3�g6�8(*+Y�`��e#3�( 3-}Je

c[e�e#3-}s~M�£~�3ÖÅàc`(Ôc[e�f5J-�#3�c[�IH��-}s3-����fh365�~M���B:o9�c)+���J65 Åh3k�43-ÅDKYX)�#363�Z�3'ËF�`��e[R'@»Åàc84+�s3-ÅÆÅh3
5���fÆe<��}�g�-s3�(qfÆ}µ5#3�(<7�Åàc)7�Åh3*P¢g63-ÅÆ��f
~�365a+��#3�(qfh3-�#5<fÆ}s5�eac[}Je#5o~�3yÅVE ��}�fÆ143-�#5oc)+���J65<Åh3�º!fÆ�
º]c[}��cb À���fàÇ)d�e�2 ¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ô

� �wc<+��#365#5�fh�`}fK�c�RU3-e!~�3-}s5�fÆe#��~FE �-}s3-����fh3*Kg7 R'@
+��#�6~MfÆe#365h+/c[�i0o9!��c61436goÇM@�ÍM@J3-e]Éy5%c6143-���#5
~�3,4J�/c[��iH5d~�3,(Ôc`5#5#3�Åh�-��J-�#3�@43-e�~�3-�IHD4J�/c[��iM5uÅh�-�43-�#5U3-e
��}*4J�/c[��iQ+�ÅÆ�s5dÅh�`���#~]K)�-e��ac[}��43jRS2
�B365*\^J6g�-s365 5�����Åh365 �`�#~��`}�}s�6365Ô~M��glk`e#�Ö~M�#�`fÆeqfÆ}s~Mf54+�s3-}Je Åàc�1`c[Åh3-���q~�3¦Åàc�ÅÆf=(qfÆe#3Ö~�3
7Je#3SXõc[}MËFº»�`ÅÆe/Zl(Ôc[}�}m+p�`���]��}k�+c)ZC~�3Q4J�/c[��iH5?3-eS~�3o��ÅÆ�s�`}s5]fh~���c[Ånb j<�B�rÇ)d:e�2 ¢�¢�¢X¢�¢X¢ �

ò l83�+��#�65#3-}+eac[e�fh�`}	5#g�-s��(Ôc[e�f54J�s3 ~�365O~MfÆ143-�#5#365��-eac)+Y365�~�3ÃÅVE �-14�`ÅÆ��e�fh�`} ~FE ��}s3§g6�`ÅÆÅÆfh5�fh�`}
��ÅÆe��acÌËõ�#3-Åàc[e�fÆ1Hfh5�e#3y3-}Je��#3Cfh�`}s5]Åh�`���#~�5j22�B365]e/-s3-�/( �8(LJ-e��#3658fÆ}s~Mf54+�s3-}Je?ÅàcIe#3�(*+p�-�ac[e����#3oP
Åàc84J�s3-ÅÆÅh3oÅVE �l4J��fÆÅÆf=7��#3Ce/-s3-�/(qf54J�s3p+Y�`�����ac[fÆeqN-e��#3yc[e�e#3-fÆ}+eW2 ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ �

ô r 14�`ÅÆ��e�fh�`}�~FE ��}s3Cg6�`ÅÆÅÆfh5�fh�`}k}J�sg-Åh��c[fÆ�#3<-/c[��e#3y�-}s3-����fh3C5#3-Åh�`}Oº
s��`��i43-}�b º�s���t�É)e�2 ¢�¢X¢�¢X¢ �
� �<fàc[���ac)(Ôcq~�3aXõc`5#365]~�3<0o9!�32��wc�Å=uÆ}s3�c�g6�`}Je�fÆ}+�/cqfÆ}s~Mfhg�cq��}/cD+��#�87/c)7�Åh3oe��ac[}s5�fhg-f5v`}O~�3+���f=( 3-�»�`�#~�3-}w2��wcoÅ=uÆ}s3�cy~�3O+���}Je#��5UfÆ}s~Mfhg�cy��}/cx+p��5�f=7�Åh3S�#3-��f5v`}�g6�`}Ô��}/coe��ac[}s5#fhg-f5v`}�~�3

g-�#��5#5a��143-��@wg6�`}Je�fÆ}+�/cT+p3-�#�¦�Ay)+�fh~scI2Im�Å2g�uÆ�#g-��Åh�¦}s3-���#�ÖfÆ}s~Mfhg�c���}`+���}+e#�kg-�/uÆe�fhg6��Kg+p��5�f�Ë7�Åh3�( 3-}Je#3oÅh�Jg�c[ÅÆf=Z�c`~��Ô3-}
µB ∼ 700

��3õ¤QR!~��`}s~�3���}/coXõc`5#3�~�3<5a3-����}s~��q�`�#~�3-}_+Y�H~M�/uàc
e#3-}s3-�uÅÆ���+c[�W2
À�c`5#365w3SH�v`e�fhg�c`5�+��s36~�3-}I3SHHfh5#e�fÆ�uc?c[ÅÆeac`5u~�3-}s5�fh~sc`~�365�@`g6�8( �1+p�`�w3zs�3�(*+�Åh�?3-}
365�e��#3-ÅÆÅàc`58~�3o}s3-��e��#�`}s365W2]7H3p(y�s365#e��ac[}OÅàc`5?g6�`}s~Mfhg-fh�`}s365<~�3xX)�#363�Z�3'ËF�`��eq4J��u=(qfhg6�Ôc[Åhg�c[}MËZ�c`~sc`583-}k3SH
+p3-��f=( 3-}+e#��5<~�3�fh�`}s365O+p365ac`~���5S3-}k3-ÅBj?�C7Y@/3-Åu7Hb�7��¦3-Åwl?:<�r9a2M�wc3\/36g�-/c
cqc[ÅÆeacIe#3�(*+p3-�ac[e����ac`5]�"7/c{s��

µB
fÆ}s~Mfhg�c�3-ÅBg6�8(*+p�`��eac)(qfh3-}+e#�Ô365�+Y3-�ac`~��q~�3<ÅàcD(Ôc[e#3-��fàc

3-}O3-ÅB�w:�9|+/c[�ac 3-}s3-���:uàc`5?5���+p3-��fh�`�#365?c[ÅFX)�#363�Z�3'ËF�`��e�@s5�fÆ����fh3-}s~��q��}�g�c)(qfÆ}s� 5�f=(qfÆÅàc[�8c[Å
e#�8(Ôc`~��"+Y�`�]ÅàcD(Ôc[e#3-��fàcÔ~M���ac[}+e#3CÅh��5O+���f=( 3-�#��5SfÆ}s5�eac[}Je#365?~�3-ÅB��}�fÆ143-�#5#�cb À���fàÇ)d:e�2 ¢�¢X¢ ñ ô

Ü�½àÜ



ÜsÜ }�~g�)�*ÿ���� �w�
�j���
ó �wcq+��#365�f5v`}]K�c�Rw�yÅàc8~�3-}s5�fh~sc`~q~�3»3-}s3-���:uàc3Kg7 Ru3-}L0o9!�£g6�`} ÇM@4Í8��É<5ac)7Y�`�#365d~�3,4J�/c[��iH5

ÅÆfÆ�43-�#��5��ÃÍk5ac)7p�`�#365y~�3L4J�/c[��iM5CÅÆfÆ�43-�#��5o("y`5y��}Ä5%c)7Y�`�I~�3L4+�/c[��if+p365ac`~���K)3SHMe��ac)�s��RS2
�wc`5q\/36gA-/c`5<3-}�ÅàcL+/c[��e#3I~�3-�#36g�-/c�~�3yÅàc`58�`�#~�3-}/c`~sc`5x(��s365�e��ac[}�3-Å
1�c[Åh�`�8~�3-Å
Å=u=(qfÆe#3�~�3
7Je#3SXõc[}MËFº»�`ÅÆe/Zl(Ôc[}�}m+/c[�ac���}Ö�+c`5Sfh~�3�c[Åw~�3Q4J�/c[��iH5]�¢��ÅÆ�s�`}s365<b j<�B�rÇ)d:e�2 ¢�¢�¢�¢�¢X¢�¢X¢ ñw�� ¤<fh5�eac 365�4J�s3�("y[e�fhg�c�~�3�Åàc`5Ö1�c[��fàc`5TXõc`5#365T+Y�`�ÖÅàc`5c4+�s3`+/c`5ac ��}/c�g6�`ÅÆfh5�f5v`} ~�3�fh�`}s365+p365ac`~���5<��ÅÆe��ac[���#3-Åàc[e�fÆ1Jfh5#eac`5W2y�B��5�e#3-�/(Lv8( 3-e��#��5CfÆ}s~Mfhg�c[}µÅàc e#3�(*+p3-�ac[e����ackcÔÅàc¢g-�/c[Å�3-Å
3l4J��fÆÅÆf=7���fh�qe#�-�/(qfhg6�L+p�H~M�/uàc�5#3-�?c[Åhg�c[}�Z�c`~���2 ¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ �

õ m�14�`ÅÆ�sg-f5v`}�4+�s3o5#fÆ���s3o��}/cqg6�`ÅÆfh5�f5v`}k}J�sg-Åh3�c[�8~�3Cc[ÅÆeacq3-}s3-���:uàc 5#3-�:��}Oº
sr�`��i43-}9b º�s���t�É{e�2 ¢ ñ �
ñ ¢ ñ b�-/c`5a3�~Mfàc[���ac)( �)XL0o9!�32!=,-s3�5#�`ÅÆfh~£ÅÆfÆ}s365¦fÆ}s~Mfhg�c[e#3�ÅÆfÆi43-ÅÆ��Cs�#5�erËF�`�#~�3-�¦e��ac[}s5�fÆe�fh�`}s5W2

=,-s3 ~��`e�e#36~ÄÅÆfÆ}s3qfÆ}s~Mfhg�c[e#365�cT+Y��5a5�f=7�Åh3q�#3-��fh�`}Ä�)X?cÖg6�`}Je�fÆ}+�s�`�s5D7���eC�ac)+�fh~Ãg-�#��5#5a��143-�
e��ac[}s5�fÆe�fh�`}w2 =,-s3]7�Åàc`g#i6CsÅÆÅh36~£g-fÆ�#g-Åh3kfÆ}s~Mfhg�c[e#365�e/-s3�5#36g6�`}s~HËF�`�#~�3-��g-��fÆe�fhg�c[Å�3-}s~I+p�`fÆ}+e
�)X?c¦ÅÆfÆ}s3¢�)XhCs�#5#erËF�`�#~�3-�ye��ac[}s5�fÆe�fh�`}s5�@,Kg(qfÆ�:-+eD7p3qÅh�Jg�c[e#36~ c[e

µB ∼ 700
��3õ¤QRS2B���`�#3

3SH��`e�fhgD+�-/c`5#365og�c[}µ3SHHfh5�eoc[ex-�fÆ�:-µ~�3-}s5�fÆe�fh365�@�X��`�<3SHsc)(*+�Åh3�fÆ}�e/-s3�fÆ}Je#3-��fh�`�C�)XU}s3-��e��#�`}
5�eac[�#5j2U9�-s3�(qfhg�c[ÅFX��#363�Z�3'ËF�`��e8g6�`}s~MfÆe�fh�`}s5]�#3�c`g�-s36~ÖfÆ}_-s3�c�1J�JËõfh�`}O3SHI+Y3-��f=( 3-}Je#5?c[eSj?�C7Y@
7Hb�7�c[}s~�l?:<��9 c[�#3qc[Åh5#�¦5/-s�j�]}w2C=,-s3qc[���#�W� c[ea-�fÆ�:-�= c[}s~�Åh�W�

µB
fÆ}s~Mfhg�c[e#365oe/-s3

3SHI+Y36g-e#36~c7Y3�-/c�1Jfh�`�<�)X�(Ôc[e�e#3-�<c[e8�w:�9 3-}s3-����fh36517p3SX)�`�#3pX��#363�Z�3'ËF�`��e�@�eac[iJfÆ}���c 5�f=(qfÆÅàc[�+/c[e/-ke/-/c[}Oe/-s3C3�c[��ÅÆ�¢��}�fÆ143-�#5a3Lb À���fàÇ)d�e�2 ¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ � ô
ñ ¢ � =,-s31+��#365#5����#3<K�c�RUc[}s~ 3-}s3-����� ~�3-}s5�fÆeF�cKg7 R'@+fÆ}T0o9!� g6�`}s5�fh~�3-��fÆ}��DZ�3-�#��@4e�����c[}s~qe/-��#363

ÅÆfÆ�:-Je�(Ôc`5#5
4J�/c[��iM5�\�c�14�`�#52c[}s~Ie�����ÅÆfÆ�:-Je2c[}s~�c1-s3�c61Hfh3-�OK)5�e��ac[}��43jRU4J�/c[��i�2
=,-s3!c[���#�j�S5
�`}�e/-s3y��fÆ�:-JerËF5�fh~�3��`�#~MfÆ}/c[e#365�5/-s�W��e/-s3y1�c[ÅÆ�s3I�)X2e/-s3�7Je#3SXõc[}MËFº»�`ÅÆe/Zl(Ôc[}�}µÅÆf=(qfÆe1X��`�<c[}
fh~�3�c[Å�4J�/c[��iJËõ��ÅÆ�s�`}k�+c`5<b j<�B�rÇ)d8e�2 ¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ �W�

ñ ¢ ò 7HgA-s3�(Ôc[e�fhg 1Hfh3��	�)X!e/-s3�1`c[��fh�`�s5y5�eac[�4365o�)X»c[}µ��ÅÆe��acÌËõ�#3-Åàc[e�fÆ1Hfh5�e�fhg*-s3�c�1J�JËõfh�`}Ãg6�`ÅÆÅÆfh5�fh�`}w2
=,-s38e/-s3-�/( �8( 3-e#3-�#5»fÆ}s~Mfhg�c[e#3?e#3�(*+p3-�ac[e����#365Sc[en�i-�fhgA-¦e/-s3-�/(Ôc[ÅY3l4J��fÆÅÆf=7���fÆ��(�(qfÆ�:-+eh7Y3
c[e�eac[fÆ}s36~F2 ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ �1ó

ñ ¢/ô m�HI+p36g-e#36~�3-14�`ÅÆ��e�fh�`}��)X
cQ-�fÆ�:-k3-}s3-�����¢}+�sg-Åh3�c[�Sg6�`ÅÆÅÆfh5�fh�`}kc`g6g6�`�#~MfÆ}��qe#��º
sr�`��i43-}fb º
s���t�É)e�2 � �
� ¢ ñ ��3�c`5����#36~

J/ψ
+��#�H~M�sg-e�fh�`}��Jfh3-Åh~�5
}s�`�/(Ôc[ÅÆf=Z�36~Ie#�<e/-s3�3SHI+p36g-e#36~y�Hfh3-Åh~�5�c`5#5���(qfÆ}���e/-/c[e

e/-s3C�`}�ÅÆ�¦5#�`���#g63C�)X�5���+�+��#365#5#fh�`}kfh5]e/-s3o�`�#~MfÆ}/c[���¦}+�sg-Åh3�c[��c)7s5#�`�/+�e�fh�`}9b jq7��A�:�{e�2 ¢X¢�¢X¢ òpò
� ¢ � m�}�-/c[}sg63�( 3-}Jeo�)X�5#e��ac[}��43Q7/c[���4�`}s5S�#3-Åàc[e�fÆ143�e#� ^�ËFº»3Cg6�`ÅÆÅÆfh5�fh�`}s5�@Yc`58cDX)��}sg-e�fh�`}��)X�e/-s3

}J��(<7p3-�?�)X
+/c[��e�fhg-f=+/c[}Je#5SfÆ}¦e/-s3og6�`ÅÆÅÆfh5�fh�`}w22=,-s3��ac[e�fh��fh5»~�3SCs}s36~Oc`5 NAB

NpartNpPb

@
�i-s3-�#3
NAB

fh5Ie/-s3�}+��(o7Y3-� �)X85#e��ac[}��43�+/c[��e�fhg-Åh365�fÆ}�j?ËFº g6�`ÅÆÅÆfh5�fh�`}s5�@
NpPb

fh5Ie/-s3�}+��(<7p3-�
�)XC5�e��ac[}��43c+/c[��e�fhg-Åh365¢fÆ}£^YËFb�7 g6�`ÅÆÅÆfh5#fh�`}s5�c[}s~

Npart
fh5 e/-s3O}+��(<7p3-�¦�)Xx+/c[��e�fhg-f=+/c[}Je

}J�sg-Åh36�`}s5ob À/c[}/Ç�Í8e�2 ¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ò ô
� ¢ ò 7HgA-s3�(Ôc[e�fhg¢1Hfh3�� �)XO+/c[��e#�`} 5#g�c[e�e#3-��fÆ}���fÆ}�-s3�c�1J�JËõfh�`} g6�`ÅÆÅÆfh5#fh�`}s5W2Ö�F}§Åh3SX�e<X��ac)( 3�@
e����4J�/c[��iH5»g6�`ÅÆÅÆfh~�3oc[}s~B+��#�J~M�sg638e��!��}s3���+/c[��e#�`}s5»e/-/c[e�Åh�H��5#3<3-}s3-�����ÔfÆ}�e/-s3q( 36~MfÆ��(�7J�

�ac`~Mfàc[e�fÆ}��k��ÅÆ�s�`}s5j�{e/-s3-��g�c[}Ã365#g�c)+p3oX��#�8(�e/-s3I}+�sg-Åh3�c[�<( 36~MfÆ��( c[}s~`-/c`~M�#�`}�f=Z�3�fÆ}+e#�s�3-e#5W2¦�F}Ä��fÆ�:-+eQX)�ac)( 3�@�c¦��ÅÆ�s�`}MË�4J�/c[��iÄ5#g�c[e�e#3-��fÆ}��c+��#�H~M�sg6365�cT+�-s�`e#�`} c[}s~ c_4J�/c[��i��
e/-s3p+�-s�`e#�`}�365#g�c)+Y365,�]fÆe/-s�`��e8fÆ}+e#3-�ac`g-e�fÆ}����i-s3-�#3�c`5Se/-s3p4J�/c[��i�5��I�{3-�#5?c[}k3-}s3-�����JËõÅh��5#5
~M�s3oe#��e/-s3Q( 36~MfÆ��(]2 ¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ òB�



}�~g�8�'ÿ��h���F�
�j��� ÜsÜ�½

� ¢/ô ;q+�+Y3-�hCs�����#3�´
RAA(pT )

X��`�
π0 g63-}+e��ac[Åwc[}s~T+p3-��f=+�-s3-�ac[Åwj?�MËFj8�Ög6�`ÅÆÅÆfh5�fh�`}s5?c[}s~B(qfÆ}�f�Ë(���(�7�fàc`5Ô(JËFj8�B@Yg6�`ÅÆÅÆfh5�fh�`}s5��87�eac[fÆ}s36~c7J�Öe/-s3�b2:<m2n<���Èg6�`ÅÆÅàc)7p�`�ac[e�fh�`}w2?=,-s3I5/-/c`~�36~7p�lH�365w5/-s�j�Ãe/-s3U5#�H5�e#3�(Ôc[e�fhgU3-���#�`�#5W2w�B�j��3-�
Cs�����#365u5�-s�W�

RAA(pT )
X��`�

π0 c[}s~�g�-/c[���436~-/c`~M�#�`}s5OX)�`�S~Mf��{3-�#3-}+e<g6�`ÅÆÅÆfh5�fh�`}Og63-}+e��ac[ÅÆfÆe�fh365Db j]~�g�Ç)d:e�2 ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ò �
� ¢ � �<f��{3-�#3-}+e�fàc[Å<�Jfh3-Åh~�5*+p3-� �#3-Åàc[e�fÆ143�c)Z6f=(y��e/-/c[Åoc[}���Åh3

∆φ
c[}s~�+p3-� e���fÆ���43-�"+/c[��e�fhg-Åh3��)X+/c[fÆ�#5<�)XUg�-/c[���436~m-/c`~M�#�`}s5?fÆ}�(JËFj8�B@�+p3-��f=+�-s3-�ac[Å�c[}s~�g63-}Je��ac[Å
j8�MËFj?��g6�`ÅÆÅÆfh5�fh�`}s5W2S=,-s3+/c[fÆ�#5���3-�#3�5#3-Åh36g-e#36~��]fÆe/-�e/-s3m-�fÆ�:-s3-�rËV( �8( 3-}+e���(�>Fe���fÆ���43-�@?c+/c[��e�fhg-Åh3�fÆ} e/-s3k�ac[}��43

2.5 < pT < 4
��3õ¤Q�MEIc[}s~¢e/-s3<Åh�j��3-�O( �8( 3-}Je���(�>�c`5#5#�Hg-fàc[e#36~
?q+/c[��e�fhg-Åh3�fÆ}¦e/-s3<�ac[}��43

1 < pT < 2.5
��3õ¤Q�MELb j]~�g�Ç)d�e�2 ¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ òpõ

� ¢ ó m�ÅÆÅÆf=+�e�fhgf\/�W��( 3�c`5����#36~�7J� e/-s3Ä7H=uj8l g6�`ÅÆÅàc)7Y�`�ac[e�fh�`}�X��`�_(y��ÅÆe�f�ËF5#e��ac[}��43f7/c[���4�`}s5�@
e#�`�43-e/-s3-�q�]fÆe/-]-+�M~M�#�[ËF~M�J}/c)(qfhg<( �J~�3-Å�+��#36~Mfhg-e�fh�`}s53� #.¾WÆ � ôI� 2 ¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ òHá

� ¢�� �<fÆ�#36g-eO+�-s�`e#�`}_+��#�H~M�sg-e�fh�`}k}s�`�/(Ôc[ÅÆf=Z�36~ke#��e/-s3x7/c`gaiJ���#�`��}s~O�87�eac[fÆ}s36~Oc[e]e/-s3�7Hb�7¦c[e
√
sNN ' 17

��3F¤ b�7MËFb�7µg6�`ÅÆÅÆfh5�fh�`}s5a7+�Oe/-s3<��ja�:tÔg6�`ÅÆÅàc)7Y�`�ac[e�fh�`}B@�X��`�<c�RO+p3-��f=+�-s3-�ac[Å
c[}s~_7 R!g63-}Je��ac[Åug6�`ÅÆÅÆfh5�fh�`}s5ob j?���+Ç�Ç)7�e�2 ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ûô ñ

� ¢ õ �<fÆ�#36g-eD+�-s�`e#�`}�+��#�H~M�sg-e�fh�`}§}s�`�/(Ôc[ÅÆf=Z�36~ e#�ke/-s3"7/c`g#iH���#�`��}s~§�87�eac[fÆ}s36~ c[e�l8:8��9�7J�
e/-s3 bU:8m2n<����g6�`ÅÆÅàc)7p�`�ac[e�fh�`}�X��`� √

sNN = 200
��3F¤�j?�MËFj8�Ãg6�`ÅÆÅÆfh5�fh�`}s5�c[}s~fX)�`�C~Mf�X�ËX�3-�#3-}+eIg63-}+e��ac[ÅÆfÆe�fh365W2¦=,-s3Ôg-����14365y�#3�+��#365#3-}+eqcT+ 0o9!��g�c[Åhg-��Åàc[e�fh�`} �)XS~MfÆ�#36g-e<+�-s�`e#�`}s5

fÆ}�^4^�g6�`ÅÆÅÆfh5�fh�`}s5!}s�`�/(Ôc[ÅÆf=Z�36~¢e#��j?�MËFj8�¦g6�`ÅÆÅÆfh5�fh�`}s5�@Mc`5#5���(qfÆ}��D+����#31+p�`fÆ}+erËõÅÆfÆi43�5#g�c[ÅÆfÆ}���2
7�-/c`~�36~§�#3-��fh�`}s5yfÆ}s~Mfhg�c[e#3¢e/-s3 1�c[��fàc[e�fh�`}§�)X]e/-s3"+ 0o9!��g�c[Åhg-��Åàc[e�fh�`};X)�`��cOg�-/c[}��43��)X
5#g�c[Åh3pX��#�8(

pT /2
e#�

2pT
b j]~MÅàÇ�Î)e�2 ¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ûô �

� ¢ á
RAA

c`58coX)��}sg-e�fh�`}��)X�g63-}+e��ac[ÅÆfÆe¿�Ö��fÆ143-}c7J�
Npart

X��`�?~MfÆ�#36g-eO+�-s�`e#�`}s5DK • R?c[}s~ π0 K ◦ R
�Hfh3-Åh~�5SfÆ}Je#3-���ac[e#36~�c)7p��143IÊÔ��3õ¤32s=,-s3C3-���#�`�q7/c[�#5SfÆ}s~Mfhg�c[e#3ye/-s3oe#�`eac[Åu3-���#�`�?3SH�g-ÅÆ�s~MfÆ}��
e/-s3C3-���#�`�8�`}Öe/-s3o}+��(o7Y3-�<�)XU7�fÆ}/c[���Ög6�`ÅÆÅÆfh5�fh�`}s5�@/5/-s�W�]}]7J�¢e/-s3y~sc`5/-s36~ÖÅÆfÆ}s365Qb j]~MÅàÇ�Î)e�2 ô �

ò ¢ ñ 9�-/c[���436~`+/c[��e�fhg-Åh3D(y��ÅÆe�f=+�ÅÆfhg-fÆe¿�`+Y3-�a+s5#3-�s~��[Ëõ�ac)+�fh~MfÆeF����}�fÆe�fÆ} v8vÈg6�`ÅÆÅÆfh5�fh�`}s5j2y7
4+�/c[�#3
c[}s~�e���fàc[}���Åh3i(Ôc[��i43-�#5�c[�#3,( �J~�3-Å�+��#36~Mfhg-e�fh�`}s5W2U9�fÆ�#g-Åh3Sc[}s~��/-s�8(o7�f^(Ôc[��i43-�#5��#3�+��#365a3-}+e
l8:8��9 ~sc[eac_b m25�i�ÇI 4@FmU5�iMÇ�Ç{e�2 ¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ûô��

ò ¢ � �B�`}���fÆe��s~MfÆ}/c[Åd1Hfh3�� �)Xde/-s3yj<�B�r9!m ~�3-e#36g-e#�`�q�]fÆe/-s�`��e<m2�µ9»c[ÅV2�j	~M�acl�]fÆ}���fÆ}sg-ÅÆ�s~MfÆ}��
m2�µ9»c[ÅBfh5i+��#365a3-}+e#36~kfÆ}kÀ
fÆ��2/ÉI2 ÉI2 ¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ûô õ

ò ¢ ò �B�`}���fÆe��s~MfÆ}/c[Ådc[}s~¦e��ac[}s5�143-�#5ac[ÅB~M�acW�]fÆ}��45?�)Xue/-s3oj<�B��9!m�~�3-e#36g-e#�`�]fÆ}sg-ÅÆ�s~MfÆ}��Ôm2�µ9»c[ÅV2
=]l8� c[}s~¢=?�<À c[�#38~M�acW�]}T�]fÆe/-B-s�`Åh365�fÆ}�e/-s38b2:o�o7¢c[}s~¢:<��bU�¿� �#3-��fh�`}s5j��:8��b2���
fh5S~Mfh5�+�Åàc`g636~Ö�#365/+p36g-eSe#��fÆe#5i+p��5�fÆe�fh�`}kfÆ}kÀ
fÆ��2/ÉI2 Í ¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ûô á

ò ¢/ô 7HgA-s3�(Ôc[e�fhgy�#3�+��#365#3-}Jeac[e�fh�`}��)Xde/-s3C~sc[eac3+��#�Hg6365#5�fÆ}�� gA-/c[fÆ}w2 ¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ � ô
ô7¢ ñ ¤<fh3�� �)X/bU:��o7�c`5u~�365ag-��f=7Y36~�fÆ}Ij8ÅÆfhl?�H�`e�´Bb2:o�o7CfÆ}s5�fh~�3Ue/-s3!j<�B�r9!m�5#�`Åh3-}s�`fh~o(Ôc[��}s3-eK�Åh3SX)e[R'@s�`}s3Cb2:o�o7�7�Åh�Hg#i�K���fÆ�:-+e[RS2 ¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ �Já
ô7¢ � =,-s3�Í�Î�Êkg-���M5�eac[ÅUb2:o�o7`+��#�`e#�`e¿��+p3:2Öj�´w�<3-e#36g-e#�`��c[}s~Äg6�H�`ÅÆfÆ}���5��M5�e#3�(]2�º�´
9�Åh��5#36~

~�3-e#36g-e#�`�q�]fÆe/-�9!b�¤	�`}ke#�8+w2�9<´/9����M5�eac[Åw(Ôc[e���f�HF22��´/9�Åh��5#3'Ëõ��+O�)Xde/-s3�9!b�¤32 ¢�¢X¢�¢X¢ óW�
ô7¢ ò b�7�� Ç

4
b2:o�o7¦g-���M5�eac[ÅV2 ¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ óW�
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�j���
ô7¢/ô m�HI+p3-��f=( 3-}+eac[Å{5#3-erËõ��+�X)�`��e/-s3?e#365�e��]fÆe/-

8× 8
g-���M5�eac[Åpb2:o�o7*+��#�`e#�`e¿��+p3:2��B3SX)enX)�ac)( 3�´

m�Åh36g-e��#�`}¡7Y3�c)( f=(*+�fÆ}���fÆ}����`}�+�Åàc`5�e�fhgµ5ag-fÆ}+e�fÆÅÆÅàc[e#�`�#5�7� �@o7MÍM@oc[}s~ 7MÉM@�c�9!3-�#3-}�i4��1
~�3-e#36g-e#�`��@]Í�g�-/c[���436~�+/c[��e�fhg-Åh3_+Y��5#fÆe�fh�`}�~�3-e#36g-e#�`�#5¢7�XYH{@!7�X)�|Kg+�Åàc`5#e�fhgÖ5#g-fÆ}+e�fÆÅÆÅàc[e#�`�#5��)Xd�(*(We��ac[}s5�143-�#5a3y5�f=Z�3�@�fÆ}s5�eac[ÅÆÅh36~m+Y3-�/+p3-}s~Mfhg-��Åàc[�8e#�¢3�c`g�-��`e/-s3-�[R?c[}s~�e/-s3Q+��#�`e#�`e¿��+p3:2
��XCe/-s3-�#3�fh5¢g6�`fÆ}sg-fh~�3-}sg63�fÆ} 7�  × 7MÍ × 9!3-�#3-}�i4��1 × 7�XgH × 7�X�� × ¯7MÉÄe/-s3�3-143-}+e
�`}§e/-s3L+��#�`e#�`eF�
+p3Ôfh5o( ��5�eCÅÆfÆi43-ÅÆ�Äc[} 3-Åh36g-e��#�`}w2klSfÆ�:-JeQX)�ac)( 3�´ 9�-/c[���436~�+�fh�`}97Y3�c)(
f=(*+�fÆ}���fÆ}��Ä�`}�e/-s3Ö5#g-fÆ}+e�fÆÅÆÅàc[e#�`�#5�Kõ7� kc[}s~�7MÍ�Rqc[}s~�c�+�Åàc`5�e�fhg¦eac[���43-eW2�=,-s3¦�#3�c`g-e�fh�`}
π± +12 C → π0 +X

fh5O+��#�H~M�sg636~�c[}s~Öe/-s3IÍ3+�-s�`e#�`}s5<c[�#3yÅÆfÆi43-ÅÆ�¦e#� �4�qfÆ}Je#�¢b2:o�o7�2
��XUe/-s3-�#3�fh5og6�`fÆ}sg-fh~�3-}sg63�fÆ}§7�  × 7MÍ¦c[}s~µc[}+e�f�ËFg6�`fÆ}sg-fh~�3-}sg63L�]fÆe/-µe/-s3I143-e#��Kg(���ÅÆe�f�ËV�]fÆ�#3+/c[��e�fhg-Åh3�g�-/c)(<7p3-�[R'@se/-s3y3-143-}+eS�#3-��fh5�e#3-�#36~OfÆ}Öe/-s3p+��#�`e#�`eF�
+p3ofh5i( ��5�e]ÅÆfÆi43-ÅÆ�kcD+�-s�`e#�`}w2 ¢ óvñ

ô7¢ � m�}s3-�����¦�#365#�`ÅÆ��e�fh�`}cX)�`�i+�-s�`e#�`}s5j2U=,-s3oÅÆfÆ}s3��#3�+��#365#3-}Je#58mn4 2�Kgd�2= jRhCse�e#36~Öe#��e/-s3C3SHI+Y3-�rË
f=( 3-}Jeac[Å�+p�`fÆ}+e#5W2 ¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ óvñ

ô7¢ ó �¿}+1�c[��fàc[}+eq(Ôc`5#5S~Mfh5�e���f=7���e�fh�`}��)X
π0 +��#�H~M�sg636~_7+�kcqÉ�ÇÔ��3F¤p�ME

π+ 5#36g6�`}s~sc[���T7p3�c)(]2 óB�
ô7¢�� �¿}+1�c[��fàc[}+eL(Ôc`5a5 5/+p36g-e�����(¢X)�`��e/-s3¦fÆ}sg-ÅÆ�s5�fÆ143Ö�#3�c`g-e�fh�`}

π− +12 C → π0(η) X
c[eÔÊ

��3F¤p�ME�2U=,-s3o5#�`ÅÆfh~ÖÅÆfÆ}s3Cfh5?coCsei7+�kc �oc[�s5#5#fàc[}O~Mfh5�e���f=7���e�fh�`}]+�ÅÆ�s5<c�g-��7�fhgp+Y�`ÅÆ�H}s�8(qfàc[ÅV2 óB�
ô7¢ õ ����ÅÆe�f=+�ÅÆfhg-fÆeF�O�)XUmU��9 g-ÅÆ�s5�e#3-�#5OX��`�O( �`}s�[ËF3-}s3-���43-e�fhg3+�-s�`e#�`}s5<5�f=(y��Åàc[e#36~m�]fÆe/-�3-}s3-�����7p3-e��!363-}6 Ic[}s~�É�Ç¦��3õ¤32/=,-s3�3-���#�`�q7/c[�#58fÆ}s~Mfhg�c[e#3�e/-s3<�]fh~Me/-�K��W2 (]2 5W2£R¦�)X�e/-s3o(y��ÅÆe�f�Ë+�ÅÆfhg-fÆe¿�¦~Mfh5#e���f=7���e�fh�`}w2 ¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ópó
ô7¢ á m�Hsc)(*+�Åh3y�)X�cq5/-s�j��3-�1+��#�)CsÅh3�c[}s~ÖfÆe#5i+���fÆ}sg-f=+/c[Åuc{H�365

e1
c[}s~

e2
2 ¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ó �

ô7¢ ñ­� =u�`eac[ÅU(���ÅÆe�f=+�ÅÆfhg-fÆeF��c[}s~c+��#�)s�36g-e�fh�`}s5
Nx

c[}s~
Nz

c[Åh�`}��¢e/-s3 �§c[}s~9¤Ö~MfÆ�#36g-e�fh�`}s5��)X�c
9!b�¤ g-ÅÆ�s5�e#3-�?�43-}s3-�ac[e#36~_7+�kc�5�fÆ}���Åh3CgA-/c[���436~ke��ac`gai�2 ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ópõ

ô7¢ ñpñ m�143-}Je?~Mfh5/+�Åàc��"X��`�?cIm2��9�( �H~M��Åh3o�#3�+��#365#3-}Je#36~ÖfÆ}ÖfÆe#5»Åh�Hg�c[ÅBg6�J�`�#~MfÆ}/c[e#3C5#�H5�e#3�(�K�c[}MË
��Åh3658fÆ}O~�3-���#36365[RS2»=,-s3C�43-}s3-�ac[e#36~�3-143-}+e*K���+�+p3-�?Åh3SX)e[R»g6�`}+eac[fÆ}s36~�Î*+�-s�`e#�`}s5q�]fÆe/-�3-}MË
3-�����L7p3-e��!363-}� <c[}s~� �Ç���3õ¤32J=,-s3<g6�`���#365/+p�`}s~MfÆ}�� g-���H5#eac[Åh5n�]fÆe/-Ö5���(*(Ôc)7�Åh3<3-}s3-����fh365K���+�+p3-����fÆ�:-+e[R'@{g-���M5�eac[Åh5a�]fÆe/-�~�3�+p��5�fÆe#36~�3-}s3-�����;K�Åh�j��3-�oÅh3SX)e[R?c[}s~�e/-s3I�#36g6�`}s5�e����sg-e#36~
f=(*+/c`g-e�+Y�`fÆ}Je#5cK�Åh�W�!3-�¢��fÆ�:-Je[Rqc[�#3kg�c[Åhg-��Åàc[e#36~¥�]fÆe/-�e/-s3kb2:o�o7+ËFj?ÅÆfhl8�J�`eÔ5#f=(y��Åàc[e�fh�`}
c[ÅÆ�4�`��fÆe/-�(�c`5S3SH
+�Åàc[fÆ}s36~kfÆ}ke/-s3�e#3SHHeW2 ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ óHá

ô7¢ ñw� j]g6g63�+�eac[}sg63<c`5UcqX���}sg-e�fh�`}¢�)X
pT

K���fÆ�:-Je[R�c[}s~�|_K�Åh3SX)e[R�X��`�
γ
�43-}s3-�ac[e#36~L�]fÆe/-

0 < pT <

100
��3F¤p�ME4@

0 < φ < 2π
c[}s~ −0.5 < y < 0.5

2 ¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢�� ñ
ô7¢ ñyò j]g6g63�+�eac[}sg63Oc`5 cmX)��}sg-e�fh�`}��)X

pT
K���fÆ�:-Je[Rqc[}s~ |�K�Åh3SX)e[R<X��`�IÅh�j�

pT π0 K���+ R�c[}s~
ηK)~��j�]} RS2U=,-s3x+/c[��e�fhg-Åh365O�!3-�#3o�43-}s3-�ac[e#36~_�]fÆe/-

0 < pT < 10
��3õ¤Q�ME�@

0 < φ < 2π
c[}s~

−0.5 < y < 0.5
2 ¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�� �

ô7¢ ñ ô j]g6g63�+�eac[}sg63Ãc`5¦cfX)��}sg-e�fh�`} �)X
pT

K���fÆ�:-Je[R�c[}s~È|�K�Åh3SX)e[R*X)�`�B-�fÆ�:-
pT π0 K���+ R�c[}s~

η
K)~��W�]} R"( 365#�`}s5j2 =,-s3]+/c[��e�fhg-Åh365B��3-�#3��43-}s3-�ac[e#36~|�]fÆe/-

0 < pT < 100
��3F¤p�ME4@

0 < φ < 2π
c[}s~ −0.5 < y < 0.5

2 ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�� ò
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�j��� ÜsÜx½ ½¿½

ô7¢ ñw� �B3SX)eqX��ac)( 3�´»m�}s3-�������#365#�`ÅÆ��e�fh�`}�g�c[Åhg-��Åàc[e#36~�7J�k5�f=(y��Åàc[e�fh�`}s5o�)X.( �`}s�[ËF3-}s3-���43-e�fhg3+�-s�[Ë
e#�`}s5,Kg+Y�`fÆ}Je#5[RS2
=,-s32ÅÆfÆ}s32fh5
c,Cseue#�Se/-s3U3SHI+p3-��f=( 3-}+eac[ÅM~sc[eaci7+�Cmn4 2hKgd�2= {RS2ul?fÆ�:-+e�X��ac)( 3�´
À��ac`g-e�fh�`}��)X{e/-s3S3-}s3-�����qg6�`}+eac[fÆ}s36~¢fÆ} e/-s3?g-ÅÆ�s5�e#3-���87�eac[fÆ}s36~L7+��e/-s3]�#36g6�`}s5#e����sg-e�fh�`}¦c[Å�Ë
�4�`��fÆe/-�(¦X)�`�u5�f=(y��Åàc[e#36~o( �`}s�[ËF3-}s3-���43-e�fhgn+�-s�`e#�`}s5uf=(*+�fÆ}���fÆ}����`}ye/-s3Ug63-}Je#3-�u�)X/cSbU:��o77�Åh�Hg#i�Kg+p�`fÆ}+e#5[RS22=,-s3CÅÆfÆ}s3�fh5?cDCse]e#�qe/-s3x+p�`fÆ}+e#517+�¦e/-s3o3l4+�/c[e�fh�`}

p0/E + p1/
√
E + p2

2 � �
ô7¢ ñyó �B3SX)ehX��ac)( 3�´��<f��{3-�#3-}sg63x7Y3-e���363-}ke/-s3<�#36g6�`}s5�e����sg-e#36~kf=(*+/c`g-ei+Y�`fÆ}Jeh+p��5�fÆe�fh�`}

x §©¨Vª c[}s~
e/-s3»f=(*+/c`g-e2g6�H�`�#~MfÆ}/c[e#3

x «­¬ fÆ}qc<b2:o�o7o( �H~M��Åh3»143-�#5��s5de/-s3 sinα
X��`�
fÆ}sg-fh~�3-}sg638c[}���Åh365

α = 0◦
@
3◦
@
6◦
c[}s~

9◦
c[}s~<X)�`��+�-s�`e#�`}q3-}s3-����fh365��)X
 �@4ÉM@� �Ç<c[}s~�Î�Ç���3F¤D2`lSfÆ�:-JeUX��ac)( 3�´

��3�+p3-}s~�3-}sg63y�)Xde/-s3o3S�p36g-e�fÆ143p(Ôc{HMf=(y��( ~�3�+�e/-O�)Xde/-s3C5/-s�W�!3-�1�]fÆe/-]+�-s�`e#�`}�3-}s3-������2 ¢�� ó
ô7¢ ñ � b
��5�fÆe�fh�`}��#365#�`ÅÆ��e�fh�`}�143-�#5��s58e/-s3<+�-s�`e#�`}µ3-}s3-�����_X��`�?fÆ}sg-fh~�3-}sg63qc[}���Åh3

α = 0◦
@
3◦
@
6◦
@

9◦
c[}s~TX��`�?cI��}�f�X��`�/(qÅÆ�¦~Mfh5#e���f=7���e#36~kfÆ}sg-fh~�3-}sg63�c[}���Åh3:2 ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢��
�

ô7¢ ñyõ m�}s3-�����µ~�3�+p��5�fÆe#36~µfÆ}Äc¦5�fÆ}���Åh3qmU��9�( �H~M��Åh3 g�c[Åhg-��Åàc[e#36~f7J�Ä��m2j<n8=SÉ¦5�f=(���Åàc[e�fh�`}s57J��gA-/c[���436~�+�fh�`}s5��)X»3-}s3-�����`7p3-e��!363-} ÇI2 Îkc[}s~� �ÇO��3õ¤�@B3�(qfÆe�e#36~�X��#�8( e/-s3Ôj8�B��9!m
��b�c[}s~ÖfÆ���ac`~Mfàc[e�fÆ}����`}s3Cm2�µ9|7�Åh�Jgai�2 ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢�� õ

ô7¢ ñ`á =»f=( 3��)Xn\sfÆ�:-Jeo�)X�+�-s�`e#�`}s5�@
π
ËV( 365#�`}s5Cc[}s~�}+�sg-Åh36�`}s5aX)�#�8(�e/-s3IfÆ}+e#3-�ac`g-e�fh�`}�+p�`fÆ}+e�e#�

e/-s3CbU:��o7¦5#���@X�c`g63�143-�#5��s5Se/-s3-fÆ�?3-}s3-������2 ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢�� á
ô7¢ ��� 7�+p36g-e��aco�)X�+�-s�`e#�`}s51K

H
R'@�}s3-��e��#�`}s5qK

�
Rdc[}s~Ôc[}+e�f�Ëõ}s3-��e��#�`}s5xK

�
Ru�43-}s3-�ac[e#36~*7+�qg63-}Je��ac[Å

b�7MËFb.7Ô:8���4��n�� 3-143-}Je#5�@�fh~�3-}+e�f�C/36~�c`5dÅh�W��+�����fÆe¿�o+�-s�`e#�`}s5�7J�ye/-s3]=?�<À�g-��fÆe#3-��fh�`}cK)5#363
7H36g:2UÎI2 Í�RnX)�`�]e�f=( 3o�#365a�`ÅÆ��e�fh�`}s5?�)Xi Cc[}s~OÍI}s5W2 ¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢�� á

ô7¢ �uñ �<f��{3-�#3-}sg63o7p3-e��!363-}µe/-s3�3SHsc`g-eCc[}s~O�#36g6�`}s5#e����sg-e#36~�f=(*+/c`g-ea+p�`fÆ}+eo�`}�e/-s3q9!b�¤D2p=,-s3+�Åh�`eDX��`��e/-s3O��Ë¿c{HHfh5_K�c`g-�#��5#5Ie/-s3Öc[}s�H~�3"�]fÆ�#365[Ryfh5<Cse�e#36~;7+� c�5�fÆ}���Åh3Ö�oc[�s5#5�fàc[} ~Mfh5rË
e���f=7���e�fh�`}B@�c[}s~fX��`�Ce/-s3]¤�Ë¿c{HHfh5BK�c[Åh�`}��Oe/-s3¢c[}s�H~�3*�]fÆ�#365[Rofh5xCse�e#36~�7J�ÄcÖ5���( �)X]e����
�oc[�s5a5�fàc[}k~Mfh5�e���f=7���e�fh�`}s5Db º�ÅÆfàÇ�Ç8e�2 ¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ õW�

ô7¢ �W� m�}s3-�����§�#365#�`ÅÆ��e�fh�`}�K�Åh3SX�e[R�c[}s~9X��ac`g-e�fh�`} �)X?3-}s3-�����§g6�`}Jeac[fÆ}s36~§fÆ} e/-s3�g-ÅÆ�s5�e#3-�]K���fÆ�:-+e[RX��`��}s~"7J�qe/-s3?�#36g6�`}s5#e����sg-e�fh�`}Öc[ÅÆ�4�`��fÆe/-�(®X��`�!5�f=(���Åàc[e#36~"( �`}s�[ËF3-}s3-���43-e�fhgx+�-s�`e#�`}s5!f=(�Ë+�fÆ}���fÆ}�� �`}�e/-s3kg63-}+e#3-���)Xoc�b2:o�o7;7�Åh�Hg#i�c[}s~�3�(o7Y36~�~�36~�fÆ}£c�g63-}+e��ac[Å1-s3�c�1J�JËõfh�`}
g6�`ÅÆÅÆfh5�fh�`}¢3-}+1HfÆ�#�`}�( 3-}+eh�]fÆe/-Ôg�-/c[���436~"+/c[��e�fhg-Åh3S~�3-}s5�fÆeF� c[e�(qfh~HËõ�ac)+�fh~MfÆe¿� �)XFtM@ Ç�Ç�ÇI2�=,-s3
~sc`5/-s36~µg-����14365��#3�+��#365a3-}+eoe/-s3�1�c[ÅÆ�s365o�87�eac[fÆ}s36~�X)�`�x+�-s�`e#�`}s5�fÆ}Ãc�+/c[��e�fhg-Åh33X��#363�3-}J1Jf�Ë
�#�`}�( 3-}JeW2Ô7H�`ÅÆfh~�ÅÆfÆ}s365o�`}µe/-s3�Åh3SX�eCc[}s~���fÆ�:-+eQCs�����#365Cc[�#3 c�Cse<e#�¦e/-s33+p�`fÆ}+e#5x7J��mn4 2Kgd�2= {R»c[}s~O3l4+�/c[e�fh�`}

p0/E + p1/
√
E + p2

@M�#365/+p36g-e�fÆ143-ÅÆ��2 ¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ õvñ
ô7¢ �1ò jq( �`��}+e��)X�(Ôc[e#3-��fàc[ÅHfÆ}��ac`~Mfàc[e�fh�`}]K���+�+p3-�[Rwc[}s~Ic)7s5#�`�/+�e�fh�`}]K�Åh�W��3-�[RwÅh3-}���e/-���}�fÆe#5�X��#�8(

e/-s3!�¿b�e#�Se/-s3!b2:o�o7x7�Åh�Hg#iM5
c`5dc,X)��}sg-e�fh�`}��)Xse/-s3n+p�`Åàc[�
c[}���Åh3
θ
X��`�we/-s3Ug6�`}ICs�����ac[e�fh�`}s5�]fÆe/-9K�Åh3SX)e[R]c[}s~T�]fÆe/-s�`��e3K���fÆ�:-+e[R,-s�`Åh365j2 ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ õpò

ô7¢ � ô �<fh5�e���f=7���e�fh�`}s5u�)X�c[ÅÆÅ4�#36g6�`}s5#e����sg-e#36~Q+/c[��e�fhg-Åh365�K�Åh3SX)e[Rpc[}s~o�#36g6�`}s5�e����sg-e#36~<+�-s�`e#�`}s5�K���fÆ�:-Je[R
fÆ}kb2:o�o7�X��`�Sg63-}+e��ac[Åw:<���4�¿no��3-143-}+e#58�)X
b�7MËFb.7�g6�`ÅÆÅÆfh5�fh�`}s5?c[e?ÎI2 Î4v =w3F¤Èc[}s~BX)�`�]e/-s3
g6�`}ICs�����ac[e�fh�`}s5q�]fÆe/-9K)5#�`ÅÆfh~ÖÅÆfÆ}s3jRSc[}s~T�]fÆe/-s�`��eDK)~sc`5/-s36~ÖÅÆfÆ}s3jR,-s�`Åh365W2 ¢�¢�¢�¢�¢�¢X¢�¢X¢ õ ô



ÜsÜx½Ââ }�~g�)�*ÿ���� �w�
�j���
ô7¢ �W� �B3SX)eLX)�ac)( 3�´On8��(<7p3-�¢�)Xo�#36g6�`}s5�e����sg-e#36~�+�-s�`e#�`}s5�+Y3-�Ô3-143-}Je�K)g63-}Je��ac[Å<b�7MËFb.7 g6�`ÅÆÅÆf�Ë

5�fh�`}s5oc[eCÎI2 Î4v	=u3õ¤QRiX��`�<e/-s3Ig6�`}ICs�����ac[e�fh�`}s5Q�]fÆe/-�K)5a�`ÅÆfh~�ÅÆfÆ}s3jR<c[}s~��]fÆe/-s�`��e"K)~sc`5/-s36~
ÅÆfÆ}s3jR�-s�`Åh365W2UlSfÆ�:-+e,X)�ac)( 3�´�l8c[e�fh�q�)X
e/-s3��#36g6�`}s5�e����sg-e#36~k5/+p36g-e��acIfÆ}¦e/-s3og6�`}ICs�����ac[e�fh�`}�]fÆe/-s�`��eq-s�`Åh365]e#�qe/-/c[eSfÆ}Öe/-s3Cg6�`}ICs�����ac[e�fh�`}m�]fÆe/-]-s�`Åh365W2 ¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ õ ô
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� ¢ òpõ b��#�87/c)7�fÆÅÆfÆe¿�£�)XCfh~�3-}Je�f�X��HfÆ}�� 3-Åh36g-e��#�`}s5T+��#�J~M�sg636~�7+��g6�`}J143-�#5�fh�`} �)XQ+�-s�`e#�`}s5�fÆ} e/-s3(Ôc[e#3-��fàc[Å{fÆ}TX)�#�`}+e]�)X
bU:��o7�c`5]g6�`}+143-�#5#fh�`}O3-Åh36g-e��#�`}s5<K • R'@�3-Åh36g-e��#�`}s5QK ◦ R»c[}s~T+�-s�`e#�`}s5K

N
RS2Sl8365���ÅÆe#5�c[�#3y5/-s�j�]}cX��`�85�f=(���Åàc[e�fh�`}s5o�)XU5�fÆ}���Åh3Q+�-s�`e#�`}s5a�]fÆe/-µcq��}�f�X��`�/( 3-}s3-�����

~Mfh5�e���f=7���e�fh�`}¥X��#�8(À �Ç�e#�`d+ÇÃ��3F¤ÁK�Åh3SX)e[R�c[}s~�5�fÆ}���Åh3T+�-s�`e#�`}s5L( 3-���436~6�]fÆe/- g63-}+e��ac[Å
:<�¿�+�¿no��3-143-}+e#51X)�`�Sb.7MËFb�7Og6�`ÅÆÅÆfh5�fh�`}s5<c[e8ÎI2 Î4v =u3õ¤ c[}s~

b < 2
Xg(¶K���fÆ�:-Je[RS2 ¢X¢�¢�¢X¢�¢ ñ°�uñ

� ¢ òHá �¿}+1�c[��fàc[}+e,(Ôc`5#5��)Xwg6�`}+143-�#5�fh�`}Ö3-Åh36g-e��#�`}B+/c[fÆ�#5n�]fÆe/-¦3-}s3-����fh365n7p3-e��!363-}f �Çyc[}s~�d+Ç���3F¤X��`�q5�f=(y��Åàc[e#36~�5#fÆ}���Åh3T+�-s�`e#�`}s5cK�Åh3SX�e[RIc[}s~�5�f=(���Åàc[e#36~�+�-s�`e#�`}s5*( 3-���436~6�]fÆe/-�c�:<�r9
3-}J1JfÆ�#�`}�( 3-}Je3K���fÆ�:-Je[RS2 ¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�W�



ÜsÜ�âN½ ½¿½ }�~g�)�*ÿ���� �w�
�j���
� ¢/ô � b��#�87/c)7�fÆÅÆfÆe¿�y�)X�fh~�3-}+e�f�X)�JfÆ}��a+�-s�`e#�`}s5uc`5�+�-s�`e#�`}s5�@`g6�`}+143-�#5�fh�`}D+/c[fÆ�#5w�`�
3-Åh36g-e��#�`}s5wX��`�Be/-s3

5#3-e���+m�]fÆe/-s�`��e1-s�`Åh3651X)�`�85�fÆ}���Åh3Q+�-s�`e#�`}s53K�Åh3SX�e[R'@Yc[}s~]+�-s�`e#�`}s5q( 3-���436~]�]fÆe/-�:8���4��n��
3-143-}Je#5jK���fÆ�:-+e[RS2 ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�1ò

� ¢/ô ñ b��#�87/c)7�fÆÅÆfÆe¿�Ä�)X]fh~�3-}+e�f�X)�JfÆ}��m+�-s�`e#�`}s5�c`5<+�-s�`e#�`}s5�@ug6�`}J143-�#5�fh�`}�+/c[fÆ�#5I�`�y3-Åh36g-e��#�`}s5QX)�`�
e/-s3�5#3-e���+]�]fÆe/-c-s�`Åh3651X��`�?5�fÆ}���Åh3Q+�-s�`e#�`}s53K�Åh3SX)e[R]c[}s~]+�-s�`e#�`}s5q( 3-���436~]�]fÆe/-�:8���4��n��
3-143-}Je#5oK���fÆ�:-+e[RS2 ¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�1ò

� ¢/ô � l<c[e�fh� �)XU+/c[��e�fhg-Åh3658fh~�3-}+e�f�C/36~�c`5O+�-s�`e#�`}s5?e#�*+/c[��e�fhg-Åh365Sfh~�3-}Je�f�C/36~�c`5i+�-s�`e#�`}s5<�`�?g6�`}MË
143-�#5�fh�`} 3-Åh36g-e��#�`}6+/c[fÆ�#5<�]fÆe/- fÆ}J1`c[��fàc[}JeD(Ôc`5a5�5/(Ôc[ÅÆÅh3-�Ie/-/c[}�Í�ÇO��3õ¤�X��`�ye/-s3�5#3-e���+s5�]fÆe/-§c[}s~��]fÆe/-s�`��eQ-s�`Åh365�@FX��`�C5�fÆ}���Åh33+�-s�`e#�`}s5BK�Åh3SX�e[R�c[}s~f+�-s�`e#�`}s5<( 3-���436~f�]fÆe/-Ä:<�õË
�4��no�	3-143-}+e#5DK���fÆ�:-+e[RS2 ¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°� ô

� ¢/ô ò b��#�87/c)7�fÆÅÆfÆe¿� �)X�fh~�3-}Je�f�X��HfÆ}��y5�fÆ}���Åh3»}s3-��e��ac[Å�+�fh�`}s5�7J��e/-s3»fÆ}J1`c[��fàc[}Je.(Ôc`5#52c[}/c[ÅÆ�M5�fh5��]fÆe/-
e/-s3?fÆ}+1�c[��fàc[}+eh(Ôc`5#5.�]fÆ}s~��j�

0.1 < Mpair < 0.17
��3õ¤Q�

c2
@Jc[}s~*7J�qe/-s3?5/-s�j��3-��5�-/c)+Y3

c[}/c[ÅÆ�M5�fh5,K)��143-��Åàc)+�+p36~Ig-ÅÆ�s5#e#3-�#5[R'@{X)�`�ue/-s3�g6�`}ICs�����ac[e�fh�`}s5��]fÆe/-D-s�`Åh365hK�Åh3SX)e[RBc[}s~o�]fÆe/-s�`��e-s�`Åh365_K���fÆ�:-+e[RS2�=,-s3L+��#�87/c)7�fÆÅÆfÆe¿��X��`�ye/-s3ÔfÆ}+1�c[��fàc[}+e*(Ôc`5#5�c[}/c[ÅÆ�M5�fh5QX��`�<+�-s�`e#�`};+/c[fÆ�#5K • R]c[}s~TX��`�i+�-s�`e#�`}s58c[}s~]+/c[fÆ�#5S�)Xdg6�`}J143-�#5�fh�`}�3-Åh36g-e��#�`}s5DK ◦ R!fh5]��fÆ143-}w2 ¢�¢�¢X¢�¢X¢�¢�¢ ñ°�W�
� ¢/ôpô b��#�87/c)7�fÆÅÆfÆe¿���)XBfh~�3-}Je�f�X��HfÆ}��I}s3-��e��ac[Å�+�fh�`}s5h7J�qe/-s3?fÆ}J1`c[��fàc[}Jeh(Ôc`5a5!c[}/c[ÅÆ�M5�fh5�X)�`�

0.12 <

Mpair < 0.15
��3F¤p�

c2
c[}s~¦�8+p3-}�fÆ}��Ôc[}���Åh3�~�3SCs}s36~¦fÆ}k7H36g:2h²
2 ÍI2 ÍIc[}s~B7J�Ôe/-s3o5/-s�j��3-�

5/-/c)+p3»c[}/c[ÅÆ�H5�fh5iK)��143-��Åàc)+�+Y36~qg-ÅÆ�s5�e#3-�#5SR'@)X)�`�
e/-s3»5#3-e���+o�]fÆe/-s�`��e�-s�`Åh365W2d=,-s3�+��#�87/c)7�fÆÅÆfÆeF�X��`�]e/-s3ofÆ}+1�c[��fàc[}+eq(Ôc`5#5i( 3-e/-s�H~TX��`�i+�-s�`e#�`}]+/c[fÆ�#5<K • R]c[}s~TX��`�i+�-s�`e#�`}s58c[}s~T+/c[fÆ�#58�)X
g6�`}J143-�#5�fh�`}Ã3-Åh36g-e��#�`}s5"K ◦ ROX)�`��5�fÆ}���Åh3 π0 K�Åh3SX�e[R<c[}s~

π0 ( 3-���436~`�]fÆe/-µ:<�¿�+�¿no�È3-143-}Je#5K���fÆ�:-Je[R»fh5]��fÆ143-}w2 ¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�W�
� ¢/ô � b��#�87/c)7�fÆÅÆfÆe¿���)XBfh~�3-}Je�f�X��HfÆ}��I}s3-��e��ac[Å�+�fh�`}s5h7J�qe/-s3?fÆ}J1`c[��fàc[}Jeh(Ôc`5a5!c[}/c[ÅÆ�M5�fh5�X)�`�

0.12 <

Mpair < 0.15
��3õ¤Q�

c2
c[}s~��8+p3-}�fÆ}��µc[}���Åh3Ö~�3SCs}s36~ fÆ}�7H36g:2;²
2 ÍI2 Í�c[}s~67J�§5/-s�j��3-�

5/-/c)+p3Ôc[}/c[ÅÆ�M5�fh5"K)��143-��Åàc)+�+Y36~§g-ÅÆ�s5�e#3-�#5[R'@�X)�`�oe/-s3 5a3-e���+��]fÆe/-�-s�`Åh365W2Ô=,-s3*+��#�87/c)7�fÆÅÆfÆeF�X��`�]e/-s3ofÆ}+1�c[��fàc[}+eq(Ôc`5#5i( 3-e/-s�H~TX��`�i+�-s�`e#�`}]+/c[fÆ�#5<K • R]c[}s~TX��`�i+�-s�`e#�`}s58c[}s~T+/c[fÆ�#58�)X
g6�`}J143-�#5�fh�`}Ã3-Åh36g-e��#�`}s5"K ◦ ROX)�`��5�fÆ}���Åh3 π0 K�Åh3SX�e[R<c[}s~

π0 ( 3-���436~`�]fÆe/-µ:<�¿�+�¿no�È3-143-}Je#5K���fÆ�:-Je[R»fh5]��fÆ143-}w2 ¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�1ó
� ¢/ô ó l<c[e�fh���)XB}s3-��e��ac[Å�+�fh�`}s5!fh~�3-}+e�f�C/36~B7+� e/-s38fÆ}+1�c[��fàc[}+e,(Ôc`5#5!�)Xw+�-s�`e#�`}T+/c[fÆ�#5!e#�C}s3-��e��ac[Å+�fh�`}s5¢fh~�3-}+e�f�C/36~�7+�67p�`e/-�+�-s�`e#�`}�+/c[fÆ�#5¦c[}s~��)Xp+�-s�`e#�`}s5¦c[}s~¥+/c[fÆ�#5��)Xog6�`}J143-�#5�fh�`}

3-Åh36g-e��#�`}s5�X��`�Ue/-s3?g6�`}ICs�����ac[e�fh�`}s5,�]fÆe/-fK ◦ R2c[}s~��]fÆe/-s�`��exK • R�-s�`Åh365�X)�`�U5#fÆ}���Åh3 π0 K�Åh3SX�e[R
c[}s~

π0 ( 3-���436~]�]fÆe/-O:8���4��n���3-143-}Je#5oK���fÆ�:-Je[RS2 ¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�1ó
ó ¢ ñ 7�+p36g-e��ac��)X1+��#�8(*+�e*+�-s�`e#�`}s5]K

γ
Ë=s�3-eI3-143-}Je#5�@ ◦ RIc[}s~ γ ËõÅÆfÆi43fK)5�fÆ}���Åh3Öc[}s~ ��143-��Åàc)+�+p36~+�-s�`e#�`}s53X)�#�8(%sr3-erË=s�3-eq3-143-}+e#5�@ • Ry~�3-e#36g-e#36~ fÆ}�bU:��o7Y@
X��`�q^4^®K�Åh3SX)e[R�c[}s~;(qfÆ}�f=(���(7�fàc`5�b�7MËFb�7fK���fÆ�:-+e[RUg6�`ÅÆÅÆfh5�fh�`}s5!c[e √
sNN = 5.5A

=w3F¤D2H�<f��p3-�#3-}Je�fàc[Å�g-�#��5#5�5#36g-e�fh�`}s5»c[�#3
��fÆ143-}O�`}¦e/-s3�Åh3SX)e

y
Ë¿c{HMfh5]�)Xue/-s3x+�Åh�`e#5?c[}s~¦e/-s3o3SHI+p36g-e#36~¦}+��(<7p3-�?�)X�+/c[��e�fhg-Åh365S�`}Öe/-s3

��fÆ�:-Je
y
Ë¿c{HMfh5W2�º»�`e/-]4J�/c[}+e�fÆe�fh365�c[�#3o~�3-e#3-�/(qfÆ}s36~_X��`�8c�5�eac[}s~sc[�#~k�B:o9£����}�}�fÆ}�� �43�c[�W2 ¢ ñ�òW�

ó ¢ � l<c[e�fh�q�)X
e/-s3C�`}s3'ËFg-ÅÆ�s5#e#3-�
π0 ~�3-e#36g-e#36~kfÆ}kb2:o�o7�e#�qe/-s3Ce#�`eac[ÅB�43-}s3-�ac[e#36~ π0 5/+p36g-e�����(]2 ñ�òvñ



}�~g�8�'ÿ��h���F�
�j��� ÜsÜ�½àÜ

ó ¢ ò �B3SX)e3X)�ac)( 3�´Ö7�+p36g-e��ac��)X<~Mf��{3-�#3-}+e*+/c[��e�fhg-Åh365Ô~�3-e#36g-e#36~�fÆ}�b2:��o7 5#e��#3�c)(qfÆ}��fX��#�8( cs�3-erË=sr3-e!3-143-}+e!fÆ}¢^4^�g6�`ÅÆÅÆfh5�fh�`}s5»c[e √
s = 5.5

=w3õ¤3�
(N)

e#�`eac[Å -/c[�#~
π0 � (M)

�`}s3'ËFg-ÅÆ�s5#e#3-�

π0 ~�3-e#36g-e#36~ÖfÆ}kbU:��o7�� (�)
+�-s�`e#�`}s5OX��#�8(�~�36g�c���K�}s�`e?��143-��Åàc)+�+p36~^RS�

(•) �`}s3'ËFg-ÅÆ�s5�e#3-�

π0 +�ÅÆ�s5�+�-s�`e#�`}s5�X��#�8(�~�36g�c6�*+�ÅÆ�s5�+�-s�`e#�`}s5�X��#�8(®7��#3�( 5#5�e��ac)-�ÅÆ��}����
(�)

e#�`eac[Å -/c`~M�#�`}
5/+p36g-e�����(]�

(F)
+�-s�`e#�`}s5QX��#�8(º7��#3�( 5#5�e��ac)-�ÅÆ��}���2ql?fÆ�:-+exX)�ac)( 3�´ol8c[e�fh�¦�)X»�43-}s3-�ac[e#36~+�-s�`e#�`}MËõÅÆfÆi43�+/c[��e�fhg-Åh365¦fÆ}�s�3-erË=s�3-e�3-143-}Je#5¢e#�9+��#�8(*+�eB+�-s�`e#�`}£fÆ}

γ
Ë=s�3-e�3-143-}Je#5�´Ã�`}s3'Ë

g-ÅÆ�s5�e#3-�
π0 (M)

�{e��!�[ËFg-ÅÆ�s5�e#3-�
π0 (�)

�F+�-s�`e#�`}s5aX)�#�8(º7��#3�( 5#5�e��ac)-�ÅÆ��}��
(F)

�Be/-s3I5#��(
�)Xde/-s365#3oe/-��#363Cg6�`}Je���f=7���e�fh�`}s5DK • RS2 ¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢ ñ�òvñó ¢/ô ��~�3-}+e�f�C/36~m( 36~MfÆ��(�+�����fÆe¿�_+�-s�`e#�`}�5�+Y36g-e��ac�fÆ}"sr3-erË=s�3-e

(•) c[}s~ γ Ë=s�3-e83-143-}Je#5 (◦) �]fÆe/-
5/-s�j��3-�y5�-/c)+Y3qc[}/c[ÅÆ�M5�fh5�fÆ}µ^4^¦K�Åh3SX)e[R<c[}s~µb�7MËFb�7�K���fÆ�:-Je[R<g6�`ÅÆÅÆfh5�fh�`}s5yc[eyÎI2 Î4v	=u3õ¤®X)�`�
e/-s3C3SHI+p36g-e#36~ÖÅÆ��(qfÆ}s��5�fÆeF�¦fÆ}Ocq5#eac[}s~sc[�#~k�B:o9£����}�}�fÆ}�� �43�c[�W2 ¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�òpò

ó ¢ � ��~�3-}+e�f�C/g�c[e�fh�`}]+��#�87/c)7�fÆÅÆfÆe�fh365?fÆ}Öb2:��o7¢�)XU+��#�8(*+�eh+�-s�`e#�`}s5iX��#�8(
γ
Ë=s�3-e]3-143-}+e#5i7J�Ôe/-s3

5/-s�j��3-�q5/-/c)+p3¢c[}/c[ÅÆ�M5�fh5<X)�`�I^4^ÂK�Åh3SX�e[Ryc[}s~§b.7MËFb�7ÃK���fÆ�:-+e[Ryg6�`ÅÆÅÆfh5�fh�`}s5W2O=,-s3�~Mf��{3-�#3-}+e
fh~�3-}Je�f�C/g�c[e�fh�`}�+�����fÆe¿�qÅh3-143-Åh5U~�3SCs}s36~3X��`�Ub2:o�o7D-/c6143O7Y363-}Ôg6�`}s5#fh~�3-�#36~F2�=,-s3?c`5#5���( 36~7p3�c)( 3-}s3-������fh5 √

s = 5.5
v =w3F¤D2 ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢ ñ�òpò

ó ¢ ó ;q+�+Y3-�,X)�ac)( 365�´���fh5�fh~�3-}+e�f�C/g�c[e�fh�`}�+��#�87/c)7�fÆÅÆfÆeF�Ö�)X��`}s3'ËFg-ÅÆ�s5�e#3-�
π0 X��#�8(·s�3-erË=sr3-eS3-143-}Je#5

c`5
c,+�-s�`e#�`}<7J�oe/-s325/-s�W�!3-�
5�-/c)+Y3Uc[}/c[ÅÆ�M5�fh5wX)�`�B^4^�K�Åh3SX�e[RBc[}s~yb�7MËFb�7TK���fÆ�:-+e[Rwg6�`ÅÆÅÆfh5�fh�`}s5W2
�B�j��3-�,X)�ac)( 365�´dl8c[e�fh�I�)Xug6�`���#36g-e�ÅÆ�Ôfh~�3-}Je�f�C/36~B+�-s�`e#�`}s5»fÆ}

γ
Ë=s�3-e»3-143-}+e#5»e#�I�`}s3'ËFg-ÅÆ�s5�e#3-�

π0 fh~�3-}+e�f�C/36~�c`5�+�-s�`e#�`}s5�fÆ}xs�3-erË=sr3-e23-143-}Je#5W2d=,-s3]5/(Ôc[ÅÆÅIX��ac`g-e�fh�`}��)X�s�3-erË=s�3-ed3-143-}Je#5.�]fÆe/-
cIÅh3�c`~MfÆ}��

π0 ~�3-e#36g-e#36~ÖfÆ}Ob2:o�o7�fh5»e/-s3C�`��fÆ��fÆ}O�)Xde/-s3oÅàc[���43C5#eac[e�fh5�e�fhg�c[Åw3-���#�`�#5W2 ¢X¢�¢X¢ ñ�ò ô
ó ¢�� ;q+�+Y3-�OX��ac)( 365�´�b��#�87/c)7�fÆÅÆfÆeF���)Xdfh~�3-}Je�f�X��HfÆ}���fÆ}Ob2:o�o7kcqgA-/c[���436~c-/c`~M�#�`}cX��#�8(Wcxsr3-erËs�3-e�3-143-}+eUc`52cq+�-s�`e#�`}L7+��e/-s3»5/-s�W�!3-�U5/-/c)+p3»c[}/c[ÅÆ�M5�fh5UX��`�d^4^�K�Åh3SX�e[Rdc[}s~�b�7MËFb�7�K���fÆ�:-+e[R

g6�`ÅÆÅÆfh5�fh�`}s5j2!�w�W��3-�aX)�ac)( 365�´Ul<c[e�fh� �)X2g6�`���#36g-e�ÅÆ�kfh~�3-}+e�f�C/36~m+�-s�`e#�`}s58fÆ}
γ
Ë=s�3-e83-143-}+e#58e#�-/c`~M�#�`}s5dfh~�3-}Je�f�C/36~ c`5
+�-s�`e#�`}s5dfÆ}as�3-erË=sr3-ed3-143-}+e#5j2
=,-s3»5/(Ôc[ÅÆÅ�X)�ac`g-e�fh�`}��)X�sr3-erË=s�3-e
3-143-}Je#5�]fÆe/-qcSÅh3�c`~MfÆ}��x-/c`~M�#�`}�~�3-e#36g-e#36~IfÆ}Ib2:o�o7Cfh5ue/-s3!�`��fÆ��fÆ}��)Xse/-s3UÅàc[���43»5�eac[e�fh5�e�fhg�c[ÅM3-���#�`�#5
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ó ¢ õ
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R = 0.1
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�#36g-e#36~¢3-fÆe/-s3-�nX��`�U~�3-e#36g-e#�`�!�#365/+Y�`}s5a3S�`��c`g6g63�+�eac[}sg63:22;q+�+Y3-�nCs�����#365�c[�#38~Mfh5�e���f=7���e�fh�`}s5
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c[e8ÎI2 Î4v =w3F¤ fÆ}sg-fh~�3-}+e83-}s3-������2 ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°� ô

��¢ ñ j8}�����Åàc[�
g6�`���#3-Åàc[e�fh�`}s5U7p3-e��!363-}D+��#�8(*+�eU+�-s�`e#�`}s5dc[}s~ye/-s3-fÆ�
g6�`���#365/+Y�`}s~MfÆ}���s�3-ewÅh3�c`~MfÆ}��+/c[��e�fhg-Åh365¦c`5¢c�X)��}sg-e�fh�`}��)X
∆η = ηl − ηγ

K�Åh3SX�e[RÔc[}s~
∆φ = φl − φγ

K���fÆ�:-Je[R'@hX)�`�
5�f=(���Åàc[e#36~

γ
Ë=sr3-eI3-143-}+e#5IfÆ} e/-s3Ô3-}s3-�����Ã�ac[}��4365qÍ�ÇÌËVd+Ç���3õ¤ c[}s~6t�ÇÌËA �Ç�Ç��o3õ¤�X��`�I^4^

g6�`ÅÆÅÆfh5�fh�`}s5j2È�43-e_+/c[��e�fhg-Åh365¦fÆ} Åh�W�!3-�_Cs�����#365T��3-�#3�CsÅÆe#3-�#36~£e/-��#�`���:- e/-s3Ãc`g6g63�+�eac[}sg63
|η| < 0.7

2 ¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢ ñ°�1õ
��¢ � �B3�c`~MfÆ}��f+/c[��e�fhg-Åh3¦~Mfh5�e���f=7���e�fh�`}��)X

γ
Ë=sr3-e�3-143-}+e#5 c`5qccX)��}sg-e�fh�`} �)X8e/-s3

pT,l/Eγ
�ac[e�fh�X��`� ^+^ g6�`ÅÆÅÆfh5#fh�`}s5Ôc[}s~�sr3-e 3-}s3-����fh365 fÆ}�e/-s3¦�ac[}��43]t�ÇÌËA �Ç�ÇÄ��3õ¤32�=,-s3Ö~��`e�e#36~ ÅÆfÆ}s3Öfh5X��`��e/-s3Ö5#3-Åh36g-e#36~ Åh3�c`~MfÆ}���+/c[��e�fhg-Åh3653Xõc[ÅÆÅÆfÆ}���fÆ}s5#fh~�3¦e/-s3¦c`g6g63�+�eac[}sg63O�)X8e/-s3¦~�3-e#36g-e#�`�#5

c[}s~��8+�+Y��5#fÆe#3yfÆ}
φ
c[}���Åh3ye#�¢e/-s3Q+��#�8(*+�ex+�-s�`e#�`}w2<=,-s3�5a�`ÅÆfh~kÅÆfÆ}s3�fh5OX��`�?e/-s3�Åh3�c`~MfÆ}��+/c[��e�fhg-Åh3651�]fÆe/-s�`��e8~�3-e#36g-e#�`�8c`g6g63�+�eac[}sg63y�#365�e���fhg-e�fh�`}w2 ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�Já

��¢ ò �B3SX)e,X)�ac)( 365�´��F}J1`c[��fàc[}JeO(Ôc`5#5]~Mfh5�e���f=7���e�fh�`}s5?�)Xdc[ÅÆÅF+�-s�`e#�`}_+/c[fÆ�#5]fÆ}¦e/-s3o3-143-}+eDK���+�+Y3-�Cs�����#365[R'@M�)Xw+/c[fÆ�#5!5ac[e�fh5@X)�JfÆ}���e/-s3
φ
c[}s~¢Åh3�c`~MfÆ}��D+/c[��e�fhg-Åh3<3-}s3-����� g-��epKg(qfh~�~MÅh3qCs�����#365[R

c[}s~"�]fÆe/-¢fÆ}¦c`~�~MfÆe�fh�`}¢e/-s38�8+Y3-}�fÆ}���c[}���Åh3?�#365�e���fhg-e�fh�`}fK�Åh�W�!3-�nCs�����#365SR'@�X��`��^4^6K)~sc`5/-s36~
ÅÆfÆ}s3jRoc[}s~Äb�7MËFb�7|K)5a�`ÅÆfh~µÅÆfÆ}s3jR�g6�`ÅÆÅÆfh5�fh�`}s5Ic[e�ÎI2 Î4vÈ=u3õ¤32BlSfÆ�:-JepX)�ac)( 365�´Cl8c[e�fh�O�)X!e/-s3
5�f=(���Åàc[e#36~

π0 }J��(<7p3-��e#�Ce/-s3?5#3-Åh36g-e#36~*+�-s�`e#�`}�+/c[fÆ�U}J��(<7p3-��fÆ} e/-s3?3-143-}+e�@�X)�`�U^4^9K
M
R

c[}s~�b�7MËFb�7¥K
N
R»g6�`ÅÆÅÆfh5�fh�`}s5�c[e<ÎI2 Î4v�=u3õ¤32

γ
Ë=s�3-e83-143-}Je#5a�]fÆe/-Ls�3-e83-}s3-�����ÖfÆ}Oe/-s3y�ac[}��43X)�#�8(WÍ�ÇIe#�] �Ç�Ç ��3F¤·��3-�#3Cg6�`}s5�fh~�3-�#36~F2 ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�óW�

��¢/ô l83-Åàc[e�fÆ143Ôc[}���Åh3 �)X,+�-s�`e#�`}�+/c[fÆ�#5ofÆ}Ãe/-s3q3-}s3-�����`�]fÆ}s~��W��t�ÇÌËA �Ç�ÇO��3F¤ c`5yc�X)��}sg-e�fh�`}
�)XUe/-s3-fÆ�o3-}s3-�����cX)�`�

γ
Ë=s�3-e<3-143-}Je#5aX��#�8( 5�f=(���Åàc[e#36~�b.7MËFb�7Ãg6�`ÅÆÅÆfh5�fh�`}s5W2o�B3SX)e�´8�q+p3-}�fÆ}��

c[}���Åh3¦�)X
π0 ~�36g�c���+�-s�`e#�`}6+/c[fÆ�#5_K�}s�O�#365�e���fhg-e�fh�`} fÆ} ~�3-e#36g-e#�`�qc`g6g63�+�eac[}sg63jRS2µl?fÆ�:-+e�´

�q+p3-}�fÆ}���c[}���Åh3��)X8c[ÅÆÅn+�-s�`e#�`}s5D+/c[fÆ�#5W2O=,-s3 ÅÆfÆ}s365IÅÆf=(qfÆeye/-s3��8+Y3-}�fÆ}��µc[}���Åh3��]fÆ}s~��W�
5#3-Åh36g-e#36~F�we/-s3IÅh�W��3-�oÅÆfÆ}s33�»c`5o�87�eac[fÆ}s36~�X��#�8(�e/-s3�~�36g�c6��iHfÆ}s3�(Ôc[e�fhg65�@pe/-s3���+�+Y3-�o�`}s3�»c`5?3�(*+�fÆ��fhg�c[ÅÆÅÆ�Ög�-s��5#3-}�e#�q5#3-Åh36g-eO( ��5�eS�)X

π0 ~�36g�c6�T+/c[fÆ�#5W2 ¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�óvñ
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��¢ � l<c[e�fh�S�)X�e/-s32}+��(o7Y3-�d�)Xs5�f=(y��Åàc[e#36~

π0 e#�Se/-s32e#�`eac[Å+}+��(o7Y3-�d�)X�+�-s�`e#�`}<+/c[fÆ�#5
5ac[e�fh5@X)�JfÆ}��
e/-s38�8+Y3-}�fÆ}���c[}���Åh3�@+fÆ}J1`c[��fàc[}Je�(Ôc`5#5!c[}s~ Åh3�c`~MfÆ}��D+/c[��e�fhg-Åh3?5#3-Åh36g-e�fh�`}�g6�`}s~MfÆe�fh�`}s5�X)�`�U^4^K
M
R�c[}s~µb�7MËFb.7�K

N
R8g6�`ÅÆÅÆfh5�fh�`}s5yc[eyÎI2 Î4vÈ=w3õ¤32

γ
Ë=s�3-eC3-143-}+e#5CfÆ}µe/-s3asr3-eo3-}s3-�������ac[}��43X)�#�8(WÍ�ÇIe#�] �Ç�Ç ��3F¤·��3-�#3Cg6�`}s5�fh~�3-�#36~F2 ¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�óvñ

��¢ ó �43-eS~Mfh5#e���f=7���e�fh�`}�c`5Sc<X���}sg-e�fh�`}k�)X
e/-s38�ac[e�fh�
pT,j/Eγ

X��`�
γ
Ë=s�3-e»3-143-}Je#5?5�f=(���Åàc[e�fh�`}s5]fÆ}

e/-s3 g�c`5a3q�)X]^4^�g6�`ÅÆÅÆfh5�fh�`}s5W2 j¡s�3-eCg6�`}s3 �)X
R = 0.3

c[}s~Äcosr3-ep+/c[��e�fhg-Åh3 e/-��#365/-s�`Åh~Ä�)X
pT > 0.5

��3F¤p�ME"��3-�#3qc`5#5#��( 36~F2ol?365���ÅÆe#5qX��`�8e/-s3�5#3-e���+s5a�]fÆe/-s�`��eom2�µ9»c[Å1K)~sc`5/-s36~
ÅÆfÆ}s3jR]c[}s~]�]fÆe/-Om2�µ9»c[Å�K)5#�`ÅÆfh~¦ÅÆfÆ}s3jR]c[�#3o��fÆ143-}w2 ¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�ópò

��¢�� �43-eS~Mfh5#e���f=7���e�fh�`}�c`5Sc<X���}sg-e�fh�`}k�)X
e/-s38�ac[e�fh�
pT,j/Eγ

X��`�
γ
Ë=s�3-e»3-143-}Je#5?5�f=(���Åàc[e�fh�`}s5]fÆ}

e/-s38g�c`5#3?�)Xwb�7MËFb.7�g6�`ÅÆÅÆfh5�fh�`}s5j2�j�s�3-e�g6�`}s38�)X
R = 0.3

c[}s~¢cisr3-e�+/c[��e�fhg-Åh3?e/-��#365�-s�`Åh~¢�)X
pT > 0.5

��3F¤p�ME"��3-�#3qc`5#5#��( 36~F2ol?365���ÅÆe#5qX��`�8e/-s3�5#3-e���+s5a�]fÆe/-s�`��eom2�µ9»c[Å1K)~sc`5/-s36~
ÅÆfÆ}s3jR]c[}s~]�]fÆe/-Om2�µ9»c[Å�K)5#�`ÅÆfh~¦ÅÆfÆ}s3jR]c[�#3o��fÆ143-}w2 ¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�ó ô

��¢ õ �43-eS~Mfh5#e���f=7���e�fh�`}�c`5Sc<X���}sg-e�fh�`}k�)X
e/-s38�ac[e�fh�
pT,j/Eγ

X��`�
γ
Ë=s�3-e»3-143-}Je#5?5�f=(���Åàc[e�fh�`}s5]fÆ}

e/-s3�g�c`5#3I�)XUb�7MËFb�7Ãg6�`ÅÆÅÆfh5�fh�`}s5j2<j�sr3-e�g6�`}s3��)X
R = 0.3

c[}s~µcps�3-eq+/c[��e�fhg-Åh3Ie/-��#365/-s�`Åh~
�)X
pT > 2

��3F¤p�MED�!3-�#3�c`5#5#��( 36~F2!l8365���ÅÆe#5,X��`�?e/-s3C5a3-e���+s5O�]fÆe/-s�`��e�m2��9»c[Å,K)~sc`5/-s36~
ÅÆfÆ}s3jR]c[}s~]�]fÆe/-Om2�µ9»c[Å�K)5#�`ÅÆfh~¦ÅÆfÆ}s3jR]c[�#3o��fÆ143-}w2 ¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�óB�

��¢ á ��c{HHf=(���(ÈK���+�+p3-�ÔÅÆfÆ}s3jRÔc[}s~¥(qfÆ}�f=(���( 1�c[ÅÆ�s365mK�Åh�j��3-�¦ÅÆfÆ}s3jRq�)Xoe/-s3
pT,j/Eγ

�ac[e�fh�
�s5#36~ e#��5#3-Åh36g-e*+�-s�`e#�`}MË=s�3-eÔ3-143-}Je#5qfÆ}�e/-s3¦g6�`}ICs�����ac[e�fh�`}s5"�]fÆe/-�m2�µ9»c[Å<K)5#�`ÅÆfh~ ÅÆfÆ}s3jR
c[}s~B�]fÆe/-s�`��eSm2�µ9»c[Å.K)~sc`5/-s36~�ÅÆfÆ}s3jRnX)�`�!^4^�K�Åh3SX)enCs�����#3jR»c[}s~¦b�7MËFb�7kg6�`ÅÆÅÆfh5#fh�`}s5QK���fÆ�:-+eCs�����#3jRS2 ¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�ópó

��¢ ñ­� 7Jf=(���Åàc[e#36~Dsr3-e»~Mfh5�e���f=7���e�fh�`}Oc`5]cpX)��}sg-e�fh�`}Ö�)Xwe/-s38�ac[e�fh�
pT,j/Eγ

X��`�»Î���3F¤®K�Åh3SX�e[R!c[}s~ �Ç���3õ¤¶K���fÆ�:-Je[Ris�3-e#5pX��`��^4^ g6�`ÅÆÅÆfh5#fh�`}s5W2Öj�sr3-e�g6�`}s3¢�)X
R = 0.3

c[}s~ cDs�3-e<+/c[��e�fhg-Åh3
e/-��#365/-s�`Åh~ �)X

pT > 0.5
�o3õ¤Q�ME��!3-�#3µc`5#5���( 36~F2�l?365���ÅÆe#5"X)�`��e/-s3�5#3-e���+s5B�]fÆe/-s�`��e
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��¢ ñw�
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��¢ ñyò
γ
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N
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5��M5�e#3�(�c[Åh�`}s3BK���fÆ�:-Je1X)�ac)( 365[R'@^X)�`�<^4^�K���+�+Y3-�qX��ac)( 365SR'@�b�7MËFb.76K)g63-}Je��ac[Å
�#�j�¡X)�ac)( 365[R
g6�`ÅÆÅÆfh5�fh�`}s5kc[}s~|4J�s3-}sg�-s36~ b�7MËFb�7�g6�`ÅÆÅÆfh5�fh�`}s5�K�Åh�W�!3-�TX��ac)( 365SRS2�=,-s3�5/-/c`~�36~£�#3-��fh�`}s5
�#3�+��#365#3-}Je?e/-s3C5#�H5�e#3�(Ôc[e�fhgo3-���#�`�8~M�s3oe#�asr3-erË=s�3-e?g6�`}Jeac)(qfÆ}/c[e�fh�`}w2 ¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ � ò��¢ ñyó l<c[e�fh�µ�)X<e/-s3BX)�ac[�:( 3-}+eac[e�fh�`}�X���}sg-e�fh�`}s5 �)X

γ
Ëõeac[���436~`s�3-e#53�]fÆe/-�3-}s3-����� Åàc[���43-� e/-/c[}

Í�ÇÖ��3F¤ÄX)�`��b�7MËFb�7Ãg6�`ÅÆÅÆfh5#fh�`}s5o5#g�c[Åh36~c7J��m.4�2�K�ÊI2= {R]e#�¦^4^�g6�`ÅÆÅÆfh5#fh�`}s5o~�3-e#36g-e#36~�fÆ}�e/-s3
g63-}Je��ac[Å8e��ac`gaiJfÆ}�� 5��H5#e#3�( c[}s~�m2�µ9»c[ÅoK���+�+p3-�LCs�����#365[R��`�ÔfÆ}�e/-s3Og63-}Je��ac[Å?e��ac`g#iHfÆ}��
5��M5�e#3�(�c[Åh�`}s3�K�Åh�W�!3-�aCs�����#365[RS2S=,-s3I5/-/c`~�36~k�#3-��fh�`}��#3�+��#365#3-}+e#5<e/-s3�5��H5#e#3�(Ôc[e�fhg�3-���#�`�
~M�s3�e#�Ãe/-s3�g6�`}+eac)(qfÆ}/c[e�fh�`}�X)�#�8(¶s�3-erË=s�3-e¢3-143-}+e#5j2 �¿}�Åh3SX)eLCs�����#365�}s�94J�s3-}sg�-�fÆ}�� fh5
c`5#5#��( 36~Oc[}s~¦fÆ}k��fÆ�:-+e8�`}s365Se/-s3p7/c`gaiJ���#�`��}s~Ofh5O4+�s3-}sgA-s36~F2 ¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ �>ô
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# ±&¸|´ ¶%$ Ê «�Ë Áh®¼¸

ò ¢ ñ º»3�c)(¯+/c[�ac)( 3-e#3-�#51X)�`�]e/-s3oj<�B��9!m�3SHI+Y3-��f=( 3-}JeL� ���/� � ô�� 2 ¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ûô ó
ô7¢ ñ ��¾WÊÇ¾HÓZ�¼ÁÃ�¼ÊÇÆPÉxÆÇ��ë�½ �þ�&È�¢2��ô7¢��B�X¾��7ë��&È�¢2��ô7¢ ñ°� ��ÁÃã,»¼ãBÊÇÊË��»¼ÁÖÑ ãWÊXÁÃÄx�=½¿�7»¼½¿ë7�¼�7»��

¾W�pßBÀ ��ãHÑ�ÁÃÄ7��º7ÊË½�Ó[¾WÊËÅ[ºÕ¾WÊ"ÁÃ½¿»¼À¿��¢ ¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ópó
ô7¢ � bdc[�ac)( 3-e#3-�#5o�)X2e/-s3QX)��}sg-e�fh�`}

f(pT )
�)XCm.4 2LKMd�2= �Í�Ri�i-�fhgA-cCse#58e/-s3�c`g6g63�+�eac[}sg63I1M5

pTX��`�
γ
�ac��H5?c[}s~

π0 c[}s~ η ( 365a�`}s5W2 ¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢Ì� ñ
ô7¢ ò bdc[�ac)( 3-e#3-�#5��)Xde/-s3QX���}sg-e�fh�`}

g(y)
�)X�mn4 2pKgd�2= �É�Ri�i-�fhg�-cCse#5Se/-s3�c`g6g63�+�eac[}sg63�1M5

y
X��`�

γ
�ac��H5<c[}s~

π0 c[}s~ η ( 365#�`}s5W2 ¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢Ì� ñ
ô7¢/ô bdc[�ac)( 3-e#3-�#5»�87�eac[fÆ}s36~"7J�oCse�e�fÆ}��Im.4�2,Kgd�2= )R
e#�oe/-s3S�#365a�`ÅÆ��e�fh�`}¢�)X{e/-s3S3-}s3-����� g6�`ÅÆÅh36g-e#36~

fÆ}§c
3 × 3

c[���ac��µ�)X]mU��9	g-���M5�eac[Åh5y��+Y�`}Ãe/-s3 f=(*+/c`g-e��)Xi( �`}s�[ËF3-}s3-���43-e�fhg¢3-Åh36g-e��#�`}s5X)�#�8( ÇI2 ÊÄe#�9d�2 Î ��3F¤I@»c[}s~£�)XCe/-s3�g�c[Åhg-��Åàc[e#36~ 3-}s3-������X)�#�8( 5#f=(y��Åàc[e�fh�`}s5Ö�)XQ( �`}s�
3-}s3-���43-e�fhgB+�-s�`e#�`}s5oX��#�8( ÇI2 ÊOe#�� �Ç���3õ¤ c[}s~�X��#�8( ÇI2 ÊOe#�� �Ç�Ç���3õ¤�@�+p3-�@X��`�/( 36~ÄfÆ}
g6�`}s~MfÆe�fh�`}s5�5�f=(qfÆÅàc[�Ce#�¦e/-s��5#3q�)X»e/-s3q3SH
+p3-��f=( 3-}+eW2Ô�F}�e/-s3 5�eac[e�fhg��#36g6�`}s5#e����sg-e�fh�`}B@we/-s3
3-}s3-�����o�!c`5�g6�`ÅÆÅh36g-e#36~�fÆ}

3×3
c[���ac6�I�)X/}s3-fÆ�:-�7p�`��fÆ}��yg-���M5�eac[Åh5U�i-s3-�#3�c`5dfÆ}Ie/-s3!~M�H}/c)(qfhg

�#36g6�`}s5�e����sg-e�fh�`}B@/e/-s3Cg-ÅÆ�s5�e#3-��fÆ}��¢c[ÅÆ�4�`��fÆe/-�(��!c`5<c)+�+�ÅÆfh36~F2 ¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢��>ô
ô7¢ � bdc[�ac)( 3-e#3-�#5

Ax
c[}s~

Bx
�)X�m.4 2qKgd�2= �Ê�R�X��`�]e/-s3ofÆ}sg-fh~�3-}sg63�c[}���Åh365

α = 0◦
@
3◦
@
6◦
c[}s~

9◦
c`5i�!3-ÅÆÅ
c`5,X��`�]��}�f�X��`�/(qÅÆ��~Mfh5�e���f=7���e#36~OfÆ}sg-fh~�3-}sg63�c[}���Åh365W2 ¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢��
�

ô7¢ ó l<c`~Mfàc[e�fh�`} c[}s~ c)7s5#�`�/+�e�fh�`} Åh3-}���e/- c�143-�ac[�43�1`c[ÅÆ�s365¦�87�eac[fÆ}s36~|X)�#�8( À
fÆ��2hd�2 Í�ÉM@S}s�`e
eac[iHfÆ}�� fÆ}+e#�¢c`g6g6�`��}+e?e/-s3yg6�`}+e���f=7���e�fh�`}mX��#�8(�e/-s3Cg63-}Je��ac[Åu=]b�9 3-Åh36g-e��#�J~�3yc[e

θ = 90
¡ 2 õB�

� ¢ ñ bdc[�ac)( 3-e#3-�#5U�)Xpm.4 2�K�ÎI2= {Ru�87�eac[fÆ}s36~37J�QCse�e�fÆ}��oe/-s3]5�eac[}s~sc[�#~�~�3-1Hfàc[e�fh�`} �)X�e/-s3»~Mfh5�eac[}sg637p3-e��!363-}Oe/-s3o�#36g6�`}s5�e����sg-e#36~c+Y�`fÆ}Je#5SfÆ}Öe/-s3�9!b2¤	c[}s~kmU��9 �)X�À
fÆ��2sÎI2 d^2 ¢�¢�¢�¢X¢�¢X¢ õHá
� ¢ � bdc[�ac)( 3-e#3-�#5q�87�eac[fÆ}s36~;7+�`Cse�e�fÆ}���e/-s3¢b�9!j�+�-s�`e#�`} 3-ÅÆÅÆf=+s5#3�+/c[�ac)( 3-e#3-�#5�\[R<´%RCE'R

x0
c[}s~

y0
�)X�À
fÆ��2/ÎI2£²o7+�¦e/-s3xX)��}sg-e�fh�`}

f(E) = q0/
√
E + q1E + q2E

2 + q3
2 ¢�¢�¢X¢�¢X¢ ápò

� ¢ ò bdc[�ac)( 3-e#3-�#5O�87�eac[fÆ}s36~�7J�¥Cse�e�fÆ}���e/-s3
M0

2x

7J�£mn4 2pK�ÎI2 Î�RLX��`�B-�fÆ�:-MËF3-}s3-�����|+�-s�`e#�`}
fh~�3-}Je�f�C/g�c[e�fh�`}�c[}s~_7J�¦c 5�e��ac[fÆ�:-+eSÅÆfÆ}s3pX)�`�i-/c[�#~HË

π0 fh~�3-}Je�f�C/g�c[e�fh�`}w2 ¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñfñ­�
� ¢/ô bdc[�ac)( 3-e#3-�#5��87�eac[fÆ}s36~L7+�oCse�e�fÆ}��Ce/-s3]~Mf��p3-�#3-}JeU3-ÅÆÅÆf=+s5#3i+/c[�ac)( 3-e#3-�#5��)XYÀ
fÆ��24ÎI2 É�Çx7J��e/-s3X)��}sg-e�fh�`}

f(E) = q2E
2 + q1E + q0

2 ¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñfñpñ
ó ¢ ñ ¤Uc[ÅÆ�s365S�)X
e/-s3�}+�sg-Åh3�c[�?��143-��Åàc)+_X)��}sg-e�fh�`}s5?c[}s~Ö�)Xue/-s3og63-}Je��ac[ÅÆfÆeF�TXõc`g-e#�`�?c`5ScQX)��}sg-e�fh�`}

�)Xde/-s3Cb�7MËFb�7�g6�`ÅÆÅÆfh5�fh�`}Og63-}Je��ac[ÅÆfÆeF�4@�eac[i43-}_X��#�8(�b j8��ÅàÇ�É)e�2 ¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ°�Já
Ü/ÜsÜNâ



ÜsÜ/ÜNâN½ }.~Y�8�*ÿ��q�@Í�Î�Ï����
ó ¢ � l<c[e�fh�q�)X
e/-s3�fh5#�`Åàc[e#36~ke#��e/-s3oe#�`eac[Å{}+��(o7Y3-�<�)XU+/c[��e�fhg-Åh365]fÆ}

γ
Ë=sr3-eS3-143-}Je#5oK

20 < Eγ <

100
��3õ¤QR2�87�eac[fÆ}s36~B7J� e/-s3?��9!�ºX��`��5#3-143-�ac[Å

pT
e/-��#365/-s�`Åh~�5]c[}s~¦g6�`}s385�f=Z�365xKg�]fÆe/-s�`��e

g6�`}s5�fh~�3-��fÆ}���~�3-e#36g-e#�`�S�#365/+p�`}s5#3jR�X��`�]^4^§c[}s~kb.7MËFb�7�g6�`ÅÆÅÆfh5�fh�`}s5j2 ¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�òpó
ó ¢ ò ��9!� fÆ}Je#3-���ac[e#36~O3S±Ôg-fh3-}sg-�TX��`�]^4^ c[}s~Öb.7MËFb�7�g6�`ÅÆÅÆfh5�fh�`}s5j2 ¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ ô �
ó ¢/ô 7JfÆ��}/c[ÅOK

γ
Ë=s�3-e[R]e#�"7/c`g#iH���#�`��}s~¥KÅsr3-erË=s�3-e[RS�ac[e�fh�¢�87�eac[fÆ}s36~�7+�Oe/-s3���9!�¢( 3-e/-s�J~cX��`�<^4^

c[}s~Ib�7MËFb�7qg6�`ÅÆÅÆfh5�fh�`}s5W2
R
c[}s~

pth
T

c[�#3�e/-s3�g6�`}s3!5�f=Z�3»c[}s~<+/c[��e�fhg-Åh3h( �8( 3-}+e���( e/-��#365�-s�`Åh~F2 ñ ô �
ó ¢ � ��3�c[}¦1`c[ÅÆ�s3��)Xue/-s3

ΣpT

~Mfh5�e���f=7���e�fh�`}s5S5/-s�j�]}ÖfÆ}¦À
fÆ��2�ÊI2= �É�c`5ScpX)��}sg-e�fh�`}k�)Xwe/-s3og6�`}s3
5�f=Z�3aX��`�8c[ÅÆÅ{e/-s3o�43-}s3-�ac[e#36~c+/c[��e�fhg-Åh3658c[}s~Ö�#365#e���fhg-e#36~Öe#�q~�3-e#36g-e#36~]+/c[��e�fhg-Åh365W2 ¢�¢�¢X¢�¢X¢ ñ ô ò

ó ¢ ó l<c[e�fh� �)X�fh5#�`Åàc[e#36~ c[}s~ e#�`eac[Å�}J��(<7p3-�k�)X<+/c[��e�fhg-Åh365BX)�`�
γ
Ë=s�3-eÖ3-143-}+e#5�K

20 < Eγ <

100
��3õ¤QRo�87�eac[fÆ}s36~;�]fÆe/- e/-s3Ô��9!��7f( 3-e/-s�J~�X)�`�I5#3-143-�ac[Å

pT
e/-��#365/-s�`Åh~�5qc[}s~§g6�`}s3

5�f=Z�3658c[}s~_�]fÆe/-s�`��e?g6�`}s5�fh~�3-��fÆ}���~�3-e#36g-e#�`�?�#365/+p�`}s5#3aX��`�]^4^§c[}s~kb�7MËFb.7�g6�`ÅÆÅÆfh5�fh�`}s5W2 ¢X¢ ñ ôpô
ó ¢�� �¿}+e#3-���ac[e#36~Ö��9!��7Ô3S±Ôg-fh3-}sg-�LX��`�U�#36g6�`}s5#e����sg-e#36~¦^4^Ãc[}s~�b.7MËFb�7Ö3-143-}+e#5»fÆ}¦b2:��o7�c[}s~

=]b�9a2 ¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ ô õ
ó ¢ õ

γ
Ë=s�3-ed5�fÆ��}/c[ÅJe#�ns�3-erË=sr3-eU7/c`g#iH���#�`��}s~I�ac[e�fh�<�)Xse/-s3!fh5#�`Åàc[e#36~o+�-s�`e#�`}�fÆ}+e#3-���ac[e#36~q5/+p36g-e�����(
e#�?e/-s32e#�`eac[Å�+�-s�`e#�`}�fÆ}+e#3-���ac[e#36~�5/+p36g-e�����(ÃX��`�B�#36g6�`}s5�e����sg-e#36~�^4^�c[}s~�b�7MËFb�7�g6�`ÅÆÅÆfh5�fh�`}s5
fÆ}ObU:��o7Öc[}s~Ö=]b!9 �87�eac[fÆ}s36~]7J��e/-s3o��9!�µ7�( 3-e/-s�J~F2 ¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ ô õ

#�¢ ñ 9��#��5#5
5#36g-e�fh�`}s5dc[}s~y}J��(<7p3-�
�)X
γ
Ë=sr3-edc[}s~is�3-erË=sr3-e
3-143-}+e#5
�43-}s3-�ac[e#36~D�]fÆe/-ye/-s3!bd0�=]:<��j

3-143-}Je?�43-}s3-�ac[e#�`�W2 ¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢X¢�¢�¢X¢�¢�¢X¢�¢X¢�¢�¢�¢�¢�¢X¢�¢X¢ ñ�á ô
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dū
�jö^Ý
ê[å<ñcå)á[ðIé�á{ô,þ/émß�Ý
æ�êSð
é�á)ö Ý
ÞFÝ
êAçiøVêSðIñç�ß�å"÷�Ý
ígå{é�ï)å�ã^ä�Ý
êSÿ�á)ö�ç�ß�å{êSåTâYáDÝmáSå8Ýmð
ø

qq̄
Þ�Ý
âgê[áDÝ
é�æ6ëIígä�ðIé�áX1Qß�âgïlß6ï{ðIé�ç�ê[âgý�ä�çSå�çSð�ç�ß�å�ßFÝ
æ�ê[ðIéñ�Ý�áSá)ô�Gpß�å"ã�äFÝ�é�çSä�ñ¢é�ä�ñTý�å)êQï)Ý
ígíYå)æ:o�acNP�kSVUáUq`�O�o.L.Nf��æ�â��Uå{êSå{é�çSâMÝ�çSå)ápý�å{ç21qå)å{é;ýFÝ
êAàIðIé�áoÝ�é�æñmå{áSðIé�á)ö�å{ã^ä�Ý
íhç�ðáY�[c��øVðIêoã^ä�Ý
êSÿ�áLÝ
é�æ −1/3

øVðIê*Ý
é�çSâ©ò/ã�äFÝ�êSÿ�á)ô"üxÝ
êAàIðIé�á*ßFÝ8÷Iå_âgé�çSå)ëIå{ê
B

Ý
é�æñmå{áSðIé�á<ß�Ý:÷
å
B = 0

ôõ,ù Þ�å)ê[âgñcå)é�çlÝ
íYíYà
ö�é�ð�á[âgé�ë
ígå*ã�äFÝ
ê[ÿ�ß�Ý
áoý�å)å{é;æ�âYêSå{ï{ç�í©àfðIý�á[å)êA÷Iå)æUö
ç�ß�å{à9Ý
êSå�Ý
íY1xÝ8à^áoï{ðIéX�Fé�å)æâgé�ßFÝ�æ�êSðIé�á)ô Gpß�å]åjù âgáAç�å)é�ï)å�ð�øaã�äFÝ
ê[ÿ�á�âYá*æ�å)ñcðIé�áAç�ê�Ý�ç�å)æ�âgé¥ß�âYëIß ò@å)é�å{êSë
à;âgé�å{íMÝ
áAç�âgïBáSï8Ý�çSç�å{êSâYé�ëåjù Þ�å)êSâYñmå{é�ç�áB1Qß�å)êSåfå{ígå{ï{ç�ê[ðIé�áTï{ðIígíYâgæ�åZ1Qâ©ç�ß Uq`qm.��L�SVUXWjô�Gpß�å�ðIý�áSå{ê[÷
å)æÃêSå{áSä�í©ç�á_Ý
ê[å�ï{ðIé�áSâYá[çSå)é�ç
1QâYçSß9ç�ß�åTÞ�êSå{áSå{é�ï)å_ð
øOÞ�ðIâYé�çAò/íYâgÿ
åLá[Þ�âgéÞYe[]\mï)ð
é�á[çSâYç�ä�å)é�ç�á3ð�øiç�ß�å�é^ä�ï)ígå{ðIé�ï8Ý�ígígå{æ��XacNPp�SVUXWjô%Gpß�âYáâgáiã�ä�â©ç�åoÝ
éFÝ
íYðIëIðIä�á�ç�ð"ýFÝ
ïlÿ[1xÝ�êSæ ò/Ý
é�ëIíYå��Qä�ç�ß�å)ê[øVð
êSæcáSï8Ý�çSç�å{êSâYé�ë�ð�ø

α
ò@ÞFÝ
êAç�âgï{ígå{á,ðc��Ý�çSðIñmá\1Qß�âYïlßæ�å)ñcðIé�áAç�êSÝ�ç�å{æ¦ç�ß�å9åWù�âYá[çSå)é�ï{å6ð
ø3çSß�å9é�ä�ï{ígå{ä�á)ôÂþ/é·ß�âYëIß¡å)é�å{êSë
à

e+e−
ï{ðIígíYâgæ�å{êTåjù Þ�å)ê[âgñcå)é�ç�á{öê�Ý�çSß�å)êQ1aå{ígí,ï{ðIígíYâgñmÝ�ç�å{æA�[å{çSá*ð
ø1ÞFÝ
êAç�âgï{ígå{á3å)ñcå)ê[ëIåBøVêSð
ñÌç�ß�å_âgé�ç�å{ê�Ý
ïjç�âgð
é6êSå{ëIâgðIé]1Qß�âgïlß�Ý
êSå_åWù�òÞ�íMÝ�âgé�å{æ;Ý
áDÝ�áSâYé�ëIíYå�Þ�ê[ðIëIå{é�âYçSðIêQã^ä�Ý
êSÿ�áSï)Ý�çSçSå)êSå{æ�âgé�ç�ß�åTï{ðIígíYâgá[âgðIé�ô8�wê[ðIñµé�ð,1½ðIé�ö�þ^1QâgíYínê[å{øVå{êç�ð�çSß�âgáoÞ�êSð^ï)å{áSáLÝ
á3Ý0�ML.p�ô
�Fä�êAç�ß�å{êSñcðIêSå�ö
ç�ß�åTåjù âgáAç�å{é�ï)å_ð
ø1ëIíYä�ðIé�áoâgáoï)ðIéX��êSñcå)æ�ý�à;çSß�åTðIý�á[å)ê�ò÷�Ý�ç�âYðIé;ð
ø1ÞFÝ�ê[ç�âYï)íYå�ï{ðIígíYâgáSâYðIé�áQâgé]1Qß�âgïlß6ç�ß�êSå)åi�[åjç�á3å{ñmå{êSëIå�ô½3*é�åTð
øiç�ß�å)ñ�ñBä�á[ç*ê[å)á[ä�íYç3øVê[ðIñ�Ýß�âgë
ß ò/å{é�å)ê[ë
à`ëIíYä�ðIéfêSÝ
æ�âMÝ�ç�å)æføVê[ðIñÁðIé�å"ð�ø�çSß�åLáSï8Ý�çSç�å{êSå{æ;ã�äFÝ
ê[ÿ^á<âgé`çSß�åLï)ðIíYígâYáSâgð
é�ô

�Dé"Ý
éFÝ
íYðIë
àoð
ø�ç�ß�åiã�äFÝ�êSÿIò/ëIíYä�ðIéLâgé�çSå)ê�Ý�ï{ç�âYðIé3âYá�Þ�êSð:÷^âgæ�å{æLý�àDç�ß�å
£8`XacUqp	`hO ¡&��L�m.p	N
S5lc�VU�acORQTm�Wç�ß�å{ðIê[àä�*£&¡1���Wö_1Qß�âYïlßÃæ�å)á[ï)êSâYý
å{á_ç�ß�å`øVðIê[ï)åfý�å{ç21qå)å{é¦å{ígå)ïjç�ê[âgï8Ý�ígíYà�ò@ïlßFÝ
êSë
å)æ�ÞFÝ�ê[ç�âYï)íYå)áTá[ä�ïlß�Ý�áå)íYå)ï{çSêSðIé�áaâgécç�å{êSñcáað
ø.åWù�ïlß�Ý
é�ëIå*ð
ø�Þ�ß�ð
çSðIé�á)ô�Gpß�åDøVðIêSï{å3ý�å{ç21qå)å)éfç21qð_ïlßFÝ
ê[ëIå)áxâYáqæ�å)áSï{êSâYý
å{æfý�àç�ß�åLÞ�ð
ç�å{é�ç�âMÝ�í
VQED =

A

r
,

��Y
ô�Y��
1Qß�å)ê[åi¤�âgáiÞ�ê[ðIÞ
ð
ê[ç�âYðIéFÝ
í�ç�ð*çSß�åQÞ�êSð^æ�ä�ïjçqð�ø
çSß�åpïlßFÝ
ê[ëIå)áqÝ
é�æDN*âgá�ç�ß�åQæ�âYá[çlÝ�é�ï)åQý�å{ç21qå)å)écç�ß�å{ñ9ô

Gpß�åá£8`XacUqpr`�O ¥(�hN
SVO�S5lc�VU�acORQTm�WLç�ß�å{ðIê[à:�.£�¥����xæ�å{áSï)ê[âgý�å)áQç�ß�å"Þ�ê[ðIÞ
å{ê[çSâgå)áQð
ønç�ß�å�áAç�êSð
é�ëâgé�ç�å{ê�Ý
ïjç�âYðIé�ö�ç�ß�åcøVä�é�æFÝ�ñmå{é�ç�Ý
íOøVðIêSï{åcçSßFÝ�ç�ÿ
å)å{Þ�á_ã�äFÝ
ê[ÿ^á�ï)ðIé��Fé�å)æUô<�pï{ï)ðIê[æ�âgé�ë�ç�ðI���xû�ö�ç�ß�åã�äFÝ
é�ç�ä�ñ½é�ä�ñTý�å)êim�SV��SVNoÝ
ïjç�á,íYâgÿ
å1ç�ß�åaïlßFÝ
êSë
åxâgéBçSß�åxå{ígå)ïjç�ê[ðIñ�Ý�ëIé�å{çSâgï1âgé�ç�å{ê�Ý
ïjç�âYðIé�öN1Qâ©ç�ß_ëIíYä�ðIé�áÝ
áOç�ß�å<ï8Ý
ê[êSâYå)êSáiçSßFÝ�çqñ�Ý
âYé�çlÝ
âYé_ã^ä�Ý
êSÿ�áaçSðIëIå{çSß�å)êOâYé�ßFÝ
æ�êSðIé�á{ô;Gpß�å{êSå3Ý�êSåQç�ß�ê[å)åDæ�â��
å)êSå{é�çaï{ðIígðIê[á)ö
��N
L l
ö±o5��`qL"Ý
é�æ � N
L�L.U��aÝ
é�æfçSß�å)âYêxï)ðIê[êSå{áSÞ�ðIé�æ�âYé�ë]Ý
é�ç�â5ò/ï)ð
ígðIê[á)ôB�oáQÝ_ï)ðIé�á[å)ã�ä�å{é�ï)å"ð
ø.ç�ß�åM� � '¡W~*á[çSêSä�ïjç�ä�ê[å3ð
ø�ç�ß�åoç�ß�å)ðIêAàIö çSß�å)ê[å*Ý
ê[å3å)âYëIß�çaï{ðIígðIê[å)æ`ë
ígä�ðIé�á)ôK�<ð`1qå{÷
å)ê{ö�ç�ß�å{êSå*Ý
ê[åDé�ð�øVêSå)åDï)ðIíYðIêSå{æðIýh�[å{ï{ç�áhâgéTéFÝ�ç�ä�ê[åaáSâYñmâYíMÝ
ê�çSðDç�ß�åaøVêSå{åxïlßFÝ
ê[ëIå)á,ð�ø��LõOûBô Gpß�åaø�Ý
ïjçhçSßFÝ�ç,ß�Ý
æ�êSð
é�áiÝ
ê[åxé�ð
çhï)ðIíYðIêSå{æâgáLÿ�é�ð,1QéÃÝ
á�m�SV��SVN¦m�SVUMÚ�U�L.O�L.Uqp�ôD�FðIígíYð`1QâYé�ë`ç�ß�å,�*õOû¢Ý
éFÝ
íYðIë
à
ö�á[âgé�ëIíYå]ëIígä�ð
é|åjù ïlßFÝ�é�ëIå`ï)Ý
é
§ ÷�­P³¿©�µ¢¶�©�«5¬V­P®T¯eªK­P®T©n¸	ú�·5ªr©Ia±ú�º½¶Ñú>�.º¿².©n¸	·�¸Tú�©�¾V­.®r¸Tº¿¶�³´©n¸Tú�©�«5¬V­Pµ5¸T¬�À µM¬�À&ø¢©x®Tª¼Â�ø�¬e¸ß·*µ�³´ù0­�¾V­P®	¸�·;±�¸	úV©À¼­.ªTªÑÄ�Å



P`Rcb Õ �eyBÐMw |0|VË w ÉPËXd Ðeyty Ë zfe o�Ç]Ëhg�} Ðezji.ÒFk Ì´} �Mw ÆBÌ Ð ÉFd Ð u ×

ý
å*ä�áSå)æ�ç�ð]ëIâ©÷IåLÝ
é�Ý
ï{ï)ä�êSÝ�ç�åLæ�å{áSï{êSâgÞ ç�âgð
é�ð�ø�çSß�å3øVðIêSï{åLý�ä�çQðIé�í©àfÝ�çQá[ñ�Ý�ígíUæ�âgá[ç�Ý
é�ï{å)á)ô��xçQígÝ
êSëIåæ�âgáAçlÝ
é�ï)å)á{ö�ç�ß�å<áSâ©ç�äFÝ�çSâgðIé_ý�å)ï{ðIñcå)á1ñTä�ïlßcñmðIê[åpï)ðIñcÞ�íYâgï8Ý�ç�å)æUôB�Dá1ÝLñ�Ý�çSç�å{êið
øUø�Ý�ï{ç8ö�âYémÝ�æ�æ�âYçSâgðIéð
ø,âYé�ç�å)êSÝ
ï{çSâgé�ël1QâYçSß
q
Ý
é�æ

q̄
ö�ëIíYä�ðIé�á<ï8Ý
é9âgé�ç�å{ê�Ý
ïjç3Ý�ñmðIé�ëmç�ß�å)ñcáSå)í©÷Iå{á)öUý�å)ï)Ý
ä�á[å�ç�ß�å{à9ï8Ý
ê[ê[à�Ýï)ðIíYðIêpïlßFÝ
ê[ëIå
ô��xç<÷�Ý
êSâgÝ
é�ï)å�öwÞ�ß�ð
çSðIé�á3Ý�êSå"å)ígå{ï{çSêSâgï)Ý
ígí©à�é�å)ä�çSê�Ý
í�Ý
é�æ9ß�å)é�ï{åBæ�ðmé�ð
çoáSå{íYøMò/âYé�ç�å)êSÝ
ï{çâgé¦�Fê[á[çQðIê[æ�å)êpÞ�êSð^ï)å)á[áSå{á)ôqÜnÝ�çSç�âYï)å
�
�xû¯áSß�ð,1Qápç�ß�Ý�çpç�ß�å*Þ�ð
çSå)é�ç�âgÝ
íUý�å{ç21qå)å{é6Ý

qq̄
ÞFÝ
âYêxâgáaëIâY÷
å)éÝ
Þ�Þ�ê[ð8ù�âYñ�Ý�ç�å)í©à�ý�à

Vqq̄ = −A(r)

r
+Kr.

��YIô½\c�
�FðIê�á[ñ�Ý�ígí¼N
jaçSß�åf��êSá[çBç�å)ê[ñÀâgé�õiãwô¼��YIô¿\c�"æ�ðIñmâYéFÝ�çSå)á)öhÝ
é�æ�âYá�å{ã�ä�âY÷�Ý
íYå)é�çBçSð�ÝI�aðIä�ígðIñTý^ò/ígâYÿ
åâgé�ç�å{ê�Ý
ïjç�âYðIé�ônûDå{ç�Ý
âgíYå)æ"Ý
éFÝ�íYà^áSâYá�êSå{÷
å8Ý
íYánçSßFÝ�ç

A(r) ∝ 1/ ln(r−1)
ö�âYñmÞ�íYà^âgé�ëqç�ßFÝ�ç.çSß�åOâgé�ç�å{ê�Ý
ïjç�âgð
éý
åjç21aå{å)é¡ã�äFÝ
êSÿ�á_ý�å)ï{ðIñmå{ám1aå)Ý
ÿ
å{êcÝ
áBç�ß�å)âgêBáSå)Þ�Ý
ê�Ý�çSâgðIé|æ�å)ï{êSå8Ý�áSå)á{ô�þ/é�ç�ß�åfígâgñcâYç

r → 0
çSß�åã�äFÝ
êSÿ�á,âYé�ç�å)êSÝ
ï{çSâgðIé"÷�Ý
é�âgá[ß�å)á*^�çSß�âgánÞ�êSð
Þ
å{ê[ç/à�âgáhÿ�é�ð,1QécÝ
á8aVW.�¢O���p�SVp	QTm�JPN
L�L lhSVO_ô(�oá8NoâYé�ï)ê[å8Ý
á[å)á{öç�ß�å"Þ�ð
ç�å{é�çSâMÝ
í�ý�å)ï{ðIñcå)á<á[ç�ê[ðIé�ëIå{ê)ö�Ý
é�æ9ï)ðIé�áSå)ã�ä�å{é�ç�íYà�ç�ß�å�å{é�å)ê[ë
à�ç�ðmç�Ý
ÿ
å"ðIä�çDÝ]ã^ä�Ý
êSÿføVêSð
ñµÝßFÝ
æ�ê[ðIé�á[ß�ðIä�íYæmý�åDâYéX�Fé�â©ç�å�ö^ý�ä�çað
é�ï)å<ç�ß�å<å)é�å{êSë
àcÞ�ê[ð:÷ âYæ�å)æmç�ð"áSå)Þ�Ý
ê�Ý�çSåDã�äFÝ
ê[ÿ�áaâgáqÝ
ý�ðIä�ç1ç21Qâgï{åç�ß�åLê[å)á[ç<ñmÝ
áSáQð
ønç�ß�å�ã�äFÝ
ê[ÿwöFâYçQâgáQÞ�ðIáSá[âgý�íYå3ç�ð]ý�ê[å8Ý
ÿ`çSß�åLßFÝ
æ�ê[ðIé9ý�àfï{êSå)Ý�ç�âYé�ë�Ý

qq̄
ÞFÝ
âYê)ô�Gpß�âYáñmå{ïlßFÝ
é�âYáSñ¸åjù Þ�íMÝ�âgé�ápßFÝ�æ�êSðIé�Þ�ê[ð æ�ä�ï{ç�âYðIé�âgéfß�âYëIß ò@å)é�å{êSë
àfï{ðIígíYâgá[âgðIé�á{ô

�%áSâYñmÞ�ígåLæ�å)á[ï)ê[âgÞ�çSâgðIé6ð�ø,ç�ß�åBá[ç�ê[ðIé�ë`âYé�ç�å)êSÝ
ï{çSâgðIéUöwçSß�åf�ia � ¤:S5lhL.�¿jnêSå{ígâgå{áoð
é;ç�ß�åBï)ðIé�ï{å)Þ�çSáð
ø,ï{ðIígð
ê<ï{ðIéX�Fé�å)ñcå)é�ç3Ý�é�æ6Ý
áAà^ñmÞ�çSð
ç�âYï*øVêSå)å{æ�ðIñ�ô»Gpß�âYáoñcð æ�å)í.Ý
á[áSä�ñcå)á<ç�ßFÝ�çoñmÝ
áSá[ígå)á[áoã�äFÝ�êSÿ�áñmð:÷
åBøVêSå{å)íYàn1QâYçSß�âgé�Ý`á[Þ�ß�å{êSâgï)Ý
í,ßFÝ�æ�êSðIé¥ð
ø1êSÝ
æ�âgä�á�âoöUý�ä�ç"Ý�êSå_Þ�ê[å{÷Iå{é�ç�å)æ¥øVêSð
ñ�å)á[ï8Ý
Þ�âgé�ëfðIä çý�à_ç�ß�å<÷
Ý�ï)ä�ä�ñ Þ�êSå)á[áSä�ê[å
ô&�
�xû³Þ�ê[å)æ�âYï{ç�áOç�ß�Ý�çqçSß�åDë
êSðIä�é�æ ò/áAçlÝ�çSå<å{é�å)ê[ë
àcåjù Þ�å)ï{ç�Ý�ç�âYðIém÷�Ý
íYä�å<ð
ø÷�Ý
ï)ä�ä�ñ�âgáDé�ð
ç
�)å{êSð�ý�ä�ç 〈
ψψ̄
〉
≈ −(240

F�åÑã
)3 ö�ígå)Ý
æ�âgé�ë�ç�ð`çSß�åám��hQtNxac�(W.�¢ORO�L.prNP�Þo5N
L aVdVQtU � ô

�aß�âgêSÝ
íFá[à^ñcñmåjç�êAàmâYñmÞ�ígâgå{á,ç�ßFÝ�çaâ©ø�ã�äFÝ
ê[ÿ^áU1aå{êSåDñmÝ
á[áSígå{áSá{ö ç�ß�å{àO1að
ä�ígæmåjù âgáAçxðIé�í©à]âgécðIé�åoð
ø�ç�ß�åç21aðfÞ�ðIá[áSâgý�ígå��qL.��QTm.Qtpr��å)âYëIå)é�áAçlÝ�çSå)á
h = ±1/2 å ô
�<ð,1aåj÷Iå)ê{ö�ã�äFÝ
êSÿ�á*ñcð:÷ âYé�ë`âYé9ç�ß�åTýFÝ
ë`ß�Ý:÷
å]Ý

o�acN
L�O�aVW�WfÝ
é�æ�ð
é�íYà¥øVðIê"ç�ß�åmígâgë
ß�çSå)ê"ðIé�å{á)ö¼`ÃÝ
é�æ l
öhïlß�âgêSÝ
íqáAà^ñmñcå{çSê[à�âgáBÝ
é�Ý
Þ�Þ�êSð8ù âgñmÝ�ç�å{æá[à^ñcñmåjç�ê[à
ô¢þ/é³é�ðIêSñmÝ
í*é�ä�ï)íYå8Ý
ê�ñmÝ�çSçSå)ê{ö3ã�äFÝ
êSÿ�á;Ý
êSå�âgé®Ý¦á[ä�Þ
å{êSÞ�ðIáSâ©ç�âYðIéÂð
ø_ý�ð
ç�ß¿ß�å)íYâgï{âYç/àå)âYëIå)é�÷�Ý
ígä�å)áLæ�ä�å_ç�ð�ç�ß�åc÷�Ý
ï{ä�ä�ñ¹Þ�ê[å)á[áSä�ê[å
öo1Qß�âYïlß�ë
âY÷Iå{áBÝ�é|Ý
æ�æ�âYçSâgðIéFÝ�íhñmÝ
áSá*ç�ð�ç�ß�åcã�äFÝ�êSÿ�á ç
è´�oÝ
éH-XY�ö�êIÝ
ï0-]ë ö�FÞì-XY�ö�F9ðIíp-c�Ví�ô
@BAFq r -
+;4�/D1 1,!�/D#±! 6 4�+±+�!8%2�ts �,! � >�4�%7�AC � 2*>,-0/ � 2*4�#=6 4

�
�xûÂæ�å)áSï{êSâYý
å{áOçSß�åpâgé�çSå)ê�Ý�ï{ç�âYðIé_ý�å{ç21qå)å)émáSâYé�ëIígåqï)ðIíYðIêSå{æ]ðIýh�[å)ïjç�áOý�ä�çiçSð*ä�é�æ�å{êSáAçlÝ
é�æ]ç�ß�å<Þ�êSðIÞ òå)êAç�âgå{áLð
øpÝ�íMÝ
ê[ëIå_å)íYå)ñcå)é�çlÝ�ê[à�ò/ÞFÝ�ê[ç�âYï)íYå_á[à^á[çSå)ñ Ý
áLã�äFÝ
êSÿIò@ëIígä�ð
é�ñmÝ�çSçSå)ê{öu1qåcé�å)å{æ|ç�ß�å]ß�å{ígÞ�ð
øç�ß�å{êSñcð æ à é�Ý
ñmâYï)á{ôcGpß�å)êSñcð^æ�à^éFÝ
ñcâgï8Ý�íxÞ�êSð
Þ
å{ê[ç�âYå)á]ð
øDÝ�áAà^á[ç�å{ñ Ý�êSå�ð
ø�ç�å{é¦Þ�êSå)á[å)é�ç�å{æ·âgéÃç�ß�åøVðIêSñÁð
øOÝA�q�XaVWeL0lcQra � NxacO_ô8�½Þ�ßFÝ�áSåBæ�âMÝ
ëIêSÝ
ñ¢âYáDÝcÞ�ígð
ç<âYé�øVä�é�ï{ç�âYðIé;ð�ø,áSð
ñmå,m�SVUqp	N
SV�b�XacNxacO�L.s
p�L.N
WjöS1Qß�å)ê[åqç�ß�åaæ�â��Uå{êSå)é�çhÞ�ßFÝ
á[å)á,ð
ø�ÝDáSä�ý�á[ç�Ý
é�ï)åað ï{ï)ä�Þ�à�æ�â��
å)ê[å)é�çhê[å)ëIâYðIé�á{ô�Gpß�åañmðIáAçnï)ðIñcñmð
éåjù�Ý
ñcÞ�ígåDâgáxç�ß�å"Þ�ßFÝ
áSå"æ�âgÝ
ëIê�Ý�ñ¸ð
øv1aÝ�ç�å{ê)öw1Qß�ðIá[å�ï{ðIé�ç�ê[ðIí�ÞFÝ
êSÝ
ñcå{ç�å{êSá<Ý
ê[å3ç�ß�å*ç�å{ñmÞ�å)êSÝ�ç�ä�êSå��
î
h = −→s • −→k / |k| ï a±ú�©x®	© −→s ­.µV° −→

k
­P®T©=¸Tú�©�ª	¾�º´µ�­.µV°�À8·*Àn©xµ5¸	¬�ÀÛ·;±X¸	ú�©K¾V­.®r¸Tº¿¶�³´©*Åó 8(¬V­.®	¯eªnôA­PµV°,õ�úV­
²*©8­�ª	À¼­P³¿³qøV­P®T©¼À¼­.ªTª�·;±±­Pøc·.¬e¸

∼ 5 ö ©t÷ ï ø�¬e¸ß°e¬�©�¸	·
¶Ñú�º¿®T­.³�ªrùMÀ8À8©�¸T®	ù�ø�®	© ­P¯Mº¿µ<�¸Tú�©�º¿®±À¼­.ªTªñº¿ªñº¿µV¶�®T©x­*ªr© °�¸T·
∼ 350 ö ©t÷Gº¿µVª	º¿°�©KúV­.°e®T·.µ¢ª�Å



ubþ Ö�Ç Ð � y Ë zQPSRUT Ì y{zÑÐMÒ	z Ë
Ì Ðey{��ÓP� É y{� ~iÇ]Ë ÐMÓ È Ò	�_�ew �hÇVÈ5É � ~ É Ðey=y Ç�ËnÔ�Õ
Ö

µ B

20

40

60

80

100

120

140

160

180

200

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

T
[MeV]

Hadron matter

Quark gluon plasma

Neutron stars

Superconductivity
Nuclei

Deconfinement
Confinement

SPS

AGS

R
H

IC
 

E
ar

ly
  u

ni
ve

rs
e

L
H

C

xxyy

�hâgë
ä�êSåfYIô�Yc^ ±G�W�����%
 � ��������	 ��]u #" �%$Hz ���%����� � 
�� � )���� � )�
 � *;� � �%� � �<�5�.² J ��� � ab����
��5� � ����)�� ���,� ��)�� $Xz ���
�� �,� ��
�� � )�� � )�
 � *;� � ���H�%�=����� � 1��0�@���5� � ��)!��][�
*���) �,� ).-���-��H1�- � ����� � 
4*5����������:<�5� � ����)�� ���,� ��) $_z ���#1��{��*��J ���0��
+* � ��*5�0� � )�
 � *;� � ��� � ��������*���)�
cab����
��5�I*5� ���,� *;���=�5)�
3�=� � ) � ��] �2� � )��@��] J ��� � ab����
��5� � ����)�� ���,� ��)��;YLP�	 � ��� �1=�
�0�c*;� � ��
£� �
µB ∼ 700 S �UT8V $ S �����m�XN�� �,� *����W��������*;��)£�XN � � � � � � � ���£
��5)�� ���,� ���;Yg]_���2�XN���	
���0� � )� ��� � ) � �5� � ������]7)��5- � ����) � � ����� $ "7���5	 � *;���G]_�����5`;�Xab��- � *���)�
 ���,� ��)��#���;��*�����
 � ) ���;�;: ²?a � ��) �XN3�9�5� � 	��5) � �� � d6e8f9Ycf�±7f���)�
 i6j�k "s�����@���0�����,���|{C) $}z ���@���,���|{ � � � � ��� z ��)�
m�0�|{

µB
� )�
 � *;� � ��� � �����XNc�=��* � ��
1=�5�W��: � ���4��]�	m� �,� �5�!� �4& j "q�5)��5�,� � ���419�X]³������]������5`;�Xab��- � Y � ��� � )��r� � � 	 � �{���4�W� � � � �W��) � ��� �;���,�.²-�) � :<�5�����mwyx�� �{z�|�}b$

Ý
é�æ�ç�ß�å`Þ�êSå)á[áSä�ê[å£�qô�I|Ý�çSå)êBâYáBï{ðIñmñcðIé�í©à�æ�å{áSï)ê[âgý�å)æ�ß�Ý:÷^âYé�ë;ç�ß�êSå)åmÞ�ßFÝ
á[å)á{öiígâgã�ä�âYæ�önë�Ý
áTÝ�é�æáSðIíYâgæ � ôBGpß�å)ê[å]Ý
êSå�ç�ê�Ý�é�áSâ©ç�âgð
é;ï)ä�ê[÷Iå{á>�R�����<çSßFÝ�ç*æ�å)áSï{êSâYý
åBçSß�åTç�êSÝ
é�á[âYç�âYðIé9øVê[ðIñ»ðIé�å_Þ�ß�Ý
áSåBçSðç�ß�å"ð
çSß�å)ê{öUÝ
é�æ6Ý
íYáSðmøVð
ê<çSß�å�ï)Ý
áSå�ð
ø~1aÝ�ç�å{ê)ö�ç�ß�å{êSåBâYá<Ýmï)ê[âYçSâgï8Ý�í�Þ
ðIâYé�çQ1Qß�å{êSå"ç�ß�å"ç�ß�ê[å)åBÞ�ßFÝ
áSå{áï)ð^åjù âgáAç8ôþ/é�çSß�åLÞ�ßFÝ
á[åLæ�âMÝ
ë
ê�Ý
ñ�øVðIêxé�ä�ï{ígå8Ý�ê<ñmÝ�ç[ç�å)êaæ�âgá[Þ�íMÝ8àIå{æ�âgé��hâgë�ô�YIô�YIö�çSß�åLï)ðIé�çSêSðIí�Þ�Ý
ê�Ý
ñcå{çSå)ê[áÝ
êSå3çSß�å*ç�å{ñmÞ�å)êSÝ�ç�ä�ê[åLÝ
é�æ�ç�ß�åfo�acNP��SVUqs m��qL.ORQTm ac�h�qSVp�L.Uqp	Qrac�
µB

ôþ/é�å{ígå{ñmå{é�ç�Ý
ê[àmÞFÝ
êAç�âYï)ígåoêSå)Ý
ï{çSâgðIé�á{öFÝD_e_e_BýFÝ
êAàIðIé�âYáxÝ
íY1xÝ8à^ápï)ê[å8Ý�çSå)æ�ðIêxæ�å{á[ç�ê[ð:àIå)æ�áSâYñTä�í©çlÝ�òé�å)ð
ä�áSí©à�1Qâ©ç�ß�Ý
q̄q̄q̄

Ý
é�çSâ©ò/ý�Ý
ê[à
ðIé�öG1Qâ©ç�ßfé�ð_ïlß�Ý
é�ëIå*ð
ø.çSß�å3ç�ð
ç�Ý
íw÷
Ý�ígä�å3ð�ø��pôb�FðIêað
Þ
å{é�áAà^á[ç�å{ñmáøVðIêQ1Qß�âgïlßÞ�¶âgá*Ý�ígígð,1qå)æ;çSð`÷�Ý
ê[à
ö�ç�ß�åTñcðIáAç*êSå{ígå{÷�Ý
é�ç3çSß�å)ê[ñmð^æ�à^éFÝ
ñcâgï�Þ
ð�ç�å)é�çSâMÝ
ínâgáDçSß�å � NxacU�l
�qSVp�L.UqprQrac�

Ω(T, V, µB) = E−T ·S−µB ·B èé�DÝ
éw-XY5í�ô=Gpß�å{êSñcð æ�à^éFÝ�ñmâYïaå)ã�ä�âYígâYý�êSâYä�ñ¾âgá,ê[å8Ý
ïlß�å)æ
1Qß�å)é

Ω
âYápñmâYé�âgñBä�ñ9ô(�FðIêQÝ_á[à^á[çSå)ñµâYé�å{ã�ä�âgíYâgý�ê[âgä�ñ�ö[1aå"ï8Ý
é�âgé�çSå)êSÞ�êSå{ç

µB

Ý
ápç�ß�å"âYé�ï)ê[å8Ý
á[åLð
ø
¡½Þ
å{êQä�é�âYç/à`ð
øß�pô

Eoä�ï{ígå8Ý�êpñ�Ý�ç[ç�å{êpñ�Ý8àfÞFÝ�áSápç�ß�ê[ðIä�ëIß�áSåj÷Iå{ê�Ý
í.Þ�ßFÝ�áSå)áDÝ
ápç�ß�å*çSå)ñcÞ
å{ê�Ý�çSä�êSåLÝ
é�æ9å{é�å)ê[ë
à�æ�å)é^òáSâ©ç/à
ε
êSÝ
âgá[å
ômÜ.ð,1�ç�å)ñcÞ�å)ê�Ý�ç�ä�ê[å)á�Ý
é�æ

µB ' mp ' 940
F�åÑãÁïlßFÝ�ê�Ý
ïjç�å)ê[â��{åcð
êSæ�âYéFÝ
ê[à6é^ä�ï)ígå)Ý
êñ�Ý�çSç�å{ê)ô�þ/é�ï)ê[å8Ý
á[âgé�ëBçSß�åDçSå)ñcÞ
å{ê�Ý�çSä�êSåoðIê1çSß�å3å{é�å)ê[ë
àcæ�å)é�á[âYç/àmígå)Ý
æ�áqçSð_Ý�ß�Ý
æ�êSð
é�âgïoë�Ý
á)ö^ñmÝ
âgé�í©àï)ðIé�á[ç�â©ç�ä�çSå)æcð
ø�Þ�âgðIé�á{ô,þ@ø���Ý
é�æ

ε
Ý�êSåpøVä�ê[çSß�å)ê1âgé�ï)êSå)Ý
áSå{æ�ö ÝLçSê�Ý
é�á[âYçSâgðIéTçSðBÝLæ�å)ï{ðIéX�Fé�å)æD�3äFÝ
ê[ÿIò

�LíYä�ðIé �iíMÝ
á[ñ�ÝÜ�T�
���ß�Lâgá"Þ�êSå{æ�âgïjç�å)æ �VígâYé�å)á"âgéÜ�hâgë�ô�YIô�Y��Wô�Gpß�âYá�ç�êSÝ
é�á[âYç�âYðIé�ï)ðIê[êSå)á[Þ
ð
é�æ�áTç�ð;ÝáSâ©ç�äFÝ�çSâgðIén1Qß�å)ê[åcã�äFÝ�êSÿ�áBÝ�é�æ¥ëIígä�ð
é�á3å{÷
ðIíY÷
å_øVêSðIñ�Ý�ï{ðIéX�Fé�å)æ�á[çlÝ�ç�å<��Ý`ßFÝ�æ�êSðIé�ë�Ý
á
�<ç�ð�Ýfæ�åWòï)ðIé��Fé�å)æ�á[ç�Ý�ç�å<��Ý�ë�Ý
áLð
øaâgé�ç�å{ê�Ý
ïjç�âYé�ë�ã^ä�Ý
êSÿ�á�Ý
é�æ�ëIígä�ð
é�á��Wô IÂß�å{é�çSß�åf���
�³âYáLøVð
êSñcå)æ�ö�ç�ß�å÷�Ý
ï)ä�ä�ñ¶Þ�êSå)á[áSä�ê[åD÷�Ý
é�âYáSß�å{ápÝ
é�æcç�ß�å3ïlß�âgê�Ý�í�áAà^ñmñcå{çSê[àcâgáqÝ
Þ�Þ�ê[ð8ù�âYñ�Ý�ç�å)í©à_êSå{á[çSðIêSå{æ�ö�á[ðBç�ßFÝ�çaç�ß�å
���ñú�©x®	©K­P®T©Kªr©x².©x®T­.³cª	·.³¿º¿°i¾�úV­*ªr© ª ï øV¬e¸=­.ª±­.µ�©�¹�­PÀ8¾�³¿©oa�©K­.ªTªr¬VÀn©�·*µ�³´ù�·.µ�©*Å



P`Rcb Õ �eyBÐMw |0|VË w ÉPËXd Ðeyty Ë zfe o�Ç]Ëhg�} Ðezji.ÒFk Ì´} �Mw ÆBÌ Ð ÉFd Ð u �

 0

 1

 2

 3

 4

 5

100 200 300 400 500 600

T (MeV)

p 
/ T

4

3 flavours
2+1 flavours

2 flavours
  pure gauge

  0

  2

  4

  6

  8

 10

 12

 14

 16

100 200 300 400 500 600
T (MeV)

Tc = (175 ±15) MeV [                           ] εc ~ 0.7 GeV/fm3 

RHIC  

LHC  

SPS  
3 flavours

2 flavours
2+1-flavours

ε 
/ T

4

εSB / T4a) b)

�hâgë
ä�êSåfYIô½\h^�z �������������,-����4P³�<V���)�
 �5)��5�,��²�
��5)�� ��� ²sP�1ZVXY � )  #" � *���)�� � 
��5� � )���`;�5����Y � {\�!��)�
 � �������� � ��� � 	m����� / -W���,�c� n ��:<�����@��)�
 � {7�m� � ��� � ��)�
!�����;��: � �5��P_� � ����)��<��V / -W���,� $uz ���2���,���?{I�6��) � ���#� � ��� � a� � 
��u����
 � )W� � ���[�����|{ � ���\:�����-��C��] � ���6f � �X]U��)3abv\��� � `�	m��)�)�� � 	 ��� ]_���[��) � 
��;��� / -W���,�.aU����-���)
�.���Cwyd &tkFz�|�}b$
ñ�Ý�áSápð
ønç�ß�åLã�äFÝ
ê[ÿ�áoâYé�çSß�åLÞ�íMÝ�áSñmÝTâgáxç�ß�å)âgêpý�Ý
êSå*ñmÝ
áSá{ô

ÜnÝ�çSç�âYï)å��
�xûÄÞ�ê[å)æ�âYï{ç�á1Ý3Þ�ß�Ý
áSåpç�êSÝ
é�á[âYç�âYðIé_Ý�ç
Tc = 175±15

F9åÑã ≈ 1012 �Lå{íY÷^âgé]Ý�áiáSß�ð,1Qéâgé<�hâgë�ô=Y
ô½\�è´�oÝ
éH-XYIöxêIÝ
ï�-�ë ö��3Ü�þ�-c� ö��wê[âp-c�^öxF9ðIí�-]�Ví�ô³Gpß�âgáoçSê�Ý
é�áSâYçSâgðIé�ï)ð
êSêSå{áSÞ�ðIé�æ�áoç�ð`Ý�é6å)é�å{êSë
àæ�å)é�áSâYç/à
ε ≈ 1

�LåÑã�[�øVñ 3 öFé�å8Ý�êSíYà`Ý
é�ðIêSæ�å{êQð
øhñmÝ
ëIé�âYç�ä�æ�å3íMÝ�êSëIå{êxç�ßFÝ
é�âgéfçSß�åLï8Ý
á[å"ð�ø,ðIê[æ�âgéFÝ�ê[àñ�Ý�çSç�å{ê)ô;Gpß�å*áSâgë
é�â��Fï)Ý
é�çpïlßFÝ
é�ëIåLßFÝ
Þ�Þ�å)é�ápâYé�Ý_ígâgñcâYçSå)æ]ç�å{ñmÞ�å)êSÝ�ç�ä�ê[å*ê�Ý
é�ëIåA�
∆T ∼ 20

F9åÑã��jô
�ißFÝ
áSåiçSê�Ý
é�á[âYçSâgðIé�áUÝ
êSåiïlß�Ý
ê�Ý
ïjç�å{êSâ��{å)æ"ý�à3ç�ß�å�SVNxlhL.N8S�J�prN acUXW.QtprQTSVUFö�ï)ðIê[êSå{áSÞ�ðIé�æ�âYé�ëxç�ðpç�ß�åiðIêSæ�å{ê.ð
øç�ß�åOæ�å{êSâ©÷
Ý�ç�âY÷
åið
ø^ç�ß�å1ëIê�Ý�é�æLÞ
ð
çSå)é�ç�âgÝ
í

Ω
æ�âY÷
å)êSë
âgé�ë<Ý�ç.ç�ß�å1ï{êSâ©ç�âgï)Ý
í
Þ�ðIâYé�ç)ôB�ißFÝ�áSåiç�êSÝ
é�áSâ©ç�âYðIé�á.Ý
ê[åïlßFÝ
êSÝ
ï{çSå)êSâ��)å{æ9ý�à�Ý_æ�âYáSï)ð
é�çSâgé�ä�â©ç/à`ð
ønç�ß�å
Ω

æ�å)ê[âY÷�Ý�ç�â©÷Iå{á^1Qß�å)é�ç�ß�åLï)ð
é�çSêSðIí�Þ�Ý
ê�Ý
ñcå{çSå)êxê[å8Ý
ïlß�å)áç�ß�åqï)ê[âYç�âYï8Ý
íI÷�Ý
íYä�å
ô�þ/é0�Fê[á[ç[ò@ðIêSæ�å)ê�çSê�Ý
é�áSâYçSâgðIé�á)ö�ç�ß�å{êSåxâYáhÝ<ï)ð^åjù âgáAç�å)é�ï)åpð
ø�çSß�åqç21qð*Þ�ßFÝ�áSå)á,Ý
êSðIä�é�æç�ß�å]ï{êSâYçSâgï)Ý
í,÷�Ý
ígä�å�ômþ@øaç�ß�å{êSåcâgáLé�ð�æ�âgá[ï)ðIé�ç�âYé�ä�âYç/à¥ð
øqç�ß�åcæ�å{êSâY÷�Ý�çSâY÷
å)áLð
ø
Ω
önç�ß�å{êSåcâgáLé�ð�Þ�ßFÝ
á[åç�êSÝ
é�áSâ©ç�âYðIémý�ä�çpÝ,m.N�SeW�WeSVgcL.N�è´F9ðIí�-]�Ví�ô;Gpß�å3ð
êSæ�å{êað
ø�çSß�åoçSê�Ý
é�áSâYçSâgðIé]ç�ð�ç�ß�å����
��âgá1é�ð
çaÿ^é�ð`1QéUôþ@ø1ëIígä�ð
é�á�1aå{êSå_ç�ß�åcð
é�íYà9æ�å)ë
êSå)å]ð
øOøVê[å)å)æ�ðIñ9ö�çSß�åTç�êSÝ
é�á[âYç�âYðIé]1qðIä�ígæ¥ý�å_ð
ø��FêSáAç[ò@ðIêSæ�å{ê)ô¼IÂß�å)éâgé¡Ý
æ�æ�âYç�âYðIé�ç21að�ðIê_ç�ß�ê[å)å9ígâgë
ß�ç]ã�äFÝ�êSÿ�ámð
êcç21qð|íYâgëIß�ç]ã�äFÝ
ê[ÿ^á�Ý
é�æÃç�ß�å�ß�å)Ý:÷^âYå)ê,W)ò/ã�äFÝ�êSÿÃÝ
ê[åï)ðIé�áSâgæ�å)êSå{æ�ö�çSß�å3ç�êSÝ
é�áSâ©ç�âYðIé�ï)Ý
é�ý
å*ð
ø.á[å)ï{ðIé�æ ò@ðIêSæ�å{êQðIêpÝBø�Ý
áAçpï)ê[ðIáSá[ð�÷
å)ê�¢�ô��xçpß�âgëIß��ÂÝ�é�æfígð,1ýFÝ
êAàIðIé ò@ïlß�å)ñcâgï)Ý
í,Þ�ð
ç�å{é�ç�âMÝ�ízö�ígÝ�çSçSâgï)å��
�xû¶ê[å)áSä�íYç�áLá[å)å)ñ¹çSð�âgé�æ�âYï8Ý�çSåBç�ß�Ý�ç*ç�ß�å_çSê�Ý
é�á[âYçSâgðIé6âYáLÝáSñcð ð�ç�ß�ï{êSðIá[áSð:÷Iå{ê)ô&�Fä�ê[çSß�å)ê[ñmðIê[å
ö�ç�ß�å{êSå3ñcâgë
ß�çqý�å*ÝBáSå{ï)ðIé�æ ò/ðIê[æ�å)êpï{êSâ©ç�âgï)Ý
íwÞ
ð
âgé�çaâYé�ç�ß�å3Þ�ßFÝ
á[åæ�âMÝ�ëIê�Ý
ñ¸ï)ðIé�é�å)ïjç�âgé�ë�ÝR�FêSáAç[ò@ðIêSæ�å{êpç�ê�Ý�é�áSâ©ç�âgð
é9Ý�çoß�âgëIß�æ�å{é�áSâ©ç/àfç�ð]ç�ß�âYá<ï{êSðIá[áSð:÷Iå{ê)öUÝ
áQáSß�ð,1Qé6âYé

�hâgë�ô�YIô�Y
ô
þ/é;ç�ß�å�å8Ý
ê[íYà�ä�é�âY÷Iå{êSá[å
ö
çSß�åR�
�
�·ï)ðIä�ígæ;ß�Ý:÷
åTåjù âYá[ç�å{æ

10−4 − 10−5 áDÝ�ø�ç�å{ê<çSß�åTüqâgëmüxÝ
é�ë�öï)ðIê[êSå{áSÞ�ðIé�æ�âYé�ë6ç�ð�Ý6é�å{ç]ýFÝ
êAàIðIé^ò/ïlß�å{ñmâYï8Ý
íqÞ
ð
çSå)é�ç�âgÝ
í
µB = 0

ô Gpß�âgáT÷�Ý
íYä�å�ï)Ý
éÃý
å`Ý
Þ�Þ�ê[ð:ù â5òñ�Ý�ç�å)í©à_Ý�ç[çlÝ
âYé�å)æO1QâYçSß�ß�å)Ý8÷^à�ò@âgðIémï)ðIíYígâgá[âgðIé�áiÝ
á1åjù Þ�íMÝ�âgé�å{æ�âgé]ç�ß�åoé�åWù^çxáSå{ï{çSâgðIé�ô��wð
êqíYð`1 �·Ý�é�æíMÝ
ê[ëIåBý�Ý
ê[à
ðIé ò/ïlß�å)ñcâgï8Ý�í,Þ
ð�ç�å)é�çSâMÝ
í�ö�1qåcð
ý�áSå{ê[÷Iå]âYé6ç�ß�å_Þ�ß�Ý
áSå]æ�âgÝ
ëIê�Ý�ñ�âYígíYä�á[çSê�Ý�çSå)æ6âYéZ�hâgë�ô=YIô�YÝTæ�â��
å)ê[å)é�çpÞ�ß�Ý
áSå*ç�êSÝ
é�á[âYç�âYðIé�çSð]ÝTï)ðIíYðIêaá[ä�Þ
å{êSï{ðIé�æ�ä�ïjç�âYé�ëmÞ�ßFÝ
áSå*ð�ø�ñmÝ�ç[ç�å)ê{ö�âYé�1Qß�âgïlß�ÞFÝ
êAç�ðIé�áøVðIêSñ ¥&SeS��qL.NPs��XacQtN�Wjô=Gpß�âgápÞ�ß�Ý
áSå"ñmâYëIß�çpý�åLøVð
êSñcå)æfâgéfçSß�åLï)ðIê[å"ð�øhé�å{ä�ç�ê[ðIé�á[çlÝ�êSá)ô
­�� ©�¸T­.¯.©�º¿µ5¸	·ß­*¶�¶�·.¬�µ5¸�·*µ�³´ù&¸	úV©=³¿º �*ú*¸T©�®�«*¬¢­P®T¯Mª=ô ï õ8­.µV°%¯�Å 6 ª�­KÀ¼­�¸	¸	©�®�·;±�±�­*¶�¸ ï ¸	úV©=ú�© ­
²5º¿©�®�·.µ�© ª�¶x­Pµ�µ�·.¸øc©K¾�®T·M°�¬V¶�© °�º¿µ�¸	ú�©98;:=<�ø¢© ¶�­.¬Vªr©B¸Tú�©�º¿®�À¼­.ªTªñº¿ª±­.µ�·.®Ñ°e©�®ñ·;±XÀ¼­;�.µVºé¸T¬V°e©K³½­P® �.©�®�¸	ú¢­Pµ

Tc

Å



ut� Ö�Ç Ð � y Ë zQPSRUT Ì y{zÑÐMÒ	z Ë
Ì Ðey{��ÓP� É y{� ~iÇ]Ë ÐMÓ È Ò	�_�ew �hÇVÈ5É � ~ É Ðey=y Ç�ËnÔ�Õ
Ö

������������������
������������������
������������������
������������

������������������
������������������
������������������
������������

������������������
������������������
������������������
������������

������������������
������������������
������������������
������������

������������������
������������������
������������������
������������

������������������
������������������
������������������
������������

������������������
������������������
������������������
������������

������������������
������������������
������������������
������������

�������
� ������������
������������

������������������������
�������
�
������������������������������ �������

�
������������������������
������������   
 

¡¡¡¡¢¢¢
¢ £�££�££�££�£¤¤¤
¤

¥�¥¥�¥¥�¥¥�¥¦�¦¦�¦¦�¦¦�¦
§§§§¨¨¨
¨
©�©©�©©�©©�©ªªª
ª
«�««�««�««�«¬�¬¬�¬¬�¬¬�¬ ­­­­®®®

®¯�¯¯�¯¯�¯¯�¯°�°°�°°�°°�°±�±±�±±�±±�±²²²
²
³�³³�³³�³³�³´´´
´
µ�µµ�µµ�µµ�µ¶�¶¶�¶¶�¶¶�¶·�··�··�··�··�·¸�¸¸�¸¸�¸¸�¸¸�¸

¹¹ºº

»»¼¼

½�½¾�¾

¿�¿¿�¿ÀÀ Á�Á
Â�Â

Ã�ÃÃ�ÃÄ�ÄÄ�Ä
Å�ÅÆ�Æ

Ç�ÇÈ�È

ÉÉÉÉÉÉ
ÉÉÉÉÉÉ
ÊÊÊÊÊÊ
ÊÊÊÊÊÊ

ËËËËËË
ËËËËËË
ÌÌÌÌÌÌ
ÌÌÌÌÌÌ

Í�ÍÍ�ÍÍ�ÍÍ�ÍÍ�ÍÍ�Í
Í�ÍÍ�ÍÍ�Í
Î�ÎÎ�ÎÎ�ÎÎ�ÎÎ�ÎÎ�Î
Î�ÎÎ�ÎÎ�Î

Ï�Ï�ÏÏ�Ï�ÏÏ�Ï�ÏÏ�Ï�ÏÏ�Ï�ÏÏ�Ï�ÏÏ�Ï�ÏÏ�Ï�ÏÏ�Ï�Ï
Ð�Ð�ÐÐ�Ð�ÐÐ�Ð�ÐÐ�Ð�ÐÐ�Ð�ÐÐ�Ð�ÐÐ�Ð�ÐÐ�Ð�ÐÐ�Ð�Ð

Ñ�ÑÑ�ÑÑ�ÑÑ�ÑÑ�ÑÑ�Ñ
Ñ�ÑÑ�Ñ
Ò�ÒÒ�ÒÒ�ÒÒ�ÒÒ�ÒÒ�Ò
Ò�ÒÒ�Ò

Ó�Ó�ÓÓ�Ó�ÓÓ�Ó�ÓÓ�Ó�ÓÓ�Ó�ÓÓ�Ó�ÓÓ�Ó�ÓÓ�Ó�ÓÓ�Ó�Ó
Ô�Ô�ÔÔ�Ô�ÔÔ�Ô�ÔÔ�Ô�ÔÔ�Ô�ÔÔ�Ô�ÔÔ�Ô�ÔÔ�Ô�ÔÔ�Ô�Ô

Õ�ÕÖ�Ö
×�×Ø�Ø

Ù�Ù�ÙÚ�Ú�Ú
Û�Û�ÛÜ�Ü

ÝÝÞÞ

ßßßààà

ááââ

ããää
hadrons

free-streaming
hadronic fluid

QGPå�å�åæ�æ

Tc

Tc

(b)(a)

(d)(c)

�hâgë
ä�êSå
YIô´�X^ fc*����5	m� �,� *�: � �.{¨��] � ���6:���� � ��-��\� � ���<���7��]g��)�-�� � ��� aU���5�{� �,� : � � �,� *H���;�;: ²?a � ��)>*������ � � � ��) $}z ���� ���5�,	���	�� � �5��� � )�
 � *;� � � � �5	
�=�5��� � -�������� � {C� � *�� � ���5�,	m��� � / - � � � 1�� � -�	 	 � ��� � 19�8� �,� � � )���
 $
@BAjç � � � ¶�!�/,!8%�4�+�'*-�/¨�éè"2P+±%�4�CX%(!¼2*4
+�';©�'*#ñ+�'M$ �,!�42© ��CX'*-�/ $&-�2.2*'�C

#±'.-0/D#

�aðIígíYâgá[âgðIé�ápð�øOß�å8Ý8÷�à�ò/âgð
é�á)ö�íYâgÿ�åRH
ö��Dä6ðIê��Oý¥Ý�ç3êSå{íMÝ�çSâY÷^âgáAç�âYï"å{é�å)ê[ëIâgå{á*Ý
ê[åTÝ�1aÝ8à;ç�ð�Þ�êSð^æ�ä�ï{å_ÝíMÝ
ê[ëIå
ö
æ�å)é�á[åDÝ�é�æmß�ð
ç1á[à^á[çSå)ñ�âgéZ1Qß�âYïlß¦�
�
��ñmÝ�çSçSå)êiï8Ý�émý�åpøVðIêSñcå)æ�ô�33÷
å)êiç�ß�å<Þ�Ý
á[çn\ê-*àIå)Ý
êSá{öç�ß�å��
�
��Þ�ßFÝ�áSå*ç�êSÝ
é�áSâ©ç�âYðIéfßFÝ
ápý�å)å{é9áAç�ä�æ�âYå)æ�ý�à�ß�å8Ý8÷�à�ò/âgð
éD� ù�å{æ9ç�Ý
êSëIåjçQåjù Þ�å)êSâYñmå{é�ç�á<Ý�çpç�ß�å
����HcÝ
é�æ�Ý�çqçSß�å�H��&HmÝ
ï)ï{å)ígå{ê�Ý�çSðIêSáiè£ü8EDÜiöT�xõß�¼í�ö�1Qâ©ç�ß,ë"Ý
é�æ<Y<«0�*åÑã³ï{å)é�ç�å{êxð
øUñ�Ý
á[áaå{é�å)ê[ëIâgå{áÞ
å{êTé�ä�ï)íYå)ðIéUö1ê[å)á[Þ
å{ï{ç�â©÷Iå{íYàIô�H âgé�ï{å�àIå)Ý
êf\ê-/-/-�ç�ß�åD���oþ�� ï)ðIíYígâYæ�å)êBÝ�ç]ü8EoÜ¿Þ�ê[ð æ�ä�ï)å{á��oä ò��oäï)ðIíYígâYáSâgð
é�á1Ý�ç √

s = 130
Ý
é�æ�\N-/-A�LåÑã�Þ
å{êxé�ä�ï)íYå)ðIé:è´���oþÑí�ôiþ/é�çSß�å*é�å)Ý
êaøVä�çSä�êSå�ö�ðc¬cï)âgÝ
ígí©à_øVêSðIñå)é�æ \ê-ê-�« öUçSß�å]Ü����¾ï)ðIíYígâgæ�å)êoÝ�ç��xõ��iE"öë1QâgíYí�Þ�ê[ð æ�ä�ï)åA�iý ò��Oý¥ï{ðIígíYâgáSâYðIé�áoÝ�ç √

s = 5500
�LåÑãÞ
å{êOé^ä�ï)ígå{ðIé<èÅÜ����ní�ô;GpßFÝ
é�ÿ^áOç�ðLç�ß�å<Þ�Ý
á[çqÝ
é�æcÞ�ê[å)áSå{é�çxåjù Þ�å)ê[âgñcå)é�çlÝ
íFÞ�êSðIëIêSÝ
ñcá)ö�áSð
ñmåpß�âYé�ç�á1ð
øç�ß�å��
���|øVð
êSñmÝ�ç�âYðIé]ßFÝ8÷Iå3ý�å)å{é�øVðIä�é�æUôiþo1QâgíYíFæ�âgá[ï)ä�á[áxñmð
êSåoÝ
ý
ð
ä�çOç�ß�å{áSå��Fé�æ�âgé�ë
áaâgé��aßFÝ
ÞUôb\ ôûDä�êSâYé�ë|çSß�å6ï)ð
ígígâYáSâYðIé¡Ý�ç`ä�í©ç�êSÝ�ò/ê[å)íMÝ�ç�âY÷^âYá[ç�âYï`å)é�å)êSë
âgå)á{öQý
ð
çSß·âgð
é�á`Ý
ê[å6Ü�ðIê[å)é�ç
�6ï{ðIé�ç�êSÝ
ï{çSå)ææ�âgá[ÿ�á�Ý
íYðIé�ë¥ç�ß�å{âgêcæ�âgê[å)ïjç�âgð
é¦ð
ø3ñmð
çSâgðIéÃæ�ä�å9ç�ð�ç�ß�å{âgê]êSå{íMÝ�çSâY÷^âgáAç�âYï`÷Iå)íYð ï{âYçSâgå)á<� �DÞ�Þ�å)é�æ�â©ù�ü¼�jôûDâ��
å)ê[å)é�ç<á[ç�Ý
ëIå)áQï)Ý
é9ý�å*æ�âYá[ç�âYé�ëIä�âYáSß�å{æñ^

YIô��&N
L.s L _5`�Qt��Qro5NPQt`hO<^IEoä�ï{ígå)ð
é�á�ÞFÝ�áSámçSß�êSð
ä�ëIß·å)Ý
ïlß·ð
çSß�å)ê{öxÞ�êSð^æ�ä�ï{âgé�ë�ÞFÝ
êAç�ðIé ò@ÞFÝ
êAç�ðIé¡âgé òçSå)ê�Ý�ï{ç�âYðIé�á{ô®ûoä�å;ç�ð�ç�ß�å9ß�âgë
ß�æ�å{é�áSâ©ç/à¦ð�ø*é�ä�ï)íYå8Ý
êmñ�Ý�ç[ç�å{ê)öqçSß�å;ê[å)íYå8Ý
á[å)æ·ÞFÝ�ê[ç�ð
é�á�ï)Ý
éê[åjò/á[ï8Ý�ç[ç�å{êaáSåj÷Iå{ê�Ý
íwç�âYñmå{á)ö�ígð^ðIáSâYé�ëLÞFÝ
êAçað
ø
ç�ß�å{âgê1âgé�â©ç�âgÝ
í�å{é�å)ê[ë
àcâgé]ç�ß�å<âgé�ç�å{ê�Ý
ïjç�âYðIémê[å)ëIâYðIé�ô
� ����êSå_ýFÝ
íYí{¡�ð
øqâgé�ç�å{ê�Ý
ïjç�âYé�ëfã�äFÝ
êSÿ�á"Ý
é�æ�ëIíYä�ðIé�á*åWù�Þ�Ý
é�æ�á"Ý�çLñcâgæ ò@ê�Ý
Þ�âgæ�â©ç/àÞ�

y ' 0
ö�á[å)å



P`RYì g k Æ Ï Ë w Ë zÑÐ�y{�_�MwweBT Ì y{zÑÐMÒ	z Ë
Ì Ðey{��ÓP� É y{� ~iÇ]Ë ÐMÓ È Ò	�_�ew ~ � Ì�Ì � É �³�Mw É u ´

free hadrons

pre-equilibrium
quark-gluon plasma

hadronic matter t

z

�hâgë
ä�êSå�Y
ô �b^�¯ Nc�=��* � ��
4�5:<����- �,� ��)���]G��� � ���!�5)��5�,��²>)?-�*5�0�;���H*������ � � � ��)(��*�*�����
 � )�� � �
v �F���,�<�5) wyv �,�"! � }b$
�oÞ�Þ
å{é�æ�â5ùÄüÁøVðIêmæ�å*��é�âYçSâgðIé��Wöí1Qß�å{êSå6ç�ß�å6ýFÝ
êAàIðIé ò@ïlß�å)ñcâgï)Ý
í<Þ
ð
çSå)é�ç�âgÝ
íQ÷
Ý�é�âgá[ß�å)á{öX1Qß�âgígåøVðIêj1xÝ�êSæ9Ý
é�æ�ýFÝ
ïlÿ[1xÝ�êSæ6ê[å)ëIâYðIé�á��

y > 0
�WöwÝ
êSå*ê[å)ígÝ�ç�â©÷Iå)í©à`ê[âgïlß�âgé�ýFÝ
êAàIðIé�áoï{ðIêSê[å)áSÞ�ðIé�æ�âgé�ëçSðmç�ß�å�ê[å)ñcéFÝ
é�ç�á<ð
ø,çSß�å�é�ä�ï{ígå{ä�áR�r�hâgë�ô�YIô¿�]�jô8�xç<ç�ß�âYáQá[çlÝ�ëIå�ß�Ý
êSæ9ÞFÝ
ê[çSðIé�áoÝ
êSå"áSï)Ý�çSçSå)ê[å)æÝ
é�æ�ß�å8Ý8÷�à�TwÝ8÷
ðIä�ê

QQ̄
ý�ðIä�é�æ�áAçlÝ�çSå)á*Ý�êSåTÞ�ê[ð æ�ä�ï)å{æ�ôBGpß�å)á[å]Þ�êSð^æ�ä�ïjç�á3ï)Ý
é�ý
åBä�áSå{æ6ç�ðÞ�ê[ðIý�å<çSß�å<øVð
ígígð,1QâYé�ë*á[ç�Ý
ëIå)á1ð
ø
ç�ß�å<ï)ðIíYígâYáSâgð
éTç�ß�ê[ðIä�ëIß]ç�ß�å{âgêOâgé�çSå)ê�Ý�ï{ç�âYðIéO1QâYç�ß]ç�ß�åoé�ä�ï{ígå8Ý�êñcå)æ�âYä�ñ�ô

\ ôA¥(�qL.ORQTm ac��acU�lÞpt�qL.N.O�ac��L _5`hQt��Qro5NPQt`�O�^ Gpß�å6é�ä�ï{ígå8Ý�ê`ñ�Ý�çSç�å{êmê[å8Ý
ïlß�å)áfå)ã�ä�âYígâYý�êSâYä�ñÆÝ�ç�ÝÞ�ê[ðIÞ�å)ê3ç�âYñmå
τ0

ç�ß�êSðIä�ë
ß�Þ�Ý
ê[çSðIé�êSåWò/áSï)Ý�çSçSå)ê[âgé�ë�âgé6çSß�å_ñcå)æ�âYä�ñ9ôEGpß�å]å{é�å)ê[ë
à�æ�å{é�áSâ©ç/à
εÝ�ç[çlÝ
âYé�å)æmâgécç�ß�å3ï{ðIígíYâgá[âgðIé�áOÝ�ç¼�xõ���E�Ý
é�æ�ü8EDÜ�âgáî1aå{ígí
Ý
ý�ð�÷
åoçSß�åDï{êSâYçSâgï)Ý
íF÷
Ý�ígä�å � Ý�ç8HX�ßH

ε ∼ 1 − 3.5
�*åÑã
[�øVñ 3 è �Dý�ê.-/-¢í1Ý�é�æ�Ý�ç����oþ��

ε ∼ 5
�*åÑã
[�øMñ 3 èé�pæ�ï�-c�cí�ô�Gpß�ä�á{öhâYø1ç�ß�åâYé�çSå)êSÝ
ï{çSâgé�ëmñmå{æ�âgä�ñµâYá<çSß�å)ê[ñ�Ý�ígâ��{å)æ�öFçSß�åR�
�
�·ï8Ý
é6ý�åBÞ�êSð^æ�ä�ï)å{æ�ô%Gpß�âgáDÞ�ßFÝ
áSåBå{÷Ið
íY÷Iå{áÝ
ï{ï)ðIê[æ�âgé�ë]çSð_ç�ß�åLíMÝ01QáQð
ø�ß�à æ�êSð^æ�à^éFÝ
ñcâgï)á{ô

��ô%&�a�lcN
SVUqQ (eacp	QTSVU acU�lfJPN
L�L)(VL.s SV`hp.^RGpß�å;åWù ÞFÝ
é�æ�âYé�ë��
�
�ºï)ð^ðIígá]æ�ð,1Qé�ø�Ý�á[ç�Ý
é�æ�ê[å8Ý
ïlß�å)áã�ä�âYïlÿ^í©à6ç�ß�å]çSê�Ý
é�áSâYçSâgðIé9ç�å)ñcÞ�å)ê�Ý�ç�ä�ê[å
ô_þ@çLå{÷
ðIíY÷
å)á"âgé�ç�ð�ÝfßFÝ�æ�êSðIé¥ë�Ý�á , ö�êSå)Ý
ïlß�âYé�ë,�FéFÝ
íYíYàÝfá[ç�Ý�ç�å_ÿ�é�ð,1Qé�Ý
á3ç�ß�åám��qL.ORQTm ac��JPN
L�L)(VL.s SV`�p�ô¾Gpß�å]êSå)á[ä�íYçSâgé�ëfß�Ý
æ�êSð
é�âgïTëIÝ
á*ï)ðIé�çSâgé�ä�å)á3çSðåWù�Þ�Ý
é�æ�ö
ï)ð^ðIígâYé�ë]æ�ð,1Qé�ä�é�ç�âgí�çSß�å�âYé�ç�å)êSÝ
ï{çSâgðIé9ê�Ý�çSå�ý�å{ç21qå)å{é6ç�ß�å�ßFÝ
æ�ê[ðIé�áoâgá<âgé�á[ä9¬cï)âgå{é�ççSð�ñmÝ
âgé�çlÝ�âgéfç�ß�åLç�ß�å)êSñmÝ
í.å)ã�ä�âYígâYý�êSâYä�ñ � ç�ß�âYá<áAçlÝ�çSåBâYá<ÿ�é�ð,1Qé¥Ý
áQç�ß�å�pt�qL.N.O�ac�]JPN
L�L)(VL.s SV`hp�ô
�<ø�ç�å)êpçSß�âgápñcðIñcå)é�ç8ö�ß�Ý
æ�êSð
é�áQæ�ð]é�ð
ç<âgé�ç�å{ê�Ý
ïjç<Ý
é�à^ñmðIê[å"Ý
é�æ`T�à`øVê[å)å)í©àIô

�Dé�à�âYé�øVðIêSñmÝ�çSâgðIé;Ý
ý
ð
ä�çLç�ß�åf�
���¿ðIê3ç�ß�åcß�Ý
æ�êSð
é�ë�Ý�áLÝ�ç*ç�ß�å{êSñmÝ
í,å{ã^ä�âgígâYý�êSâYä�ñ�ñTä�á[ç"ý�å_âgé òøVå)ê[êSå)æ6øVê[ðIñµç�ß�å_Þ�êSðIÞ�å)êAç�âgå{áDð
øiçSß�å_ÞFÝ
êAç�âYï)ígå{áDê[å)ñmÝ
âgé�âYé�ëmÝ�ø�ç�å{êoç�ß�åTç�ß�å{êSñmÝ
ínøVê[å)å*�)åjò@ðIä�ç)ô0H^ðIñmåáSâYëIéFÝ�çSä�êSå{ápáSä�ïlß9Ý
ápÞ�ß�ð�ç�ðIé�á{öFá[çSê�Ý
é�ë
å*ÞFÝ
ê[çSâgï{ígå)áxÝ
é�æ�ã�äFÝ
êSÿ�ðIé�âgÝ]ý�ðIä�é�æ�áAçlÝ�çSå)á{öFï8Ý
é�ëIâ©÷Iå*âgé øVðIêAòñ�Ý�ç�âgð
é`ð
øv1QßFÝ�ç<ßFÝ
Þ�Þ�å)é�å)æ;ý�å{øVð
êSå3ç�ß�åLøVê[å)å*�)åjò@ðIä�çoÝ
áQæ�âYáSï)ä�áSáSå{æ;âYéá�aß�Ý
Þ�ô&\ ô
576 ¸=­Pøc·.¬�¸

Tc ï ­8À8ºé¹e© °�¾�ú¢­.ª	©oa±º´¸	ú¾8;:=<,­Pµ¢°iú¢­.°e®T·.µ��*­.ªñ¶�·5©�¹eº¿ªr¸	º¿µ<�8º¿ª�©�¹e¾¢© ¶�¸T©x°�Å



u # Ö�Ç Ð � y Ë zQPSRUT Ì y{zÑÐMÒ	z Ë
Ì Ðey{��ÓP� É y{� ~iÇ]Ë ÐMÓ È Ò	�_�ew �hÇVÈ5É � ~ É Ðey=y Ç�ËnÔ�Õ
Ö
@BAVï s �,!�#�'*#;6 -
+�'�©�4
+�'.-�/ 4�/D1 -�>¦+�2*'*/,!

Gpß�âgá1ç�ß�å{áSâYáxâgáqæ�å{÷
ð
ç�å{æ�çSðTç�ß�åDâgé�÷Iå{á[ç�âYë�Ý�çSâgðIémð
ø.Þ�ß�ð
çSðIé`Þ�ß�à^áSâYï)ápâYé�ç�ß�å��3Ü�þ��xõ¦åWù�Þ�å)ê[âgñcå)é�çpÝ�çç�ß�åBÜ����Dö�Ý
é�æ6âgé6Þ�Ý
ê[çSâgï)ä�íMÝ
êpç�ð`çSß�åTáAç�ä�æ�à9ð
øiçSß�åTÞ�å)ê[øVð
êSñmÝ
é�ï)å�ð
øiç�ß�åTÞ�ß�ð
çSðIé�áSÞ�å)ïjç�ê[ðIñmåjç�å{ê
���43
H�Ý�é�æfç�ð_ç�ß�å"Ý
á[áSð^ï)âgÝ�ç�å{æ9æ�åj÷Iå{ígðIÞ�ñcå)é�ç<ð
ø�ÞFÝ
êAç�âgï{ígå*Ý�é�æR�[åjçQâgæ�å{é�ç�â���ï8Ý�çSâgðIé�Ý
íYëIðIê[âYç�ß�ñmá{ô

�oå8Ý8÷�à�ò/âYðIé]ï)ðIíYígâgá[âgðIé�á,Ý�çOä�í©ç�êSÝ�ò/ê[å)íMÝ�ç�âY÷^âYá[ç�âYïOå)é�å{êSëIâYå)áOÞ�êSð^æ�ä�ï{åQæ�â��
å)ê[å)é�çOÞ�êSð
ý
å{á1âYé_ç�ß�åpáAçlÝ
ëIå{áæ�å)á[ï)ê[âgý�å)æ�âYé¦çSß�å9Þ�êSå{÷^âYðIä�á�á[å)ïjç�âgð
é·Ý
é�æ�âgígíYä�á[çSê�Ý�çSå)æÃâgéÃç�ß�å;å{÷
ðIígä ç�âgð
é¦æ�âgÝ
ëIêSÝ
ñÈð
ø
��âgë�ô8Y
ô ��ô
Gpß�å)á[å�Þ�êSðIý�å)á�Þ�ê[ð�÷^âYæ�å�ä�áSåjøVä�íLáSâYëIéFÝ�çSä�êSå{á`ç�ðÃá[çSä�æ�àÄç�ß�å�Þ�êSðIÞ�å)êAç�âgå{áfð
ø"ç�ß�å�é�ä�ï{ígå8Ý�ê�ñmÝ�ç[ç�å)êøVðIêSñcå)æ�æ�ä�êSâgé�ëTç�ß�å"ï)ðIíYígâYáSâgð
é�ô�þ/éá�aßFÝ
ÞUô8\ ö�þaêSåj÷^âgåC1³ç�ß�åLñcðIá[çQâYé�çSå)ê[å)á[çSâgé�ë]á[âgëIéFÝ�ç�ä�ê[å)áQá[çSä�æ�âgå{æâgé�çSß�å*ÞFÝ
áAçQÝ
é�æfçSß�ðIáSåDÞ�êSðIÞ�ðIá[å)æføVðIêaøVä�çSä�êSåDåjù Þ
å{êSâYñmå{é�çSáQÝ�ç��xõ���E¾Ý
é�æ�ü8EoÜOö�ëIâY÷^âgé�ëBáSÞ�å)ï{âMÝ
íÝ�çSçSå)é�ç�âYðIé�ç�ð�Þ�ß�ð
çSðIé�ámÝ
é�æZ�ML.p	s�_5`qL.U�m��hQtU � ô¡þTÝ
ñÈâYé�ç�å)ê[å)áAç�å)æ�âgé�ç�ß�å�á[çSä�æ�àÃð
øDÞ�ß�ð
çSðIé�ámÝ
ácÝÞ�êSð
ý
åpý�å)ï)Ý
ä�áSåpçSß�å{à]ëIâ©÷Iåpä�é�Þ
å{ê[ç�ä�êSý�å)æcâgé�øVðIê[ñ�Ý�ç�âgð
éTÝ
ý�ðIä�çiçSß�åpß�ð
ç1Ý
é�æmæ�å{é�áSåQñmÝ�çSçSå)êOÝ
á,çSß�å{àðIé�í©à6âgé�çSå)ê�Ý�ï{ç"å)íYå)ï{çSêSðIñmÝ
ëIé�å{ç�âYï8Ý
íYíYà�Ý
é�æ�æ�ð�é�ð
ç"á[äX�Uå{ê*ç�ß�å]å*�
å)ïjç�á�ð
øqçSß�å]á[çSêSðIé�ë�âgé�çSå)ê�Ý�ï{ç�âYðIé�ô
�
QtN
L�m.pñ�q�qSVp�SVUXW�j91Qß�âYïlß;Ý
ê[å*ç�ß�ðIá[åLÞ�ß�ð
çSðIé�áQé�ð
çQÞ�ê[ð æ�ä�ï)å{æ;ý�àfÞFÝ
êAç�âYï)ígåDæ�å)ï)Ý:à
ö�Ý
êSå*ÞFÝ�ê[ç�âYï)ä�ígÝ
êSí©àâgé�ç�å{êSå{á[ç�âYé�ë�ô �ñ�qL.N.O�ac�q�q�qSVp�SVUXWjö
æ�å.�Fé�å{æ�Ý�áDç�ß�ð
áSåTêSÝ
æ�âMÝ�ç�å)æ9æ�ä�ê[âgé�ë�çSß�åTå{ã^ä�âgígâYý�êSâYä�ñ¢áAçlÝ
ëIåBý�àç�ß�å<ç�ß�å{êSñmÝ
ígâ��)å{æmñcå)æ�âYä�ñ�ö�ëIâY÷
åDâgé øVðIêSñmÝ�ç�âYðIé_ðIé�çSß�åoçSå)ñcÞ
å{ê�Ý�çSä�êSåoð
ø�é�ä�ï{ígå8Ý�êañmÝ�çSçSå)ê)ôI�&N�SVO���p
�q�qSVp�SVUXW�Ý�êSå�ç�ß�ð
áSå�Þ�êSð^æ�ä�ï{å)æ³âYé¿çSß�å¥Þ�êSåWò/å{ã^ä�âgígâYý�êSâYä�ñ á[çlÝ�ëIå�ý�àÂßFÝ�êSæ¿Þ�êSð^ï)å{áSáSå{á)ô �iêSð
ñmÞ�çÞ�ß�ð
çSðIé�Þ�ß�à^áSâYï)áLâgá3ð
é�åTð
øOç�ß�å_ñ�Ý
âYé6Þ�ðIâgé�ç�áDð
ø1ñBàn1qðIê[ÿ�ô½Gpß�å{à�Ý
êSå_Þ�ê[ð æ�ä�ï)å{æ¥çSß�êSð
ä�ëIß�ßFÝ
ê[æÞFÝ
êAç�ðIéTâYé�ç�å)êSÝ
ï{çSâgðIé"÷^âMÝ

g+q → γ+q
�T�aðIñcÞ�çSðIé���Ý�é�æ

q̄+q → γ+g
��Ý
é�é�âgß�âYíMÝ�çSâgðIéq�UÞ�êSð^ï)å{áSáSå{á)ö

1Qß�âgïlßm1qåxï)Ý
ígí
γ
ò��[åjç,Þ�ê[ð ï{å)áSá[å)á{ô�Gpß�å)á[åpÞ�êSðIñcÞ�çhÞ�ß�ð
çSðIé�á,ëIâ©÷Iåqâgé�øVðIê[ñ�Ý�ç�âgð
é�Ý�ý
ðIä çhç�ß�åxÞ�êSð^æ�ä�ï{å)æêSå{ï)ðIâYígâgé�ëmÞFÝ�ê[ç�ð
é�ö�Ý
áDâYç�áDðIêSâYëIâgéFÝ�í�å)é�å{êSë
à6Ý
é�æ¥Ýc�{âgñTä�çSßFÝ
ínæ�âgê[å)ïjç�âgð
é�ô
H ä�ïlß¥ÿ�âgé�æ�ð
øOå{÷
å)é�ç�á"Ý
ê[å÷Iå{ê[à�âgé�ç�å{êSå{á[ç�âYé�ëcý
å{ï8Ý
ä�á[å�çSß�å�Þ�Ý
ê[çSðIé;ñmÝ8àfáSäX�
å)ê<ç�ß�å"âgéJTFä�å)é�ï)å"ð
ø,ç�ß�å��
�
��ñmå{æ�âgä�ñ9öw1Qß�âYïlßÞ�êSð^æ�ä�ï{å)á3çSß�å_å*�
å)ïjç�ÿ�é�ð,1Qé�Ý
á8�ML.prs�_5`�L.U�m��hQtU � ^DÝ
é¥å{é�å)ê[ë
à6íYðIáSá*ð
øOçSß�å_ÞFÝ
êAç�ðIé�âYé6ç�ß�å_é�ä�ï{ígå8Ý�êñmå{æ�âgä�ñð1Qß�âYïlß9ñcð^æ�â��Få{áxç�ß�å��Fé�Ý
í��[å{çQÞ�ê[ðIÞ�å)ê[çSâgå{á)ô

Gpß�åQÜ�������Ü.Ý
ê[ëIå¼�DÝ�æ�êSðIéR�aðIígíYâgæ�å{ê���ï)ðIíYígâgæ�å)êu1Qâgígí^Þ�ê[ð æ�ä�ï)åxÞ�ê[ð
ç�ð
é ò/Þ�ê[ð
ç�ð
éD�t���ñ��Ý�é�æA�iý ò��iýï)ðIíYígâYáSâgð
é�ápÝ�ç�Y��mÝ
é�æZë ô¿ë G�åÑã%Þ
å{êoé�ä�ï{ígå)ð
é�ö
ê[å)á[Þ
å{ï{ç�â©÷Iå{íYàIô��iý ò��Oý;ï)ðIíYígâgá[âgðIé�ápÝ�ç<ç�ß�ðIá[åBå{é�å)ê[ëIâgå{á
1QâgíYí,Þ�êSð^æ�ä�ï{åcçSß�å`Ý�Þ�Þ�êSð
Þ�êSâgÝ�ç�å_ï{ðIé�æ�â©ç�âgð
é�áLð
øxç�å{ñmÞ�å)êSÝ�ç�ä�êSåcÝ
é�æ�å)é�å{êSë
à�æ�å{é�áSâ©ç/à�çSð�øVð
êSñ¹ç�ß�å
�
���nôn�DñcðIé�ë�çSß�å�øVðIä�êfÜ�����åjù Þ�å)ê[âgñcå)é�ç�á{ö��3Ü�þ��xõ � �ÀÜ.Ý
êSëIå;þ/ðIé �aðIígíYâgæ�å{ê`õhù Þ
å{êSâgñcå)é�ç��åjù Þ�å)êSâYñmå{é�çaâYáqá[Þ
å{ï)âMÝ�ígíYàTæ�å)á[âgëIé�å{æ�ç�ð�á[çSä�æ�àcç�ß�åoæ�â��
å)ê[å)é�çxÞ�ê[ðIý�å)áaÞ�êSð^æ�ä�ï)å{æ`âgémáSä�ïlßfï{ðIígíYâgá[âgðIé�á{ô
Gpß�å�Ü=���Ìï)ð
ígígâYæ�å)ê`Ý
é�æÂç�ß�å:�3Ü�þ��xõ¢åjù Þ�å)ê[âgñcå)é�ç6Ý�êSå¥æ�å)á[ï)ê[âgý�å)æ³âYé �aß�Ý
Þ�ô;� ô �3Ü�þ��xõµâgáï)ðIñcÞ�ðIáSå{æ�ð
øLæ�â��Uå{êSå{é�ç�æ�å{çSå)ïjç�ðIê[á`ý�ä�çmç�ß�å9ñmðIáAç�âYé�ç�å)ê[å)áAç�âgé�ë�æ�å{çSå)ïjç�ðIêcøVðIêmñ�à¦áAç�ä�æ à�âYámç�ß�åß�âgë
ß�å)é�å)êSë�à�ê[å)áSð
ígä�çSâgðIé¦áSÞ�å)ï{çSêSðIñcå{çSå)ê,���%3�H �	���43Dç�ð
é�H Þ�å)ï{çSêSðIñcå{çSå)ê
�l1Qß�âgïlß�âgámçSß�å6ðIé�íYàÝ
Þ�Þ�ê[ð:÷Iå)æ¿Þ�ß�ð�ç�ðIé¿æ�å{çSå)ïjç�ðIê�Ý�ç�Þ�ê[å)á[å)é�ç6Ý�ç�ñmâYæ ò/êSÝ
Þ�âgæ�âYç/à¡âgéä�DÜ.þ��xõpô Gpß�å{êSå�Ý
êSå¥ð
çSß�å)ê`ç21qðæ�å{çSå)ïjç�ðIê[áfêSå)íYå{÷�Ý
é�ç`øVðIêmñBà¦á[ç�ä�æ�à·ð
ø"Þ�ê[ðIñcÞ�ç`Þ�ß�ð
ç�ðIé�á5^�çSß�å6ñmÝ
âgé�æ�å{çSå)ï{çSðIê`ð
øLçSß�å6ï)å{é�ç�ê�Ý�íç�êSÝ
ïlÿ�âgé�ë�á[à^áAç�å)ñ�ö�çSß�å GpâgñcåA�Oê[ðV�[å)ïjç�âYðIéÞ�aß�Ý
ñTý�å)êf�SG��ß�¼�jönæ�åj÷Ið
çSå)æ|çSð�çSß�åcñmå)Ý
áSä�ê[å)ñcå)é�ç�ð
øïlßFÝ
ê[ëIå)æ�ÞFÝ
ê[çSâgï{ígå)á � Ý
é�æ�ç�ß�å�õiígå{ï{çSêSðkF;Ý�ëIé�å{çSâgï��xÝ
ígð
êSâgñcå{çSå)êA��õßFI�xÝ
ít�Wöv1Qß�âgïlß|øVä�é�æ�âgé�ë�âgáLé�ð�çÝ
Þ�Þ�ê[ð:÷Iå)æ�à
å{ç8ö1æ�åj÷Ið
çSå)æÃç�ð6ç�ß�åfæ�å{çSå)ï{çSâgðIéÃð
øQé�å)ä�çSê�Ý
íxÞ�Ý
ê[çSâgï)íYå)á{ô Gpß�å{áSå�æ�åjç�å)ïjç�ðIê[á_ï)ðIñBý�âgé�å{æ
1QâYçSß<���%3�Hfå)é�Ý
ý�ígå3çSß�åLÞ
ð
áSáSâYý�âgíYâYç/àcð
ø�á[çSä�æ�à^âgé�ë

γ
ò��[åjçQÞ�êSð^ï)å{áSá[å)á)ô

Gpß�åLï)ðIê[êSå)ïjçQæ�å{çSå)ïjç�âgð
é9Ý�é�æ�âgæ�å{é�çSâ��Fï)Ý�ç�âYðIé`ð
ønÞ�ß�ð
ç�ðIé�áX1Qâ©ç�ßD���43
HfâgéfðIê[æ�å)êxçSð_ý
åLÝ�ý�ígåDçSð



P`Ròñ o�Ç]ËxÉ � ÉId �ey{��Ó5Ðey{�_�ew�ÐMw | � } y Ì ��w Ë u F
á[çSä�æ�à`çSß�åLÞ�êSð^æ�ä�ïjç�âgð
é�ð�øhæ�âYêSå{ï{ç<Þ�ß�ð
çSðIé�á{öFâgáQÝ
é�âgñcÞ�ðIê[ç�Ý
é�çpâgá[áSä�åLâgé�ñBà�1að
êSÿwôqþ1ÞFÝ
êAç�âYï)âgÞ�Ý�ç�å{æâgé�ý�å8Ý
ñÁçSå)áAçoåWù Þ
å{êSâgñcå)é�çSáX1Qß�å)êSåLç�ß�å�ê[å)áSÞ�ðIé�á[å�ð�ø,Ý����43
H�Þ�êSð
çSð
ç/à^Þ
åó1aÝ
áoáAç�ä�æ�âgå)æUô1þ1ç�ä�é�å)æç�ß�å*á[âgñTä�íMÝ�çSâgðIé`Þ�Ý
ê�Ý
ñcå{çSå)ê[áxç�ð]êSå{Þ�êSð^æ�ä�ï{åLçSß�åLêSå{áSä�í©ç�áQðIý�ç�Ý
âgé�å{æ�ô;Gpß�å{é�öwþqáAç�ä�æ�âgå)æ�ç�ß�å"Þ�å)êAøVðIêAòñ�Ý�é�ï)åTð�øß�ß�%3
H�âYé6æ�â��Uå{êSå)é�çLï{ðIé�æ�â©ç�âgð
é�áoçSßFÝ�ç*ï{ðIä�ígæ6Ý¢�Uå{ï{çLÞ�ß�ð
ç�ðIé�ñcå8Ý�áSä�ê[å)ñcå)é�ç�á*^DÞFÝ
êAç�âYï)ígåå)é�÷^âgê[ðIé�ñcå)é�ç*Ý
é�æ6ç�ß�åTâYéxTFä�å{é�ï)å_ð�øiç�ß�åTæ�â��
å)êSå{é�ç*ñ�Ý�ç�å)ê[âMÝ
í.âYé;øVêSðIé�çDð
ø&�ß�%3
H
ô Gpß�âYá3á[çSä�æ�à;ð
øç�ß�å��ß�%3
H�Þ�å)êAøVðIêSñmÝ
é�ï{åTâgáDÞ�êSå{áSå)é�çSå)æ|âYéZ�aßFÝ
ÞUô'��ô��ß�%3
H�Þ�ðIá[áSå)á[áLåjù ï)å{ígígå{é�çLÞ�ß�ð
çSðIé�âgæ�å{é�ç�â©ò
�Fï8Ý�ç�âgð
é�ï)Ý
ÞFÝ
ý�âgígâ©ç�âYå)áaý�Ý
áSå{æ;ðIéfç�âYñmå*ð�ø�TFâYëIß�ç<ñmå)Ý
áSä�ê[å)ñcå)é�ç�á{öwïlßFÝ
êSë
å)æ�ÞFÝ
ê[çSâgï{ígå*âgæ�å)é�ç�â��Fï8Ý�çSâgðIéÝ
é�æ�á[ß�ð,1aå{êmá[ßFÝ
Þ�å�Ý
éFÝ
í©à á[âgá{ô I�å�é�å)å{æ¡Þ�ß�ð
ç�ð
é¡âYæ�å)é�çSâ��Fï)Ý�ç�âYðIé�ñcå{ç�ß�ð æ�áTçSßFÝ�ç_Þ�êSð:÷^âgæ�åfëIð^ð^æßFÝ
æ�ê[ðIé;ê[å��[å{ï{ç�âYðIé�ö�Ý
é�æ9Þ�ß�ð
çSðIé6âYæ�å)é�ç�â��Fï8Ý�ç�âgð
é�å�¬cï)âgå{é�ï{à9âgé9Ýl1QâYæ�å"å)é�å{êSë
à9ê�Ý
é�ëIå"øVê[ðIñô-�ô¿ë_çSð
Y�\ê-��*åÑãTô�þhæ�åj÷Iå{ígðIÞmâgé��aßFÝ
Þ�ô�ë*âgæ�å{é�çSâ��Fï)Ý�ç�âYðIé]ñmåjç�ß�ð^æ�áOýFÝ
á[å)æmðIémçSß�åoá[ß�ð,1aå{êaá[ßFÝ
Þ�åDÝ
é�Ý
íYà^áSâYá5^ç�ß�å��iêSâgé�ï)âgÞ�Ý
í��aðIñcÞ
ðIé�å)é�ç�á&�DéFÝ
í©à^áSâgá{ö æ�å)áSâYëIé�å{æ�øVðIêaß�Ý
æ�êSð
é�êSå��[å)ïjç�âgð
éfÝ
é�æcç�ß�åoáSß�ð,1qå)êpæ�âYáSÞ�å)êAòáSâYðIé�ð
øhå{é�å)ê[ëIå{çSâgï"ÞFÝ
êAç�âgï{ígå{á)ö�æ�å{áSâYëIé�å)æ�ç�ðcæ�âYá[ç�âYé�ëIä�âYáSß�ß�âYëIß�å)é�å{êSë
à�Þ�ß�ð
ç�ðIé�áQøVê[ðIñ¢ß�âYëIß�å)é�å{êSë
àé�å)ä ç�ê�Ý�í�Þ�âgð
é�á)ô

Gpß�åTíMÝ�á[ç<ÞFÝ
êAç3ð
øiñ�à�çSß�å)á[âgáoâgá<æ�å{÷
ð
ç�å{æ¥çSðmçSß�åBæ�åj÷Iå{ígðIÞ�ñcå)é�ç*ð�øOÝ
ï)ï{ä�ê�Ý�ç�åBÞ�êSðIñcÞ�çoÞ�ß�ð
çSðIéÝ
é�æ
γ
ò��[åjç"âgæ�å{é�çSâ��Fï)Ý�ç�âYðIé¥Ý
íYëIðIêSâ©ç�ß�ñcá)ô0�iêSðIñcÞ�ç"Þ�ß�ð
çSðIé¥âgæ�å{é�ç�â���ï8Ý�çSâgðIé¥êSå{ígâYå)á*ðIé�ç�ß�åmÞ�ê[å{÷^âgð
ä�ááSß�ð,1qå)êiá[ßFÝ
Þ�åQÝ
éFÝ
í©à á[âgá�ñmåjç�ß�ð^æ�áiÝ
é�æ_ðIé]Ý
é]Ý
æ�æ�âYç�âYðIéFÝ
í�ñcå{çSß�ð æBï8Ý
íYígå)æBþ/áSðIígÝ�ç�âYðIéR�aä�ç&F�å{ç�ß�ð æ�ô

Gpß�âgáDñmåjç�ß�ð^æ6âgáoêSå{ã^ä�âgêSå{æ¥ý
å{ï8Ý
ä�á[åTç�ß�åBåjù âgáAç�âgé�ëfâgæ�å{é�çSâ��Fï)Ý�ç�âYðIé;ñcå{çSß�ð^æ�á3ï8Ý�é�é�ð
ç3æ�âgá[çSâgé�ë
ä�âgá[ßÞ�êSð
ñmÞ�çDÞ�ß�ð
çSðIé�áDøVê[ðIñ�æ�å)ï)Ý:à6Ý
é�æ�ý�ê[å)ñcáSáAç�ê�Ý�ß�ígä�é�ë`Þ�ß�ð
çSðIé�á{ô"þ/é�ð
êSæ�å{êDç�ðfæ�âYá[çSâgé�ëIä�âgáSß�ç�ß�å{ñ9öþoæ�å{÷Iå{ígðIÞ�å)æ¥ç�ß�å_þ/áSðIígÝ�ç�âYðIéZ�aä�ç0F9åjç�ß�ð^æ�ö.æ�å)á[ï)ê[âgý�å)æ¥âgé �aßFÝ
ÞUô^L�1Qß�âgïlß�âgá3ý�Ý
áSå{æ�ðIé�çSß�å]âgæ�å)Ýç�ßFÝ�ç]Ý�Þ�êSðIñcÞ�ç_Þ�ß�ð
ç�ð
é¡ð�ø��aðIñcÞ�çSðIéÃÝ
é�æ¡Ý
é�é�âgß�âYíMÝ�çSâgðIé�Þ�êSð^ï)å{áSá[å)ácâgá_Þ�ê[ð æ�ä�ï)å)æ¡Ý
íYðIé�å`âYéÃâYç�áæ�âgê[å)ïjç�âgð
éfð
øhñcð
çSâgðIéõ1Qâ©ç�ß�é�ðcð
ç�ß�å)êpÞFÝ
êAç�âYï)ígå{áQÝ
ï)ï{ðIñcÞFÝ
é�à^âgé�ë]âYç)ô133é�ï)å*çSß�åLÞ�êSðIñcÞ�çQÞ�ß�ð
ç�ðIé�âgá
1aå{ígí�âYæ�å)é�çSâ��Få{æö1qå"ï8Ý
é�Þ�êSð^ï)å{å)æ�ç�ð]âgæ�å)é�ç�â©ø�à�ç�ß�å"ê[å)ï{ðIâgíYâgé�ë��[åjç<Ý
é�æ�ç�ð]á[çSä�æ�à�â©ç�áxÞ�ê[ðIÞ�å)ê[çSâgå{á)ôOþ/é
�aßFÝ
Þ�ô�« ö�þ�Þ�ê[å)á[å)é�çxÝ�émÝ�ígëIðIê[âYçSß�ñ¾ç�ßFÝ�çOíYâgé�ÿ�á,çSß�åpÞ�êSð
ñmÞ�çOÞ�ß�ð
ç�ð
é]çSð*ç�ß�åB�[å{ç)ö/1Qß�âgïlßcâgáhæ�å{çSå)ï{çSå)æâgé;çSß�åMG��ß�¯Ý
é�æ¥õßFI�xÝ
í,æ�å{ç�å{ï{çSðIêSá{ô¾IÂâ©ç�ß;çSß�åTâgæ�å)é�ç�â��Få)æf�[åjç�á)öUþ<å{á[çSâgñmÝ�ç�å"ç�ß�å_á[å)é�á[âYç�â©÷^âYç/à9ð
øç�ß�åDñmå)Ý
áSä�ê[å)ñcå)é�çpð
ø.çSß�å&�[å{çAò/ã�ä�å)é�ïlß�âgé�ë_å.�Uå{ï{çQâYé`ðIé�å3à
å8Ý
êpð
ø��DÜ�þ��xõ¦êSä�é�é�âgé�ë_ý�à�ï)ðIñcÞFÝ
ê[âgé�ëç�ß�åLå{é�å)ê[ë
àfæ�âYá[ç�ê[âgý�ä ç�âgð
éfð
ø��[åjçQÞFÝ
êAç�âgï{ígå{ápâgé¦���¥Ý
é�æá�iý ò��Oý�ï)ð
ígígâYáSâYðIé�á)ô
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Gpß�åaæ�å{ç�å{êSñcâgéFÝ�ç�âgð
é"ð�ø�ç�ß�åaã�äFÝ
ê[ÿ�ò@ëIígä�ðIé�Þ�íMÝ
á[ñ�ÝpøVðIêSñmÝ�çSâgðIéLÝ
é�æ�ç�ß�åaá[çSä�æ�à"ð
øFâ©ç�á.Þ�ê[ðIÞ
å{ê[çSâgå)á�Ý
ê[åøVðIêSñcâgæ�Ý
ý�ígå<çlÝ
á[ÿ�á)ô»Gpß�å"å)Þ�ß�å)ñcå)êSÝ
í�ñmå{æ�âgä�ñ¢ä�é�æ�å{êoáAç�ä�æ à�ßFÝ
æ�ê[ðIé�â��{å)áoÝ
é�æ�ç�ß�å
�FéFÝ�í�ÞFÝ
ê[çSâgï{ígå)áÝ
êSê[âY÷^âgé�ëTç�ð_ç�ß�å"æ�åjç�å)ïjç�ðIê[áDÝ�êSå*ç�ß�åLðIé�íYàfï)Ý
êSê[âgå)ê[áQð
øhâYé�øVðIê[ñ�Ý�çSâgðIé`Ý:÷�Ý
âYíMÝ
ý�ígå
ô=Gpß�å)ê[åBÝ
ê[åLáSå{÷
å)êSÝ
íáSâYëIéFÝ�çSä�êSå{ánçSßFÝ�ç�ßFÝ8÷Iåxý�å)å{éTá[çSä�æ�âgå{æTâgé"ß�å)Ý:÷�à�ò/âYðIéTåWù�Þ�å)ê[âgñcå)é�ç�á�Ý
é�æBáSðIñcåqð�ø�ç�ß�å{ñ¯áSä�ëIë
å)á[ç�ç�ßFÝ�çÝ�ç��xõß��EºÝ
é�æ�ü8EDÜÃÝ�é�åC1½ÿ�âgé�æ6ð�øOá[ç�ê[ðIé�ëIí©à�âgé�ç�å{ê�Ý
ïjç�âYé�ë�ñmÝ�çSçSå)ê<ñ�Ý8à�ßFÝ8÷IåBý
å{å)é�Þ�ê[ð æ�ä�ï)å)æUôþ/é�ç�ß�âYá*ïlßFÝ
Þ�çSå)ê)ö.þ<êSåj÷ âYåC1½ç�ß�å]ñcðIá[ç3âgé�ç�å{êSå)áAç�âYé�ë�êSå)á[ä�íYçSá*ðIý�ç�Ý
âgé�å{æ�Ý�ç�HX�ßH¥Ý
é�æ:�i�<þ��Dö.Ý
é�æ¥þáSä�ñcñmÝ
êSâ��)å3ç�ß�åBáSâYëIéFÝ�çSä�êSå{áoçSßFÝ�çoï)ðIä�íYæ9ý�åBñcå8Ý�áSä�ê[å)æ�Ý�ç<ç�ß�åBÜ����Dô��hâYéFÝ
ígí©àIö�þpæ�å{÷Ið�ç�å�çSß�åBígÝ
á[çáSå{ï{ç�âYðIéfç�ð]Þ�ß�ð�ç�ðIé�Þ�êSð^æ�ä�ïjç�âYðIé�ö�á[âgé�ï{åLçSß�âgápá[âgëIé�Ý�ç�ä�ê[å*âgáxçSß�åLñ�Ý
âYéfáSä�ýk�[å)ï{çoð
ønç�ß�âYáxç�ß�å{áSâYá)ô
qlAC@ ¤ -�2*2.'5#±'.-0/ ¶�!¼-06 !8+±%�� -�� �D!�48©��ACX'*-�/ $n-�2.2*'*#±'*-�/D#

þ@ç"âgáó1að
ê[ç�ß[1Qß�âYígå_ç�ð�ëIâ©÷IåcÝ�ý�êSâgåjøaæ�å)áSï{êSâYÞ�ç�âYðIé�ð�øxáSð
ñmå]ï)ð
é�ï)å{Þ�ç�á"êSå{íMÝ�çSå)æ¥ç�ð�ç�ß�åcëIå)ð
ñmåjç�ê[à6ð
øç�ß�å_ï{ðIígíYâgá[âgðIé�Ý�áRUq`�O�o.L.N�S�J��XacNPprQTm.Q¿�XacUqp Wjönm�L.UqprNxac��Qtp	�9ð
ø1ç�ß�å]ï)ð
ígígâYáSâYðIé6Ý
é�æÛQtO��Xahm.p��XacNxacO�L.p�L.NWö
1Qß�âgïlß9Ý
ê[å*ä�áSå{æ9øVêSå{ã�ä�å)é�ç�í©àfâgéfçSß�âgáxçSß�å)á[âgá)ô

Gpß�åoï{ðIígíYâgá[âgðIéTâYáOæ�å)á[ï)êSâYý
å{æ�âYé]çSå)ê[ñmá1ð
ø�ç�ß�å��8��ac`bo.L.N�O�S5lhL.��è´�*íMÝ�«ê-�öZIÂâgýHEcÙ�í�ô�Gpß�âgáOñcð æ�å)íFâgáýFÝ
á[å)æBð
é�ç�ß�êSå)å1âgæ�å8Ý
á*^nâYðIé�á.ï8Ý�éBý�åqï{ðIé�áSâYæ�å)ê[å)æBÝ
ánøVð
êSñcå)æ"ý�à�ÝQï)ðIé�çSâgé�ä�ðIä�ánñmÝ�çSçSå)ê.æ�âgáAç�ê[âgý�ä�çSâgðIé
1Qß�âgïlß�ï8Ý�é�ý�åLæ�å)á[ï)ê[âgý�å)æ�öFøVðIêpåWù�Ý�ñmÞ�íYå
ö�ý�à�ÝMI�ð ð^æ�á�ò�H�Ý�ù ðIéføVä�é�ï{ç�âYðIé�ö

ρ(r) =
ρ0

1 + exp
(

r−r0

a

) , �T\^ô�Y��
1Qß�å)ê[å N�âYá_ç�ß�å�æ�âgáAçlÝ
é�ï)å�øVêSðIñÆÝ�ëIâY÷
å)é¡Þ
ð
âgé�çcð
øDçSß�å9é�ä�ï{ígå)Ý
ê]ñ�Ý�ç[ç�å{ê]çSð�çSß�å�ï)å)é�çSå)ê�ð�øDç�ß�åé�ä�ï)íYå)ä�áDÝ
é�æ;çSß�åBÞFÝ�ê�Ý
ñcå{çSå)êSá�a�Ý�é�æ

r0
Ý
êSå�ðIý�çlÝ�âgé�å{æ9øVêSð
ñµå)ígå{ï{çSêSðIé6á[ï8Ý�ç[ç�å{êSâgé�ë�åjù Þ�å)ê[âgñcå)é�ç�á �é�ä�ï)íYå)ðIé�á"Þ�ê[ðIÞFÝ
ë�Ý�ç�åcâgé|áAç�êSÝ
âgëIß�ç"ígâYé�å)áó1Qß�å{é|ç�êSÝ8÷Iå)ê[áSâYé�ë;ç�ß�å�é�ä�ï)íYå)ä�á � Ý
é�æ�é^ä�ï)ígå{ðIé�á�âgé�ç�å{ê�Ý
ïjçÝ
ï)ï{ðIêSæ�âgé�ëTçSðcçSß�åLâgé�å{íMÝ
áAç�âgïoáSï)Ý�çSçSå)êSâYé�ëcï)êSð
áSáQáSå{ï{ç�âYðIé

σNN

ñcå8Ý
á[ä�êSå{æ9âYé,���6ï)ðIíYígâYáSâgð
é�á)ô
�¸ä�á[å{øVä�íqã�äFÝ
é�ç�â©ç/à¥âgáLç�ß�åmñmâYé�âgñmÝ
íhæ�âgá[ç�Ý
é�ï{åIo�ý�å{ç21qå)å{éÃçSß�åcï)å)é�çSå)êTð
øaç�ß�åcç21að9ï)ðIíYígâgæ�âgé�ëé�ä�ï)íYå)â^êSå8Ý�ïlß�å)æ_æ�ä�êSâgé�ëDç�ß�åqï)ðIíYígâYáSâgð
é�ö�ÿ^é�ð`1Qé]Ý�á�ç�ß�å�QtO��Xahm.p��XacNxacO�L.p�L.NWô(�FðIê,ÝDë
âY÷Iå{éDo)ö
ð
é�íYàLç�ß�åé�ä�ï)íYå)ðIé�áQâYé�çSß�åLð:÷Iå)ê[íMÝ
Þ�ê[å)ëIâYðIé�ð
ø�çSß�å*ç21aðcé�ä�ï)íYå)â�ö�ï8Ý
íYígå{æ,�XacNPprQTm.Q¿�XacUqp�Uq`�m.��L�SVUXWjö�âYé�ç�å)êSÝ
ï{ç<Ý�é�æç�ß�å_ê[å)ñmÝ
âgé�âgé�ëfé�ä�ï{ígå)ð
é�á)ö.æ�å{é�ðIñcâgéFÝ�çSå)æÞW��qL�m.pTacp�SVNRUq`qm.��L�SVUXW�j,øVðIíYígð,1¾ç�ß�å)âgê*âYé�âYçSâMÝ
í.ç�êSÝ��[å)ïjç�ðIê[âgå{á

�XY
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1QâYçSß�ðIä�çnâgé�çSå)ê�Ý�ï{ç�âYðIé�Ø�þ/éTÝoï)å{é�ç�ê�Ý�í ï{ðIígíYâgáSâYðIé

b = 0
Ý
é�æ�ç�ß�åaé�ä�ñTý�å)ênð
øFÞFÝ�ê[ç�âYï)âYÞFÝ
é�ç�á

Npart

âgá.ç�ß�åç�ð
ç�Ý
íFé�ä�ñTý�å)ê1ð
ø�é�ä�ï{ígå{ðIé�á1âgécý
ð
çSßmé�ä�ï{ígå{âzö�\]¤*ô^þ/écç�ß�å<ï8Ý�áSåDð�ø�ï)ð
ígígâYáSâYðIé�á,ý�å{ç21qå)å{éfíMÝ
ê[ëIåpß�å8Ý8÷�à�òâgðIé�á)ö�å8Ý
ïlßfé�ä�ï{ígå{ðIé`ð
ø.ðIé�åDé�ä�ï)íYå)ä�áqï8Ý
é�âgé�ç�å{ê�Ý
ïjçí1QâYçSß�á[å{÷Iå{ê�Ý
íUé^ä�ï)ígå{ðIé�áqð
ø�ç�ß�åoáSå{ï)ðIé�æfé�ä�ï{ígå{ä�áÞ�êSð^æ�ä�ï{âgé�ë�ñcðIêSå]ç�ßFÝ�é \]¤ºï)ðIíYígâYáSâgð
é�á)ô Gpß�å�é�ä�ñTý�å)ê�ð
ø�o5QtU�acNP�:m�SV�t��Q�W.QTSVUXW
Ncoll

âgá"æ�å.�Fé�å)æÃÝ�áç�ß�åcç�ð
ç�Ý
í1é^ä�ñTý
å{êTð
øQï{ðIígíYâgáSâYðIé�á*ð
øpçSß�å`ÞFÝ�ê[ç�âYï)âYÞFÝ
é�çBé�ä�ï{ígå{ðIé�á_Ý
é�æ�ï8Ý
é�ý�å`å{á[ç�âYñ�Ý�ç�å)æ�ý�à|ç�ß�å
�LígÝ
ä�ý�å)ê*ñcð æ�å)ízômþ/é|ç�ß�å�Ý
ý�áSå)é�ï)å`ð
øaé�ä�ï)íYå8Ý
ê�Ý
é�æ�ñmå{æ�âgä�ñ å.�Uå{ï{çSá)öhçSß�åmé�ä�ñBý
å{ê�ð
øxÞFÝ
ê[çSâgï{ígå)áÞ�êSð^æ�ä�ï{å)æ�âgé�Ý_é�ä�ï)íYå)ä�á�ò/é�ä�ï{ígå)ä�á<ï{ðIígíYâgá[âgðIémáSß�ðIä�ígæ�ý
å*çSß�å*é�ä�ñTý�å)êQÞ�êSð^æ�ä�ï{å)æ�âgéfÞ�ê[ð
ç�ð
é ò/Þ�ê[ð
ç�ð
éï)ðIíYígâYáSâgð
é�á)ö^áSï)Ý
ígå{æ�ý�à

Ncoll

ô
Gpß�å3æ�å{ëIêSå{åDð
ø.ï{å)é�ç�êSÝ
ígâ©ç/à:¥³ð
ønÝ�ë
âY÷Iå{é`áSä�ý�áSåjçQð
ø�ï)ð
ígígâYáSâYðIé�áiïlßFÝ
êSÝ
ï{çSå)ê[â��)å{æfý�à`Ý"ñ�Ý�ù âYñTä�ñâgñcÞFÝ
ïjçpÞFÝ
êSÝ
ñmåjç�å{ê

bc
ö

C =

∫ bc

0
2πbdb

σAA
,

�T\^ô½\]�
ßFÝ
á`çSß�å¥ñmå)Ý
é�âgé�ë�ð
ø�çSß�å¥Þ�êSð
ýFÝ
ý�âYígâYç/à¡ç�ß�Ý�çfç�ß�å¥ï{ðIígíYâgáSâYðIé�ð^ï)ï{ä�êSá�øVðIê

b < bc
è N3âgéH-?�¢í�ô �Dí©òç�ß�ð
ä�ëIßÃç�ß�å9âgñcÞFÝ
ï{ç]Þ�Ý
ê�Ý
ñcå{çSå)êcï8Ý
é�é�ð
çmý
å�æ�âgê[å)ïjç�íYà�ñmå)Ý
áSä�ê[å)æ�ö

C
ï)Ý
é·ý�å9ð
ý�çlÝ
âYé�å)æ¡é�åj÷Iå)ê�òç�ß�å{ígå{áSá]ç�ß�ê[ðIä�ëIß

Npart

öU1Qß�âYïlß·âgá]ñcå8Ý
á[ä�êSå{æ·âgé �3Ü�þ��xõ ý�à¡çSß�å��Uå)êSð|ûDå)ë
êSå)åI�xÝ
ígð
êSâgñcå{çSå)ê[á)öæ�å)á[ï)ê[âgý�å)æ�âgéÜH å)ï�ô¦��ô¿\ ô´��ômþ/é¥ç�ß�åmíYâYç�å{ê�Ý�çSä�êSå�ö�ç�ß�å]ç�å{êSñ m�L.UqprNxac�nm�SV�t��Q�W.QTSVUXWcêSåjøVå)êSáLç�ð�ï)ð
ígígâYáSâYðIé�á
1QâYçSß

0 < C < 0.05 − 0.1
Ý�é�æD�qL.NPQ¿�q�qL.Nxac�(m�SV�t��Q�W.QTSVUXW�Ý
ê[åLæ�å*�Fé�å)æ6Ý�á<çSß�ðIáSåó1Qâ©ç�ß

0.9 < C < 1
ô

�hâgé�Ý
ígí©àIö�ï)ðIíYígâYáSâgð
é�áU1Qâ©ç�ß�ðIä ç<Ý
é�àfáSå{ígå)ïjç�âYðIé9âYé:oBÝ
ê[å*ï8Ý
íYígå)æZORQtUqQtOR`hO o5QraVWRm�SV�t��Q�W.QTSVUXW5Ø

qlAFq � � � #±'�¶0/D4�+=>¦%B!�# 4�+��(���
Gpß�åf�xõ��iEpò�HX�ßH�Þ�êSðIëIêSÝ
ñ 1aÝ
á"Þ
å{ê[øVðIê[ñmå{æ>1QâYç�ßZ��ù å)æ¥çlÝ�êSëIåjç�åWù Þ
å{êSâgñcå)é�çSá"âYé>1Qß�âgïlß �iý ò��iýï)ðIíYígâYáSâgð
é�áiÝ�ç √
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�*åÑã 1aå{êSåDï)Ý
êSê[âgå{æ�ðIä�ç�è¿�xõ���í�ô;Gpß�åoñmð
á[çqá[ç�ê[âgÿ�âgé�ë�ê[å)áSä�íYç�áOøVêSð
ñºç�ß�âYáÞ�êSð
ëIê�Ý
ñ=1aå{êSå�çSß�å"ðIý�áSå{ê[÷�Ý�çSâgðIé�ð
øhçSß�å"Þ�êSåj÷ âYðIä�á[íYà�Þ�ê[å)æ�âYï{ç�å{æ

J/ψ
áSä�Þ�Þ�êSå{áSá[âgðIé�Ý�é�æ9çSß�å�ñcå8Ý�òáSä�ê[å)ñcå)é�çnð
ø Ý
éLå)é�ß�Ý
é�ï)å{ñmå{é�çhð
ø�çSß�åOÞ�êSð^æ�ä�ïjç�âgð
é*ð
ø�áAç�êSÝ
é�ëIåiÞFÝ�ê[ç�âYï)íYå)á)ô���á[ß�ðIê[ç.ý�âgý�íYâgðIëIêSÝ
Þ�ß�àoð
øç�ß�å&�xõ���EQò�H��&HLß�å8Ý8÷�à�ò/âYðIéLÞ�êSðIë
ê�Ý
ñcñmåhâgá=�<åjøVá)ôkè �Dý�êFE�« öÃ�Dý�ê.E/E�öÃ�oý�ê.-/- ö��oë�Ý/E]Ù^öÃ�DëIë[EcÙ öÃ�DëIë/-/-IÝ ö

�DëIë/-/-
ýUö��DíYýHE�ë^ö��DíYýHEuL�ö��DñBýHE]Ù ö��DñTýwE/E ö��Dé�æHEêE�ö��oé�ç.E/EIÝ^ö��Dé�ç.E/E
ý�ögüaå8Ý/E3« ö��oÞ�ÞHE]Ù^öMüaå)Ý/E/E�ögüaå)ÿ�E�ë öõiáSÿ�E�ë ö�õiáSÿ�-XY�ö��wÝ
éw-�\^ö��*ígâ�EuL�ö���å{âp-�\�ö�H âgÿ�E/E^ö�Ü.å{éHE/EIÝ ö�Ü.å{éHE/E
ýUö��DêSñ�-�\�ö�H ä�á.-]\ ö��LÝ
æH-�\eízô
���������

J/ψ �������! #"$�%��&�')(
F;Ý�çSáSä�â Ý
é�æAH Ý�ç
�aÝ
êSëIä�å)æBçSßFÝ�çhÝDáSâYëIéFÝ
í�ð
ø�çSß�å¼�
�
�6øVðIêSñmÝ�ç�âYðIéó1að
ä�ígæ�ý
å1ç�ß�åxæ�âgá�Ý�Þ�Þ
å)Ý
ê�Ý�é�ï)åqð
øã�äFÝ
êSÿ�ðIé�âgÝTá[çlÝ�ç�å)ápíYâgÿ�åDç�ß�å

J/ψ
è¿F;Ý�ç
ÙuL¢í�ô�Gpß�å)á[åLá[çlÝ�ç�å)á<Ý
ê[å3ý�ðIä�é�æ�á[à^áAç�å)ñcápøVðIêSñcå)æfý�à�ïlßFÝ
êSñÝ
é�æ9Ý
é�ç�â5ò/ïlßFÝ
ê[ñµã�äFÝ
êSÿ�á��

cc̄
�WôpÜ.Ý�çSçSâgï{å0�
�xû%ï)Ý
ígï{ä�íMÝ�ç�âgð
é�áxáSß�ð`1¾çSßFÝ�çDÝ
ý�ð�÷
å"çSß�åBï{êSâ©ç�âgï)Ý
íUçSå)ñ_òÞ
å{ê�Ý�çSä�êSå

Tc
çSß�åxß�å)Ý:÷�à�ò/ã�äFÝ�êSÿBÞ�ð
çSå)é�ç�âgÝ
í âYá,å*�
å)ïjç�â©÷Iå)í©àBá[ï)ê[å)å)é�å)æ]âgéBçSß�å��
�
��öN1Qß�Ý�çiñcå8Ý
é�ánç�ßFÝ�ç

cc̄
ý�ðIä�é�æBá[çlÝ�ç�å)áhñmå{íYçnâgéBçSß�åañcå)æ�âgä�ñ�ô�Gpß�âgá,ñcå)í©ç�âYé�ëQÞ�êSð^æ�ä�ï{å)áiÝDá[ä�Þ�Þ�ê[å)á[áSâgð
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STAR data
PHENIX data
PHOBOS data
A=208, 6 % central
A=208, central
A=197, 6 % central
A=197, central
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á1ñmâ5ù^ç�ä�ê[å<ð�øuE/-�b%ð
ø�EoåDÝ
é�æ<Y,- bºð
ø±�À3

2

ô��aßFÝ
ê[ëIå)æ`Þ�Ý
ê[çSâgï)íYå)áOÿ�é�ð^ïlÿmðIä çaå{ígå)ïjç�ê[ðIé�á1ð
ø�ç�ß�åñmå{æ�âgä�ñ 1Qß�âgïlßUö�æ�ä�å�çSðcçSß�å��Få{ígæ�öwæ�ê[âYø�çpøVê[ðIñµý
ð�ç�ß�áSâgæ�å)áDð�øhç�ß�å�ï{å)é�ç�êSÝ
í�å{ígå{ï{ç�ê[ð æ�å"çSðcçSß�å�å{é�æï8Ý
Þ�á<ð�ønçSß�åEG��ß�®ï{à^ígâYé�æ�å{ê^1Qß�å)ê[åLçSß�å{àfÝ
êSåLæ�åjç�å)ïjç�å{æ�ô9Gpß�å"âYé�é�å{êpê�Ý
æ�âYä�ápâgá
rmin = 80

ï{ñ9ö�á[å{çý�àcçSß�åDñmÝ�ù âgñBä�ñ Ý
ï{ï)å)Þ çlÝ
ý�íYåoÞ�Ý
ê[çSâgï)íYåoæ�å)é�á[âYç/àcð
øu-�ô�YDÞ�Ý
ê[çSâgï)íYå)áOÞ�å)êaï{ñ å Ý
é�æmçSß�åDð
ä�ç�å{êqêSÝ
æ�âgä�áâgá
rmax = 250

ï{ñ9ô�Gpß�å"ð:÷Iå{ê�Ý
íYí�ígå{é�ë
ç�ß�Ý
íYðIé�ë_ç�ß�å"ý�å8Ý�ñÁæ�âYêSå)ïjç�âYðIé�âgá
l = 500

ï{ñ èé�3Ü�þ�-/-
ýXí�ô
� �=¡Z®Pº5°/§²¬�µ½¼�¡P¢£¾=¡%·¿§²¬\ÀÁµCº#§²¬\±¿·Â¤S¦$¥£§/¡�¨ 33é�åið�ø^çSß�åOñmð
á[ç�ïlßFÝ�ê�Ý
ïjç�å)ê[âgáAç�âgï,øVå)Ý�ç�ä�êSå)á.ð
øh�DÜ.þ��xõâgá]âYçSámï)Ý
ÞFÝ
ý�âgígâ©ç/à|çSð|âgæ�å)é�ç�â©ø�àÃÞFÝ
ê[çSâgï{ígå)á]ý�à¡æ�â��
å)ê[å)é�çcç�å)ïlß�é�âgã�ä�å{á)ô Gpß�å)ê[å�Ý
êSå�øVðIä�êcæ�åjç�å)ïjç�ðIê[áæ�å)æ�âgï8Ý�ç�å)æ�åWù�ï{ígä�á[âY÷
å)íYàfçSð]ÞFÝ
ê[çSâgï{ígå3âYæ�å)é�ç�â��Fï8Ý�ç�âgð
éfâgéfç�ß�åLï{å)é�ç�êSÝ
í�á[à^á[çSå)ñ�^

• G��<ûBô�Gpß�å`ñmÝ
âgé�ëIð�Ý
íOð
øaç�ß�å�G��oû¢âYá"çSß�å�âYæ�å)é�ç�â��Fï8Ý�ç�âgð
é�ð
øQå{ígå{ï{ç�ê[ðIé�á 1QâYç�ß�ñmð
ñmå{é�ç�ÝëIê[å8Ý�çSå)êOç�ßFÝ�é<Y��LåÑã�[�mjö^Ý
ígíYð,1Qâgé�ë*Ý�ç1çSß�å)á[åDå{é�å)ê[ëIâgå{á1ïlß�Ý
êSëIå{æ�Þ�âYðIécêSå��[å{ï{çSâgðIéO1Qß�âgïlßcâgáOé�ð�çÞ�ðIáSá[âgý�íYåBøVðIê3çSß�å G��ß�Dô�þ/é�Ý�æ�æ�âYçSâgðIéUö
ç�ð
ëIå{çSß�å)êW1Qâ©ç�ß�ç�ß�å_þ¡G�H¥Ý�é�æ G��&�Dö�çSß�å G��<û 1QâYígíÞ�å)êAøVðIêSñ�^oçSß�å_ñmå)Ý
áSä�êSå)ñcå)é�çLð
øqå)íYå)ïjç�êSð
é�ÞFÝ
âgê[áDç�ð�áAç�ä�æ�à6ígâgë
ß�ç3Ý
é�æ¥ß�å)Ý:÷�à�ñcå)á[ðIé¥áSÞ�å)ïWòçSêSðIá[ï)ðIÞ�à � çSß�åBñcå8Ý
á[ä�êSå{ñmå{é�çDð
øhç�ß�å"Þ�êSð^æ�ä�ïjç�âYðIé9ï{êSðIá[áDá[å)ï{çSâgðIé9ð
øiñcå)á[ðIé�áX1QâYç�ß;Ýmß�å)Ý8÷^àã�äFÝ
ê[ÿfç�ß�ê[ðIä�ëIß�ç�ß�å{âgêQæ�å{ï8Ý8à;ïlß�Ý
é�é�å{í�âYé�çSð]å)ígå{ï{çSêSðIé�á � çSß�å"ñmå)Ý
áSä�ê[å)ñcå)é�çoð
øhçSß�å�æ�âgígå{Þ�ç�ð
éï{ðIé�ç�âgé�ä�ä�ñ¢ðIêSâYëIâgé�Ý�ç�å{æ�ý�à�ûDê[å)ígí5ò©NqÝ
é�Þ�êSð^ï)å{áSáSå{á � Ý
é�æ`çSß�å*âgæ�å)é�ç�â��Fï8Ý�çSâgðIé`Ý
é�æ�áSå{ÞFÝ
ê�Ý�ç�âgð
éð
ø
J/ψ

ñcå)áSð
é�áTÞ�ê[ð æ�ä�ï)å)æ|ý�à|ü%æ�âYáSâYé�çSå)ëIêSÝ�ç�âYðIé¥øVêSðIñ ç�ß�ðIáSåmÞ�êSð^æ�ä�ï{å)æ�æ�âYêSå)ïjç�í©à¥âgé|çSß�åï{ðIígíYâgáSâYðIé�ôEGpß�å G��<û¶æ�å{ç�å{ï{çSðIê*áSä�ê[êSðIä�é�æ�áLç�ß�å G��ß��Ý�é�æ¥ï)ð:÷Iå{êSáLç�ß�å_áSÝ
ñmåTÝ
ï)ï{å)Þ�ç�Ý
é�ï)å�ô
Gpß�âYáTæ�åjç�å)ïjç�ðIêBï)ðIé�á[âgáAç�áTð
øxáSâ©ù�êSÝ
æ�âMÝ�ç�ðIê"íMÝ8àIå{êSá{öiå8Ý
ïlß�ï{ðIñmÞ�ðIá[å)æ�ð
ø
Y0-/-9Þ�ðIíYà^Þ�ê[ðIÞ�à^ígå)é�åá[ß�å)åjç�á)ö}1Qß�âYïlß¥Þ�êSð^æ�ä�ï{åBç�êSÝ
é�áSâ©ç�âYðIé6ê�Ý�æ�âMÝ�çSâgðIéö1Qß�å{é¥çSê�Ý8÷Iå{êSá[å)æ�ý�à;êSå{íMÝ�çSâY÷^âgáAç�âgï"ÞFÝ
êAç�âYï)ígå{á)ö
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Ý
é�æ�ð
øqÝ�GQõß� 1QâYêSåTïlßFÝ�ñTý
å{ê��FíYígå)æn1QâYç�ßÂa3åTâYé 1Qß�âgïlß�çSß�åBç�êSÝ
é�á[âYç�âYðIé;êSÝ
æ�âgÝ�ç�âYðIé;âYáDæ�åWòçSå)ï{çSå)æÜèé�DÜ.þ�-�Y5ízô
• G/3��aô°Gpß�âgáiâgáOÝ�émÝ�êSê�Ý8àBð
ø
çSâgñcåxð
ø�TFâgë
ß�ç,æ�å{çSå)ï{çSðIêSá{ö ð
Þ�ç�âYñmâ��)å)æ�øVðIêiíMÝ
ê[ëIåpÝ
ï{ï)å{Þ�çlÝ
é�ï)åoÝ
é�æøVðIêhñmðIñcå)é�ç�Ý<øVêSð
ñ -�ô¿ë<çSð
\ ô¿ë��LåÑã�[�mjö�ÝDê[å)ëIâYðIé 1Qß�å{êSåxçSß�å
lV¡=©�lª}]çSå)ïlß�é�âgã�ä�åpâgá�é�ð*ígð
é�ëIå)êå.�Uå{ï{ç�â©÷IåxçSð*áSå)Þ�Ý
ê�Ý�çSå8�ÂÝ
é�æ

π
ñcå)áSð
é�á)ô;Gpß�åÀG/3
�6æ�å{ç�å{ï{çSðIêSá~1QâYígí�ý
åpÞ�íMÝ
ï{å)æTâYéTç�ß�åxð
ä�ç�å{êÞFÝ�ê[çpð
ø�çSß�å4G��<ûBö�ï{ð:÷Iå)ê[âgé�ëTçSß�å*ï)å{é�ç�ê�Ý�íUÞ�á[å)ä�æ�ð
ê�Ý
Þ�âYæ�âYç/àmêSå{ëIâgð
é |η| < 0.9 � âYçSáaâYé�é�å)êaÝ
é�æðIä ç�å)êLêSÝ
æ�âgâ,Ý
êSåA��ô «`ñ Ý
é�æ:��ô Efñ9ö.ê[å)áSÞ�å)ïjç�â©÷Iå)í©àIô Gpß�å G/3��Äá[à^á[çSå)ñÀâgæ�å{é�ç�â���å)á*ÞFÝ
êAç�âYï)ígåñmÝ
áSá[å)á]øVêSðIñ ç�ß�å{âgêTçSâgñcå`ð
ø/TFâgëIß�ç_øVê[ðIñ ç�ß�å�âYé�ç�å)êSÝ
ï{çSâgðIé�Þ�ðIâYé�ç_çSð�ç�ß�å�æ�åjç�å)ïjç�ðIê{ô Gpß�å

G/3��·æ�åjç�å)ïjç�ðIêDæ�å)á[âgëIé6âYáDýFÝ�áSå)æ¥ðIé9ç�ß�åAF�ä�íYçSâ©ò/ëIÝ
Þá�Qå)á[âgáAç�âY÷
åjò��OígÝ�ç�å��aßFÝ
ñTý�å)ê��TFá���ß�¼�çSå)ïlß�é�ð
ígðIë
à � âYç�áBâgé�æ�â©÷^âgæ�äFÝ�íqñcð æ�ä�ígå{áTÝ
ê[åfë�Ý
áAòT�FígíYå)æ�ÞFÝ
ê�Ý�ígígå{íqÞ�íMÝ�çSå`ïlßFÝ
ñTý�å)ê[á_âgé 1Qß�âYïlßçSß�å)ê[åoâYáqÝ�écä�é�âYøVðIê[ñ Ý
é�æcß�âYëIß]å)ígå{ï{çSêSâgï8��å)ígæcð:÷Iå{ê1çSß�å)âYê~1Qß�ðIígåQá[å)é�á[âYç�â©÷Iå<ë�Ý
á[å)ðIä�áO÷Ið
ígä�ñcå
ô
�oé�àmâgð
é�â��)Ý�ç�âYðIé_Þ�êSð^æ�ä�ï{å)æ`ý�àmÝ"çSß�êSð
ä�ëIß`ëIð
âgé�ëLïlßFÝ
ê[ëIå)æ�ÞFÝ
ê[çSâgï{ígåQâgñcñmå{æ�âMÝ�ç�å)í©àBáAçlÝ
êAç�áaÝ
éÝ8÷�Ý
íMÝ�é�ïlß�å�1Qß�âYïlßfå{÷Iå{é�ç�äFÝ
íYíYà�ëIå)é�å{ê�Ý�çSå)áQÝTá[âgëIéFÝ�í
âYé`ç�ß�å3Þ�âgïlÿIò/ä�Þ�å{ígå)ïjç�ê[ð æ�å{á)ôK�oáxç�ß�å{êSå*âgáé�ðQç�âYñmåhæ�êSâ©ø�çnÝ
áSá[ð ï{âMÝ�çSå)æ*ç�ðQç�ß�åOñcð:÷Iå)ñcå)é�çnð
ø^ç�ß�åOå{ígå)ïjç�ê[ðIé�á.âgé�ç�ð<ÝQêSå{ëIâgðIéLð
ø ß�âYëIßLå)ígå{ï{çSêSâgï
�Få{ígæ�ö�çSß�åTç�âYñmå¼�[âYç[ç�å)êoâgá3ï)Ý
ä�á[å)æ�ðIé�íYà9ý�à�TFä�ï{ç�ä�Ý�ç�âYðIé�á*ð
øOç�ß�å]Ý:÷�Ý
ígÝ
é�ïlß�åBëIêSð,1pç�ßUô¼Gnå)á[çSáð
ø�áSåj÷Iå{ê�Ý
íBFá���&�ÂÞ�êSð�ç�ð
ç/à^Þ�å)á<áSß�ð,1¾Ý_ç�âYñmåDêSå)á[ðIígä ç�âgð
éfý
åjçSç�å{êpç�ßFÝ
é �[-_Þ�á�è �3Ü�þ�-/-IÝ�ízô

• ��Fá�iþ�ûBô�Gpß�âYáTæ�å{çSå)ïjç�ðIê_âYá_Ý;áSñmÝ
íYíqáAà áAç�å{ñÈáSÞ�å)ï{âMÝ
íYâ��)å{æ�âgéÞ�oâgë
ß F9ðIñcå)é�ç�ä�ñ3�hÝ�ê[ç�âYï)íYåþ�ûDå{é�ç�â���ï8Ý�çSâgðIé�ô¼Gpß�âgá*áAà áAç�å{ñ âgæ�å{é�çSâ��Få{á*êSå{íMÝ�çSâY÷^âgáAç�âgï�ÞFÝ
êAç�âgï{ígå{áDç�ß�ê[ðIä�ëIß6çSß�å]å)ñcâgá[áSâgð
é�ð
ø
�aå{êSå)é�ÿ
ð:÷·íYâgëIß�ç8ô Gpß�åG��Fá�iþ�û¹ï)Ý
é·ñcå8Ý
á[ä�êSå�å)é�å{êSëIâYå)ácøVêSðIñ Y9çSð�ëÞ�*åÑãTö\1Qß�âYïlßÄÝ
ê[åå{áSáSå{é�ç�âMÝ�ígíYà]ê[å)ígÝ�ç�å{æmç�ð�ßFÝ
ê[æ`Þ�êSð^ï)å{áSá[å)á)ôß�FðIêOç�ß�åi�Qþ��8�®æ�åjç�å)ïjç�ðIêqð
ø�çSß�å���Fá�iþ�û�á[à^á[çSå)ñ�öÝfígâYã�ä�âgæ9ê�Ý
æ�âgÝ�ç�ð
êDßFÝ
á*ý�å)å{é¥ïlß�ðIáSå{é�öný
å{ï8Ý
ä�á[å_ígâYã^ä�âgæ�á3ß�Ý:÷
å]ÝfáSä�â©çlÝ
ý�íYåBê[å{øVê�Ý�ï{ç�âYðIé�âgé�æ�åjùÝ�çqç�ß�å{áSå3å{é�å)ê[ëIâgå{á���Y{ò�ë��LåÑã��OøVðIêOç�ß�åoñmå)Ý
áSä�êSå)ñcå)é�çað
ø

π
ö^ÞfÝ
é�æ �¾ñcå)á[ðIé�á)ô�Gpß�å3ïlß�ðIá[å)éêSÝ
æ�âMÝ�ç�ðIêLâgá0�

6

�
4

�
4

ý�å)ï8Ý�ä�áSå`â©ç�á0�aå)ê[å)é�ÿ�ð�÷|ígâYëIß�ç�âYá�âYé�çSß�åmø�Ý
ê"ä�í©ç�ê�Ý8÷^âgð
ígå{çh1aÝ8÷Iå)íYå)é�ë�ç�ßê[å)ëIâYðIéä�
λ <= 200

é�ñ¦�LÝ
é�æ�ý
å{ï8Ý
ä�áSå�çSß�âgá"âgáLç�ß�åmðIé�í©à¥ígâgã�ä�âYæ�çSê�Ý
é�áSÞFÝ
ê[å)é�çBçSð;íYâgëIß�ç"âgéçSß�âgáh1xÝ8÷
å)ígå{é�ë
çSß�ê�Ý
é�ëIå
ô`Gpß�åmëIå)ð
ñmåjç�ê[à¥ð�øxç�ß�åcê�Ý�æ�âMÝ�çSðIê*âgá"ð
øxçSß�åcÞ�êSð8ù âgñcâYç/à6øVð^ï)ä�áSâgé�ëç/à^Þ�å
ô��oá,Þ�ß�ð
çSðIéTæ�åjç�å{ï{ç�ð
ê)ö�Ý��aá[þ.Þ�ß�ð
çSð�ò/ï)Ý�ç�ß�ð^æ�å1âgéTï{ðIéV�[ä�é�ï{ç�âYðIéB1Qâ©ç�ß_Ý�FVI �ß� 1QâYígí�ý�åä�á[å)æ�ô9Gpß�å"æ�å{çSå)ï{çSðIêI1QâgíYí�ý
åLï{ðIñmÞ�ðIá[å)æ�ð
ø,á[å{÷
å)é6ñcð æ�ä�ígå{áxâgé�Ý]ï8Ý
íYð
ç[ò@ígâgÿ�å3Ý
ê[ê�Ý
é�ëIå)ñcå)é�ç8ô
��Fá�iþ�û�âgáaÞ�íMÝ
ï{å)æ�Ý
áxø�Ý
êxÝ
áQÞ
ðIá[áSâYý�ígåDøVê[ðIñ�ç�ß�åLþ��¡çSð]ñmâYé�âgñcâ��{åQçSß�åLæ�å)é�áSâYç/à�ð
øhÝ
êSê[âY÷^âgé�ëÞFÝ�ê[ç�âYï)íYå)á
è �3Ü�þ�E]Ù¢í�ô

• ���%3�H [
õßFI�xÝ
ízô Gpß�å;Þ�ä�êSÞ�ðIáSå9ð
ø3ç�ß�å)áSå9æ�å{çSå)ïjç�ðIê[á�âgá]ç�ð�ñcå8Ý
á[ä�êSå�é�å)ä ç�ê�Ý�íoÞFÝ�ê[ç�âYï)íYå)á)ô
���43
H�âYá�æ�å)áSï{êSâYý
å{æ�âgé�æ�å{ç�Ý
âgíOâgéÞ�aßFÝ
Þ�ô ��ô Gpß�åmÞ�êSð
Þ
ðIá[å)æ�õßFI�xÝ�í���õiíYå)ï{çSêSðkF9Ý
ëIé�åjç�âgï
�n�DÜ.ð
êSâgñcå{çSå)ê
�fï{ð:÷Iå)ê[á6Ý
é®Ýc�{âgñTä�çSßFÝ
íLÝ
ï{ï)å{Þ�çlÝ
é�ï)å|ð�ø¦Y�\ê- � Ý
é�æ YIô �¡ä�é�âYçSá�ð
øTÞ�á[å)ä�æ�ð�òêSÝ
Þ�âgæ�âYç/àIö.ï{å)é�ç�å{êSå)æ�Ý�çLñmâYæ ò/êSÝ
Þ�âYæ�âYç/à
ôTþ@ç"âgáLÞ�êSð
Þ
ðIá[å)æ¥ç�ð�ý
åcÝ��iý�á[ï)âgé�çSâgígígÝ�ç�ð
êDá�Ý�ñmÞ�íYâgé�ëï)Ý
ígðIê[âgñcå{çSå)êhï{ðIé�á[âgá[çSâgé�ëDð
ø=Y,E�ö�Y�ë]\<çSð`1qå)ê[ái�

114×168
âgéTçSß�å

η×φ Þ�íMÝ
é�åe�jö
ð
ø�\]ëoê�Ý�æ�âMÝ�çSâgðIéíYå)é�ë
çSß�áxç�ß�âgïlÿ�é�å)á[á)ô Gpß�åLä�íYçSâgñmÝ�ç�å<Þ�ä�ê[Þ
ð
áSåLð
ø.ç�ß�åLõßFI�xÝ�í�âgáaçSðcåWù^ç�å)é�æ�çSß�å
pT

ê�Ý
é�ë
å*ð
øçSß�åpðIý�á[å)ê[÷�Ý
ý�ígå)áhá[ç�ä�æ�âgå{æ_âgéR�3Ü�þ��xõpô�õßFI�xÝ
íG1Qâgígí�ý�åxï8Ý�ÞFÝ
ý�íYåxð
øFø�Ý
áAç,ç�ê[âgëIëIå{êSâYé�ë�ö`1Qß�âgïlß]âgáå{áSáSå{é�ç�âMÝ�í�øVðIêOå{é�ßFÝ
é�ï{âgé�ë"ç�ß�å<á�Ý�ñmÞ�íYåQð
ø�åWù çSêSå{ñmå{íYà]ß�âYëIß ò
pT

å{ígå)ïjç�ê[ðIé�á)ö
π0 Ý
é�æ γ ê�Ý8à^á)ôiþ/éï{ðIñTý�âYéFÝ�ç�âYðIéO1QâYç�ßmç�ß�å��DÜ�þ��xõÃçSê�Ý
ïlÿ�âgé�ëTá[à^á[çSå)ñ�ö�õßFI�xÝ
í91QâgíYí�Þ�êSð:÷^âgæ�å3åWù ï)å)íYígå{é�çaå)é�å{êSë
à
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Ö
Ý
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ÒAÞ�Ø
Ñ#ß`1�Ò´Ý�à5Ò^áâÒ´ã^áâßCÝh1JÖzá
ÑOä�å5ÒhæCÝâÚ�å�ç�Þ
è Ú¶Ý~Özá�éÂÚ¶å5àëê\ç èÙè Ú�ì´ÖÙí ç#áâÑ�Ú è ã£ß²î¶Ò´Ý
Ú¶æCÒhÖÙå�á
Ñ5ÒmÛ5Ø~Ò´ç5à5ß¶ÝâÚ¶Û5Özà5Özá�é�ÝâÚ¶å#æCÒ

1.8 < η < 2.6 ï�ð áó1JÖ èÙè+ñ Òí�ß¶ç5å½áâÒ´àÜßCåËá
Ñ5Ò�ò=óVíÔÚ¶æ¶å5Ò£árà#ß%ßCÝ£ô�Ú�áöõ ïø÷ íùê\Ý~ßCíùá
Ñ5Ò ð Óúô#ÖÙåËê\Ý
ß¶åMáJß�ê+á
Ñ5ÒZà5ÖÙí ç5ßCåÐØ
Û¿Ò´ã^áâÝ~ßCíhÞÒ£á
Ò´Ý ïGrÑ5ÒÜß ñ Ø
Ò£Ý~î�Ú ñ5è Ò´ØmíûÒªÚ¶Ø~ç5Ý
Ò£à ñ é­áâÑ5ÒÜÓ)ü�ÕÅÚ¶Ý
ÒÔÛ5Ñ5ß¶á
ßCåýíVç è á
ÖÙÛ è ÖÙã£Özá�éTÚ¶å#à�Û#Ñ5ß¶áâß¶å�Ø~Û�Ú�á
ÖþÚ è
à5ÖÙØ�áâÝ~Ö ñ ç#á
ÖÙßCå ï GrÑ5Ò£Ø
Ò�ß ñ Ø
Ò£Ý~î�Ú ñ5è Ò´ØI1JÖ èzè Ú èzè ß,1ÿáâßhØ~á
ç5à#éËá
Ñ5Ò ê\ß èÙè ß`1JÖzå5æ á
ßCÛ5ÖÙã£Ø �
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• Õ�Ò£áâÒ£Ý
íûÖÙå�Ú�áâÖÙß¶åÔß¶ê=áâÑ#ÒPÝ
Ò´Ú¶ã£á
ÖÙßCåËÛ è Ú¶å5Ò!Ú¶å5àÐÛ5Ý~ß ñ Ò´Ø�ß¶ê=á
Ñ5Ò´Ý~íÔÚ è ÖÙì´Ú�áâÖzßCåmî%ÖÙÚ Ø~á
ç5à5ÖzÒ´Ø�ß¶ê=á
Ñ5Ò
Ú¶ì£ÖÙíVç%áâÑ�Ú è Ú¶å5ÖÙØ~ß¶áâÝ~ßCÛ½éÐÚ¶å#àVT�ß,1 ï

• � Ý~Özá
ÖÙãªÚ è Û#Ñ5Ò´å5ß¶í�Ò£å�Ú å5Ò´Ú¶Ý�á
Ñ5Ò����ZÓýÛ#Ñ�Ú¶Ø
Ò ñ ß¶ç5å5à�Ú¶Ý�é è ÒªÚ¶à#ÖÙå5æZáâß¾T�ç5ã£á
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Ò´Ý�î�Ú ñ5è Ò£Ø Ú¶Ø�íVç è á
ÖÙÛ è ÖÙã£Özá�éCô#í�Ò´Ú¶å�áâÝ
Ú¶å5Ø�îCÒ´Ý~Ø
ÒmíûßCíûÒ´å½áâç5íÅÚ¶å#àëÛ5Ø
Ò£ç5à5ßCÝ
Ú¶Û5Özà5Özá�é à5ÖzØ~áâÝ~Ö Þ
ñ ç%áâÖÙß¶å5Ø ï

• � ÖÙæCå�Ú è ØËß¶ê�ã Ñ5ÖzÝâÚ è Ø�é�í�íûÒ£á
Ý~éÏÝ~Ò´Ø�áâßCÝ
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ç5Ý~Ò´íûÒ´å½á ß¶ê�Û5Ñ5ß¶á
ßCå¯Ú¶å5àã Ñ�Ú�Ý
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Ñ5ÒPÛ5Ý~Ò^Þ�Ø~Ñ5ß,13Ò£ÝJà5Ò£á
Ò´ã£á
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Ñ5Ò´Ý~Ò^1JÖ èÙè�ñ ÒîCÒ^áâßZà5Ò£á
Ò´ã^áâßCÝ~Ø6á
Ñ�Ú�á6Ý~Ò%$~Ò´ã^á6ã Ñ�Ú¶Ý~æCÒ´àûÛ�Ú¶Ý�áâÖÙã è Ò£Ø ï'& Ñ#Ò�áâÑ5Özã�(�å#Ò´Ø
Ø)ß¶ê�áâÑ#Òöã£ßCå½îCÒ£Ý~áâÒ£Ý6ÖÙØQßCÛ#á
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Ø
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Ø
Ò Ø
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Ø
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í�Ú èÙè*) Ø
ß5ôNá
Ñ5ÒhØ
Ñ5ß,1�Ò´ÝZß/îCÒ£Ý è Ú�ÛuÖzåuÚËÑ5ÖÙæCÑ�Þ�íVç è áâÖzÛ è Özã´Özá�éÔÒ´å½î�ÖÙÝ~ßCå5íûÒ´å½á�ÖÙØPíûÖÙå5Özí�Özì´Ò£à ï
& Ñ5Ò�ßCÛ#áâÖzíÔÚ è ã´ßCå½î¶Ò´Ý~á
Ò´Ý!á
Ñ5ÖÙã�(Må5Ò£Ø
Ø�ÖÙØrê\ßCç5å5à áâß ñ Ò�ó X0 ï,+ Ò´Ñ5Özå5àÂá
Ñ5Ò�ã´ßCå½îCÒ£Ý~á
Ò´Ý!á
Ñ5Ò´Ý~Ò 1JÖ èÙè$ñ ÒÚ ñ ßCç#á

2×105 ã£Ò èÙè ØNä èÙè Ò´àW1JÖ áâÑ�Ú�æ½Ú¶Ø~Ò´ßCç#Ø+íûÖ.-�á
ç5Ý
Ò?ß�ê0/�Ý=Ú¶å5à �21 2

ô²ÒªÚ¶ã ÑZß¶ê43Qã´í65+Ú¶Ý
Ò´Ú879/Pò ð E/E�à;: ï
< ¡M°²±¯ÎÜ¡>=�°²¡M¡%¥ ¸�º�¼\±�°�¬I¨­¡½§/¡M°�¥ & Ñ5ÒÐ�NÕ �@? ØVÚ¶Ý
ÒûÖÙå ã Ñ�Ú¶Ý
æ¶ÒËß¶ê�á
Ñ5ÒÔà5Ò^áâÒ£ã£áâÖzßCå ß¶ê�Ø
Û¿Ò´ã£áâÚ�áâß¶ÝåMç5ã è Ò´ßCå5Ø�Ú¶å5àÐß¶ê=áâÑ#ÒPí�Ò´Ú¶Ø
ç#Ý
Ò´íûÒ´å½áJß¶ê$á
Ñ5Ò´ÖzÝ�Ò´å#Ò´Ý
æ�éCô 1JÑ5Özã ÑÐÖÙØ�Ý~Ò è Ú�áâÒ£àÔáâßVá
Ñ5ÒPã´Ò£å½áâÝâÚ è Özá�é�ß¶ê=áâÑ#Ò
ã´ß èzè ÖzØ
ÖÙß¶å ï

ð åÂä;-%Ò´à�Þ�á Ú�Ý
æCÒ^á!ÒA-#Û¿Ò´Ý~ÖÙíûÒ´å½áâØCBEDF/WE ÷ ô�GH/HI[EKJ3áâÑ#Ò Ø
Û¿Ò´ã^á Ú�á
ßCÝöå�ç#ã è Ò£ßCå5Ø£ô91JÑ5Özã ÑML5éÂÚ013Ú/é ÖzåáâÑ5Òmê\ßCÝj1�Ú�Ý
àuà5ÖÙÝ~Ò´ã£á
ÖÙßCåSô=Ú¶Ý
Òhç5Ø~ç�Ú èÙè éëÖzåMá
Ò´Ý~ã´Ò´Û%áâÒ´à ñ é �NÕ � à5Ò^áâÒ£ã£áâß¶Ý
Ø�Û è Ú¶ã£Ò´à Ú è ß¶å5æËáâÑ5Ò ñ ÒªÚ¶í
Ú#-%ÖÙØ ïÁð åÔã£ß èÙè ÖÙà5Ò£Ý?ÒN-%Û¿Ò´Ý~ÖÙíûÒ´å½áâØ£ô è ÖO(¶ÒP/!ò ðQ�,R ô½áâÑ#Ò�íûÒ£á
Ñ5ß%àûÖÙØQØ~ÖÙæCå#Özä�ã´Ú¶å½á è éVà5ÖS";Ò´Ý~Ò´å½á ïT& é�Û5ÖÙã´Ú èÙè éCôáâÑ5Ò ñ Ò´Ú¶í�Ø3Ú¶Ý
Ò!à5ÒUL�Ò£ã£á
Ò´à ñ é�íûÒªÚ¶å5Ø3ß¶ê$á213ßhØ~Ò´Û�Ú¶Ý
Ú�áâÒ£àÐà5ÖÙÛ¿ß è Ò´Ø�Ú�árÚVã´Ò£Ý~áâÚ¶ÖÙåËà#ÖÙØ~áâÚ¶å5ã£Ò!ê\Ý
ßCí áâÑ#Ò
ÖÙå½áâÒ£ÝâÚ¶ã^áâÖzßCåÜÛ;ßCÖzå½áªô5ß¶êúáâÑ5ÒZßCÝ~à5Ò´Ýöß¶ê?õê-híEÖÙåÜáâÑ5Ò�/!ò ðQ�,R ã´Ú¶Ø
Ò�ô;ÖzåÜßCÝ
à5Ò£ÝráâßûÝ
ÒªÚ�ã ÑÂáâÑ#Ò�å5ß¶í�Özå�Ú èà5ÖÙØ�á Ú¶å#ã´Ò ñ Ò£á21�Ò´Ò£åëáâÑ5Ò ñ Ò´Ú¶í�ØVBQ3 ÷C÷ íûíEê\ßCÝ�á
Ñ5ÒVò  @� J ï�& Ñ5Ò´Ø~ÒmíÔÚ¶æ¶å5Ò£á
Ø 1JÖ èÙè Ú è Ø~ßÔà5ÒNL�Ò´ã^áPáâÑ#ÒØ
Û¿Ò´ã^á Ú�á
ßCÝ$Û5Ý
ß�áâßCå5Ø£ô�Ø~Ò´Û�Ú�ÝâÚ�á
ÖÙå5æráâÑ#Ò´íeê\Ý~ßCí á
Ñ5Ò6Ø
Û¿Ò´ã£áâÚ�áâß¶Ý+å#Ò´ç#á
Ý
ßCå5Ø}1JÑ5Özã Ñ ñ Ú¶Ø
ÖzãªÚ èzè éWL5éZÚ01�ÚªéZÚ�á
ì´Ò£Ý
ßmà5Ò£æCÝ
Ò£Ò ïQð árÖzØ�áâÑ#Ò´Ý
Ò^ê\ßCÝ
Ò!ã´ßCå5ã£Ò´Û#á
ç�Ú èzè é�Û;ßCØ~Ø
Ö ñ5è ÒöáâßVÛ è Ú¶ã´Ò ñ Ò^á213Ò£Ò´åÜáâÑ5Ò!Ø
Ò´Û5Ú¶ÝâÚ�á
ÖÙßCåÔà5ÖÙÛ¿ß è Ò£Ø´ôÚ�á ñ ß�áâÑ�Ø
ÖÙà#Ò´Ø+ß¶ê#á
Ñ5Ò ð Ó+ô�ÚöØ~Ò£á?ß�ê#á21�ß!à5Ò^î%Özã´Ò£Ø´ô¶ß¶å5Ò�ß�ê#áâÑ#Ò´í ô�Û¿ßCØ
Ö áâÖzßCå5Ò´à ñ Ò£á21�Ò´Ò´å�áâÑ5Ò6á213ß ñ Ò´Ú¶íûØáâß�ÖÙå½áâÒ£Ý
ã´Ò£Û#á�á
Ñ5ÒPØ
Û¿Ò´ã^á Ú�á
ßCÝ�å5Ò£ç#áâÝ~ßCå5Ø£ô5Ú¶å5àËá
Ñ5Ò!ß�áâÑ5Ò£Ý�ßCå5Ò�ô#ÒN-�á
Ò´Ý
å5Ú è á
ß áâÑ5Ò!ßCç#áâæ¶ßCÖÙå5æ ñ ÒªÚ¶í ô�á
ß
ã´ß èzè Ò£ã£á!á
Ñ5ÒmØ
Û¿Ò´ã^á Ú�á
ßCÝ Û5Ý~ß¶áâßCå#Ø ïV& Ñ#Ò´Ø
Òhà5Ò^áâÒ£ã£áâß¶Ý
ØZíVç5Ø�á ñ ÒmÒA-%á
Ý
Ò£í�Ò è éÂã´ßCíûÛ�Ú¶ã^áªô ñ Ò´ãªÚ�ç5Ø
ÒmáâÑ#ÒØ
Û�Ú�ã´Ò ñ Ò£á21�Ò´Ò£åuá
Ñ5ÒVØ
Ò£Û�Ú¶Ý
Ú�áâÖzå5æËà5ÖzÛ;ß è Ò´Ø�ÖÙØ�î¶Ò´Ý�éëØ
í�Ú èzè Ú¶å#àëáâÑ5Ò á
ÝâÚ¶å#Ø~îCÒ£Ý
Ø~Òûà#ÖÙíûÒ´å5Ø~ÖÙßCå5Øöß¶ê6áâÑ#Ò
å5Ò´ç%áâÝ
ß¶åëà5Ò£î�Özã´Ò ã´Ú¶å5å5ß�áPÒN-%ã£Ò´Ò´àTÖzåëÚ¶å½é ãªÚ¶Ø~Ò áâÑ#Ò à5ÖzØ~á Ú�å5ã´Ò ñ Ò^á213Ò£Ò´åOáâÑ5Ò�áâÑ5Ò�á213ß ñ ÒªÚ�íÅÛ#ÖÙÛ¿Ò´Ø´ô
Ú¶å5à ñ Ò´ã´Ú¶ç5Ø~ÒVØ
Û¿Ò´ã^á Ú�á
ßCÝ!Û5Ý~ß¶áâß¶å5ØPÚ¶Ý~Ò ÒA-#Û¿Ò´ã^áâÒ£àëáâßÔê\ßCÝ~íÅÚ�Ø
Û¿ß¶á!Ø
Ò´Û5Ú¶ÝâÚ�á
Ò´àëê\Ý~ßCíEáâÑ5Ò ßCç#áâæ¶ßCÖÙå5æ
ñ Ò´Ú¶í ñ é ßCå è é ÚÂê\ÒC1×ã´í ïëð åýÚ¶à#à5Özá
ÖÙßCåNô+áâÑ5Ò^é 1JÖ èÙè ßCÛ¿Ò´Ý
Ú�áâÒÐÚ�ámÚ�Ñ5ÖzæCÑ Ý
Ú¶à5ÖþÚ�áâÖÙß¶å è Ò£îCÒ è ï Õ�ç5Òáâß áâÑ5Ò£Ø
ÒËã£ßCå5Ø~á
ÝâÚ¶Özå½áâØ�á
Ñ5ÒYXMç�Ú¶Ý�áâìûä ñ Ò£Ý ã´Ú è ßCÝ~ÖÙíûÒ£á
Ý~éëá
Ò´ã Ñ5å5ÖSXMç5ÒËÑ�Ú¶Ø ñ Ò£Ò´å8ã Ñ5ß¶Ø
Ò´å ïZ� Û¿Ò´ã£áâÚ�áâß¶ÝåMç5ã è Ò´ßCå5ØJæCÒ£å5Ò´Ý
Ú�áâÒ � Ò£Ý
Ò´å;(¶ß/î è ÖÙæ¶ÑMá�ÖÙå�XMç�Ú¶Ý~á
ì ä ñ Ò£Ý
ØráâÑ5Ú�áI1JÖ èzèNñ Ò ã£ß èÙè Ò´ã^áâÒ´à Ú¶å#àÂà5Ò^áâÒ£ã£áâÒ£à ï
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& Ñ5Òmå5Ò´ç%áâÝ
ß¶å­�NÕ � 1JÖ èÙè+ñ ÒmÛ è Ú¶ã£Ò´àTÚ�áh3^3�i ï 3/óÔí¹ê\Ý
ßCí ð Ó ï /�á á
Ñ5ÖÙØ�à5ÖÙØ�á Ú¶å#ã´Ò¶ôNá
Ñ5Òmå5Ò£ç#áâÝ~ßCåØ
Û¿ß¶á�Ø
ÖÙì£ÒQ1JÖ èÙè�ñ Ò!Ú ñ ßCç#á
0.6× 0.6

ã´íj5 ïT& Ñ5ÖÙØ�à5Ò£î�Özã´ÒQ1JÖ èÙè�ñ Ò!í�Ú¶à5Òöß¶êkXMç�Ú¶Ý�áâìöä ñ Ò£Ý
Ø�Ò´í ñ Ò´à5à#Ò´àÖÙåÜÚ áâÚ¶å½á Ú è ç5í í�Ú�áâÝ~Ö.-;ô%Ú¶å5àD1JÖ èzè Ñ�ÚªîCÒZà5Özí�Ò£å5Ø
ÖzßCå5Ø�ß�ê
7× 7× 100

ã£í6l 1JÑ5Özã Ñ Ú èÙè ß`1JØ�áâßhã´ß/îCÒ£Ý
áâÑ5Ò ÷ -�bùß¶êúáâÑ5ÒZØ~Ñ5ß,13Ò£Ý!æCÒ£å5Ò´Ý
Ú�áâÒ£à ñ éÜØ
Û¿Ò´ã^á Ú�á
ßCÝ
Øöå5Ò´ç%áâÝ
ß¶å5Ø ï	& Ñ5Ò�ä ñ Ò£Ýöà#ÖþÚ¶íûÒ£á
Ò´ÝrÖÙØöó�iCõ µ í ï
& 1�ßûãªÚ è ßCÝ
Özí�Ò^áâÒ´Ý~Øí1JÖ èzèSñ ÒZç5Ø
Ò£àNô�ßCå5Ò�Ú�áJÒ´Ú¶ã Ñ�Ø~ÖÙà5Ò ß¶ê+áâÑ#Ò ð Ó ï

& Ñ5Ò Û5Ý~ß¶áâß¶åë�NÕ � 1JÖ èÙè$ñ Ò�Û è Ú¶ã£Ò´àÂÚ�á!Úûà5ÖzØ~áâÚ¶å5ã´Ò�ß¶ê23^3²õ ï iCómíEê\Ý
ßCí ð Ó ï /�áöáâÑ#ÖÙØJÛ;ß¶ÖÙå½áªô�áâÑ#ÒØ
Özì´Òhß¶ê3á
Ñ5ÒhØ
Û¿Ò´ã^á Ú�á
ßCÝ�Û#Ý
ß¶á
ßCå5ØZØ
Û¿ß¶á�ÖÙØZå5ß è ßCå#æCÒ´Ý8�ZÚ¶ç5Ø~Ø
ÖþÚ�å ñ Ò´ã´Ú¶ç5Ø
Ò�ß¶ê)áâÑ5ÒûÖÙå;L5ç5Ò´å5ã£Ò�ß�ê3áâÑ#Ò
íÔÚ�æCå5Ò£á
Ø ïm& Ñ5Ò�E/-�b ß¶ê;áâÑ5ÒöÛ5Ý~ß¶áâßCå#Ø)ã£Ý
ßCØ~Ø�Ú¶å�Ú¶Ý~ÒªÚZß¶ê

12.6×2.8
ã´íj5ªôMã´Ò£å½áâÒ´Ý~Ò´àÐÚ�á@3,E ã£í�ê\Ý
ßCí

áâÑ5Ò ñ Ò´Ú¶í¹Ú#-%ÖÙØ£ô;ß¶å�áâÑ5Ò�ßCç#á
æCßCÖÙå#æ ñ ÒªÚ¶í Ø~ÖÙà5Ò ïH& 1�ßËà5Ò£î�Özã´Ò´Ø!ß¶ê 20.8 × 12 × 150
ã´í6lPí�Ú¶à5Ò�ß¶ê

õCõê-
µ
í�à5ÖþÚ�í�Ò^áâÒ´Ý@X�ç5Ú¶Ý~á
ìhä ñ Ò£Ý
ØZÒ´í ñ Ò´à#à5Ò´àuÖÙåuÚ ñ ÝâÚ�Ø
ØZíÔÚ�áâÝ
Ön-Âã´Ò´å½á
Ò´Ý
Ò£à Ú�áo30EÜã£í ê\Ý
ß¶í�áâÑ#Ò

ñ Ò´Ú¶íEÚp-#ÖzØI1JÖ èÙè;ñ ÒZã£ßCå5Ø~á
Ý
ç5ã^áâÒ£àq79/Pò ð E/E¶ÒN: ï
çõAjç ´srCtPuhvxwky{z |~}{��v�yN�Vu �8u�� �mtP���Vu�w�vk�'|��av�yU��u

& Ñ5ÒW/Pò ðQ�,R ß^"¿Þ è Özå5Ò�ê\ÝâÚ¶íûÒU��ßCÝc(h/ è ÖO�öß�ß¶áP79/Pò ð ôE/Pò ð%� I�:0ô ñ Ú¶Ø~Ò´àÔß¶å�áâÑ#Ò 1 ñ $~Ò£ã£á 1 Ý~ÖÙÒ´å½á
Ò´à �2���Ò´å½î�ÖÙÝ~ßCå5íûÒ´å½á�� 1�1�& 7��Jß%ß#:0ô=Ú èÙè ß��JØöáâÑ5ÒVÝ~Ò´ã£ßCå5Ø~á
Ý
ç5ã^áâÖzßCåuÚ¶å5àTÚ¶å�Ú è é�Ø
ÖzØPß¶ê6Û5Ñ½é�Ø
ÖzãªÚ è à5Ú�á ÚËã£ßCíhÞ
ÖÙå5æýê\Ý
ß¶í Ò£Özá
Ñ5Ò´ÝÂØ
ÖÙí ç è Ú�á
ÖÙßCå#ØÐßCÝ�íûÒªÚ¶Ø~ç5Ý
Ò£í�Ò£å½áâØ ï G�Ò^îCÒ´Ý�áâÑ5Ò è Ò£Ø
Ø´ô Û�Ú¶Ý~á�ß¶êVá
Ñ5Ò ã´ß�à5Ò ÖÙØ Ø~áâÖ èÙè
ÖÙå�� 1 � & �P/�G�ô è ÖO(�ÒËáâÑ5ÒÂüÂß¶åMá
Ò � Ú¶Ý è ßOã´ß�à5ÒM� R /�G & ó ï�� 3Z7�� R /!Ú�:öÚ¶å5à8áâÑ#ÒC$~Ò^áhØ
ÖzíVç è Ú�áâßCÝÓ'� &P �ð /�7 � $~ß � 3 ñ ô � $~ß � 3ªÚ#: ï

�ÁÖÙæCç#Ý
ÒZó ï I �a�^�%�>���8�{���n�W�%���K�%�� %��¡#�Q�{���n¢�¡Y¢{£����>�2¤>�{�Q���K�%¢����� Q ��¥¡K¦8�%�e�{�¥¡�§
& Ñ5Ò á Ú¶Øc(�ØöÛ¿Ò´Ý~ê\ß¶Ý
íûÒ´àÜÖÙåÐáâÑ#ÖÙØ�ê\ÝâÚ�í�ÒN�3ßCÝc(�ô5Ø
ç5íûí�Ú¶Ý
Özì´Ò´àÜÖzåM�úÖÙæ ï ó ï I%ô�Ú¶Ý
ÒPá
Ñ5Ò ê\ß èÙè ß��JÖÙå5æ �
3 ïPR îCÒ£å½á¨� Ò´å#Ò´ÝâÚ�áâÖÙß¶å � Õ!ÖS";Ò´Ý~Ò´å½áÐæCÒ£å5Ò´Ý
Ú�áâß¶Ý
ØÐÚ¶Ý~Ò�Ò£í�Û è ß/éCÒ´àÊà#Ò´Û¿Ò´å5à5Özå5æ ßCå�áâÑ5ÒëÛ#ÑMé�Ø~ÖÙãªÚ èØ�áâç5à5ÖzÒ´Ø6áâß ñ ÒöÛ¿Ò´Ý�ê\ßCÝ
íûÒ´à ) ê\ßCÝQÒN-#Ú¶íûÛ è Ò�ôMÓ'� &P �ð /¯ÖÙØQç#Ø
Ò´àûáâßZæCÒ£å5Ò´Ý
Ú�áâÒ'$~Ò£á
Ø)Ú¶å5à  �ðQ©¶ð G��7�� é�ç«ª�I^:=Ø
ÖzíVç è Ú�áâÒ´Ø�Ú  öðQ� Ò´å½î�ÖÙÝ~ßCå5íûÒ´å½á ï
�%ïPR îCÒ£å½áÂá
ÝâÚ¶å5Ø~Û;ß¶Ý~á � & Ñ5ÒOáâÝâÚ�å5Ø
Û¿ßCÝ~áËß¶ê�á
Ñ5ÒOæCÒ£å5Ò´Ý
Ú�áâÒ£à¯Û5Ú¶Ý~á
ÖÙã è Ò´ØÔá
Ñ5Ý
ß¶ç5æCÑÊáâÑ5ÒOà#Ò£áâÒ£ã£á
ßCÝí�Ú�áâÒ£Ý
ÖÙÚ è ÖzØÐà5ßCå5Ò ñ éÏá
Ñ5ÒuüÂßCå½á
Ò � Ú�Ý è ß­ã´ß�à5Ò´ØM� R /@G & ó ï�� 3Cô@� R /�G & I¬7�� R / ñ :Pß¶Ý�?ò�­H®�/�7¯��Ú¶Ø � 3N: ï`& Ñ#Ò�Ò£å5Ò´Ý~æ¶éÐà5Ò£Û;ßCØ~Özá
ÖÙßCåÜÖÙåËá
Ñ5ÒZà5Ò£á
Ò´ã^áâßCÝöÖÙØrØ�áâßCÝ~Ò´à ÖÙå¨°e±³²E´ ï
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ó ï Õ!ÖzæCÖzáâÚ è ÖzìªÚ�á
ÖÙßCå � & Ñ5Ò�Ø~á
ßCÝ
Ò£àZ°e±³²³´mÚ�Ý
Ò áâÝ
Ú¶å5Ø~ê\ß¶Ý
íûÒ´à ÖÙå½áâßûÚhã´ßCÝ~Ý
Ò´Ø~Û;ß¶å5à5ÖÙå#æ�Ò è Ò´ã^áâÝ~ÖÙãZØ
ÖzæCå�Ú è¿ ±.À^±³²³´�ÖÙåÐáâÑ5ÒZà5Ò^áâÒ£ã£áâß¶Ý�Á
I ï �JÒ´ã£ßCå5Ø~á
Ý
ç5ã^áâÖzßCåNôMáâÝâÚ�ã�(�Özå5æ�Ú¶å5àûÛ�Ú¶Ý~á
ÖÙã è ÒrÖÙà#Ò´å½áâÖ ä�ãªÚ�á
ÖÙßCåVê\Ý~ßCí á
Ñ5ÒJØ
ÖÙæ¶å�Ú è ØQÖzåûá
Ñ5ÒJà5Ò£á
Ò´ã^áâßCÝ ï

HJ�IHJ��� Â L6"$( 2 76"$(�"N 54 2 '6 #��ÃÅÄ¬Æ KÈÇCc 4)(�Ä KÈÇ�ÉaÇ�ÊÌË

ð ñ Ý~ÖÙÒUL#éTà5Ò´Ø~ã´Ý
Ö ñ ÒûÑ5Ò£Ý
ÒÔØ~ßCíûÒûÝ~Ò è Ò£î�Ú¶å½á�ê\Ò´Ú�áâç#Ý
Ò´Ø�ß¶ê3á
Ñ5ÒÔüÂßCå½áâÒ � Ú¶Ý è ßÂÒ^îCÒ´å½ámæ¶Ò´å5Ò£ÝâÚ�á
ßCÝ
Ø�Ý
Ò è Ò^Þî�Ú¶å½á3ê\ßCÝ)áâÑ5ÒPØ�áâç5à%éËß¶ê$á
Ñ5Ò Ó  �1�� Û¿Ò´Ý~ê\ß¶Ý
í�Ú¶å5ã´Ò�ô#Û�Ú�Ý~áâÖzã è Ò�Özà5Ò´å½áâÖ ä�ãªÚ�áâÖÙß¶åÔãªÚ�Û�Ú ñ Ö è Özá
ÖÙÒ£Ø6Ú¶å5àÐÑ�Ú¶Ý~àÛ5Ñ½é�Ø
ÖÙã£Ø ï
®8Í ��ÎÂ¢£É ð åOáâÑ5ÒhØ~á
ç5à#éOß�ê3Ñ�Ú�Ý
àTÛ5Ý
ß�ã´Ò£Ø
Ø~Ò´Ø��JÖzáâÑTÓ  @18� ��Òûç#Ø
ÒmáâÑ5Òmæ¶Ò´å5Ò£ÝâÚ�á
ßCÝ ß¶ê è ÒªÚ�à5ÖÙå5æßCÝ
à#Ò´ÝÐÛ5Ý~ß%ã£Ò´Ø
Ø~Ò´ØÂß¶ê�á
Ñ5Ò � á Ú�å5à�Ú¶Ý~à üÂß�à5Ò è ÓT� &P �ð /Ïi ï��^� ós7 � $~ß � 3 ñ ô � $~ß � 3ªÚ#: ïÐ& Ñ5Ò Û#Ý
ß�ã´Ò´Ø~ØÖÙå��JÑ5ÖÙã ÑÑ�3Ò�Ú¶Ý
Ò ÖÙå½áâÒ£Ý
Ò£Ø~áâÒ£àÏÖÙØûÛ5Ý~ßCí�Û%á�Û#Ñ5ß¶áâß¶åÏÛ5Ý
ß�à5ç5ã^áâÖzßCå ïÒ& Ñ5ÒÂà5ßCíûÖÙå�Ú�åMáûØ~ç ñ Û5Ý~ß%ã£Ò´Ø
Ø~Ò´Øã´ßCå½á
Ý
Ö ñ ç#áâÖzå5æhÚ�áráâÑ#Ò�Û5Ú¶Ý~á
ßCå%Þ è Ò£î¶Ò è Ú¶Ý~Ò¶ô

g + q → γ + q,

q + q̄ → γ + g.

BIó ïÓ� J

/!ØJí�Ú¶ÖÙå ñ Ú¶ã�(MæCÝ~ßCç5å5àÂÛ5Ý
ß�ã´Ò£Ø
Ø~Ò´Ø�ê\ß¶ÝöÛ#Ý
ßCíûÛ#áJÛ5Ñ5ß�áâßCå Û5Ý
ß�à5ç5ã^áâÖzßCåNô�Ñ�Ú¶Ý~à
2 → 2

� � Õ�Ø~ç ñ Û5Ý~ß�Þ
ã´Ò£Ø
Ø
Ò£Ø!ÖzåËáâÑ5Ò è Ò´Ú¶à5Özå5æmÛ�� � Õ�ßCÝ~à5Ò´ÝJÚ�Ý
ÒZã´ßCå#Ø
ÖÙà#Ò´Ý
Ò£àNô

q + q → g + g,

q + q′ → q + q′,

q + q̄ → q + q̄,

q + g → q + g,

g + g → g + g,

g + g → q + q′.

BIó ï óKJ

& Ñ5Ò´Ø~Ò�Û#Ý
ß�ã´Ò´Ø~Ø
Ò£ØW��Ò´Ý~Ò�Ø~ÖÙíVç è Ú�áâÒ£àËê\ßCÝ�ÔKÔTã£ß èÙè ÖÙØ
ÖzßCå5Ø�Ú�á √s = 5.5 & ÒÖÕ ïüÂßCÝ
Òöà5Ò^á Ú¶Ö è Ø6Ú ñ ßCç#á�Ó'� &P öð /eØ
ÖzíVç è Ú�áâÖzßCå5Ø?Û¿Ò´Ý�ê\ßCÝ
íûÒ´àûÖÙåmáâÑ#ÖÙØ6áâÑ5Ò£Ø
ÖÙØ)Ú¶Ý~Ò�æ¶ÖzîCÒ£åÔÖzå � Ñ5Ú¶Û ï iÚ¶å5àÜÖÙå�/�Û5Û;Ò£å5à5Ön- �!ï
ÎÂ¢N×S¢UØZÙ & Ñ#Ò  Ò´Úªî�é½Þ ð ßCå © Ò£á ð Göá
Ò´Ý
Ú¶ã£á
ÖÙßCåY�ZÒ£å5Ò´Ý
Ú�áâßCÝ  �ðQ©¶ð G@�Ú3 ï ó^i��3Ú¶Ø3Ò£í�Û è ß/éCÒ£àÔáâßZá Ú^(�ÒÖÙå½áâß�Ú¶ã£ã´ßCç5å½á�áâÑ5Ò ñ Ú¶ã�(MæCÝ
ß¶ç5å5àËÛ5Ý~ß%à#ç5ã´Ò£àËÖÙå  �ðQ� 7�� é�ç«ª�I^: ï'& Ñ5ÖÙØ�æCÒ´å5Ò£ÝâÚ�á
ßCÝ)ã´ßCí ñ ÖÙå5Ò£Ø3ÚV� � ÕJÞÖÙå5Ø~Û5ÖÙÝ~Ò´àhíûß%à5Ò è ß¶êe$~Ò^á)Û5Ý
ß�à5ç5ã^áâÖÙß¶å6�JÖ áâÑháâÑ5Òöò$ç5å5à�Ø~áâÝ~ÖÙå5æ�íûß%à5Ò è ß¶ê>$~Ò£á)ê\ÝâÚ¶æCíûÒ´å½áâÚ�áâÖzßCå ïm+ ÖÙå�Ú�Ý~éØ
ã´Ú è Özå5æq�JÖzá
ÑÛ� è Ú�ç ñ Ò£ÝÐæCÒ´ß¶í�Ò^áâÝ~é ÖÙØÜç5Ø~Ò´à á
ßýÒN-�áâÝ
Ú¶Û;ß è Ú�á
Òëáâß�Û5Ý
ß¶á
ßCå%Þ�å�ç#ã è Ò£ç5Ø Ú¶å5àÿåMç5ã è Ò´ç5Ø�Þ
åMç5ã è Ò´ç5Ø�ã´ß èzè ÖÙØ~ÖÙßCå#Ø ï G�ç5ã è ÒªÚ�Ý3Ø
Ñ5Ú¶à5ß��JÖÙå5æ Ú¶å5àËÛ5Ú¶Ý~á
ßCåËÒ´å#Ò´Ý
æ�éMÞ è ßCØ~Ø�Ú¶Ý~Ò�Özå5ã è ç5à5Ò£àËÖÙåûáâÑ5Ò  �ðQ©¶ð G��í�ß�à5Ò è Ú¶å5à ãªÚ�å ñ ÒZØ
Ò è Ò´ã^áâÒ´à ñ éÐáâÑ5ÒZç5Ø~Ò´Ý ï

& Ñ5Ò�ã Ñ5Ú¶Ý
æCÒ£àÔÛ�Ú�Ý~áâÖzã è Òrà5Ò´å5Ø~Özá�éûÚ�á)íûÖÙà%Þ�ÝâÚ¶Û#ÖÙà5Ö á�é�Özåûá
Ñ5ÒP/Pò ðQ�,R ñ Ú¶Ý~Ý
Ò è Ú�ã´ã´Ò£Û#á Ú�å5ã´Ò�æCÖzî¶Ò´å ñ é
 �ðQ©¶ð G@� ê\ßCÝ6ã´Ò´å½á
ÝâÚ è Ó ñ Þ�Ó ñ ã£ß èÙè ÖÙØ~ÖÙßCå5Ø2B b < 2

ê\í¾JQÚ�á √
s = 5.5A & ÒÖÕeÖzØ3Ú ñ ßCç#á (dN/dy)y=0 '
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6, 000
ã Ñ�Ú�Ý
æCÒ£àuÛ5Ú¶Ý~á
ÖÙã è Ò´ØPÛ¿Ò´Ý Ý
Ú¶Û5Özà5Özá�é ç5å5Ö áªô$ÚËî�Ú è ç5ÒVÝâÚ�áâÑ5Ò£ÝPã´ßCå#Ø
Ò´Ý�î�Ú�áâÖ îCÒ¶ô=ã è ßCØ~Ò áâßÐáâÑ#Òmí�ßCØ�á

Û;Ò£Ø
Ø~ÖÙíûÖÙØ~á
ÖÙãËî�Ú è ç5ÒÂß�ê ÷ ô ����� ã Ñ5Ú¶Ý
æCÒ£àÏÛ�Ú¶Ý�áâÖzã è Ò£Ø�Û¿Ò´ÝûÝâÚ�Û5ÖÙà5Ö á�éýç5å5Ö áªôrÚ¶å#à íûßCÝ
ÒÜáâÑ�Ú�åÏÚ ê�Ú¶ã^áâßCÝá��3ß è Ú�Ý
æCÒ£Ý�áâÑ�Ú¶åÜáâÑ#ÒZî�Ú è ç5ÒZÛ5Ý
Ò£à5ÖÙã^áâÒ£à ê\Ý~ßCí áâÑ#Ò�ÒA-�áâÝâÚ�Û;ß è Ú�áâÖzßCåÐß¶êT�  öðQ� à�Ú�áâÚ#ô (dN/dy)y=0 '
2, 500

ã Ñ�Ú�Ý
æCÒ£àuÛ5Ú¶Ý~á
ÖÙã è Ò´ØPÛ¿Ò´Ý Ý
Ú¶Û5Özà5Özá�é ç5å5Ö á ïC� ÖÙíVç è Ú�á
ÖÙßCå5Ø2�JÖ áâÑTÖÙíûÛ�Ú¶ã^áPÛ�Ú¶Ý
Ú¶íûÒ£áâÒ£Ý b < 5
ê\í

7
(dN/dy)y=0 ' 3, 500

ã Ñ�Ú�Ý
æCÒ£à Û�Ú¶Ý�áâÖÙã è Ò£Ø�Û¿Ò´Ý�ÝâÚ¶Û5Özà5Özá�éëç5å5Özác:!�3Ò£Ý
ÒÐÚ è Ø
ßÂÛ;Ò£Ý~ê\ßCÝ~í�Ò£à áâßÂØ~á
ç5à#é
áâÑ5ÒZÖzå;L�ç5Ò£å5ã´ÒZß¶êúÛ�Ú¶Ý�áâÖÙã è ÒPí ç è á
ÖÙÛ è ÖÙã´Ö á�éhßCåÐáâÑ5Ò�Ó  �1�� Û;Ò£Ý~ê\ßCÝ~íÔÚ�å5ã´Ò ï



ß àâáäãæå�çÑè é

ê çÑèMë!ìäèÅí áïîâðñç ìïë å�àòç ê ó ô õ ö çñå�çÒð÷å�ìäè

&2ø\ùoú_û è ùhû ê2ü  @18�Fý åOá ø\ù /Pò ðQ�,Rþù -0ÿ ù{ú_ý í ù å½á ý�� á û à ù á ù ã^á��¶å#à ý à ù å½á ý êÌé úcù � è ÿ ø;û á û å � ��å5à
á û í ù � � ç ú_ù � ý á øsø;ý æ øsúcù��_û è ç#á ýOû å á ø\ù{ýSú I���í û í ù å½á
ç5í ý å û�ú à ù{ú á û ã�� úcú é û ç#áËá ø\ù ÿ ø é �_ý ã �ÿ ú_û æ ú �¶í � ø\ý ã øhù -0ÿ è û�ý á � à ýSú_ù ã^áTÿ ø;û á û å � �¶å5à è ý æ ø áúå ù ç#á ú � è í ù��_û å � B π0 �¶å5à

η
í ù��_û å � í	� ý å è é;J� � ÿ úcý î ý è ù æ ù à ÿ úcû ñ ù��´ïZ&2ø\ù ç5å ý XMç ù ê ù ��áâç ú_ùYû êWü  @18� û ê�í ù � � ç úcý å5æ¨ÿ ø\û á û å �Cû î ùUú � ñ ú_û �¶àà#é�å
�¶í ý ã�� è ú ��å5æ ùWý åhá ú ��å � î ù{ú��cù í û í ù å½áâç5í�� èÙè û � � á û �¶ã£ã ù��
� ( ù é ý å#ê û^ú í���á ýSû å�� ñ û ç#á6á ø\ù��_û êÌá�¶å5à ø � ú à~ÿ úcû ã ù��
�_ù��2û ã´ã£ç ú_úcý å5æ ý åjÔKÔ¿ôKÔ����¶å#à����¯ã û èzè ý��cýOû å � ��árò  ��Òù å ù{ú æ ýOù��£ï / è á ø\û ç#æ ø á ø;ùà ù á ù ã^á ýOû å û êkÿ ø\û á û å ��ý���� á ú � ý æ ø á
ê û^ú ��� ú àNôMá ø;ù{ýOú ç5å
��í ñ ý æ¶ç û ç �aý à ù å½á ý ä5ã���á ýOû å��¶í û å5æZá ø\ùHø ç#æ ùñ �¶ã�(Mæ úcû ç5å5à û ê û á ø\ùUú ÿ ú_û à5ç5ã ù àFÿ
� ú á ý ã è ù�� ã û å � á ý á
ç#á ù�� ��ä ú
� á ã ø � èÙè ù å5æ ù ) � �cù ã û å5à û å ùCý�� á ø;ùà ý�� ã úcý í ý å
��á ýOû å ñ ù á�� ù{ù å�à ýSú_ù ã£á��¶å#à8à ù ã��/éqÿ ø\û á û å � ôT� ø;ý ã ø � ú_ù í ý - ù à ý å�� ú ��á ýOû¨û ê�� ñ û ç#á

û å ù á û á ù å ïV&fû�úcù�� ÿ û å#àuá û á ø\ù��_ù ã ø � èzè ù å#æ ù�� ü  @18�Fø � � ñ ù{ù åTà ù��cý æCå ù àF� ý á ø á ø\ù ê û èÙè û � ý å5æ
ú_ù X�ç ýOú_ù í ù å½á � �

• / ø\ý æ ø à ý�� ã ú_ý í ý å
��á ýOû å ÿ û � ù{ú ñ ù á�� ù{ù åÌÿ ø\û á û å � �¶å#à��¶å½é û á ø\ù{ú ( ý å5à û êoÿ
� ú á ý ã è ù�� �ã ø � ú æ ù à��¶å5àÜå ù ç#á ú � è$ñ � ú é û å � ô�ã ø � ú æ ù à í ù��_û å � ��å5à ù è ù ã£á úcû å �£ï
• / ø\ý æ øÅù å ù{ú æ�é��¶å#à¨ÿ û��_ý á ýOû å ú_ù��_û è ç#á ýSû åNô��¶å5à�ã û å �cù XMç ù åMá è é�� ø\ý æ ø í�� ���Wú_ù��_û è ç#á ýSû å ý åá ø\ù á�� û ÿ ø\û á û å ý å½î�� ú_ý �¶å½árí	� ����� ÿ ù ã^á ú ç#í ï
• / æ ù{û í ù á ú_ý ã�� è �¶ã£ã ù ÿ%á �¶å5ã ù!� ç�"ûã ýOù å½á á û í ù � � ç ú_ù å ù ç#á ú � è í ù��cû å � à û �Jåëá û è û �«á ú �¶å � �î ù{ú��cù í û í ù å½á �!�¶å#àÜá û ã û èzè ù ã^á � á#��á ý�� á ý ã�� èÙè é$� �_ý æ¶å ý ä�ã��¶å½á3à%��á �Vê û�ú2ú � ú_ù�ø\ý æ ø ��í û í ù å½á
ç5íÿ
� ú á ý ã è ù��´ï

� ýOú
� á´ô ð à ù�� ã ú_ý ñ ù á ø\ù ã ø � ú �¶ã£á ù{ú_ý�� á ý ã �6û ê�ü  @1�� � ø\ý ã ø � èÙè û �ùá û í ù{ù á�á ø\ù��cùÅú_ù XMç ýOúcù í ù å½á �£ï
&2ø\ù åSô ð à ý�� ã´ç �
� á ø\ù à ý " ù{úcù å½á � á ù ÿ � ÿ ù{ú ê û�ú í ù àÂá û&�cý íVç è ��á ù á ø;ù ü  �1��Åú_ù�� ÿ û å �_ù � ø\ý á � ê ú_û íá ø\ù á ú �¶ã�( ý å5æ'� è æ û�ú_ý á ø í(� ú_ù ã û åMî ù{ú á ù à ý å½á û à ý æ ý á � � ø\ý ã ø¾ý åûá
ç ú å	� ú_ù ÿ ú_û ã ù����cù à ñ éhá ø\ùWú_ù ã û å)�
� á ú ç5ã^á ýOû å�� è æ û^ú_ý á ø í á û ÿ úcû à#ç5ã ù2úcù ã û å � á ú ç5ã^á ù àjÿ
� ú á ý ã è ù��´ïf&2ø\ù��_ý í ç è ��á ù à ý å½á ú_ý å �_ý ã�ÿ úcû ÿ ù{ú á ýOù��
û ê;ü  @1�� ô²í	��á
ã ø\ù àZá û à
��á#�Jê úcû í ý å*� ñ ù �¶í í ù � � ç ú_ù í ù å½á � ô+� ú_ù ÿ ú_ù��_ù åMá ù à ïÁð � è �cûPù -��¶í ý å ù`ø\û �á ø\ù î�� ú_ýSû ç � ÿ%� ú �¶í ù á ù{ú
� � úcù í û à ý ä ù à ý å&� úcù � è ý�� á ý ã ù åMî ýSú_û å5í ù å½á û ê$á ø\ù /Pò ðQ�,RÑù -;ÿ ù{úcý í ù å½á ï

õ+,
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8�9�: ; t,v�tP�	v��8� �~tPw��	�my�<~v�yN�Vu

&2ø\ù ÿ ø\û�=�û+>?� ÿ ù�@A=�úcû í ùA=�ùUú ü  @1��sý��~û ÿ =_ý í ý ì ù�B ê û�ú	=_ø\ù í ù � �
C\ú_ù í ù�>D= ôH� ýE=�øsø\ý�F�øsù�>\ùUú�F é� >%BG� ÿ
� =�ý ��H ú_ù��cû H C*=�ýOû�> ô û ê�ÿ ø\û�=_û+>%� � >�B H ý�F^øD=	>\ù�C*=�ú ��H!í ù��_û�>%� B π0 � >%B η
J =_ø\ú_û�C%F�øI=�ø;ù{ýOú

= � û ��ÿ ø\û�=�û+>JB\ù�@ �ªé @�ø � >%>;ù H ï ü7� ú
=_ý�@ H ù�� � ý H�H ñ ùoù " @{ýSù�>$= H é ý�B\ù�>$=�ý�K\ù�BZû î ù{ú �Y� ý�B\ù�B é > ��í ý�@ ��H
ú � >�F�ù ô � ÿ
� >%>\ý�>%F�=�ø\ùLB\û í�� ý�> ê ú_û íM�mê ù � ø)C�>%B\ú_ù�B%�@û êQü ù Õ5N.O C ÿ =�û��_ù î ùUú ��H =�ù�>%�Hû ê!� ù ÕLN.O ïü  �1�� ô�� @A=�ý�>�F � � � @ ��H û�úcý í ù�=_ù{ú ô F�ý î ù�� ��H �_û � @�@{ù�����=�ûPF H û ñ ��H û ñ �_ù{ú î�� ñ H ù���û ê ý�>$=�ù{úcù��Q= ê û�ú
ù î ù�>$=R@�ø � ú � @�=_ù{úcý ì�� =�ýOû�> ô ��C�@�ø � ��=_ø\ùÅù H ù�@A=�úcû í	� F+>\ù�=_ý�@�=�ú � >%� î ù{ú
�_ùFù�>;ù{ú�F éS� >%BS=�ø;ù ÿ
� úQ=�ý�@ H ùí C H =�ý ÿ�H ý�@Uý�= é	� = í ý�B � ú ��ÿ ý�B\ýE= é ï ü  �1��Åý���B\ù���@Uú_ý ñ ù�BFý�>�B\ùA= � ý H ý�> 79/Pò ð ª�ª @ ôQ/!ò ð%� I^: ï!ð3=T@Uû+>%�cý��
=��
û ê7� >�R H ù�@�=�úcû ü�� F�>\ù�=_ý�@�� ��H û�ú_ý í ùA=�ùUú B R ü � JAô
� >%B � ��ø � ú
F�ù�B ü7� ú
=_ý�@ H ù Õ ùA=�û�B\ù�=_ù�@A=�û�ú B � ü`Õ�J7 + H ý¼�^� : ï	�0û í ù ÿ ý�@A=#C\úcù��Pû ê'ü  �1�� � ú_ùLF�ý î ù�>�ý�> � ý�F5ï I ï 3 ï

• R ü �sý���B\ý î ý�B\ù�BYý�>$=�û'K î ù í û*B%C H ù�� ô @Uû+>%�cý��
=_ý�>%F�û ê 64× 56
BU� @Uú_û+�
� � >%B ��H û+>%FV=�ø\ù ñ ù �¶í

B\ýSú_ù�@�=�ýSû+> ô ú_ù�� ÿ ù�@�=_ý î ù Hzé;J�ü ñ D 1XW!�
@{ý�>D=_ý H�HY� =_û�úT@{ú é �
= ��H �´ï�R � @�øZ@{ú é �Q= ��H ý�� � 3 ÷[@ í\H û+>�Fÿ
� ú ��H�H ù H ù ÿ ý ÿ ù�B ô ù X C\ý î���H ù�>$=	=_û��^�÷ú � B\ý � =�ýSû+> H ù�>%F�=�øSC�>\ý�=�� B X0

7¯ü ñ D 1XW :T] �#ïø÷ ª @ í¾J ï
&2ø\ùUýOú^@{úcû+�����_ù�@A=�ýSû+>¾ý�� 22× 22

í�í 2 � ø\ý�@�ø&@{û�úcú_ù�� ÿ û+>%B%�^=�ûL=�ø\ù ª �`_ïû ê =�ø\ù ü û H ý�aUú_ùPú �b�
B\ý�C%� B rM

7¯ü ñ D 1TW :c] ��� íûí¾J ï ü  @18�oý�� H û)@ � =�ù�Boý�>%�_ý�B\ùd=�ø\ù /Pò ðQ�,Re�_û H ù�>;û�ý�B ��H5í	� F+>\ù�=� = � B\ý��Q= � >%@UùCû êaI ï iËíÅê úcû í =�ø\ùCý�>$=�ù{ú � @�=_ýOû+> ÿ û�ý�>$= � >%B�=_ø\ù í û*B%C H ù�� � ú_ù`@{ù�>$=_ù{ú_ù�B � =�¶ì ý í C*=�ø ��Hf� >%F H ù��2û ê ±40.7◦
ô ±20.3◦

� >%B 0◦ ï!R � @�ø í û)B%C H ùX@{û î ùUú�� � ñ û+C*= �6X C � ú
=�ùUúPû êÿ �cù�C%B;û � ú �^ÿ ý�B;ý�= é C�>\ý�= ô |η| ≤ 0.12
� >%B 17.8◦ ý�> ��ì ý í C�=�ø ��H�� >�F H ù�ï'&2ø\ù���@Uý�>$=�ý H�H�� =�ýSû+> H ý�F�ø$=

ý��,ý�>g=�ø\ù î ý��_ý ñ H ùX>;ù � ú ­PÕÛ���ªî ù H ù�>%F�=�ø�ú � >�F�ù � >%B¾ý��hB\ùA=�ù�@�=�ù�B ñ é 5× 5
íûí 2 /=î���HY� >%@�ø;ùü ø\û�=_û �ji ýOû)B\ù��lk BE/�ü0i�J @Uû+C ÿ%H ù�BR=�û H û �h� >\û�ý��_ù ÿ ú_ù �j�¶í6ÿ%H ýEK«ù{ú
�´ïm&2ø\ù5@ ��H û�ú_ý í ùA=�ùUú	ý��,û ÿ ù{ú �� =_ù�B � = −25◦ � B �
= � ñ ý H ý ì ù�B	=_û ±0.3◦ � J =_û6û ÿ =�ý í ý ì ù�=_ø\ùL��@Uý�>$=�ý H�HY� =�ýOû�> H ý�F�ø$=2û+C*= ÿ C�= � >%B

=_û í ý�>\ý í ý ì ùX=�ø;ù`>\û�ý��_ù H ù î ù H=ê ú_û í =�ø\ù /�ü0i ï &2ø;ùVù H ù�@A=�ú_û�>\ý�@V@�ø � ý�> � ���cû*@Uý � =_ù�B[=�û¾ù � @�ø
@Uú é �
= ��H B\ù H ý î ù{ú���= � ûoù�>;ù{ú�F é �_ý�F+> ��H � � ý�=_øRB\ý " ù{úcù�>$= �¶í6ÿ%H ý�K
@ � =�ýSû+> êm� @�=�û^ú�� � >�B�û�>\ùX=�ý í ù
�cý�F+> ��H ï

• &2ø;ù¾� üTÕ @Uû+>%�_ý��
=�û ê�í C H =_ý �Ö� ýSú_ù ÿ ú_û ÿ û�úQ=�ýSû+> ��H @�ø �¶í ñ ùUú�� � ý�=_øn@ � =_ø\û)B\ù ÿ
� BFúcù � B � û+C�=´ï
R � @�øg@ ��H û�ú_ý í ùA=�ùUú í û*B�C H ù,ý��o@{û î ù{ú_ù�B ñ é�� � üTÕ¯í û*B%C H ù � ýE=�ø � > � @A=�ý î ù � úcù � û ê 144.6×
6.6 × 1.4 @ í 3 � >%BnK H�H ù�B � ý�=�ø � F � � í ý - =�C\ú_ù`@{û í6ÿ û��_ù�BZû ê ÷���_ / ú � >%B �^��_æ�21 5 ï
&2ø\ùd=_û�= ��H =�ø\ý�@ ( >\ù��
�	û ê =_ø\ùW� üTÕ B;ù�=�ù�@�=_û�ú`ý�� õ ï I @ í ï ò û �h��í�� �
�p@{û+>%�Q=�ú
C%@�=_ýOû+> í�� =�ùUú_ý ��H �� úcù!C%�_ù�BZ=_û í ý�>\ý í ý ì ùV=_ø\ù í	� =_ù{úcý ��H =�ø\ý�@ ( >\ù��
�´ïo&2ø\ù � >\û)B\ù � ýSú_ù���û ê =_ø\ù ÿ ú_û ÿ û�úQ=�ýOû�> ��H
@�ø ��í ñ ùUú � ú_ù ÿ%HY� @{ù�B , íûíq� ñ û î ùT=�ø\ùX@ � =_ø\û*B;ù ��H û�>%F'=_ø\ù ñ ù �¶í B\ýOúcù�@A=�ýOû�> � ý�=_ø �Vÿ ý�=�@�ø
û ê õ ï i½õTíûí ï�&2ø;ùr@ � =�ø\û)B\ù�ý����cù�F í ù�>$=�ù�B ý�>D=_û 56 × 8

BU��H û+>%F � >%B � @Uú_û+�
�g=_ø\ù ñ ù ��í
B\ýSú_ù�@�=�ýSû+> ô úcù�� ÿ ù�@A=�ý î ù H é;J úcù�@�= � >%F+C HY� ú ÿ
� B��Hû ê 2.26 × 1 @ í 2 ù � @�øSï,&2ø\ù`@�ø � ú�F�ù8ý�>�B%C%@{ù�B
ý�>�=_ø\ùR@ � =�ø\û)B\ù ÿ
� B�� ñ é��ªî���H�� >%@�ø\ù��!F�ù�>\ùUú � =_ù�B ñ é @�ø � ú
F�ù�B ÿ
� úQ=�ý�@ H ù��Cý��Cúcù � B�û+C*= ñ é��/ �\��ð ü)ò Rost@�ø\ý ÿ �Pý�>D=_ù�F�ú � =�ù�B�ý�>R=�ø\ùLB\ùA=�ù�@�=�û^ú ê úcû+>$= ÿ%HY� >;ù¶ï

uwvfxzy
{�|l}~yp��y
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�����T�zyj�~|A���)�����Uxzy0v������l�*�Uxzy����'�����f�����!��yQ�Uy
�j�U��}p�����V�z���
�Y�
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/ïÿ úcû�=�û�=w¾ ÿ ù ü  @18��¿6û)B%C H ù�ø � � ñ ùUù�>�=_ù��Q=�ù�BZý�>r=�ø;ù`��C�¿�¿6ù{ú
�@û�À	�^�^�K� � >�BZ�^��� óo� ý�=_ø ÿ ýOû�>� >%B ù H ù�@�=_ú_û+>Z�_ù�@{û+>%B � ú
¾ ñ ù � ¿g� � =V=_ø\ù~�,R �WGxü � � >%Bñ� ü �Á�
¾)>%@�ø\úcû�=�úcû+>%� ¤ &2ø\ù ÿ ú_û�=�û�=w¾ ÿ ù
@{û+>��_ý��Q=�ù�BCû�À 8×8 @{ú
¾)�Q= ��H �Tý�>C�^���K� � >%Bhû�À 16×16 @Uú
¾)�
= ��H � � >%B � � üTÕ ý�>o�^�^� óX� �7B\ý�� ÿ%HY� ¾^ù�Bhý�>� ý�F ¤�I%¤ � ¤ &2ø\ùd@{úQ¾*�Q= ��H �`ø � B 22×22×180 ¿g¿ 3 B\ý�¿jù�>%�_ýSû+>%� ô û+>\ù2û�À�=_ø\ù�¿äý��o�cø\û � >jý�> � ý�F ¤�I�¤øó�¤
&2ø\ù�@Uú
¾)�
= ��H � � ùUú_ù � ú �^ÿ\ÿ ù�B � ýE=�øÑ& ��Õ Ra�Â=�û ý�¿ ÿ ú_û�Ã�ù H ý�F�ø$=g@{û H�H ù�@A=�ýSû+> ¤  / üM/PüM/ &W� ­
�#÷ 3�I ÷ /@ü^i û�À 5 × 5 ¿g¿ 3 �cù�>%�cý�=_ý�Ã�ù � ú_ù �j� ù{ú_ù'C%�_ù�B � �@úcù � B;û+C�= ¤P/ ÿ%HY� �
=�ý�@'�
@{ý�>D=_ý H�HY� =_û�ú ��� �
C%�_ù�B`=�û�= � F�@�ø � ú�F^ù�B ÿ
� ú
=�ý�@ H ù�� ¤ &2ø\ùh�cù�= � C ÿ û�À%=�ø\ù^=�ù��
=Tý����
@�ø\ù�¿ � =�ý�@ ��H�H ¾�ý H�H C%�
=_ú � =_ù�B�ý�> � ý�F ¤�I�¤�I%¤

Ä�Å3ÆhÅQÇ Â[È�ÉfÊ%ËpÌÍÊ�É�Î*Ï0ÐjÑ�Ò*ÓjÏ0ÈÕÔ ÏpÊÖÉ�ÐQÉ�×.Ò)Ê%Ï^ØÚÙ0Ë^È�É�Ò*ÓQ×ÜÛTÙpÊ*Ò*Ój×�ÐjÉ�Î

Rp>\ù{ú
F�¾Åúcù��cû H C�=_ýOû+>Mø � ��Ý4ùUù�>n¿6ù � �
C\ú_ù�BnÝD¾MýOúcú � B;ý � =_ý�>%F!=�ø;ù � ú_ú � ¾ � ýE=�ø¨ø;ý�F�ø � ù�>\ùUú�F�¾�ù H ù�@A=�úcû+>
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¾)�Q= ��H �=�c=_ø\ù`�
C%¿ ù q =�ù�>%B%�
û�Ã�ù{ú ��H�H =�ø;ùV@Uú
¾)�
= ��H �dÀEû�ú
¿jý�>%F`=_ø\ùL@ H C��
=�ùUú ¤VT ø\ù � ù{ý�F^øD= wi ý��dB\ù�K
>;ù�B�Ý$¾�Þ

wi = max
[
0, p+ log
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Ainc Wm@�¿\X Binc Wm@�¿�X
7.02 ± 0.04 0.75 ± 0.01

T�� Ý H ùw� ¤�� ì ü7� ú � ¿6ù�=_ù{ú
��C��_ù�BMý�>�U�� ¤ W{� ¤�, X � >%B�U�� ¤ W{� ¤��zà X�=_ûg@Uû�ú_úcù�@A=�ÀEû^úh=�ø\ù�ý�>�@{ý�B;ù�>%@Uù � >%F H ù
û�À�=�ø\ù ÿ úcý�¿ � ú
¾ ÿ
� úQ=�ý�@ H ù ¤

, H C%�Q=�ù{ú
�oý�>�U��M, � úcùR@�ø � ú � @�=_ù{ú_ý+�{ù�BÖÝ$¾ô=_ø\ù{ýSú�¿�C H =�ý ÿ�H ý�@Uý�=w¾�Þ � ø\ý�@�øÑý�� � ÀáC%>%@�=_ýOû+>�û�À�=�ø;ùÿ
� úQ=�ý�@ H ù�=w¾ ÿ ù�Þ�=�ø;ù{ýOú¾ù�>\ùUú�F�¾ � >%BI=�ø;ùn�_ù H ù�@A=�ù�B ù�>\ù{ú
F�¾S=_ø\ú_ù��_ø\û H B ¤�
 > � ý�F ¤ � ¤ �ß=�ø\ùn@ H C%�Q=�ùUú
¿�C H =�ý ÿ�H ý�@Uý�=w¾hý�� ÿ%H û�=�=�ù�B � � � ÀáC�>%@�=_ýOû+>�û�À�=�ø\ù�ù�>\ù{ú
F�¾ ¤

E (GeV)      
0 10 20 30

D
ig

it 
m

ul
tip

lic
ity

5

10

15

20

25

30

35

40

� ý�F�C\ú_ù�� ¤ ��ì�� ÷$®¥���¥�$®¥�n���¥�mñ÷¢{£h´ � ³ �#®¬÷> %�%���% �£³¢�����¢�¡>¢�ö���¡>����¦p�����n�j�K�>¢��%¢�¡> � ��¥��÷$®.�{�%��¤Z¦`�¥��� ��¡>����¦�ñ
«\���m¦'����¡�ü!�{¡>¤Tý�ú��2�á¥�§ í �>�`�����%¢���«e�{�% ��¥¡>¤��n�A�{�%�!���>�7¦`�n¤���� µ �A§ �o§  N§ ¶W¢{£;���>�T��÷$®¥���¥�$®¥�n���¥�Uñ�¤��n %�����¬«$÷K���n¢�¡�§

gtÀEù �t� B�B\ý�=_ýOû+> ��H =_û ÿ û H û+F^ý�@ ��H�ÿ
� ú � ¿jùA=�ùUú�� � ø;ý�@�øn@�ø � ú � @�=_ù{úcý��{ù'=�ø\ù��cø �^ÿ ùCû�Àp=_ø\ù`@ H C%�Q=�ù{ú
�� ú_ù5@ ��H @�C HY� =�ù�B�Þ

• T ø;ù H�� =�ùUú ��H B\ý�� ÿ ùUú��_ýSû+> ¿ ý�>�=_ø\ùOW�1&|�}7X ÿ%H�� >\ù�Þ
¿6ù � ��C\úcù�B�û+>R=�ø\ùL��C;ú
À � @Uù8û�À7=_ø\ù�U��A,XÞ

d =

∑
* DF�KD ?+E wi

[
(xi − x)2 + (zi − z)2]

∑
* DF�KD ?�E wi

. W{� ¤ �;X

• T ø;ù��cø �^ÿ ùaû�À*=_ø\ù0��C\úQÀ � @{ù0B\ùAK
>\ù�B'Ý$¾5=�ø\ù!ý�>$=_ù{ú��cù�@A=�ýOû�>8û�À*=_ø\ù0@{û+>\ù0@Uû+>$= � ý�>\ý�>%Fh=_ø\ù0�_ø\û � ù{ú� ýE=�ø�=�ø\ù5ÀEú_û�>D= ÿ%H�� >\ù�û�À�=�ø\ùV@ ��H û�úcý�¿6ù�=�ùUú�W � ý�F ¤ � ¤�ª X ¤�T ø\ý�����C;ú
À � @Uù'@ � >rÝ�ù�ù q0ÿ úcù����cù�BFý�>
=_ù{ú�¿g�Pû�À�=�ø\ùL@{û�Ã � úcý � >%@Uù5¿ � =�ú_ý q Þ

S =

(
sxx szx

sxz szz

)
, W{� ¤�ª X
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� ø\ùUú_ù�Þ
sxx = 〈(x− x̄)2〉 =

∑
* DF�KD ?+E wix

2
i

∑
* DF�KD ?�E wi

−




∑
* DF�KD ?�E wixi

∑
* DF�KD ?�E wi




2

, W{� ¤�� �;X
� >�B[�cý�¿6ý H�� ú0B\ù�K
>;ý�=�ýSû+>%�^ÀEû�ú szz

� >%B szx
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¿6ý�@ � ù{ý�F^øD=�� wi B\ù�K%>\ù�BeÝ$¾�U�� ¤ W{� ¤�� XlÞ x̄ � >%B z̄

� ú_ù�=�ø\ù�@{ûeû�ú�B\ý�> � =_ù���û�Àh=_ø\ù	@Uù�>$=�ùUúCû�À
F�ú � Ã0ýE=w¾�û�À�=_ø\ùV@ H C��
=�ùUúNs U�� ¤ WI� ¤âà X¡v � >%B¢W xi Þ zi X � ú_ùL=�ø\ùV@{ûeû�ú�B;ý�> � =_ù ÿ û+�cý�=_ýOû+>%�2û�Ào@{úQ¾)�
= ��H
i
¤\T ø\ù ÿ ú_ý�>%@{ý ÿ
��H0�)q ù��8û�À�=�ø\ùg�_ø\û � ù{ú'��C\úQÀ � @{ù � ú_ù!=�ø;ùjùUý�F�ù�>DÃ^ù�@A=�û�ú
�Vû�À�=�ø\ùg@{û�Ã � ú_ý � >%@Uù
¿ � =�úcý q Þ � ýE=�ø�ù{ý�F�ù�>$Ã ��H C;ù�� λ1

� >�B λ2

¤VT ø\ùVF�ù{û+¿6ù�=_ú_ý�@ ��H ¿jù � >\ý�>�Fhû�À7=_ø\ù ÿ ú_ý�>%@{ý ÿ
��Hf�rq ù��
ý��2ý H�H C%�
=_ú � =_ù�B~ý�> � ý�F ¤ � ¤�ª)¤

• T ø;ù'� ÿ ø\ù{úcý�@Uý�=w¾ ÿ
� ú � ¿6ù�=_ù{údB\ùAK
>\ù�B[ÀEú_û+¿q=�ø\ù�ùUý�F�ù�>DÃ ��H C\ù�� λ1

� >%B λ2

� ��Þ

S =
|λ1 − λ2|
λ1 + λ2

. W{� ¤��o� X

• T ø;ù H�� ú�F�ù��
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¾)�
= ��H~¤
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= � >$=�@Uú
¾)�
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C%Ý7£cù�@A=h=�û H ù����V¤
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g¥, üTÕ @ H C%�
=_ù{úTý���@�ø � ú � @�=_ù{úcý��{ù�B!Ý$¾`=�ø;ùh¿�C H =�ý ÿ�H ý�@Uý�=w¾Hý�>%B�C%@{ù�B!ÝD¾ � �_ý�>%F H ù�=�ú � @[Z.Þ � >%B!Ý$¾Vý�=#�ÿ ú_ûr£cù�@�=_ýOû+>�� Nx
� >%B Nz

��H û+>%F5=_ø\ù31 � >%B�}`B\ýOúcù�@�=_ýOû+>��`ý�>!=�ø\ù�B\ùA=�ù�@A=�û�úaú_ùAÀEù{úcù�>%@Uù��Q¾*�Q=�ù�¿qF^ý�Ã�ù�>� ��>DC%¿`Ý4ùUúTû�À.@{ù H�H � ¤ Nx

� >%B Nz

� ùUú_ùd¿6ù � �
C\ú_ù�Bhù q0ÿ ù{ú_ý�¿jù�>$= ��H�H ¾LB%C\úcý�>%F@ý�> � Ý4ù � ¿ =�ù��
=#��s ¦ H ý¼���§v~Þ� >%Be=�ø;ù~ú_ù�@Uû+>%�Q=�ú�C�@�=�ýSû+> ÿ ú_û)@{ù�B%C\úcù ��� �!=#C�>\ù�Be=�ûJ¿ � =#@�øô=_ø\ù�ù q0ÿ ù{ú_ý�¿jù�>$= ��H B � = �*¤yT ¾ ÿ ý�@ ��H
ø\ý��Q=�û+F^ú � ¿g�,û�À Nx

� >%B Nz

� úcùVF^ý�Ã�ù�>Mý�> � ý�F ¤ � ¤�� � ¤
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µ�Ð Í�Ñ§Ò&È
¶VÉ=ÊlÓ ¡ µ ®ÏÆeÌaÈ
¶�ÌÔÎ Ð γ ÑrÆYÊlÆ Ð É=È¡Æ[Ó!¦�Í�ÈKÒ 0 < pT <

100 �jÆm¥�� ê · 0 < φ < 2π É=ÊlÓ −0.5 < y < 0.5 Õ

gd@�@{ù ÿ = � >%@{ùVÃ*� ¤ pT p0 × 104 p1 W O�N$� ù Õ X ×104 p2 W � ù Õ5N.O X p3 W � ù ÕLN.O X
γ W pT < 100

� ù ÕLN.O X �oÖ � ± Ä
π0 W pT < 10

� ù ÕLN.O X � Ä À ± Ä À ��ø ± ø À ¤âà+à ± À ¤ À , �+¤×Ä�à ± À ¤+�_�
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� ù ÕLN.O X � �oÀ ± Ä À À ¤+�§Ä ± À ¤×Ä+, �[� � ± � �rÄ ± �
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� ù Õ5N.O X Ä À ± Ä À ��ø�¤�� ± �+¤âà À ¤â,+à ± À ¤ À , Ä*¤�ø ± À ¤�Ö
η W pT < 100

� ù Õ5N.O X �§Ö$� ± , À ¤âà$Ä ± À ¤+� À Ä*¤×Ä ± À ¤ � � ��¤ À ± Ö�¤ À
T�� Ý H ù�� ¤�Ä ì §-É Ð É=Ø�ÆYÈ¡Æ Ð Ë�Î=Ì�ÈKÒlÆ3Ì�÷;ÊlÅYÈKÍÏÎ_Ê f(pT ) Î=Ì�´�� Õ µ ÿ Õ ülîz¶p¦�Ò;ÍÏÅ�ÒO�lÈ¡Ë	ÈKÒlÆ0É_Å[Å[ÆYÇ;È�É=ÊlÅ[ÆXþ$Ë pT
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Ã ý�F�C\ú_ù�� ¤���ø ì ­�Å[Å[ÆYÇ;È�É=ÊlÅ[ÆVÉ_Ë�É�ÌY÷;ÊlÅYÈKÍÏÎ_Ê�Î=Ì pT
µ�Ð Í�Ñ§Ò)È
¶-É=ÊlÓ ¡ µ ®ÏÆeÌaÈ
¶�ÌaÎ Ð ®ÏÎl¦ pT π

0
µ ÷;Ç*¶-É=ÊlÓ η µ Ó;Îl¦�Ê*¶ Õ

í ÒlÆjÇ7É Ð ÈKÍÏÅ#®ÏÆ[Ë^¦�Æ Ð Æ�ÑrÆYÊlÆ Ð É=È¡Æ[Óg¦�Í�ÈKÒ 0 < pT < 10 ��Æá¥�� ê · 0 < φ < 2π É=ÊlÓ −0.5 < y < 0.5 Õ
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µ�Ð Í�Ñ§Ò)È
¶wÉ=ÊlÓ ¡ µ ®ÏÆeÌ�È
¶3ÌÔÎ Ð Ò;Í�Ñ§Ò pT π0

µ ÷;Ç*¶0É=ÊlÓ ηµ Ó;ÎA¦�Ê*¶iØ�Æ[Ë¡Î_ÊlË ÕJí ÒlÆ/Ç7É Ð ÈKÍÏÅ#®ÏÆ[ËL¦�Æ Ð Æ/ÑrÆYÊlÆ Ð É=È¡Æ[ÓJ¦�Í�ÈKÒ 0 < pT < 100 ��Æá¥�� ê · 0 < φ < 2π É=ÊlÓ
−0.5 < y < 0.5 Õ
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= � >$=,úcû H ùTÀEû�ú ÿ ø\û�=�û�>�ý�B\ù�>$=_ý�K
@ � =�ýSû+> � ú_ùT=_ø\ù�ù�>\ùUú�F�¾�Þ ÿ û+�cý�=_ýOû+> � >%B[=_ý�¿6ù �
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À � @�=_û�ú ¤�T ø\ù ÿ û��_ý�=_ýOû+>�úcù��_û H C�=_ýOû+>�B\ù ÿ ù�>%B%�@û�>[=_ø\ù'�cù�F+¿6ù�>$= � =�ýSû+>�û�À�=_ø\ù'� ÿ ù�@�=_ú_û+¿6ù�=_ù{ú � >%B�û+>
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��@�ø � ú � @�=�ùUú_ý+�{ý�>�F�=_ø\ù8ù�>\ùUú�F�¾�úcù��_û H C�=_ýOû+>�¾	ù{ú_ùV=#C%>;ù�Br=_û�¿ � =�@�ø[=_ø\ùV@ ��H @�C H�� =�ù�B
ú_ù�� ÿ û+>%�_ùJÀáC%>%@A=�ýSû+>G=�û�¿jù � ��C;ú_ù�¿6ù�>$=�� ÿ ù{úQÀEû�ú�¿6ù�B³¾Pý�=_ø ù H ù�@�=_ú_û+>ÜÝ4ù � ¿g�~û�ÀCù�>\ù{ú
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¾)�Q= ��H �z¾ � �oýSú_ú � B\ý � =_ù�B ¤T ø\ù�ù�>\ùUú�F�¾�ú_ù��_û H C�=�ýSû+>�¾ � ��B\ùA=�ùUú�¿6ý�>\ù�BÖÀEú_û�¿ =�ø\ù�=�û�= ��H ù�>\ù{ú
F�¾³x @Uû H�H ù�@A=�ù�B�ý�>�=�ø;ù � úcú � ¾ ¤Ã ý�F�C\ú_ù0� ¤+�zà��wH ùAÀ =d�_ø;ûr¾���=�ø\ù�ù�>\ù{ú
F�¾�ú_ù��_û H C�=�ýSû+>�û+Ý�= � ý�>\ù�B�ÀEúcû+¿Í�cý�¿�C H�� =�ýSû+>%��@{û+¿ ÿ
� úcù�B�=�û � K�=
=�û`=_ø\ù@ù q0ÿ ùUú_ý�¿6ù�>$= ��H ÿ û�ý�>$=���Ý$¾\U�� ¤ WI� ¤�� X ¤BT ø;ùTÃ ��H C\ù���û�À�=_ø\ùX=�ø;ú_ù{ù ÿ
� ú � ¿jùA=�ù{ú
� 9 Þ :L� >%B O û�À
U�� ¤ W{� ¤�� XAÞ$B;ù ÿ ù�>%B6û+>�=�ø;ùd�_ý�¿`C HY� =_ýOû+> ÿ
� ú � ¿jùA=�ùUú�� � >%B!=_ø\ùd�
=_û*@�ø � �
=�ý�@h=�ùUú�¿ : B\ù ÿ ù�>�B%� ��H �cû�û+>
=�ø\ù'@ H C%�
=_ù{ú_ý�>%F ��H F�û^ú_ý�=_ø%¿ ÿ
� ú � ¿6ù�=_ù{ú�� ¤�T ø\ù`K%=�Ã ��H C\ù��Hû�À�=�ø\ù��_ù ÿ
� ú � ¿6ù�=_ù{ú�� � ú_ùV��C�¿�¿ � ú_ý+�{ù�B
ý�> T7� Ý ¤ � ¤ � ¤

9 W � ù Õ X ×104 : W � ù Õ 1/2 X ×104 O ×104

ù H ù�@�=�úcû+>[Ý4ù � ¿ ÄoÄ À Ä �oÀ ��ø À
�
= � =�ý�@�ú_ù�@Uû+>%�Q=�ú�C�@�=�ýSû+> � �;À ± ø ÀoÀ øo�$à ± �rÄ �$, ± � À

B*¾*> � ¿jý�@�ú_ù�@{û+>%�Q=�ú
C%@�=_ýOû+> �z, À ± Ä À ø+ø � ± ��ø ,2� ± � À
W{À ¤��z�[� À � ù Õ X

�_ý�¿�C H�� =�ýSû+>&B�¾)> � ¿6ý�@ Ä+à�à ± �o� Ä+,oÄ ± � À �rÄ&Ö ± Ä
W�À ¤��b�Y� ÀoÀ � ù Õ X

T�� Ý H ù�� ¤ �%ì §ÚÉ Ð É=Ø�ÆYÈ¡Æ Ð ËwÎ�«;È�É=Í�ÊlÆ[Ór«bñ\�lÈKÈKÍ�Ê;Ñ	´�� Õ µ ÿ Õ üA¶jÈ¡Î/ÈKÒlÆ Ð Æ[Ë¡Î�®¬÷;ÈKÍÏÎ_Ê�Î=Ì�ÈKÒlÆ�ÆYÊlÆ Ð Ñ�ñcÅ[Î�®¬®ÏÆ[ÅYÈ¡Æ[ÓÍ�ÊcÉ 3 × 3 É ÐKÐ Élñ\Î=Ìp´ � ³pÅ Ð ñ$Ë¡È�É�®ÏËh÷;Ç"Î_Ê�ÈKÒlÆwÍ�ØwÇ7É_ÅYÈ�Î=Ì�Ø�Î_ÊlÎ�ö{ÆYÊlÆ Ð ÑrÆYÈKÍÏÅ�Æ#®ÏÆ[ÅYÈ Ð Î_ÊlË�Ì Ð Î_Øqú Õ ðNÈ¡Î�ÿ Õ ï�jÆm¥X·�É=ÊlÓ�Î=ÌãÈKÒlÆ�Å�É�®ÏÅ#÷$®�É=È¡Æ[ÓcÆYÊlÆ Ð Ñ�ñ\Ì Ð Î_Ø®ËKÍ�Ø�÷$®�É=ÈKÍÏÎ_ÊlËiÎ=ÌBØ�Î_ÊlÎ/ÆYÊlÆ Ð ÑrÆYÈKÍÏÅ�Ç;ÒlÎ_È¡Î_ÊlË3Ì Ð Î_ØÂú Õ ðzÈ¡Î�ülú
�jÆm¥þÉ=ÊlÓ\Ì Ð Î_Øqú Õ ðNÈ¡ÎRülú�ú/�jÆm¥X·%Ç%Æ Ð ÌaÎ Ð Ø�Æ[Ó\Í�Ê�Å[Î_ÊlÓoÍ�ÈKÍÏÎ_ÊlË�ËKÍ�ØwÍ¬®�É Ð È¡ÎzÈKÒlÎ§Ë¡ÆwÎ=ÌBÈKÒlÆwÆ�õ$Ç%Æ Ð Í�Ø�ÆYÊ)È Õ ²�Ê
ÈKÒlÆ	ËKÈ�É=ÈKÍÏÅ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈKÍÏÎ_Ê.·oÈKÒlÆ�ÆYÊlÆ Ð Ñ�ñ'¦ãÉ_ËBÅ[Î�®¬®ÏÆ[ÅYÈ¡Æ[ÓNÍ�Ê 3× 3 É ÐKÐ É ñNÎ=Ì�ÊlÆYÍ�Ñ§Òb«%Î Ð Í�Ê;Ñ�Å Ð ñ$Ë¡È�É�®ÏË�¦�ÒlÆ Ð Æ�É_Ë
Í�Ê8ÈKÒlÆ�Ó+ñ$Ê7É=ØwÍÏÅ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈKÍÏÎ_Ê.·7ÈKÒlÆ�Å#®¬÷lËKÈ¡Æ Ð Í�Ê;Ñ�É�®�ÑrÎ Ð Í�ÈKÒ;Øt¦ãÉ_Ë	É=Ç;Ç$®�ÍÏÆ[Ó Õ
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Ã ý�F�C\ú_ùj� ¤+�zà ì ±�ÆeÌaÈ¿Ì Ð É=Ø�Æ�°�´¿ÊlÆ Ð Ñ�ñ Ð Æ[Ë¡Î�®¬÷;ÈKÍÏÎ_Ê�Å�É�®ÏÅ#÷$®�É=È¡Æ[ÓL«bñwËKÍ�Ø�÷$®�É=ÈKÍÏÎ_ÊlË�Î=Ì%Ø�Î_ÊlÎ�ö{ÆYÊlÆ Ð ÑrÆYÈKÍÏÅ�Ç;ÒlÎ_È¡Î_ÊlËµ Ç%Î_Í�Ê)È¡Ë
¶ Õdí ÒlÆX®�Í�ÊlÆiÍÏË�É��lÈ�È¡ÎNÈKÒlÆ0Æ�õ$Ç%Æ Ð Í�Ø�ÆYÊ)È�É�®�ÓlÉ=È�É'«�ñ�´�� Õ µ ÿ Õ üA¶ Õ ¯VÍ�Ñ§Ò&È�Ì Ð É=Ø�Æ�°�� Ð É_ÅYÈKÍÏÎ_Ê�Î=Ì�ÈKÒlÆ
ÆYÊlÆ Ð Ñ�ñ�Å[Î_Ê&È�É=Í�ÊlÆ[ÓcÍ�Ê�ÈKÒlÆ�Å#®¬÷lËKÈ¡Æ Ð Î�«;È�É=Í�ÊlÆ[Ó[«�ñ�ÈKÒlÆ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈKÍÏÎ_Ê
É�®�ÑrÎ Ð Í�ÈKÒ;Ø ÌaÎ Ð ËKÍ�Ø�÷$®�É=È¡Æ[Ó�Ø�Î_ÊlÎ�ö
ÆYÊlÆ Ð ÑrÆYÈKÍÏÅ�Ç;ÒlÎ_È¡Î_ÊlË0Í�ØwÇ;Í�Ê;Ñ§Í�Ê;Ñ�Î_ÊcÈKÒlÆNÅ[ÆYÊ)È¡Æ Ð Î=Ì�É�§¨©dª��[«$®ÏÎ&ÅQ¸ µ Ç"Î_Í�Ê&È¡Ë
¶ Õ	í ÒlÆV®�Í�ÊlÆ�ÍÏËiÉ8�lÈ�È¡ÎOÈKÒlÆ
Ç%Î_Í�Ê)È¡Ëp«�ñzÈKÒlÆ�Æ[�b÷7É=ÈKÍÏÎ_Ê p0/E + p1/

√
E + p2 Õ

	 ø\ù�>²¾�ù���¾Pý�=�@�ø\ù�BZÀEú_û+¿ =_ø\ùg�
= � =�ý�@g@ H C%�
=_ù{úcý�>%F%Þ�ý ¤ ù ¤ ��C�¿�¿6ý�>%FR=_ø\ùjù�>\ù{ú
F�¾ÁB\ù ÿ û+�cý�=�ù�B ý�>
=�ø\ù ø × ø!� ú_ú � ¾�Þ�=�û�=_ø\ù5B�¾)> � ¿6ý�@T@ H C%�Q=�ùUú_ý�>�F ÿ ùUú
ÀEû�ú
¿jù�BRÝD¾	=�ø\ù�úcù�@{û�>%�
=_ú�C%@A=�ýOû�> ��H F�û�úcý�=_ø%¿rÞ$=_ø\ù
ù�>\ùUú�F�¾Ñú_ù��_û H C�=�ýSû+> ¾ � �R� H ý�F^øD= H ¾ñý�¿ ÿ ú_û�Ã�ù�B � >%B �ßH û§¾�ùUú	Ã ��H C\ùMû�À5=�ø;ù��
=_û*@�ø � �
=�ý�@r=_ù{ú�¿ ¾ � �
û+Ý�= � ý�>\ù�B ¤T ø\ùdÀEú � @A=�ýOû�>hû�À.=�ø\ù ÿ ø\û�=�û+>où�>;ù{ú�F�¾!@{û+>$= � ý�>\ù�Boý�>�=�ø;ù�@ H C%�Q=�ùUúoÀEû+C%>%B�Ý$¾�=�ø;ùWúcù�@Uû+>%�
=_ú�C%@A=�ýSû+>��H F^û�ú_ýE=�ø%¿þ¾ � � � Ý�û+C�= Ö �V_Ìû�> � Ã^ù{ú � F�ùhÀEû�ú ÿ ø\û�=�û�>%�Tû�À�ù�>;ù{ú�F�¾Cø\ý�F�ø\ù{ú7=�ø � > � À � ù Õ ý�¿ ÿ ý�>%F^ý�>%F
û+>Ö=_ø\ù�@Uù�>$=�ùUú¾û�À � üVk0m�� Ý H û*@[Z � �	�_ùUù�>sý�> Ã ý�F ¤ � ¤��zà)¤¥T ø\ù ÿ
� ú � ¿jùA=�ù{ú
�jû�ÀT=�ø\ù[ÀáC%>%@A=�ýOû�>
B\ù��
@{úcý�Ý\ý�>%FV=_ø\ùWù�>\ùUú�F�¾6ú_ù��_û H C�=�ýSû+> � ú_ùWú_ù ÿ û^ú
=�ù�B¾ý�> T7� Ý ¤ � ¤ � ¤�Ã û�ú ÿ ø\û�=�û+>jù�>\ùUú�F�ýSù�� HY� ú
F�ù{úp=�ø � >� À � ù Õ =_ø\ùL@{û+>��
= � >D=�=_ù{ú�¿ÂB\û+¿6ý�> � =_ù�� � >�B�=_ø\ù�ú_ù��_û H C�=�ýSû+>�ú_ù�¿ � ý�>%� � Ý�û+C�= �+¤�ø _ ¤

	 ù0@{û�>%@ H C%B\ù0ÀEú_û+¿ =_ø\ý����Q=#C%B*¾V=_ø � = ÿ ø\û�=�û+>%�¨@ � >`Ý�ù0� � =_ý��
À � @�=�û^ú_ý H ¾X¿6ù � ��C\úcù�BVC ÿ =_ûHù�>\ù{ú
F�ýOù��
û�À¨=�ø\ù�û^ú�B\ùUú2û�À � ÀoÀ � ù Õ`¤"T ø\ù5¾eýOù H B\¾Pý H�H B;ù�@{úcù � �cùLÝ4ù H û§¾�=_ø\ù H ý�¿jýE=aû�À��Q= � =_ý��Q=�ý�@ ��H �_ý�F�>\ý�K
@ � >%@Uù� =�ø;ý�F�ø\ùUúHù�>\ù{ú
F�ýOù�� � @�@{û�ú
B\ý�>%F�=�û	=_ø\ù8h k ,Ûú
C%>%>\ý�>%F&@{û�>%B\ý�=_ýOû+>�� � >%BÅù q0ÿ ù�@�=_ù�BJ@{úcû+���T�cù�@A=�ýOû�>%�
ù q =�ú �^ÿ û HY� =_ù�B&ÀEúcû+¿Â=�ø;ùV�Q¾)�
=�ù�¿ � =�ý�@���Wm�_ùUù�
WùAÀ ¤ s g ÿ øîÀ Ä v � >%B�,�ø �^ÿf¤�� X ¤

Þ�íOÜ-ímûîí+� �0÷áö úÔùrú ÷�ð�õ\ñ7ö=÷ ¼{ø�ùrú ÷áð
T ø\ù@ý�¿ ÿ%� @�= ÿ û��_ý�=_ýOû+>6ý�> üVk0m�� ¾ � �,ú_ù�@{û+>%�Q=�ú
C%@�=_ù�B�Ý$¾	@ ��H @�C HY� =_ý�>%F5=_ø\ù ÿ û+�_ýE=�ýOû�>jû�À�=�ø\ùT@Uù�>$=�ùUú
û�À.F�ú � ÃeýE=w¾�û�À
=�ø\ù2úcù�@{û�>%�
=_ú�C%@A=�ù�B�@ H C%�Q=�ù{ú � �oB\ù���@{úcý�Ý�ù�Bhý�> � ù�@ ¤ � ¤ � ¤��+¤ãT ø\ý�� ÿ û+�_ýE=�ýSû+>�¾ � �oÀáC\úQ=�ø\ùUú
@{û�úcú_ù�@�=�ù�B[ÀEû^úh=�ø\ù�ý�>�@{ý�B;ù�>%@UùVB;ýOú_ù�@�=_ýOû+>~û�À�=�ø;ù8ý�¿ ÿ ý�>%F�ý�>%F ÿ ø\û�=�û�> � @�@{û�ú
B\ý�>�F�=_û!=�ø\ù�U�� ¤ W{� ¤�, X ¤T ø\ù��_ø\ýEÀ =�û�À0=�ø\ùoú_ù�@{û+>��
=�ú
C%@�=_ù�B÷ý�¿ ÿ
� @�= ÿ û�ý�>$=0¾Pý�=_ø úcù�� ÿ ù�@�=V=�ûR=�ø\ù ÿ ø\û�=�û�> ý�¿ ÿ%� @�=�û�>D=_û
=�ø\ù3U��M,Ö�
C\ú
À � @{ù�¾ � �^�_ý�¿�C H�� =�ù�B�ÀEû^úp�_ù�Ã^ù{ú ��H4ÿ ø\û�=�û�>jù�>\ù{ú
F�ýOù���Þ$ÀEú_û+¿ � =_û à À � ù Õ�� >%B ÿ ø\û�=_û+>
ý�>%@Uý�B\ù�>%@{ù � >%F H ù���Þ α = 0◦ Þ 3◦ Þ 6◦

� >�B 9◦
¤yÃ ý�F+C\úcù�� ¤��§� �cø\û§¾���=_ø\ù&B\ý�ê ùUú_ù�>%@{ùRÝ�ù�=K¾	ù{ù�>Ö=�ø;ù
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ú_ù�@{û+>%�Q=�ú
C%@�=_ù�B ÿ û�ý�>D= x C�GIH � >%B!=�ø;ùHý�¿ ÿ
� @�=p@Uû0û�ú
B\ý�> � =�ù x DF¬�Ã�ùUú��
C%� sinα
¤ãT ø\ù�B\ù ÿ ù�>%B;ù�>%@Uù�¾Pý�=_ø

sinα û�À7=_ø\ùL�_ø\ýEÀ = x C+GIH − x DF¬�¾ � � ÿ
� ú � ¿jùA=�úcý��{ù�B � ��Þ
x C+GIH − x DF¬ = t G�
 sinα, W{� ¤�� �lX

¾Pø\ù{úcù t G�
¨ý���=_ø\ù~ùäê4ù�@A=�ý�Ã^ùr¿ �)q ý�¿`C%¿½B;ù ÿ =_ø � =N¾Pø\ý�@�ø�=�ø\ù��cø\û§¾�ùUú�B\ùAÃ�ù H û ÿ �oý�>ô=�ø\ù�@{úQ¾)�
= ��H
ÀEû�ú�û+Ý H ý��DC\ù ÿ ø\û�=_û+>�=�ú � @[ZD� ¤8T ø\ùhù�>\ù{ú
F�¾nB\ù ÿ ù�>%B\ù�>�@{ù6û�À t G�
¾ý���û�Ý%�_ùUú
Ã�ù�B ý�> Ã ý�F ¤ � ¤��§�R� >%BZý��
B\ù��
@{úcý�Ý�ù�B[ÝD¾	=�ø\ù5ÀáC%>%@A=�ýSû+>

t G�
 = Ainc +Binc logE, W{� ¤+�zà X
¾Pø\ù{úcù'=_ø\ù ÿ ø;û�=�û+>Åù�>\ùUú�F�¾
xÐý���¿6ù � ��C\úcù�B¨ý�> � ù ÕÚ� >�B ÿ
� ú � ¿jùA=�ùUú�� Ainc

� >%B Binc

� ú_ù`F^ý�Ã�ù�>
ý�> T7� Ý ¤ � ¤ � ¤��+¤

αsin
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Ã ý�F�C\ú_ù�� ¤+�_� ì ±�ÆeÌaÈjÌ Ð É=Ø�Æ�°�ò	Í��%Æ Ð ÆYÊlÅ[ÆT«%ÆYÈm¦ãÆ[ÆYÊ�ÈKÒlÆ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈ¡Æ[Ó�Í�ØwÇ7É_ÅYÈ�Ç%Î_Í�Ê)È�Ç%Î§ËKÍ�ÈKÍÏÎ_Ê x C+GIH É=ÊlÓÈKÒlÆ�Í�ØwÇ7É_ÅYÈ�Å[Î&Î Ð ÓoÍ�Ê7É=È¡Æ x DF¬ Í�ÊzÉ�§¨©dª��wØ�Î$Ó+÷$®ÏÆ�þrÆ Ð Ëw÷lËãÈKÒlÆ sinα ÌÔÎ Ð Í�ÊlÅYÍÏÓ;ÆYÊlÅ[Æ�É=Ê;Ñ�®ÏÆ[Ë α = 0◦ · 3◦ · 6◦É=ÊlÓ 9◦ É=ÊlÓ�ÌÔÎ Ð Ç;ÒlÎ_È¡Î_Ê8ÆYÊlÆ Ð Ñ§ÍÏÆ[ËBÎ=Ì7ü�·$ý+·*ülúiÉ=ÊlÓ!ï�úi��Æá¥ Õ ¯�Í�Ñ§Ò)ÈãÌ Ð É=Ø�Æ�°fòjÆYÇ%ÆYÊlÓ;ÆYÊlÅ[Æ	Î=Ì�ÈKÒlÆ�Æ��îÆ[ÅYÈKÍ¬þrÆØ�É�õoÍ�Ø�÷;Ø�Ó;ÆYÇ;ÈKÒOÎ=ÌÚÈKÒlÆ�Ë¡ÒlÎl¦�Æ Ð ¦�Í�ÈKÒ/Ç;ÒlÎ_È¡Î_Ê�ÆYÊlÆ Ð Ñ�ñ Õ
T ø\ù ÿ û+�cý�=_ýOû+>�û�À*=�ø\ù!úcù�@{û�>%�
=_ú�C%@A=�ù�B ÿ û^ý�>$=#�-¾ � ��@{û�úcú_ù�@A=�ù�B'ÀEû�úf=_ø\ù!û+Ý H ý+�DC\ý�=w¾Hùäê4ù�@A= � @�@{û�ú
B\ý�>�F

=�û�U�� ¤ W{� ¤�, X ¤T ø\ùM¾Pý�B�=_ø û�ÀL=�ø\ù x C�GIH − x DF¬JB\ý��
=�úcý�Ý%C*=�ýOû�>fÞj¾Pø\ý�@�øÜB\ùAK
>\ù��R=_ø\ùn� ÿ
� =�ý ��H ú_ù��_û H C�=�ýSû+>fÞ�¾ � �
�
=�C%B\ýOù�BÖÀEû�úg�_ùAÃ�ùUú ��H ý�>%@{ý�B\ù�>�@{ù � >%F H ù�� � >%B ÿ ø;û�=�û+> ù�>\ùUú�F�ýSù�� � >%BÖ=_ø\ùÅúcù���C H =#� � ú_ùr�_ø\û§¾�>sý�>Ã ý�F ¤ � ¤+��,)¤iT ø;ùCý�¿ ÿ ú_û�Ã^ù�¿6ù�>$=@û�Ào=�ø\ù ÿ û+�cý�=_ýOû+>�ú_ù��_û H C�=�ýSû+>c¾PýE=�ø�=_ø\ù ÿ ø\û�=�û�>¨ù�>\ùUú�F�¾Mý���¿6û+�
= H ¾� @Uû+>%�_ùä�DC\ù�>%@Uù~û�Àh=_ø\ù¾ý�>%@{úcù � �cù¾û�Àd=_ø\ù	@ H C%�Q=�ù{úV¿�C H =�ý ÿ%H ý�@{ý�=w¾ � >%BZ=�øDC%�Cû�À�=�ø\ù�¿jû�úcù � @�@�C\ú � =_ù
B\ù�=_ù{ú
¿jý�> � =�ýSû+>Åû�À^=_ø\ù!@ H C%�
=_ù{ú5@Uù�>$=�ùUú8û�À�F^ú � Ãeý�=w¾ ¤�T ø\ù ÿ û+�_ýE=�ýSû+>¨ú_ù��_û H C�=�ýSû+>�B\ù ÿ ù�>%B%�L�
=_ú_û+>�F H ¾
û+>R=�ø\ù�ý�>%@{ý�B\ù�>%@Uù � >%F H ù ¤BT ø\ùLÀáC%>%@A=�ýSû+>

σx,z =

√
A2

x,z +
B2

x,z

E
W{� ¤��§� X
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¾ � ��K%=�=_ù�B�=�û�=�ø;ùR�_ý�¿`C HY� =_ù�B ÿ û+�_ýE=�ýSû+>qú_ù��_û H C�=�ýSû+>ßÀEû�ú ÿ ø\û�=�û�>%��ÀEú_û+¿ =�ø;ù�ý�>$=�ù{ú � @�=_ýOû+>ZÃ�ù{úQ=�ù q
ý H�H C%¿6ý�> � =�ý�>�Fjù�>D=_ýOúcù H ¾ ��üVk0m�� ¿6û)B%C H ù&�7=_ø\ý���ý��8ù=�DC\ýEÃ ��H ù�>D=L=_û � > ý�>%@Uý�B\ù�>%@{ù � >%F H ù8¾Pý�=_øZ=�ø;ùÿ ùUú ÿ ù�>%B;ý�@�C HY� úV=�û�=�ø;ù&��C\úQÀ � @{ù~û�À�=_ø\ù�U��M,�¿jû)B%C H ù��`@Uû+>$=�ý�>)C;û+C%� H ¾ôB\ý��
=_ú_ý�Ý�C�=�ù�BeÝ4ùA=K¾�ùUù�> 0◦� >%B 8.75◦

¤OT ø\ù ÿ%� ú � ¿6ù�=_ù{ú
��û+Ý*= � ý�>\ù�BJÝ$¾JK%=�=_ý�>%FcU�� ¤ WI� ¤��§� XX=�û�=�ø\ù ÿ û+�_ýE=�ýOû�>Fú_ù��cû H C*=�ýOû�>ÁÀEû�úÿ ø\û�=_û+>%�dÝ�ù�=K¾	ù{ù�> �V� >%B à À � ù Õ�� >�B�ÀEû^ú�=�ø\ù5B;ý+ê4ù{ú_ù�>$=Pý�>%@Uý�B\ù�>%@{ù � >%F H ù�� ÿ%H û�=�=�ù�B~ý�> Ã ý�F ¤ � ¤+��,� ú_ù�úcù ÿ û�ú
=_ù�B�ý�> T7� Ý ¤ � ¤�à)¤

E (GeV)      1 10

 (m
m

)
x

σ

0.5

1

1.5

2

2.5
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3.5

4 o=0α 
o=3α 
o=6α 
o=9α 

 All angles

Ã ý�F�C\ú_ù�� ¤+��, ì §ÚÎ§ËKÍ�ÈKÍÏÎ_Ê Ð Æ[Ë¡Î�®¬÷;ÈKÍÏÎ_Ê!þrÆ Ð Ëw÷lËBÈKÒlÆjÇ;ÒlÎ_È¡Î_Ê/ÆYÊlÆ Ð Ñ�ñ�ÌÔÎ Ð Í�ÊlÅYÍÏÓ;ÆYÊlÅ[Æ�É=Ê;Ñ�®ÏÆ α = 0◦ · 3◦ · 6◦ · 9◦É=ÊlÓNÌÔÎ Ð ÉT÷;Ê;Í×ÌÔÎ Ð Ø5®¬ñzÓoÍÏË¡È Ð Í¬«$÷;È¡Æ[Ó8Í�ÊlÅYÍÏÓ;ÆYÊlÅ[Æ�É=Ê;Ñ�®ÏÆ Õ

α Ax Wm@�¿�X Bx Wm@�¿ � ù Õ 1/2 X
0◦ À ¤ À ø;Ä À ¤�Ä$� �
3◦ À ¤ À , À À ¤�Ä�ø"�
6◦ À ¤�� � , À ¤��z, À
9◦ À ¤��§Ö � À ¤��zà+à

ú � >%B\û+¿ W 0 − 9◦ X À ¤ À Öo� À ¤�ÄoÄ$Ö

T�� Ý H ù�� ¤�à ì §-É Ð É=Ø�ÆYÈ¡Æ Ð Ë Ax
É=ÊlÓ Bx

Î=Ì�´�� Õ µ ÿ Õ ülðb¶BÌaÎ Ð ÈKÒlÆ3Í�ÊlÅYÍÏÓ;ÆYÊlÅ[Æ0É=Ê;Ñ�®ÏÆ[Ë α = 0◦ · 3◦ · 6◦ É=ÊlÓ 9◦É_Ëp¦ãÆ#®¬®�É_ËBÌÔÎ Ð ÷;Ê;Í×ÌaÎ Ð Ø5®¬ñ8ÓoÍÏËKÈ Ð Í¬«$÷;È¡Æ[Ó/Í�ÊlÅYÍÏÓ;ÆYÊlÅ[Æ�É=Ê;Ñ�®ÏÆ[Ë Õ

Ä�Å�ë�Å~Æ ì É�ÎDÛ`Ï0ÈXÎ)ÉÜÒ*Ï���ÙV°�Ê%Ï0È�Î
kX� B;ú_û+>%� ÿ ú_û)B%C%@Uù�B � =�h k , ù�>\ùUú�F�ýSù�� � úcùn¿jý�>\ý�¿`C%¿ � ýOû+>;ý��{ýE>%F ÿ
� ú
=�ý�@ H ù��ýW�� 
%ü X ¤jT ø\ùUú_ùAÀEû�ú_ù�Þ
=�ø\ùA¾�B\ù ÿ û+�cý�=!ý�>�=�ø;ù�U��M, � @{û�>%�
= � >$=�ù�>\ù{ú
F�¾!=�ø � =�B;ù ÿ ù�>%B%�	û+> H ¾Cû+>�=�ø\ù � ¿6û+C%>$=!û�Àc=�ú � Ã^ù{ú��cù�B
¿ � =�ù{úcý ��HU¤NT ø\ù � Ã�ùUú � F�ù�Ã ��H C;ù6û�À�=_ø\ùjù�>\ù{ú
F�¾nB\ù ÿ û��_ý�=_ù�B÷ý�> � �cý�>%F H ù8U��M,t¿6û)B%C H ùhø � �LÝ4ùUù�>
ù��Q=�ý�¿ � =_ù�Bô=�ûnÝ�ù � Ý�û+C�= 227 ± 3 �Mù Õ ÀEú_û+¿ � U�g�� T�ø �_ý�¿�C HY� =�ýOû�>%��û�À�@�ø � ú�F�ù�B ÿ ýOû+>%��¾Pý�=�ø
ù�>\ùUú�F�¾�Ý4ùA=K¾�ùUù�>¢À ¤âàR� >%B � À � ù Õ Þ�ù�¿jýE=�=_ù�B�ÀEú_û�¿Õ=�ø;ù�gih 
 ,jU 
%ü � >�B÷ýSú_ú � B\ý � =_ý�>%F6û+>\ù�U��M,
¿jû)B%C H ù � ���cø\û§¾�>Yý�> Ã ý�F ¤ � ¤+� � ¤Vk û§¾	ù�Ã^ù{ú�Þ � Ý4û�C�=�=_ø\ù à2� _Úû�Àc=�ø\ùHø � B\úcû+>%��B;ù ÿ û+�_ýE= � >jù�>\ùUú�F�¾
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HY� ú
F�ù{úo=_ø � > ø$à À��Mù Õ � >%B�=�ø\ùUú_ùAÀEû�ú_ù�F�ý�Ã^ù � =_ú_ý�F�F�ù{úoÀEû�úp=_ø\ù�@ ��H û�ú_ý�¿jùA=�ù{ú � >%B	B;ù�Ã�ù H û ÿ�� �_ø\û§¾	ù{ú
=�ø\úcû+C%F�ø�ø � B\ú_û+> � >DC%@ H ù�C%�Pý�>D=_ù{ú � @�=_ýOû+>%� ¤

Deposited energy (GeV)
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Ã ý�F�C\ú_ù�� ¤+� ��ì ´¿ÊlÆ Ð Ñ�ñzÓ;ÆYÇ%Î§ËKÍ�È¡Æ[ÓzÍ�Ê�ÉiËKÍ�Ê;Ñ�®ÏÆd´ � ³�Ø�Î&Ó+÷$®ÏÆ�Å�É�®ÏÅ#÷$®�É=È¡Æ[Ó!«�ñ8�d´¨­�� í ý0ËKÍ�Ø�÷$®�É=ÈKÍÏÎ_ÊlË0«bñ
Å�Ò7É Ð ÑrÆ[Ó�Ç;ÍÏÎ_ÊlË�Î=Ì�ÆYÊlÆ Ð Ñ�ñ�«%ÆYÈm¦ãÆ[ÆYÊ�ú Õ ï8É=ÊlÓnülú/�jÆm¥X·îÆYØwÍ�ÈKÈ¡Æ[Ó\Ì Ð Î_Ø ÈKÒlÆL­�±.²w³�´�²U§ É=ÊlÓ\Í ÐKÐ É_ÓoÍ�É=ÈKÍ�Ê;Ñ
Î_ÊlÆd´ � ³ß«$®ÏÎ$Åj¸ Õ

	 ý�=�ø � >$=�ý ��ÿ úcû�=�û+>�� � >%B � >$=_ý � >;ù�C�=_ú_û+>%��Þ�=_ø\ùV�_ý�=�C � =_ýOû+>�ý�� ÿ
� úQ=�ý�@�C HY� ú�Þ
�_ý�>%@{ùL=�ø;ù��_ù ÿ
� ú
=_ý�@ H ù��� >%>\ýSø\ý H�� =�ù`ý�>%�_ý�B\ù0=�ø\ùh@Uú
¾)�
= ��H � � >%B�¿ � ¾VB\ù ÿ û+�_ýE=o¿6û�ú_ùaù�>;ù{ú�F�¾'=_ø � > ÿ úcû�=�û�>%� � >�B!>\ù�C�=_ú_û+>�� ¤ g��
=�ø\ù � >�>\ýOø\ý HY� =_ýOû+>Hû�À � >D=_ý � >)C�@ H ùUû+>%� ÿ úcû*B%C�@{ù���¿6û+�
= H ý�Z^ù H ¾X@�ø � ú�F^ù�B ÿ ýOû+>%��Þ)¾	ù^B\û�>;û�=fù q0ÿ ù�@�=�=�ø � =� >$=�ý � >DC%@ H ù{û+>���B\ù ÿ û+�cý�=�=�ø\ù Äz� ù Õ ù�>\ù{ú
F�¾&@Uû�ú_úcù�� ÿ û+>%B;ý�>%F�=_û`=�ø\ùX¿ � �
�,û�À�=_ø\ùT=K¾�û � >%>\ýOø;ý HY� =�ù�B
Ý � úQ¾�û+>%� ¤ �Mû�úcù{û�Ã�ùUú�Þ0�_ý�>%@{ù � >$=�ý � >DC%@ H ù{û+>%�V=�ú � Ã^ù H�� F�ý�Ã^ù�>ôB\ý��
= � >%@{ù	Ý4ùAÀEû�ú_ù � >%>\ýSø\ý H�� =�ý�>%F�Wá=�ø;ù
>DC%@ H ù � úPý�>$=_ù{ú � @�=�ýSû+> H ù�>�F�=�ø�ý�> ü Ý 	³m

4 ý�� �§Ö�¤�à @�¿\XlÞ.=_ø\ù8ý�¿ ÿ
� @�= ÿ û+�cý�=�ýSû+>�û+Ý�= � ý�>\ù�B[ÀEúcû+¿Í=�ø;ù
@ H C%�
=_ù{ú_ý�>%F ��H F�û�úcý�=_ø%¿ÕÀEû�ú�û+Ý H ý��DC\ù�=�ú � @[Z)�Vý��VB\ý+ê4ù{úcù�>$=`ÀEúcû+¿\=�ø\ùg=�ú�C;ùYý�¿ ÿ
� @A= ÿ û+�cý�=�ýSû+> ¤�T ø\ý��
ùäê4ù�@A=`B\ùA=�ùUú_ýOû^ú � =_ù��'=_ø\ù6ý�B\ù�>D=_ý�K
@ � =�ýSû+> û�À � >$=_ý ��ÿ ú_û�=_û+>%�LÝ$¾Z@Uû�ú_úcù H�� =�ý�>%F�ø\ý�=���ý�>Á=_ø\ù�, üTÕM� >%B
U��M, ¤

T ø\ùHúcù�� ÿ û+>��_ùWû�À üVkim�� =�û8ø � B;ú_û+>%�0B\ù ÿ ù�>%B%�aû+>g�_ù�Ã^ù{ú ��H À � @�=�û^ú�� H ý+Z^ùh=_ø\ùHø � B\ú_û�>�=w¾ ÿ ù � >%B
ù�>\ùUú�F�¾ � >%BR=�ø;ù5B\ù�=_ù�@�=_û�úPû*@�@�C ÿ%� >%@�¾&ÝD¾¾û�=�ø;ù{ú ÿ
� úQ=�ý�@ H ù�� ¤BT ø;ùV� ÿ ù�@�=_ú�C%¿ û�À ÿ ú_ý�¿ � úQ¾¾ø � B\ú_û+>��
@ � >	Ý4ù�û�Ý�= � ý�>\ù�B	ÝD¾�C%>�ÀEû H B\ý�>%F'=_ø\ùT� ÿ ù�@A=�ú
C%¿ û�À�úcù�@Uû+>%�
=_ú�C%@A=�ù�B�ø � B\ú_û�>%�	¾Pý�=_ø	=�ø;ù�ø\ù HSÿ û�À�=�ø;ù
ú_ù�@{û+>%�Q=�ú
C%@�=_ù�B ù�>\ù{ú
F�¾ Erec Ã�ùUú��
C%�V=_ø\ù ÿ ú_ý�¿ � ú
¾�ù�>\ùUú�F�¾ Eprim �fø\û§¾�ùAÃ�ù{ú�Þ�=_ø\ý��5C�>�ÀEû H B;ý�>%F~ø � �
>\û�=�Ý�ù{ù�>rB\û�>\ù5¾�ù�= ¤

Ä�Å�ë�Å{¯ � ÓQØÚÉ Ï0Ô��XÓjË��^Ò

gh=T=�ø;ù`=�ý�¿jùV=�ø\ý��X�
=�C%B�¾�¾ � �5B;û+>\ù!>\û T3mwÃ ¿6ù � �
C\ú_ù�¿jù�>$=�ù q ý��Q=�ù�B-��=�ø\ùUú_ù�ÀEû^ú_ù�Þ�¾�ù!Ý � �_ù�BZû+C;ú
�
=�C%B�¾Mù q @ H C%�_ýEÃ�ù H ¾¨û+>��_ý�¿`C HY� =_ýOû+>�� ¤iT ø;ù T3mwÃ ú_ù��cû H C*=�ýOû�>�B\ù ÿ ù�>%B%��û+>�=_ø\ù3£cý�=
=�ùUú@û�Àp=_ø\ù`=�ý�¿jù
û�À¨=�ø\ù�=�ú_ý�F+F�ùUúwW �7T g�
 T �cý�F+> ��H X � >%BR=�ø\ùT=_ý�¿6ùXF�ýEÃ�ù�>RÝD¾�=�ø\ù�U��M,?@{úQ¾*�Q= ��H W �2T3m�ü �cý�F+> ��H X ¤B
 >
û+C\ú��_ý�¿`C HY� =_ýOû+>���¾	ùhø � Ã�ù!>;ù�F H ù�@�=_ù�B�=_ø\ù3£cý�=
=�ùUú���û�Àp=_ø\ù��Q= � úQ=T=�ý�¿jù ¤�	 ý�=_ø�=�ø;ù��_ù � ����C�¿ ÿ =_ýOû+>��



/2Û�ÿ���^)çYé�`�^��e`YêTÝ$è�é�2YÜ�éeÝ�b_^*êQè�� �%£

� ú_ù��_û H C�=�ýSû+>~û�À à ÀoÀ ÿ �Pý�� � @�ø\ýOùAÃ�ù�B�¾Pø\ý�@�ø[@Uû+¿ ÿ
� ú_ù��j¾�ù H�H ¾PýE=�ø&=�ø;ù T3mwÃ ú_ù��_û H C�=�ýSû+> � @�ø\ýSù�Ã^ù�B
¾Pý�=_ø�=_ø\ù üVk U�� 
 s @ ��H û�úcý�¿6ù�=�ùUúwsug ÿ øîÀ ø v ¤T ø\ù T3mwÃ ú_ù��cû H C*=�ýOû�>júcù=�DC\ýOúcù�Bg=�ûVB\ý��
@{ú_ý�¿jý�> � =_ù ÿ ø\û�=_û+>%� � >%B6ù H ù�@�=_ú_û+>%�0ÀEú_û�¿�¿ � �
�_ýEÃ�ù ÿ
� ú �
=�ý�@ H ù��L@ � >ôÝ�ùgB\ù�B%C�@{ù�BôÀEúcû+¿ Ã ý�F ¤ � ¤��§Ö*¤�T ø\ù �^ÿ\ÿ%H ý�@ � =�ýOû�> û�Àh=�ø\ù T3mwÃ @{úcý�=_ù{ú_ýSû+>J=�ûÅý�B\ù�>$=_ý�À ¾ÿ ø\û�=_û+>%�húcù¡£cù�@A=#�oø\ù � ÃeýSù{ú ÿ
� úQ=�ý�@ H ù��N¾Pý�=_ø � >�ù " @{ýOù�>%@�¾�¾Pø;ý�@�ø�B\ù ÿ ù�>�B%�jû�>�=_ø\ù T3mwÃ úcù��cû H C �
=�ýSû+> ¤ãT ø;ý��,ý���ý H�H C%�Q=�ú � =�ù�B�Ý$¾g=�ø\ùT� ÿ ù�@�=_ú � û�À�ý�B\ù�>$=�ýEK«ù�B ÿ ø\û�=_û+>%��ÀEû�ú�B\ý+ê4ù{úcù�>$= T3mwÃ úcù��_û H C�=_ýOû+>%�ÿ ú_ù��_ù�>D=_ù�BMý�> Ã ý�F ¤ � ¤�Ä À ¤

E (GeV)
0 5 10 15 20

t (
ns
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Ã ý�F�C\ú_ù�� ¤��§Ö ì7í Í�Ø�Æ	Î=Ì��lÍ�Ñ§Ò)ÈBÎ=Ì�Ç;ÒlÎ_È¡Î_ÊlËl· π öIØ�Æ[Ë�Î_ÊlËãÉ=ÊlÓ�Êb÷lÅ#®ÏÆ[Î_ÊlË�Ì Ð Î_Ø�ÈKÒlÆVÍ�Ê&È¡Æ Ð É_ÅYÈKÍÏÎ_Ê8Ç"Î_Í�Ê&ÈSÈ¡Î�ÈKÒlÆ
§¨©dª��NËw÷ Ð ÌIÉ_Å[ÆdþrÆ Ð Ëw÷lË�ÈKÒlÆYÍ Ð ÆYÊlÆ Ð Ñ�ñ Õ
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Ã ý�F�C\ú_ùw� ¤�Ä À�ì �&Ç"Æ[ÅYÈ Ð É�Î=Ì¿Ç;ÒlÎ_È¡Î_ÊlË µ
H
¶�·;ÊlÆ#÷;È Ð Î_ÊlË µ

�
¶�É=ÊlÓOÉ=Ê)ÈKÍâöIÊlÆ#÷;È Ð Î_ÊlË µ

�
¶ãÑrÆYÊlÆ Ð É=È¡Æ[Ó�«bñ8Å[ÆYÊ)È Ð É�®

§�«+öm§¨«	©�²��b²����³Æ#þrÆYÊ&È¡Ël·"ÍÏÓ;ÆYÊ)ÈKÍ×�7Æ[Ó�É_Ë^®ÏÎA¦ Ç$÷ Ð Í�ÈUñ/Ç;ÒlÎ_È¡Î_ÊlË�«bñ/ÈKÒlÆ í ª �²Å Ð Í�È¡Æ Ð ÍÏÎ_Ê µ Ë¡Æ[Æ!�$Æ[Å Õ ï Õ îb¶ãÌÔÎ ÐÈKÍ�Ø�Æ Ð Æ[Ë¡Î�®¬÷;ÈKÍÏÎ_ÊlË�Î=Ìoü�É=ÊlÓgîiÊlË Õ
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Ä�Å�ë�ÅáÄ n#"%$ Û'ÉfÊ%Ô ÏpÊ
ØÚÙ0ÈX×cÉ
T ø\ù�, üTÕ B;ù�=�ù�@�=_û�úTý����_ù�>%�_ýE=�ýEÃ�ù�=_û � >$¾ ÿ
� ú
=_ý�@ H ùp=�ø � =TýOû�>\ý��Uù��¨=�ø\ùj, ü`Õ F � �7Ã^û H C�¿jù ¤�T ø\ùUú_ùAÀEû�ú_ù�Þ
=�ø\ùN, üTÕ @ � >�B\ù�=_ù�@A=T@�ø � ú
F�ù�B ÿ%� ú
=_ý�@ H ù���¾Pý�=_ø ��H ¿jû��
= � >$¾[¿jû+¿6ù�>$=�C%¿ ¤�T ø;ùCû+> H ¾ ÿ
� ú � ¿jùA=�ù{ú
@�ø � ú � @�=_ù{ú_ý+�{ý�>%F�=_ø\ù�úcù�� ÿ û+>%�cù2û�À
=�ø;ù�, üTÕ ý���=�ø\ù ÿ û��_ý�=_ýOû+>�ú_ù��_û H C�=�ýSû+>Vû�À%@�ø � ú�F^ù�B ÿ
� úQ=�ý�@ H ù0=�ú � @[ZD�ÿ
� �
�_ý�>�F�=_ø\ú_û�C%F�øR=�ø\ùLB\ùA=�ù�@�=�û^ú ¤T ø\ù	ý�¿ ÿ%� @�= ÿ û+�_ýE=�ýSû+>�û+>V=_ø\ù	, ü`Õ ý���ú_ù�@{û+>��
=�ú
C%@�=_ù�B�B;ýOú_ù�@�= H ¾ � ��=_ø\ù�@Uù�>$=�ùUú'û�À�F�ú � Ãeý�=w¾�û�À�=�ø;ù
@ H C%�
=_ù{ú�û�À�>\ù{ý�F�øDÝ4û�úcý�>%F ÿ%� B%�w¾Pý�=_øZ>\û�> � �Uù{ú_û[B\ù ÿ û+�cý�=_ù�B ù�>\ùUú�F�¾ ¤O
 > � Ý4ù � ¿ =_ù��
=��w¾�ùUú_ùg@ � úcú_ýOù�B
û+C�= � =	=_ø\ù
,jU�
&� ü��S� @�@{ù H ù{ú � =�û�ú�¾Pý�=_øIÝ4ù � ¿g�jû�ÀLB;ý+ê4ù{ú_ù�>$=&@�ø � ú
F�ù�B ÿ%� ú
=_ý�@ H ù��AW�ù H ù�@A=�úcû+>%��Þ
ø � B\úcû+>%� � >%B!¿�C\û�>%�[X�ý�>`=_ø\ùh¿6û+¿jù�>$=#C%¿ ú � >%F�ù �^��à0� ù ÕLN.O s ¦ H ýaÀoÀ§v ¤�T û5¿6ù � ��C\úcù�=�ø;ù ÿ û��_ý�=_ýOû+>
ú_ù��_û H C�=�ýSû+>où q0ÿ ùUú_ý�¿jù�>D= ��H�H ¾+Þ � F � �^�
=�úcý ÿ*� B\ù�=_ù�@A=�û�ú�¾Pý�=_ø ÿ û+�_ýE=�ýSû+>oú_ù��cû H C*=�ýOû�>6û�À � À µ ¿ ¾ � ��C%�cù�B� � � ú_ùAÀEù{úcù�>%@UùZB\ùA=�ù�@�=�û^ú ¤ T ø\ùZù5ê ù�@�=�ýEÃ�ùJ� ÿ%� =�ý ��H úcù��_û H C�=_ýOû+>sû�ÀN, üTÕ ¾ � �[¿6ù � ��C\úcù�BG=�û�Ý�ù
σx = 0.138 ¿g¿ � >%B σz = 0.154 ¿�¿ ¤ g H ý'
Wûeû�=g�_ý�¿�C H�� =�ýSû+>%�6ú_ù ÿ ú_û)B%C%@{ù�=_ø\ùn@{ûeû�ú
B\ý�> � =�ù
ú_ù��_û H C�=�ýSû+>~û�À�=�ø\ù�, üTÕt� �Pû+Ý%�_ùUú
Ã^ù�BÅý�> Ã ý�F ¤ � ¤�Ä2�+¤
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Ã ý�F�C\ú_ù�� ¤�Ä2� ì ò	Í��%Æ Ð ÆYÊlÅ[Æ'«"ÆYÈU¦�Æ[ÆYÊMÈKÒlÆNÆ�õ;É_ÅYÈwÉ=ÊlÓ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈ¡Æ[ÓAÍ�ØwÇ7É_ÅYÈ0Ç%Î_Í�Ê)È0Î_ÊcÈKÒlÆ!³�§�¥ Õcí ÒlÆÇ$®ÏÎ_ÈjÌÔÎ Ð ÈKÒlÆ Þ ö�É�õoÍÏË µ É_Å Ð Î§Ë¡Ë�ÈKÒlÆ0É=ÊlÎ$Ó;ÆT¦�Í Ð Æ[Ë
¶�ÍÏË	�lÈKÈ¡Æ[ÓR«�ñ�ÉzËKÍ�Ê;Ñ�®ÏÆ���É�÷lË¡ËKÍ�É=Ê�ÓoÍÏËKÈ Ð Í¬«$÷;ÈKÍÏÎ_Ê.·�É=ÊlÓ�ÌÔÎ Ð
ÈKÒlÆw©�ö�É�õoÍÏË µ É�®ÏÎ_Ê;Ñ�ÈKÒlÆ�É=ÊlÎ&Ó;Æh¦�Í Ð Æ[Ë
¶BÍÏËB�lÈKÈ¡Æ[Ó!«bñ8ÉwËw÷;ØéÎ=Ì-Èm¦ãÎN��É�÷lË�ËKÍ�É=Ê/ÓoÍÏËKÈ Ð Í¬«$÷;ÈKÍÏÎ_ÊlË�(�ó7®�ÍEú�ú*) Õ

8�9�+ , ¹.-�â0/�¸j»w·�âä¹�½�å1-32�µ ·�¹ · R µ R µ�»54 »76 â5¹�½ µ�½84�â�ºã¹�½�ç µ�½/·

 >Á=_ø\ùoø\ý�F^ø ÿ%� ú
=_ý�@ H ù!¿�C H =�ý ÿ�H ý�@Uý�=w¾�ù�>DÃeýSú_û+>%¿6ù�>$=V@{úcù � =_ù�B÷ý�>ýg0h 
 ,jU Ý$¾Zø\ù � ÃD¾ � ýSû+>Z@Uû H�H ý��cýOû+>%��Þ
=�ø\ùZù�>\ù{ú
F�¾ � >%B ÿ û+�cý�=_ýOû+> ú_ù��_û H C�=�ýSû+> û�À8U��M,¶¾Pý H�H B;ù�=�ùUú_ýSû�ú � =_ù ¤®T ø\ù ý�¿ ÿ û�úQ= � >%@Uù¨û�À'=�ø\ý��
B\ù�F^ú � B � =�ýOû�>�B\ù ÿ ù�>%B%��û+Ý$ÃeýOû+C�� H ¾�û+>r=�ø\ùCû)@�@�C ÿ
� >�@�¾Mû�Àp=�ø\ùzU��A,XÞc=�ø;ù HY� ú
F�ù{ú�=�ø;ùCû*@�@�C ÿ%� >%@�¾
=�ø\ù'¿jû^ú_ù ÿ ú_û+Ý � Ý H ùL=�ø;ùCû�Ã�ù{ú HY�^ÿ;ÿ ý�>%Fjû�À!ù H ù�@A=�ú_û�¿ � F�>\ù�=_ý�@ � >%B¨ø � B\ú_û�>\ý�@V�_ø\û§¾	ù{ú
� ¤wT ø\ý��@ùäê4ù�@A=
ø � �LÝ�ù{ù�>Á�
=�C%B\ýSù�BÁÝD¾Zù�¿�Ý�ù�B%B\ý�>%F�¿jû�>\û � ù�>\ù{ú
F�ù�=_ý�@ ÿ ø;û�=�û+>��8ý�> � @Uù�>$=�ú ��H ø\ù � ÃD¾ � ýSû+>Z@Uû H�H ý��cýOû+>
ù�Ã^ù�>$= ¤0T ø;ù�@{ù�>D=_ú ��H ù�Ã^ù�>$=w¾ � �TF�ù�>\ù{ú � =�ù�BnÝD¾ k3
:9$
 � � ¾PýE=�ø[=�ø\ù'@�ø � ú�F^ù�B ÿ
� úQ=�ý�@ H ùVB\ù�>%�_ýE=w¾ � =



/2Û<;�=�Ü ë ` >7ê¡b�ça`ÔÜ_^�� ë@? è�çIÜ`ç�æ+èBA�CD��åFEÖèe^HG�`�éKÜ_^lÝVèe^)ç -�û

@{ù�>D=_ú ��H ú �^ÿ ý�B\ýE=w¾[= � Z^ù�> � �w��ÞüÀoÀoÀ ¤wT ø\ùCù�>;ù{ú�F�¾¨ú_ù��_û H C�=�ýSû+> � >%B�=�ø\ù'ÀEú � @A=�ýOû�>¨û�À!ú_ù�@{û+>��
=�ú
C%@�=_ù�B
ù�>\ùUú�F�¾ � úcùXB\ý�� ÿ%H�� ¾^ù�B~ý�> Ã ý�F ¤ � ¤×Ä$Ä*¤ ¦�ù�@ � C%�cù�û�À¨�_ø;ûr¾	ù{ú2û�Ã^ù{ú H��^ÿ\ÿ ý�>%F%ÞD=�ø\ù@ù�>\ùUú�F�¾jú_ù��_û H C�=�ýSû+>Yý��
>\û�=_ý�@{ù � Ý H ¾�B\ù�F�ú � B\ù�BYý�>	=_ø\ù@ø;ù � ÃD¾ � ýOû+>¾ù�>$ÃeýOú_û�>%¿jù�>$=�Þ�� ÿ ù�@{ý ��H�H ¾!ÀEû�ú H û§¾ ù�>\ùUú�F�¾ ÿ ø\û�=_û+>%� ¤�T ø\ù
>\ùä¾ ÿ
� ú � ¿jùA=�ùUú��hK%=
=�ý�>�F�=_ø\ù�ù�>\ùUú�F�¾�úcù��cû H C�=_ýOû+>&Ã^ù{ú
��C%��=�ø\ù ÿ ø;û�=�û+>�ù�>;ù{ú�F�¾RÝ$¾cUV� ¤ WI� ¤+� X � ú_ù

a = 0.00(6)
� ù Õ , b = 0.0593(12)

� ù Õ 1/2, c = 0.0136(2). W{� ¤��z, X
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Ã ý�F�C\ú_ù�� ¤�ÄoÄ ì ´¿ÊlÆ Ð Ñ�ñ Ð Æ[Ë�Î�®¬÷;ÈKÍÏÎ_Ê µ ®ÏÆeÌ�È
¶�É=ÊlÓ
Ì Ð É_ÅYÈKÍÏÎ_Ê²Î=Ì�ÆYÊlÆ Ð Ñ�ñMÅ[Î_Ê&È�É=Í�ÊlÆ[Ó²Í�Ê²ÈKÒlÆ/Å#®¬÷lËKÈ¡Æ Ð�µ�Ð Í�Ñ§Ò&È
¶
ÌÔÎ�÷;ÊlÓ&«bñ�ÈKÒlÆ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈKÍÏÎ_Ê�É�®�ÑrÎ Ð Í�ÈKÒ;Ø®ÌaÎ Ð ËKÍ�Ø�÷$®�É=È¡Æ[Ó�Ø�Î_ÊlÎ�ö{ÆYÊlÆ Ð ÑrÆYÈKÍÏÅ�Ç;ÒlÎ_È¡Î_ÊlË�Í�ØwÇ;Í�Ê;Ñ§Í�Ê;ÑOÎ_Ê�ÈKÒlÆ
Å[ÆYÊ&È¡Æ Ð Î=ÌáÉ�§¨©dª��T«$®ÏÎ$Åj¸�É=ÊlÓ�ÆYØ�«%Æ[Ó;Ó;Æ[Ó�Í�ÊNÉ�Å[ÆYÊ)È Ð É�®"ÒlÆ�É þ�ñ�öIÍÏÎ_Ê�Å[Î�®¬®�ÍÏËKÍÏÎ_ÊNÆYÊbþ$Í Ð Î_Ê;Ø�ÆYÊ)Èo¦�Í�ÈKÒ�Å�Ò7É Ð ÑrÆ[Ó
Ç7É Ð ÈKÍÏÅ#®ÏÆ�Ó;ÆYÊlË¡Í�Èmñ�É=È�ØwÍÏÓ�ö Ð É=Ç;ÍÏÓoÍ�Èmñ�Î=Ì�I+· ú�ú�ú ÕLí ÒlÆ�ÓlÉ_Ë¡ÒlÆ[Ó�Å#÷ Ð þrÆ[Ë Ð ÆYÇ Ð Æ[Ë¡ÆYÊ&È�ÈKÒlÆ5þ§É�®¬÷lÆ[Ë�Î�«;È�É=Í�ÊlÆ[Ó�ÌÔÎ Ð
Ç;ÒlÎ_È¡Î_ÊlËjÍ�Ê�É�Ç7É Ð ÈKÍÏÅ#®ÏÆiÌ Ð Æ[Æ0ÆYÊ�þ&Í Ð Î_Ê;Ø�ÆYÊ&È Õ �$Î�®�ÍÏÓ	®�Í�ÊlÆ[Ë�Î_Ê\ÈKÒlÆT®ÏÆeÌaÈjÉ=ÊlÓ Ð Í�Ñ§Ò&Èj�lÑ�÷ Ð Æ[Ë�É Ð Æ0É��lÈjÈ¡ÎzÈKÒlÆ
Ç%Î_Í�Ê)È¡Ëp«�ñ!´�� Õ µ ÿ Õ ü�¶BÉ=ÊlÓ/Æ[�b÷7É=ÈKÍÏÎ_Ê p0/E + p1/

√
E + p2

· Ð Æ[ËKÇ"Æ[ÅYÈKÍ¬þrÆ#®¬ñ Õ

8�9:J , ¹.-�â0/�¸j»w·�âä¹�½�å1-32�µ ·�¹ · R µLKNMyàPORQ µ�½84�â�º�¹N½�ç µ�½8·

T ø\ù ÿ ù{úQÀEû�ú�¿ � >%@UùHû�À üVkim�� ý�>�gih 
 ,jU�¾Pý H�H Ý4ùi¾	û�ú
�_ùX=_ø � >&�Q= � >%B ��H û+>;ùXB%C\ù�=�û��cù�Ã�ùUú ��H ùäê4ù�@�=��H ý+Z^ù`@Uû+>$Ã�ùUú��_ýSû+>Fû�À ÿ ø\û�=�û+>%�@ý�>�=_ø\ù�¿ � =�ùUú_ý ��H Ý�ù�=K¾	ù{ù�>n=�ø\ùhý�>D=_ù{ú � @�=_ýOû+> ÿ û�ý�>$= � >%B üVkim���� >%Bÿ ú_û)B%C%@A=�ýSû+>÷û�Àd�_ù�@{û+>%B � ú
¾ ÿ
� úQ=�ý�@ H ù��8û�C�=Vû�Àh=�ø\ù 
%ü7¤ST ¾	û�B\ùA=�ù�@�=�û^ú`@{û�>�K
F+C\ú � =�ýSû+>%�8ø � Ã�ù�Ý4ùUù�>
@{û+>��_ý�B;ù{ú_ù�BfÞ�û+>\ùVý�>c¾Pø;ý�@�ø�=_ø\ù{úcù � úcù'>\û�B\ù�=_ù�@A=�û�ú
�XÝ�ù�=K¾	ù{ù�>n=_ø\ù TPü , � >%B üVk0m�� Þ�@ ��H�H ù�B�=�ø;ù
@{û+>*K
F+C\ú � =�ýSû+>�¾PýE=�ø8ø\û H ù���Þ � >%B � �_ù�@{û+>�Bhû+>\ùaý�>�¾Pø;ý�@�ø'=_ø\ù T 
 iI� >�B T3mwÃ�� úcù ÿ ú_ù��cù�>$=`ý�>VÀEúcû+>$=
û�À üVk0m�� Þ+@ ��H�H ù�B`=_ø\ùh@Uû+>�K
F+C;ú � =_ýOû+>N¾PýE=�ø\û�C�=`ø\û H ù�� ¤ã
 >.
WùAÀ ¤ s i ù H À � v*=�ø\ùd�Q=#C%B*¾Cû�À.=�ø;ù,ý�>"¤%C\ù�>%@Uù
û+>�=�ø\ù8ù�>\ùUú�F�¾�úcù��cû H C�=_ýOû+>�û�À�¿ � =�ù{úcý ��H ý�>�ÀEú_û+>$=Wû�À üVkim�� ÀEû�úd=�ø\ùV@{û�>�K
F+C\ú � =�ýSû+>�¾Pý�=_øMø\û H ù��Wý��ÿ ú_ù��_ù�>D=_ù�B ¤�	 ú_ý�=_ý�>%FV=�ø\ù�ú � =�ýSûVû�À¨=_ø\ù�ú_ù��_û H C�=�ýSû+>�¾PýE=�ø&=�ø;ù5¿ � =_ù{úcý ��H û�À¨=�ø;ùT@{û+>*K
F+C\ú � =�ýSû+>�¾Pý�=_ø
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¾PýE=�ø\û+C*=Pø\û H ù�� ¾PýE=�ø�ø\û H ù��

 � B\ý � =_ýOû+>\h�ù�>%F�=_ø À ¤�à X0 À ¤×Ä X0g�Ý%�_û^ú ÿ =_ýOû+>chkù�>%F�=�ø À ¤�� � λI À ¤ À à λI

T�� Ý H ù�� ¤ü� ì ¯	É_ÓoÍ�É=ÈKÍÏÎ_Ê�É=ÊlÓ�É�«lË¡Î Ð Ç;ÈKÍÏÎ_Ê	®ÏÆYÊ;Ñ§ÈKÒ�ÉlþrÆ Ð É=ÑrÆ�þ§É�®¬÷lÆ[Ë�Î�«;È�É=Í�ÊlÆ[Ó�Ì Ð Î_ØR��Í�Ñ Õ ÿ Õ î�ý$·;ÊlÎ_ÈVÈ�É�¸$Í�Ê;ÑÍ�Ê&È¡Î�É_Å[Å[Î�÷;Ê)È�ÈKÒlÆ�Å[Î_Ê)È Ð Í¬«$÷;ÈKÍÏÎ_Ê�Ì Ð Î_ØéÈKÒlÆ�Å[ÆYÊ&È Ð É�® í §7³�Æ#®ÏÆ[ÅYÈ Ð Î&Ó;ÆiÉ=È θ = 90
J Õ

ø\û H ù�� � >%B�¾Pý�=_ø\û+C�= � >D¾&¿ � =_ù{úcý ��H W üVk0m�� �
= � >%B ��H û+>\ù_X � ��ì
σ UV
σ U JV = 1 + d, WI� ¤+� �;X

¾�ùnK
>�B?=_ø � =R=_ø\ùJB\ù�F�ú � B � =_ýOû+> ÿ
� ú � ¿jùA=�ù{ú#WG��@ ��H ù�� �^ÿ\ÿ úcû q ý�¿ � =_ý�Ã^ù H ¾�¾PýE=�øG=K¾�ûe=_ý�¿6ù��&=�ø;ù
ý�>$=�ùUú � @A=�ýSû+> ÿ úcû+Ý � Ý;ý H ýE=w¾+Þ d ∼ 2P X ¤AT ø\ù~ý�>$=�ùUú � @A=�ýSû+> ÿ úcû+Ý � Ý;ý H ýE=w¾Zý���ú_ù H�� =�ù�Bß=�ûr=�ø\ù&¿ � =_ù{ú_ý ��H
=�ø\ý�@[ZD>\ù��
��Y\Ý$¾�ì

P γX = 1 − e
− X

X0

7

9 ÀEû�ú ÿ ø\û�=�û+>%� ,
P
GX = 1 − e

− X
X0 ÀEû�ú�ù H ù�@A=�ú_û�>%� . W{� ¤��§Ö X

gX�^=�ø\ùUú_ù � úcù ��H �_û�ý����
C\ù��d@Uû+>%@Uù{ú�>;ý�>%F`=_ø\ùX@Uû+>�K
F�C\ú � =_ýOû+>�¾Pý�=_øYø\û H ù���Þ7¾�ù@ø � Ã�ùT�Q=#C%B\ýSù�B~ø\û§¾?=�ø;ù
¿ � =�ù{úcý ��H û�À T 
 iÂ� >%B T3m�Ã B\ù�=_ù�@A=�û�ú
�Vý�>ÁÀEú_û+>$=�û�À üVkim�� ¾Pý H�H0� ê ù�@�=�ý�=#�8ú_ù�� ÿ û+>%�cù	ÀáC%>%@A=�ýOû�>
s�, � ¿�À � v ¤�
 > Ã ý�F ¤ � ¤�Ä�ø Þá¾	ù`�cø\û§¾ =_ø\ù � Ý%�_û�ú ÿ =�ýSû+> � >%B¨ú � B\ý � =�ýOû�> H ù�>%F�=�ø � � � ÀáC�>%@�=_ýOû+>Mû�Ào=�ø;ùÿ û HY� ú � >%F H ù θ ÀEû�ú7Ý4û�=_ø`@Uû+>�K
F+C;ú � =_ýOû+>%� � >%BCý�> T7� Ý ¤ � ¤ü� ¾�ù H ý��Q=¨=�ø\ù � Ã^ù{ú � F�ù�Ã ��H C;ù��'û�À%=�ø\ù��_ù�=K¾	û
�DC � >$=�ýE=�ýOù�� ¤�T ø\ùHýSú_úcù�F+C H�� ú_ýE=�ýSù����cù{ù�>¾ý�>!=_ø\ùdK
F+C\úcù � ú_ù�¿ � ý�> H ¾'B�C\ù�=_û 
KT3� ý�>!=_ø\ù�@{û+>�K%F+C\ú � =�ýOû�>
¾Pý�=_ø ø;û H ù�� � >%Bn=�ûR=�ø;ù T 
 i ÀEú � ¿6ùCý�>n=_ø\ù�@{û+>�K%F+C\ú � =�ýOû�>M¾Pý�=�ø;û+C�=�ø\û H ù�� ¤8T ø\ù�@{û+>$=�úcý�Ý%C*=�ýOû�>
û�À0=�ø\ù�ÀEú � ¿6ùCû�À0=�ø\ù!@Uù�>$=�ú ��H ù H ù�@A=�ú_û)B\ùhû�À0=_ø\ù TPü , ý��X@ H ù � ú H ¾��cù{ù�> � � �Yÿ ù � Z � = θ = 90

J û�À
¿jû^ú_ù!=�ø � >qû+>\ùjú � B\ý � =�ýSû+> H ù�>%F�=�ø ¤�
 Àj¾	ù&>\ù�F H ù�@�=V=�ø\ù�@{û+>$=_ú_ý�Ý�C�=�ýSû+>ZÀEúcû+¿ =�ø\ý��Vù H ù�@A=�úcû*B\ù�Þ�¾	ù
@{û+>�@ H C�B\ù�=_ø � =�=�ø\ù � Ý%�_û^ú ÿ =_ýOû+> � >%BYú � B\ý � =�ýSû+> H ù�>�F�=�ø%�	ý�>�=�ø\ù�@{û+>*K
F+C\ú � =�ýSû+>O¾PýE=�ø\û+C*=�ø\û H ù�� � úcù� Ý�û+C�= Ä*¤�à!� >%B Ä*¤ �!=_ý�¿6ù�� H�� ú�F�ùUú�=�ø � >Mý�>R=�ø\ùL@{û�>�K
F+C\ú � =�ýSû+>\¾Pý�=_ø�ø\û H ù���Þ«úcù�� ÿ ù�@A=�ýEÃ�ù H ¾ ¤
 >�=�ø;ù�ÀEû H�H û§¾Pý�>�FTK
F+C\úcù���ÞD=�ø;ù@ùäê4ù�@A=�û�À�=�ø;ù � B�B\ý�=_ýOû+> ��H ¿ � =�ù{úcý ��H ý�>�=�ø\ù�@{û+>*K
F+C\ú � =�ýSû+>�¾PýE=�ø �
û+C�=	ø\û H ù��aý��^�_ø\û§¾�> ¤�
 > Ã ý�F ¤ � ¤�Ä �V=�ø\ù�>DC%¿�Ý�ù{ú�û�Àkú_ù�@{û+>%�Q=�ú
C%@�=_ù�B ÿ
� úQ=�ý�@ H ù��!ý�> üVkim�� ý�� ÿ%H û�=
=�ù�B
ÀEû�ú�Ý�û�=_øR@{û+>�K%F+C\ú � =�ýOû�>%� ¤B
 >&=_ø\ù5@{û�>�K
F+C\ú � =�ýSû+>�¾PýE=�ø\û+C*=,ø\û H ù���Þ2¾	ù5@ H ù � ú H ¾6û+Ý%�_ùUú
Ã^ù � B\ù�@Uú_ù � �_ù
û�Àf=_ø\ùX>DC%¿�Ý�ù{ú	û�Àkúcù�@{û�>%�
=_ú�C%@A=�ù�B ÿ
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Ã^ù�B � = H û§¾�ùUú2ù�>\ùUú�F�ýSù���Þ � ���cù{ù�>Åý�> Ã ý�F ¤ � ¤×Ä+,D¤
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Ã ý�F�C\ú_ù3� ¤�Ä�ø ì ­�Ø�Î�÷;Ê&ÈVÎ=Ì�Ø�É=È¡Æ Ð Í�É�®îÍ�Ê Ð É_ÓoÍ�É=ÈKÍÏÎ_Ê µ ÷;Ç;Ç%Æ Ð ¶�É=ÊlÓ8É�«lË¡Î Ð Ç;ÈKÍÏÎ_Ê µ ®ÏÎA¦�Æ Ð ¶�®ÏÆYÊ;Ñ§ÈKÒ!÷;Ê;Í�È¡ËãÌ Ð Î_Ø
ÈKÒlÆX²U§¢È¡Î�ÈKÒlÆT§¨©dª���«$®ÏÎ$Åj¸oË�É_Ë�ÉwÌY÷;ÊlÅYÈKÍÏÎ_Ê�Î=ÌSÈKÒlÆiÇ"Î�®�É Ð É=Ê;Ñ�®ÏÆ θ ÌÔÎ Ð ÈKÒlÆ0Å[Î_Êo�lÑ�÷ Ð É=ÈKÍÏÎ_ÊlËd¦�Í�ÈKÒ µ ®ÏÆeÌaÈ
¶
É=ÊlÓ�¦�Í�ÈKÒlÎ�÷;È µ�Ð Í�Ñ§Ò)È
¶BÒlÎ�®ÏÆ[Ë Õ
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¶
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Ã ý�F�C\ú_ùV� ¤�Ä+à ì ±�ÆeÌaÈ�Ì Ð É=Ø�Æ�°\�^÷;Ø�«"Æ Ð Î=Ì Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈ¡Æ[Ó0Ç;ÒlÎ_È¡Î_ÊlË-Ç%Æ Ð Æ#þrÆYÊ)È µ Å[ÆYÊ)È Ð É�®D§¨«+öm§�«�Å[Î�®¬®�ÍÏËKÍÏÎ_ÊlË�É=È
ï Õ ï A í Æá¥�¶�ÌÔÎ Ð ÈKÒlÆ�Å[Î_Êo�lÑ�÷ Ð É=ÈKÍÏÎ_ÊlË^¦�Í�ÈKÒ µ Ë¡Î�®�ÍÏÓ�®�Í�ÊlÆA¶VÉ=ÊlÓ�¦�Í�ÈKÒlÎ�÷;È µ ÓlÉ_ËKÒlÆ[Ó�®�Í�ÊlÆA¶ãÒlÎ�®ÏÆ[Ë Õ ¯�Í�Ñ§Ò)ÈBÌ Ð É=Ø�Æ�°¯	É=ÈKÍÏÎ�Î=Ì"ÈKÒlÆ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈ¡Æ[Ó�Ë¡Ç"Æ[ÅYÈ Ð ÉjÍ�Ê�ÈKÒlÆVÅ[Î_Êo�lÑ�÷ Ð É=ÈKÍÏÎ_Ê`¦�Í�ÈKÒlÎ�÷;ÈSÒlÎ�®ÏÆ[Ë�È¡Î3ÈKÒ7É=È�Í�Ê�ÈKÒlÆ�Å[Î_Êo�lÑ�÷ Ð É=ÈKÍÏÎ_Ê
¦�Í�ÈKÒ8ÒlÎ�®ÏÆ[Ë Õ
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Ã ý�F�C\ú_ù/� ¤�Ä+, ì ±�ÆeÌ�È�Ì Ð É=Ø�Æ�°X§ Ð Î�«7É�«;Í¬®�Í�ÈmñcÈKÒ7É=È�Ò;Í�Ñ§Ò+ö pT
Ç;ÒlÎ_È¡Î_ÊlËiÓ;Î�ÊlÎ_È�Å[Î_Ê�þrÆ Ð ÈiÍ�Ê�ÈKÒlÆ�Ø�É=È¡Æ Ð Í�É�®BÍ�Ê

Ì Ð Î_Ê)È0Î=Ì�§¨©dª���·�Å�É�®ÏÅ#÷$®�É=È¡Æ[ÓýÉ_ËiÈKÒlÆ Ð É=ÈKÍÏÎ\Î=ÌVÈKÒlÆ�Ê�÷;Ø�«%Æ Ð Î=Ì�Ç;ÒlÎ_È¡Î_ÊlËiÈKÒ7É=ÈwÉ ÐKÐ Í¬þrÆNÈ¡Î	§¨©dª���È¡Î�ÈKÒlÆ
Ê�÷;Ø�«%Æ Ð Î=ÌîÑrÆYÊlÆ Ð É=È¡Æ[Ó�Ç;ÒlÎ_È¡Î_ÊlËSÌÔÎ Ð ÈKÒlÆ�Å[Î_Êo�lÑ�÷ Ð É=ÈKÍÏÎ_ÊlË�¦�Í�ÈKÒ µ

◦ ¶SÉ=ÊlÓL¦�Í�ÈKÒlÎ�÷;È µ
• ¶¿ÒlÎ�®ÏÆ[Ë Õ ¯VÍ�Ñ§Ò&È¿Ì Ð É=Ø�Æ�°¯	É=ÈKÍÏÎ3Î=ÌîÈKÒlÆ�ÊlÎ_ÊNÅ[Î_ÊbþrÆ Ð ËKÍÏÎ_ÊzÇ Ð Î�«7É�«;Í¬®�Í�ÈKÍÏÆ[ËãÌÔÎ Ð ÈKÒlÆ�Å[Î_Êo�lÑ�÷ Ð É=ÈKÍÏÎ_ÊlËo¦�Í�ÈKÒlÎ�÷;ÈBÉ=ÊlÓ'¦�Í�ÈKÒ�ÒlÎ�®ÏÆ[Ë Õ §�ÒlÎ_È¡Î_ÊlËÒ7ÉlþrÆd«"Æ[ÆYÊ8ÑrÆYÊlÆ Ð É=È¡Æ[Óg¦�Í�ÈKÒ�ÆYÊlÆ Ð Ñ�ñ�÷;Ê;Í×ÌaÎ Ð Ø5®¬ñ8ÓoÍÏËKÈ Ð Í¬«$÷;È¡Æ[Ó8Ì Ð Î_ØqülúiÈ¡ÎLÿbú��jÆá¥ Õ
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 >/¾Pø;ý�@�ø�ÀEû H�H ûr¾���Þ�=�ø;ù3gih 
 ,jU ù�>$ÃeýOúcû+>%¿6ù�>$=!ú_ùAÀEù{ú��p=_ûL=_ø\ù�@{û+>*K
F+C\ú � =�ýSû+>z¾Pý�=_øhø\û H ù��`ù q @{ù ÿ =
ý�> � ù�@ ¤ßà)¤â, ¾Pø;ù{ú_ù 
 B;ý���@�C%���hø;ûr¾�ø\ý�F�ø � ù�>\ùUú�F�¾ ÿ ø\û�=_û+>%��@Uû+>$Ã�ùUú
=�ý�>%FFý�>$=_û γ → e+e− ý�>ß=�ø;ùT 
 i � >%B T3mwÃ ¿ � =_ù{úcý ��H @ � >�Ý�ù8ý�B\ù�>$=_ý�K«ù�B ¤
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ÿ
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ÿ
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� ¤ g k3
 ,Èù�>$ÃeýOúcû+>%¿6ù�>$= ÿ ú_û)B%C%@{ù��� B\ù�F�ú � B � =�ýSû+>¾û�À�=�ø\ù ÿ ø\û�=�û�>Yù�>\ùUú�F�¾jú_ù��_û H C�=�ýSû+>¾û�À � ÀEùä¾ ÿ ù{ú
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 ,jU�ù�>$ÃeýOú_û�>%¿jù�>$=ÿ ú_û)B%C%@Uù���=_ø\ù � Ý%�cû�ú ÿ =_ýOû+>ñû�À � Ý�û+C�= � ÀJ_ � >�B ø À � �;À�_ û�À ÿ ø\û�=�û+>%��ÀEû^ú`=�ø\ù�@Uû+>�K
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�0=_ø � > � @�¿(ÀEû�ú
ù H ù�@�=_ú_û+>�� � >�B HY� ú�F�ùUúh=�ø � > � @�¿ÍÀEû�ú ÿ ýOû+>���Þ � ���_ø\û§¾�>Fý�> Ã ý�F+� ¤�à*¤��'� >%B à)¤×Ä*¤	
 >r=�ø;ù��_ùVK
F+C\úcù���Þ
=�ø\ù�¿ � ý�>`@Uû+>$=�ú_ý�Ý%C�=_ýOû+>�@Uû+¿6ù���ÀEúcû+¿äø;ý�F�ø � ù�>\ùUú�F�¾ ÿ
� úQ=�ý�@ H ù���Þ$¾Pø;ý�@�ø � úcù,ø � ú
B H ¾'B\ùä¤\ù�@�=_ù�BgÝ$¾`=�ø;ù
¿ � F+>\ù�=_ý�@^K«ù H BfÞ � >%B!=�øDC%�p=�ø;ù�B;ý��
=_ú_ý�Ý%C�=�ýSû+>%� � ú_ùd@Uù�>$=�ùUú_ù�B¾ý�>�=�ø;ù�1 �j�rq ý��Tû�úcý�F�ý�>�W �)q ý�� � @{úcû+���p=�ø;ù
Ý4ù � ¿�X ¤8Ã û�ú�ù H ù�@A=�úcû+>%�w¾Pý�=_ø ù�>\ù{ú
F�ýOù�� � ú_û+C�>%B �O� ù[Z�Þ�=_ø\ù ∆x ' !r(nm Vpo ' ¿6ù � >ÁÃ ��H C\ùCý�� � Ý�û+C�=à @�¿ � >%BPB\ù�@{ú_ù � �_ù��O¾PýE=�ø�=�ø\ù�ù�>\ùUú�F�¾ ¤pT ø\ù�ú_ù H ùAÃ � >D=6ù " @UýOù�>%@{ýSù��oû�ÀT@�ø � ú�F�ù�B ÿ
� ú
=�ý�@ H ù�� � úcù
�_ø\û§¾�>jý�> Ã ý�F ¤$à*¤�ø*¤BT ø\ù ÿ ú_û+Ý � Ý\ý H ý�=w¾Vû�Àf¿6ý��cý�B\ù�>D=_ý�À ¾eý�>�F ÿ ø\û�=_û+>%� � �^@�ø � ú�F^ù�B ÿ%� ú
=_ý�@ H ù��!ý�� � Ý�û+C�=� À5_Ìý�>`=_ø\ùj¾Pø\û H ù,ù�>\ùUú�F�¾Vú � >�F�ùhB%C\ù2ù����cù�>$=�ý ��H�H ¾V=_û ÿ ø\û�=_û+>!@{û�>DÃ^ù{ú
�_ýOû�>jý�>D=_û e+e− ÿ
� ýSú��mý�>�=�ø;ù
¿ � =�ù{úcý ��H ý�>�ÀEúcû+>$=,û�À üVkim�� Þ � �^ÀEû+C%>%BYý�> � ù�@ ¤ � ¤ � ¤BT ø\ù ÿ úcû+Ý � Ý;ý H ýE=w¾hû�À�ù H ù�@A=�úcû+>Yý�B;ù�>$=�ýEK
@ � =_ýOû+>� �h@�ø � ú�F�ù�B ÿ
� ú
=�ý�@ H ù��,ý��,û+> H ¾ � Ý�û+C�= Ö À�_qB%C;ùT=�û�Ý\ú_ù�¿��
�
=_ú � ø H C%>%Fhý�>&=�ø\ù5¿ � =�ùUú_ý ��H Ý�ù�ÀEû^ú_ùT=�ø;ù
, ü Z ¤îT ø\ù ÿ ú_û�Ý � Ý\ý H ý�=w¾jû�Àmý�B\ù�>$=�ý�K%@ � =_ýOû+>�û�À7@�ø � ú
F�ù�B ÿ ýOû+>�� � ��@�ø � ú�F^ù�B ÿ%� ú
=_ý�@ H ù��2ý��d�
=�ý H�HfH û§¾�ùUú
=�ø � >÷ý�>Á=_ø\ù	@ � �_ù6û�À2ù H ù�@A=�úcû+>%�VÝ4ù�@ � C%�cù ÿ ýSû+>%� � úcù�¿6ý�>\ý�¿�C%¿ ýOû+>;ý��{ý�>%F ÿ
� úQ=�ý�@ H ù�� � >%BZB;ù ÿ û+�_ýE=
û+> H ¾ ÿ
� úQ=Pû�À�=�ø\ùUýOú2ù�>;ù{ú�F�¾~ý�>R=�ø;ù�U��M, ¤

T ø\ù	Ý�ù{ø � ÃeýOû�C\ú�û�À2ù H ù�@A=�ú_û�¿ � F�>\ù�=_ý�@ ÿ
� úQ=�ý�@ H ù�� � >%B ø � B\ú_û�>%��ý��'B;ý+ê4ù{ú_ù�>$=`Ý�ù�@ � C%�_ùjù H ù�@�=_ú_û �
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Ã ý�F�C\ú_ù à*¤�� ì ò	ÍÏËKÈ Ð Í¬«$÷;ÈKÍÏÎ_Ê�Î=Ì�ÈKÒlÆ�ÓoÍÏËKÈ�É=ÊlÅ[Æ�«"ÆYÈU¦�Æ[ÆYÊ\ÈKÒlÆ�´ � ³�É=ÊlÓOÈKÒlÆX³�§¨¥ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈ¡Æ[ÓOÇ"Î_Í�Ê&È¡Ël·
Ç Ð Î=¨KÆ[ÅYÈ¡Æ[Ó/Î_Ê)È¡Î�ÈKÒlÆ�´ � ³¢Ëw÷ Ð ÌIÉ_Å[Æ�Î_Ê8ÈKÒlÆ3É�õ;Æ[Ë�É_Å Ð Î§Ë¡ËVÈKÒlÆh«%Æ�É=Ø µ ®ÏÆeÌaÈ
¶�É=ÊlÓ�É�®ÏÎ_Ê;Ñ�ÈKÒlÆ�«"Æ�É=Ø µ�Ð Í�Ñ§Ò&È
¶ Õ
í ÒlÆ�ËKÍ�Ø�÷$®�É=ÈKÍÏÎ_ÊlËX¦�Æ Ð Æ�Ç%Æ Ð ÌaÎ Ð Ø�Æ[Ór¦�Í�ÈKÒ;Í�ÊAÉ Ð Æ�É�®�ÍÏËKÈKÍÏÅ'­�±.²w³�´ ÆYÊ�þ&Í Ð Î_Ê;Ø�ÆYÊ&È�É=ÊlÓ�ÈKÒlÆ�Ç7É Ð ÈKÍÏÅ#®ÏÆ[Ë�¦ãÆ Ð Æ
ÑrÆYÊlÆ Ð É=È¡Æ[Ó5¦�Í�ÈKÒ�É�÷;Ê;Í×ÌÔÎ Ð Ø¥ÆYÊlÆ Ð Ñ�ñiÓoÍÏË¡È Ð Í¬«$÷;ÈKÍÏÎ_ÊwÌ Ð Î_Ø?ú	È¡Î5ülú�ú��jÆm¥ Õ�í ÒlÆ�ÓoÍÏËKÈ Ð Í¬«$÷;ÈKÍÏÎ_ÊlËSÊlÎ Ð Ø�É�®�Í���Æ[ÓwÈ¡ÎÈKÒlÆ�È¡Î_È�É�®7Êb÷;Ø�«%Æ Ð Î=Ì Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈ¡Æ[Ó�Ç%Î_Í�Ê)È¡Ë�É Ð Æ�ËKÒlÎl¦�Ê�ÌaÎ Ð e+e− Ç7É=Í Ð Ë¿Ì Ð Î_Ø�Å[Î_Ê�þrÆ Ð È¡Æ[Ó�ËKÍ�Ê;Ñ�®ÏÆVÇ;ÒlÎ_È¡Î_ÊlËµ Ë¡Î�®�ÍÏÓ�®�Í�ÊlÆA¶�·7ËKÍ�Ê;Ñ�®ÏÆ e+ É=ÊlÓ e− µ ÓlÉ_ËKÒlÆ[Ó!®�Í�ÊlÆA¶�É=ÊlÓ8Ë¡Í�Ê;Ñ�®ÏÆ π+ É=ÊlÓ π− µ Ó;Î_ÈKÈ¡Æ[Ó�®�Í�ÊlÆA¶ Õ
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Ã ý�F�C\ú_ù à*¤�Ä ì ùyÍÏÓoÈKÒlË�Î=ÌjÈKÒlÆ/ÓoÍÏËKÈ Ð Í¬«$÷;ÈKÍÏÎ_ÊlË�Î=Ì	ÈKÒlÆ/ÓoÍÏË¡È�É=ÊlÅ[Æ�«%ÆYÈm¦�Æ[ÆYÊ�ÈKÒlÆ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈ¡Æ[Ó²Ç"Î_Í�Ê&È¡Ë�Í�Ê
ÈKÒlÆ5´ � ³èÉ=ÊlÓ\ÈKÒlÆV³�§�¥ µ Ë¡Æ[ÆwÅ�É=Ç;ÈKÍÏÎ_Ê�Î=Ìs��Í�Ñ Õ ï Õ üiÌÔÎ Ð Ø�Î Ð ÆwÓ;ÆYÈ�É=Í¬®ÏË
¶�·�É_Å Ð Î§Ë�Ë µ

• ¶�É=ÊlÓ�É�®ÏÎ_Ê;Ñ µ
◦ ¶	ÈKÒlÆ«%Æ�É=Ø ÓoÍ Ð Æ[ÅYÈKÍÏÎ_ÊnþrÆ Ð Ëw÷lËiÈKÒlÆ Ð Æ[Å[Î_ÊlË¡È Ð ÷lÅYÈ¡Æ[ÓýÆYÊlÆ Ð Ñ�ñ�ÌÔÎ Ð e+e− Ç7É=Í Ð ËiÌ Ð Î_Ø Å[Î_ÊbþrÆ Ð È¡Æ[Ó²ËKÍ�Ê;Ñ�®ÏÆNÇ;ÒlÎ_È¡Î_ÊlËµ ®ÏÆeÌaÈ
¶�·%ËKÍ�Ê;Ñ�®ÏÆ e+ É=ÊlÓ e− µ ØwÍÏÓ;Ó+®ÏÆA¶	É=ÊlÓ�Ë¡Í�Ê;Ñ�®ÏÆ π+ É=ÊlÓ π− µ�Ð Í�Ñ§Ò)È
¶ Õdí ÒlÆ�þrÆ Ð ÈKÍÏÅ�É�®¿Æ ÐKÐ Î Ð «7É Ð Ë�É Ð ÆiÈKÒlÆ

÷;ÊlÅ[Æ Ð È�É=Í�Ê&Èmñ/Î=Ì-ÈKÒlÆd¦�ÍÏÓoÈKÒ�Î�«;È�É=Í�ÊlÆ[Ó�«�ñzÉ���É�÷lË¡ËKÍ�É=Êz�lÈ�È¡ÎwÈKÒlÆ3ÓoÍÏËKÈ Ð Í¬«$÷;ÈKÍÏÎ_ÊlË Õ
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Ã ý�F�C\ú_ù à*¤�ø ì § Ð Î�«7É�«;Í¬®�Í�ÈUñcÈ¡Î\É_Å[Å[ÆYÇ;È�ÈKÒlÆ'´ � ³ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈ¡Æ[ÓAÍ�ØwÇ7É_ÅYÈiÇ"Î_Í�Ê&È0É_Ë0ÉOÅ¡Ò7É Ð ÑrÆ[ÓAÇ7É Ð ÈKÍÏÅ#®ÏÆ
þrÆ Ð Ëw÷lË�ÈKÒlÆ0Í�ÊlÅYÍÏÓ;ÆYÊ)ÈiÇ7É Ð ÈKÍÏÅ#®ÏÆ�ÆYÊlÆ Ð Ñ�ñ�ÌaÎ Ð Ç;ÒlÎ_È¡Î_ÊlË µ ÅYÍ Ð Å#®ÏÆ[Ë
¶�·áÆ#®ÏÆ[ÅYÈ Ð Î_ÊlË µ Ë¡��÷7É Ð Æ[Ë
¶jÉ=ÊlÓ�Å¡Ò7É Ð ÑrÆ[ÓcÇ;ÍÏÎ_ÊlËµ È Ð Í�É=Ê;Ñ�®ÏÆ[Ë
¶ Õ

�rq ý�� 9 : O
1 À ¤�� � À ¤ �o� À ¤�ø À
} À ¤âà � À ¤�� � À ¤ � Ä

T�� Ý H ù à*¤�� ì §-É Ð É=Ø�ÆYÈ¡Æ Ð Ë�Î=Ì0´�� Õ µ ï Õ ü�¶jÎ�«;È�É=Í�ÊlÆ[Ó[«bñO�lÈKÈKÍ�Ê;Ñ�ÈKÒlÆ�Ë¡È�É=ÊlÓlÉ Ð Ó�Ó;Æ#þ&Í�É=ÈKÍÏÎ_ÊAÎ=ÌãÈKÒlÆ�ÓoÍÏËKÈ�É=ÊlÅ[Æ
«%ÆYÈm¦ãÆ[ÆYÊ�ÈKÒlÆ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈ¡Æ[Ó�Ç"Î_Í�Ê&È¡ËVÍ�Ê8ÈKÒlÆ�³�§�¥¥É=ÊlÓ�´ � ³yÎ=Ìx�ÚÍ�Ñ Õ ï Õ ÿ Õ

¿ � F+>\ù�=_ý�@ ÿ
� ú
=�ý�@ H ù���B\ù ÿ û+�cý�=Wù��
�_ù�>$=_ý ��H�H ¾ ��H�H =�ø\ùUýOúPù�>;ù{ú�F�¾Mý�>[=_ø\ù�U��A, ¾Pø\ý H ù8ø � B\ú_û�>%��B;ù ÿ û+�_ýE=
û+> H ¾ � �
¿ ��H�H ÀEú � @A=�ýOû�>¨û�À!ý�= ¤wT û~ý�B\ù�>$=_ý�À ¾r@�ø � ú�F^ù�BZø � B\úcû+>%�i¾	ùhø � Ã�ù!=_ûYú_ù H ¾Mû+>�=�ø\ù!B;ý��
= � >%@Uù
Ý4ùA=K¾�ùUù�>S=_ø\ù�ý�¿ ÿ
� @A= ÿ û�ý�>$=#�oý�>e=�ø;ùA, ü Z � >%BP=�ø\ùcU��M, ¤VT ø\ù[�
= � >%B � ú
BSB\ùAÃ0ý � =�ýSû+>�û�À�=�ø\ý��
B\ý��Q= � >�@{ùTÀEû�ú ÿ ýSû+>%��Þ
�_ø\û§¾�>�ý�> Ã ý�F ¤
à*¤ �%Þ
@ � >[Ý�ù ÿ
� ú � ¿jùA=�úcý��{ù�B � �

σi = ai + exp(bi − Eci) , W à)¤+� X
¾Pø\ù{úcù σ ý��mù q0ÿ ú_ù����_ù�Boý�>`@Uù�>$=�ý�¿jùA=�ùUú���Þb=�ø\ù	ú_ù�@{û+>%�Q=�ú
C%@�=_ù�Boù�>\ùUú�F�¾8xÒý�> � ù[Z�Þ�=_ø\ù�ý�>%B\ù qzy �Q= � >�B%�
ÀEû�ú�1Åû�ú3}�Þ � >%B�=�ø\ù ÿ
� ú � ¿6ù�=�ùUú�� 9 Þ :V� >%B OL� úcùVF^ý�Ã�ù�>�ý�> T�� Ý ¤�à*¤��+¤

�Hù�C*=�ú ��H;ÿ
� úQ=�ý�@ H ù�� � úcù,ý�B\ù�>$=�ý�K\ù�Bz¾Pý�=_ø ��ÿ C\úcý�=w¾ H ùAÃ�ù HU¤ãT ø\úcù{ùdB\ý�ê ùUú_ù�>D= H ù�Ã^ù H �'û�À ÿ C\ú_ýE=w¾�¾	ù{úcù
B\ù�K%>\ù�Bfì H ûr¾LÞ
¿6ù�B;ý�C%¿ � >%B�ø\ý�F^ø�¾Pø;ý�@�ø[@{û�úcú_ù�� ÿ û�>%B[=_û!=�ø\ùL@{û�>%B\ý�=_ýOû+>���Þ

|x Vpo ' − x ' !)( | > κσ(∆x),

|z V{o ' − z ' !r( | > κσ(∆z),
W à)¤×Ä X

¾Pý�=_ø κ = 1 Þ Äg� >�B ø ÀEû�ú H ûr¾LÞ�¿jù�B\ý�C%¿ � >%B�ø\ý�F�ø ÿ C\ú_ýE=w¾ H ùAÃ�ù H ��Þ;ú_ù�� ÿ ù�@�=_ý�Ã�ù H ¾ ¤
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Ã ý�F�C\ú_ù à*¤ �%ì �&È�É=ÊlÓlÉ Ð Ó�Ó;Æ#þ$Í�É=ÈKÍÏÎ_ÊOÎ=Ì¿ÈKÒlÆ�ÓoÍÏË¡È�É=ÊlÅ[Æ�«%ÆYÈm¦�Æ[ÆYÊOÈKÒlÆ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈ¡Æ[Ó�Í�ØwÇ7É_ÅYÈ�Ç%Î_Í�Ê)È¡Ë�Í�Ê�ÈKÒlÆ
³�§�¥pÉ=ÊlÓ`´ � ³yÉ�®ÏÎ_Ê;Ñ0ÈKÒlÆ&|+ö�É�õoÍÏËVÉ=ÊlÓO©�ö�É�õ$ÍÏË µ É�®ÏÎ_Ê;Ñ0ÈKÒlÆ�«"Æ�É=Ø'¶�ÌÔÎ Ð Å�Ò7É Ð ÑrÆ[ÓzÇ;ÍÏÎ_ÊlËBÇ Ð Î&Ó+÷lÅ[Æ[Ó`¦�Í�ÈKÒ/É
÷;Ê;Í×ÌÔÎ Ð Ø5®¬ñ�ÓoÍÏËKÈ Ð Í¬«$÷;È¡Æ[Ó\ÆYÊlÆ Ð Ñ�ñ8Ì Ð Î_ØÚú�È¡Î�ülú�úz�jÆm¥?þ$Ë�ÈKÒlÆ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈ¡Æ[Ó\ÆYÊlÆ Ð Ñ�ñ Õ�í ÒlÆ�®ÏÎl¦ãÆ Ð Ç"Î_Í�Ê&È¡Ë
«%ÆYÈm¦ãÆ[ÆYÊ�ú8É=ÊlÓJü��jÆm¥ Å[Î ÐKÐ Æ[ËKÇ"Î_ÊlÓ�È¡Î8ØwÍ�Ê;Í�Ø�÷;Ø ÍÏÎ_Ê;Í��[Í�Ê;Ñ�Ç7É Ð ÈKÍÏÅ#®ÏÆ[Ë�¦�Ò;ÍÏÅ�ÒcÒ7ÉlþrÆ5®�É Ð ÑrÆ Ð ÆYÊlÆ Ð Ñ�ñ�É=ÊlÓ
ÈKÒlÆ Ð ÆeÌÔÎ Ð Æ�ËKØ�É�®¬®ÏÆ Ð ¦�ÍÏÓoÈKÒlË Õ
´g9�¹ } â=ç µ ¹�æ�~câ Q�R ·�-�â=å�¸�º�â=ç âä½�»�·�â5¹�½

gäúcù�@Uû+>%�
=_ú�C%@A=�ù�B ÿ%� ú
=_ý�@ H ù�ý���@ HY� ���_ýEK«ù�B � � ÿ ø\û�=�û�> �wH ý�Z^ù�ýEÀ`ý�=���=_ý�¿6ù8û�ÀB¤«ý�F^øD=Hý���@{û�>%�_ý��
=�ù�>$=i¾Pý�=_ø
=�ø � =2û�À �Cÿ ø\û�=_û+>fÞ\ý ¤ ù ¤��zà*¤�ø >%� ¤�T ¾	ûjý�B\ù�>$=�ýEK
@ � =�ýOû�> ÿ C\úcý�=w¾ H ù�Ã^ù H �2û�À ÿ ø\û�=_û+> �wH ý�Z�ù ÿ
� úQ=�ý�@ H ù�� � úcù
@{û+>��_ý�B;ù{ú_ù�BfÞ«ø\ý�F�ø ��ÿ C\ú_ýE=w¾
W T3m�Ã < 16.5 >%�[X � >%B H û§¾ �Öÿ C\ú_ýE=w¾ýW T3m�Ã < 17.0 >%�[X k ¤

´g9�� � R ¹�h µjº å R » < µû»�½�»�_ » å¿â=å ¼�» · R µ º�O�K » <�< ºã¹�»�¸ R
T ø\ùV�_ø\û§¾	ù{úXF^ù�>\ùUú � =_ù�BÅý�>R=�ø\ùV@ ��H û�ú_ý�¿jùA=�ùUú,ý���@�ø � ú � @�=_ù{úcý��{ù�B�Ý$¾�=�ø\ù5ÀEû H�H û§¾Pý�>�F!�_ù�Ã^ù�> ÿ%� ú � ¿6ù �
=�ùUú���Þ�B\ùAK
>\ù�BÅý�> � ù�@ ¤ � ¤ � ¤�� ì HY� =_ù{ú ��H B\ý�� ÿ ùUú��_ýSû+>fÞ«ù H�H ý ÿ �_ù �)q ù���Þ�� ÿ ø\ùUú_ý�@Uý�=w¾�Þ�@Uû�ú_ù8ù�>;ù{ú�F�¾+Þ H�� ú�F^ù��
=
ÀEú � @A=�ýSû+>¨û�À	ù�>\ùUú�F�¾�B\ù ÿ û+�_ýE=�ù�B÷ý�> � �cý�>%F H ù�@Uú
¾)�
= ��H0� >%BJ¿�C H =�ý ÿ%H ý�@{ý�=w¾ ¤ g H =_ø\û+C%F^øM¾�ù�@{û�C H BJB\ù �
K
>\ù��_ù H ù�@A=�ýOû�>Z@Uú_ý�=_ù{úcý � û+>Z=_ø\ý��V¿�C H =�ý�B;ý�¿6ù�>%�cýOû+> ��H ��C;ú
À � @Uù�Þ'ýE=�¾	û+C H BßÝ�ù � =�ù�B\ýOû+C��'= � �eZM¾Pý�=_ø
>\û�F�C � ú � >D=_ù{ù6û�ÀhK
>�B\ý�>%F � > � Ý%�_û H C�=�ù�¿6ý�>\ý�¿�C%¿ ¤ g �_ùA=Vû�Àh�_ù�Ã^ù�>e�Q= � =_ý��
=_ý�@ ��H�H ¾¨ý�>�B\ù ÿ ù�>%B;ù�>$=ÿ
� ú � ¿jùA=�ùUú���Þ`úcù�ÀEùUú_ú_ù�BP=_û � ��=�ø;ù ÿ ú_ý�>%@{ý ÿ
��H @{û+¿ ÿ û�>\ù�>$=#��Þ�@ � >�Ý4ù¾û+Ý�= � ý�>\ù�BeÝD¾ôB\ý � F^û+> ��H ý��{ý�>%F
=�ø\ù�@{û�Ã � ú_ý � >%@Uù&¿ � =�ú_ý q û�Àd=_ø\ùYû�úcý�F�ý�> ��H �_ùAÃ�ù�> ÿ%� ú � ¿6ù�=_ù{ú
� ¤ý� ø;ûr¾	ù{ú
� ÿ ú_û)B%C%@Uù�B�Ý$¾ßB;ý+ê4ù{ú_ù�>$=
Z>ý�>%B¨û�À ÿ
� ú
=_ý�@ H ù���@ � >nÝ�ùVý�B\ù�>$=_ý�K«ù�BFý�>r=_ø\ù�� ÿ
� @{ùhû�Àp=�ø\ù ÿ ú_ý�>�@{ý ÿ%��H @{û+¿ ÿ û�>\ù�>$=#��ÀEû H�H ûr¾Pý�>%F � >�^ÿ\ÿ úcû � @�øtZD>\û§¾�> � �!=�ø;ù ü ú_ý�>%@{ý ÿ
��H ,�û�¿ ÿ û+>\ù�>D=/g�> ��H ¾*�cý���W ü ,	g0Xcs ¦�ú�C ,$Ö v ¤ T ø;ù[=K¾	ûß¿6û+�
=
�_ý�F+>\ý�K%@ � >$=d@Uû+¿ ÿ û+>\ù�>$=#��Þ;ý ¤ ù ¤ =�ø;ùT=K¾�ûg@{û+¿ ÿ û+>\ù�>$=��d@{û�úcú_ù�� ÿ û�>%B\ý�>�F�=_û!=�ø\ù H�� ú�F�ù��
=2ùUý�F�ù�>$Ã ��H C\ù��
û�À�=�ø\ùL@{û�Ã � úcý � >%@UùL¿ � =_ú_ý q Þ � ú_ùLC%�cù�B[=�ûoý�B\ù�>$=�ý�À ¾	�_ø\û§¾	ù{ú
�@ý�>R=_ø\ù Äz� B\ý�¿jù�>%�_ýSû+> ��H � ÿ
� @{ùVB\ù�K
>;ù�B

u��z��}f�Uxzyh�\�F�Á|l�����f���J�j}~� �~yQ}~��|���y0��y��b�by0|��Uxz��}~�i�r�b}U���á{���y:��yQ�'�r�hy
�����r�T�D�Rxzy
�w�cyp�Q�5�^�b���zyo�~xzyo�Uxb}Uy
y�Q}U���Uy
}U�â|�|A�b�'�zy��b�zy��~xzy��hy
�����r�¥�r�b}U���á{L��y:�Ay
���+�~xzy�v����R�j}~���UyQ}~���A�V�â���Uxbyh�~|��hy�� �A}B�hy
�z�ü�r� |l�b�V�������r�z}~� �á{��y:��yQ�â�Q�
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Ã ý�F�C\ú_ù à)¤âà ì �$Å�É=ÈKÈ¡Æ Ð Ç$®ÏÎ_È¡ËVÍ�ÊzÌY÷;ÊlÅYÈKÍÏÎ_Ê�Î=Ì-ÈKÒlÆ�Èm¦ãÎw� Ð ËKÈ�Ç Ð Í�ÊlÅYÍ�Ç7É�®ÚÅ[Î_ØwÇ"Î_ÊlÆYÊ&È¡Ë�ÌÔÎ Ð ËKÒlÎl¦ãÆ Ð Ë�Î=Ì¿ËKÍ�Ê;Ñ�®ÏÆÇ;ÒlÎ_È¡Î_ÊlË µ�Ð Í�Ñ§Ò)È�Ò7É=ÊlÓ�ËKÍÏÓ;ÆA¶�É=ÊlÓ�Å¡Ò7É Ð ÑrÆ[Ó�Ç;ÍÏÎ_ÊlËl·$Å¡Ò7É Ð ÑrÆ[Ó'¸_É_Î_ÊlËA·rÇ Ð Î_È¡Î_ÊlËl·oÉ=Ê)ÈKÍâöIÇ Ð Î_È¡Î_ÊlËl·$ÊlÆ#÷;È Ð Î_ÊlËBÉ=ÊlÓ
É=Ê&ÈKÍâöIÊlÆ#÷;È Ð Î_ÊlË µ ®ÏÆeÌaÈ�Ò7É=ÊlÓ�ËKÍÏÓ;Æ�Ç$®ÏÎ_È
¶jÎ=ÌãÈ Ð É=ÊlËjþrÆ Ð Ë¡Æ�Ø�Î_Ø�ÆYÊ&Èw÷;Øq÷;Ê;Í×ÌÔÎ Ð Ø5®¬ñ\ÓoÍÏË¡È Ð Í¬«$÷;È¡Æ[Ó�«%ÆYÈm¦�Æ[ÆYÊnú Õ ïÉ=ÊlÓRülú�ú��jÆm¥�� ê Õ¨í ÒlÆ�Å[Î_Ê)È¡Î�÷ Ð Ë�Î_Ê8ÈKÒlÆ	�lÑ�÷ Ð Æ[ËVÅ[Î ÐKÐ Æ[ËKÇ%Î_ÊlÓzÈ¡Î0Ç;ÒlÎ_È¡Î_Ê/ÍÏÓ;ÆYÊ)ÈKÍ×�7Å�É=ÈKÍÏÎ_Ê�¦�Í�ÈKÒ�Éw��ï���Î=Ì
Æ���ÅYÍÏÆYÊlÅ#ñ/É=ÊlÓ�É��@��� Î=Ì-Ç$÷ Ð Í�Èmñ Õ
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Ã ý�F�C\ú_ù à)¤�� ì §¿ÒlÎ_È¡Î_Ê�ËKÒlÎA¦�Æ Ð ÓoÍÏËKÈ Ð Í¬«$÷;ÈKÍÏÎ_Ê3Í�Ê3ÈKÒlÆSËKÇ7É_Å[Æ�Ó;Æe�lÊlÆ[Ó�«bñjÈKÒlÆ�ÈU¦�ÎV� Ð ËKÈ�Ç Ð Í�ÊlÅYÍ�Ç7É�®oÅ[Î_ØwÇ"Î_ÊlÆYÊ&È¡Ë
(p0, p1) Õ §�ÒlÎ_È¡Î_Ê�ËKÒlÎl¦ãÆ Ð Ë�Î=Ì�ÈKÒ Ð Æ[Æ0ÆYÊlÆ Ð Ñ§ÍÏÆ[ËjÒ7É þrÆT«%Æ[ÆYÊ�Å[Î_ÊlËKÍÏÓ;Æ Ð Æ[Ó
°hý+·
ý�úzÉ=ÊlÓ���ú8�jÆm¥ Õ�í ÒlÆiÈKÒ Ð Æ[ÆÓoÍ��îÆ Ð ÆYÊ)ÈjÆ#®¬®�Í�ÇlË¡Æ[Ë	Í�ÊOÆ�É_Å�Ò�Ç$®ÏÎ_ÈjÉ Ð Æ3ÈKÒlÆiÅ[Î_Ê)È¡Î�÷ Ð ËjÅ[Î ÐKÐ Æ[ËKÇ%Î_ÊlÓoÍ�Ê;ÑzÈ¡Î�Ò;Í�Ñ§Ò µ ËKØ�É�®¬®ÏÆ[ËKÈjÆ#®¬®�Í�ÇlË¡ÆA¶�·"Ø�Æ[ÓoÍ¬÷;Ø
É=ÊlÓ�®ÏÎA¦ µ ®�É Ð ÑrÆ[ËKÈ�Æ#®¬®�Í�ÇlË�ÆA¶�Ç$÷ Ð Í�Èmñ Õ

Ý$¾&=�ø\ù��_ùV@{û+¿ ÿ û+>\ù�>$=���Þ � ��B\ý�� ÿ%H�� ¾^ù�B�ý�> Ã ý�F ¤
à)¤âà*¤
 B\ù�K%>\ù�Be@Uû+>$=�û+C\ú
�`B\ù ÿ ù�>%B\ý�>%FÅû+>Á=�ø\ù�U��M,(@ H C%�
=_ù{ú8ù�>\ùUú�F�¾ � >%B÷û+>Z=_ø\ù H ù�Ã�ù H û�À ÿ C\úcý�=w¾
B\ù��cýOúcù�BO¾Pø;ý�@�ø � ú_ù��_ø\û§¾�>Yý�> Ã ý�F ¤Dà*¤ü�*¤�� ø\û§¾�ùUú���ý�>%�_ý�B\ùd=�ø\ù��_ù�@{û+>$=�û�C\ú�� � ú_ùd= � F+F�ù�B � � ÿ ø\û�=_û+>%��Þ� >%BR=�ø;û+�_ù�û+C�=��_ý�B\ù5=�ø\ù�¿ � ��B\ý+ê4ù{úcù�>$=�ÀEú_û+¿ ÿ ø\û�=_û+>%� ¤T ø\ùLB\ý��Q=�ú_ý�Ý%C�=_ýOû+>%��û�À Ã ý�F ¤.à)¤�� ¾	ù{ú_ù5K%=
=�ù�B�Ý$¾ Äz� B\ý�¿6ù�>%�cýOû+> ��H-�L� C%�
�_ý � >RÀáC%>%@�=_ýOû+>��

f(p0, p1) = exp[−R(p0, p1)] ,

R(p0, p1) =

(
p0 − x0

a

)2

+

(
p1 − y0

b

)2

+ C
(p0 − x0)(p1 − y0)

a · b ,
W à)¤�ø X

¾Pø\ù{úcù^=_ø\ù ÿ
� ú � ¿jùA=�ù{ú
� 9 | : | O | x0

� >%B y0

� � � ÀáC%>�@�=�ýSû+>8û�À�=_ø\ù	úcù�@Uû+>%�
=_ú�C%@A=�ù�BCù�>\ùUú�F�¾ � ú_ù^�_ø\û§¾�>
ý�> Ã ý�F ¤�à*¤�,*¤�T ø\ù��cù ÿ
� ú � ¿jùA=�ù{ú
�ã¾	ù{ú_ù�K%=�=_ù�B!Ý$¾`=_ø\ù�ÀáC%>%@A=�ýSû+> f(E) = q0/

√
E+q1E+q2E

2+q3 Þ
¾Pý�=_ø�=_ø\ù5Ã ��H C\ù��2û�À qi F�ý�Ã^ù�>�ý�> T7� Ý ¤.à*¤�Ä*¤
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Ã ý�F�C\ú_ù à*¤�, ì §-É Ð É=Ø�ÆYÈ¡Æ Ð Ë b`�o¢T�oê��
x0
É=ÊlÓ y0

Å¡Ò7É Ð É_ÅYÈ¡Æ Ð Í��[Í�Ê;ÑzÈKÒlÆ�§7³�­èÆ#®¬®�Í�ÇlË¡Æ�ÌaÎ Ð Ç;ÒlÎ_È¡Î_ÊlË�þoË Ð Æ[Å[Î_Ê+ö
ËKÈ Ð ÷lÅYÈ¡Æ[Ó�Ç;ÒlÎ_È¡Î_Ê�ÆYÊlÆ Ð Ñ�ñ Õ §�Î_Í�Ê&È¡Ëd¦�Æ Ð Æi�lÈKÈ¡Æ[Ó&«�ñ�ÈKÒlÆiÌY÷;ÊlÅYÈKÍÏÎ_Ê f(E) = q0/

√
E + q1E + q2E

2 + q3
·

ÈKÒlÆ qi É Ð Æ�Ñ§Í¬þrÆYÊ/Í�Ê í É�« Õk�oÕ î Õ
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q0 q1 q2 q39 À ¤�àoÄ 8.4 · 10−3 −6 · 10−5 À ¤�Ä�ø: À ¤ � , 8.3 · 10−3 −5.6 · 10−5 À ¤ � ÄO À ¤�øo� 1.4 · 10−2 −8 · 10−5 � À ¤�ÖoÖ
x0

� À ¤â,�à 1.9 · 10−2 4 · 10−6 �+¤ � Ö
y0 À ¤üÖ"� −3 · 10−2 1.1 · 10−4 �+¤ À ø

T�� Ý H ù à)¤×Ä ì §-É Ð É=Ø�ÆYÈ¡Æ Ð Ë3Î�«;È�É=Í�ÊlÆ[Ó&«�ñ��lÈKÈKÍ�Ê;Ñ8ÈKÒlÆ5§�³�­¥Ç;ÒlÎ_È¡Î_ÊcÆ#®¬®�Í�ÇlË¡ÆiÇ7É Ð É=Ø�ÆYÈ¡Æ Ð Ë b`��¢T��êr�
x0
É=ÊlÓ

y0
Î=Ìx��Í�Ñ ÕH�oÕ �T«bñNÈKÒlÆjÌ�÷;ÊlÅYÈKÍÏÎ_Ê f(E) = q0/

√
E + q1E + q2E

2 + q3 Õ
T ø\ù�=_ø\ú_ùUù�@ HY� �
�_ù��	û�À ÿ ø\û�=_û+>6ý�B\ù�>D=_ý�K
@ � =�ýSû+> ÿ C\úcý�=w¾ H ù�Ã�ù H �0B\ùAK
>\ù�B�Þ0ø\ý�F�øfÞD¿6ù�B\ý�C%¿ � >�B H ûr¾LÞ

@{û�úcú_ù�� ÿ û+>%B�=�ûoú_ù�@{û+>%�Q=�ú
C%@�=_ù�B ÿ%� ú
=_ý�@ H ù��2ý�> � úcù�F�ýSû+>�û�À7=_ø\ù (p0, p1) � ÿ
� @UùLB\ù�K
>;ù�B�Ý$¾�ì
R(p0, p1) < κ/2, W à*¤ �lX

¾Pý�=_ø κ = 1 Þ%� � >%B Ö ÀEû�ú,ø;ý�F�øfÞ*¿jù�B\ý�C�¿ � >%B H û§¾ ÿ C\ú_ýE=w¾ ÿ ø;û�=�û+>���Þ\úcù�� ÿ ù�@A=�ýEÃ�ù H ¾ ¤VT ø\ù��_ù5Ã ��H C\ù��
û�Àk�G@{û�úcú_ù�� ÿ û�>%B�=_û � B\ý��Q= � >%@UùHû�À � Þ Ä'� >�B ø �
= � >%B � ú
B	B\ùAÃ0ý � =�ýSû+>%�!û�Àf=_ø\ù��_ø\û§¾	ù{ú ÿ û�ý�>D=0=_û'=�ø;ù
@{ù�>D=_ù{úPû�À�=�ø\ùL@Uû+>$=�û+C\úPý�>�=_ø\ùOW p0 Þ p1 Xh� ÿ
� @{ù�Þ�úcù�� ÿ ù�@A=�ýEÃ�ù H ¾ ¤

´g938 º�»wº�·�âä¸ _5µ â`-�µ�½8·�â0/�¸j»w·�â5¹N½ < ºã¹ ¼ » ¼ â0_äâ�·�â5µ�å

� ÅmÄ�ÅQÇ � ÓjÈXË0ÐjÉ Û!��ÏpÒ*Ï0ÈXÎ
T ø\ùoý�B\ù�>$=�ý�K%@ � =_ýOû+> ÿ úcû+Ý � Ý;ý H ýE=w¾�¾ � �LB\ùAK
>\ù�B � �T=_ø\ùoú � =_ýOû~û�À^=�ø\ù�� ÿ ù�@�=�ú
C%¿òû�À	ú_ù�@{û+>��
=�ú
C%@�=_ù�Bÿ
� úQ=�ý�@ H ù���ý�B\ù�>$=�ý�K\ù�B � � ÿ ø\û�=�û+>%�T=_ûR=�ø\ù!� ÿ ù�@�=�ú
C%¿òû�À ��H�H ú_ù�@{û+>��
=�ú
C%@�=_ù�B ÿ
� ú
=_ý�@ H ù�� ¤�T ø;ù�=_ø\ú_ùUù
ý�B\ù�>$=�ý�K%@ � =_ýOû+>�@{úcý�=_ù{ú_ý � W�, ü Z�Þ T3mwÃÖ� >%B ü ,	gwX�¾�ùUú_ù ��ÿ\ÿ%H ýSù�Br�_ý�¿`C H = � >\ù{û�C%� H ¾ � >%B�=_ø\ù ÿ ú_û+Ý �� Ý\ý H ý�=w¾�ÀEû�úT=_ø\ú_ùUù ÿ C\ú_ýE=w¾n@ H�� ���cù��LB\ù�K%>\ù�B � Ý4û�Ã�ù8¾	ù{úcùjû+Ý*= � ý�>\ù�B�� ¤�T ø;ù��_ù ÿ ú_û�Ý � Ý\ý H ý�=_ýOù���Þ�F^ý�Ã�ù�>
ý�> Ã ý�F ¤�à*¤ � � � � ÀáC�>%@�=_ýOû+>Zû�À^=�ø\ùoù�>\ù{ú
F�¾+Þ�¾�ùUú_ùg@ ��H @�C H�� =�ù�BnÀEû�ú ÿ ø\û�=_û+>%��û�À�ù�>\ùUú�F�¾nC�>\ý�ÀEû�ú
¿ H ¾
B\ý��Q=�úcý�Ý%C�=_ù�B¨ý�>r=K¾	û�B\ý+ê4ù{úcù�>$=�ù�>;ù{ú�F�¾Åú � >%F�ù���ì�ÀEú_û+¿¶À ¤�à =�û à�� ù[Z � >%B�ÀEú_û�¿ À ¤�à =_û �rÄ À � ù[Z ¤

 >R=�ø\ù��_ùV�_ý�¿`C HY� =_ýOû+>���ÞD=�ø\ù�û�=_ø\ù{ú�g0h 
 ,jUIB\ùA=�ù�@�=�û^ú���¾�ùUú_ùV>\û�= ÿ úcù��_ù�>$= ¤

� ÅmÄ�Å~Æ " �XÏoÒ*Ï^È�ÎeÓjÈ Ù���É�ÙS�hÌ� bÓjÏ^ÈÕÉ�È	�dÓwÊ%Ï0ÈXØÚÉ�È�Ò
T ø\ùZø\ý�F^øsû*@�@�C ÿ
� >%@�¾ û�À üVk0m�� ý�> ø\ù � ÃD¾ � ýSû+>?@{û H�H ý��cýOû+>��¾ý�>�B%C%@{ù�� � �cý�F+>;ý�K
@ � >$=�>)C�¿�Ý4ùUú�û�À
û�Ã�ù{ú HY�^ÿ;ÿ ý�>%F'�_ø\û§¾	ù{ú
� ¤�
 >&@{ù�>D=_ú ��HÚk�
:9$
 � � ü Ý ��ü ÝR@Uû H�H ý��cýOû+>%�3W b < 2 Àá¿\XlÞ � Ý4û+C*= � =_ø\ýOú
B¾û�À�=_ø\ù
U��M, úcù�@Uû+>%�
=_ú�C%@A=�ù�B ÿ û�ý�>$=�� � ú_ù � ���cû*@Uý � =_ù�B&=�û!¿6û�úcùX=�ø � >~û+>\ù ÿ úcý�¿ � ú
¾ ÿ
� ú
=�ý�@ H ù�Þ � �,û+Ý%�cù{ú
Ã^ù�B
ý�> Ã ý�F ¤�à*¤�Ö)¤�T û � Ã^û�ý�B÷ý�B\ù�>$=�ý�K%@ � =_ýOû+> � ¿�Ý\ý�F+C\ýE=�ýOù���ý�>Á=�ø\ù��_ý�¿�C HY� =�ýOû�>%��Þ-¾	ù¾ø � Ã^ù � ���cý�F+>;ù�BZ=_û
ù � @�ø ú_ù�@{û+>��
=�ú
C%@�=_ù�B ÿ û�ý�>$=5=�ø\ù ÿ úcý�¿ � ú
¾ ÿ
� úQ=�ý�@ H ù�=_ø � =L@{û�>D=_ú_ý�Ý%C�=�ù��w¾Pý�=�øn=_ø\ù HY� ú
F�ù��Q=5ÀEú � @A=�ýOû�>
û�Àmù�>\ùUú�F�¾&=_ûoý�= ¤

ãQ�D�����r�z}~� �á{!¡nv����!�����c�r�b}U���á{!¢Z�\�F�n�������r�z}~� �á{!¢%�����n�����c�)�z}U���á{A��5y
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@ � >$= H ¾
¾Pø\ý H ùd=�ø\ù π0 ÿ ù � Z8¾ � ���
C ÿ\ÿ úcù����cù�B[Ý$¾jû�> H ¾ Ä+à _&Þ � �^�_ùUù�>~ý�> Ã ý�F ¤$à*¤�Ä�ø*¤�T ø;ù π0 pT � ÿ ù�@�=_ú�C%¿
û+Ý�= � ý�>\ù�B � À =�ù{úfù H ý�¿6ý�> � =�ý�>�F ÿ
� ýSú��fû�À\ø\ý�F�ø � �
¾)¿�¿6ù�=_ú
¾w¾ � ��@ H û+�cù^=_û�=_ø\ù�F^ù�>\ùUú � =_ù�B π0 � ÿ ù�@�=_ú�C%¿� �2û+Ý%�cù{úQÃ�ù�BÅý�> Ã ý�F ¤)à*¤×Ä � ¤
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0πReconstructed   

Ã ý�F+C\úcù à*¤�Ä �%ì pT
ËKÇ%Æ[ÅYÈ Ð ÷;Ø�Î=Ì-ÑrÆYÊlÆ Ð É=È¡Æ[ÓOÉ=ÊlÓ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈ¡Æ[Ó π0 Ç"Æ Ð ©�²��b²����èÆ#þrÆYÊ)È�£ b < 2 ÌaØ ¼eÕ

´g9�ß QÈ4zµ�½8· ¼�» µB4zµ�½8· <cR ¹�·�¹�½ »�½É-
π0 â*-�µ�½/·�âg/�¸j»�·�â5¹�½ »�· R â Q�R�6

µ�½�µjº QV»

gh=Pø\ý�F^øR¿jû+¿6ù�>$= � Þ π0 � úcù�ý�B\ù�>D=_ý�K«ù�B � � ÿ ø\û�=_û+>%��Ý�ù�@ � C%�_ù5=�ø;ù{ýOúdB;ù�@ � ¾ ÿ ø;û�=�û+>��d¿jùUú�F�ù�ý�>D=_û �
�_ý�>%F H ù�ù H ù�@�=�úcû+¿ � F+>\ùA=�ý�@L�cø\û§¾�ùUú ¤�	 ù'B\ù�Ã^ù H û ÿ ù�B��cù�Ã�ùUú ��H��^ÿ\ÿ úcû � @�ø\ù���=_û	B\ý���@{úcý�¿6ý�> � =�ù�ø\ý�F�ø � pT

π0 ÀEú_û+¿ ÿ ø\û�=_û+>%��Ý � �cù�B�û+>[=_ø\ùL�_ø\û§¾	ù{ú � �_ø �^ÿ ù � > ��H ¾)�_ý�� ¤

� Å�ë�ÅQÇ Ê ÈXÉ\ )°�ÓQØÚÉ�ÈXÎ)ÓQÏ0È�Ù^Ð!ÎË�XÏPÌÁÉfÊË bÎË�XÙpÛ'É Ù0ÈXÙ0ÐwÌdÎ)ÓjÎ

gdB%B\ýE=�ýOû�> ��Haÿ
� ú � ¿jùA=�ù{ú
��>\ù{ù�BP=_ûÁÝ�ù~ý�>$=_ú_û)B%C%@{ù�Be=�ûJ�_ù ÿ
� ú � =�ù γ � >%B π0 ¤¢T ø\ù[¿jû+�Q=hø\ù HOÿ ÀáC Hÿ
� ú � ¿jùA=�ùUú'=�û�B\ý��
@{ú_ý�¿jý�> � =_ù γ � >%B π0 ý��`=�ø;ù&�_ù�@{û+>%B�¿6û+¿6ù�>$= M2x û�À�=_ø\ù&@ H C%�Q=�ù{ú�Þ!ý ¤ ù ¤ =�ø;ùHY� ú
F�ù��Q=�ùUý�F�ù�>$Ã ��H C\ùHû�À¨=�ø\ùT@Uû�Ã � ú_ý � >%@{ù�¿ � =_ú_ý q W M2x = λ2
1 ¾Pý�=�ø λ1 ≥ λ2 Þ��_ùUù � ù�@ ¤ � ¤ � ¤�� X�¾Pø\ý�@�ø

ý�� ÿ%H û�=
=�ù�BCý�> Ã ý�F ¤�à*¤�Ä+à)¤ gh=p¿jû)B\ùUú � =_ù Eπ0 =�ø;ù M2x B\ý��
=�úcý�Ý%C*=�ýOû�>%�7ÀEû�ú ÿ ø\û�=_û+> � >%B π0 ¾�ùUú_ùj¾	ù H�H
�_ù ÿ
� ú � =�ù�B�¾Pý�=_øMû�> H ¾ � � H ý�F�ø$=PûzÃ^ù{ú HY�^ÿ Þ%¾Pø;ý H ù � =Pø\ý�F�ø;ù{ú pT =�ø\ùA¾�¿jùUú�F�ù�B�ý�>$=�ûoù � @�øMû�=�ø;ù{ú ¤VT û
�_ù ÿ
� ú � =�ù ÿ ø\û�=�û+>%� � >%B π0 � ¿6ù��cû+>%��Þ+=_ø\ù2û ÿ =_ý�¿ ��H @�C�= M0

2x û�À.=�ø;ù��cù�@Uû+>%Bg¿jû+¿6ù�>$=pB;ý��
=_ú_ý�Ý%C�=�ýSû+>%�
=�ø � =h¿ �)q ý�¿6ý��{ù��^=_ø\ù�ú � =�ýSûVû�À¨@Uû�ú_úcù�@�= H ¾jý�B\ù�>$=�ý�K\ù�B	=_û!¿jý��_ý�B;ù�>$=�ýEK«ù�B ÿ
� ú
=_ý�@ H ù���¾ � �hB\ù�=_ù{ú
¿jý�>\ù�B ¤T ûLF�ùA= � úcù � �cû+> � Ý H ¾Cø\ý�F�ø!Ã ��H C\ù2û�À�=�ø;ùWý�B\ù�>$=_ý�K
@ � =�ýSû+> ÿ ú_û�Ý � Ý\ý H ý�=w¾�Þ&¾	ùHúcù��Q=�ú_ý�@�=_ù�B�=�ø\ù��_ù � ú�@�ø¾û�À
=�ø\ý��Pû ÿ =�ý�¿ ��H @�C�=�=�û�=�ø;ù�ý�>D=_ù{úQÃ ��H Ý4ùA=K¾�ùUù�>�=�ø;ù'¿6ù � >�Ã ��H C;ù��Wû�À�=_ø\ù ÿ ø\û�=�û�> � >%B π0 ¿6û+¿6ù�>$=#�� >%BÑú_ù=�DC\ýSú_ù�B � ¿6ý��cý�B\ù�>$=�ý�K%@ � =_ýOû+> ÿ úcû+Ý � Ý;ý H ýE=w¾ô�
¿ ��H�H ùUú�=�ø � > ø _ ¤³T ø\ù[Ã ��H C\ù�û�À M0

2x ¾ � �
B\ý+ê4ù{úcù�>$=	ÀEû^ú ÿ ø;û�=�û+>�� � >%B π0 ¤ T ø;ý���Ã ��H C\ù � � � ÀáC�>%@�=_ýOû+>Ñû�À5=�ø\ùMú_ù�@{û+>%�Q=�ú
C%@�=_ù�B ù�>\ùUú�F�¾Ñý��
�_ø\û§¾�>�ý�> Ã ý�F ¤
à*¤�Ä$��¤�
 >�=�ø;ý��hK
F+C;ú_ù�Þ M0

2x ÀEû�ú ÿ ø\û�=�û�>%��¾ � ��K%=
=�ù�B[Ý$¾&=�ø;ù8ùä�DC � =�ýSû+>

M0
2x(γ) = p0 · exp

[
(E − p1)

2

2 · p2
2

]
+ p3, W à)¤âà X
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Ã ý�F�C\ú_ù à*¤�Ä+à ì M2x
ÌÔÎ Ð Ç;ÒlÎ_È¡Î_ÊlË8£aË¡Î�®�ÍÏÓ�®�Í�ÊlÆ ¼ É=ÊlÓ π0 £aÓlÉ_Ë¡ÒlÆ[Ó�®�Í�ÊlÆ ¼ Î=Ì � ú+·x��ú+·x��ú/É=ÊlÓÁü�ülú\�jÆm¥ Î=Ì

ÆYÊlÆ Ð Ñ�ñ Õ
� >%B M0

2x ÀEû�ú π0 ¾ � ��K�=�=�ù�B�Ý$¾ � �
=_ú � ý�F�ø$= H ý�>\ù ¤�T ø\ù pi

ÿ
� ú � ¿6ù�=_ù{ú��Hû�ÀVU�� ¤ W à*¤�à X�ÀEû^ú ÿ ø;û�=�û+>��� >%B�û�À�=�ø\ù H ý�>\ù � ú�K%=�ÀEû�ú π0 � úcù5F�ý�Ã^ù�>�ý�> T�� Ý ¤.à*¤�ø�¤T ø\ù ÿ ø\û�=_û+>Zý�B\ù�>D=_ý�K
@ � =�ýSû+> ÿ úcû+Ý � Ý;ý H ýE=w¾+Þ P (γ, γ) Þ-¾ � �LB\ùAK
>\ù�B � �T=_ø\ù!ÀEú � @A=�ýOû�>¨û�À��_ý�>�F H ù �ÿ ø\û�=_û+> ù�Ã�ù�>$=#�N¾PýE=�øß¿6û+¿6ù�>$= M2x < M0
2x(γ) Þ � >%BZ=_ø\ù�¿6ý��cý�B\ù�>$=�ý�K%@ � =_ýOû+> ÿ úcû+Ý � Ý;ý H ýE=w¾Åû�À π0

� � ÿ ø\û�=�û�>%��Þ P (γ, π0) Þ � �X=�ø;ù`ÀEú � @A=�ýSû+>Åû�À π0 ùAÃ�ù�>D=��w¾Pý�=�ø M2x < M0
2x(γ)

¤�� ý�¿6ý H�� ú H ¾	=�ø;ù π0

ý�B\ù�>$=�ý�K%@ � =_ýOû+> ÿ ú_û+Ý � Ý\ý H ý�=w¾+Þ P (π0, π0) Þ � >%Bn=�ø\ù!¿6ý��cý�B\ù�>$=�ý�K%@ � =_ýOû+> ÿ ú_û+Ý � Ý\ý H ý�=w¾�û�À ÿ ø\û�=�û+>%� � �
π0 Þ P (π0, γ) Þ%¾�ùUú_ùVB\ù�K%>\ù�B � ��=_ø\ù5ÀEú � @A=�ýSû+>�û�À π0 � >%B[�_ý�>%F H ù ÿ ø\û�=_û+>%��¾Pý�=�ø M2x > M0

2x(π
0) Þ

ú_ù�� ÿ ù�@�=_ý�Ã^ù H ¾ ¤�T ø\ù��cù ÿ úcû+Ý � Ý;ý H ýE=�ýSù�� � úcù��cø\û§¾�>Yý�> Ã ý�F ¤)à*¤�Ä+,)¤BT ø;ù@ú � =�ýOû�� P (γ, π0)/P (γ, γ)
� >%B

P (π0, γ)/P (π0, π0) �_ø;ûr¾�> ý�> Ã ý�F ¤�à*¤�Ä �~ý�>%B\ý�@ � =_ù`=�ø � =T=�ø;ùg¿6ý��cý�B\ù�>$=�ý�K%@ � =_ýOû+> ÿ ú_û+Ý � Ý\ý H ý�=w¾�ý��� ÀEù5¾ ÿ ùUú�@{ù�>$=�û�Àp=�ø;ù ÿ úcû+Ý � Ý\ý H ýE=w¾~û�Àp@Uû�ú_úcù�@�=@ý�B\ù�>$=�ý�K%@ � =_ýOû+> � =T¿6û)B\ù{ú � =�ù pT Þ � >%B�>\û�=�ø\ý�F�ø\ù{ú
=�ø � > � À �¡Ä À[_ � = pT = 120

� ù[Z N.OA¤z	 ùjû+Ý�= � ý�>\ù�Bß�_ý�¿jý HY� ú ÿ ú_û�Ý � Ý\ý H ý�=_ýOù��TÀEû�ú�ø\ý�F�ø � ù�>;ù{ú�F�¾ γ� >%B π0 ¿jùUú�F�ù�B�ý�> �/k�
 ,Èù�>DÃeýSú_û+>%¿6ù�>$= ¤
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p0 p1 p2 p3

γ À ¤��z, à � Ö �+¤�ø
π0 �+¤âà

1.2 · 10−3

T�� Ý H ù à*¤�ø ì §ÚÉ Ð É=Ø�ÆYÈ¡Æ Ð Ë�Î�«;È�É=Í�ÊlÆ[Ó�«bñz�lÈKÈKÍ�Ê;ÑNÈKÒlÆ M0
2x

«�ñ�´�� Õ £ �oÕ©�Î¼ ÌÔÎ Ð Ò;Í�Ñ§Ò+ö{ÆYÊlÆ Ð Ñ�ñ�Ç;ÒlÎ_È¡Î_ÊOÍÏÓ;ÆYÊ&ÈKÍâö�7Å�É=ÈKÍÏÎ_ÊOÉ=ÊlÓ�«bñ8ÉwËKÈ Ð É=Í�Ñ§Ò)È^®�Í�ÊlÆjÌaÎ Ð Ò7É Ð Ó�ö π0 ÍÏÓ;ÆYÊ)ÈKÍ×�7Å�É=ÈKÍÏÎ_Ê Õ

E (GeV)
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2x0
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0π border for 

γ border for 

Ã ý�F�C\ú_ù à*¤�Ä$� ì M0
2x
ÈKÒ Ð Æ[ËKÒlÎ�®ÏÓ�ÆYØwÇ$®ÏÎlñrÆ[ÓAÈ¡Î/Ë¡ÆYÇ7É Ð É=È¡Æ�Ç;ÒlÎ_È¡Î_ÊlË3Ì Ð Î_Ø π0 £ N ¼ É=ÊlÓ π0 Ì Ð Î_Ø®Ç;ÒlÎ_È¡Î_ÊlË

£
� ¼ É_Ë�É�ÌY÷;ÊlÅYÈKÍÏÎ_Ê8Î=Ì�ÈKÒlÆ Ð Æ[Å[Î_ÊlËKÈ Ð ÷lÅYÈ¡Æ[Ó8ÆYÊlÆ Ð Ñ�ñ Õ¨í ÒlÆ	Ç;ÒlÎ_È¡Î_Ê8ÈKÒ Ð Æ[ËKÒlÎ�®ÏÓ`¦BÉ_Ëã�lÈKÈ¡Æ[Ó�«bñV´�� Õ £ �oÕ©�Î¼ É=ÊlÓÈKÒlÆ π0 ÈKÒ Ð Æ[ËKÒlÎ�®ÏÓ�¦ãÉ_Ë��lÈKÈ¡Æ[Ó�«bñ/É0ËKÈ Ð É=Í�Ñ§Ò)È^®�Í�ÊlÆ�·$¦�Í�ÈKÒ/Ç7É Ð É=Ø�ÆYÈ¡Æ Ð Ë�Ñ§Í¬þrÆYÊ/Í�Ê í É�« Õn�oÕ©ÏoÕ

E (GeV)
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Ã ý�F�C\ú_ù à*¤�Ä+, ì § Ð Î�«7É�«;Í¬®�Í�ÈKÍÏÆ[ËiÎ=ÌVÅ[Î ÐKÐ Æ[ÅYÈ�Ç;ÒlÎ_È¡Î_Ê�ÍÏÓ;ÆYÊ&ÈKÍ×�7Å�É=ÈKÍÏÎ_Ê
É=ÊlÓ π0 ØwÍÏËKÍÏÓ;ÆYÊ&ÈKÍ×�7Å�É=ÈKÍÏÎ_Ê
É_Ë3Ç;ÒlÎ_È¡Î_Ê
£�®ÏÆeÌaÈ�Ç$®ÏÎ_È ¼ ·7É=ÊlÓ/Î=Ì¿Å[Î ÐKÐ Æ[ÅYÈ π0 ÍÏÓ;ÆYÊ)ÈKÍ×�7Å�É=ÈKÍÏÎ_Ê�É=ÊlÓ8Ç;ÒlÎ_È¡Î_Ê/ØwÍÏË¡ÍÏÓ;ÆYÊ)ÈKÍ×�7Å�É=ÈKÍÏÎ_Ê�É_Ë π0 £ Ð Í�Ñ§Ò)ÈVÇ$®ÏÎ_È ¼eÕ
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E (GeV)
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Ã ý�F+C\ú_ù à*¤×Ä ��ì ¯	É=ÈKÍÏÎ§Ë P (γ, π0)/P (γ, γ) £�®ÏÆeÌaÈVÇ$®ÏÎ_È ¼ É=ÊlÓ P (π0, γ)/P (π0, π0) £ Ð Í�Ñ§Ò)È�Ç$®ÏÎ_È ¼eÕ
q0 q1 q29 À ¤üÖ$à ,*¤ü� ·10−3 �j,*¤�� ·10−5: ø�¤ � � À ¤ À&� � �+¤�, ·10−4O À ¤�øo� À À

x0

�K��¤+� À ¤��o� �wø�¤ � ·10−4

y0 � ¤�, � À ¤ À Ö ø�¤ � ·10−4

T�� Ý H ù à*¤ �%ì §ÚÉ Ð É=Ø�ÆYÈ¡Æ Ð Ë0Î�«;È�É=Í�ÊlÆ[Ór«bñ��lÈKÈKÍ�Ê;ÑOÈKÒlÆ�ÓoÍ��%Æ Ð ÆYÊ&ÈiÆ#®¬®�Í�ÇlË¡Æ�Ç7É Ð É=Ø�ÆYÈ¡Æ Ð ËiÎ=Ì��ÚÍ�Ñ ÕD�oÕ©Ï ú�«bñ�ÈKÒlÆ
ÌY÷;ÊlÅYÈKÍÏÎ_Ê f(E) = q2E

2 + q1E + q0 Õ
� Å�ë�Å~Æ Æ °XÉ�È^Ò�ÓK±X×�ÙoÒ*ÓQÏ0È Ï0Ô	Û��XÏoÒ*Ï0ÈXÎeÙ0Èi°

π0 Ð Ì "yn#Ñ

g B\ý�ê ùUú_ù�>$= �^ÿ;ÿ ú_û � @�ø&=�û!B\ý��
=�ý�>%F+C\ý��_ø ÿ ø\û�=�û�>%� � >%B π0 � ¿jù��_û+>���Þ%Ý � �_ù�B�û+>&=_ø\ù ü ,	g B\ù��
@{úcý�Ý�ù�B
ý�> � ù�@ ¤�à*¤�ø Þ2¾ � �2ý�>$Ã�ù��Q=�ý�F � =�ù�B ¤�� @ � =�=_ù{ú ÿ%H û�=#��û�À¨�_ø\û§¾	ù{ú
�Wû�À π0 � ¿6ù��cû+>%�,û�ÀS� � Þ �o�!� >�B Ö À � ù[Z
û�À�ù�>\ù{ú
F�¾ � >%BI�
@ � =
=�ùUú ÿ%H û�=#�6û�À ÿ ø\û�=�û�>S�_ø;ûr¾	ù{ú
�Yû�Àw�oÀ�Þ � À � >%Bp�oÀ � ù[Z û�À�ù�>\ùUú�F�¾�Ã^ù{ú��
C%�
=�ø\ùV=K¾�ûR¿6û+�Q=T�_ý�F+>\ýEK
@ � >$= ÿ ú_ý�>%@{ý ÿ
��H @{û+¿ ÿ û+>\ù�>$=�� � ú_ù'�_ø\û§¾�>Fý�> Ã ý�F ¤�à)¤×Ä$Ö)¤0T ø\ùCù H�H ý ÿ �cù���¾	ù{úcù
û+Ý�= � ý�>\ù�B � ��B;ù���@Uú_ý�Ý4ù�BÅý�> � ù�@ ¤cà*¤�ø�¤	T ø\ù π0 B\ý��Q=�ú_ý�Ý%C�=_ýOû+>%�d�cø\û§¾�>Åý�> Ã ý�F ¤.à*¤�Ä$Ö ¾�ùUú_ùLK%=�=_ù�BrÝD¾
U�� ¤ W à*¤�ø X�¾Pý�=_ø ÿ
� ú � ¿jùA=�ùUú���B\ù ÿ ù�>%B\ý�>�FWû�>L=_ø\ù!ú_ù�@{û+>%�Q=�ú
C%@�=_ù�BVù�>\ù{ú
F�¾+Þ ÿ%H û�=�=_ù�B�ý�> Ã ý�F ¤�à*¤�ø À ¤ST ø\ù
ù H�H ý ÿ �_ù ÿ
� ú � ¿6ù�=�ùUú���ÀEû�ú H û§¾LÞ.¿jù�B\ý�C�¿ � >%BMø\ý�F�ø ÿ C\úcý�=w¾ H ù�Ã^ù H ��¾	ù{ú_ùVK%=�=_ù�B�=_û �6ÿ
� ú � Ý4û HY� ¾Pý�=_ø
@{ûeù " @{ýSù�>$=#�dF^ý�Ã�ù�>~ý�> T7� Ý ¤%à*¤ � ¤!ü ø;û�=�û+> � >%B π0 �_ø\û§¾	ù{ú
��¾	ù{úcùw¾�ù H�H �cù ÿ
� ú � =_ù�B � = H ûr¾¬ù�>\ù{ú
F�ýOù��
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=_ù{ú5@{úQ¾)�
= ��H @{ûeû�ú�B\ý�> � =_ù��T=�û � �Q¾*�Q=�ù�¿
@{ù�>D=_ù{úcù�Bhý�> ~X0 Þ�B\ùAK
>\ù�B � �7=�ø;ù�@{ù�>$=�ù{ú`û�À%=�ø\ù�@{úQ¾*�Q= ��H û�À%=_ø\ùh@ H C%�
=_ù{úS¾Pý�=�øV=�ø\ù�¿ �rq ý�¿�C%¿ �cý�F+> ��H~¤T ø\ý���=�ú � >%�
ÀEû�ú
¿ � =�ýOû�>Åý��XB\ù�K
>;ù�BJÝ$¾�=�ø;ù � >%F H ù Θ Ý4ùA=K¾�ùUù�>Á=�ø\ù�>;û�ú�¿ ��H =�û&=�ø;ù!��C\úQÀ � @{ùhû�À0=_ø\ùüVk0m�� ¿6û)B%C H ù � >%BR=�ø\ùLB\ýSú_ù�@�=�ýSû+>�û�À�=�ø\ù ÿ ø\û�=�û+> � ��Þ

~x→ R(−φ0) · Ec(Θ) ·R(φ0) ·
(
~x− ~X0

)
+ ~X0 , W à)¤â, X

¾Pø\ù{úcù ~x = (x1, x2) ý��p=_ø\ù ÿ û+�cý�=�ýSû+>!Ã�ù�@�=�û^ú	û�À�=�ø\ù�@{úQ¾*�Q= ��H�� >�B R � >%B Ec

� úcù�=_ø\ùHúcû�= � =�ýOû�> � >%B
=�ø\ù5=_ú � >%�QÀEû�ú�¿ � =_ýOû+>&¿ � =_ú_ý�@Uù���Þ\ú_ù�� ÿ ù�@�=_ý�Ã^ù H ¾�ì

R(φ0) =

(
cosφ0 sinφ0

− sinφ0 cos φ0

)
, Ec =

(
cos Θ 0

0 1

)
W à)¤ �;X

� >%B φ0 ý��h=_ø\ù ÿ û HY� ú � >%F H ù@û�À ~X0 ý�>R=�ø;ù üVkim�� ¿6û*B%C H ùT@Uû0û�ú
B\ý�> � =�ù5�Q¾*�Q=�ù�¿ ¤

g�À =�ùUú�=�ø;ùT=�ú � >%�
ÀEû�ú
¿ � =�ýOû�>fÞ$=�ø\ùT=K¾	ûoù{ý�F^ù�>$Ã ��H C\ù���W λ1 Þ λ2 X � >%B~ù{ý�F�ù�>$Ã�ù�@�=_û�ú���W e1, e2 X	û�À¨=�ø;ù



Á Û�ÿ�E�G�èe^)çp¢�¡`èrG�èe^)çDS)æ$ÜzçIÜ_^\b§^ ë
π0 ` ë èe^)ça` >7ê¡b�ça`ÔÜ_^�b�ç�æ)`�d�æÎÍwèe^�è�éÔd�¡ û�û"�

¿ � =�ú_ý q Qij ¾	ù{úcù�û^ú�B\ùUú_ù�B � � λ1 ≥ λ2

¤VT ø\ùL¿ � =�ú_ý qäã ¾ � �Pú_ù�B�C%@{ù�Br=�û!=_ø\ùLB\ý � F^û+> ��H

Q =

(
λ1 0

0 λ2

)
W à)¤�Ö X

ý�>&=_ø\ù5@{ûeû�ú�B;ý�> � =_ùT�
¾)�Q=�ù�¿MB;ù�K
>\ù�B�Ý$¾&=_ø\ù�ù{ý�F�ù�>$Ã�ù�@�=_û�ú�� ¤�
 >�=�ø\ý��h>\ù5¾ @{ûeû�ú
B\ý�> � =�ùT�Q¾*�Q=�ù�¿rÞ
=�ø;ù
¿jû�¿jù�>D=�� Mmn ¾�ùUú_ùV@ ��H @�C H�� =�ù�B � @�@Uû�ú�B\ý�>%F!=�û

Mmn =
∑

k

(x
(k)
1 )m · (x(k)

2 )n Ek , W à*¤�� À;X

¾Pø\ù{úcùoý�>%B\ù q k ú
C%>%��û�Ã�ùUúL=_ø\ù!@ H C%�
=_ù{ú5@Uú
¾)�
= ��H � ¤z
 =L�_ø\û�C H BnÝ�ù!¿jù�>$=�ýOû�>\ù�Bn=�ø � =T=�ø;ù6ý�>$Ã � ú_ý � >D=
¿ � ��� Mγγ û�À¨=K¾	û ÿ ø\û�=_û+>%�d@ � >[Ý�ù�ù q;ÿ ú_ù��
�_ù�B¨ý�>	=_ù{ú
¿��2û�À�=_ø\ù5¿6û+¿jù�>$=#� Mmn s ¦�ý�=Y� � Þ ¦�û+F;À$�)v ¤T ø\ù � >%F H ù φ Ý�ù�=K¾	ù{ù�>P=�ø\ù~ùUý�F�ù�>$Ã�ù�@A=�û�ú ~e1 � >%B�=�ø\ù&Ã^ù�@A=�û�ú ~X0 ý�� � C%�_ùAÀáC H Ã � ú_ý � Ý H ùgÀEû�ú�=�ø;ù� > ��H ¾)�_ý��'Ý$¾ô=�ø\ù�g����Í¿6ù�=_ø\û*B ¤²T ø;ý���Ã � ú_ý � Ý H ù¾ø\ù HOÿ �`=_ûZý�¿ ÿ ú_û�Ã�ù�=�ø\ù��DC ��H ý�=w¾÷û�À γ � >%B π0

B\ý��
@{úcý�¿6ý�> � =_ýOû+>�ý�>`=�ø\ù ÿ ù{úcý ÿ ø;ù{ú ��H ú_ù�F�ýOû�>Cû�À üVk0m�� ¿jû)B%C H ù�� ¤�T ø\ù2ý�> ÿ C�=�Ã�ù�@A=�û�ú ~P ( DF¬gå ÀEû^úBg!���
¾ � �X@{û�¿ ÿ û+�_ù�B¨û�Ào=_ø\ù'ÀEû H�H û§¾Pý�>%F!Ã � ú_ý � Ý H ù���ì�=_ø\ùVù�>\ù{ú
F�¾ E û�Àp=_ø\ù`@ H C%�Q=�ùUú�Þ.=�ø\ù�ù{ý�F^ù�>$Ã ��H C\ù�� λ1� >%B λ2 Þ%=�ø\ùL¿6û+¿jù�>$= � M10 Þ M30 Þ M40

� >%B M04 Þ%=�ø;ùVB;ý��
= � >%@Uù d Ý4ùA=K¾�ùUù�>[=�ø\ù8ø\ý�=Pû�À7=_ø\ù5=K¾�ûÿ ø\û�=_û+>%� � =�=_ø\ù üVkim�� ��C\úQÀ � @{ù�Þ�=�ø\ù�ý�>$Ã � ú_ý � >$=�¿ � �
� Mγγ

� >%Br=_ø\ù � >%F H ù φ ¤3T ø\ùzg���� ÀEû^ú γ� >%B π0 B\ý���@Uú_ý�¿6ý�> � =�ýSû+>z¾ � ��@{û�¿ ÿ û+�_ù�B¾û�À�=�ø\ù�=�ø\úcù{ù HY� ¾�ùUú����cø\û§¾�>Yý�> Ã ý�F ¤Dà*¤�ø$à ì'ý�> ÿ C�=�Þ0ø;ý�B%B\ù�>� >%Boû+C�= ÿ C�= ¤ãT ø\ùPý�> ÿ C�= HY� ¾^ù{úp@{û�>%�_ý��
=�ù�Bjû�ÀPæq>;û*B\ù���Þ;¾Pø\ùUú_ù!æ�ý��o=_ø\ùdB\ý�¿6ù�>��_ýOû�>hû�Àc=_ø\ùhÃ�ù�@�=_û�ú
~P ( DF¬gå �+=�ø;ù2ø\ý�B%B;ù�> HY� ¾�ùUúB¾ � �pÝ%C\ý H =Tû�À 2N+1 >\û)B\ù��ä�DK%> ��H�H ¾+Þ � û�>\ù � >\û*B;ù,û+C�= ÿ C�= HY� ¾^ù{ú ÿ úcûzÃeý�B\ù�B
=�ø\ù�úcù�� ÿ û+>%�cù SNN C%�cù�BrÀEû^úh=�ø\ù5K
> ��H ù�Ã�ù�>$=X@ HY� �
�_ý�K%@ � =_ýOû+> ¤

T ø\ùT>\ùA=K¾�û�ú�Z�¾ � ��=_ú � ý�>\ù�B�¾Pý�=_ø	� � ¿ ÿ%H ù��	û�À�@ H C%�
=_ù{ú
��ÀEú_û+¿�B;ýOú_ù�@�= ÿ ø\û�=_û+>%� � >%B	ÀEú_û�¿qÝ � @[Z �
F�ú_û�C%>%B�Wm@ H C%�Q=�ùUú�� ÿ úcû*B%C�@{ù�B?Ý$¾Òû�Ã^ù{ú H��^ÿ\ÿ ù�B ÿ ø\û�=�û+>%�&ÀEúcû+¿ π0 B\ù�@ � ¾"X ¤ U � @�øÜ� � ¿ ÿ%H ùr@{û+> �
= � ý�>\ù�B � À�Þ�À$ÀoÀ&@ H C%�
=_ù{ú�� ¤7çHÿ û+>n=�ú � ý�>\ý�>%F	=_ø\ù�>\ù�=�Þ�¾	ù!=�ù��
=�ù�B÷ýE=#��ù " @UýOù�>%@�¾M¾PýE=�øn=K¾	ûr�Q= � =_ý��
=_ý �
@ ��H�H ¾Zý�>%B\ù ÿ ù�>�B\ù�>$=!� � ¿ ÿ�H ù���ÞTù � @�øP@Uû+>%�cý��
=_ý�>%FÅû�À ø À�ÞüÀoÀoÀ�ù�Ã�ù�>$=#� ¤ýT ø\ùRB � = � ÀEû^ú'=�ø;ù � > ��H ¾)�_ý��
¾�ùUú_ù��_ý�¿`C HY� =_ù�Bý¾Pý�=_øyg H ýè
Pû0û�=TÃ ¤�ø�¤ À ��¤ À Ä*¤c� ý�>%F H ù ÿ ø\û�=_û+>%� � >%Bß>\ù�C�=�ú ��Haÿ ýOû+>���¾	ù{úcùYù�¿6ý�=
=�ù�B
ÀEú_û+¿�=_ø\ù�ý�>$=�ùUú � @A=�ýSû+> ÿ û�ý�>$=�¾Pý�=�øRC�>\ý�ÀEû�ú
¿ H ¾�B\ý��Q=�úcý�Ý%C�=_ù�B	=_ú � >��
Ã�ùUú��cùV¿6û+¿6ù�>$=#C�¿xý�>	=�ø\ù@ú � >%F^ù
0 < pT < 120

� ù[Z N.O ¾PýE=�ø\ý�>V=_ø\ù��cû H ý�B � >%F H ù0B\ùAK
>\ù�B!ÝD¾L=_ø\ù � �Uý�¿�C*=�ø ��HD� >%B ÿ û HY� ú � >�F H ù!ú � >%F�ù
210◦ < φ < 330◦

� >%B 80◦ < θ < 100◦ Þ^ú_ù�� ÿ ù�@�=_ý�Ã�ù H ¾ ¤BT ø\ùh�cû H ý�B � >%F H ùaû�À
=�ø\ù�ù�¿6ý�=�=_ù�B ÿ
� ú
=_ý�@ H ù��
¾ � �`@�ø\û+�cù�>ô=_û�Ý�ù � Ý;ý�= HY� ú
F�ù{úL=�ø � >Z=_ø\ù	�
C%Ý�=�ù�>%B\ù�BeÝD¾ üVk0m�� =_û � Ã�û�ý�BßÝ�û�ú�B;ù{ú8ùäê4ù�@�=�� ¤ g
>\û�ý��_ù�¾PýE=�ø σ ¬YJKDFE+G = 10 �Mù[Z ¾ � � � B%B\ù�B�=�û&=�ø;ùhù�>\ùUú�F�ýSù��TB\ù ÿ û��_ý�=_ù�BFý�>n�_ý�>�F H ù'@{ú
¾)�Q= ��H � � >%B �
à À
�Mù[ZÂ=�ø\úcù��_ø;û H B¢¾ � � �^ÿ;ÿ%H ýSù�Bß=_û�=�ø\ù	��C%¿ û�À��_ý�F+> ��H�� >%Bô>;û�ý��cù ¤
T ø\ù&>;ù{ý�F^ø)Ý�û+C\ú`@{ú
¾)�Q= ��H �
¾�ùUú_ù�F�úcû+C ÿ ù�BZý�>$=�ûR@ H C%�Q=�ùUú�� ¤�m > H ¾�@ H C%�Q=�ù{ú
�w¾Pý�=�øn=_û�= ��H ù�>\ùUú�F�¾�F�ú_ù � =�ùUúT=�ø � > à ÀoÀ���ù[Z®¾	ù{úcù� @�@Uù ÿ =_ù�B ¤

T ø\ù � @�ø\ýOùAÃ�ù�B γ
� >%B π0 B;ý���@Uú_ý�¿jý�> � =�ý�>%F ÿ û§¾�ùUújû�À�=�ø\ùcg!��� � À =�ùUúg>;ù�=K¾	û�úeZe=�ú � ý�>;ý�>%FZý��

�_ø\û§¾�>Òý�> Ã ý�F ¤^à*¤�øo� ÀEû^úg=_ø\ùÅùAÃ�ù�>$=&ÀEù � =#C;ú_ùrÃ^ù�@A=�û�ú
� ~P ( DF¬gå = (E, λ1, λ2,M30,M04, φ)
¤¥T ø\ý��

K
F+C\úcù	�cø\û§¾��`=�ø\ù ÿ ú_û�Ý � Ý\ý H ý�=w¾ P (γ, γ) û�Àd@{û^ú_ú_ù�@�= ÿ ø\û�=_û+>qý�B;ù�>$=�ýEK
@ � =_ýOû+> � >%B P (γ, π0) û�À π0

¿jý��_ý�B\ù�>$=�ýEK
@ � =�ýOû�> � � ��ÿ ø\û�=�û�> ý�>n=_ø\ùjù�>\ù{ú
F�¾Zý�>$=_ù{ú
Ã ��H ÀEúcû+¿ ø�� ù[Z =_û �rÄ À � ù[Z�Þ � �w¾	ù H�H�� �
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Ã ý�F+C\úcù à*¤�ø$à ì ­ Ð Å¡Ò;Í�È¡Æ[ÅYÈw÷ Ð Æ3Î=Ì-ÈKÒlÆ�­ ��� ÆYØwÇ$®ÏÎlñrÆ[Ó/ÌaÎ Ð γ É=ÊlÓ π0 ÓoÍÏË¡Å Ð Í�ØwÍ�Ê7É=ÈKÍÏÎ_Ê Õ

Ã ý�F�C\ú_ù à*¤�øo� ì § Ð Î�«7É�«;Í¬®�Í�ÈUñ P (γ, γ) Î=ÌVÅ[Î ÐKÐ Æ[ÅYÈ�Ç;ÒlÎ_È¡Î_Ê�ÍÏÓ;ÆYÊ)ÈKÍ×�7Å�É=ÈKÍÏÎ_Êé£aË¡Î�®�ÍÏÓR®�Í�ÊlÆ[Ël·c÷;Ç;Ç%Æ Ð Ç$®ÏÎ_È ¼ É=ÊlÓØwÍÏËKÍÏÓ;ÆYÊ&ÈKÍ×�7Å�É=ÈKÍÏÎ_Ê P (γ, π0) Î=Ì π0 öIØ�Æ[Ë¡Î_ÊlË/É_ËzÇ;ÒlÎ_È¡Î_ÊlË3£aÓ;Î_ÈKÈ¡Æ[Óô®�Í�ÊlÆ[Ël·�÷;Ç;Ç%Æ Ð Ç$®ÏÎ_È ¼ ·jÉ=ÊlÓ¢ÈKÒlÆ Ð É=ÈKÍÏÎ
P (γ, π0)/P (γ, γ) £�®ÏÎA¦�Æ Ð Ç$®ÏÎ_È ¼eÕ



Á Ûëê�� ë èe^)ça` >7ê¡b�ça`ÔÜ_^�Ü32hæ)`�d�æÎÍwèe^�è�éÔd�¡&S)æ$Ü�çIÜ_^H��ê�Ü_^HG�è�é#çmè ë `�^)çIÜ�è�q èwê çYéKÜ_^ÛSob_`�é:� û�û)£

=�ø\ù π0 Ý � @[Z)F^ú_û+C%>�Bn��C ÿ\ÿ ú_ù��
�_ýSû+>n@{ûeù " @{ýSù�>$= P (γ, π0)/P (γ, γ)
¤�
 >�=_ø\ý���K
F+C\úcùVýE=@ý����cù{ù�>�=_ø � =

=�ø\ù ÿ ú_û�Ý � Ý\ý H ý�=w¾Yû�Àp¿6ý��_ý�B\ù�>$=_ý�K
@ � =�ýSû+>Mû�À � >\ù�C�=�ú ��Hmÿ ýOû+> � � �jÿ ø\û�=�û�>¨ý�� � ÀEùä¾ ÿ ù{ú
@{ù�>$=�ý�>�=�ø;ù
ù�>\ùUú�F�¾¾ú � >�F�ùXÀEú_û�¿ ø =_û �rÄ À � ù[Z � >%BR=�ø � =h=�ø;ù5@{û�úcú_ù�@A= ÿ ø\û�=�û+>�ý�B;ù�>$=�ýEK
@ � =_ýOû+> ÿ ú_û+Ý � Ý\ý H ý�=w¾oý�>
=�ø\ý��2ù�>\ùUú�F�¾Yú � >%F^ù8ý��2ú_ù HY� =_ý�Ã�ù H ¾jø\ý�F^ø ¤

� Å�ë�ÅáÄ ì É�Òn��Ï�°XÎe×cÏ�Ø(ÛXÙpÊ%ÓjÎ*Ï0È
T ø\ù8g!��� � >%Bn=�ø;ù6û�>\ù � B\ý�¿6ù�>%�cýOû+> ��H �cø\û§¾�ùUú � �_ø �^ÿ ù � > ��H ¾)�_ý��@ø � Ã�ù��_ý�¿jý HY� ú�Ý � @[ZDF�úcû+C%>%BÁ��C ÿ)�ÿ ú_ù����cýOû+>R@Uû0ù " @UýOù�>D=��2ý�>&=_ø\ù�ù�>\ùUú�F�¾¾ú � >�F�ù 40 < E < 120

� ù[Z ¤"T ø\ù�û+>;ù � B;ý�¿6ù�>%�cýOû+> ��H �cø\û§¾�ùUú
�_ø ��ÿ ù � > ��H ¾)�cý���F^ý�Ã�ù���=�ø;ùTÝ4ù��
=�@Uû�ú_úcù�@�= ÿ ø\û�=_û+>~ý�B\ù�>$=�ý�K%@ � =_ýOû+> ÿ ú_û+Ý � Ý\ý H ý�=w¾�Ý%C*=2ý�B\ù�>$=�ý�K\ù��h¿6û�ú_ù
π0 � � ÿ ø;û�=�û+>���=�ø � >�=_ø\ùig����'ÞD� ÿ ù�@{ý ��H�H ¾Cý�>�=�ø\ùHù�>\ùUú�F�¾6ú_ù�F�ýOû�> 70 < E < 120

� ù[Z�¾Pø\ù{úcùX=�ø\ùÿ ú_û�Ý � Ý\ý H ý�=w¾�ý�>�@{ú_ù � �_ù��^ÀEúcû+¿ ø _ � = , À � ù[Z?=_û � Ý�û+C�= �zà _ � = �rÄ À � ù[Z¥¾Pø\ý H ùd=�ø\ù�¿6ý��_ý�B\ù�>$=_ý�K �
@ � =_ýOû+> ÿ úcû+Ý � Ý;ý H ýE=w¾`F^ý�Ã�ù�>�Ý$¾!=_ø\ù�g!���GÃ � ú_ýSù��pÝ�ù�=K¾	ù{ù�> Ä _ � >%B à _ ¤ ¦�û�=_ø�¿6ù�=_ø\û)B%� ÿ ú_û)B%C%@Uù� Ý�ù�=
=�ù{ú�>\ù�C�=�ú ��Hmÿ ýOû+>Mú_ù¡£cù�@�=_ýOû+>[ÀEû�ú E > 70

� ù[Zt=_ø � >[=�ø\ù ü ,	g �^ÿ\ÿ úcû � @�ø�ÀEû^ú � >$¾�ý�B;ù�>$=�ýEK �
@ � =_ýOû+> ÿ C\ú_ýE=w¾ H ùAÃ�ù HU¤s	 ùL¿ � ¾¾ý�¿ ÿ ú_û�Ã^ùL=_ø\ù�ú_ù���C H =#�Pû�À�=�ø\ù ü ,	g ��ÿ\ÿ ú_û � @�ørÝ$¾ H û0ûoZ>ý�>%F`ÀEû�úd=�ø;ù
Ý4ù��
=`ù H�H ý ÿ �cù	ý�>`=�ø\ù�=K¾�û ÿ úcý�>%@Uý ÿ
��H @Uû+¿ ÿ û+>\ù�>$=p� ÿ
� @{ùhÀEû�ú7B\ý��
@{ú_ý�¿jý�> � =_ý�>%F γ � >%B π0 � � � ÀáC%>%@A=�ýOû�>
û�À�=_ø\ùVù�>\ù{ú
F�¾+Þc�_ý�¿jý HY� ú H ¾g=�û�=_ø\ùV�_ù � ú�@�øFû�Ào=_ø\ù`Ý�ù��Q= M0

2x

H ý�¿6ý�=�B\û+>\ùVÀEû�ú�=�ø\ù�û+>\ù � B\ý�¿6ù�>��_ýOû�> ��H
�_ø\û§¾	ù{ú � �_ø �^ÿ ù � > ��H ¾)�_ý�� ¤T ø\ù!ý�B\ù�>D=_ý�K
@ � =�ýSû+> ÿ úcû+Ý � Ý;ý H ýE=�ýSù���û+Ý�= � ý�>\ù�B0¾Pý�=_øL=_ø\ù�g!��� � >%B5=�ø;ù`û+>\ù � B\ý�¿6ù�>��_ýOû�> ��H �_ø\û§¾	ù{ú
�_ø ��ÿ ù � > ��H ¾)�_ý��0ÀEû^ú ü�kim���� úcù�Ý�ù�=
=�ùUú^=_ø � >�=�ø\û+�cù�ÀEû�C%>%B�ÀEû�úp=�ø\ùPù H ù�@A=�ú_û�¿ � F�>\ù�=_ý�@d@ ��H û�úcý�¿6ù�=�ùUú��
û�À�=�ø\ù �2T g!
 ù q0ÿ ù{ú_ý�¿jù�>$=�Þ%¾Pø\ùUú_ù'=_ø\ùL¿jý��_ý�B\ù�>$=�ýEK
@ � =�ýOû�> ÿ ú_û+Ý � Ý\ý H ý�=w¾ P (γ, π0) ¾ � �Hù��
=_ý�¿ � =�ù�B
=�û�Ý�ù ��à _ � = Ä À � ù[Z � >�Bc� à _ � =3�;À � ù[Z®sü�Mý�> Ö �&vUÞ � >%B�=�ø\ù�,�� � ù q0ÿ ù{ú_ý�¿jù�>$=�Þ�ÀEû�ú�¾Pø\ý�@�ø
P (γ, π0) ý�� � Ý4û+C*= à À`_ � = Ä À � ù[Z � >%B	Ý�ù�=K¾	ù{ù�> à+à =�û � À'_ � = � ÀoÀ � ù[Z sí
WùUýaÀoÀrv �)@{û�>%@{ùUú�>\ý�>%Fÿ ø\û�=_û+> � >%B π0 B\ý��
@{ú_ý�¿jý�> � =_ýOû+>fÞ üVk0m�� ý��d¿6û�ú_ù@ù " @{ýSù�>$=�=_ø � >R=�ø;û+�_ù�ù q0ÿ ù{úcý�¿6ù�>$=#� ¤
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T ø\ù ÿ úcù��cù�>%@Uùhû�Àp=�ø\ù T 
 i�� >%B T3mwÃ B\ù�=_ù�@A=�û�ú
��ý�>�ÀEúcû+>$=�û�À ü�kim�� ¾Pý H�H�ÿ ù{úQ=#C\ú
Ý�=�ø\ù ÿ ø\û�=_û+>
¾eýOù H B�B\ùA=�ù�@�=�ù�BZý�> üVk0m�� Þ � �XB;ý���@�C%���cù�B ý�> � ù�@ ¤ � ¤ � ¤�ü ø\û�=�û�>%��ý�>$=_ù{ú � @�=i¾PýE=�ø�=_ø\ù�¿ � =�ùUú_ý ��H û�À
=�ø\ù��_ù�B\ùA=�ù�@A=�û�ú
� � >%B ÿ ú_û)B%C%@Uùg@Uû+>$Ã�ùUú��_ýSû+> ù H ù�@�=_ú_û+>%�OW γ → e−e+ X ¤z
 B;ý���@�C%����ø\ùUú_ùoø\û§¾Úø;ý�F�ø �
ù�>\ùUú�F�¾ ÿ ø\û�=_û+>%��@{û+>$Ã^ù{ú
=_ù�B¨ý�>$=�ûoù H ù�@�=_ú_û+> ÿ
� ýOú��d@ � >[Ý4ù�ý�B;ù�>$=�ýEK«ù�BfÞ � >%BMø;ûr¾Ûý�¿ ÿ û^ú
= � >D=�ý��d=�ø;ù
@{û+>$Ã^ù{ú��cýOû+>Fù5ê ù�@�=XB%C\ù`=_û	=�ø\ù T 
 i�� >%B T3mwÃ B\ùA=�ù�@A=�û�ú
� ¤�T ø\ù�>\ùUù�BFû�À � @{û+>�K%F+C\ú � =�ýOû�>�¾Pý�=_ø
ø\û H ù��2ý�> T 
 it� >%B T3mwÃ =�ûoû+Ý*= � ý�>�úcù H ý � Ý H ùXB � = � ¾Pý�=_ø üVkim�� ý��dB;ý���@�C%���cù�B ¤

� Å�î�ÅQÇ n Ï^È��0ÉfÊ*Ò*É¿°ÕÛ��XÏoÒ*Ï^È�ÎôÊ%É�×cÏ^È�ÎDÒ)Ê�ÑX×�Ò*ÓjÏ0È
T�ï�ð5ð�H�ð @�=�ñ�ò+>nó^@*ñ ð`ô = ð B	Ý$¾ ô�õ�ï ò�=�ò+>�@`ò+>$Ã ð ñ
= ð Bâö�>�= ï�ð ¿ ô = ð ñTö ô�H Ý ð =K¾ ð*ð >	= ï�ð�T5÷ , ô >%B ÷Vk0m��
@ ô >ÁÝ ð ö�B ð >$=röEK ð BZÝ ð @ ô Cnó ð = ï�ð ñ ð ö�óL>�ò�¿ ô =#@ ï ö�>%FR=rñ ô @[Zøö�>J= ï�ð�T5÷ , õ ò{ö�>$=rö�>%FR=rò�= ï�ð.ï ö�=�ö�>
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Ã ö�F�C�ñ ð`à*¤�ø�ú ì ò	ÍÏËKÈ Ð Í¬«$÷;ÈKÍÏÎ_Ê�Î=ÌSÈKÒlÆ0ÓoÍÏËKÈ�É=ÊlÅ[ÆX«%ÆYÈm¦ãÆ[ÆYÊ�ÈKÒlÆ�Î�÷;È¡Æ Ð È Ð É_Åj¸OÍ�Ê\ÈKÒlÆ í §7³pÉ=ÊlÓ�ÈKÒlÆiÍ�ØwÇ7É_ÅYÈ
Ç%Î_Í�Ê)ÈVÍ�Ê8ÈKÒlÆX³�§�¥tÌÔÎ Ð Æ#®ÏÆ[ÅYÈ Ð Î_ÊlË^¦�Í�ÈKÒ�ÆYÊlÆ Ð Ñ�ñ'÷;Ê;Í×ÌÔÎ Ð Ø5®¬ñ8ÓoÍÏËKÈ Ð Í¬«$÷;È¡Æ[Ó�«%ÆYÈm¦ãÆ[ÆYÊrülúwÉ=ÊlÓ!ÿbú��jÆá¥ Õ

= ï�ð , ÷ ZÃò�À ÷�kim��¾õ ñ�ò)B%C%@ ð BôÝ$¾Á= ï ò{ó ð�ð�H'ð @�=rñTò+>�ó ¤cT ò�¿.ö�>nö�¿.ö�� ð ñ ô >%Bnò+¿ ¿ ô =�@ ï ö�>�Feö�>Z= ïnðï�ð@ô ÃD¾�û�ö�ò+> ð >$ÃËö'ñ�ò�>%¿ ð >$=�Þ�ö�=wö�ó�ö�¿ õ òßñQ= ô >$=X=�òr@*ò+>$=rñTò H�ô @�@�C�ñ ô = ð�H ¾�= ïnð ¿ ô =�@ ï ö�>%FR@*ñ�öE= ð ñTö ô�¤/Ã òßñ
= ï ö�ó õ C�ñ õ òßó ð Þ ð�H'ð @�=�ñ�ò+>�ó�¾5ö�= ï¦ð > ð ñ�F{ö ð ó�Ý ð =K¾ ð*ð > � À ô >%Bp�;À ��ð Z¼¾ ð ñ ð óTö�¿�C Hèô = ð B ô >%BS= ïnð
B�ö'óQ= ô >�@ ð Ý ð =K¾ ð`ð >e= ï�ðOT5÷ ,(=�ñ ô @[Z ô >%B�, ÷ ZÃóTö�F+> ô�H ¾ ô óÛó
=#C�B�ö ð B ¤AT�ï�ð B�ö'óQ=rñ�ö�Ý%C�=�ö'ò+>#ò�Àd= ïnð
B�ö'óQ= ô >�@ ð Ý ð =K¾ ð`ð >r= ïnðwð >%B õ òßö�>D=Bò�À¨= ï�ð =�ñ ô @[Zzö�>&= ïnðwT5÷ , ô >%B&= ï�ðwï ö�=Bò+>&= ï�ð , ÷ Züö'ó ó ï ò§¾�>
ö�> Ã ö�F ¤7à*¤�ø�ú)¤ g H = ï ò+C%F ïýô @�@*òßñ�B�ö�>%F�=�ò�= ï ö�ó`K
F+Cnñ ð Þo= ï�ð ¿ ô)q ö�¿�C�¿\B�ö'óQ= ô >%@ ð ö'ó ô Ý\ò�C�= Ä @�¿rÞ
¾ ðÛï�ô Ã ð ó ð =T= ï�ð ¿ ô)q ö�¿�C�¿Í=rò��	@�¿Nö�>r= ï�ð ¿ ô =�@ ï ö�>%F ô�H F{òßñ�öE= ï ¿Â=�ò ð >nó�C�ñ ð = ï�ô = H ò§¾Bû ð > ð ñ�F�¾ð�H�ð @�=�ñ�ò+>nóO¾ ï ö�@ ïÈô ñ ð ¿zò{ñ ð Ý ð >D=	Ý$¾Ö= ï�ð ¿ ô F+> ð =rö�@[K ð�H B ô ñ ð >�ò�=âñ ð £ ð @�= ð B ¤ �3òßñ ð»ô @�@�C�ñ ô = ð
ó�ö�¿�C Hèô =rö'ò�>�ó ô ñ ð > ð`ð B ð B[=rò!K
>%B[= ï�ð ò õ =rö�¿`C%¿qÃ ô�H C ð ò�À�= ï�ð ¿ ô)q ö�¿�C�¿ ¿ ô =#@ ï ö�>%F!B�ö�ó
= ô >%@ ð�¤
 >dò{ñ�B ð ñ�=ròøó
=�C%B�¾ô= ï�ð ñ ð @`ò+>�óQ=rñ
C%@�=�ö'ò+>éò�À ð�H�ð @�=�ñ�ò+>nó õ ñ�ò)B%C%@ ð BPÝD¾ õ�ï ò�=�ò+>e@`ò+>$Ã ð ñ�óTö'ò+>�Þ 

F ð > ð ñ ô = ð B õnï ò�=rò�>�ó\¾5ö�= ï�ð > ð ñ�F�¾SC%>�öEÀ�òßñ�¿ H ¾�B�ö�ó
=�ñ�ö�Ý�C�= ð BIÝ ð =K¾ ð*ð > � À ô >%B³�oÀ ��ð Z À�òßñ	= ïnð
ó ð =#C õ ó�¾5ö�= ï»ô >%BA¾5öE= ï ò�C�= ï ò H'ð ó ¤�÷kô ñ
=�ö�@ H'ð ó�ö�B ð >$=rö�K ð B ô óX@ ï�ô ñ
F ð B õ�ô ñ
=�ö�@ H�ð ó�Ý$¾r= ï�ð , ÷ Z�Ý%C*=
>�ò�=pB ð = ð @�= ð B	Ý$¾�= ï�ð�T5÷ , ô >�B.ö�B ð >$=�ö�K ð B ô ó õ�ï ò�=�ò+>�ópÝ$¾�= ïnð5÷ ,	g³¾ ð ñ ð = ô F+F ð B ô ó O�þÎÿ��$>����0y¨þÎÿ
>5<�> O����rþÎÿ��A¤�
 >'= ï ö'ó�ó ð @�=�ö'ò+>fÞ õ�ô ñQ=rö�@ H'ð ó ô ñ ð ö�B ð >$=rö�K ð B ô ó õnï ò�=rò�>�óS¾5öE= ïVH ò§¾ õ Cnñ�ö�=w¾ H'ð Ã ð�H � ð�H�ð @�=�ñ�ò+>nóô ñ ð ö�B ð >$=�ö�K ð B ô ó H òr¾ õ C�ñTö�=w¾ õnï ò�=rò�>�ó�Ý$¾!= ï�ð&÷ ,	g ô >%B ô ó^@ ï�ô ñ
F ð B õ�ô ñQ=rö�@ H'ð ópÝ$¾!= ï�ð , ÷ Z ô >%B
= ï�ð/T5÷ , ¤�T�ï�ð.õ ñ�ò+Ý ô Ý�ö H ö�=w¾3ò�À ö�B ð >D=�ö�À ¾Ëö�>�FR@`ò+>$Ã ð ñ�óTö'ò+> ð�H'ð @�=�ñ�ò+>�ó ô ó�óTö�>%F H�ð8õ�ï ò�=�ò+>�ó�ö'ó ô ÝDò+C�=à ÀÎû � À�_¤ö�>�= ï�ð�ð > ð ñ�F�¾Éñ ô >%F ð E < 40

��ð Z`Þ ô ó5ó ð*ð >eö�> Ã ö�F ¤
à*¤�ø � ¤
 >¾òßñ
B ð ñ5=�ò3ñ ð @*òzÃ ð ñV= ï�ð òßñTö�Fßö�> ô�H�õ�ï ò�=�ò+>�ó5À�ñ�ò+¿Õ= ï�ð @`ò�>DÃ ð ñTó�ö'ò�> ð�H�ð @A=rñ�ò�>�ó�Þ�= ïnð ö�>DÃ ô ñTö ô >$=
¿ ô ó�ósò�À ô�H�H­õ òßóTó�ö�Ý H'ð5õ�ô ö�ñ�ósò�À\ö�B ð >$=röEK ð Bg@`ò+>$Ã ð ñ�óTö'ò+> ð�H�ð @�=�ñ�ò+>nóV¾ ô ó^@ ô�H @�C H'ô = ð B ¤S
 À�= ïnð ö�>DÃ ô ñTö ô >$=
¿ ô ó�ów¾ ô óÛó�¿ ô�H�H Þ�= ï�ðzõ�ô ö'ñL@ ô ¿ ð�H ö+Z ð�H ¾�À�ñTò+¿ ôÉõ�ï ò�=�ò+>³ò�À ð > ð ñ�F�¾J@ H òßó ð =�ò[= ï�ð =rò�= ô�Hsð > ð ñ�F�¾
ò�À0= ï�ð8õ�ô ö'ñ ¤�
 À�ò+> H ¾ ô > ö'ó�ò Hèô = ð B�@*ò+>$Ã ð ñTó�ö�ò+> ð�H'ð @�=rñTò+>M¾ ô óLB ð = ð @�= ð BfÞ¿¾ ð.ô ó�ó
C%¿ ð Bn= ï�ô =TÝ\ò�= ïð�H�ð @�=�ñ�ò+>nó�¤�ö ð BÜó�ò`@ H ò{ó ð =�ò ð@ô @ ï ò�= ï�ð ñ�= ï�ô = ÷Vk0m�� @`ò�C H B&>nò�=�ó ð*õ�ô ñ ô = ð = ï�ð ¿[Þ ô >%B	= ïnð!ð > ð ñ�F�¾
ò�Àp= ï ö'ó�ö�ó�ò H'ô = ð B ð�H'ð @A=rñTò+>M¾ ô óX= ô Z ð > ô óX= ï�ð ð > ð ñ
F�¾»ò�À^= ï�ð õ�ô ñ ð >$= õnï ò�=rò�> ¤w
 > Ã ö�F ¤�à)¤�øoÖ Þ�= ïnð
ö�>$Ã ô ñ�ö ô >$=�¿ ô ó�ó�B�ö'óQ=rñ�ö�Ý%C�=�ö'ò+>Éò�Ào= ï�ð @*ò+>$Ã ð ñ�ó�ö�ò+> õ�ô ö'ñ�ó5ö�ó�B�ö�ó õ%H'ô ¾ ð B�Þá¾5öE= ï ò+C*= ô >�B�¾5ö�= ï»ôOk�
 ,
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É Ð Æ�ËKÒlÎl¦�ÊAÌÔÎ Ð ËKÍ�Ø�÷$®�É=ÈKÍÏÎ_ÊlËwÎ=Ì�ËKÍ�Ê;Ñ�®ÏÆ�Ç;ÒlÎ_È¡Î_ÊlËX¦�Í�ÈKÒ
É�÷;Ê;Í×ÌÔÎ Ð Ø ÆYÊlÆ Ð Ñ�ñcÓoÍÏËKÈ Ð Í¬«$÷;ÈKÍÏÎ_ÊAÌ Ð Î_Ø ülú/È¡Î�ÿbú
�jÆm¥ý£�®ÏÆeÌaÈ ¼ É=ÊlÓ�ËKÍ�Ê;Ñ�®ÏÆ�Ç;ÒlÎ_È¡Î_ÊlË�Ø�Æ Ð ÑrÆ[Ó�¦�Í�ÈKÒ�Å[ÆYÊ)È Ð É�®b©�²��b²����MÆ#þrÆYÊ)È¡Ë�ÌaÎ Ð §¨«+öm§�«�Å[Î�®¬®�ÍÏËKÍÏÎ_ÊlËÚÉ=È �oÕ©� A í Æá¥É=ÊlÓ b < 2 ÌaØ¤£ Ð Í�Ñ§Ò)È ¼eÕ
ð�� ÃËö'ñTò � ¿ ð�����¤�
�����ï�ð�� ñTó ���@ô ó ð��rïnð ö � Ã ô ñTö ô���� ¿ ô ó�ó��nö'ó � ñ�ö�Ý�� � ö�ò �Éõ\ð`ô ZHó ô�� ÀÎû¡À�� Ä � ð Z � c2 À�òßñ
ñ ð!� ò � ó � ñ"� �!��ð � ð���ð ñ#�ßö ð ó'Ý ð�� ¾ ð*ð��¥� À ô�� �¢�;À �wð Z$� 
��%�rï�ð&�@ô ó ð ò�À ôMk3
 , ð�� ÃËö'ñ�ò � ¿ ð!��� Þ �rïnð
ö � Ã ô ñ�ö ô���� ¿ ô óTó'��ö'ó � ñ�ö�Ý�� � ö'ò � ö'ó`Ýnñ�ò ô � ð ñ ô�� �¢¾ ð ö
� ð���� ö ��ð � ô ó õnï ò � ò � ó � ò � Ã ð ñ�óTö'ò �éõ�ô ö'ñ�óÛò�À
ö � Ã ô ñ�ö ô���� ¿ ô ó�ó�ó
¿ ô�()('ð ñ �rï�ô��AÄ ÀO� ð Z � c2 �
� Å�î�Å~Æ " �XÏoÒ*Ï^È Ó¡°XÉ�È�Ò*ÓK±T×cÙoÒ�ÓjÏ0È ÓjÈ "+*üÊ��
T�ï�ð.õ�ï ò � ò � ö)� ð���� ö ���`ô�� ö�ò �øõ ñ�ò+Ý ô Ý�ö ( ö ��, ö'ó�ó ï òr¾ � ö �²Ã ö
�{ó�� à � �;À ô�� � à �ü� �.- òßñ ��ï�ð/� ò ��� �0��ñ ô û� ö�ò � ó�¾5ö ��ï ò0� ��ô�� �c¾5ö �rïeï ò (�ð ó�ÞFñ ð ó õDð���� ö21 ð�(2, � ÷sï ò � ò � ó�Þ � ò � 1 ð ñ�óTö'ò �»õ�ô ö'ñTó ô�� � ð!('ð���� ñTò � ó�¾ ð ñ ð
ö
� ð!��� ö ��ð �¦ö �È÷Vk0m��¦ô ó õ�ï ò � ò � ó ô óâó �rô��rð � ô Ý\ò31 ð � Ã ñ�ò�4 �rï�ð ó ð5� �0�nñ ð ó ô�� � Ã ö)���V��� Äßú ¾ ð� ò ����( ��� ð ì

• 
��6�rï�ð7� ò ��� �0��ñ ô�� ö�ò � ¾5ö ��ïeï ò ('ð ó�Þ ô ÝDò0� ��� À&8§ò -9�rï�ð�õ�ï ò � ò � ó5ó#�2ê ð ñ � ò � 1 ð ñTó�ö�ò � ó�ò�4 ð û
¾ ï�ð ñ ð Ý ð!� ¾ ð`ð!�:�rï�ð�
�÷dô�� � �rïnð , ÷ Z$�%, ò � 1 ð ñTó�ö�ò �Üð�(�ð��!� ñ�ò � ó õ ñTò���� �`ð ��ö �&��ï�ðiT5÷ , ô ñ ð
4.òßó �#(),&��ô �0� ð � ô ó ð�(�ð��!� ñ�ò � ó��

• 
��;�rï�ð.� ò ��� �0��ñ ô�� ö�ò � ¾5ö �rï ò0� ��ï ò (�ð ó�Þ ô ÝDò0� �'ø À<8¿ò -=��ï�ð.õ�ï ò � ò � ó ô ñ ð/� ò � 1 ð ñ ��ð �äö �>� òð!('ð���� ñTò � ó�Þ­ò - ¾ ï ö ��ï�Ä À?8 ô ñ ð�� ò � 1 ð ñ �rð �Éö �/�rï�ð�T 
A@ ô�� � T3mwÃ �2¦ ð!� ¾ ð`ð!�²� À ô�� � Ä À$8
ò -B�rïnð3õnï ò � ò � ó �@ô�� Ý ð ñ ð�� ò31 ð ñ ð �ÖÝ ,%� ò � 1 ð ñ�óTö'ò �dõ�ô ö�ñ ö
� ð!��� ö ���@ô�� ö'ò � � 

- ¾ ð3ô ��� �rïnð
ö)� ð���� ö ��ð � � ò � 1 ð ñTó�ö'ò �%õ�ô ö�ñ�ó � ò �rïnð ö)� ð���� ö ��ð � õ�ï ò � ò � ó�Þ �rï�ð ö
� ð���� ö ���@ô�� ö'ò �Éõ ñTò+Ý ô Ýnö ( ö � ö ð ó- òßñ ��ï�ð � ò ��� �0��ñ ô�� ö�ò � ¾5ö �rï3ô�� �c¾5ö �rï ò0� �5ï ò ('ð ó ô ñ ð �!( òßó ð �
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ÌÔÎ Ð
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T�ï�ð ñ ô�� ö�òzò -O��ï�ð$� ��4$P ð ñ�ò - ö
� ð���� ö ��ð � õnï ò � ò � ó � ò �rï�ð ó#��4Nò - ö)� ð���� ö ��ð � õ�ï ò � ò � ó ô�� � � ò � û
1 ð ñ�ó�ö�ò � õ�ô ö�ñ�ó!ö�ó õ�( ò �#��ð � ö �
Ã ö
��� à � � Ä � 	¾ð ó ð*ð ö �5��ï ö'ó � �0��ñ ð��rï�ô���- òßñ!ó�ö � � (�ðÛõ�ï ò � ò � ó�ö �5�rïnð� ò ��� �0��ñ ô�� ö�ò � ¾5ö ��ï ò0� � ï ò ('ð ó �rïnð ö ���!( ��óTö'ò � ò -B� ò � 1 ð ñ�óTö'ò �éõ�ô ö�ñ ö
� ð���� ö ���@ô�� ö'ò � ö
4 õ ñ�ò31 ð ó �rïnðõ�ï ò � ò � ö
� ð!��� ö ���@ô�� ö'ò � P ,OÄ À 8Q� Ã òßñ õnï ò � ò � óO4 ð ñ#� ð �8¾5ö �rï�k3
 , ð 1 ð���� ó!R ô�(2�rï ò���� ï7ô{õ�õ�ô ñ ð!�>�#(),ô PDò0� ���zà 8�ò -S��ï�ð�õ�ï ò � ò � ó ô ñ ð�ô ���nö � ö�ò ��ô�()(), ñ ð�� ò31 ð ñ ð �TP , ö ����( ����ö � � � ò � 1 ð ñ�ó�ö�ò �Üõ�ô ö�ñ�ó!R7¾ ï�ôU�
ö � ö'ó ô���� � ô�()(), ö)� ð���� ö ��ð � ô ó ô ����ö � ö'ò ��ô�(xõ�ï ò � ò � ó�ö'óB4zò{ó ��(2,T� ò ���rô 4zö ��ô�� ö � � õ�ô ñ � ö ��('ð ó - ñ�ò04 �rïnð
k�
 ,VP ô�� Z>�ßñ�ò�� � �W�

�YX î X ¯ Z\[S]B^`_�acb$d�egfch ° [G^�[Sij^�egfkhleghN"+*üÊ��
m��:�rï ö�ó&ó ð���� ö'ò � R m ó � ��� ,T��ð � � ñ ô�(xõ ö'ò � ö)� ð���� ö ���@ôU� ö'ò �Éô�( ò � � �rï�ð ( ö ��ð ó�ò -n��ï�ð�õ ñ ð 1­ö�ò0��ó5ó ð!�!� ö'ò � �o ö
4?� (èô���ð � π0 4 ð ó�ò � ó.ö �p�rï�ð3ð��nð ñ#� , ñ ô�� � ð²� ÀÎû �;À;q ð Z - òßñ �rïnð ó ð�� � õ óO¾5ö ��ï�ô�� � ¾5ö ��ï ò0� �ï ò (�ð ó�¾ ð ñ ð � ð��nð ñ ôU�rð �G� ÷ ö'ò � ó�¾ ð ñ ð ö
� ð���� ö ��ð � �rï ñTò0��� ïGrc��ï�ð ö � 1 ô ñ�ö ô��>� 4 ô óTó&ò -Öõ�ï ò � ò �eõ�ô ö'ñTó=��rï�ð ö � 1 ô ñ�ö ô���� 4 ô óTóâò -�õ�ï ò � ò � ó ô�� � � ò � 1 ð ñTó�ö�ò � õ�ô ö'ñTó=� ô�� �sP , ó ï ò§¾ ð ñÜó ï�ôpõ\ð���ð���ï�� ö��>� ð ó!R
ö
� ð!��� ö -t, ö � �³ò31 ð ñ ('ô{õ�õDð � õ�ï ò � ò � ó ô ó �nð � � ñ ô�(!õ ö'ò � ó!� Ã ö
�0��ñ ð+u � ��výó ï ò§¾5ó ��ï�ð ö
� ð���� ö ���@ô�� ö'ò �õ ñ�ò�P ô P�ö ( ö ��, ò -�õ�ï ò � ò �#õ�ô ö'ñTó - ñ�ò04 π0 � ð!�@ôw, ö �x�rïnð ö � 1 ô ñ�ö ô��>� 4 ô óTó�¾5ö � ��ò§¾ 0.1 < Mpair <

0.17 y ð Z � c2 � m��5�rï�ðÛð���ð ñ#� , ñ ô�� � ð�- ñTò04 � À � òQvoÀ:q ð Z$R �rï�ð ö)� ð���� ö ���`ô�� ö�ò �»õ ñTò0P ô Pnö ( ö ��, ¾ ô óô PDò0� ��ú À�ûgzoÀ{8 - òßñ ��ï�ð ó ð!� � õ ¾5ö �rï8ï ò ('ð ó ô�� � ô PDò0� �|u À�û � À{8 - òßñ ��ï�ð ó ð!� � õ ¾5ö ��ï ò0� ��ï ò ('ð ó!� T ò
ö
� ð!��� ö -t, π0 ö � ô�kBm~} ð!� 1­ö�ñ�ò � 4 ð!�>� P ,6�rïnð8õ�ô ö'ñ&ö � 1 ô ñTö ô���� 4 ô óTó�R ô 4zòßñ ð ñ ð ó � ñ�ö �!� ö21 ð ¾5ö � ��ò§¾
¾ ô ó ��ð��*ð ó�ó ô ñ , � 	 ö ��ï 0.12 < Mpair < 0.15 y ð Z � c2 ô�� � ô�� ò õDð�� ö � � ô�� � (�ð ¾5ö � ��ò§¾ ô ó
� ð!����ð �Üö � o ð!� � � Õ��oÕ���R ��ï�ð!õ�ô ö'ñ�ö
� ð!��� ö ���@ô�� ö'ò �zõ ñ�ò0P ô P�ö ( ö ��, ¾ ô ó ñ ð ��� �`ð � � ò'voÀ�ûK�;À�8QR ô ó�ó ï ò§¾ �
ö ��Ã ö
��� u � �o� - òßñ �rï�ð ó ð!� � õ ¾5ö �rï ò0� �Bï ò ('ð ó ô�� �Üö ��Ã ö
��� u �ü� u�- ò{ñ �rïnð ó ð�� � õ ¾5ö ��ïÜï ò (�ð ó�� 	¾ð��`ô��
ó#��4.4 ô ñ�ö)� ð���ï�ð ó ð ñ ð ó#� ()� ó ô ó - ò (
( ò§¾5ó r
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• T�ïnð ñ ð ö'ó � ò3óTö
� � ö ���`ô���� ö
4 õ ñ�ò31 ð 4 ð!��� ò -|��ï�ð π0 ö
� ð!�>� ö ���`ô�� ö�ò � õ ñTò0P ô P�ö ( ö ��, P ,+��ï�ð ö � û�!( ��óTö'ò � ò -n� ò � 1 ð ñ ��ð � õ�ô ö'ñTó - òßñ �rï�ð ó ð!� � õ ¾5ö �rïÉï ò (�ð ó��
• m��s��ï�ð+�@ô ó ð ò - �rï�ð�� ò ��� �0��ñ ôU� ö'ò � ¾5ö �rï ò0� �âï ò ('ð ó�R �rï�ð ö ����( ��ó�ö�ò � ò -7� ò � 1 ð ñTó�ö�ò �àõ�ô ö'ñTó
ö)4 õ ñTò31 ð ó ��ï�ð óTö � � (�ð π0 ö)� ð���� ö ���@ôU� ö'ò ��õ ñTò0P ô P�ö ( ö ��,'- ñ�ò04 ô PDò0� �3Ä À/8�ò0P �rô ö �nð �\¾5ö ��ï ò0� �� ò � ó�ö)� ð ñTö � � � ò � 1 ð ñTó�ö'ò �»õ�ô ö�ñ�ó � ò ô PDò0� � �;À.8Q� m��T�rïnð��`ô ó ð ò -�ôOkBm~}àð�� 1Ëö'ñTò � 4 ð���� R �rïnð��ð � � ñ ô�(xõ ö�ò � ö
� ð!�>� ö ���`ô�� ö�ò �Üõ ñTò0P ô P�ö ( ö ��, ö)4 õ ñ�ò31 ð ó - ñTò04 ô P\ò0� ����u 8 � ò ô PDò0� � voÀ.8Q�

T�ï�ð ñ ôU� ö'ò8ò -9��ï�ð ö
� ð!��� ö ���@ô�� ö'ò �âõ ñ�ò0P ô P�ö ( ö � ö ð óc� ð!��ð ñ"4zö ��ð ��¾5ö ��ï ò0� ��ô�� ��¾5ö ��ï6� ò � 1 ð ñ�ó�ö�ò �3õ�ô ö'ñ
ö
� ð!��� ö ���@ô�� ö'ò � R�ó ï ò§¾ � ö �OÃ ö
��� u �ü� � R­ö � ��ö �@ô���ð ó �rï�ôU�=�rïnð ö ����( ��ó�ö�ò � ò -S� ò � 1 ð ñ ��ð � õ�ô ö'ñ�ó�ö ��� ñ ð`ô ó ð ó�rï�ð ó�ö � � ('ð π0 ö
� ð!��� ö ���@ô�� ö'ò �%õ ñ�ò0P ô P�ö ( ö ��, P ,%ô P\ò0� ��ô �;À:8 - òßñ ��ï�ð ó ð�� � õ ¾5ö �rï ò0� �wï ò (�ð ó�P�� �
P , ò ��(),#ô:-�ð ¾ õ\ð ñ �`ð!���$- òßñ �rï�ð ó ð�� � õ ¾5ö �rï#ï ò (�ð ó!� m��£�rïnð&�`ô ó ð ò -�ôckAm~}�ð!� 1Ëö�ñ�ò � 4 ð���� R �rïnðô{õ�õ�ô ñ ð���� ö
4 õ ñTò�1 ð 4 ð���� ö'ó ô��!� � ô�(
(2, ��� ð � ò/P ô�� Z>�ßñ�ò�� � �»ö)� ð���� ö ��ð � ô ó � ò � 1 ð ñ�ó�ö�ò �»õ�ô ö'ñTó��
´.¤:J O�¹�½c¸�_`2�å¿âä¹�½�å
m�ï�ô 1 ð � ð 1 ð!( ò õDð � õ�ô ñ � ö ��('ð ö
� ð!�>� ö ���`ô�� ö�ò � 4 ð!�rï ò���ó ��ï�ô�� ô�()( ò§¾ � ò3ö
� ð!��� ö -t,»ô�� �;4 ð@ô ó"��ñ ð'�rïnð
4zò�4 ð!�>� ��4�ò -xõnï ò � ò � ó�R ð�(�ð��!� ñ�ò � ó ô�� � π0 4 ð ó�ò � ó�¾5ö �rïÜ÷Vkim o ö �/�rï�ð�ð���ð ñ#� , ñ ô�� � ðB- ò{ñ#4 À�� u� ò �rÄ À.q ð Zz� ��ï�ô ñ#� ð � ï�ô ��ñ�ò � ó ô ñ ð�ð!¥.� ö ð����#(), ñ ð £ ð����rð �eö �T��ï ö'ó ð!��ð ñ"� , ñ ô�� � ð �m&ï�ô 1 ð7ô�( óTòâö � 1 ð ó � ö
� ôU�rð �+4 ð!��ï ò`��ó � òÜñ ð�� ò31 ð ñ õnï ò � ò � ó � ò � 1 ð ñ ��ð �#ö ��� ò ð�('ð!�!� ñ�ò � û õ ò{ó�ö � ñ�ò �õ�ô ö�ñ�ó�� T�ï�ð�, ó ð*ð 4 � òBP ð 4.òßó � ��ó ð!- � (0- ò{ñ õ ñ�ò � ò � û õ ñ�ò � ò �{� ò (
( ö�ó�ö�ò � óµö ���rï�ð gih m~} U � ò ��� �0��ñ ôU� ö'ò �
¾5ö ��ï ò0� �5ï ò ('ð ó!�
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v¦Ñ�ÒUÒ v Ò�Ó z ã�ÔÖÕ v § �F× Û{Ø�Û Ò v|t u/Û ; Ø â ÕrÙJÕ Ó t�Ú x ¯ Ò Ø â Û{Õ�Û1Û�Ü â Ø Ó ÛÝÕrÞ × Þ Ò�ßzà Ø Ó p = (E, p) î
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Û{Ø�Û Ò á à�ç Û p′ = (E ′, p′) Þ Ú Ò o Ò æ_â Ó Ø�ÛèÕ â Ó Õ�Û Ò Û{Ø�Þ Ú+á]â o Ú à�Ñ Þ Ò�ä Ø ß Ú à ã βf Õ Ó�Ò âMÚ Þ Ò á áwã
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, p′T = pT , é à ã�êPë
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1 − β2
f
Ú Û à�Ñ�Ò¦ì Ø Ó1Ò á à , â Õ ß�à Ø Ó Õ á�æ pT (||)

Ú Û à�Ñ�Ò©ß Ø�Û{ÙYØ á Ò á à Ø â p à�Ó Õ á Û�Þ Ò�Ó Û Ò
é ä Ø á�âMÚ à�ç æ�Ú�á Õ ä ë à Ø βf

ã tNà�Ñ�Ò�Ó Þ × Þ Ò�ß�à Ø Ó Û î Û ç]ß-Ñ Õ�Û à�Ñ�Ò Û�Ù�Õ ß�Ò
×Cà Ú Û ÒUß ØXØ Ó æ�Ú+á Õ à�Ò Û à�Ó Õ á Û â Ø Ó Û{Û Ú�áà�Ñ�Ò Û�Õ�Û Ò o©Õ�ã ã v¦Ñ�Ò Û ß Õ ä Õ Ó Ù Ó Ø æ ç�ß�à Ø â à o©Ø�Þ × Û�Ø�Û Ò á à Õ p1p2 = E1E2 − p1p2
Ú Û Ú�á Þ�Õ Ó Ú Õ á à

é Ú�á�æ Ò Ù Ò á]æ Ò á à Ø â à�Ñ�Ò â Ó ÕFÛ Ò ëzã
í"BD>A<cIdOPî­KMBdIYOP>AGJK�OAQ[BdI Àuá Ø�á�Û Ò�Ó Þ Ò�Ó Û�Ø�Þ Ú+á�â o Ú à�Ñ­Ó1Ò Û�Ù Ò�ßzà#à Ø:Õ á Ø�á q Ò�ß�à o Ú ä�ä Ø�á�Û Ò�Ó Þ Ò Ú à¦à Ø
á Ò|ß Ø á à�Ó Õ ß�à�Ò æ Õ ä Ø á�â à�Ñ�Ò æ�Ú Ó1Ò�ßzà Ú Ø á Ø â Û�Ø à Ú Ø á áwã à�Ñ�Ò â Õ ß�à Ø Ó

l′ = l
√

1 − β2. é à ãðï�ë
� Ø á Û Ò�ñ?ç�Ò á à�ä ã î à o(Ø ß Ø ä+ä Ú+æ�Ú�á�â Ñ]Ò Õ�Þ|ã × Ú Ø á Û)Õ àUç]ä�à�Ó Õ ×�Ó1Ò�ä Õ à Ú Þ Ú Û à Ú ß�Ò á Ò�Ó âMÚ Ò ÛUÛ Ò�Ò Ø á Ò}à Ø Ò Õ ß-Ñ

Ø à�Ñ]Ò�Ó Õ�Û�ÙJÕ á ß Õ Â Ò Û Ú+á à�Ñ�Ò Ú Ó æ�Ú Ó�Ò�ß�à Ú Ø á Ø â Û{Ø à Ú Ø á ã

ò�Ð�È±Ç�Ï Ì|ÉWÐ�ó�ô|Ì|Æ\Ð�Ì�õ}özÇ�Í
÷ >AGJILn�mY<c>Fn�<lEHBYEH<cIdOA�LE . á sÒ. ��à�Ñ�Ò á Ò Õ�ø æ�Ú Ó�Ò�ßzà Ú Ø á�Ú Û ç Û ç Õ ä+ä ã à�Ñ]ÒrùM× ÕFy Ú Û ã v¦Ñ]Ò ø�Ø ×
ø Ò á à�ç ø ß Ø�ø{ÙYØ á Ò á à Û px Õ á�æ py Õ Ó1Òuç á ß-Ñ Õ á�â Ò æ±ú ã:Õ ì Ø Ó1Ò á à , à�Ó Õ á Û â Ø Ó ø)Õ à Ú Ø á é ú ØcØMÛ à ë Õ ä Ø á�â

ê � ê
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à�Ñ�Ò^ù�× ÕFy Ú Û î Û1Ø à�Ñ�Ò|à�Ó Õ á Û�� Ò�Ó Û Ò ø�ØMø Ò á à�ç ø æ Ò�
 á Ò æ Õ�Û

pT =
√
p2

x + p2
y, é�� ã � ë

Ú Û ú ØXØ�Û à Ú+á ��Õ Ó Ú Õ á à ã
�:G�;�QbVLQeO�� v¦Ñ�Ò ø�ØMÛ à�ß ØMø�ø{Ø á ä��{ç Û Ò æ ä Ø á�âMÚ à�ç æ]Ú+á Õ ä ��Õ Ó Ú Õ ú ä�Ò Ú Û à�Ñ�Ò�Ó Õ�Ù Ú�æ�Ú à���� æ Ò�
 á Ò æ Õ�Û

y =
1

2
ln

(
E + pz

E − pz

)
, é�� ã Þ ë

o Ñ Ú ß-Ñ Ú Û Õ æ�æ]Ú à Ú � Ò{ç á�æ Ò�ÓUì Ø Ó�Ò á à , à�Ó Õ á Û��[Ø Ó ø{Õ à Ú Ø á Û^Õ ä Ø á]â , × ÕFy Ú Û ã v¦Ñ Ú Û ø Ò Õ á Û à�Ñ Õ à à�Ñ]Òæ�Ú�� Ò�Ó1Ò á ß�Ò Ú+á Ó Õ�Ù Ú+æ�Ú à������ Õ á�æ à�Ñ]Ò_Ó Õ�Ù Ú�æ�Ú à�� æ Ò á Û Ú à�� æ�Ú Û à�Ó Ú�ú ç]à Ú Ø á ��������� Õ Ó1Ò Ú�á ��Õ Ó Ú Õ á à©ç á�æ Ò�Óì Ø Ó�Ò á à , à�Ó Õ á Û��[Ø Ó ø)Õ à Ú Ø á Û¦Õ ä Ø á�â à�Ñ]Ò�ù�× ÕAy Ú Û ã
6�n�<X�LVWBY>AG�;�QRV�QeO � . � à�Ñ�Ò ø{Õ�Û1ÛNÕ á�æ ø�ØMø Ò á à�ç ø Ø!� à�Ñ�Ò ÙJÕ Ó1à Ú ß�ä+Ò Õ Ó�Ò ç á�Â?á ØPo á#"�Ú à Ú Û ß Ø á � Ò
×á�Ú Ò á à¦à Ø ç Û Ò�à�Ñ]Ò Ù]Û Ò�ç æ Ø Ó Õ�Ù Ú+æ�Ú à�� "

η = − ln

[
tan

(
θ

2

)]
=

1

2
ln

( |p| + pz

|p| − pz

)
, é�� ã v ë

o Ñ�Ò�Ó1Ò θ Ú Û à�Ñ�Ò ÙYØ ä Õ Ó Õ á�â ä+Ò ú Òzà o Ò�Ò á à�Ñ�Ò ÙJÕ Ó1à Ú ß�ä+Ò ø{ØMø Ò á à�ç ø�Õ á�æ à�Ñ]Ò ú Ò Õ�ø¸ÕFy Ú Û ã . � |p| � m "
à�Ñ�Ò á η ∼ y ã
g�IYm�G�>FQ[GJIdOHEHGJn0n ) Ú � Ò á ï ÙJÕ Óåà Ú ß�ä+Ò Û o Ú à�Ñ (E1, p1) Õ á�æ (E2, p2)

" à�Ñ�Ò Ú+á ��Õ Ó Ú Õ á à ø{Õ�Û�Û Ú Ûæ Ò$
 á Ò æ Õ�Û
M12 =

√
(E1 + E2)

2 − (p1 + p2)
2. é�� ã&%Më

v¦Ñ�Ò Ú+á ��Õ Ó Ú Õ á à ø)Õ�Û�Û�Ø�� ï Ù Ñ Ø à Ø á Û�Ù Ó Ø æ ç�ß�Ò æ­ú �:à�Ñ�Ò æ Ò�ß Õ � Ø��fÕ á Ò�ç]à�Ó Õ ä ø Ò Û�Ø á Ú Û
Mγ1γ2

=
√

2E1E2 (1 − cos θ12), é�� ã('�ë
o Ñ�Ò�Ó1Ò θ12 Ú Û à�Ñ�Ò�Ó�Ò�ä Õ à Ú � Ò Õ á�â ä+Ò ú Òzà o Ò�Ò á à�Ñ�Ò Ù Ñ Ø à Ø á Û Ú+á à�Ñ]Ò_ä Õ ú Ø Ó Õ à Ø Ó�� � Ó Õ�ø Ò ú Ò Ú�á�â

cos θ12 =
γ2

πβ
2
π − γ2

πα
2 − 1

γ2
π(1 − α2)

, é�� ã / ë
o Ñ�Ò�Ó1Ò α Ú Û à�Ñ�Ò æ Ò�ß Õ � Õ�Û � ø{ø Ò�à�Ó�� æ Ò�
 á Ò æ Õ�Û

α =
|E1 − E2|
E1 + E2

. é�� ã&)Më
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2HÒ(Ñ Õ3� Ò â Ò á Ò�Ó Õ à�Ò æ5476 v�sÒ. À γ × q Ò�à98 Ã ñ ã é � ã£ï�ë ÜJÕ á]æ#q Ò�à1× q Ò�à98 Ã ñ ã é � ã � ë Ü Ò � Ò á à Û:�[Ø Ó<;=;{ß Ø ä+ä Ú Û Ú Ø á Û
Õ à √sNN = 5.5

v�Ò?> o Ú à�Ñ à�Ñ]Ò æ Ò �RÕ ç�äÁà 4@6 v�sy. À ÙJÕ Ó Õ�ø Ò�à�Ó Ú ,�Õ à Ú Ø árÚ+á}À ä ÚBA ØcØ àC8 À ìA. Ü ã v¦Ñ�Ò Û ÒÒ � Ò á à Û Ñ Õ3� Ò ú Ò�Ò á â Ò á Ò�Ó Õ à�Ò æ �[Ø Ó Õ Ó�Ò Û à�Ó Ú ßzà�Ò æ Õ ß�ß�Ò Ù à Õ á ß�Ò 2
• γ
× q Ò�à{Ò � Ò á à Û 2 Ù�Û Ò�ç æ Ø Ó Õ�Ù Ú�æ�Ú à�� Ú�á à�Ñ�Ò�
 á Õ ä¬Ò � Ò á à±ß�Ò á à�Ò�Ó × Ø�� × ø)Õ�Û1Û{Û � Û à�Ò ø |ηγ| < 0.2 D
ÕÂ, Ú ø çXà�Ñ Õ ä Õ�Ù Ò�Ó1à�ç�Ó�Ò Ø�� à�Ñ�Ò Ù Ñ Ø à Ø á 200◦ < φγ < 340◦

• q Òzà1× q Ò�à|Ò � Ò á à Û 2 Ó Õ�Ù Ú+æ�Ú à�� Ú�á à�Ñ�Ò Û ç ú Ù Ó Ø ß�Ò Û1Û ß�Ò á à�Ò�Óå× Ø�� × ø{Õ�Û�Û|Û � Û à�Ò ø |yparton| < 0.2 Õ á�æ
Ù�Û Ò�ç æ Ø Ó Õ�Ù Ú+æ�Ú à�� Ú�á à�Ñ�ÒE
 á Õ äWÒ � Ò á à�ß�Ò á à�Ò�Ó × Ø�� × ø)Õ�Û1Û#Û � Û à�Ò ø |ηjet| < 0.15 D á Ø Ó1Ò Û à�Ó Ú ß�à Ú Ø áÚ�á à�Ñ�Ò ÕÂ, Ú ø ç]à�Ñ Õ ä Õ�Ù Ò�Óåà�ç�Ó1Ò ã

4@6 v�sÒ. À ß Õ ä�ß�ç�ä Õ à�Ò Û à�Ñ�Ò¬ß�Ó Ø�Û�Û�Û Ò�ß�à Ú Ø á ÛF�[Ø Ó=à�Ñ]Ò Û Ò Ù Ó Ø ß�Ò Û�Û Ò Û¦Õ à"à�Ñ�Ò æ�Ú�� Ò�Ó1Ò á à ø{ØMø Ò á à�ç ø ú�Ú+á Ûâ Ò á Ò�Ó Õ à�Ò æ ã v¦Ñ�Ò Û Ò ��Õ ä+ç�Ò Û©Õ á�æ à�Ñ�Ò#à Ø à Õ ä á ç ø ú Ò�Ó Ø�� â Ò á Ò�Ó Õ à�Ò æ Ò � Ò á à Û�Õ Ó�Ò Û Ñ ØPo á:Ú�á v Õ ú ã � ã�êMã

êG) �



_cû?| W}]�ü1ý&Vn[k~pWWÿ�HJI@K�LÆT q �k~�MN	�	O	K[���P��QM3�=	

< pT > éSR Ò?>UT
c ë σ éRø ú ë V Ò � Ò á à Û

γ
× q Ò�à

ï�W × Þ W êMãÁêG% ·10−6 êX' " WYWYW
Þ W × %YW êMãÁê Þ ·10−7 ê Þ "&Z WYW%YW ×�[ W ïXã Z�\ ·10−8 êAï " WYWYW[ W × ê3WYW [ ã \ ê ·10−9 ) "(Z WYWq Ò�àå× q Òzà
\ W × Þ W ïXãÁê \ ·10−4 êG' [ "&Z WYW
Þ W × Z W %]ã]% [ ·10−5 ê3%]ê "&Z WYW
Z W × %YW ïXã]%Tï ·10−5 ê Þ ê " WYWYW%YW × '�W êMãÁêG) ·10−5 ê Þ Z^"&Z WYW'�W ×�[ W Z ã]) [ ·10−6 ê Z ê "&Z WYW[ W × )YW \ ã£ï�) ·10−6 êG'Xê "&Z WYW
)YW × ê3WYW êMã [ ) ·10−6 ê Z Þ " WYWYWêGWYW × ê Z W ïXã])=' ·10−6 ê Z ï "&Z WYWê Z W × ï�WYW Þ ã&'�% ·10−7 [ % "&Z WYWï�WYW × ï Z W êMã£ï�W ·10−7 ) \_" WYWYWï Z W × \ WYW \ ã&' Z ·10−8 ê \ % " WYWYW

v Õ ú ä+Òa` ã�ê�bdcfehgGihiFikj�l
m�nog3pqi9rNpqstp�u=vxw_j
eOgNy γ z|{ j
mOrNpqs { j
m z|{ j
m9j
}Xj
p�mhi�~Xj
pqj
ekrNmhj�s��:n|m���m��qjx�#�O�:���S�
j
}Xj
p!m�~Xj
pqj
ekrNmhg3e �
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