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 ������������������������� !� "
#%$�&('*),+.-0/2143514687:9�;�<>=?<A@�BDC�EGF0B�@IH�J�K2LM;N<POQ9�;�K5BSRTH�;VU�9�;�K!BXWY;�K!Z4BD; [\[

]N^_]a`cbVdfehg4i�jlkmdhnog�bP^p^q^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^s]N]
]N^utwvGxDy�ehz|{�gNbly:k}gVy�~�n���jlx�yTk��lzNef����y�^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^s]N]
]N^ � v�� zNy�dfehgNb�g�~�noxr��zN~�~�z^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^s]��
]N^ � �.gNblk��oj0y�n_gNb ^p^q^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^s]��

+�$�/5&(1V������$��D$�&($�7�=�L E2�GF��sF��l��;�@�H�J�\EG;DJV@�BDC0 ¡;V@h;NB�¢\£�¤�K!�¦¥�§V@f;|JV@f;�K5B�¥\;�E�F0BV@IH�J�K5LM;�<Q<(K5BLMF¨��@fF\@IH�C0�
�0EGF\@IH�F\LM;>©N��@h;�BN��F\@IH�C0��F0LM; [�ª
t�^_]a`cbVdfehg4i�jlkmdhnog�b¬«l�®°¯V±c²�tX^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^s]D³
t�^ut �.gNehefxDkmdhnog�bly.zN´�´��_n_�Vj���x�yTzNj>yfn_�NblzN��i�j>k�zA�_gNehno~�µ�dfehx�^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^s]D³
t�^ � �:zA��k}j�������b���ehzN�on�yf�ri�xp�¶� zAd�dh��b4jlz(dhnog�b·^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^s]|¸
t�^ � ¹�x�e�y�´\x�k}dfn_ºNx�y�^p^q^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^s]�»

¼ /5'¾½*¿21V),�À1V&(�5$�&|3�7:=Á��Hc<NC\@IB|CNE�H�;¬¥lK�BDF0Â\C0����;N �;��Ã@�J|Cl<( 8H�Ä�K2;¡;��Ã@IBD;QÅl¢ÇÆ�;�RÈ;�@�Å�¢�¢¨É2;�R ÊG[
��^_]ÌËÍb>Î�ehx}Ï2ehzN´�´0x��!yfj�eT�oxpe�z|{Ng�b�b�x�~�x�b�dTk}gVy�~�n��Vj�x�^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^St�]
��^utwvGxp~�g�i�µ��_xYi�xqi�noÐ\jlyfn_gNbÑ^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^St�]
��^ � v!z���zN�_zAÒ�noxX^q^p^q^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^St�]
��^ � vGxp~�g�i�µ��_xYyId�z(dhnog�b�blzAn_ehx¬^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^St�]
��^u³wÍb�n�yfgAdfehgN´lnoxÓ^p^q^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^StNt
��^ Ôw¹�ehg�yf´0xDkmdfn_ºNxDyp^p^q^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^St(�

Õ�-\�2$���¿2$��Ö��'M�D1V$l/�7Ã×XØ*Ù�ØÛÚ:ØÛÚ�ØpFl��¥X@I�G;¡J|C0<( ¬H�J¡F�J|JD;VLM;�BDF\@hClB�<°J|F0LcLM;|¥ÝÜ�LMF4Þ�FlB�< Ê\ª
�l^_]Ì®%gNn¶ß|à}� zAn!i�nodÍÎ���zAáDzAeD^�^�^4Î�n_á�zNefehx5âY�.g�~�~�xqkA� x�y�dÍ�}dhehzNb��Nx�^�^�^V¹�g�j�eh�Vj�g�nGzAj�e�zAn�y�±oàIxpi�nodÍÎ��_zNá�zNe�^�^�^4Î�n_á�zAehehxN^�^�^p^q^StN³
�l^utwã�x�dfxDkmdfn_b���Î���zAáDzAe�y�z(dÍä!xcå¨x�b�x�eh�Nn_x�y:æTnodf�Pçéèëê�èíì2è�ì�è^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^StAÔ
�l^ � �.gNbly�dfe�zAn_b�n_b���Î��_zNá�zNe:~�g�i�x��o�_nobl��æTnëdh�>yf´\x�kmdhehzN�GzAbli�dfx�~�´0g�ehzN��gNÎlyfx�ehº(zAÎ��_x�y	^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^St�¸
�l^ � ä���xpb�x}Ò4dÍ��x�b�x�ehzAdfn_gNb�gNÏ�ä5xcå¨gNÎ0y�x�efº(z(dhgNehnoxDy�«�î�ï:ð ^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^StA»

ñs$���¿2'*14/ò:$�&|��$�&(1Q7�ó�Lí@IB|F\ô�õ%H¾�l�Xö���;�B��lÂ�÷°;�K5@�BNHc��C0<%F\@Y@��G;PøYH�;�B�BD;P=ÁK��\;�BQW�ÜN<N;NB�Z�F0@hC0BNÂ ù![
³�^_]ÌÍÎly�dfe�zNk}d�^p^q^p^q^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^���]
³�^utwä���xqËÍ�odfe�z(±cúÍn_�N�éû�b�x�ef��{Á¹�j�á�á��_xYzAbli?df�lxYüÍx�j�dfehnob�gVy%^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^���]
³�^ � ä���xp¹�n_x�ehefxqÍjl�Nx�e�ý�Î0y�x�efº(z(dhgNeh{ ^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^���t
³�^ � Ë�ú�ûÝü�x�j�dhefn_b�g�¯4xDzAe�k��Ì^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^���t
³�^u³þûÃÒ�´0gVy�jlefxqzAb0i��_no~�nod8^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^��N�
³�^ Ô �.gNblk��oj0y�n_gNbézAblié´\x�e�y�´\x�k}dfn_ºNx�y?^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^��A�

ÿ?'¾1��\-¨ò:-l&|&(14��ñs$�6|¿5$l35-¦7�9ÃF�BDF�¥0H�C0ôm¥�§V@f;|JV@IH�C0�ÑF0K5@fC0��C0 ¡;Ç¥�;�<BDF0Â\C0��<ÖJDC0<( 8H�Ä�K2;�<�¥�;��GF0K5@h;S§���;�B��lH�;
FlZ�;|J���W���=?9:ör�S= ù��
Ô�^_]a`cbVdfehg4i�jlkmdhnog�b?x�dÍ~�gNdfn_º(z(dfn_gNb0y ^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^��V¸
Ô�^utwv�� x}Ò�´���efn_x�blk�xq�Týrã��vGû.®P¨^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^r^q^p^q^p^q^q^p^q^p^q^r^q^q^p^q^p^q^p^q^q^p^q^��V¸
Ô�^ � v!z�k�zNehz�kmdh��ehn_yhz(dhnog�b�i�x�y�e�zNi�nogN±¶n_bVdfx�efÏM��ehx�b0k}x�y	��
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����²�U��²��� �3��³
´�µ�¶'µ-·M¸'¹�º�»�¼½»V¾>¿²À2Á�¹�Â'Ã5¿&Ã�ÂBÃUÄ�¼²¸B»V¾Å¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�µ p2Æ
´�µ�¶ÈÇ�É<À�Ä+ÊSË�Ì²»�Í�¾PÎÏ¿�¼²Í�Î3¸'Ã�¿5¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�µ p2Æ
´�µ�¶ ´4Ð"Ã�¿½Í�ÂB¼²¿"À�¾�Î>Ä�»�¾PÄ�Â'Í�¿&¸'»�¾P¿Ñ¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�µ p�p
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´VÇ3¶'µ-ç�è º�¸é¿�¼²»�¸'Ì½Ã5Î�è Í�¾>Ì½Ã�Á�ê�Î3Ã5Î3ëU¿&ÃU¿&¹�ë�Ì²ëì¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�µ�í�µ
´VÇ3¶ÈÇ�çIÃU¿<¹�Ì½»V¹�Ì²¸Bë�¼½ë�¿<Î3Í>¾�Ã�Í3¼½Ì²¸'¾�»î¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�µ�í�µ
´VÇ3¶ ´4ïðÂ'À�Ä�»�¾�ñÍ�ò�¼½Ã5Î3Ã5Â�è ÃU¿&¹�ÀVÄ�Ãó¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�µ�íVÇ
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´�´�¶ �#"j¾�À�Â%$3¿½Ã5Î3Í 150 �dÎ�Î�À2¾�¿<Â'Ã Î3ë�¼²Ã�Ä�¼½Ã�Í�Ì	�	�����C´¯¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�µ�í p´�´�¶ p ��»�¾�Ä�ÂBÍP¿&¸'»�¾ ¶°¶5¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�µ�í�í
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´���¶'µ5
n¾¼½Ì²»SÎ�Í�Ä�¼²¸B»V¾y¶°¶5¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�Ç4s�´
´���¶ÈÇut�º�Ã�¾�»�Á�Ã�¾�»�Â'»�Ë�¸éÄ�À�Â\Á¯»3Î3Ã�Â�»4Hl¼½º�Ã5Ì+À`¼²¸B»¿	º�Ã�Â'¸'Ä�¸�¼]$�À2Á�¹�Â'¸�¼²Í�Î3ÃU¿ ¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�Ç4s�´
´���¶ ´v��»�Â'»�Í�Ì"Î3¸'¹�»�Â'Ã5¹�¸'Ä�¼½Í�Ì²ÃLH�»�Ì<¼²º�Ã

γ∗ → ρ
¸BÁ�¹�ÀVÄ�¼VH}À�Ä�¼½»VÌjÀ`¼"¼]:"¸é¿�¼j´ ¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�Ç4s4�

´���¶ �c��»�¾�Ä�ÂBÍP¿&¸'»�¾ ¶°¶5¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�Ç4s Æ
à ÷}r�r w ¢0wx&I¥U¥�zM~?y �.���½�P�ð�P�!��� ã��.�P�²�P�ð�P�����n���������&�&���:�n�!�½�-�I�.��)S¬�����ã!�½�P���Q�P��y�� å{zÏ� ��üVãI�V���nú-���!� prq\�

´ p ¶'µ5
n¾¼½Ì²»SÎ�Í�Ä�¼²¸B»V¾y¶°¶5¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�Ç4s p
´ p ¶ÈÇ#�CÃ�¾�Ã�Ì²À�Â+H�»�Ì²Á©À2Â'¸'¿½Á ¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�Ç4s p
´ p ¶ ´|t�»�ÂéÀ2Ì²¸G}�À`¼²¸B»V¾{����¿½Ã�Ì � À4��Â'Ã�¿ ¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�Ç4s�í
´ p ¶ ���jÍ�Á�Ã�Ì½¸éÄ�À�Â�Ì½ÃU¿&Í�ÂB¼²¿y¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�Ç4s�6
´ p ¶ Æ ��»�¾�Ä�ÂBÍP¿&¸'»�¾ ¶°¶5¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶C¶5¶°¶5¶°¶5¶5¶°¶5¶°¶5¶C¶5¶5¶°¶5¶°¶5¶°¶5¶5¶°¶5¶�Ç3µ7s
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MIP distribution, attenuated, equalized Fit Parameters
Entries  1296

 / ndf 2χ  79.27 / 34
Constant  8.0± 203.8 
Mean      0.03± 15.52 
Sigma     0.0257± 0.9511 

Sigma/moy : 6.13 %

MIP distribution, attenuated, equalized
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Att(X) = N

[

k exp

(−X

fast

)

+ (1 − k) exp

( −X

slow

)]
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ö
C;?DE =@:%469;5HXP2\UBUBW;=@?TCYE�4B9;:�eIgHi

:%th4B:"CYX;U�465y9;?DE	9;:"7�1/7B:�p\WY:>CY3>?T:�U�c�?A469s4B9;:PU62�=@:�?DCYXH:%t~F _ ?TR
CY2�KDKDM	^;469;: S ?TC;CY?TC;EZ5�1f4B9;:bU�?D=PWYKD2�4B:"X�Á�Â�ÃÏKD?DE	9L4�R�3%W;76O	:�?QU
J[:"7�1/5\7B=@:�XP2	U6UBW;=@?TC;E�2�Cb2�O	:"762	E	:aUB?TE\C;?T�[3>2	CY3%:I4B9Y2�4�:"pLWY2�KQU
4B9;:P5	C;:}5	1�469;:|=@5	CY?A465	76:"Xo½|F ¾`F�g�F g~F[KD?TE\9L4�R�3%W;76O	:\F _ W;7B4B9Y:>7
XH:%4�2�?DKDU�5\CZ469;:�4B:�3�9;C;?QpLW;:|3>2	C S :�1/5	W;C[Xu?DC��T��À���F
�Ð4�MhJ;?Q3>2	K}Á�Â�ÃÑKT?DE	9L4BR�3>W;7BO\:u76:"2	KT?Dx"2�4B?D5	Cn?DUyUB9;5)c�Cw5	C

_ ?TE[F	�YF � ^ S 5	4�465	=oFL��XYXH?A46?T5\CY2�K]U�W S U�467BW[304BWY7B:�U�c�9;?Q3�9Z3%5\W;KDX
C;5�4u9Y2�O	: S :>:"C�7B:�U�5\KTO\:"X S M�ÈuÉTÊPÉQËfÉQË�ÉI2�76:�76:>O	:�2�KD:"X S M
2�J[:�2��q�YCYXH?DC;EÅJ;765H3%:"X;W;7B:\Fmi WY7B?DC;EvUBWY3�9¼2�Cw:>O\:>CL4"^�469;:
U�9Y5	7B4B:"U�4�UB?TE\C;?T�[3>2	C\4<7B?QUB:}4B?D=@:b2\3>3%:�UBUB? S KT:|4B5�Á�Â�ÃÒcI5\W;KDX
S :

τr = 25 ± 4
Uvj�UB:"3>5	CYXÄJ]:"2��k5	C _ ?TE[F��YF � ^ S 5�4BR

4B5\=yl%^hc�9;?D3�9u?DU�2	J;J;765�th?D=y2)46:>KDMbUB:>O\:>Cy46?T=@:"U�UB=y2�KDKT:"7a469Y2�C
4B9;:¥UB=y2�KDKT:�U�4w7B?QUB:k46?T=@:¥XH:>76?DO	:"XÒc�?A469�ÈsÉAÊNÉQË�É�Ë�ÉyX;2�462
τr = 173 ± 28

U"F�ghWY3�9q2	CqW;J;J]:>7bKD?T=@?T4b5\CÅ4B9;:oUB=@2	KAR
KT:�U�4�O)2�76?D2 S ?TKD?T4�M|4B?D=@:<U63>2	KT:`3>5	CYU�4B7�2�?DCYUm4B9;:<i 5\J;J;KD:>7m1�2\30465	7
4B5
δ > (R/c) × (1 + z)/τr

^(c�9;:"7B:
R
?DU|4B9;:uU�?Dx>:y5	1�469;:

:>=@?T4�4B?DC;Eb7B:"E	?D5	Cy2�C[X
z
469;:<7B:�X;U�9Y?A1�4�5�1~4B9Y:<UB5	W;7�3%:\F\��3%5\7�R

7B:�U�J]5	C[XH?TCYEbKD5)c�:>7�KD?T=@?T4�2	U�9Y?TE\9o2\U
δ ≥ 450− 900

cI5\W;KQX
3%:"7�4�2�?DC;KTMy3�9Y2	KTKD:>CYE	:�469;:<3>W;767B:"C\4�2	3>3>:>KD:>7�2)46?T5\Cy=b:�3�9Y2�CY?DUB=
?TChO\5	�	:�Xy1/5\7 S KD2	x"2	76U"F

Time - MJD53944.0 [min]
40 60 80 100 120

 ]-1  s-2
 c

m
-9

I(>
20

0 
G

eV
) [

 1
0

0

0.5

1

1.5

2

2.5

3

3.5

4

Time [min]
40 60 80 100 120

 ]
-1

 s
-2

 c
m

-9
(>

 5
0 

G
eV

) [
 1

0
C

TAI

0

10

20

30

40

50

Ó�Ô/Õ É��[F �VÖ�×YØ�Ù�Ú ��CL4B:"E	7�2�K�rYWHt�5�1�ea�|g � ���	��R��	 	�Z2 S 5)O	:
�  \ ZÇ<:�»Í2\U�2V1/W;CY3046?T5\C{5	1�4B?D=b:sj��b=@?TC S ?TC;CY?TC;Ehl X;W;7B?DC;E
4B9;:�XH7�2�=y2)46?D3d5\WH4 S W;76U�46Uu5�1P¿\W;KDM �  	 \À;F�ÛmÜ	Ý�ÞBß\à%Ý�á�âZã�Þ Ø�ä
å�æ	æBç FYè Ø ÝÝ Ø)äéÚ gh?D=PW;KQ2)46:"XV?DCL4B:"E	7�2�K;r[WHtV5�18ea�|g � ���	��R��	 	�
2 S 5)O	:��	 �Ç<:�»Ñ=@5	C;?T4B5\7B:�X S MÎÁ�ÂIÃêj�ëhF��vUB:"3%5\CYX;U S ?DCHR
C;?DC;ELl%FY��9;:}O)2�76?D2 S ?DKT?T4�MV2	X;X;:"Xo2 S 5)O	:�4B9;:}=y2�th?D=PWY= _ 5\WHR
7B?D:>7�2	3"3%:�UBUB? S KT: S MsÈuÉTÊPÉQËfÉQË�É\Mh?T:"KDXYUIWYKA46762�R1�2\U�4�U�467BWY3%4BW;76:"U"F

ì :>7�3%?�2�WHt¼5	76E\2	C;?QUB2�4B:>WY76UyXH:�3%:�U|í�5\W;7BCYî>:"UuJ]5	W;7sKT:"W;7
S 5\C;C;:�9hW;=@:>W;7f:>4fKD:>WY7 S 5\CNOh?DO�2	CL4"F ì :>7�3%?;2	WYU6U�?H2�W;t|C;5	=bR
S 76:>WHtyJY2	7�46?D3>?TJY2	CL46U�2�O	:"3 p\WY?	í%ï 2�?�J;Wuî"3�9Y2	C;E	:"7m462	CL4�UBW;7IKD:
J;KQ2�CyUB3>?T:"CL4B?T�[pLW;:�p\W(ï 9hW;=y2�?DC8F�¾aCH�YC8^\=b:"763>?Y2�WbE	765	WYJ[:�2	U�R



ðLñ)ò[óHôõ[ó)òoö�÷ô�ø%óHù ú�û

üBý6þ	ÿ;þ����������	�
�
����
�����]þ	ý��)ü6þ	�Dý��������;ý��Dÿ��������Tÿ��	��>ü �[þ�;ý
�!��"Yÿ#��ÿ������
�>ÿLü����$�%�>ü�ü&�'��(&�����#�	����)

*,+�-.+�/10�24350�6
7�8%9$: þ��!��;�<$)>=%?�@.A!B�;DCFE'CHGJIJKML ú	N	N�O�PRQ 8.S�T Qhú�û )
7 ú 9VU �!���@þ	ý&�	;��')XWY)Z=%?�@.A!B�;D��ý&[F��\^] 8	8 N	Q ) N	O S_8 L ú	N 8�8 P )
7 `.9 C�a��	ýBþ\ÿ�����ÿ�;�b5)>=�?�@.A!B 7 <$) c�) dJ) dX)�WIþ	�������]þ	ý��)ü��Dþ	ÿ 9 ;�eF��f

ü�;ý&�'G#GXghL ú	N	N�O�P 8 N 8�ijTX8 NLú 8 )
7 Q 9$k ��l��Tÿm; : )�;#���	��	; k )!;�CYE'CnGXo�K^L ú	N	N S PRQ ` û T Q_p	ú )
7 p 9 b;ý���ÿ�����(&��a��Dÿ��q;�CV)Z=�?5@.A�B�;#CFE'CHGXrXosL ú�N�N i P i�`tS�T�i p\ú )
7 O 9 C�a��	ýBþ\ÿ�����ÿ�;%b5)t=�?�@.A!B 7 <$) c�)udX)udX).WIþ��!�����]þ	ý��)ü&�Tþ\ÿ 9 ;%CFE'C

GXIDovL ú	N	N�O�P i û	û T û 8 p )
7wSx9 �����bþ��Tÿ��%f U þ	��y��ý��J; k )�; : ���	ý���ÿ��	�	;jz{)!;�|��!���l�}_~	þ\ÿLü�;

k )�;�CF(�üBý6þ	���	ý�ü&�����!�{� a_}�(�����(F�DIvL ú	N	N�O�P 8 ûtp T ú 8	8 )
7 i.9 z5����a��"ý��Dÿ���;���)�=�?�@.A!B�;vCF(�üBý6þ	���	ý�ü&�����!��� a_}�(�����(��#G

L ú	N 8	8 P i p i.T_itS N )
7 û 9 ����eY��;ý6þ	��(�; k )XE���þ	�����	ÿ��J;X� )�;#CY(�ü6ýBþ�����ýBü����%���$� a_}tf

(�����(��X�vL ú	N	N\û�P�ú `�8%T ú�p	ú )
7!8 N 9 z5����a��"ý��Dÿ���;���)#=�?>@.A�B�; ú	p ü�a
|m�����	(�d_}_�
�[þt(����� þ\ÿ�����f

����ü���\_��(�ü�����CF(�üBý6þ	��a_}�(�����(�L ú�N 8 N�P 8 O S )
7!8�8%9 C�a��	ýBþ\ÿ�����ÿ�;tbR)J=�?�@.A!B 7 <$) c�)udX)udX)#WIþ	�����	�[þ\ý&��ü��Dþ	ÿ 9 ;	CF���

�#� G�L ú	N	N S P � S_8%T � S Q )
7!8 ú 9 z���ÿ��J; : )���)�E U ý&�Tÿ#�����j}�;���) cF)!;�CF�����#�#rnL 8 û i p	P

8 ú ijTD8 Q�O )
7!8x`.9 |��!�
�
�>ý��#)�;��

ö
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ÆÂÇ Át»�°�È>±>®�À °�¼

ÉËÊ'ÌZÍ4Î�Ï�ÐÒÑhÊ'ÓZÌZÊ'Ó1Ï
Ô�ÕJÖ	×�Ø�ÕDÙ%×�Ú¯ØjÛÝÜmÛßÞVàmá�â	Ú�ãtä�Û^å ä1Ö.ÕDÙ«×�æ�Ú�ãtä ÛvÛ	Ù
ÜmÛèç�×�â	æé×�ê�×xëDÚ&Û.ì

í�îJï$ð�ñjò4Þßó�ìßçYò�ô4åXõ>ñjò�öDÞ�÷#ì�ó
ØjÛ	ø5×DÖtê�Û.ì�ï5Ø�ÕDø5ù.Ûtú

û
ü�ý þ,ÿ�� ÌZÓ>Ê���Ì
������	
������������������
������� "!��$#&%���
!('*)���+,�
� �%-�(	/.0�1��#

ν 2 "	3��%4�65��6 ��
 "%�!879�:�<;>=?�(	��@���AB�*C-��
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 <�6�"�DC��E',	
 "��	�C?�� "%(�3���
F  "�:GH�
�9��%��@
�(AI��%���	J�
���C-�K',	
 "�����?C9�( �%K����� F  ���G/LM-
�(AN��%O��	J�
���C��E',	J <�:����C?�� "%K�P��� F  ���G/=Q��� �!( �%R=��:��AOC9�K	J ���
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�,;,+-�6�
 "��%S��%9;T�(�:�6����������
 "��%TAU�V���-��%- "	
AS	P���?�W�X�������� "!��D#Y%��:�!�'DZ[�(	
AO "�[\��Q',	[.]�W�W#^Z^\ 2 ����Y	J�
 "���E+�%-_K%-��G`%RL���� "	a "%K�
� �!(+� "%�!bC�+�c:c����d%�����;�	aAO�(
�e��f-	
�: F ��f��"��	�L/�����AU�V��	
+���:AO�:%K�����g��%*�W�W#
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��i(+-��	J�
 "��%-	�LjM-
�(Ak�4C-��J�� "�:����C��E',	J <�:	UC?�� "%(�O���
F  "�:G/=P�W�W# ν !( F �S+-	D�
������C�C?��
�
+�%- X�� ��V	/�
�4�
�V	l�UC��E'E	
 <�:	f9��'���%9;m�����n	l����%-;-���;mAO�,;,�:�/o"p6qr=&��%-;s�
�t�:��%-	J�
��� "%m�����%��:+,��
 "%����u%E+-�:������%S�6��(	�	P	J�V�v�
 "��%S���[�W�W#wo x�qg.@��%��:�!� "��	�+-%,�
�V�����-��f����3fE'*C9��
�
 <�6�"���6���"�" ";,���	 2 L,yz��G` "���R7-�	J�� "%(��
�,;,+9�6��
�����W�W#^Z^\I��%-;m�1��#
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��,;,+-�6���
���T{& ���
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����;, ��?��
��%(�^��%-����',	
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Z[�K	JAO <�T��Q',	WG^�:���79�	J��;, "	��6� F �:���;�fE'n�1 "�6�
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 "��%-	g��	~G[�����K��	�65,���� "�Y%��:+��
� �%��1 �%K���:����v�� ��(%-	Rf?�:'(��%-;/�
����	l����%-;-���;3AU�,;,���o�p6quL
��p



¼(½ ¾W¿�À0Á6Â6Ã~Ä�ÁVÀ0Å]Æ�Ç�È@Év¿

Ê^Ë@Ì[Í`Î,Ï"Ð*ÑmÒgÓQÔ�Õ(Ö,×UÕ�Ø1×�Ù�ÚnÛ,Ü�Ó�Ý
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Þ^Ó�à×
Ú:Ý�á[Ù�Ú�Ý
Ú�â�ã�Õ�ä*åJ×�Ó�×
ß"Õ�â-åTæ0ç,Ú�è�ß<év×
ÚVçnÓ�å1ç,Õ�×�å�ê6ë9å
è�Ý�Ú�Ó�ç�Õ�ä(Ú:ÝÓ*å
Ö�ÝJØ0Ó(é6Ú/Õ�Ø ∼ 3000

ãEì 2 æ@í�î"Ö�ÚUÓ�Ý�Ú�Ó(ê6Ï9ï�Ù�Ú�Ø@Õ�Ö�ÝWð-Ö�Õ�Ý�Ú�åJàé6Ú:â9é6Ú�í�Ö�ß"î"ç�ß�â�ñKå�Ó�×P×
Ù-Ú^ÚVç,ñ�ÚVåjÕ�Ø-×�Ù�ÚWò1í-å
Ú:Ý�äQÓ�×
Õ(Ý
Ô/Ó�Ý�Ú�Ó�î<åJÕß�â-ç�ß"é�Ó�×
ÚVç>Ï

óOôJõ ö°÷�ø ù°ú6ø�ûgûPø üþý$ÿ�ø�û �����~ø�û����
	
�� û��

ï�Ù�Ú��&ß�Ú�Ý
Ý�Ú���Ö-ñ�Ú:Ý ò1í9åJÚ�Ý
ä�Ó�×�Õ�Ý�Ô���Ð����sß<åNÓþÙEÔEí�Ý�ß"ç
������á�� ç,Ú:×
ÚVév×
Õ(Ý$é:Õ�ìTí�ß�â-ß�â�ñ�Ó�â´Ó�Ý
Ý�ÓQÔsÕ�Ø�è-Ó�Ý
×
ß<é6î"Ú¤ç,Ú:à×
Ú�é6×
Õ(Ý�å�Ó�×3ñ�Ý�Õ�Ö�â9ç©î�Ú�ä�Ú�î]ë�Ó�â-ç ½ �*ð-Ö�Õ�Ý�Ú�å�é6Ú�â-é6Ú�×
Ú:î"Ú�å�é6Õ(è9ÚVåÙ�Õ�Ö-å
Ú�ç�ß"â �Sí�Ö�ß"î<ç,ß�â-ñ(å�ë�Ø@Õ�ÝWÝ
ÚVç,Ö�â-ç�Ó�â-é6Ô$Ó�â-ç�é�Ó�î"ß�í�Ý�Ó�×�ß�Õ(âRÏ
!r×Yß"å&î�Õ,é:Ó�×
ÚVçTâ-Ú�Ó�ÝP×�Ù�Ú�×
Õ�Þ`âOÕ�Ø#"nÓ�î"Ó�Ý
ñ%$�Ú�ëQß"âO×
Ù�Ú`è-Ý
Õ�äEß"â-é6ÚÕ�Ø&"©Ú:â-ç�Õ('�ÓUß"â ��Ý�ñ�Ú:âK×�ß�â-Ó-Ï
�WÚ:Ý�Ú�ë�Þ^Ú^Þ`ß"î"î�Õ�â�î"Ô3Ø@Õ,é6Ö-å&Õ�âT×
Ù�Ú`å
Ö�ÝJØ0Ó(é6Ú`ç,Ú:×
Ú�é6×
Õ(ÝPÓ�Ý
Ý�ÓQÔÞ`Ù�ß"é�Ù�ß<å�Ý
Ú�è�Ý�Ú�å
Ú:âK×
ÚVç*Õ(â*)jß"ñ-Ï-Î,Ï"Ð�Ïï�Ù�Ú©å
Ö�Ý
Ø0Ó�é6Ú$ç,Ú6×�Ú�é6×
Õ�Ý��"ÐVÎ+��æuÛ,Ü�êOé:Õ�â-å
ß<ål×�åDÕ�Ø1é6ÔEî"ß�â-ç�Ý
ß�àé:Ó�î&åJ×�Ó�×
ß"Õ�â-å�Õ�Ø ¼ Ï ,�ì ç,ß<Ó�ìOÚ6×�Ú:Ý/Ó�â-ç�Ð�Ï ½ ì�Ù�Ú:ß"ñ�ÙK×/Ú�Ó(é�ÙRëé6Õ�âK×�Ó�ß"â�ß�â-ñ�Ð ½ ×�Õ�â-å�Õ�Øgè�Ö�Ý�ß.--Ú�ç�Þ^Ó�×
Ú�Ý�Ï-á[Ù-Ó�Ý
ñ(Ú�ç8è9Ó�Ý
×
ß<é6î"Ú�åÚ:âK×
Ú�Ý
ß"â�ñU×
Ù�Ú/åJ×�Ó�×
ß"Õ�â$Ú:ìOßX×1á[Ù�Ú�Ý
Ú�â�ã�Õ�äSî"ß"ñ�ÙK×`Þ`Ù�ß"é�Ù$ß<å`é6Õ�î�àî�ÚVév×
ÚVçDíEÔ3×�Ù�Ý
Ú�Ú[è-Ù�Õ�×�Õ�ìDÖ-îX×�ß�è�î"ß"Ú:Ýj×
Ö�í?Ú�å`æ/�0"nï�êjÓ�×j×
Ù-Ú[×�Õ�èåJÖ�Ý
Ø0Ó�é:Ú^Ó�â-ç�ß"âDÕ(è,×
ß<é:Ó�îKé:Õ�âK×�Ó(év×j×
Ù�Ú^Þ�Ó�×
Ú�Ý�Ï+�YÓ(é�ÙTåJ×�Ó�×�ß�Õ(âDß<åÝ
Ú�ñ�Ö�î<Ó�Ý�î�Ô�ìOÕ�â�ß�×
Õ(Ý
ÚVçnÓ�â-ç©é�Ó�î"ß�í-Ý�Ó�×
Ú�ç�ß"â4Ö-â�ßX×�åWÕ�Ø&ä�Ú�ÝJ×�ß"é�Ó�îÚ�1KÖ�ß"äQÓ�î�Ú�âK×UìTÖ�Õ�â-å$æ32��0"4êOé:Õ�Ý�Ý
ÚVåJè?Õ�â-ç�ß�â�ñn×
Õn×�Ù�Ú©åJß"ñ�â9Ó�îè�Ý
Õ,ç,Ö9é6Ú�çmíKÔaÓnìTÖ�Õ�â�é6Ý�Õ(å�åJß"â�ñ�×
Ù-Ú8×�Ó�â�ãzä�Ú:Ý
×
ß<é:Ó�î�î"ÔaÓ�â-ç×
Ù�Ý�Õ�Ö�ñ(Ù�ß�×�åWé6Ú:âK×�Ú:Ý4�"Ð�,5�rÏï�Ù�Ú�Ý
Ú�Ó�Ý�Ú ∼ Ð�,%,(63Þ�Ó�×�Ú:Ý[åJ×�Ó�×
ß"Õ�â-å[Ó�Ý�Ý�Ó�â�ñ�ÚVçUß�â*Ó�×
Ý�ß"Ó�â,àñ�Ö�î<Ó�Ý^ñ�Ý�ß"ç8Þ`ßX×�Ù4Ð�Ï¦Î/ãEì å
è-Ó�é:ß�â-ñ�í9Ú:×lÞ[Ú�Ú:â*×
Ù�Ú�ì$ë,å
è-Ó�â-â�Ú�çÕ�ä�Ú:ÝTÓ�âmÓ�î"ìOÕ(åJ×�ð9Ó�×Uå
Ö�ÝJØ0Ó(é6ÚSÕ�Ø ∼ ¼ 6(6%6�ãKì 2 ëjÓ�×TÓ�âmÓ�è,àè�Ý
Õ57,ß"ìSÓ�×
Ú/Ó�îX×�ßX×�Ö-ç,Ú/Õ�Ø^Ð8�96(6TìIÓ�í?Õ�ä�Ú3å
Ú�ÓUî�Ú�ä�Ú�î]Ï

óOô;: <>=@? A ø`ý � ûjú8B �DC øE�/ûGFj÷
HJI3K�IML NPORQSOTUQWVMX0Y[Z�\]V^Y�T_V;Za`;O
!lç,Ú�âK×
ß�Ø@ÔKß"â�ñ»â�Ú�Ö,×
Ý�ß�â-Õ�àrß�â-ç�Ö-é6ÚVçIå
Ù�Õ�Þ^Ú:Ý�åsß"âIâEÖ-é:î�Ú�Õ�â�ß<éé6Õ(å
ìOß"éWÝ�ÓQÔUí-Ó(é�ãKñ(Ý
Õ(Ö�â-çOß<åYí9Ó�å
Ú�çSÕ(â*ÓDå
ß�ìOè�î"Ú�ß"ç,ÚVÓcbEâ�Ú�Ö,à×
Ý�ß�â�ÕKå�é:Ó�âaè9Ú�â�Ú6×�Ý�Ó�×
ÚSî<Ó�Ý�ñ�ÚSÓ�ìOÕ�Ö-â(×�å/Õ�Ø�ìSÓ�×
×
Ú:ÝTÓ�â-çañ(Ú6àâ�Ú:Ý�Ó�×�Ú4d6Ô�Õ(Ö�â�ñUdYß"â-é6î"ß�â-Ú�çOåJÙ-Õ�Þ[Ú�Ý�åPç,Ú�ä�Ú:î"Õ�è-ß�â�ñ3é6î"Õ(å
Ú^×
ÕSæ@Õ(Ýî�ß�×
Ú�Ý�Ó�î�î"Ô/Þ`ßX×�Ù�ß"â9ê~×
Ù�Ú�Û,ÜTë�Úe7,Ù�ß"í�ß�×
ß"â�ñ�å
Ù�Õ�Þ^Ú:ÝgØ@Ý
Õ(âK×�ågÚe7E×
Ú�â,à

Ê�Ë@ÌYÍKÎ,Ï ½ Ñ4f�Ú:Ö�×
Ý�ß�â�Õ3ç,Ú:×
Ú�é6×
ß"Õ�âTè�Ý
ß"â-é:ß�è�î"Ú�Ï�ò1â/×�Õ�èUÓWÔ(Õ�Ö�â�ñåJÙ-Õ�Þ[Ú�Ý�ëEß"â-ç,Ö-é:ß�â�ñ�ÓOí�Ý
ÕKÓ�ç*)W�WÜ/áHåJß"ñ�â-Ó�î]Ï9ò1â�í?Õ�×
×
Õ�ìþÓ�âÕ�î<çaÙ-Ó�ç�Ý
Õ(â�ß"éSå
Ù�Õ�Þ^Ú:Ý�ß"â-ç,Ö9é6ß"â�ñ4Ó©â-Ó�Ý
Ý�Õ�Þ^Ú�çEàu×
ß"ìOÚg)W�1Ü3áåJß"ñ�â9Ó�îuÏ

ç,Ú�çUß"âO×
ß"ìOÚ�Ï(!�âSé:Õ�âK×
Ý�Ó�åJ×�ë������mè-Ó�ÝJ×�ß"é:î�ÚVå�åJÖ9é�ÙOÓ(åPè�Ý�Õ�×
Õ(â-åÕ�Ý�Ù-Ú�ÓQäEß�Ú�Ý�âEÖ-é6î"Ú:ßuë?ß�âK×
Ú�Ý�Ó(év×�Þ`ß�×
Ù�ß"â4ÓOØ@Ú�Þb×
Ú�â-å�Õ�ØPñ9Ï é:ì −2Ó�Ø�×�Ú:Ý�Ú:âK×�Ú:Ý�ß�â�ñ1×
Ù-Ú�Ó�×
ìOÕKåJè�Ù-Ú:Ý�Ú[í?Ú�é�Ó�Ö-å
Ú[Õ�Ø-×�Ù�Ú:ß"Ý�ìDÖ-é�ÙUÙ�ß�àñ�Ù�Ú�Ý�é6Ý�Õ(å�å�åJÚVév×
ß"Õ�â9å:ë�è-Ý
Õ,ç,Ö-é:ß�â-ñ d6Õ�î<çhd�åJÙ-Õ�Þ[Ú�Ý�å^Þ`ß�×
Ù©åJÙ-Õ�àÞ[Ú�Ý8Ø@Ý�Õ�âK×�å*â-Ó�Ý�Ý�Õ�Þ[Ú�ÝUß"âw×�ß�ìOÚ�ÏWò1âi)jß"ñ-Ï`Î,Ï ½ Þ[Ú¤åJÙ�Õ�ÞBÓåJã(Ú6×�é�Ù�Õ�Ø~×
Ù-Ú�å
Ú3×lÞ[ÕSé6Õ(âW--ñ(Ö�Ý�Ó�×
ß"Õ�â-å�Ï
!�âb×�Ù�ß<å4è�Ý�Õ,é6Ú�Ú�ç,ß"â�ñ-ëWÞ[ÚmÞ`ß"î"î�Ø@Õ,é6Ö-å4Õ�â�î"Ô¹Õ�â°Ö�èEÞ�Ó�Ý�çñ�Õ(ß�â�ñ�â�Ú:Ö�×
Ý�ß�â�ÕKåOæ�×
Ù-ÚOå
Õ�à�é:Ó�î�î"Ú�ç��[Ó�Ý
×
ÙaåJãEß"ìUìOß"â�ñ$â�Ú:Ö,×�Ý
ß�àâ�Õ(å�êvÏ&ï�Ù-Ú�å
Ú�â�Ú�Ö,×
Ý�ß"â�Õ(åT×
Ý�ÓQä�Ú�î�Õ�âm×�Ù�Ú�Ö�èEÞ^Ó�Ý�ç�ç,ß"Ý
ÚVév×
ß"Õ�âÞ`ßX×�ÙNÝ�Ú�å
è9ÚVév×©×
Õ�×
Ù�Ú�ä�Ú:Ý
×
ß<é:Ó�î/×
Õ�×
Ù�Úmñ(Ý
Õ(Ö�â-ç>Ï���èEÞ^Ó�Ý�çñ�Õ(ß�â�ñ

ν
å
ãEß�ìb×�Ù�ÚJ�YÓ�Ý
×
ÙUé6Ý�Ö-åJ×PÓ�â-çDé�Ó�âDß"âK×
Ú�Ý�Ó(év×PÝ
Ú�î"Ó�×
ß"ä�Ú:î"Ôé6î"Õ(å
Ú�×
Õ�ß�×�å[åJÖ-ÝJØ0Ó(é6Ú�Ï(!�âO×
Ù�ÚWØ@Õ�î"î�Õ�Þ`ß"â�ñ-ë�Þ[Ú`Þ`ß"î�î?ç,ß<ål×�ß�â�ñ(Ö�ß<åJÙÖ�è�ñ(Õ�ß"â�ñ
ντ
Ø@Ý
Õ(ì

νe
bÑij^Ô�ß"â(×�Ú:Ý�Ó�é6×
ß"â�ñ-ë
ντ
è�Ý�ÕEç�Ö-é6Ú�Ó�âg�����

τ
î"Ú:è,×�Õ�âDÞ`Ù-ß"é�Ùé6Õ(Ö�î<çOÚ�å�é:Ó�è?Ú`×�Ù�Ú��YÓ�ÝJ×�Ù8é6Ý�Ö-ål×^Ó�â-çSç,ÚVé:ÓQÔUß�âOð9ß�ñ(Ù(×[ß�â×
Ù-Ú�Ó�×
ìOÕKåJè�Ù-Ú:Ý�Ú�ë,é6î"Õ(å
Ú�×
ÕU×
Ù�Ú�å
Ö�Ý
Ø0Ó�é:Ú3ç�Ú6×
ÚVév×�Õ�ÝVÏÑ

νe
ß�â9ç,Ö-é6ÚSÓ�âk�����

e−
è�Ý�Õ,ç,Ö-é:ß�â�ñ©Ó�â¤Ö�â9ç,Ú:Ý�ñ�Ý�Õ�Ö�â9çÚ:î"Ú�é6×
Ý�Õ�ìSÓ�ñ(â�Ú6×�ß"é*åJÙ�Õ�Þ^Ú:ÝTÖ�â-ç,Ú�ÝUÒh�0" æ0Ò~Ó�â-ç�Ó�Öl�PÕ�àìOÚ:Ý�Ó�â-é�ÙEÖ�ã "©ß"ñ(ç-Ó�î���ÐnmKë�Ð�o5�@êWÝ
Ú�ñ�ß"ìUÚ(Ï?ï�Ù-ÚOÒh�0" Ú:Ø�àØ@Ú�é6×jÚ�â�Ù-Ó�â-é6ÚVåR×�Ù�Ú�î�Ú�â�ñ�×�Ù�Õ�ä�Ú�Ý~Þ`Ù�ß<é�Ù�×�Ù�Ú^å
Ù�Õ�Þ^Ú:ÝgÞ`ß�î"îç,Ú�ä�Ú:î"Õ�èTÖ�â-ç,Ú�Ý
ñ(Ý
Õ(Ö�â-ç�Ó�â-çTÚ:â�Ù-Ó�â-é6ÚVåg×
Ù�Ú�è�Ý�Õ�í-Ó�í�ß"î�ß�×lÔØ@Õ�Ý`å
Ö-é�Ù�å
Ù�Õ�Þ^Ú:Ý�å&×�ÕTÚ�ìOÚ:Ý�ñ�Ú�ß�â�×
Ù�Ú/Ó�×
ìOÕ(å
è�Ù�Ú�Ý
Ú3Ó�â-çç,Ú�ä�Ú:î"Õ�è$Þ`ß�×
Ù�ß"â$×
Ù�Ú�å
Ö�Ý
Ø0Ó�é6Ú/ç,Ú:×
ÚVév×
Õ(Ý�Ï

��î�×
Ù�Õ(Ö�ñ�Ù*×
Ù�Ú/Û,Übß<å^â�Õ�×`ç,ß"Ý
ÚVév×
î"ÔSåJÚ�â-å
ßX×�ß�ä(ÚW×�Õ�×
Ù-Ú�â9Ó�×
Ö-Ý
ÚÕ�Ø�×�Ù�Ú�Ó�Ý�Ý
ß"äEß�â�ñ`è9Ó�Ý
×
ß<é6î"Ú�å�ë:×�Ù�Ú ½ Î`â-åg×�ß�ìOÚ^Ý
ÚVåJÕ(î�Ö,×�ß�Õ(â/Õ�Ø�×�Ù�Ú)W�WÜ/áz×�Ý�Ó(é6Ú�åjÓ�î"î"Õ�Þ�åR×�Õ�ç,ß<åJ×
ß"â�ñ�Ö�ß<å
ÙD×�Ù�Ú�â-Ó�Ý�Ý
Õ�Þtå
ß�ñ(â-Ó�î<ågß�â×
ß"ìOÚ�Úe7,è?Ú�év×�Ú�ç�Ø@Ý�Õ�ìIÓSå
Ù�Õ�Þ^Ú:Ý`ß"â�ß�×
ß<Ó�×
ÚVç©Ó�×�Ù�ß"ñ�Ù©Ó�îX×�ßX×�Ö-ç,Úß�â�×
Ù�Ú^Ó�×
ìOÕKåJè�Ù-Ú:Ý�Ú�Ø@Ý
Õ(ì´×�Ù�ÚYí-Ý
ÕKÓ�ç/å
ß�ñ(â-Ó�î<åRÚ87Eè?Ú�é6×
ÚVç3Ø@Ý
Õ(ìÓUÔ�Õ�Ö-â�ñUå
Ù�Õ�Þ^Ú:ÝVÏ
HJI3K�Iqp rEVMsut�`;v�QwV;X0YDXyx{z�v�\wQW|~}%�EV^s�s�V^Y��

ν}S|�X��OR\]}
!�âUÕ�Ý�ç,Ú�Ý~×�Õ3ç�Úe--â�Ú^×�Ù�Ú�ß"ç,Ú�âK×
ß.-9é:Ó�×
ß"Õ�âTé:Ý
ß�×
Ú�Ý
ß<Ó1â�Ú:ÚVç,Ú�ç�×
Õç,ß<å
é:Ý
ß"ìOß�â-Ó�×
Ú`â�Ú�Ö,×
Ý�ß"â�Õ/è�Ý�ß�ìSÓ�Ý�Ô/Ø@Ý�Õ�ì âKÖ9é6î"Ú:ß�è�Ý�ß"ìOÓ�Ý
ÔUÓ�â-ç×
Õ*é:Õ�ìOè�Ö,×�Ú/×
Ù-ÚDÚe7,è?Õ(å
Ö�Ý�Ú/Õ�ØP×
Ù�ÚTÕ�í-å
Ú:Ý�ä�Ó�×�Õ�Ý�ÔS×
Õ������

ν
ëÞ[Ú*â�Ú:ÚVçtÓnç,Ú6×�Ó�ß"î�ÚVçtÚ:â9çEà]×�Õ�àrÚ:â-çtå
ß"ìDÖ�î<Ó�×�ß�Õ(âaé�Ù9Ó�ß"âRëR×�Ý
ÚVÓ�à×
ß"â�ñ�bg×
Ù-Ú�è�Ý�Õ�è9Ó�ñ(Ó�×
ß"Õ�âaÕ�Ø�â-Ú:Ö,×�Ý
ß"â�Õn×�Ù�Ý�Õ�Ö�ñ(Ùa×
Ù�Ú��YÓ�Ý
×
Ùé6Ý�Ö-åJ×�ë~ß�×�åDß�âK×�Ú:Ý�Ó�év×�ß�Õ(âwæ@Ö-å
ß�â-ñ����0�h�P!M����Ð+�5�[Õ(ÝUá^ïJ���3Î
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� o�[^�{i��vb2_hg��vb2_�i���u�e�iW`�_�o�[+efi^_y`�_�`�u�q�q�p�_�i�����b�_�gf��b�_{i

i"uvb�[+ch_�i�u�q�]�pC]^p�e�`�_hq�]^e' 2p�_�i�U�X_h[^]+Z\efq�_{i�`�l _hq�]+[^_�_hgfg'_{i
ph��_C]^]^_hq�]¡`�_�i¢]^[zZ\qri"e']^uve'[+_�i£]+u�b�]+_�i�g'_{i¥¤vU M�¦§_C]§¤�U ¨©i"_hª
cCu�qr`�_�i�_Cn�Z�cC]^_h��_�qv]{Ur«Wl Z�b�]^[+_�i�i^Z\]^b�[+_hq�]�g(l Zvch��b�e�i"e']^efu�q�`�_{i
`�u�q�q2ph_�i���_hq�ph��_h]"]+Z�q�]�`�_{iWi^e'wvq2Z\b�n¬o�gfb2iW`�_�¦�y®;u�e�iaorZ\[
i"_{cCu�qr`�_�U�¯°u�b�[±p���e']^_�[¡g'_§[+_h��o�gfefi+i^Z�w�_§`�_�i¡`�e�i+�vb2_�i±`�_
i�]+uJcz²�Z�w�_���`�Z�q2iyb�q§o�[+_h��e'_�[y]^_���oriyb�q³cz}2Z\q�wv_h��_hq�]�`�_
i"_�b�e'gjor_�q2`�Z�qv]?g'_���uvb�[+q�ph_YZ�ph]^pYef��o�gfph��_hq�]^pvU��Z£ 2w�b2[^_
�����"��U �2U ¨J�k��uvqv]+[^_?g'_?]+Z�b�n´`�l Z�ch��b�e�i^e�]+e'uvq¢`�l b�q�_yZ\q�]^_�q�q�_
Z\b�]+u�q�uv��_?g'uv[+iW`�l b�q�_k��uvb�[+q�ph_ � [^b2µvZ\q�]+_�U°X_�or_�q2`�Z�qv]{��gf_
®�Z\e']0`%l Z�b�w���_hq�]+_h[|g'_�i^_hb�efg°phgfe'��efq�_��¶g�Z?®;u�e�i&g'_{ijorZ\[zZ�i^e�]+_�i
_C]�gf_�i�i^e'wvq2Z\b�n~o�[^u��v_hq2Z�q�]4`�_{i4w�_�[ � _�i�U
��_�i~`�ef[+_�cE]+e'uvq2i~`�l Z\[+[+e'�vph_£�

θ
�
φ
�~i^u�q�]¶`�pC]+_h[+��efq�p�_�i�o2Z�[

]^[+efZ�q�w�b�g�Z�]+e'uvq¢ZB��_{c~gf_�iW]^_���o2i�`�l Z�[^[+ef��ph_�i"b2[�cz}2Zv��b�_?Z�q�ª
]^_hq2q�_H_�q¥i"b2o�oru�i^Z�q�]?��b�_Ygf_�®;[^uvq�]?`�l u�q2`�_d_�i"]¶b�q·o2gfZ�q%U
¸�q�_�chu�¹(q2cCe�`�_�q2cC_�_{i�]�u � ]^_�qJb�_�g'uv[+i+��b%l Z\b|��u�efq2i�¨�Z\q�]+_hq�q�_{i
i"uvqv]°]+u�b2cz}�p�_�i°`�Z�q2i°��u�efq2i°`�_�M�U»º

µ
i4�¼]+_h��o2i�q�p{cC_{i^i+Z\ef[^_QZ\b

®;[^uvqv]�`�l u�qr`�_jo.u�b2[QorZ\[zcCu�b2[^ef[g(l _hq2i^_h� � g'_|`�b�[^p{i"_{Z\b¶`%l Z�q�ª
]^_hq2q�_�iz�EU
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��Z�[+_�cCuvq2i"]^[+b2cE]+e'uvqk`�bk®;[+u�q�]�`%l uvq2`�_�orZ\[�b2q�_uvq2`�_o�gfZ�q�_
®;u�b�[+q�e']tb�q�e��vb2_h��_hq�]tg�Z&`�e'[+_�cC]^efu�q�`�l Z�[^[+ef��ph_Q`�_�g(l p���_h]"]+_hb�[{U
�  2q~`�_4]+[^uvb���_�[�i^Z&o.uvi^e�]+e'uvq%�\u�q�o._hb�]b�]^efg'e�i^_h[�b�q�_�[+_�chu�q2i"ª
]^[+b2cE]+e'uvq~i"o�}2ph[+ef��b�_�`�b�®;[+u�q�]`%l uvq2`�_�U�X_�che�_�i"]%��b2i"]^e' 2p�orZ\[
g'_®�Z\e']t�vb2_gf_�i°i^u�b�[zcC_{i�i^_�]+[^uvb���_�qv]°��o�[+uBn�e'��e']^p4`�ba[+p�i^_�Z�b%U
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O4P;R�Ò��2U ¨dV6Ó�Z\b�n6`�l Z�c��vb2efi^e�]+e'uvq¡`�l b2q�_HZ\q�]+_hq�q�_Y`2Z\q2i¶gfZ
��u�b�[+q�p�_�`�by¤���Ô\Õ��JÔ\¦\Õ2¤�¤vU��tl Z\b2w���_hq�]+Z\]^efu�q�`�b~i^_hb�efg2`�_�`�pCª
]^_{cE]^efu�q�o._hqr`�Z\q�]�g�Z|��u�b2[^q�p�_~��¤{Õ\}�ª�¦\Õ�}r�4`�ef��efqJb�_achu�q2i^ef`�pCª
[+Z � gf_h��_hq�]�g'_|q�uv� � [+_0`�l ph��p�q�_h��_�qv]zihU

oruvb�[�g�Z���b2Z�q�]^e']^pki^b�e'��Z�qv]+_�x

χ2 =

m∑

i=1

((xi−x0)
2+(yi−y0)2+(zi−z0)2−c2(ti−t0)2)2,

�m��U Mv�
ZB�v_�c

xi, yi, zi, ti
gf_�iÖcCuJu�[z`�u�q2q�ph_{i	`�_×gml Z\q�]+_hq�q�_v�

x0, y0, z0, t0
g'_{ikcCuJuv[+`�uvq�q�p�_�i|`�b�o.u�efqv]�`�l p���efi+i"efu�q¬_C]W�

g'_4q�uv� � [+_�`�l Z\q�]^_�q�q�_�i�]+u�b2cz}2ph_�i�U\��Z&[+p�i^u�gfb�]^efu�q�`�_4g(l p{�vbrZ�ª
]^efu�q?o2Z\[QgfZW��pC]+}�u�`�_&`�_�iQ��u�efq2`�[+_�iQchZ\[+[+p�itq2u�b2i4`�uvq�q�_&gfZ
`�e�i�]zZ\q2ch_�`�_�g�Zyi"uvb�[+ch_WorZ\[|[+Z�o�o.u�[^]|Z�bdcC_�q�]^[+_�`�b£[+p�i^_�Z�b
�����"��U ��U»º��E�.b�q�_�`�ef[^_{cE]+e'uvq´�;e�`�_hq�]^e���b�_��¶cC_�g'gf_W`�b� �]|o�gfZ�qr�
_C]�b�q�_Q�BZ�g'_�b�[�`�b

χ2 Z\bk��efq�ef�ab���U � o�[+��i���p�[^e' rchZ\]^efu�qki^b�[
g'_�i^e']^_���u�q�cCuvq2cCgfb�]���b�_�gf_�iti^u�b�[zcC_{i°orp�[^efu�`�e��vb2_�i�`�_�g(l u�[z`�[^_
`�b?Ø�Ùji^u�q�]QZvi^i^u�cCefph_{i��k`�_{i4cCgfu\]^Ú2[^_{itphgf_�cC]^[+ef��b�_{icz}2_hÙj`�_�i
o2Z\[^]^e�cCb2g'ef_h[zi�Z�b�n�_hqJ�Je'[+u�q2i`�_&gml u � i^_h[+��Z�]+u�ef[^_v�\_C]�cC_�g'gf_�iQ��b�e
i^Z\]^b�[+_hq�]Qg'_&[^p{i"_{Z\bH�;®;[^p{��b�_hq2ch_&`%l p���e�i+i"efu�qdÛ¥¦\�Ø�Ù{��W`�_�i
]^[zZ\q2i"®;u�[+��Z�]+_hb�[zi�s«j�QU
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Xuv����_�g(l Z�b�w���_hq�]zZ�]^efu�q6`�b±i"_�b�e'g4o.phq2Z�g'e�i^_?®;uv["]+_h��_hq�]
gfZa`�pC]+_�cE]+e'uvq¶`�_{i�wv_h[ � _{ih��`�l Z�b�]^[+_�i���pC]^}2uJ`�_�i4`�u�ef��_�q�]�åC]+[^_
_h��o�gfu�µ�p�_�i�`�Z�q2i�gf_ � b�]?`�_Hi"_Y`�p � Z�[^[zZ�i+i"_�[�`�_�i~i^efw�q2Z�b�n
o2Z\[zZ�i^e']^_�i�U0stqæZ�q2Z\gfµ�i^Z�qv]�g�Z§®;[^p{��b�_hq2ch_·`�l ph��efi+i^e'uvq�`�_�i
i"uvb�[zcC_�i¬��b�e�i^Z\]^b�[+_hq�]¬g'_{i¬Z�q�]^_hq2q�_�i��|u�q©q2u\]^_±��b�_±cC_h[^ª
]+Z�e'q�_{i�`�l _�q�]^[+_�_�g'gf_�i�i^u�q�]�orp�[^efu�`�e��vb2_�i�U°«&Z\qri�cC_�chZvih�°u�q
or_�b�]4e'��Z\wve'q2_h[�b2q?Z\gfw�uv[^e']^}2��_j�vb2e@c�Z\g�cCb�gf_�gf_�]+_h��o2iQ_hq�]+[^_
`�_hb�n£p���p�q�_h��_hq�]ziacCuvq2i^p�cCb�]^e'®�i~x°i"eQgml efqv]+_h[+��Z\gfg'_¶`�_~]^_���o2i
_�i"]�phw�Z\g���b�q�_a��Z�g'_�b�[j`�_a[^ph®;ph[+_hq2ch_��2��b2q

∆t
o2[^�{ih�rgml ph�vpCª

q�_h��_�qv]�_hq6�vb2_�i"]^efu�q�_�i"]W[+_���_h]^pyZB��Z\q�]W`�l åC]+[^_?_hq�[+_hwvefi"]^[+p�U
X_hg�ZYef��o�g'e���b�_¶b2q�_�chu�q�qrZ\e�i^i+Z\q2ch_�o�[+p�Z\g�Z � g'_¶`�_�i�i"uvb�[+ch_�i
Z\b�na��b�_�g'gf_�i�i^u�q�]�i"uvb���efi^_�i°cz}2Zv��b�_QZ�q�]^_hq2q�_�`�bW[+p�i^_�Z�bWi^b�[
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åUñ�â�ò�ìoî�çNïSå�æOó äNé�ô�õlì�æ>öNãOéwéSåfõ�â�ñUåUéyéAç?õ�â�ç�ë�å�æ>â�ç�è8éwãJ÷ ïQç�éQñ�î�æOé�Ý
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è8égëQâ�äNíNãTìoî�éAêdïQãOéAë�å�ñUâ�ò�ìoî�ç�ïSåUæTó äNé�ôoõ�â�ñUåUé�éQådõlìoæOöNãOé<éAç�õ�â�ç�ëSð
åUæOâ�ç è8é�ãJ÷ ïQç�éQñ�î�æOé?ò(æOêUé2éAç � éQä8û èNì�ç�ê�ã�÷ æ>ç åUéAñ�ì�ë�å�æ>â�çWÝ��gç
â�ö�êUéQñ�á�é�ó äNé�ã�÷ äNçNæ>ÿhëQìoåUæOâ�ç?è8éXêRõ�â�ñMëSéXêRçW÷ éAê5å<í�ì�êRñUïXìoãOæOê�ìoö�ã>é
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íhâ�ñ5å�éfè8â�ç�ëfã>éXê#î�éQñ�ò(éAê#è8éfãJ÷ äNçNæ>ÿhëQìoåUæOâ�ç�è8éAê&õ�â�ñ�ëQéAêdõ�â�ç�èNìoð
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ø æ&â�ç¼ëMýNâ�æTêUætå

Λ < 1 � é
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ïQãOéAëSåUñ�âoõlìoæOöNãOéyéQå�ã�÷ ïAëMýNéAã>ãOéxè8é(î�ñ�ì�ç�è8é�äNç�ætÿhëAì�å�æ>â�ç�ó äNé(ãJ÷ â�ç
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ëSâ�ç�ëSéAá�â�æOñkäNçNéqåUýNïAâ�ñ�æ>é�äNç�æOó äNé�ëQì�í�ìoö�ã>é�è8é�íNñ�ïAè8æOñ�é�èNéAê
íNýNïAçNâ�ò(úQç�éAê#üyè8éXê&ïXëMýNéQãOãOéAêdèW÷ ïAçNéQñ�î�æOégêUæ�è8æ4��ïQñ�éQç å�éAêAÝ5�&éAãOì
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a�bdc�egf�h�ikj�lNmnc�i=o�ikmneqpDhi/lNfro�h�eqsrpQm1tusrl�h�ikp^hnvqi#p�sDawc�i�xyikt�z
h�s�{^jQf`l|�m/}^~�f`vq�rlb�o�i/h�h�i?f`t�tQl�s�oN��i�m�e	a�t�vqegmJhinc�invqf��DlfrpQc�i
j�p�e	��o/f`h�eqsrpy��o/i?a�s�c��kv	i?a�e	p�eqaSf`v(���=���D�6idmJh1i/�^hl��ka�i/a�i/p^h
o�srp^hlfre	p^h tQf`l vqikm sr��m�ikl���f�he	sDpQmni���t�bkl�eqa�i/p^hfrv	idm/}]x(ikm?��srz
m�sDpQm#�wi�h���c�srp�pQi/p^h�frjQmm�e�pQf`egm�mf`p�o�i��Uc�ikm�o�sDj�t�vgf`�Dikm
i/p^h�li1{Dj�f`l|Lm.{^j�e�f`�usrj�h�egm�m�i/p^h��
vgf c�bkm�e	p^hb/�rlNf�he	sDp#c�j�t�ls`z
h�srp(}!x(f�c�j�l�bki�c�iS�Leqi�c�j�t�ls`hsrp�b�hNf`p^h#c�i��d� 30 f`p�p�bkikmk�
o�ikm#o�srjQt�vqfr�ridm�m�sDpDh hl��dmGo�sDpDhlfre	p^hNm/}]xyidm�lbkm�j�v8hNf�hNm i���t�b/z
l�eqa�i/p^hfrj��St�l�s��Di/pQfrp^h�c�i
p�sDa#��li/j��Sm�ikoWhi/j�lNmk�Do�sDa�a�inv	idm
t���b/pQsra��/p�idmncy� s^m�o/e	vqvqf`h�eqsrp cQf`pQm
v	i�m�idoWhi/j�l c�ikm?¡?��vgf�c�j�z
l�bki?c�i?�Le	i c�idm�tQe	sDpQm/�^�rsDp^h¢frjQm�m�e�o�srp^hlfre	pQc�l�i
m�b/�D�/li/a�i/p^h
o�i�a�s�c��kv	i�f`j£tusreqp^h�c]� eqa�tusDm�i/l�c�idm#vqe	a�e	h�idm#hl��dm#bkv	ik�rbkikm
m�j�l�vqf¤aSfrmm�i�c�idm*xyikt�h�s�{^jQfrl�|�mk}�¥�i�a�s�c��kv	i�py� ikm�h�f`vqsrlNm
�^egf`�Qv	i�{^j�i�tQfrl�jQp�i�f`t�tQl�s�oN��i�i�¦�iko�h�eq�rir��o`� ikm�hS��c�eqli�vgf§ srla#j�vgf�he	sDp¨cy� j�p¨vgf`�Dlfrp��reqi/p¨c�i�vgf¤h���bksrle	i�f©�Diko�m�ikj�v	i/z
a�ikp^h?o�ikl�hNf`eqpQm
o/srj�tQvqfr�rikmnf`j�hsrleqm�bkmGª¬«©®}�¯°o/i�±JsrjQlnf`j�o�j�p
o�srjQt�vqfr�ri�c�i6hJ²Ltui�x(i/t�hs�{Dj�f`l|npy� fnb�h�b�sr��m�ikl��Db6f`j�tQl��dm!c�idm
o�srvqvqeqm�e	sDp�p�ikj�lm¢c�i�t�f`l�h�ego�j�vqikmk}
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p�i´f`j�hl�iµtusDmm�eq��eqv	e	h�b´m�i/lNf`e	h�c�i¨o/srpQm�egc�b/li/l�c�idm�m�²^z
a�b/h�le	idm�b�hi/pQc�j�ikmk�no/sra�a�i�tQf`l�i/��i/a�t�vqi�v�� e	p^hl�s�c�jQo�h�eqsrp
c�j¨�rlsrj�tui¶���#��·D�

R
}6x(i�~�s�c��kv	i��^hNf`pQcQf`lNc£tusDmm��dc�i¶j�p�i

m�²La�b�hl�eqi¤oN�Qe	lNf`vqir��o`� ikm�h�z¸��z¸c�e	li c�idm�p�sra=��l�idm�{^jQfrp^h�eg{DjQikm
c�e8¦�b/li/p^hNm¹t�sDj�lºv	idm¹oN��e	lNf`vqe	h�bkm¹c�lsre	h�i»i�hº�^f`jQoN��iD}���p
oN�Qf`a�t¼c�i¨½
e	�D�DmUt�vqjQm�o�sDa�tQv	eg{^j�br��o�sDa�t�s^m�b¨c�i¾·¾hl�e	z
t�v	i/hm¿�DfrjQoN��i´i/hµc�lsre	hk�=t�sDj�l�lNf`e	hÀ�/h�liÁo�sDpQm�egc�bkl�bD�Gh�sDj�h
i/p�o�sDpQm�ikl���frpDh¾vgf»tQf`le8hbºf`jÂp�eq�rikfrjwc�jwvgf`�Dlfrp��reqi/pÄÃ
���#�®·r�

R

⊗ ���#�®·r�
L

⊗ �#���d�W}!¥�i/h�hi�frt�t�ls�oN��i�c�srp�p�i�f`vqsrlNm
pQf`egm�mf`p�o�i1��c�i1p�sDj��ridf`j��=oN��f`a�tQm;c�i�½
e	�D�Dm�fre	pQm�eQ{^j�i�c�idm
p�i/j�hl�eqp�s^m1c�l�sDe8hNm¢aSfrmm�e § m1c�i hJ²Lt�iG~ f�±JsrlNf`p�f#Å`}
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Û pQo/srlt�sDl�ikl�vqf �Dlf©�Le	h�b1{^jQf`p^heq{^j�i�c�frpQm�j�p�a�s�c��/vqi
c]� eqp�z
h�i/lNfro�h�eqsrp��^egf`�Qv	i li/t�lbkm�i/p^h�i?j�p¶oN�Qf`vqvqi/p��DinikpQo�sDl�i c�e	ÜSo/e	vqi
�Gm�jQl�a�srp^hi/ld}`x;� j�p�inc�ikm�lNf`egm�sDpQmÝb/�Legc�i/p^hi�ikm�h�{^j�i�v®� eqp^h�ikp�z
m�e	h�bSc�i�v�� eqpDhi/lNfro�h�eqsrp��Dlf©�Le	hf�he	sDp�p�ikv	vqiGikm�h h�l�km § f`eq��vqi�t�f`l
lfrt�t�sDl�h#frj��Ufrj�h�likm�eqp^h�iklfDoWh�eqsrp�m�{DjQi*m�j��Qeqmm�ikp^hGv	idm�tQf`l�z
h�ego�j�vqikmk}Q��pQi frt�t�ls�oN��inbkv	bk�DfrpDhinidmJh�c�i�o/srpQm�eqc�b/li/l¢{DjQi?vgf
�rlNf©�^e	h�bnp�i m�i?aSf`p�e § ikm�h�i?tQfrm¢�#h�lNf©�riklm6v	idm�a��ka�idm¢c�e	a�ikp�z
m�eqsrpQm!{^j�i;vqikmyfrj�h�likmk}©¥�i/h�h�i�m�bktQf`lNf�he	sDp?tui/la�i�h!frv	sDlm]cy� fDcLz
a�i/h�hl�i�{DjQi6o�i/h�h�i�e	p^hi/lNfroWhe	sDpy�k��v�� bkoN��ikv	vqi;bkv	idoWh�ls § fre	�Qv	iD�/ikm�h
f`vqsrlNm�jQp�i e	p^h�iklfDoWhe	sDp�lbkm�eqc�jQi/vqv	i?i�h�c�sDpQo c�i�m�j�lNo�ls�Þgh6hl��dm§ f`eq��v	iD} Û v�i���egmJhi�tQv	jQm�eqi/j�lNm f`t�t�ls�oN��ikm?aSf`egm?v	i�a�s�c��/vqiSc�i
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õ¢öø÷6ù «�}¬«Uú¿û1i/t�lbkm�i/p^hNf�h�eqsrp¾c�iUv�� j�p�eq�riklm�c�f`pQm�v	iUo/frc�l�i
c�j�a�sLc��/vqi�û�f`p�c�f`vqv8zJ�Lj�p�c�l�jQaüª C ®}!x;� j�p�eq�ri/lNmGo/srll�idm�tusrp�z
c�lNf`e	h¢�=j�p�ikm�tQfro/i?frpDhe]c�i�zJ�Le	h�h�ikl�f©²DfrpDh¢c�i��=c�e	a�i/p�m�eqsrpQmk}
xyi�a�sDpQc�i�cQf`pQm=v	id{^j�i/v�p�srj�mG�Le	�LeqsrpQm#ikm�h=p�sDa�a�b�ýJþ6v	idoWz
h�ls�ÿ�idf`|���lNf`p�i��N}��
p�i¶��lfrp�i¶ikm�hSj�p¿sD��±Ji�h*c�i 3 + 1 c�e	za�i/pQm�e	sDpQmk}D�Li/jQv	i�vgf��Dlf©�Le	h�b1m�i1tQl�sDtQf`�Di/lNf`e	h�cQf`pQm�vqi�ý���j�vq|��
i/p^h�liSvgf�ýJ�Dlf©�Le	hJ²���lNf`p�i��¶�øsDj��;vgf`p�|¤��lNf`p�i©�?i�h#vgf�ý�ÿ�idf`|
��lNf`p�i����øsDj��Lhf`p�c�f`lNc�~�sLc�i/v]��lNf`p�i©�W}

û�f`p�c�f`vqv8zJ�Lj�p�c�l�jQa ª C �idmJh;j�pS�usrp�i/�Lika�t�v	i�c�i�v�� eqpDhl�s�c�j�oWz
h�eqsrp�c�i�c�e	a�ikpQm�eqsrp�m�m�j�t�tQv	bka�ikp^hf`eqlikmk}�¥�sDa�a�i vqina�srp^hl�i
vqf1�Q�rj�li�«L}ó«L�ksrp�eqaSf`�reqp�i;{^j�i;vqi6a�sDpQc�i6�1v®� bkoN��ikv	vqi;b/vqiko�h�ls`z§ f`eq��vqi��èe	pQo/v	j�f`p^h�c�srpQonvgf=tQ�^²�m�eq{^j�i?c�j¶~�s�c�i/vqiG�^hfrpQc�f`lNcQ�
ýJ�Le	h��;i/pG{^j�ikvq{^j�i�m�sDl�hi6m�jQlyj�p�i���lfrp�i
�èj�pGsr��±Ji�h!c�i�c�e	a�ikp�z
m�eqsrp 3 + 1 �6i�h�{^j�i?v	i?a�srpQc�i?�=v�� bkoN�Qi/vqv	i c�i��;vgf`pQoN|��øsDj�vgf§ srlNo�i�c�i��rlNf©�Le8hb#ikm�h § srl�h�i©�
bk�rsDv	j�i�m�j�l�j�p�iSf`j�h�li=��lNf`pQir}
¥�i�h�h�i�m�bktQf`lNf�he	sDp�l�/�Dv	i=c�srpQo=vqi#t�lsr��vq�/a�i�c�i#��eqb/lNf`lNoN��eqir�
b�hNf`p^h6c�srpQp�b�{^j�i1v	i�~�sLc��/vqi
�^hfrpQc�f`lNc�m�i1�Dsre	h;e	a�tusDm�i/l�j�p
ý�o/j�h�z[s`¦	� c�i£��
(i��i/h�{^jy� j�p�i tQ�^²�m�eq{^j�i�o/sra�t�vq��hi/a�i/p^h
p�srjQ�ri/vqvqiGt�li/pQc¶vqi=c�idm�m�jQmk}u�Likj�vqiGvqf*�rlNf©�^e	h�b�idmJh f`j�hsrleqm�b/i
�=m�i t�lsrtQfr�ri/l�c�f`p�m�v®� ikm�tQfro/i?{^j�eym�b/tQfrl�inv	idm1c�i/j��*��lfrp�ikmk}
þ;pQo/srli�jQp�i § sregm/�!m�e;vqikmGtQf`lNf`a���hl�idm m�sDpDh���eqi/p�oN��sDeqm�egm/�]eqv
py� ²UtQfDm#c�i�c�b/�Legf�he	sDpQm�tQfrl#lNf`t�tusrl�h#��vgf�v	sDe�c�i���i/ÿ¢hsrp
c�i¶vqf¤�Dlf©�Le	hf�he	sDpy}�x;� e	p^hi/lNfroWhe	sDpÀ�Dlf©�Le	hf�he	sDp�p�ikv	vqi�eqp^h�i/l�z
�Le	ikpDh�c�sDpQoU�¿v®� bdoN��i/vqv	i�c�j¹~�s�c��/vqi��^hfrpQc�f`lNcÁf©�Diko j�p�i
e	p^hi/pQm�e8hb#hl��dm
lbkc�j�e8hir}�xyidm
�Dlf©�Le	h�srp�m
f`tQtQf`lNf`egm�m�i/p^h
frv	sDlm
o�sDa�a�i c�ikm�lbkm�srpQfrpQo�idm6c�sDpDh¢vqikm�aSfrmm�idm6eqpL�©frl�egf`p^hikm6m�srp^h
c�i�v®� sDlc�li c�j�
(i�=}
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x(i*~�s�c��/vqi*�^hfrpQc�frlc¤m�ika#��vqiS��hl�i���eqi/p�b/hf`�Qv	e;aSfreqm eqv
tQf`lNf©Þghyb/�Legc�i/p^h!{^j�i�c�ikm(i��Lh�ikpQm�e	sDpQmym�srp^h(p�bdo�ikmmf`eql�idm]m�e^v�� srp
m�sDj��Qfre8hi6��hl�i¢o/frtQf`�Qv	i�c]� i/��t�v	eg{^j�i/lÝt�vqjQmÝ{^j�i�vqf
t��L²Lm�eg{DjQi��
v�� bkoN�Qi/vqv	iSbkv	idoWh�ls § fre	�Qv	iD}yxyikmGe	p § sDl�aSf`h�eqsrpQm�c�sDp^hGp�srjQm#c�eqm�z
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ACP =
B(B → f) − B(B → f)

B(B → f) + B(B → f)
,

ù
Y���A�ü
u�u
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ÉoÊ�Ë�ÌGË f Í�Î[Ï f Ð�Ñ ÌGÌ�ËDÒ;Ó Ñ�ÎZÏNÔGÑ Ò;Ó�Ë Ð�Õ:ÖZÐ1Ö[Î[Í�× Ò Ô»Í>Ô Ë�Ø(Ì Ñ�Ù
B Í�Î[Ï B Ù Ë�Ò Ñ�Î Ò Ö[Î[Í�× Ò Ô»Í>Ô Ë�Ò�Ú�Ì�ËDÒ;Ó�Ë Ð_Ô�Õ�Û Ë ×7Ü#Ý B(B → f)Ï Ë�Ò Õ7Þ#Î[Í>Ô Ë�Ò Ô Ê�Ë B Ù Ë�Ò Ñ�Î�Ô Ì Í�Î Ò Õ:ÔGÕ7Ñ#Î Ì Í>Ô Ë Ô�Ñ]Í�Ö[ÎZÍ�× Ò ÔGÍ�Ô Ë
f Ý�ß9Î1Ñ Ì Ï Ë�Ì ÔGÑ Ë_à Ô Ì Í�Ð_ÔáÕ7Î Ø Ñ Ì Ù1Í�Ô�Õ�Ñ�Î Ø(Ì Ñ#ÙâÔ Ê Õ Ò Ñ#ã Ò�Ë�Ì ÛdÍ�ã�× Ë�ÚÉXË Î Ë�Ë Ï�ÔGÑ¶ähÎ�Ñ É Ô Ê�ËEå ÍdÛ�Ñ ÌáÒ Ô»Í>Ô Ë Ñ Ø Ô Ê�Ë B Ù Ë�Ò Ñ�ÎNæ Bsig çÉoÊ Õ�Ð Ê Ï Ë Ð�ÍdÜ Ò Õ7Î�Ô�Ñ�Ñ�è Ì Ð Ê Í�Î�Î Ë ×hÑ Ø Õ�Î�Ô Ë�Ì�ËDÒ ÔDÝ>ß9ÎQÔ Ê�Ëoé�ê!é�ê�ëË_àPÓZË�Ì Õ�Ù Ë Î�Ô Ú B0B0 Ù Ë�Ò Ñ�Î Ò Í ÌGË�Ó�Ì ÑPÏPè[Ð Ë ÏlÔ Ê[Ì Ñ#è�Þ Ê Ô Ê�Ë Ï Ë�ìÐ�ÍdÜQÑ Ø Ô Ê�Ë Υ (4S) ÌGË�Ò Ñ�ÎZÍ�Î[Ð Ë Í�Î[Ï1Í ÌGË Ô Ê è Ò Õ7Î+Í�Î+Ð_Ñ Ê�Ë�ÌGË Î�Ôí èZÍ�Î�Ô�è�Ù Ò ÔGÍ>Ô Ë Ýhî Ê�Ì Ñ�è�Þ Ê Ô Ê�Ë ÕïÏ Ë Î�ÔGÕ:ÖZÐ�Í>ÔGÕ7Ñ#Î1Ñ Ø Ô Ê�Ë Ï Ë Ð�ÍdÜÓ�Ì ÑPÏPèZÐ�Ô Ò Ñ Ø Ô Ê�Ë Ñ�Ô Ê�Ë�Ì B Ù ËDÒ Ñ#Î1Õ7Î�Ô Ê�ËkË Û Ë Î�ÔRæ Btag ç Ú Ñ#Î ËÐ�Í�Î5Ï Ë�Ì Õ�Û Ë Õ:Ô Ò6å ÍdÛ�Ñ Ì Í>Ô�Ô Ê�Ë ÔGÕ7Ù Ë ttag ÉoÊ�Ë Î+Ô Ê[Ë Btag Ï Ë�ìÐ�ÍdÜ Ò Ý�ðlÎ�Ñ É Õ7Î[Þ3Ô Ê�Ë�å ÍdÛ#Ñ Ì Ñ Ø Ô Ê[Ë Btag Ù Ë�Ò Ñ�ÎHÍ�×�×�Ñ ÉEÒ Ô�ÑÏ Ë ÏPèZÐ Ë Ô Ê�Ë/å ÍdÛ#Ñ Ì Ñ Ø Ô Ê�Ë Bsig Í>Ô�Ô Ê[Ë ÔGÕ7Ù Ë ttag É Õ7Ô Ê Ñ#èPÔÔ Ê�Ë Ñ ÌGË Ô�ÕïÐ�Í�×[Í�Ù/ã�Õ�Þ�è�Õ7Ô�Ü[ñDÝ�ß9Î�Ô Ê�Ë Ô�Õ�Ù Ë Ï Ë�Ó�Ë Î[Ï Ë Î�ÔXÍ�Î[Í�×7Ü Ò Õ Ò�ÚÑ�Î Ë Î Ë�Ë Ï Ò Ô�ÑtÙ Ë Í Ò è ÌGË Ô Ê�Ë ÔGÕ7Ù Ë ÏPÕ:ò Ë�ÌGË ÎZÐ Ë ∆t ã Ë Ô ÉXË�Ë ÎÔ Ê�Ë Ï Ë Ð�ÍdÜ Ò Ñ Ø Ô Ê�Ë Ô É Ñ B Ù Ë�Ò Ñ�Î Ò�ÚóÉoÊ Õ�Ð Ê Õ Ò Ï Ë Ö[Î Ë ÏwÍ Ò
∆t = tsig − ttag

Ú�ÉoÊ�Ë�ÌGË tsig Ð_Ñ Ì�ÌGË�Ò�Ó Ñ�Î[Ï Ò Ô�ÑQÔ Ê�Ë Ù�Ñ�Ù Ë Î�ÔÉoÊ�Ë ÎÀÔ Ê�Ë Bsig Ù Ë�Ò Ñ�Î	Ï Ë Ð�ÍdÜ Ò Ý ∆t Ù Ë Í Ò è ÌGË Ù Ë Î�ÔlÕ Ò�Ó�Ë�Ì�ìØ Ñ Ì Ù Ë Ï�è Ò Õ7Î�ÞlÔ Ê�Ë Ï�Õ Ò ÔGÍ�Î[Ð Ë æ ∆z ç ã Ë Ô É�Ë�Ë Î�Ô Ê�Ë Ô É Ñ Ò�Ë Ð_Ñ#Î ìÏ�Í Ì Ü+Û Ë�Ì ÔGÕ�Ð Ë�Ò Ñ Ø Ô Ê�Ë Ô É Ñ B Ù ËDÒ Ñ#Î5Ï Ë Ð�ÍdÜ Ò æ ∆t = ∆zβγ ÚÉ Õ:Ô Ê β Í�Î[Ï γ Ô Ê�Ë<Ì�Ë ×�Í�Ô�Õ�ÛhÕ Ò Ô�ÕïÐkã�ÑhÑ Ò ÔEÍ�Î[Ï5ô�Ñ Ì�Ë Î#ÔGõ Ø Í�Ð�ÔGÑ ÌDÚÌ�ËDÒ;Ó�Ë Ð_Ô�Õ�Û Ë ×�Ü ç Ý#ö í è[Í>ÔGÕ7Ñ#ÎNæø÷�Ý�ù ç Ð�Í�Î�Î�Ñ É ã ËEÌGË�ÉoÌ Õ:Ô�Ô Ë Î+Í Ò ÍØ è�Î[Ð�ÔGÕ7Ñ#Î�Ñ Ø ∆t Í Òlú
ACP (∆t) =

Γ(Btag=B0(∆t) → fCP ) − Γ(Btag=B0 (∆t) → fCP )

Γ(Btag=B0(∆t) → fCP ) + Γ(Btag=B0 (∆t) → fCP )

= Sf sin(∆md∆t) − Cf cos(∆md∆t) , û(ü�ý þDÿ
ÉoÊ�Ë�ÌGË Ô Ê�Ë Õ�Î[ÏPèZÐ Ë ÏÀÍ�Î[ÏÀÏPÕ Ì�Ë Ð�Ô CP Í Ò Ü�Ù�Ù Ë Ô Ì Ü Ó Í Ì Í�Ù Ë�ìÔ Ë�Ì»Ò Ð�Í�Î�ã Ë Ï Ë Ö[Î Ë Ï Ú�ÌGË�Ò�ÓZË Ð�Ô�Õ�Û Ë ×7Ü Ú Í Òlú

Sf =
2Im(λ)

1 + |λ|2 , Cf =
1 − |λ|2
1 + |λ|2 , æ
÷�Ý � ç

É Õ7Ô Ê λ = e−iφ
A
A , æ
÷�Ý � ç

ÉoÊ�Ë�ÌGË φ Ð�Ñ ÌGÌ�ËDÒ;Ó Ñ�ÎZÏ Ò Ô�Ñ�Ô Ê[Ë Ù�Õ à Õ�Î�ÞNÍ�Î�Þ#× Ë ã Ë Ô É�Ë�Ë Î B0Ë Ô B0 Ò Ô»Í>Ô Ë�Ò�Ú A Í�Î[Ï A Ð_Ñ Ì�ÌGË�Ò�Ó Ñ#Î[Ï<ÔGÑlÔ Ê�Ë Ô Ì Í�Î Ò Õ:ÔGÕ7Ñ#Î�Í�Ù ìÓ ×7Õ7Ô�èZÏ Ë�ÒUØ(Ì Ñ�Ù B Í�Î[Ï B Õ�Î�Õ:ÔGÕ�Í�× Ò Ô»Í>Ô Ë�Ò Ô�Ñ fCP Ö[Î[Í�× Ò Ô»Í>Ô Ë Ý
∆md Õ Ò Ô Ê�Ë Ñ Ò Ð_Õ�×7×ïÍ>ÔGÕ7Ñ#Î Ø(ÌGË í è Ë Î[Ð_Ü�Ñ Ø B0 Ù Ë�Ò Ñ�Î Ò Ý�ß9Î�Ô Ë�Ì;Ø(Ë�ìÌ�Ë Î[Ð ËDÒ ã Ë Ô É�Ë�Ë Î]Ô Ê�Ë Ô É Ñ�Õ�Î�Õ:ÔGÕ�Í�× Ò Ô»Í>Ô Ë�Ò Í ÌGËkÓ Ñ ÒGÒ Õ�ã�× ËlÉoÊ�Ë ÎÔ Ê�Ë Ö[Î[Í�× Ò ÔGÍ�Ô Ë fCP Õ Ò Í�Ð�Ð ËDÒ�Ò Õ7ã[× Ë Ô�Ñ]ã�Ñ�Ô Ê B Í�Î[Ï B æ��������
A 6= 0 Í�Î[Ï A 6= 0 ç Ý!ß9ÎOÔ Ê Õ Ò Ð�Í Ò;Ë#Ú Sf Õ ÒlÓ�ÌGË Ï�Õ�Ð_Ô Ë Ï É Õ7Ô ÊÍ]Î�Ñ#ÎtÎhè�×�×óÛdÍ�×7è Ë Ý!î Ê�Ë/Ø è�×7×�Î Ë èPÔ Ì Í�× B Ù Ë�Ò Ñ�ÎtÑ Ò Ð�Õ7×�×ïÍ>Ô�Õ�Ñ�ÎÔ�Õ�Ù Ë�ì Ï Ë�Ó�Ë Î[Ï Ë Î�Ô Ó�Ì Ñ�ã[Í�ã�Õ7×�Õ7Ô�Ü+Ð�Í�Î5ã Ë<Ë_àPÓ�ÌGË�ÒGÒ;Ë Ï3Í Ò�ú
P±(∆t) =

e−|∆t|/τB

4τB
[1 ± Sf sin(∆md∆t) ∓ Cf cos(∆md∆t)]û(ü�ý 	�ÿ

ÉoÊ�Ë�ÌGË τB Ï ËDÒ Õ�Þ�ÎZÍ>Ô ËDÒ Ô Ê�Ë<Ó[Ì Ñ ÓZË�Ì ×7Õ Ø(Ë ÔGÕ7Ù Ë Ñ Ø B0 Ù Ë�Ò Ñ�Î Ò Ýî Ê�ËlÓ ×7è Ò Ñ Ì Ù�Õ7Îhè ÒoÒ Õ7Þ#Î Ò Ð_Ñ Ì�ÌGË�Ò�Ó Ñ#Î[Ï�ÔGÑ B0 Ñ Ì B0 å ÍdÛ#Ñ ÌÒ Ô»Í>Ô ËDÒ�Ú[Ì�ËDÒ;Ó�Ë Ð_Ô�Õ�Û Ë ×�Ü�Ý
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W Ë è Ò�Ë ÍcÏ�Í>Ô»Í Ò Í�Ù Ó × Ë Ñ Ø �YXhù�Ù�Õ7×�×7Õ�Ñ�Î BB Ó Í�Õ ÌGÒ Ð�Ñ�× ì× Ë Ð�Ô Ë Ï	Í>ÔlÔ Ê[Ë Υ (4S) ÌGË�Ò Ñ�ÎZÍ�Î[Ð Ë/É Õ7Ô Ê Ô Ê[Ë+é�ê!é�ê�ë Ï Ë Ô Ë Ð ìÔ�Ñ Ì[Z ù!X�\QÍ>Ô�Ô Ê�Ë^] ö ]�ì ß�ß5Í Ò ÜhÙ�Ù Ë Ô Ì ÕïÐ ìÆË Î Ë�Ì Þ#Ü e+e− Ð_Ñ�× ì×7ÕïÏ Ë�Ì Í>ÔcÔ Ê�Ë`_ ôJaBbdckÍ�Ô�Õ�Ñ�Î[Í�×eaoÐ�Ð Ë × Ë�Ì Í>Ô�Ñ Ì ô Í�ãZÑ Ì Í�Ô�Ñ Ì Ü�Ýî Ì Í�Ð»ähÕ�Î�Þ]Õ Ò�Ó�Ì Ñ>Û�ÕïÏ Ë ÏNãhÜNÍ+ÖZÛ Ë_ì ×ïÍdÜ Ë�ÌlÒ Õ7×�Õ�Ð�Ñ�ÎÀÛ Ë�Ì Ô Ë�à Ô Ì Í ìÐ»ä Ë�Ì Í�Î[ÏvÍf�hg ì ×ïÍdÜ Ë�Ì Ï Ì Õ Ø ÔHÐ Ê Í�ÙQã Ë�Ì Õ�Î Í ù#Ý ² î Ò Ñ�× Ë_ìÎ�Ñ�ÕïÏ�Í�×RÙ1Í�Þ#Î Ë ÔGÕ�ÐNÖ Ë ×ïÏ!Ý W Ë ÕïÏ Ë Î�Ô�Õ Ø Ü Ó�Ê Ñ�Ô�Ñ#Î Ò Í�Î[Ï Ë × Ë Ð ìÔ Ì Ñ�Î Ò�É Õ7Ô Ê Íib Ò ß_æøîU× ç Ë × Ë Ð_Ô Ì Ñ�Ù1Í�Þ#Î Ë ÔGÕ�Ð/Ð�Í�×�Ñ Ì Õ�Ù Ë Ô Ë�Ì�Ú Í�Î[ÏÙQè�Ñ#Î Ò è Ò Õ�Î�Þ+Í�Î�Õ�Î Ò Ô Ì è[Ù Ë Î�Ô Ë Ï�Ù1Í�Þ�Î Ë Ô�ÕïÐ å è à�Ì�Ë Ô�è Ì Î�Ý�ß9Î
b → sγ Ô Ì Í�Î Ò Õ7Ô�Õ�Ñ�Î Ò�Ú!Ó�Ê Ñ�Ô�Ñ�Î Ò Í ÌGË�ÌGË í è�Õ ÌGË ÏtÔ�Ñ Ê ÍdÛ Ë Ù�Ñ ìÙ Ë Î�ÔGÍ p > 1.5 GeV/c Õ�Î1Ô Ê�Ë ×ïÍ�ã�Ñ Ì Í>ÔGÑ Ì Ü Ø(Ì Í�Ù Ë Ý W Ë Õ�Ï Ë Î ìÔ�Õ Ø Ü5Ð Ê Í Ì Þ Ë Ï Ó Õ�Ñ�Î Ò Í�Î[Ï�ä>Í�Ñ�Î Ò è Ò Õ�Î�Þ+Í+Ï Ë Ô Ë Ð�Ô�Ñ Ì Ñ Ø Õ�Î�Ô Ë�Ì�ìÎ[Í�×�×�Ü ÌGË_å[Ë Ð�Ô Ë Ïjb Ê�Ë�Ì�Ë Î�ä�Ñ>Û/×7Õ�Þ Ê Ô Ú Í ÒáÉ�Ë ×�×ZÍ Ò dE/dx Õ7Î Ø Ñ Ì�ìÙ1Í>Ô�Õ�Ñ�Î Ø(Ì Ñ�Ù^Ô Ê�Ë Ï Ì Õ Ø ÔkÐ Ê Í�ÙQã Ë�Ì Ý
kml,n

B → Kππγ oPpeqer6sDputvoDwyxuqyqjz�t
î Ê[Ë Ö[ÎZÍ�× Ë_à Ô Ì Í�Ð_Ô�Õ�Ñ�Î=Ñ Ø Ô Ê�Ë Sf Ó Í Ì Í�Ù Ë Ô Ë�Ì Û>Í�×�è Ë Õ7Î

B0 → K0
S
ρ0γ Ï Ë Ð�ÍdÜ Ò�Ì�Ë í è[Õ ÌGË�Ò Ô Ê�ËtÒ Ô�è[ÏPÜ Ñ Ø ÍHÐ�Ñ�Î�Ô Ì Ñ�×Ð Ê Í�Î[Î Ë ×{Ý[ß9Î[Ï Ë�Ë Ï Ú Õ�ÎNÑ Ì Ï Ë�Ì ÔGÑ Ì�Ë ×7ÜcÍ Ò × Ë�ÒGÒ Í ÒEÓ Ñ ÒGÒ Õ�ã�× Ë Ñ�Î{ Ñ�Î�Ô Ë b�Í Ì ×�Ñ�æ { b ç Õ7Î Ø Ñ Ì Ù�Í�Ô�Õ�Ñ�Î Ú>É�Ë Ö ÌGÒ Ô Ò ÔGè[ÏPÜ<Ô Ê�Ë B →

Kππγ Ï Ë Ð�ÍdÜ Ò Ô�Ñ Ë_à Ô Ì Í#Ð�ÔóÔ Ê�Ë Kππ |�Í�×�Õ:ÔGõ Ó ×�Ñ�Ô Ò Ô Ì è[Ð�ÔGè Ì�Ë#ÚÉoÊ ÕïÐ Ê Õ Ò Ô Ê�Ë Î è Ò;Ë Ï Í Ò Í�Î Õ7Î Ó èPÔ+ÔGÑÀÔ Ê�Ë B0 → K0
S
ρ0γÍ�Î[Í�×7Ü Ò Õ Ò Ý�î Ê[Ë Í�Ï�ÛdÍ�Î�ÔGÍ�Þ Ë Õ Ò Ô Ê Í>Ô/Ô Ê�Ë5Ë_àPÓ�Ë Ð�Ô Ë ÏHÜhÕ Ë ×ïÏHÑ Ø

B → Kππγ Ò Õ7Þ#Î[Í�× Ë Û Ë Î�Ô Ò Õ Ò Í Ó�Ó�Ì Ñ à Õ7Ù1Í>Ô Ë ×�Ü=ù�gOÔGÕ7Ù ËDÒ×�Í Ì Þ Ë�Ì Ô Ê Í�Î3Ô Ê Í�ÔEÑ Ø B0 → K0
S
ρ0γ Ï Ë Ð�ÍdÜ Ò Ý

</=�?/=;} ~�NBQ�V�� U K U OY�/��V U
î Ê[Ë Þ#Ñ#Í�×�Ñ Ø Ô Ê[Ë B → Kππγ Ò Ô�èZÏPÜNÕ Ò ÔGÑ Ë_à Ô Ì Í�Ð_ÔRÔ Ê�ËÌ Í�Ô�Õ�Ñ+Ñ Ø Ô Ê�Ë�Ì�ËDÒ Ñ#Î[Í�Î�Ô Ì Í>Ô Ë�Ò Ñ Ø B → K∗π Í�Î[Ï B → KρÍ ÒkÉXË ×7× Í Ò |�Í�×�Õ7Ô�õ ìÆÓ ×�Ñ�ÔkÕ�Î Ø Ñ Ì Ù1Í>ÔGÕ7Ñ#ÎNÍ�Î[Ï5Ô Ê�Ë Õ�Î�Ô Ë�Ì;Ø(Ë�Ì�Ë Î[Ð Ëã Ë Ô ÉXË�Ë Î�Ô Ê�Ë Ù�Ý�� Ò Õ7Î�Þ1Õ Ò Ñ Ò�Ó Õ7Î Ò ÜhÙ�Ù Ë Ô Ì Ü+Ô Ê�Ë�Ò�Ë Õ�Î Ø Ñ Ì Ù1Í ìÔ�Õ�Ñ�Î+Ð�Í�Î�ã Ë Í Ó�Ó ×7Õ Ë Ï�ÔGÑlÔ Ê�Ë B0 → K0

S
ρ0γ Ï Ë Ð�ÍdÜ Ò Ý W ËEË_àhì

Ô Ì Í�Ð_ÔoÔ Ê�ËQÒ Õ�Þ�Î[Í�× Í�Î[Ï5ã[Í#Ð»ähÞ Ì Ñ�è�Î[Ï]ÜhÕ Ë ×�Ï ÒEØ(Ì Ñ#Ù Ï�Í�ÔGÍ É Õ7Ô ÊÍ�Î5è�Îhã�Õ�Î�Î Ë Ï5Ù1Í à Õ�ÙQè�ÙK×7Õ�ä Ë ×7Õ Ê ÑhÑPÏOæ { ô ç Ö[ÔEè Ò Õ�Î�Þ ú

L =
1

N !
exp
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nj





N∏

i=1




∑

j

njP(~xi; ~αj)



 , æ
÷�Ý ³ ç
ÉoÊ�Ë�ÌGË Ô Ê�Ë ×�Õ7ä Ë ×�Õ Ê ÑhÑPÏ L Ø Ñ ÌQË Í�Ð Ê	Ë Û Ë Î�Ô i Õ Ò Ô Ê�Ë5Ò è�ÙyÑ Ø
njP(~xi; ~αj) Ñ>Û Ë�Ì3Ò�Ë Û Ë�Ì Í�×RÐ�Í>Ô Ë Þ�Ñ Ì Õ Ë�Ò j æ,������� Ò Õ�Þ�ÎZÍ�×lÍ�Î[Ïã[Í�Ð»ähÞ Ì Ñ#è�Î[Ï Ë Û Ë Î�Ô Ò�Ú Í Ò ÏPÕ Ò Ð�è ÒGÒ;Ë Ï1ã Ë ×7Ñ É ç Ý���Ñ ÌXË Í�Ð Ê Ð�Í>Ô Ë_ìÞ�Ñ Ì Ü j Ú P(~xi; ~αj) Õ Ò Ô Ê�ËRÓ[Ì ÑPÏPè[Ð_Ô�Ñ Ø Ô Ê�ËRÓ[Ì Ñ#ã[Í�ã�Õ�×�Õ:Ô�Ü1Ï Ë Î ìÒ Õ7Ô�Ü Ø è�Î[Ð�ÔGÕ7Ñ#Î Ò�� æ ] |7� Ò ç Ë Û>Í�×�è[Í�Ô Ë Ï Ø Ñ Ì Ô Ê�Ë i ì Ô ÊpË Û Ë Î�Ô�� ÒÙ Ë Í Ò è ÌGË Ï�Û>Í Ì ÕïÍ�ã�× Ë�Ò ~xi ÝÄî Ê�Ë Î�è[ÙQã Ë�Ì Ñ ØáË Û Ë Î�Ô ÒEØ Ñ Ì Ð�Í>Ô Ë_ìÞ�Ñ Ì Ü j Õ Ò Ï Ë Î�Ñ�Ô Ë Ïtã�Ü nj Í�Î[Ï N Õ Ò Ô Ê�Ë Ô�Ñ�Ô»Í�×óÎhè�ÙQã Ë�Ì Ñ ØË Û Ë Î�Ô Ò Õ�ÎOÔ Ê�Ë]Ò Í�Ù Ó × Ë Ý�î Ê[Ë í èZÍ�Î�Ô�Õ7Ô�Õ Ë�Ò ~αj

Ì�Ë�Ó�Ì�ËDÒ;Ë Î�Ô�Ô Ê�Ë��� )!��+���+(�������y%'�!� $�� �7�*)��,���i��+���%�"�%'��������������%'�`���0���4�����v��)!�.����������!����+
~xi

:J�6��)!���#�6��+��'16%'�����!����2!+B�*%��*��5'�e��)!����������%m��"�"�%'�!�����)!��%'�!�')(�P�!� �*� ��2!�������!+*��%'�9�������D�9+;1��J)!��"�)e2!�������!2(%'�u�*)��/"�%'���������������27.'���������!����+;:
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¬�®��¯�°�±�°�®�²�³Y°�²�´�®�µ£¶µ£·�¸¹±�º�°»°�¼Y¬½°�´�±;°�³�³Yµ�²,±;®�µ£¶�¾�±;µÀ¿Á·²R¿ÁÂ±�º�°¯(°�Á²;¾�®�°�³ÄÃ!Á®;µ��¶Å£°�²3µ£·^°�h´�ºÄ´�9±;°�¸Á¿h®;Æ j Ç È h´�º[³�µÀ²�´�®�µ£¯�µ£É·9±�µ£·�¸�Ã9�®�µÀÁ¶�Å£° ~xi µÀ·�±�º�°7ÅÀµÀÊÁ°�ÅÀµÀº�¿T¿T³(Â#¾·´'±�µ£¿h·mµÀ²P¯�¿Y³Y°�ÅÀ°�³¶ËÆ�3Ì�Í¹ÎÐÏËÑ�º°�®�°/±;º�°»¬��®��¯�°�±�°�®�² ~αj �®�°�°�¼T±�®�h´'±;°�³�Â#®;¿h¯ÒÄÓ ²;µÀ¯e¾�Å�9±�µ£¿h·`¿h®�¿�Ô½É*®�°�²;¿Á·��·´�°j³��±�ÁÕ Ç�Ö º�°i±�º�®;°�°iÃ!�É®;µ��¶�ÅÀ°�² ~xi ¾�²,°�³×µÀ·�±�º�°(Ø�±3Á®;°�±;º°�ÊTµÀ·�°�¯�9±�µÀ´��Å�Ã9�®�µÀÁ¶�ÅÀ°�²
mES =

√

E2
CM/4 − p∗2B

Á·³ ∆E = E∗
B−ECM/2 Ï�Ñ�º�°�®�°

p∗B
�·³ E∗

B
�®�°j±;º�° B ¯�¿Á¯�°�·Ë±�¾�¯Ù�·�³v°�·�°�®�¸ÁÆ^µÀ·v±�º�°

Υ (4S) ´�°�·h±�°�®;É*¿ÁÂ�É*¯�h²;²×Ú ÓÐÒ�Û Â#®�Á¯(° Ç ECM µ�²m±�º�°×±�¿�±�ÁÅÓÐÒ °�·�°�®�¸ÁÆhÏ�¬�ÅÀ¾²D¿Á·°Ðh³�³Yµ£±;µÀ¿Á·ÁÅh¿h¾Y±;¬�¾�±R³�µÀ²�´�®�µ£¯�µÀ·�·Ë±DÃ!�É®;µ��¶�ÅÀ°�Ú�ÎDµÀ²;º�°�®»³YµÀ²�´�®�µÀ¯(µÀ·Á·h± Û ´�¿Á¯�¬½¿h²;°�³&h²/�ÅÀµÀ·�°�Á®/´�¿Á¯(É¶�µ£·�9±;µÀ¿Á·v¿�Â»²,µ£¼�°�Ãh°�·Ë±�²;º�¬½°mÃ9�®�µÀÁ¶�ÅÀ°�² ÇJÖ º�°jÎDµ�²,º°�®�³�µÀ²,É´�®�µ£¯�µÀ·�·Ë±»µ�²�³Y°�Ø·°�³iÁ² F = β0 +
∑

k βkzk
Ï�Ñ�º�°�®�° β0

µ�²±;º�°7¿�Ô4²,°�±P�·³ βk µ�²R±;º°7´�¿T°�Ü�´�µ£°�·Ë±�¿�Â�±;º°7³Yµ�²;´�®;µÀ¯�µ£·�9±;µÀ·�¸Ã!Á®;µ��¶Å£° zk Ç
Ý/Þ�ß/Þ�à á�â�ãväæå�çBèJé
ê ë�ì�íDî�ïñðóò ôDõTï ö ÷ µÀ¸Á·ÁÅ&°�ÃÁ°�·Ë±�²v�®�°ø²,±;¾³�µ£°�³�¶TÆ¯(°��·²j¿�Âeù´�¿Y´�ÊË±�Áµ£Å¹¿�Âu°�¼Y´�Å£¾�²,µÀÃÁ° Ò[Ó ²;Á¯(¬Å£°�² Ç/Ö º�°�²;°°�ÃÁ°�·Ë±�²uÁ®;°�³YµÀÃTµÀ³Y°�³[µ£·[±�ÑÐ¿×²,°�¬�®�9±�°�³�´�9±�°�¸Á¿h®;µÀ°�²(ú4±�®;¾�±;º¯��±�´�º�°�³×Ú Ö ÒÄÛ °�ÃÁ°�·Ë±�²��·�³m²,°�ÅûÂD´�®�¿h²�²�Â#°�°�³m°�Ãh°�·Ë±�²7Ú ÷ Ó Î Û ÇÖ º�°�³Y°�Ø·µû±�µ£¿h·[¿ÁÂ Ö Ò °�Ãh°�·Ë±�²¹ÃÁ°�®�²;¾² ÷ Ó Î�°�ÃÁ°�·h±�²3µÀ²¹¶�É²,°�³j¿h· Ò ¿Á·Ë±;° Ó �®�ÅÀ¿e±�®;¾Y±�ºjµÀ·YÂ#¿h®;¯�9±�µ£¿h· Ç�Ö Ò ´�Á·³Yµ�³�9±�°�²
ü�ýJþDÿ�� Ç���� B → Kππγ ���
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N(EG=@OP8@LXN,79Y Z�[�Z
QR>;:68@L�N\EG=�OP8;L U;V�[\]
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�·³
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É ∆E ³Y°�¬�°�·³Y°�·�´�°�² Ç
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udsc ¨ ©@ª V�[@«
B0 → Xsd(9 Kπ)γ
B+ → Xsu(9 Kπ)γ

U;[ © U
B0 → K∗0(→ Kπ)γ
B0 → Xsd(→ Kπ)γ

]�V�« ª¬�<�O*<�?�EG�®p¯
°P8;�±\=@?�>@¥,O,J ] ª Z�W
B+ → K∗+(→ Kπ)γ
B+ → Xsu(→ Kπ)γ ²@² U
B0 → K∗0η

W;Z
N\FH8@LGLi7l³P8;?�FvLG<�C2C ´X<�8;±(EGO*= ] ©QR>;:68@LR®l±\= ©�© «�Z�W
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¾\¿ ÀHÁ*Â�ÃPÄ�ÅqÆ�ÃÇÁtÈ¶ÉfÃPÊ�ÅqÄ�ËXÌDÍ�Î�Ã,Í\Ï;Ã

ÐvÑ@ÒPÓlÔpÕºÒ,Ö�×£Ò,Ø�Ù
Ú�Ò,ÛXÜ�ÑÞÝ ß¶àHáÇâ�ã6ä�ä�à@ã6ä�ä�åfàKæsà;ä�åfç(è
é ç(ê�ç(ë*ìví�îMä�åKáfä�ãlä�çvï\ðsà;ðiã6à@æKñfê�à ç(ò é ï\ä�ï*ã6à;ä�ãlí�åfà;â�à�ã6î�ë(ðiï\ê
ï\ð é ñiï(ó�ôPë(â�ç(õfð é à@ö(à@ð*ä�ã£ï(â�à�ë*à;ðfà@â�ï\ä�à é ò4â�ç*æ§ï(÷f÷fâ�ç(÷fâ�î¸ï�ä�à
ðfç(â�ætï\ê�î_ø@à éúù£û�ü ãyý_þ6÷fõfâ�à�÷Çã�à;õ é ç\èDàIÿ¡÷Rà;â�î_æ�à;ð,ä�ã��������	��

áfä�î�ã�÷Rà;â�ò4ç(â�æ�à é ç*ð�à�ï(ó�å�÷Çã6à@õ é ç(è�à;ÿP÷Rà;â�î�æsà@ð,ä�î�ð�ç*â é à;â ä�ç
óIâ�à@ï�ä�àKä�åfàs÷fõfê�ê é î�ã6ä�â�î�ñfõ¡ä�î�ç(ðiã�ç(ò ï\ê�ê9ò4â�à;às÷Çï\â�ï\æ�àIä�à;â�ã�à@ð¡è
ä�à;â�î�ðfëHä�åfà%áÇä����åfà%÷fõÇê_êXç\ò)ïHò4â�à@à%÷Çï(â�ï(æ�àIä�à@â

θi
î¸ã é àIáiðfà é

ï(ã��
pulli =

θtruei − θfiti

σfiti
,

ý ¿ �����

í�åfà;â�à
θfiti

ï(ð é
σfiti

ó;ç(â�â�à�ã6÷Rç(ð é ä�ç ä�åfà�áÇä6ä�à é ö�ï\ê�õfà
ç\ò�÷Çï\â�ï\æ�àIä�à;â

θi
ï\ð é ä�åfà�à;â�â�ç*âzë(î�ö(à;ð ñPì ä�åÇàúáfä���â�à@ã6è

÷ià�ó�ä�î�ö(à@ê_ì�����ê�ê�÷fõÇê_ê�ö�ï(ê_õÇà@ãtï\â�à{óIç*ðÇã6î¸ã6ä�à;ð,ätí�î_ä�åfî�ð à;â�â�ç*â�ã
í�îMä�å ï�� ï(õÇã�ã�î¸ï\ð�ç(ò%æ�à@ï(ð

0
ï\ð é ã�î_ë*ætï

1
��ß.àyò4õfâ�ä�åfà@â

������� ¿ � � �"!$#&%'%)(+*-,/.10�,/.&243�5'21687&0:9/;<,/%'%)6=7&*?>@9A,B68*C2ED15'*C%'2&0*C.A6=*CFG5'.&HI5'.:9�#1F)(+9J2&*C%K;L9�FM6=71*�*C(ONK*C2&21*�2P6=9�DP0868#&21DAQ
R<S�T/UWV XZY[U�U]\^T�_�` X�Y�U�Uba�SWV�cCd
e S�f1`�_JUhgi\

−0.027 ± 0.058 1.050 ± 0.041j�k `@cCSW`�Y�Y[l
udsc 0.229 ± 0.058 1.054 ± 0.041m TB`[TBnCS�oIp)qGr�_Jo-s�fJn k Y[`[V

−0.354 ± 0.057 1.035 ± 0.040
B0 → K∗0(→ Kπ)γ
B0 → Xsd(→ Kπ)γ −0.026 ± 0.055 1.002 ± 0.039

áfä.ï(ð à;ðÇã�à;æ�ñfê�àºç\òt÷Çã�à;õ é ç\èDàIÿ¡÷ià@â�î�æ�à;ð,ä�ãxî_ð í�åÇî�ó�å ä�åfà
ã6î�ë(ðÇï(ê�à;ö(à@ð,ä�ã�� ï*ã.í à@ê_êtï(ã

B0 → K∗0(→ Kπ)γ
ï(ð é

B0 → Xsd(→ Kπ)γ B
ñÇï(ó�ôPë(â�ç(õÇð é à@ö(à;ð,ä�ãtï\â�à�ä�ï\ô(à@ð
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ñià éfé à é ÷Çã�à;õ é ç\èDàIÿ¡÷Rà;â�î_æ�à;ð,ä�ã������Mlï\ñfê�à ¿ � ��ë(î�ö(à�ã�÷fõfê�ê�ö�ï\è
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´,¶%Áù¶%º1´,¶%ºO² CP ê ±4¿+Æ?Æ?¶G²#½µ5¶v±Zµ�º B0 → K0
Sρ

0γ
ÿ ¶%Â

·%¹�¿,±�:Ä,¹)½ú�µ5Û Ü  8û� 8� Ê Övà û8  Û Ö�Õ ¸!¶vÁ,Â ¶�� ×¾Ö ß � ³�º ß8 8 8û Ê
Õ � ×�� ½#À�º�¹)³^Ä á µ-·:¸�¹8¶%¼ Ä�ì%í[î�ð5ñ5Ä Ù ¸+¿+± Ê�Ú ¶%Û Ê Ç�¶%²4² ÊNê����

ò ß8 8 �ß ø  OÝ Ö û8 �ß Ê
Õ è ×	� À�½�¹{»�ÀOÀ,´P½¶%Û+µ5¶%æ ±4¶v¶ Ü � Ê é ³�·:¸�¹8¼�¼-¹!Ä êqÊ � Ê é ³,Â

½¹�±%Ä á Ê��NÊ Ço¹)³,²¶%º Ã ¹�·:¸!¶%½�Ä Ú ¶vÛ Ê á À+´ Ê�Ù ¸+¿+±�� � Ö8Ö ß�Ý Ä
ò Ö�à8à � ø�� á Ê á µ-±#µ5¹8âùÄ!¹8½#úZµ�Û Ü   à!Ö8Ö Ê Ö ��Ý Ö ò ß) �  à ø Ê

Õ û ×�� ì:î���� �mð�î��� �! "#��ì�!#î�$&%(')$ *+!, �-�.�/ ìGí î�ð5ñ5Ä
¹)½ú�µ5Û Ü Ö   Ö   Ê Ö Ý8û à Û ß ò ß)  Ö   ø Ê

Õ à�× ê ³ Ã ¶%½#²vÄ é Ê ìGí�î)ð�ñHòKô�ö�ô^ö�÷ É�À8¼5¼5¹ Ã À�½¹)²#µ5À8º1øGÄ Ù ¸O¿,± ÊÚ ¶%Û Ê,ÿCÚ ¹)Á�µ5´�É�À8Æ?Æ@³!º�µ5·v¹�²#µ5À8º1± ��0 ò ß) �  ç+ø   à�Ö8Ö  �Ý Ê
Õ�Ö   ×Xü ¹)º!»1Ä�È Ê ìGí î)ð�ñ ò é ¶v¼�¼5¶ É�À8¼5¼-¹ Ã À8½:¹�²#µ5À8ºùø
Äu¸!¶vÁ,Â

¶����   ç Ö ß) 8Þ à Ä�ò ß) �  çOø Ê
Õ�Ö�ÖG×21 ¶v±#¶%¼5µõÄ43 Ê ¹8º�´ á Ê � Ê65 ¼5±±#À8º�Ä ¸!¶vÁ,Â�Á!¸�� à Ý) �û�ß8Ý�Ý

ò Ö�à8à Ý ø Ê
Õ�Ö ß × É�¸!¶%º�»�Ä!È Ê ¹)º�´�É Ê É�¸+³�¹!Ä,¸�¶%Á,Â�Á!¸��   ç   Ö8Ö ç Ö ò ß) 8  çOø Ê
Õ�Ö Þ × ã�¹)»O¹)º�Ä ê@Ê ¹)º1´ á Ê Ø ¶%³ Ã ¶%½#²vÄ � ³!½À ÊGÙ ¸+¿,± Ê � Ê7� ò Övà8à�à øÝ Ê
Õ�Ö ç × ô�ö�ô�öO÷ ê º�¹)¼5¿,±4µ-± ÿ À,·G³!Æ?¶vº�²98 Ö8Ö Ý�Ý Ä á ¶v¹8±#³!½¶%Æ?¶%ºO²

À)Å Ã ½¹8º�·:¸!µ5º!» ÅD½¹�·
²#µ5À8º1± ¹8º�´�Æ?¹�±#±}±#Á1¶�·
²½¹ À)Å
B → KππγÕ�Ö Ý × ô�ö�ô�öO÷ ê º�¹)¼5¿,±4µ-± ÿ À,·G³�ÆH¶vºO²:8 ß Ö è)û Ä Ù ¸!À8²#À8º;3+Áù¶v·GÂ
²#½³!Æ}¹)º�´Våo½¹8º�±4µ�²#µ5À8º Ú ¹)²#¶YÀ)Å b → sγ

é ¹�±4¶�´QÀ�º{¹
3+³!ÆÍÀ)Å � �!·G¼5³�±4µ5Û8¶ � µ5º�¹)¼<3O²:¹�²¶v± Ê

Õ�Ö � × å Ê 3�=�ÀO±�²½¹8º�´�Ä É�À8Æ?Á ÊxÙ ¸O¿,± Ê É�À�Æ?Æ@³!º�Ä ��> è ç
ò Ö�à8à ç+ø�� ÅDÀ�½ ²#¸�¶ ÅD³!¼5¼�æ�½µT²¶GÂ�³!Á�Ä ±4¶v¶ ¸O²4²#Á Ü ·v´+Â
±4æ�¶ Ã^Ê ·%¶%½º Ê ·:¸���½¶v·GÀ�½´�� ß)û+è)ß8Þ Ö �7?�¼�¶�±@� à Ý) )û�Þ à!Ö Ê Á´+Å Ê

Õ�Ö è ×qé Ê�ê ³ Ã ¶v½4²�¶G²�¹8¼ Ê Õ ô�ö�ô�öO÷�É�À8¼5¼5¹ Ã À�½¹)²#µ5À8º × Ä Ø ³1·G¼ Ê&A º�±4Â
²#½³!Æ Ê á ¶G²¸!À,´!± Ù ¸+¿,± Ê!Ú ¶v± Ê ÄB3+¶�·
² Ê1ê4�C��D Ä Ö ò ß) � �ß ø Ê
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tt̄
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sut�vZw	x�y	z|{~}Uy	���p�+�g}
�&�g�&�W���,�<���<�����<�c�&�W�)���������&���������7�p�<���#�h���

�S�  ¢¡�¡�£¥¤¦£¥§@ ©¨,ª¥«B§#�I¬®_¯c«�Z°S±K²e �«�³Bª�´B§µ ©³�¡µ¶Bª·¯cª:§@ª�¸
¡µ¶Bª�§µ¡µ¶BªU¯c£¥¯B¹¦£¥ª+º»¤¼ »¯c£¥¡�½&«B¾¢ª�§,¨,ª+¯cªU³B½¢«B¾&ª¥¤¦¤¿ªZÀ�¶)ÁcÂ,¹¿Ã)«BªU &«c¸
¯cª�¤¼º�¯c«�ÄÅ½]¯BÆ�¤¿ª	Â¨µ ©³�¯B &§@¯hÇBÈ# &³�ÂU¡�ª	¡¥ &¯c§@ª&ÉB¯cª2³�½&Ä�´�§,ª¥«cÊ
Ä:½c¯cÆ¥¤¦ª�Âg¨,¶B£¥½&§@¹¿Ã)«Bª�Â<À�§,£�¯c¹¿Â,ª�³)¨f«B³Å¡�½&«�ÀB¤¿ &Ë&ªZ¹¦ÄÅÀ�½&§,¨@ ©³)¨� ©«
Ã¢«� ©§@ÌÍ¨@½&ÀhÇg�< ÎÄÅª�ÂW«B§@ª�¯c«;Â,À�ª¥¡Ï¨@§,ª�¯cª9Ä� &Â@Â,ª9¹¦³]¾� ©§@¹¼ ©³)¨,ª
¯cª¥ÂZ£�¾¢Æ�³Bª¥Ä:ª¥³)¨@ÂSÂ,ªM¯c£�ÂW¹¿³)¨,£¥Ë&§µ ©³)¨Ðª�³9À� ©¹¿§,ª�ÂÐ¯cª#Ã)«� &§,ÌcÂf¨@½&À
 ©³)¨,¹¦¸Ñ¨@½&ÀhÉÒÀ�ª�§@Ä:ª�¨�¯cªp§@ª¥¡µ¶Bª¥§@¡µ¶Bª¥§�¯cª�Â�§@£¥Â,½&³� &³�¡�ª�Â9¡� &§@ ¢¡Ï¸
¨,£�§@¹¼Â¨@¹¿Ã)«Bª�Â9¯cªÎ¡�ª�Â�³B½¢«B¾&ª¥¤¦¤¿ª¥ÂÅÀ� &§W¨@¹¿¡�«B¤¿ª¥Â¥ÇSÓ&ª�ÄÅ½¢³¢¨@§,ª¢ÉÐ ©«
¨,§µ 7¾&ª�§µÂf¯cªM¡�ª�¨S ©§,¨,¹¼¡�¤¿ª&É&¤¦ª�Â�ª�³�Ôª¥«cÊÅª�¨Ð¤¿ª¥ÂÐ§@£¥Â,«B¤¦¨@ ©¨@Â�¯cªM¡�ª�¨,¨,ª
 ©³� &¤¦ÁcÂ,ª» &«�Â,ª�¹¿³�¯cª2¤Ñ� ª�ÊcÀ�£�§@¹¦ª¥³�¡�ª�ÒÕÍÖCÇ

×9Ø�Ù Ú }UzÜÛÝw2ÞItÏß#y2ÞIt�w	à�z

á ¡�¨,«Bª¥¤¦¤¿ª�ÄÅª�³)¨�¤¼ KÀB¶]ÁcÂW¹¼Ã)«Bª+¯cª¥ÂgÀ� &§W¨@¹¿¡�«B¤¦ª�Â<«B¨,¹¿¤¦¹¼ÂWªÒ¤¿ªÒÕ�½&¸
¯cÆ�¤¿ªÒÖ)¨µ ©³�¯� ©§µ¯9âãÕÍÖ�äh¡�½¢ÄÅÄ:ªZ´� &Â,ª�¨@¶B£�½¢§,¹¼Ã)«Bª&Ç�å�¤¢ª�Â¨g¤¦ªZÀB¤¿«�Â
ºMÄÅæ�ÄÅª¢É©¯cªZÀ� ©§g¤¦ª�ÂI³�½&Ä�´�§,ª¥«�ÂWª�Â<ª�ÊcÀ�£¥§,¹¿ª�³�¡�ª¥ÂgÃ)«B¹]¤Ñ� ½&³)¨f¾7 ©¸
¤¦¹¼¯c£&ÉBº�ª�ÊcÀB¤¿¹¿Ã)«Bª¥§Z¤¿ª¥ÂÒÀB¶�£�³B½¢Ä:Æ¥³Bª¥ÂÒÂ,«B´� �¨@½&ÄÅ¹¼Ã¢«�ª¥Â¥Ç¢å�¤�§@ª¥ÂW¨,ª
¨,½&«B¨,ª�çj½¢¹¿ÂgÃ)«Bª�¤¼Ã)«Bª¥ÂIè�½¢³Bª¥ÂI¯C� ½&Ä�´�§,ª�Âh³B½¢³2ª�ÊcÀB¤¿¹¿Ã)«B£¥ª¥ÂIÀ� ©§g¡�ª
Ä:½c¯cÆ¥¤¦ª¢Ç��hª2éÒ½¢Â,½&³�¯cª	¬K¹¿Ë&Ë)Â�É]¤¼ :¾)¹¿½&¤¼ �¨@¹¦½¢³�¯Bª®¤¼ ÅÂWÁ]ÄÅ£�¨@§,¹¿ª
ZêgÉ<¤¿ �³B½¢³ë«�³B¹íì�¡� �¨@¹¦½¢³p¯Bª¥Â2¡�½¢³�ÂW¨@ ©³)¨@ª¥Â»¯cª9¡�½¢«BÀB¤¼ ©Ë¢ª:¯cª�Â
¨,§@½&¹¼Â�¹¿³)¨,ª�§µ &¡�¨,¹¿½&³�Â·º�¨@§,Æ�Â�¶� &«c¨,ªî£�³Bª¥§,Ë¢¹¦ª¢ÉZÇ¿Ç¿Çgª¥³ïÂ,½&³)¨:¯cª�Â
ª�Êcª�ÄÅÀB¤¿ª¥Â¥ÇÒ#� ª¥ÂW¨�À�½¢«B§9¯cª�¨@ª�¤¿¤¦ª�Â�§µ ©¹¼ÂW½¢³�Â�Ã)«h�  &«�Ô½&«�§@¯C� ¶]«B¹
¯cª¥Âf¨@¶B£�½¢§,¹¼¡�¹¿ª�³�Â<¨@§@ 7¾� &¹¦¤¿¤¦ª¥³)¨f &«c¸ð¯Bª�¤¼º®¯B«:Õ�½c¯cÆ¥¤¦ªKÖ)¨µ ©³�¯� ©§µ¯CÇ
�<ªÅ¨,§µ 7¾7 &¹¦¤�À�§,£�ÂWª¥³¢¨@£Å¹¿¡�¹ÐÂWª�ÀB¤¼ &¡�ª�¯B ©³�Â�¡�ª�¡� ¢¯c§,ª¢ÇCå�¤Ðª¥ÂW¨

´� &Â,£:Â,«B§»¤¼ î§@ª¥¡µ¶�ª�§µ¡µ¶Bª�¯cªÅ§@£¥Â,½&³� &³�¡�ª¢É�¯B &³�Â®¤¦ªÅÂ,À�ª�¡Ï¨,§@ª�¯cª
ÄÅ ¢Â,Â,ª»¹¦³]¾� ©§@¹¼ ©³)¨,ª

tt̄
Éc¨Á]ÀB¹¼Ã)«Bª	¯cª2¤¼ ÅÀB§,£�ÂWª¥³�¡�ª2¯cª2³�½&«B¾¢ª�¤¿¤¦ª

À� ©§,¨,¹¼¡�«B¤¿ª¥Â¥ÇSêS¤¦«�Â�ÀB§@£¥¡�¹¼Â,£�ÄÅª�³)¨¥ÉZ¯cª¥Â�À� ©§,¨,¹¼¡�«B¤¿ª¥Â9ÄÅ ¢Â,Â,¹¿¾&ª¥Â¥É
¯cªÍ¤�� ½¢§@¯B§,ªÍ¯B«ñ¨,ª¥§@ �£¥¤¦ª�¡Ï¨@§,½¢³c¸�¾¢½&¤¦¨ÍâãòIª�ó®ä�É+ 7Á) ©³)¨�¯cª�Âî¡¥ �¸
§@ ¢¡Ï¨,£¥§,¹¼ÂW¨,¹¼Ã¢«�ª¥Â:ÂW¹¿ÄÅ¹¦¤¼ ©¹¿§,ª�Â·ºô¡�ª�¤¿¤¦ª�¯c«G´�½)ÂW½¢³Gõö¡�½&ÄÅÄÅªî¤¿ª
¡�½&«�ÀB¤¿ &Ë&ª	 &«�Ã)«� &§,Ì�¨,½¢À�Â,½&³)¨K§@ª¥¡µ¶Bª¥§@¡µ¶�£�ª¥Â¥ÇcêÐ¤¿«�Â,¹¦ª¥«B§@ÂKÄ:½&¸
¯cÆ�¤¿ª¥Â¥ÉC¡�½&ÄÅÄÅª:¤¦ª·Ä:½c¯cÆ¥¤¦ªÅ¯cª�Â á Êc¹¦Ë¢¤¦«B½¢³;÷¿ø�ù�½&«Îª¥³�¡�½¢§,ª:¯cª
ò<½¢À�¡�½&¤¿½&§2÷ûú7ùZÉ�¡�½¢Ä:À�½&§,¨,ª¥³)¨M¯cª2³B½&«�¾&ª�¤¿¤¿ª¥ÂUÀ� &§W¨@¹¿¡�«B¤¿ª¥ÂUÄ� &ÂW¸
ÂW¹¿¾&ª�ÂMª�¨#¤¿ª�Àc¨@½&ÀB¶B½¢´B¹¼Ã¢«�ª¥ÂKË¢£�³B£¥§,¹¼Ã)«Bª�ÄÅª¥³¢¨» ©ÀBÀ�ª�¤¿£�ª�Â®õg�¿Ç��< 
ÀB§,½¢ÀB§@¹¦£�¨,£:¤¦ª¥Àc¨,½¢ÀB¶B½&´�¹¿Ã)«BªÅ¯cªÅ¡�ª¥Â®À� &§W¨@¹¿¡�«B¤¿ª¥Â#çã 7¾&½¢§,¹¼ÂWª�¤¦ª¥«B§
¯c£¥Â,¹¦³)¨@£�Ë&§µ �¨@¹¦½¢³�ª�³ÎÀ� &¹¦§@ª	¯cª:Ã¢«� ©§@Ì9¨,½¢ÀÎ ©³)¨,¹¦¸�¨,½&À<Ç�Z¶� ¢¡�«B³
¯cª¥Â»¨@½&ÀhÉh¯Bª�¤¿ �À� &¹¦§@ª&ÉhÂ,ª�¯c£¥Â,¹¦³)¨@Æ�Ë&§@ª�¯B ©³�Â2ü&üBÉ ü)ýþ¯Bª¥Â	¡¥ &Â
ª�³�«B³�´�½)ÂW½¢³îÿ ª�¨K«�³�Ã)«� &§,Ì�´ô÷ � ùðÇ

tt̄ → bW+b̄W−

�hªUÃ)«� ©§@Ì2´:Â¥� ¶� &¯c§@½&³�¹¿Â,ªSÀ�½&«B§gçj½¢§,ÄÅª�§�¯cª�Â�Ôª�¨@Âf½¢´�Â,ª�§@¾7 &´B¤¿ª¥Â
¯B ©³�Âf¤¿ªU¯c£�¨@ª¥¡�¨,ª�«�§¥Ç©È·�  &«c¨,§@ª+À� ©§,¨¥É7¤¿ª+´�½)ÂW½¢³·ÿr #¯cª¥«cÊ�À�½¢ÂW¸
ÂW¹¿´B¹¿¤¦¹¦¨,£�ÂK¯cª	¯c£�ÂW¹¿³)¨,£�Ë¢§@ ©¨,¹¿½&³� 7¾&ª¥¡»¯cª�Â+§@ &ÀBÀ�½&§,¨@ÂU¯C� ª�Ä·´B§@ &³c¸
¡µ¶Bª�ÄÅª�³)¨µÂÐ¯c¹���£¥§,ª¥³¢¨µÂ�Ç¢È# &³�Â����cÉ �]ý4¯cª¥ÂS¡� &Âf¹¿¤�Â,ªK¯c£¥Â,¹¿³¢¨@Æ�Ë¢§,ª
ª�³ô¯cª�«cÊpÃ¢«� ©§@Ì]Â®Ã)«B¹�Â�� ¶� ¢¯c§,½¢³B¹¼ÂWª¥³¢¨®ª�³�Â,«B¹¦¨,ªÅª�¨	¯B &³�Â � úBÉ �

ýÜ¯Bª¥ÂK¡¥ &Â+¹¿¤IÂ,ª	¯c£¥Â,¹¦³)¨@Æ�Ë&§@ª»ª�³�«B³�¤¿ª�ÀB¨,½&³�ª�¨M«B³�³Bª¥«c¨,§@¹¦³�½�Ç
ÈM½¢³�¡ëì�³� &¤¦ª¥Ä:ª¥³)¨�¨@§,½¢¹¿Â�¡¥ ©³� &«cÊ Â,½&³)¨�À�½¢Â@Â,¹¦´B¤¿ª¥Â�À�½&«�§�¤¿ 
¯c£¥Â,¹¿³¢¨@£�Ë¢§@ ©¨,¹¿½&³

tt̄
Éc«�³�¡¥ ©³� &¤C¶� &¯B§,½¢³B¹¿Ã)«BªÅâ	���BÉûú:ý:äÒ«B³�¡¥ �¸

³� ©¤IÂWª¥Ä:¹¦¸ð¤¦ª¥Àc¨,½¢³B¹¿Ã)«Bª�â
� � É��9ý:äÒª�¨M«�³�¡¥ ©³� &¤<¯c¹¦¸�¤¿ª�ÀB¨,½&³�¹¿Ã)«Bª
âø�BÉ � ý:ä2âÑ¡ÏçÇcì�Ë¢«B§@ª»ü�Ç¦ø7äÏÇ
�I �¨@§,Æ�Â�´�½&³B³�ªëª���¡¥ &¡�¹í¨@£ë¯cªp§,ª�¡�½¢³�Â¨@§,«�¡Ï¨,¹¿½&³ö¯Bª¥Â�¤¦ª¥Àc¸

¨,½¢³�ÂgÀ� ©§f¤¿ªÒ¯c£�¨,ª�¡Ï¨,ª¥«B§ZÒÕÍÖ�ª�¨f¤¦ª�Âf§@ &ÀBÀ�½&§,¨@Âg¯C� ª¥Ä�´B§µ ©³�¡µ¶Bª�¸
ÄÅª�³)¨@ÂS¹¦ÄÅÀB¤¿¹¿Ã)«Bª¥³)¨S¤Ñ� «c¨@¹¦¤¿¹¿Â@ �¨@¹¦½¢³�¯c«9¡� &³� ©¤�Â,ª�ÄÅ¹¦¸�¤¿ª�ÀB¨,½&³�¹¿Ã)«Bª
¡�½¢Ä:ÄÅª® �Êcª#¯cª#§,ª�¡µ¶Bª�§µ¡µ¶Bª¢Ç á ¡¥ ©«�Â,ª#¯BªM¤¼ �Â,¹¦Ë¢³� �¨@«B§,ª#ª�ÊcÀ�£�¸
§,¹¿ÄÅª�³)¨@ &¤¦ª+¯c«Å¤¿ª�Àc¨@½&³·¨@ ©«<É©ÂWª¥«B¤¿Âf¤¿ª¥Âf£¥¤¦ª�¡Ï¨@§,½¢³�Âgª�¨�¤¦ª�ÂfÄ�«B½¢³�Â
ÂW½¢³)¨fÀ�§,¹¼Â�ª�³�¡�½&ÄÅÀc¨,ªK¯� ©³�Â�¤¿ªK¡� &³� ©¤BÂ,ª�ÄÅ¹¿ª�¸ð¤¦ª¥Àc¨,½¢³B¹¼Ã¢«�ª&Ç&�<ª¥Â
¨@ &«�Â	ÀB§@£¥Â,ª�³)¨@ª�³)¨	«B³ô¨,ª¥ÄÅÀ�Â�¯cª�¾)¹¿ª�¨@§,½¢À;¡�½&«�§W¨	À�½&«B§·¤¦ª¥«B§
½&´�Â,ª�§@¾� �¨@¹¦½¢³»¯B¹¦§@ª¥¡�¨,ª&Ç¥å�¤¿ÂIÂWªÐ¯B£¥Â,¹¦³)¨,Æ¥Ë&§@ª�³)¨hª�¨gÀB§@½]¯B«B¹¿Â,ª�³)¨I¯Bª¥Â
Ôª�¨µÂ<¯B &³�ÂC¤�� £�¨@ �¨Cì�³� ©¤�Ç¥�<ª¥Âh¯c£�ÂW¹¿³)¨,£¥Ë&§µ �¨,¹¿½&³�Â�Â,ª�ÄÅ¹¦¸�Ä·«B½&³�¹¿Ã)«Bª
ª�¨�ÂWª¥ÄÅ¹í¸ð£�¤¿ª¥¡�¨,§@½&³B¹¼Ã)«Bª�£�¨,«�¯c¹¿£�ª�ÂÅÀ�½)Â,Â,Æ¥¯Bª�³)¨Å¯Bª�«cÊ���¡��©¨@£¥Â���Ç
�hª:¡��©¨@£�¶� ¢¯c§@½&³B¹¼Ã)«Bª	À�½&«B§#¤¦ª�¨,½&ÀëÂWª:¯c£¥Â,¹¦³)¨@£�Ë&§µ ©³)¨M¶� &¯c§@½©¸
³B¹¼Ã¢«�ª�ÄÅª�³)¨Kª�¨K¤¿ª	¡��&¨,£»¤¿ª�Àc¨@½&³B¹¼Ã)«Bª2À�½¢«B§U¤¿ª»¨,½&À�Â,ª	¯c£¥Â,¹¦³)¨@£�¸
Ë&§µ ©³)¨+¤¦ª¥Àc¨,½¢³B¹¿Ã)«Bª¥ÄÅª�³)¨¥Ç
�I �Â,¹¦Ë¢³� �¨@«B§@ª	ª�ÊcÀ�£�§@¹¦ÄÅª�³)¨µ ©¤¿ª·¯cª·¨,ª¥¤¦¤¿ª¥Â®¯c£¥Â,¹¿³¢¨@£�Ë¢§@ ©¨,¹¿½&³�Â

ª¥ÂW¨M¤�� ½¢´�ÂWª¥§,¾� ©¨,¹¿½&³Î¯B &³�ÂK¤¿ª�¯c£�¨,ª¥¡�¨,ª¥«B§®¯h�  &«cÊ�ÄÅ½¢¹¦³�Â#Ã)«� �¨@§,ª
Ôª�¨µÂ·¯c½¢³)¨:¯cª¥«cÊp¹¼Â@ÂW«�Â:¯cª�Ã)«� &§,Ìp´hÉg«B³;¤¿ª�Àc¨@½&³ âãÄ�«B½¢³;½&«
£�¤¿ª¥¡�¨,§@½&³�ä�¯cª�¶� ©«c¨@ª�£�³Bª¥§,Ë¢¹¦ªôª�¨Í¯Bª�¤Ñ� £�³Bª¥§,Ë¢¹¦ªô¨@§@ &³�Â,¾&ª�§µÂ,ª
Ä� ©³�Ã)«� &³¢¨@ª&Ç

τ+τ   1%

τ+µ   2%

τ+e   
2%

µ+µ   1
%

µ+e  
 2%

e+e 
  1%

e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%

"lepton+jets""dileptons"

Top Pair Branching Fractions

���	����ü�Ç¦ø��#¬M¹¿ÂW¨,½¢Ë&§µ ©ÄÅÄÅª�§,ª¥ÀB§@£¥Â,ª�³)¨@ &³¢¨C¤¿ª¥Â<§@ &ÀBÀ�½¢§W¨µÂC¯C� ª�Ä:¸
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Ç�ÈrÉ_ÈrÉ ÊcËvÌpÍlÎ�Ï1ÐmÏ�ÑbÒwÍ�Ó^Ó'ÔwÓ'Ï�Õ�Ö�×CÏ1Ð�Ø�ÑvÍ�Ó
Ù�Ú�Û(Û!Ü'Ý1Þ�ßLÚ�Ûlàlá Ú�Þ�Þ�ÚLÝ1ÞSÛlÛ�â�Ûmã�äLå�æ�ã�ç$ècÝ1ÚfÛ�Û�Ü écã�é1Ü'åeê1Þ�ÚLÝ	Û�Ú�Û�ë

ì Ü ç:ß�çMÝ	é1Ú*äLé�Ý1åOäLÞSæ�ã�ç5Ü'éGà�ÚfÛ�í1î$Ý	Û_ç$å4í�Ü Þ�ã�æ écã�Ú�Û�ï
ç$é	ß�Ú�Þ!ã�ç,ã�Ý	à�ÚfÛ�Ú�ð�í�äLÞ�ç5åOÚLécãSæ&î$Ú�Û.ñ
ò î$æ ì æ î5Ú�Ý1Þwà�Ú.î$æ4î$Ý1åOç5é	Ü'Û�ç,ã�ä
ò î5ÚfÛ�Ú�ó=ß�æ ß�ç5ã�äfÛ�à�Úã�Þ�ç5ô'ô Ú�Þ
ò îrá Ú�ó=ß�æ ß�ç5ã�ä3àlá äLã�ç:è'Ý	Ú�ã�æ ô Ú*à�ÚfÛ(õmÚ�ã�Ûwê
ò î$æ�ßLÜ Þ�Þ�Úfß8ã�ç5Ü'éyà�Ú�Û�õmÚ�ã�Û
ç$é	ß�Ú�Þ!ã�ç,ã�Ý	à�ÚfÛ_ã�ö1ä�Ü Þ�ç$ècÝ1ÚfÛ*÷�ípà�ø�ù.ñ
ò î$æOí�Ü'Û�ç5ã�ç$Ü éoà�Ýoí1ç$ß*à1ÝEÛ�ç5ô'é	æ&î
ò î$æOÞ�ä�Û�Ü î$Ý�ã�ç5Ü'éGà�ÝkÛ�ç5ô'é	æ&î
ò î$æ�ècÝ1Ú�Ý1Ú*à�Ú3à�ç:Ûmã�Þ�ç$ê1Ý�ã�ç5Ü'éEà1ÝoÛ�ç$ô é	æ î
ò î$æ4ø�Ü'Þ�åOÚ*à�ÚfÛ�ø�Ü é	à1Û
ò ç5åOí1Ý1ã�ä3æ&Ý1ðyßSö1Ü ç5ðyà�Ú�Û_ípà�øjÝ�ã�ç$î$ç$Û�äLÚfÛ÷rÛ!ç$ô é/æ&îpÚ�ã_ø�Ü é/à	ù

ú=ûmü ýþ�ÿ�����ÿ����	��
��Cÿ
ÙCæ�	ô'Ý1Þ�Ú��	ï µ åOÜ écã�Þ�Ú î$Ú�Þ�äfÛ!Ý1î5ã�æ&ãAà1Ú î-á æ é	æ&î$â�Û!Ú�à�Ý

Û!í�Ú�ß�ã�Þ�Ú à�Ú å�æ Û�Û!Ú ç5é ì æ&Þ�ç$æ écã�Ú«ã�Ü í¥æ é'ã�ç��-ã�Ü'ílï���î5î$Ú�í1Þ�ä��
Û!Ú�é'ã�Ú�à�ÚLÝ1ð æ Û�í�Ú�ß8ãSÛLëvÝ1é æ Û�í/Úfß8ãªæ&ã!ã�Ú�é	à�Ý�Ú�ã[Ý1éZæ Û�í/Úfß8ã
Ü ê	Û�ÚLÞ ì ä'ï�Ù�á æ Û�í/Úfß8ãGæ&ã!ã�Ú�é	à�Ý«Þ�ÚLí1Þ�ä�Û�ÚLécã�ÚEî$Ú�Û��	Ý	ß�ã�Ý	æ&ã�ç$Ü é	Û�ë
� ����� à�Ý¦é1ç ì Úfæ&Ý¦à�Ú ßLÜ é��æ&é	ßLÚ ëGà1Ú�Û Û�Ú�ß�ã�ç$Ü é	Û¬Ú�ó��
ßLæ ßLÚ�Û�à�Ú�Û�ø�Ü é	à	Û�ç:Û�Û�Ý	Û�à1Ý �kÜ�à�!Lî$Ú#"�ã�æ&é/à1æ&ÞSàMï�$bÚ�Û�í	Û�ÚLÝ	à1Ü%�
Ú�ð�í/ä�Þ�ç$ÚLé/ß�Ú�Û&�kÜ écã�ä'�)(�æ Þ�î$ÜoÛ!Ü'é'ã*Ý�ã�ç5î$ç:Û!ä�Ú�Û3í�Ü Ý	Þ*î5ÚfÛ3à�ä�ã�ÚLÞ*�
å4ç$é1Ú�Þ�ï�Ù�á æ'Û!í�Ú�ß�ã�Ü ê	Û�ÚLÞ ì æ�ã�ç$Ü é	é1ÚLî_Þ�ÚLí1Þ�ä�Û�ÚLécã�ÚEî$Ú�Û��	Ý	ß�ã�Ý	æ%�
ã�ç$Ü é	Û*à�Ú�î:æoÛ!Úfß8ã�ç5Ü'é[ÚLó�ß�æ ßLÚ4à�Ú�í	Þ�Ü�à�Ý	ß�ã�ç$Ü éà�Ý,+(áMåOÚ�Û�Ý��
Þ�ä�Ú�Û � í	æ&Þ�ã�ç$ÞOà�Ú�Û4à�Ü é	é1äLÚfÛ3Ú�ã�à�ÚGî$æªå4ç$é1ç$åOç$Û�æ�ã�ç5Ü'é]à�Úyî:æ
ø�Ü é	ß�ã�ç$Ü ékà�Ú ì Þ�æ ç$Û�ÚLåRê1î:æ&é	ßLÚ ï

-/.1032��1ï µ ò (�Ü Ý1Þ�ê/Ú_æ�ã�ã�Ú�é	à�Ý1Ú�Ú�ãjÜ ê	Û�ÚLÞ ì ä�Ú�à�ÚfÛ��/Ý	ß8ã�Ý	æ�ã�ç5Ü'é	Û� �4��� à1ÝEé	ç ì Ú�æ&Ýoà�Ú*ß�Ü'é�/æ é	ß�Ú*Û�Ý1Þ�î$æOÛ�Ú�ß�ã�ç$Ü éEÚ�ó=ßLæ'ß�Ú*à�Ú
í1Þ�Ü�à�Ý/ß8ã�ç$Ü ékàMá Ý1é5+(á$ï

Ù�Ú�Ûoí�Ü ç$é'ãSÛoÜ ê	Û�ÚLÞ ì äfÛGà1Úî:æ6	ô Ý	Þ�Ú7�1ï µ ÷~ÚLé Þ�Ü'Ý1ô Ú�ùyÛ�Ú
ê	æ Û�ÚLécã�Û�Ý1Þ�î$Ú�Û�à�Ü é	é1äLÚfÛ�ÚLé	Þ�Ú�ô ç:Ûmã�Þ�ä�Ú�Û�à�Ý	Þ�æ é'ã�îrá æ&é1é	äLÚ98;:=<;<
í	æ&Þ�(/�5"pï>(�Ú�ã�ã�ÚoÛmãSæ�ã�ç$Û!ã�ç:ècÝ1Úyé1ÚGí/Ú�Þ�åOÚLã4í	æ'ÛRàlá Ü'ê	Û!Ú�Þ ì ÚLÞ

àMá ä ì ç$à1ÚLé	ßLÚEà�ÚEé1Ü'Ý ì Ú�î5î$ÚGí	öcâ�Û�ç$ècÝ1Ú'ï@?wÝ	ßLÝ1é1Úoà�Ú�Û��	Ý/ß8ã�Ý/æA�
ã�ç$Ü é	ÛeÜ ê	Û�ÚLÞ ì ä�Ú�Û*à�ÚfÛ ì æ&î$ÚLÝ	Þ�ÛRà�ÚyÛ�Ú�ß8ã�ç5Ü'é^Ú�ó=ßLæ'ß�Úyà1Ú=í1Þ�Ü%�
à�Ý	ß�ã�ç$Ü é[à1Ú�+(ápélá Ú�ð1ß�!fà�ÚLécãî5ÚfÛ ì æ&î$ÚLÝ	Þ�Ûæ�ã�ã�ÚLé/à�Ý1Ú�Ûà1æ é	Ûvî$Ú
ßLæ'Û�à�ÝB�kÜ�à�!Lî$ÚC"cã�æ é	à1æ&ÞSàMï

ú=ûED FHGCIKJ/���Eÿ�L�G&I
?�ß�ã�Ý1Ú�î5î$ÚLåOÚ�é'ã�æ ì Ú�ß 4, 68 fb−1 à�Úwà1Ü é1é1ä�Ú�ÛjÚ�é1Þ�Ú�ô ç:Ûmã�Þ�ä�Ú�Û

í	æ&Þjî-á ÚLð�í/ä�Þ�ç$ÚLé	ßLÚM(/�N"pë&ç$î�élá ÚfÛmã�í�Ü ç$écãjÜ'ê	Û�ÚLÞ ì ä�à1Ú�é	Ü Ý ì ÚLî$î5Úí1ö�â�Û!ç:ècÝ1Úà	æ&é	Û_î$Ú*Û!í�Ú�ß�ã�Þ�Úà�Ú.å�æ Û�Û�Úbç$é ì æ Þ�ç:æ&écã�Ú tt̄ ï���éEÞ�Ú��
ì æ&é	ßSö1ÚOî$Ú�Û.î$ç5åOç5ã�ÚfÛ3Û!Ý	Þ*î5ÚfÛ3Û!Úfß8ã�ç5Ü'é	Û.Ú�ó=ßLæ'ß�ÚfÛà1Ú�í1Þ�Ü�à�Ý/ßO�
ã�ç$Ü é4à�Ú_é1Ü Ý ì ÚLî$î5ÚfÛ�í/æ&Þ�ã�ç:ß�Ý1î$Ú�Û�ë�æ�â'æ&écã�Ý	é1Ú�Û!ç$ô é	æ&ã�Ý1Þ�Ú�í	Þ�Ü�ßSö1ÚàMá Ý1é\ê�Ü'Û�Ü é	ÛP+å�æ&ç:ÛwÝ1é1ÚRå�æ Û�Û!Ú3í	î5Ý	ÛbäLî$Ú ì äLÚ'ë/Û�Ü écãvé1ÚLã!ã�Ú'�åOÚLécãwÞ�Ú�í/Ü'Ý	Û�Û!ä�Ú�Û�ï

Ù�ÚEÙ�Q#(�í	Þ�Ü õmÚ�ã!ã�ÚGí�Ü Ý	ÞRî-á æ é1é1ä�ÚR8;:=<S8kÝ1é1ÚEî5Ý1åOç$é1Ü'Û�ç5ã�ä
ç5écã�äLô Þ�äLÚà�Ú.îrá Ü ÞSà�Þ�Úbà�ÚC8;: ��T :

fb−1 Ú�ã�Ý1é1ÚäLé	ÚLÞ�ô ç$Úà1æ é	Û
î5ÚGß�ÚLécã�Þ�Ú=à�ÚyåOæ'Û�Û�Ú=à�Ú�UBV�ÚXWRï@(�ÚfÛ3æ&Ý1ô'åOÚLécã�æ&ã�ç$Ü é	Û*í�ÚLÞ*�
åOÚ�ã!ã�Þ�Ü'écãRàMá æ&åOäLî$ç5Ü'Þ�Ú�Þ*î$ækßLÜ Ý1Þ�ê�Úyà�Ú�Û3î5ç$åOç,ã�Ú�Û ì Ü ç$Þ*å�YLåOÚ
àMá Ü ê	Û�ÚLÞ ì Ú�Þ�à�Ú*î:æ4é1Ü Ý ì ÚLî$î$Úí	öcâ�Û�ç$ècÝ1Ú'ï

Z �M[A�\�jþMI�J�þ�ÿ
] <�^�_�æ&é	ôa`_æ&ç-ë9b'Ü�?wé	é1Ú]Ù�ïPQwÚdc�ÚLã!ãfë#bcæ&Þ�Ú�àfe*æ&í	î$æ éZÚ�ã
V_ö1Ü'åOæ'ÛBg4ïih�çkjdjLÜ/ëwÙ�Q#(ml�Þ�Ú�à�ç:ß8ã�ç5Ü'é	ÛEø�Þ�Ü å ænVCÚ��
ì æ�ã�Þ�Ü'éo?wé1Ü'å�æ&î$â ç$é ã�ö1ÚpV�Ü'írqbÝ	æ Þ*sut	Ü ÞEc�æ Þ�àv�
`_æ ß	svc_æ&ÞSà�?vÛ�â�å4åOÚLã�Þ�â ë1æ&ÞEwvç ì ñx<;<S:=< ïy�;8;: T ì <'ï

] 8z^&h*ï@�^ï@Qvæ Þ�Þ�ç:ÛLë@(bï�V.ï@Qvç5î$îrë�æ é	à6"pï@b/ï�l�æ Þ*s'Ú ë{(�Þ�ÜcÛ�Û
"�Úfß8ã�ç$Ü é4ø�Ü'Þ>V�Ü'í�ßLÜ î$Ü Þ

Z ′
t

à�ÚfßLæ�â�ç5é	ôbã�Ü
tt̄
ë'æ Þ*wbç ì ñ ö1Ú�í��

í1ö}|%�;�~<;<S8;U;U	ï
] T ^3öcã!ã�í ñ�|;|�ípà�ô/ï î$ê1î-ï ô'Ü ì |;8%:~<;<z|�î5ç:Û!ã�ç$é1ô'ÛO|�Þ�í1í�8A:~<%<��7î$ç$Ûmã��-ã��ècÝ	æ&ÞEspï ípà�ø
] ¶ ^�(�Ü î$î:æ&ê�Ü ÞSæ�ã�ç$Ü éB(/�5"pë�"�Ú�æ Þ�ßSöEø�Ü Þ9h�Ú�Û�Ü é	æ é	ß�ÚfÛ_ç5éoã�ö1Ú
$bç õmÚLã9�\æ Û�Ûi"�í�Ú�ß�ã�Þ�Ý1å¥ø�Þ�Ü å���V�ÚXW í1í5(�Ü î$î5ç:Û!ç$Ü é/Û�æ�ã
(/�5"pë1æ Þ*wbç ì ñk<�<d:4��ï ¶ �;��< ì <

] �z^&V.ïy"vsvc�æ Þ�é1ç:ß	s�çrëol�ölï $ V_ö1Ú�Û�ç$Û�ër$��3"v_ t T <��XU µ �
:�8	÷)<S�;U µ ù8ëv?wí1í�ÚLé/à�ç,ð��wï
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ª�±@±/´AÉ;Ê~ËOÌÍ´;Ë~Îi²E´;Ï�Ð�®#Ñ/µd¼}±/ÉA´

ÒvÓxÔ~Õ'ÖC×%ØxÙ�Ú4Û)Ü\Ö'ÓxÝ;Þ4Ü)ß�ß�Öd×;àEÛdá�ÖdâvÓxã�ÖdÔ~Õ�ÖSÛ\Ú%ä�Ü*Þ=ÖPÖ'åvÓæÛ�Ü*Ö'Ô�Õ�Ö
Ú%ä�×;Ô&ç=Ô=èvÔ=ÚAéMÔ&è4ÓxÔ~ã&Ú%ä~Ù¿×AÜ*Ü*Ödà�ÓxÔ&Ú�ç=à�ç~Ô=Ókâ�Ö'à	Û�Ö3Þ~×zâ;Ö>ê�ÖdÖ'Ô
Õ�Ú;ØxØxÖdÕOÜEÖdã�ëSì�Ókí�Ö'àEÖ'Ô4Ü�×;Û�Ü*àEÚ;î=Þvß�Û*ÓxÕd×%Ø%×;Û�é/Ö'ØxØ�×�Û�Õ�Ú4Û�Ù�Ú;ØxÚ;Ý�ÓxÕd×%Ø
Ú;ê~Û*Ö'àEâA×AÜ*ÓxÚ;Ô�Û�Õd×%Ô&ê}Ö/ÓkÔ4Ü*Ödà*î~à*Ö'Ü*Ödã&êvßCÕ�Ú;Ô�Û�Óæã�Ö'àEÓxÔ=ÝiÜEÞ=Ö\Ö�å�ÓxÛ�ï
Ü*Ö'Ô�Õ�Ö�Ú%ä3Û�ÜE×;ê=ØxÖ;á�Ô=Ú;Ô=ïðÕ	Þ~×;à*Ý�ÖdãB×;Ô~ã»Ô=Ú�Ô�ïXÕ�Ú;ØxÚ;àEÖdãRî�×%à*Ü*ÓæÕ�ØxÖdÛ
éMÞ=ÓxÕ	Þ�Õ�Ú�Ô�ÜEÓ�ÜEç�Ü*Ö#ã=×%àEè�Ù�×%Ü�ÜEÖ'à�ñòì#ó5ôOë~õ3Ú�Ô~Û�ÖSö4ç=Ö'Ô4Ü*Øxß;ávÕ'×;Ô�ï
ã�Óxã~×AÜ*ÖSÛ�Ü*Ú÷ì#óøÓxÔ�ÜEÖ'à	×;Õ�Ü�é/Öd×;èvØkß÷éMÓkÜ*ÞùÚ�àEã=ÓkÔ~×;à*ßúÙ¿×%Ü�Ü*Ödà
Ù�×�ã�Ö&Ú;ä{î~×%à*Ü*ÓæÕ�ØxÖdÛ�Ü*Þ�×AÜ#Õ'Ú;Ù�î}Ú;ç=Ô~ãBÜ*Þ=Ö�Ò4ÜE×;Ô~ã=×%à	ã»óBÚ�ã�ÖdØ
Ú%ä�î~×;à�ÜEÓxÕ'ØkÖ î=ÞvßvÛ*ÓæÕ'Û�ñûÒ�ó5ô�á�éMÞ=Ö'àEÖ ØxÖ�äüÜ*ïÍÞ~×;Ô~ã�ÖSãúÔ=Ö'ç=Ü*àEÓkÔ=Ú4Û
Õ'×%ÔùÚ�Ô=Øxß,Ö�å�î=Øæ×%ÓxÔù×úØxÓ�Ü*Ü*ØxÖ»î~×%à*Ü�Ú%äPÜEÞ=Ö5×%Ù�Ú�ç=Ô4Ü�Ú%äCì9ó÷ë
ý ÔBÜ*Þ=ÓæÛiî�×%î}Ö'àSá ý éMÓkØxØ�Õ'Ú;Ô~Û*Óæã�Ö'à\ÜEÞ=Ö�Õd×;Û*Ö�Ú%ä{Õ�Ú�ØxãRì#óuî~×%à*ï
Ü*ÓæÕ�ØxÖdÛ&ñÍþ#ÖXÿiï���ÖXÿ Û*Õd×%ØxÖ�î~×%à*Ü*ÓæÕ�ØxÖdÛ	ô/ÓkÔ»Û*ç=î}Ö'à	Û�ßvÙ�Ù�Ö�ÜEà*ÓæÕ#Ö�åvï
Ü*Ö'Ô�Û�ÓxÚ;Ô~Û�Ú;ä�ÜEÞ=Ö5Ò�óúá{×;Ô~ã,ÖSÛ�î}ÖdÕ'Óx×;ØkØxß ý éMÓkØxØi×%Ô~×;Økß��dÖ ÜEÞ=Ö
Õ'×;Û*Ö&Ú;ä{Ü*Þ~Ö�àEÓkÝ�Þ4Ü�ïðÞ~×%Ô~ã=Ödã»Û*Ô=Ö'ç=Ü*àEÓkÔ=Ú�ì9óoÓkÔ��&ñ��Sô�Ö�åvÜ*ÖdÔ�ï
Û�ÓxÚ;Ô~ÛiÚ%ä�Ü*Þ=Ö�óBÓkÔ~ÓkÙ¿×%Ø�Òvç=î}Ö'à	Û�ßvÙ�Ù�Ö�ÜEà*ÓæÕ&Ò4Ü	×%Ô~ã=×;àEãRóBÚ�ã�ÖdØ
ñòó5Ò=Ò=ó5ôOá}Õ'×%ØxØxÖdã���ó5Ò=Ò=óúë

	�
��	 � �P �¦O¨#�P �¦��&�����A�������������r�P � ����
�C�����! �"#���$�&%���'�/ !�(% ¡) ��� �¦���*

+&,.-�+/-0+ 1 ���~�������v����� �32�4������������
ÒvÖdâ;ÖdàE×;ØiÓkÔ�ã�ÓxÕd×AÜEÓkÚ�Ô~Û�Ú;äCÙ�ÓæÛEÛ�ÓxÔ=Ý÷Ù¿×AÜ*Ü*Ödà é/Ö'àEÖBÖdÛ�ÜE×%ê~ØkÓkï

Û�Þ=ÖSãaêvßùä1Ú�Õ'ç~Û�ÓxÔ=Ý Ú;Ôfã�Ókí}Ödà*ÖdÔ�Ü»ÛEÕ'×;ØkÖSÛKÚ;ä�Ú�ç=àRç=Ô=Óxâ;Ö'à	Û*Ö;ë
5 Óxà	Û)Ü�Ú;ä�×;ØkØÍá~×%ÜMÜ*Þ=ÖCÝ4×%Øæ×Aå�ß ÛEÕ'×;ØkÖ�ávÜ*Þ=ÖdÚ;àEÖ�Ü*ÓæÕ'×;Ø�î=àEÖdã�ÓæÕOÜEÓkÚ�Ô~Û
Õ�Ú;Ù�ÓxÔ=Ýúä1àEÚ;Ù Økç=Ù�ÓxÔ=Ú;ç�Û�Ù¿×AÜ*Ü*Ö'àKã�ÓxÛ�Ü*àEÓxê=ç�Ü*ÓxÚ;Ô ×;Ô~ã76iÖdé\ï
Ü*Ú;Ô~Óx×;Ô÷Ý;à	×zâvÓ�Ü)ß°Þ~×zâ;Ö ê�ÖdÖ'Ô6Û*Þ=ÚAéMÔ7ÜEÚNã�Ödâ4Óæ×AÜEÖ Ö'å4ÜEà*ÖdÙ�Ö'Øxß
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á�à�ê}Ö'ÓxÔ=Ý ÓkÜEÛ�àE×�ã�Ókç�ÛMÜ*Ú�Ü*Þ=Ö&Õ'Ö'Ô4Ü*Ödà

Ú%ä,ÜEÞ=Ö�Ý�×;Øx×%åvß�ë ý ÜCB Û�Ô=Ú;Ü�Õ�Ú;ÔAD~à*Ù�ÖSã�êvß�Ö�å�î�Ödà*ÓxÙ�Ö'Ô4ÜE×;Ø
Ù�ÖS×;Û*ç=àEÖ'Ù�Ö'Ô4ÜEÛRéMÞ~ÓxÕ	ÞfÛ�Þ~ÚAé ×FE�G�×%ÜIH7ê�ÖdÞ~×zâvÓkÚ�ç=àRÚ%ä�Ü*Þ=ÓæÛ
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î=à*ÚvÚ;äòÛ\Ú%ä@ã�ÓxÛEÕ�àEÖ'î�×%Ô~Õ'ß¿ê�Ö'Ü)é3ÖdÖ'Ô�Ü*Þ=ÖdÚ;àEÖ�ÜEÓxÕd×%Ø�Ö�å�î}ÖdÕOÜ	×AÜEÓkÚ�Ô~Û
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éMÓ�ÜEÞ�Ü*Þ=Ö�a�ç=ê=ê=ØxÖ&Õ�Ú�Ô~Û�ÜE×%Ô4Ü\Ü*Ú�ã=×zß
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uc dc G ec νc Hu Hd S√
40Qχ −1 −1 3 3 −1 −5 2 −2 0√
24Qψ 1 1 1 1 1 1 −2 −2 4
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U(1)χ TVUXW U(1)ψ Y<T[Z\Z^]`_baX]�c@W.d�eXTV_gfh]�i Q

T[U&fhcj] αZ k ig]`]l_^]nm Q!ojNPp�q msrh_
Y<rV_^]tW7]`Z^T[u@cvi
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M2
Z1,Z2

=
1

2

(
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Z′ ∓
√
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+ 4∆4

Z
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k NPO&Q � y� u�Z^e
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2∆2
Z

M2
Z2

−M2
Z1

. k NPO&Q�� y
MZ1
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u@U w ~&Z w T[_�T[Y<]nZ^]`_�i Q� U.Z^e&]t�
u@fVf1i
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rhU |αZ | | � e&uvd�e�uvi
ZÆx w uvd`TVcjc@x.{5]�cjr �T¶ms] � 10−3 _�TVW k ig]`]Ã_^]nm Q}o�Ç[O3q y Q

z e&]È��ujfhfhi.ig]�dCZ^rV_.uvi¹i\]��V]`_^]`c@xÉdnrhUXi\Zg_�T[u@U&]�W¾{1x¾c@T[Zg]�i\ZG � � ig]�TV_^d�eX]�i�rhU �7¼ � cju@�V]��
u@fVfhi Q � ujUXd`]ÊZ^e&]�igujUXfVc@]nZdnrVY w rVU&]�U1ZbrVm h1
� ThiJTVc � T�x7iJigY�T[c@cËrVU�rh~&_ iÆZ^~XW7xh|7cju@Y<u�Z�iT[_^]`U}Ì Z¹Y¶r7W7ujaX]PWÍigu@fVU&uja5d`TVU1Zgc@x Q Î x�Z^TV�1u@U&f�u@UhZ^r�TVd`d`rV~&U1Z_g]`mÏi Q�oÐE | p[q | � � u@cjc�ige&r � _^]�ig~&cjZ^i�rVm�fhcjrh{XT[c�i^d`T[U � ujZge

123 Ñ ]¸· < mh1
< 127 Ñ ]¸· Q

Ò {Xig]`_^�3T[{&c@]�ibu@U�Zge&] B i\]PdCZgrh_ w _^r3�1uvW7]ÃT[cvi\r�d`rVUXi\Zg_�T[u@U1Z^irVUÃZgeX]Jig~ w ]�_^igx>Y<Y¶]`Zg_^u@d w T[_�T[Y<]nZ^]`_)i w Thdn]$TVi^ig~&Y<ujU&f�Y¶u@U&u �Y<TVcVÓ�T��VrV~X_)�>ujrhc@T[Zgu@rVU Q ¼ ]�Thi\~X_g]�Y¶]�U1Z^i}rVm&Y�TVi^i)W7ujÔ�]�_g]�UXdn]Pi
∆Md,s r[m Bs Y<]�igrVUXi¶T w&w ]�TV_lZ^r�{�]�W7ujÔ�]�_g]�U1Z*ms_^rVY �7¼

w _^]�W7uvdCZ^ujrhUXi`|7]Pi w ]�d`u@TVcjc@x�msrh_ ∆Ms k i\]�]:_^]nm Q)o Ç&NCq y:Õ
∆Ms = 17.63± 0.11 ps−1, ∆MSM

s = 20.5± 3.1 ps−1
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���M©Q¢6²�¥n¨Q¥¤&ª ¬®¢6²�¥�¤g¤g¥¨Q¥ºN�M¡y¦.£N�M¥
¬�¤g¥T¢I \�M©<¿:��¡gº�¤g¥<°NÀ-¥���¤g£N¦TÁN¤y�u¨Q¬���¥�§p¨���§N¢�¥¨Q¥®¦m�N���6��³�»� M�\¥T¦mÂ
¤+ª ¬T¢6²�¥T¤(¤g¥ ·Q¸-·`¹ ¥�§`¯<¥T�\¦Ã¢1¥T£QÄ¨Q¬1Åp§�¡g¦�Â�¤&ª ¬®¢6²�¥�¤g¤g¥ µ ¸-Æ §hª ¥T¦. 
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∣
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∣
∣
∣
∣
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∣
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�"¯<¥T¢7Ð
Ò MZ ∼ ΛEF

¤y�7³��<¦\¦.¥,¨Q£Ëºp©t¦.©V§ Z0 Á
Ò pGUTi = �N�<�\�<³�»1 M�\¥T¦�¡g§N¨Q¬���¥�§p¨���§t \¦�Â�¤&ª ¬®¢6²�¥�¤g¤g¥ µ ¸-Æ Á
Ò pSUSYi = �N���6��³�»1 \�M¥®¦BÂ¤+ª ¬T¢6²�¥T¤(¤g¥ ·�¸-·t¹ ©<ºQ \¥�§`£N¦B¯t¡y�
¤(¥®¦m¬T´t£N�� M¡g©<§N¦q¨Q£Ë½V�M©V£��p¥9¨Q¥9�\¥�§N©<�\³��<¤(¡y¦\�@ M¡g©<§o°

É ¥T�p¥T§N¨���§t ®Á�¤y��§�©<§Ó©VºN¦M¥��\¯"�� M¡g©<§Ó¨Q¥®¦,¦.£���¥��\�N�<�. \¥�§N�<¡(�\¥T¦
¥�§Ô¢1©<¤g¤g¡g¦M¡(©V§�¥�£N�\¦
��¤y�<¢�¥P¨Q¥®¦Ë¤(¡g³�¡$ \¥T¦Ë¡g§Q¿Ì¬��\¡g¥�£��\¥T¦Ë¦M£��Ë¤(¥T£��
³��V¦M¦M¥<°*Õ-�¼�N¤(£N¦ ΛSUSY

¨Q©V¡$ 
Ö1 M�\¥×½V�\�<§N¨�Á ��¤(£p¦¼¤g¥zÊÃ¡g§�¥Æ £�§N¡(§�½|¥®¦� �¡g³��p©V�. 6��§t TÁ�¥� ��M¥T§N¨«¨Q¥�³�©<¡g§N¦,¥�§«³�©<¡g§N¦,§N��
 M£��\¥�¤g¤(¥®¦B¤g¥T¦B¥1Ä` M¥T§N¦M¡(©V§N¦ ·Q¸�·t¹ ¨Q£¼Ø · °`ØÓ�<¡g¦B¤g�,¿:�VÙ1©V§u���\¬1
¢1¡y¦.¥�¨Q©<§t  ¯@�9¬T¯<©V¤(£�¥T�B¤g¥-ÊÃ¡g§�¥ Æ £�§�¡g§�½n�"¯V¥T¢m¤g¥T¦ ¢1©V§V \�\�<¡(§t \¥T¦
¥1ÄQ�p¬T�M¡g³�¥�§t \�<¤(¥®¦B¨Q¬T�p¥T§N¨u¨Q£¼³7©Q¨Q»T¤(¥ ·Q¸-·`¹ ¢�©<§N¦M¡g¨�¬��\¬<°tÉ ¡(
�����\»T¦�§�©V£N¦����\¬T¦M¥�§t \¥��\©<§N¦7£�§�¥z��§N�<¤(¾Q¦M¥Ë¨�£ÚÊÃ¡g§�¥ Æ £�§�¡g§�½
¨���§N¦�¨Q¡(¯V¥��6¦2³7©Q¨Q»T¤(¥®¦ ·Q¸-·`¹ °
À-¥|��¤g£N¦�¤(¥®¦�³�©`¨�»�¤g¥T¦ ·Q¸-·`¹ �p¥T�M³�¥1 M M¥T§V u¨Q¥Ë�\¬T¦M©<£N¨��M¥

¨�ª �<£Q M�\¥T¦7���\©<ºN¤(»T³7¥®¦¨Q£ÚØ · ¥�§��N�M©V�p©t¦M�<§V n�N���7¥1ÄQ¥�³���¤g¥
£�§�¢T��§N¨Q¡y¨���  ¯@��¤y��º�¤g¥���©<£N� ¤y��³��@ \¡(»T�M¥-§�©<¡g�\¥<Át£�§�¥�¥1ÄQ��¤g¡g¢T�@
 M¡g©<§Û¨Q¥u¤y�|¯@��¤g¥�£N�¨Q£ (g − 2)µ

Áo£�§�³�¥�¡g¤g¤(¥T£��¢��V¨Q�\¥��p©V£��
¤+ª £�§�¡(Åp¢��� M¡g©<§|¨Q¥®¦q¡(§t M¬T�\�V¢I \¡(©V§N¦m¨Q¥2Ü.��£�½V¥<ÁQ¥� \¢�ÍgÑ1Ïk°

Ý�Ý�Þ.ß àâá�ã�ämå�æmçéè�ê�ëzæqì�çhíuîðï2ñoì�ò1ó�ê�æmç

±o¥³�©Q¨Q»�¤g¥n¦M£���¥��6¦.¾`³�¬1 \�M¡y´t£�¥�¤g¥��¤g£N¦�¦.¡g³���¤(¥n¥1 ,¤(¥n��¤g£N¦
¬1 M£p¨Q¡(¬VÁm¨Q¡$ |Ø|©Q¨Q»T¤(¥ ·  \�<§N¨����6¨ · £���¥��6¦M¾t³�¬� M�\¡g´t£�¥®¦�Ø|¡g§�¡(
³��<¤*Ç:Ø ·N· Ø×ÈIÁ�¡g§t M�\©Q¨Q£�¡( ,¤g¥7³7©V¡(§p¦�¨�¥7§N©<£�¯V¥T��£�Ä|¢6²p��³��N¦
�p©t¦M¦M¡(ºN¤(¥®¦��@Åp§Ó¨Q¥¦M£��p¥T�\¦M¾`³�¬1 M�\¡y¦.¥T�m¤(¥�¤y��½V�\�<§�½<¡g¥�§Ë¨Q£ÓØ · °· ¥�£�¤Q¤g¥q¦.¥®¢I M¥T£���¨Q¥qô*¡g½<½V¦�¥T¦. �³�©`¨�¡$ÅN¬q�"¯<¥®¢E¤&ª ��Ü�©<£Q �¨Q¥q¨Q¥�£�Ä
¨Q©<£�ºN¤(¥� \¦9¨Q¥�ô*¡g½<½t¦�¨�¥ SU(2)L

Á Hu
¥�  Hd

Á���£P¤g¡(¥T£z¨�ª £�§
¨���§N¦
¤g¥zØ · Á Hu

¢�©<£���¤y��§t Ë��£QÄõ´t£N���\öQ¦¼¨Q¥z �¾`�p¥P£��÷¥1 
Hd

¢1©V£���¤y��§t ���£QÄz´t£N�<�MöQ¦,¨Q¥� �¾`��¥u¨Q©@øm§z¥� ��£QÄz¤(¥T�Q M©V§N¦
¢6²N���\½<¬®¦�°�±o¥T¦�¡g§t M¥��6�<¢1 M¡g©<§N¦B¦.©V§V B¨�©<§�§�¬T¥T¦��p���E£�§N¥m¿Ì©<§N¢1 M¡g©<§
��§N�<¤(¾t M¡y´t£�¥B¨Q¥®¦�¢6²p��³��N¦o¦\¢��<¤g�<¡(�\¥T¦�§N©<³�³�¬�¥ ¦M£���¥��\�p©< M¥T§V \¡(¥T¤

W Ð

WMSSM = µHu.Hd + htHu.QT
c
R + hbHd.QB

c
R

+hτHd.Lτ
c
R

¥1 2¤g�9ºN�M¡y¦.£N�M¥*¨Q©V£N¢1¥�¨Q¥*¤y� ·Q¸�·t¹ ¥®¦�  �N���6��³�¬1 \�M¡y¦M¬�¥m�N�<�B¤g¥T¦
 M¥T�M³�¥T¦m¦M©�¿f �¦M£�¡g¯@��§t \¦,Ð

−LSoft = 1
2

(

M1B̃B̃ +M2W̃
iW̃i +M3G̃

aG̃a

)

+ h.c.

m2
Hu

‖Hu‖2 +m2
Hd

‖Hd‖2

+m2
Q‖Q‖2 +m2

T ‖TR‖2 +m2
B‖BR‖2

+m2
L‖L‖2 +m2

τ‖τR‖2
(

htAtQ.HuT
c
R + hbAbHd.QB

c
R

+hτAτHd.Lτ
c
R +BHu.Hd

)

+ h.c.

ù ©<£N¦ú¡g³��p©t¦.©V§N¦û¡y¢1¡Ú¤y��¢�©<§N¨�¡$ \¡(©V§ü¨�ª £�§�¡g¯<¥T�\¦\��¤g¡$ \¬ýÂ
¤+ª ¬T¢6²N¥�¤g¤(¥ ΛGUT

¢�¥�´t£�¡�¡g§N¨Q£�¡( q¤(¥®¦ ¬T½V�<¤(¡( M¬®¦ ¦M£�¡g¯"�<§t M¥T¦ ¥�§t \�M¥
¤(¥®¦q�N���6��³�»� M�\¥T¦q¦.©<¿f �Ð
Ò ³��<¦\¦.¥�£N§�¡(¯V¥��6¦.¥T¤(¤g¥E¨Q¥®¦�Ü.�<£�½<¡g§�©V¦ M1/2 = M1 = M2 =
M3Ò ³��<¦\¦.¥÷£�§�¡g¯<¥T�\¦M¥�¤g¤(¥Ô¨Q¥®¦d¦\¢��<¤g�<¡(�\¥T¦ m2

0 = m2
Hu

=
m2
Hd

= m2
Q = m2

T = m2
B = m2

L = m2
τÒ ³��<¦\¦.¥¼£�§�¡g¯<¥��6¦M¥�¤g¤(¥¼¨�¥T¦7¢1©<£N��¤g�<½<¥®¦, M�\¡(¤g¡g§�¬T�<¡(�\¥T¦ A0 =

At = Ab = Aτ±h¥�³�©Q¨Q»�¤g¥�´t£�¡E¥�§�¨Q¬®¢1©V£�¤(¥�¥®¦� �<����¥�¤g¬�Ø ·�· Øþ¢1©V§t M�6��¡g§V 
Ç:¢TØ ·�· Ø×È2¥� m¥T¦. q¢�©<³���¤g»1 M¥T³�¥�§t *¨Q¬1ÅN§N¡$ *Â7¤+ª ¬T¢6²N¥�¤g¤(¥ ΛGUT�N���m¤g¥T¦q�p���6��³�»1 \�M¥®¦2¦M£�¡g¯@��§t 9Ð

M1/2, m0, A0, tanβ =
vu
vd
, sign(µ)

ÿ ©V£��*¤g¥�¢���¤y¢1£N¤o¨Q£|ÊÃ¡(§�¥ Æ £�§N¡(§�½pÁ�¤g¥T¦m�N�<�\�<³�»1 M�\¥T¦2��¥��M M¡(
§�¥�§t 6¦m¦.©V§V 9Ð
pGUTi = M1/2,m0, A0, µ0, B0, ht
pSUSYi = mHu

,mHd
, µ, B, ht

±o¥|Ø ·�· Ø �«¢1¥T�. 6��¡g§N¦����\©<º�¤g»�³�¥T¦n \²�¬�©V�M¡y´t£�¥T¦TÁE¢1©V³7³�¥
¤(¥×���M©Vº�¤g»�³�¥Ó¨Q¥Ó¤y�«¯@��¤g¥�£��
¨Q¥ µ ÇÌ¶�©V¡(�ÓÍgÑ1ÏÌÈI° � §õ¥���¥� TÁ µ¥T¦. |¤(¥�¦M¥�£�¤9�N�<�\�<³�»1 M�\¥«¨Q¡(³�¥T§N¦.¡g©<§N§�¬�¨Q£S¦M£���¥��\�p©< M¥T§V \¡(¥T¤
WMSSM

° ÿ ©<£���´V£N¥|¤g�«º��\¡y¦.£��\¥|¨Q¥Ó¤y��¦.¾`³�¬1 \�M¡g¥|¬�¤g¥T¢1 M�\©�
¿:��¡gº�¤g¥P¦M©<¡( 
¢�©<�\�M¥®¢I M¥VÁ ¦\�Û¯@��¤g¥�£N�
¨Q©V¡$ ËÖ1 \�M¥P¨Q¥P¤+ª ©<�6¨Q�\¥×¨Q¥
ΛEF

°B±h¥Ë¿:�<¡$ 
¨Q¥|³�¥1 . \�M¥ µ Â�¢�¥1 . \¥Ó¯@��¤g¥�£��u¦\��§p¦,Ü�£N¦. M¡(Å�
¢��� M¡g©<§u \²�¬�©V�M¡y´t£�¥,�M¬T¡(§t \�M©Q¨Q£�¡( q£�§��N�M©Vº�¤(»T³�¥,¨�¥�§p�@ M£N�\�<¤(¡( M¬
�p©V£��*¢1¥�¨�¥��\§�¡(¥T�T°
É ¥-���\©<º�¤g»�³�¥�¥®¦� 2�M¬®¦.©V¤(£u¨N��§N¦2¨Q¥T¦ ³�©Q¨Q»�¤g¥T¦ ·Q¸-·`¹ §�©V§Q

³�¡(§�¡g³���£QÄ  \¥�¤|´t£�¥S¤(¥ ù ¥�Ät M+ \©�4Ø ·�· Ø Ç ù Ø ·�· Ø×ÈSÍ � Ïk°
À-�<§N¦*¢�¥9³7©Q¨Q»T¤(¥9©V§Ë�\��Ü�©<£Q \¥�£N§|ºp©t¦.©V§
¦\¢��<¤g�<¡(�\¥ S ¦M¡g§�½<¤g¥1 
¨Q¥2Ü.��£�½V¥ SU(3)c × SU(2)L ×U(1)Y

¥1 *¦M©<§Ë¦.£N�p¥T�M�N�<�. \¥1
§N��¡g�\¥<Á<¤g¥�¦M¡(§N½<¤g¡(§�©p°`Õ-§�©VºQ M¡g¥�§t  �<¤(©V�\¦�£N§�¥���²N¬�§�©V³7¬T§�©<¤g©<½V¡(¥
¨���§p¦q¤(¥®¦m¦.¥®¢I M¥T£��6¦m¨Q¥T¦*ô�¡(½V½V¦2¥1 �¨�¥T¦q§�¥T£Q M�6��¤g¡(§N©V¦q¥�§N�M¡y¢6²�¡g¥<°
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��Õ8Ë�Ë1Ð�á�ß�ßwÝ2� à^º Õ^Ò�Ó3%�Ô+'4� Ì�Ê!Ë8Ý,Ë�ÌRÞ à�â Æ{ã�Æ!á�� � ã à�à^º��Å º Ç��Ð�ñEå|å��dÒ�Í�î�Ê!ÓdÒ�Í	�kò�Ð�í*Ø�î�ì�Í�ÔNÊ_ÒOÍ	�sÖ�Ð�Ñ Ð5�1Ê!Ô768Ê�ÔNÓ�Ò�Õ
�UÌ�Ê8�*Ê163É�Ý�ÉMìOÝ6ÑkÔ|Í�Ô|ÛuÒOå	È3Ø�ËmÊ!ÓMÙ�Ú3ÛrÛpÊ�É�ÓMÔNä/È^ÉMÒ�Í	��Ò�Ó&�Ñkì��8Ê�å,Õ Î%Ì3Ú8ÙGÔQä$
�Ê!Ëmì�ÓGÉ,��ß â Õ Æ�Ý º�º Õ�ÒOÓ&%?Ô�'9� Ì�Ê!Ë8ÝË�ÌRÞ à ß�Æ à ÐNÆ º���» � ã à Æ à��Å � ÇVûrÐ	�dÐmû#ÔNØ	�8ÔQä`Ê�Õ:�?ÒOÉ�Ø�Ó�ÒOåNå|ÚsÈ3ËmÊ{ÒOú3ÔNÍ�î;�	�UÌ�Ê��?ÒOÉ�Ø�Ó�ÒOå|ÝÍ�Ê!ÙMÙ9ògÓMÔ|É�Ê�ÓMÔNì�Í�ÒOÍ���Î%Ì3Ú8ÙGÔQä�Ù¡ÒwÉ1ÉMÌ�Êgð¡í#ò�Õ\ÒOÓ&%?Ô�'�� Ì�Ê!Ë8ÝË�ÌRÞ à���à Æ�ÐZã »�â ã



<�= >�?�@�ACB�DFEGA	?�HJI5ACKLDFBNMPO2Q�RSA�Q�TUA



VXWZY\[	]	^$_�`a[cbdWSegfh^ji!kClm]Skhlmn$WSojW�n�p5k
ecl�p5^rq,pC`jsutXv"Yw[	xXkclmnrp5^!Wzy({h|}ydV

WS~.s�WZ[	lm�,W�n�p�Ywp*p5^"W�|����

�������1�.�1�������w�.���.�
�X�S���	���:�L�	�����h�����}���� ��m¡�¢£�

¤ �	��¥j¢S �¦�¢¨§©�:���ª�J��� ¤ §«����¬�	®£�/¯"�������:®j�

°r±.�¨²�³�±

´Xµ5¶¸·&¹�º¼»�½�¾�¿&À4Á�ÂN·&µ5¶ Ã¸¹�Â�·�Ã�¾�Â&Â3Á+Ä�¶}¶UÅ�¶UÃ ¶�Æ�·�¾�¿&Ç4º	¾�¿3È
·3ÁÊÉ1Å�¶�Ë5Ì2·!ÁÊÂX·3µ	Á�Â.Í�ÁÊÂm·3Á�Æ	ÉL·&Á+¹�ÆG·&µ	¾�·!Ã�¾�À�¶�ÂÎ·&µ5¶/·3¹�º�»�½	¾�¿3ÀÏÂ3¹
Á+Æ�·3¶�¿3¶ÐÂ�·&Á+Æ	Ñ"·&¹Nº	µ5¶UÆ5¹�Ã ¶UÆ5¹�Å+¹�Ñ�Ç�¾�Â\Á+·£Á�Âw·�ÇCº5ÁÊÉU¾�Å+Å�Ç/·3µ5¶XÃ ¹�Âm·
É1Å�¹�Â3¶UÅ�Ç¸¿&¶UÅÊ¾�·&¶�Í ·&¹�º	¿3¹�º�¹�Â3¾�Å�Â£¹�Ò¨Ó!¶�Ô�ÕaµCÇ�ÂmÁÊÉUÂ�Ö:¶UÇ�¹�Æ	Í ·&µ5¶
× ·&¾�Æ	Í5¾�¿�Í8Ø4¹�Í�¶UÅ�Ù × ØÛÚ1Ë�´Xµ5¶;ÒÜ¹�½5¿�·&¹�ºÝÂmÁ�Ñ�Æ�¾�Å.µ	¾�Â Ö�¶�¶UÆ
º5¿3¹�º�¹�Âm¶ÐÍ)¾�Â�¾(º5¿&¹�Ö:¶Ï¹�Ò.·&µ5¶ÞÆ�¾�·3½	¿3¶Ï¹�Ò.·3µ5¶G¶UÅ�¶�É1·3¿&¹�Ô�¶Ð¾�À
ÂmÇCÃ Ã ¶1·3¿&Ç�Ö5¿3¶Ð¾�ÀCÁ�Æ5Ñ�Âm¶ÐÉL·3¹�¿"¾�·0µ	¾�Í�¿&¹�Æ4ÉU¹�Å�Å+ÁÊÍ�¶U¿�Â�ß�à�áPâÐã«Ë�Ì2·
ÉU¾�Æ)¾�Å�Â3¹GÖ:¶�½	Â3¶�ÍJ·3¹;·&¶�Âm·�¶1äC·3¿�¾;Í�Á+Ã ¶�Æ	ÂmÁ�¹�Æ¼Ã ¹�Í�¶UÅÊÂ/Ô.Á+·3µ
µ5¶�¾ªÄCÇ;å�¾�Å�½5æ�¾�å/Å�¶UÁ�Æ4Ñ�Å�½5¹�Æ�Â!¾�Æ	Í4»�½	¾�¿3À�Â�Ë	Ø(¾�Æ�ÇG·3µ	¶U¹�¿&Á�¶�Â
ÉU¾�ÆJÅ+¶Ð¾�Í(·3¹4¾�ÆJ¶1ä5É1¶ÐÂ3Â0Á+ÆJ·3µ	¶}ÒÜ¹�½5¿N·3¹�ºhº5¿&¹�Í�½	ÉL·&Á+¹�Æ(¿�¾�·3¶�Ë
´Xµ5¶ × Ø$º	¿3¶ÐÍ�Á�É1·3Á�¹�Æ}ÒÜ¹�¿¨ÒÜ¹�½5¿w·3¹�º	Â\º5¿&¹�Í�½	ÉL·&Á+¹�Æ�¾�·¨·&µ5¶.ç�èNé
Á�ÂwÄ�¶�¿3Ç�Â3Ã�¾�Å�Åêá�¾�ÆCÇ�Â3Á+æ�¶�¾�Ö	Å+¶XÂmÁ�Ñ�Æ�¾�Å�Ô�¹�½5Å�Í�Á+Ã º5Å�Ç}Ó!¶�Ô*ÕaµCÇ�È
ÂmÁÊÉUÂ�Ë

ë0ì íUë î ��ï��\ð���²Gñjï¨�1ð��

Ì2·�Á�Âò¶1ä�º�¶ÐÉL·&¶�Íó·3µ�¾�·�·&µ5¶ôç�è/éõ¾�Í5Í�¿&¶�Â&Â3¶�Â�Â3¹�Ã ¶�¹�Ò
·3µ5¶ Ã ¹�Âm·0ÒÜ½	Æ	Í5¾�Ã ¶�Æ�·�¾�Åa»�½5¶ÐÂ�·&Á+¹�Æ	ÂN¹�Òjº5µCÇ�Â3Á�É�ÂUáS¾�Í5Äª¾�Æ	É1Á�Æ5Ñ
·3µ5¶Ï½	Æ	Í�¶U¿�Âm·&¾�Æ�Í�Á+Æ	Ñ4¹�ÒX·3µ5¶GÍ�¶U¶�º�¶ÐÂ�·}ÅÊ¾ªÔ!Â�¹�ÒXÆ�¾�·3½	¿3¶�Ë�´Xµ5¶
ç�¾�¿&Ñ�¶Xè"¾�Í�¿&¹�Æ é�¹�Å+Å�ÁÊÍ�¶U¿.Ù©ç¨èNéXÚwÁÊÂw·3µ5¶.ÔÎ¹�¿&ÅÊÍSö Â¨ÅÊ¾�¿&Ñ�¶�Âm·£¾�Æ	Í
µ5Á+Ñ�µ5¶�Âm·mÈ2¶UÆ	¶U¿&Ñ�ÇNº	¾�¿3·3ÁÊÉ1Å�¶�¾�ÉUÉ1¶�Å+¶�¿&¾�·3¹�¿�Ë1Ì2·\Å�Á+¶ÐÂ�Á�Æ�¾!·3½5Æ5Æ	¶UÅ5â�÷
À�ÃôÁ+Æ É1Á�¿&ÉU½5Ã¸ÒÜ¶U¿&¶UÆ	ÉU¶�áª¾�Â\Í�¶�¶Uº ¾�ÂÎà�ø�ø!Ã ¶1·&¿3¶ÐÂ¨Ö:¶UÆ	¶�¾�·&µ�·&µ5¶
ù5¿�¾�Æ	ÉU¹�È × Ô.Á�Â&Â�Ö:¹�¿�Í�¶U¿Ðá�¾�Æ	Í¼Á7·¸Á�Â�Í�¶�Â3Á�Ñ�Æ5¶ÐÍh·3¹ÛÉU¹�Å�Å+ÁÊÍ�¶Ï¹�º�È
º�¹�ÂmÁ�Æ5Ñ}º�¾�¿3·3ÁÊÉ1Å�¶!Ö�¶Ð¾�Ã�Â�¹�ÒZº5¿&¹�·&¹�Æ	Â�¾�·Î¾�ÆÏ¶UÆ	¶U¿&Ñ�Ç¸¹�Òw÷/´¨¶�ú
º�¶�¿!ÆC½	É1Å�¶U¹�ÆZË
× Á+äûÍ�¶1·&¶�É1·3¹�¿�ÂJµ	¾ªÄ�¶)Ö:¶U¶�Æ-É1¹�Æ	Âm·3¿&½	ÉL·&¶�Í�¾�·J·3µ5¶8ç�è/é0á

¾�Ã ¹�Æ5Ñ/·&µ5¶UÃ-·3µ	¶"ü£´.ç�ü × Í�¶1·&¶�ÉL·&¹�¿ÐË�ü£´.ç¨ü × ÁÊÂ£ý�ý�Ã ¶1·&¿3¶ÐÂ
Å+¹�Æ5ÑG¾�Æ	ÍÛâ�þÏÃ ¶1·3¿&¶�Â0Á�ÆÛÍ�ÁÊ¾�Ã ¶1·&¶U¿Ðá�ÔÎ¶UÁ�Ñ�µ5Á�Æ5ÑÞ¾�Ö�¹�½�·}÷Cá ø�ø�ø
·3¹�Æ�Ë�Ì2·/É1¹�Æ�ÂmÁÊÂ�·�Â.¹�Òj¾ÞÂm¶�¿3Á�¶�Â.¹�Òa¶UÄ�¶U¿3È«ÅÊ¾�¿&Ñ�¶�¿XÉU¹�Æ	ÉU¶UÆ�·3¿&ÁÊÉ�É1Ç�È
Å+Á�Æ	Í�¶�¿&Â�¾�¿3¹�½5Æ	Í;·&µ5¶ Á+Æ�·3¶�¿&¾�ÉL·&Á+¹�ÆÛº:¹�Á�Æ�·�Ô.µ5¶�¿3¶�·3µ	¶¸º	¿3¹�·3¹�Æ
Ö�¶Ð¾�Ã�ÂGÒÜ¿3¹�Ãÿ·&µ5¶Jç¨èNéuÉU¹�Å�Å+ÁÊÍ�¶�ËÎü£´.ç¨ü × ÁÊÂ�Í�¶�Â3Á+Ñ�Æ5¶�ÍÝ·3¹
Á+ÆCÄ�¶ÐÂ�·&Á+Ñ�¾�·&¶}Ã�¾�ÆCÇ(Í�Á��:¶�¿3¶�Æ�·0·�ÇCº:¶�ÂN¹�ÒÎº5µCÇCÂ3ÁÊÉUÂ�á�Ô.µ5ÁÊÉ�µJÉ�¾�Æ
Ö�¶ÐÉ1¹�Ã ¶�Í�¶U·3¶�É1·&¾�Ö5Å+¶�Á�ÆJ·3µ5¶ÏÉU¹�Å�Å+ÁÊÂmÁ�¹�Æ�Â0¹�Òj·&µ5¶Ïç�è/é0Ë × ¹�Ã ¶
¹�Ò.·3µ	¶�Â3¶Þ¾�¿&¶ÞÉ1¹�Æ��	¿&Ã�¾�·3Á�¹�Æ�Â�¹�¿�Á�Ã º5¿&¹�Ä�¶�ÍhÃ ¶�¾�Âm½	¿3¶�Ã¸¶�Æ�·&Â
¹�ÒS·3µ	¶ × ·�¾�Æ	Í	¾�¿�Í�Ø4¹�Í�¶UÅ«á�Ô.µ	Á+Å�¶"Ã�¾�ÆCÇ ¹�·&µ5¶U¿�Âj¾�¿3¶0Âm¶Ð¾�¿�É�µ5¶�Â
ÒÜ¹�¿.Æ5¶�Ôdº5µCÇ�Â3Á�É�¾�ÅP·3µ	¶U¹�¿&Á�¶�Â�Ë
´Xµ5¶ × ·&¾�Æ	Í5¾�¿�Í�Ø4¹�Í�¶�Å�¶1ä�º5ÅÊ¾�Á�Æ	ÂZ¾�Å+Å�·3µ5¶jµ�½	Æ	Í�¿&¶�Í5Â�¹�Ò�º	¾�¿3È

·3ÁÊÉ1Å�¶�ÂN¾�Æ	Í4ÉU¹�Ã º5Å�¶1ä4Á+Æ�·&¶U¿�¾�ÉL·&Á+¹�Æ	Â.¹�Æ5Å+Ç�Ô.Á+·3µ��PÂmÁ+ä4»�½�¾�¿&ÀCÂ�á
ÂmÁ+äÛÅ�¶Uº�·&¹�Æ	Â�áZ¾�Æ	Í(ÒÜ¹�¿�É1¶ ÉU¾�¿3¿&Á+¶�¿0º�¾�¿3·3ÁÊÉ1Å�¶�Â�Ë:Ì2·�¶UäCº	Å�¾�Á+Æ	Â0·&µ5¶
ÒÜ½5Æ	Í5¾�Ã¸¶�Æ�·&¾�ÅÎÒÜ¹�¿&ÉU¶�Â}¾�Â}¿&¶�Â3½5Å+·3Á�Æ5Ñ(ÒÜ¿&¹�Ã#Ã�¾�·3·3¶�¿¸º�¾�¿3·3ÁÊÉ1Å�¶�Â
¶1ä5É�µ	¾�Æ	Ñ�Á�Æ5Ñ!¹�·&µ5¶U¿¨º	¾�¿3·3ÁÊÉ1Å�¶�Â�ÙFÒÜ¹�¿&ÉU¶�ÉU¾�¿3¿&Á�¶U¿Zº	¾�¿m·&Á�ÉUÅ+¶ÐÂ&Ú1Ë��Î½�·Ðá
Á7·�µ	¾�ÂGÂm¹�Ã¸¶Ûº5¿3¹�Ö5Å�¶UÃ�Â���·3µ5¶(Ñ�¿&¾ªÄCÁ+·�Ç�ÁÊÂÏÆ5¹�·ÞÁ�Æ	É1¹�¿3º:¹�¿�¾�È
·3¶�ÍZá�Á+·jÍ�¹C¶�Â\Æ5¹�·a¶1ä�º5ÅÊ¾�Á�Æ�Ô.µCÇ�¾�¿3¶Î·&µ5¶U¿&¶Î·3µ5¿&¶U¶.Ñ�¶UÆ5¶�¿&¾�·3Á�¹�Æ	Â

¹�ÒjÃ�¾�·m·3¶�¿
	¸Ô.µCÇ4ÁÊÂ"·&µ5¶U¿&¶¸Ã¸¹�¿3¶�Ã�¾�·m·&¶U¿N·3µ�¾�ÆJ¾�Æ�·3Á�Ã ¾�·m·&¶U¿
Á+Æò·3µ5¶h½5Æ5Á�Ä�¶�¿&Â3¶�	JÔ.µ5ÁÊÉ�µòÁÊÂÏ·&µ5¶h¶UÅ�¶�ÉL·&¿3¹�ÔÎ¶�¾�ÀÂ3ÇCÃ Ã¸¶U·3¿&Ç
Ö5¿&¶�¾�ÀCÁ�Æ5ÑÏ¹�¿3Á�Ñ�Á�Æ*Ù��� × �XÚ�	 Ì�ÆÛ¹�¿&Í�¶�¿!·&¹G¾�Æ�ÂmÔÎ¶U¿"·3µ5ÁÊÂNÅ�¾�Â�·
»�½5¶�Âm·3Á�¹�ÆZá5·3µ5¶ × Ø º5¿&¹�º:¹�Â3¶�ÂÎ·&µ5¶�è!Á�Ñ�Ñ�ÂXÖ�¹�Âm¹�ÆZá5Ö5½5·!Á7·"µ�¾�Â
Æ5¹�·NÖ�¶�¶UÆ4ÒÜ¹�½5Æ	Í4Ç�¶1·ÐË	Ì2Ò£·3µ	¶�è!Á�Ñ�Ñ�Â!Ö:¹�Â3¹�Æ(Í�¹C¶ÐÂ"Æ5¹�·"¶1ä�ÁÊÂ�·Ðá
Á7·ÏÁÊÂ ¶1ä�º:¶�É1·3¶�Í�·3µ�¾�·Þ¾�Æ	¹�·3µ	¶U¿ Ã ¶�É�µ	¾�Æ5Á�Â3Ã ¹�Ò���� × �$¶1äCÈ
º5ÅÊ¾�Á�Æ	Â�·3µ5¶/Â3¾�Ã ¶"º5µ5¶�Æ5¹�Ã ¶�Æ5¹�ÆZË��0Æ5¶Nº:¹�Â&ÂmÁ�Ö5Á�Å+Á+·�Ç4ÙÜÁ�Æ	Âmº	Á+¿&¶�Í
ÖCÇ���é��/Ú ÁÊÂ�·3µ�¾�·Ï·&µ5¶���� × �$¹�ÉUÉU½5¿�ÂÏÁ�Æ�¾)Æ5¶UÔ Âm·3¿&¹�Æ5Ñ
Âm¶ÐÉL·&¹�¿�¾�·j¶UÆ	¶U¿&Ñ�Á�¶�Âa¹�ÒSÒÜ¶UÔ�´¨¶�ú���Á+ÆGÂm¹�Ã¸¶"Ã¸¹�Í�¶�Å�ÂÎ¾�Â�´�¶ÐÉ�µ�È
Æ5ÁÊÉ1¹�Å�¹�¿ Ã ¹�Í�¶UÅÊÂ ¹�¿�ÉU¹�Ã º�¹�ÂmÁ+·3¶;è!Á�Ñ�Ñ�Â Â3ÉU¶UÆ	¾�¿3Á�¹�Â�áw·3µ5¶ × Ø
�	¶UÅÊÍ5ÂÞ·3µ	¾�·�Ñ�¶1·;Ã�¾�Â&Âm¶ÐÂ�ÒÜ¿&¹�Ã���� × � Ã�½	Âm·�¾�·;Å�¶�¾�Âm·GÖ:¶
É1¹�½5º5Å�¶�ÍJ·3¹;·&µ5Á�Â}Æ5¶UÔ Â3¶�ÉL·&¹�¿�Ô.Á+·3µ)¾4Âm·3¿&¶UÆ5Ñ�·3µ¼º5¿&¹�º:¹�¿3·3Á�¹�È
Æ	¾�Åj·3¹4·&µ5¶UÁ�¿}Ã�¾�Â3Â3¶�Â�áZÖ:¶UÁ�Æ5Ñ(·&µ5¶�·3¹�º�»�½	¾�¿&À(·&µ5¶Ïµ5¶Ð¾ªÄCÁ+¶ÐÂ�·
Â�·�¾�Æ	Í	¾�¿�Í�Ã ¹CÍ5¶UÅPº	¾�¿3·3ÁÊÉ1Å�¶�Ù

mt = 172 � ¶�úNÚ1áC·3µ5ÁÊÂXÂm½	Ñ�Ñ�¶ÐÂ�·�ÂÁ7·N¾�ÂX·&µ5¶�Ã ¹�Âm·"Âm¶�Æ	Â3Á7·&Á+Ä�¶/·3¹ÏÓ!¶�ÔzÕaµCÇCÂ3ÁÊÉUÂ�Ë5Ì�Æ;·3µ5¶�Âm¶ÐÉL·3Á�¹�Æ
àÐâ5Ë â5áCÂ3¹�Ã ¶NÃ ¹CÍ5¶UÅÊÂ.¾�¿&¶0º5¿&¶�Â3¶UÆ�·&¶�ÍÏÔ.µ	¶U¿&¶0·&µ5¶NÒÜ¹�½5¿X·&¹�º;ÂmÁ+È
Ñ�Æ	¾�Å�ÁÊÂ!º5¿&¹�º:¹�Â3¶�Í4¾�Â"¾�º	¿3¹�Ö�¶�¹�ÒjÓ!¶�Ô�ÕaµCÇCÂ3ÁÊÉUÂ�á�¾�ÅÊÂ3¹	á	µ	¹�Ô
ý�·3¹�º	Â"É�¾�Æ4Ö:¶�º5¿&¹�Í�½	É1¶ÐÍ;Á+Æ(·3µ5¶ × Ø)á�Á+·&Â��	Æ	¾�Å¨Âm·&¾�·3¶�Â0¾�Æ	Í
Ö5¿�¾�Æ	É�µ5Á�Æ5Ñ¸¿&¾�·3Á�¹�Â�Ë
´Xµ	¶ÎÑ�¹�¾�Å�¹�Ò	·3µ	Á�Â£Âm·3½	Í5Ç�Á�Â¨·&¹N¶ÐÂ�·�¾�Ö5Å�ÁÊÂmµ¸¾NÂ3¶UÅ�¶�É1·3Á�¹�Æ¸É1¿&Á7·&¶1È

¿3ÁÊ¾�¹�Ò�¶UÄ�¶UÆ�·&Â�Âm¹}·3µ	¾�·�·&µ5¶"Ö	¾�É�ÀCÑ�¿&¹�½5Æ	Í�É�¾�ÆÏÖ:¶/É1¹�Ã º5Å�¶1·&¶UÅ�Ç
¿3¶�Ã ¹�Ä�¶�Í�Ö�Ç�Ã�¾�Á+Æ�·&¾�Á+Æ	Á+Æ5Ñ0·3µ	¶XÓ"¶UÔcÕaµCÇCÂ3ÁÊÉUÂ£Â3Á+Ñ�Æ	¾�ÅC¾�Âwµ5Á�Ñ�µ
¾�Â�º�¹�Â3Â3Á�Ö5Å+¶�Ë�´Xµ	¶"º5¿&¹�É1¶�Í5½5¿3¶"·3¹}ÒÜ¹�Å�Å+¹�ÔÝÁ�ÆÏ¹�¿�Í�¶�¿j·&¹�Í�¹}·3µ5ÁÊÂ
·&¾�ÂmÀÏÁÊÂXº5¿&¶�Â3¶UÆ�·3¶ÐÍÞÁ�Æ�·3µ5¶�Â3¶�É1·3Á�¹�ÆhàÐâ5Ë �	Ë

ë0ì í�ì � ð�²G���¼ð! ��
´Xµ	¶ × Ø º5¿&¶�Í5Á�É1·3Á�¹�ÆÝÒÜ¹�¿ÏÒÜ¹�½	¿Ï·3¹�ºÝº5¿&¹CÍ5½	ÉL·&Á+¹�Æò¾�·Ï·&µ5¶

ç�è/é4ÁÊÂZÄ�¶U¿&Ç"ÂmÃ�¾�Å+Å	Ù
σSM ≈ 0.5

ÒÜÖ�¾�·w÷Î´¨¶�ú�ß �ªãÜÚLË�è"¹�Ô�¶�Ä�¶�¿�á
Âm¹�Ã ¶jÃ ¹�Í�¶UÅÊÂ�Ô.Á+·3µ�Ó!¶UÔ�ÕaµCÇCÂ3ÁÊÉUÂ¨º5¿3¶ÐÍ�ÁÊÉL·w¾�Æ�¶UÆ	µ	¾�Æ	ÉU¶UÃ ¶UÆ�·
¹�Ò:·3µ5¶

tt̄tt̄
º	¿3¹�Í�½	É1·3Á�¹�Æ ¿�¾�·3¶!¾�·£·3µ5¶0ç�èNé�É1¹�Ã º	¾�¿&¶�Í�·3¹/·&µ5¶

× Ø)Ëaü"Æc¶Uä�¾�Ã º5Å+¶�ÁÊÂ}·&µ5¶�·3¹�ºcÉ1¹�Ã º�¹�ÂmÁ+·3¶�Ã ¹CÍ5¶UÅ«á£Ô.Á7·&µ¾
É1¿&¹�Â&Â/Âm¶ÐÉL·3Á�¹�Æ¼¾�Â/Ã�½	É�µ¼¾�Â

103 ·3Á�Ã¸¶ÐÂ/·3µ	¶ × Ø9º5¿3¶ÐÍ�ÁÊÉL·3Á�¹�Æ
ß ý�ã«Ë

"$#&%'#(%)" * `&+"W$,mk*ecl�p5^óbòWZe fh^ji!kClm]Sk
´Xµ	¶}ÒÜ¹�½5¿"·&¹�ºhÂmÁ�Ñ�Æ	¾�Å�µ	¾�Â"Ö:¶U¶�ÆÛº5¿&¹�º:¹�Â3¶�Í(Á+ÆhÂm¹�Ã¸¶�Ã ¹�È

Í�¶UÅÊÂ.¾�Â.¾¸º5¿&¹�Ö:¶�¹�Ò\Ó!¶�ÔdÕaµCÇ�Â3Á�É�ÂUá5Â3¹�Ã ¶/¹�Òw·3µ5¶�Ãr¾�¿3¶-�
. ´¨¹�º;É1¹�Ã º:¹�Â3Á7·&¶ ß ý�ã«á
.0/ ¾�Æ	Í5¾�Å�Å+È × ½	Æ	Í�¿&½5Ã�ß þÐã«á
.01 Æ	Á+Ä�¶U¿�Â3¾�Å
�aä�·&¿&¾2�0Á+Ã ¶�Æ	ÂmÁ�¹�Æ�Â.Ã ¹CÍ5¶UÅaß 3ªã2á
. × 1 ×54 ÂmÁ�Ñ�Æ�¾�Å£ß ÷Ðã2á·3µ	¾�·�Á+ÆCÄ�¹�Å+Ä�¶¸¾�É1¹�Ã º�¹�ÂmÁ+·3¶¸·3¹�ºh»�½	¾�¿3À(¾�Æ	Í76�¹�¿/¾Þ½5Æ	Á+Ä�¶U¿�Âm¶

Ô.Á7·&µ(þ}¹�¿83 Í�Á+Ã ¶�Æ	ÂmÁ�¹�Æ�ÂUË
÷�÷
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[$\&]'\&]^\ _8`ba8ced�`�f�ghf�cM`(i�a�j
dMkA`bl�k)lnm&o
prqtsvuMwyx5sEzYq�{Mz}|v{t~���{�w��'����}�M|�s��?�t�5��z}|����8��zYqt�
w!�M|v�Y�

{�����w�{��5���
� gg → tt̄tt̄ � q :?�?� �}�7svuMw(�Zz?�)w���z;s�s�uMw8���Q��z;s 9�� wr�y�zYq�{��(u � �Eu � qC�}�?���?w 9}�-� wZ�CqM�Jz}qMq�{ � z} }|EzY�J��¡� qq̄ → tt̄tt̄ � q�¢ �5� �Y�&s�u�w£�Zz?�)w�� � qC�}�?��� � qM ¥¤ :t� w��Cq���JzYqMq�{ � zY ?|vz}�2��¡xC�?�2w¦w�§MzY�2�M�¨w��©�Y�&s�u�w � w��5q��2z}qMq�{ � zY ?|vz}�2�ª��}|ª��?�M|s��}�7�(�M|v�C{M���Os � �?q � q¥x�~«zY|vwQ��uM�;�(q � q � �  7¡W¢�¤M¡�¢?¡

q

�q

g
g

g

�t

t

�t

t

g

g �t

t

�t

�t

g

�t

t

¬�®°¯°¢�¤M¡�¢ � � �?�M|Qs��?���Q�M|���{��7�Os � �}q�� � z��?�7zY|v�?�rzYq5s � �5��z}|������ � �}q²±³��wZ�GsE´(z}q�{£ ?�����}q��U }�¨�M�}q£���� � �?qµ±³| �  }u5sO´ � q¥x�~²¡

[$\&]'\&]^¶ ·µc�¸�l�j�¹�k)l8º»cM¸¼dMkA`bg
� �}��{�w��Zz½����s�uM|v�}�� }u�s�uMwªw���w��Osv|��;��w�z}� � q5s�w�|vz?�Os � �?q � q5s��z
W

�
�?���}q�zYq7{¾z
b
�5��zY|v�S¡bx � q���wtsvuMw�{�w��Zz½� � q5s�� Wb�C�����M|E���}wZ|v�����¨�?��w©sv��¢�¿}¿ � �}��s�uMw-s � �2w}�S��w-��zYqÀ���Áz}�v� � ��s��}��{�w��Zz½�����C�£uM�;��svuMw
W

�7�5�)�?q�{�w��Zz½����¡
W
�7�5�)�?q��(�Zz}q�{Mw��Zz½���

�0ÂbÃ5Ä¼Å�Æ
Ç�È'É}ÊMË'ËÌÎÍ W+ → `+ν`
¡

�0Ï�ÊMÐ�Ñ½Æ
Ç¼È³É}Ê�Ë³ËÌÒÍ W+ → qq̄′
¡

Ó�wZ�
wZq�{ � qM L�}qµsvuMw W {�w���z½�e±
h, e, µ, τ

´O�¼��w£�Zz}qLÔ7q�{
Õ � Ô�q�z}���)svz;svw��¼�|v�}�×ÖØs��}�J�5��z}|������;�(u � �EuJz}|�w(���?q��)s � s���svw�{�Y� � { �ÚÙ wZ|vwZq5s(���Áz}�v�)w����Y���Eu7zYqMqMw��¨��±GsvuMw���|vz}q��Eu � qM !|Ez;s � � � �  � �}wZq��
w�sA��wZwZqt�M|Ez}�E�?w�sE�v´��� � �M�¨�$u7z}{�|v�}q � �-±³Û&Ü�ÝØ¤Y¿�¡ Þ � ´8� 8j + 4b

¡
� ~��?�)sbu�z?{�|v�}q � �ª±³Û&Ü�Ý�Ö5¿M¡ ¿ � ´°� 1`+6j+4b+MET

¡
� xCwZ� � �¨wZ��sv�}q � �-±³Û&Ü�ÝØ¤ : ¡ :C� ´(� 2`+ 4j + 4b+MET

¡
� ~��?�)s8�¨wZ��sv�}q � �2±³Û&Ü�ÝQÞM¡ß¤ � ´�� 3`+ 2j + 4b+MET

¡
� � �M�¨�$�¨wZ�Ms��}q � �2±³Û&Ü�Ýy¢?¡�¢ � ´�� 4`+ 4b+MET

¡
à �°��zYqJ�
w���wZwZq$�Ys�u�w��2�?�)s°�M|v�}�7zY�M�¨w8{�w���z½�y�Z�}�2w����|��?�

¢H�¨wZ��sv�}q�á�âAw�sv�����M��s�¢£�¨wZ�Ms��}q¾�Zz}q��7w��M|v��{�����w�{�w�z}� � �¨��5��x�~²¡����;�°w��}wZ|���¤©�¨wZ�Ms��}q7��á¾âAw�sE� � �&|EzY|vw � q�x�~²�M�(u � �Eu�-w�zYq���svu�z;s � s � �8z-�-�?|�wØ�M|v�}� � � � qM 2�Eu�zYq�qMwZ�^¡

ã�ä2å)æ ç£è!éHêìëµèªítîðïòñ�ó!ôOõJî$ö�î
� uMw!z}q�zY�¨��� � �&�AsvwZ�����ZzYq��
wªwZqC�M�2wZ|Ez;svw�{�z}����}�¨�¨�;�÷�
� xCwZ�¨w���s��Eu�zYq�qMwZ�W�}��{�w��Zz½�?¡
��ø |vw���wZ�¨w��Os � �?q��Z| � s�w�| � z-�Y�¼wZ�}w�q5sv��¡��ù �)s � �2zYs � �}qt�Y����z?�E�5 ?|��?�Mq�{W¡�Îú wZqMw�|vzYs�wðw��}w�q?sE�÷��� � qM û{ ��Ù w�|�w�q?s»�2�C{MwZ�Á�ü±GsvuM�?��w
s�u�zYs � �2�M���tý8w�� ø uC�C� � �Z�E´(zYq�{��Z�}�2��z}|�wØsvuMw!|vw����M�ÚsE�zY�2�}q� ysvuMwZ�t¡

��ù �)svzY��� � �)u���wZ�¨w���s � �}qt��| � svwZ| � z-�Y�¼wZ�?wZq5sv��¡� ��zY�Á���M�Áz;svwª��|v�?�v����w���s � �}q��}|8zYs8��w�z}�)s&����s(s�uMwª� � � � s�¡

� u�w! }�5zY� � �(sv�¦wZ� � � � q�z;svw©z}���©���Eu��7z}�E�C }|v�}�Mq7{Hz?�8�
�Y���� � �M��w?�M�}w�wZ� � qM -s�u�w!Ö-s��}�7�8� �  }q7zY�þz}�8u �  ?u�z}�&�
�?�v� � �M�¨wØ��}|s�uMw!�Eu7zYqMqMw��þ�EuM�?��wZq$¡

[$\&]'¶(])[ ÿµ¹8¸�l�l����2`��Hi��$jS¸��
à �J��z � {ew�z}|�� � wZ|���svuMw�w�z?� � w��)s¦�Eu�zYq�qMwZ�&sv�µ��wZ�¨w���s � �-svuMw{ � ��w���s��?qH�Eu�z}qMqMwZ�^¡ � u�wQ�Eu�z}qMqMw���sv�}�
�}�¨�} }�2���?q�� � �)sv� � q£sA�°���w���s��?q����¼w���w��Osv|��?q��}|-�©�M�?qÒ±

τ
� � ���(qM�}s-�
wt���}q7� � {�wZ|vw�{7´O��7�5��� � �M����� � s�uµ�vzY�2w-� �  }qh� hh`±e/µ`±e/µ → BR = 4.15%

�
zYq�{ : âAw�sv��� � q��Z���7{ � q� ¦Ö b �¨âAw�sE��z}� � s � �Q�)u��;�(q � q�svuMw � �  7¡¢�¤M¡ ¤M¡

¬&®b¯þ¢�¤�¡ß¤ � �°u�zYq�qMwZ�7s��?�7�?���? }�y��}|°s�uMwØ{ � ��w���s��?qH�Eu�z}qMqMwZ�^¡

[$\&]'¶(]'\ �Lc	�$g
�����$j
dMkA`blìjSc�krd��þc�k)¸ `�������$l°d�g
pUs � �(��wZ��z}|vzYs�w�{ � q£svuM|�w�w!{ ��Ù w�|�w�q?s8�vzY�2�M�¨w��Ø�� µ

�vzY�2�M�¨wt�þ�(u � �Eu � �2�M� � w��!z;sª�¨w�z}�)sª�}qMw2 ?�5��{ µ �þqM� }�C��{HwZ�¨w��Osv|��?qþ¡
� e

�vzY�2�M�¨w2��z;s8�¨w�z?�As(�}q�wQ ?�C�C{HwZ�¨w���s�|v�}qþ��q��- ?�C�C{
µ
¡

� eµ
�vzY�2�M�¨wØ�}z;s��¨w�z?�As��}q�w� ?�C�C{

µ
�Y�?qMw& }�C��{©w���w��Osv|��?qþ¡

� �}|-s�u�wH�¨wZ��sv�}q����¼s�uMw
µ � �-|�w��5� � |vw�{�s��Àu�z½�}w pt > 20ú wr���Y�Y���(u � ��w���}|-svuMw e z pt > 25 ú wr���;� � �-|vw��5� � |�w�{W¡�}wZsv�ªz}|�wJ��wZ�¨w��Osvw�{ � qµ�?|v{�w�|Qs���u�z½�?w pt > 20 ú wr���Y�JzYq�{

|η| < 2.5
¡�xCwZ��z}|vzYs � �}q��
w�sA��wZw�qe� �  }u5s2z}q�{ b ��âAwZsv� � �2z}�¨���

� q7���¨��{�w�{þ¡

[$\&]'¶(]'¶ ·µ¸�j���ºbcM`ba�l�i÷¸�l�i×i8¸¼d�¸ º��$l��$cM¸¼d�k)`bl
� u�w wZ�}w�q5s  ?wZqMw�|vzYs � �}q ��z?� {��}qMw � � s�u ~¥z?{C�

ú |vz}�Mu��Y~¥z}{ ù �}wZq5s � q����¨��{ � qM  z ��M���«� � �y�M�¨zYs � �}q �Y�
s�uMw à � � à x�{�w�svw��Osv�}|!� � s�u²� � �¨w��U�M�þ¡ � �}|©s�uMw£Öts��}�7�yx�~��z}�2�M��w?��¢�¿}¿}¿?¿»wZ�}w�q5sv����wZ|vw  }w�qMwZ|Ez;svw�{�� � svunzð�Z|��5���
�)w��Os � �?qH�}� σSM ≈ 0.25

��þ¡
� u�w8�2�C{MwZ�7��}|�svuMw�ý�wZ� ø uC��� � �Z�b���)w�{ � ��s�u�w8�}qMw�  � �}wZq�C�t��¡�Ó�wZ ?|vz}q�{�w������� �"! :$# ¡ à �(��}|(svuMw©x�~²��¢�¿}¿?¿}¿©wZ�}w�q5sv�

�°w�|�wQzY�Á�)�y }w�qMwZ|Ez;svw�{J� � s�u�zy�Z|��5�����)w��Os � �?q¦�Y� σNP ≈ 12.6��þ¡
x�wZ�}w�|vz}�b��z?�E�C }|v�}�Mq�{µ��|�����w�����w��©� � � � �Hz���}�M|ys��?���©ÔM�q�zY�W�)svzYs�w}¡ � uMwª�vzY�2�M�¨w��°����w�{�zY|vw�� � �)s�w�{ � q£svuMw�svzY����w2¢�¤M¡�¢s��? }w�svuMwZ|(� � s�u�svuMw � |(����� � qM�5� � sA�}¡à �Gs�w�|!s�u�w¦wZ�?wZq5sv�ª��|�w��)w���w��Os � �}qµzYq7{²�EuM�C�?� � qM �sA������w����s��?q��2� � svuhsvuMw¥�vzY�2w�� �  }qÒ±³�(u � �Eu¾��wt���}q7� � {�wZ|-svuMwtÔ�|E�As
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8�9;:=<4>;?A@;B�C�D EGF HJI −1 KLNMOI ¯I�MQPSRUTAV ∼ WYXLZL\[
`ν`ν ] MQPSR�TAV ^�_)`Sab6

LNc 6)^
cdc ^;a
6
ce[
ee ] MQPSRUTAV ∼ WfXce[
µµ ] MQPSR�T=V WfX ` WYgce[
ττ ] MQPSR�T=V WfX ` Wfg

tt̄ W _4a
Vih C	>bj R'TA@;k _
^�`ml
^
LNM

cc̄
MQPSR�T=V ∼ WYX

nQo�p"q W ^	r W�st h uvB	jw9)TiRYDxIy9;:=<4>;?A@;B	CyDVi9;uzk	j RYV�:�@;CyV�h/D�RU?ARfD
HJ@;?�Ti{�R|9)C�9;j }�VihwV�[,~y?AV�T�:�@bj B	uzC ]�� h Ti{�TA{	RUhw?�?iRYV�k�Rf:�Tihw�;R�jwB�`
u1hwC	@
V�h TS}�[�ViRf:U@;C�D�:U@;jwB	uzC ] r

t 9)uzk	jwR
σ(µµ)

F HJI K σ
[
ee ] F HJI K σ(µe ] F HJI K_

top ��� X r X 7 g X r X 6 X X r W a X_
top t�� X r XbX;gbX X r XbX ^ g X r X;X l)_

LNMOI ¯I�MQPSR�T=V X r l W r X g r XLZL\[
`ν`ν ] MQPSRUTAV W r W W r 7 _�r WLNc W ^�r W � r � W _�r�^

c�c ^	r g ^�r�a W r �c�[
ee ] MQPSR�T=V X W l
6b6 X r _

c�[
µµ ] MQPSRUTAV WY� r�a X ^ W r Xc�[
ττ ] MQPSRUTAV X r W ^	r g l	r�^

tt̄
^	r ^ 64r X W;W r�a

t h C	>bj R'TA@;k X r a W r�a ^�r�^
nQo�p"q W ^	r ^ s�� ?A@bVAV�V�RY:.Tihw@;C�9�H,TARU?�TA{	R W st :�B	T���VA9)uzR�V�hw>;C
D�h jwRUk	Ti@;C�r

:�B�T ].��� R�hwD�RfC
Tih HJ}xTA{	R�u�9;h C�I�9b:=<4>;?A@;B	C�D�V�HJ@;?�RY9;:={�:={�9;C�`
C	RUj�r���{	h/VzhwV�D�@bC	R�I
}�jw@4@;<4hwC	>�hwC�Ti{	R�:�?A@bVAV1V�RY:.Tihw@;CyV�HJ@b?
Rf9;:={�@;C�R1@;HQTA{	RzI�9;:=<4>;?A@;B�C�D�VA9)uzk	jwRfV�V�TiB�D�hwRfD �d� {	h/:={�h/V
V�{	@ � C1hwCzTi{	R�T=9)I	jwR W ^	r ^	r$��CzR��	9)uzk	jwR�@)H�Ti{	R�D	hwV�Ti?Ah I�B�Tihw@;C
HJ@;?"Ti{	R�Ti@;TA9;j
C4B	uvIyRf?e@)H)PSRUTAV�HJ@;?"Ti{�R

µµ
:={y9)C	C	Rfj�9�H,TiRf?"Ti{	h/V

1st
:�B�T�h/V�Vi{	@ � C�hwC�Ti{	R|�"hw>�r W ^�r g r

�OV�:f9)C�I�R�ViRURUC�HJ?A@;uNTi{�R�TA9;I	jwR W ^	r ^ � Ti{	R�u�9)hwC�V�@bB	?=:�R�@)H
I�9;:=<4>;?A@;B�C�D1HJ@;?�Ti{	R

µµ
9;C�D

eµ
:={�9)C�C	RUj/VQh/V�:�@;uzhwC	>|HJ?A@;u

Ti{	R�ce[
µµ ] MQPSR�TAV ��� {�h jwR�HJ@;?�Ti{	R

ee
:={�9)C	C�RUjdh T�h/V�>;hw�;RfC�I
}

ce[
ee ] MQPSR�T=VUr4�	@b?�9;j j�:={�9;C	C	RUj/V � LNc�9;C�D

tt̄
9;jwVi@v:U@;C�V�Tih TiB	TiR

9)C�h uzk�@;?iTA9;CbT�Vi@;B	?=:�R'@)HeI�9b:=<
>b?i@bB	C�D�r
 mT�hwVOk�@bVAV�hwI	jwR|Ti@x?iRfuz@��;R|9jw@)T'@)H�I�9b:=<4>;?A@;B	C�D�V�I4}�9;k�`

k	j }4hwC	>��;Rf?i}�V�hwuzk	j R�:UB�TAVfrQ��{	R�h/D�RY9�h/VzTA@�uz9;h C
T=9)hwC¡TA{	R
� R �¢� {4}4Vih/:UV�V�hw>;C�9;j�9;Iy@��bR �;X4£¤� h¥TA{�?ARfVikyRY:.T�Ti@|TA{	RO~�?AV�T
:�B�TYr$��?i@bu¢TA{	R�:={y9)C	C	Rfj)TA@;k�@;jw@;>;}z[�ViRUR��"h >yr W ^	r ^ ].�f� R�<
C�@ �Ti{�9)TQTi{�ROVih >bC�9)j�V�{	@bB	j/Dz{�9$�;R�9)TQjwRf9;V�TQ@bC	R

b
PSRUT � 9)C�D�uz@b?iR
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ÿ  �¯�£X �¯U�:¢U <¯�ª� <¯ ® ª��&¯�¢���´n n���U <¯��:���:�: ����� <¯U¯U n���U�O nªOªO �³
£� ������

ΩΛ ' 0.72 − 0.74
 n�

Ωm ' 0.28 − 0.26
¤.·��!��¢

® ��¢Á �²$ n£ ® ªO �� ¦���¨j§ ÿ ���$ n�&¯U���U�X�$ Ñ£A������¬�¢U 
Ωm
´n��£ ® ¢� n�&�

 n� ® ��¢U�U�{´��&ª��O n¢�´n nªOª� ?�$ �£A���U�O¬n¢�  �&���O¢U �° Ý&���:�U n�&¢ �$ 
ΩCDM ' 0.22
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÷ Æ ý ø �¬Ø�ÔLÙ7<�í	�4ß:í�æ�Ü ã ÛF×/Ó�Ô$Õ$í�ùhß�í�æ�Ô	Ù2Ó:Ü�ÑLÕ á Þ"í8ú�ß�í�ÛFÙ�Ø�Ü�ß$û Ç�Ç ý$íúX×/Ñ�Ð�ß è úXç©ü�í%��û�ý � í Æ ý��÷ Æ � ø 44Þ�Ù/ÛF×/ë�×/Ñ�Ð=6{í>�\ß Æ�� þ � íæDÞ�Ù/×2ÑLä�â î ÞAÓ_ÐFÞ4Ñ�Ö-ÕLØLÞAÛ"Ñ á Þ4Ô�ÛFåë á Ü_Ø�Û�Ø�Ô ã ØLÐYÙ/Ó�ÚLÛ Õ	Ø�Ü_Ø�ÐaÙ2Ó_Ð Ô á ÐFÜ�Û"Ó@?A�LÑ�â�Ô è Ó:ÒHÑ�Ôù á Õ�ÕLÛFÔ�â$ÛFÓ:Ò���Û"ÒHÑ�×/Ó:Ø�Ü à Ñ á Ô ã Ø�Ù2Ó:Ñ�ÔíB �Ô�Ó:Ú�Û"×/Þ2ÓcÙ î Ñ�Ö

��Ó:Ô�Ô�Û"Þ2Ñ�Ù�ØC?D��Ó:Ü�ÜFEXØ�Ü�Ü:Û î ��æG-� �Ô$Ó�ÚLÛF×�ÞAÓ�Ù î è ÐaÓ:ÛFÔ@ÐaÛ
��Ñ	Ñ�68Þ7H:H

÷ Æ � ø ú�ÛF×/Ü�Ò á ÙAÙ/ÛF×Cí è ß:í�æ�Ü ã Û"×2Ó:Ô�Õ$í8ùhß:í8ù4ÑLÜ ã â$Ø�ëuÛF×Cí�ùhß:í�ÛaÙ�Ø�Ü�ßÆ������ í8æ�ä��$í�� Æ �8í�����÷ Æ � ø 
�Ó:Û"Þ/ÞFí{æ^ßùhß:í à Ó:Ü�Ó:ä�äuÛFÔ	6LÑ$í=æ^ß%E\ß�í(��â$Ø�Ü�Ü:Ó:Þ"íuú ß:í{ÛaÙ'Ø�Ü�ßÆ���� þ�í8æ�ä��$í ÆLÆ �$í Æ"Ç�Ç��
÷ Æ þ ø è�á Ü:Ü�Ó:Ú~Ø�Ôí��ß�í���Ñ�Ô$Ü�Û î í~æ^ß:í�ê�Ñ~é�ÛFÜ:Ü�í��\ß�æ^ß:í~ÛaÙXØ�Ü�ß�û Ç�ÆCÇ í

� ì 
�æ è í@ý Ç �$í��~þLû÷ Æ��~øJI â�Ñ�ÒNØLÞFí�
'ß%�Dß:íuæ�Ü ã ÛF×/Ó�Ô�Õ@íuùhß:í@æ�ÔLÙ/Ó�Ü:Ñ�Õ á Þ"í$ú�ß�íuÛaÙ1Ø�Ü�ßû Ç$Æ�Æ í8æ�ä��$í��~ýLÿ$í$û��



K*L�M1NOL�P/L�Q�R/S@L�TUM�S'V�WYXBZ�R[L�\]S^P[P/SCX>W�S(_CP/S
M�XBZ�S(P:P[R`Z�Sbadc(egfihkjml
n X"oqp(R[L�\rR:M�XBZ	R/L�\

sutwvwtwxzy|{gxJy~}(��v����
���>���������w���`���*�(�8�J�(�����[�����;���B�����w�����[���3�u�����(�

� ���������������7���i�������5�������

�¡ �}^¢~�� 
£�¤ ¥�¦�§©¨7¨[§«ª�¬®�¯q°±ª�¬�®�§³²�¯�¨~´wª�¨[¦�ª�µ³ª�¶�§©·�¯�¸º¹¼»5½;¾�¿g¨[¥�À

Á�ÂÃ ¸kµD¤ Ä	§©¨/Å7ª�§ Ã ¸F�¸kµ�¤ Ær¬	§³Ç�¸ Ã ¨�¸�¬8�¸�¯�È.¥ Á ª�·�¯	¸�¨]	§«¨[Å:§«¬�´ÉÅ7¸�¨�ÊË Ç Â ¬�Å�Ì~µ�¤ Æ]¬	§«Ç�¸ Ã ¨C¥wÅ Â §³ÅÍª Á�Â ·�¯	¸O´ ÂÃ Å:ª�¯�¨Íµ³¸�¨ Â Å:ª�¦�¸�¨¬'¤ ¥�Å Â §³¸�¬�Å Á�Â ¨Î¸�¬�´wª Ã ¸º°±ª Ã ¦�¥�¨ºÏ]§«µ Ã ¸�¨/Å Â §³Å;¨[¯�Ði¨ Â ¦�¦�¸�¬�Å>¤ ¥�µ³¸�´ÉÅ Ã ª�¬�¨�µ«§«Ñ Ã ¸�¨ Á ª�¯ Ã §«¬�Å:¸ Ã7Â ¶�§ Ã�Á�Â�Ã 	§$²%¯�¨:§³ª�¬ÓÒ�Ä	ª�¦�¨:ª�¬¨[¯ Ã µ³¸�¨ Á Ä�ªÅ:ª�¬�¨�Ê Ë Á�Ã:Ô ¨3µ Â ´wª�¦ÕÑ	§«¬ Â §©¨[ª�¬g�¸�¨��¸ Ã ¬	§«¸ Ã ¨ Á	Ã ªÀÅ:ª�¬�¨ Â Ç�¸�´�µ«¸�¨3�¸ Ã ¬	§«¸ Ã ¨B¥�µ«¸�´wÅ Ã ª�¬�¨Bµ«§³Ñ Ã ¸�¨�Ì·�¯	§	¨�¤ ¸�¨/Å Á	Ã ª��¯	§³Å:¸Ö�×�Ø�Ø�Ø�Ø Â ¬�¨ ÂÁ	Ã7Ô ¨�µ³¸ÙÑ	§«¶À¼Ñ Â ¬�¶�Ì�µ«¸�¨ Á Ä�ªÅ:ª�¬�¨�ª�¬�Å Á ¯~´w§ Ã ´�¯�Àµ³¸ Ã]Á	Ã ¸�¨7·�¯�¸Uµ«§³Ñ Ã ¸�¦�¸�¬�Å3Ú/¯�¨:·�¯'¤ Û�¬	ª�¯�¨�ÊÜ ¬@¨ Â §$Å Á ª�¯ Ã Å Â ¬�Å�Ì�¶ Ã7Ý ´w¸8Û�µ�¤ ¸�²�¸�Å~ÞÙ¯	¬	¬�À¼ßY¸wÅ7¸ Ã ¨[ª�¬'Ì�·�¯	¸µ Â ¦ Â Å:§ Ô�Ã ¸r§«¬�Å:¸ Ã À¼¶ Â µ Â ´wÅ:§©·�¯	¸�¸�¨[Å Â ¯�Ú/ª�¯ Ã >¤ Ä1¯	§�¶�µ³ª�Ñ Â µ«¸�¦�¸�¬�Å§³ª�¬	§«¨:¥�¸�¨[¯ Ã �¸�¶ Ã=Â ¬�	¸�¨8¥�´=Ä	¸�µ«µ³¸�¨�ÊÙà`µ�á Â �ª�¬�´�¸�¯â¯	¬	¸
ã�ä�å7æ[ç�èYæ`é�ê�ë/æ[ç�è Ì�Ç Ã7Â §«¨:¸�¦ÕÑ	µ Â Ñ	µ«¸�¦�¸�¬�Å�¨[ª�¯�¨5µD¤ §«¬�ì�¯	¸�¬�´w¸J�¸�¨
Á	Ã ¸�¦�§ Ô�Ã ¸�¨�¥wÅ:ª�§³µ«¸�¨�Ê£'¸�¨ Á Ä	ªÅ7ª�¬�¨�	¯*»5½;¾@¥�Å Â ¬�Å]¨:¸�¬�¨:§³Ñ�µ³¸�¨ Â ¯�ÈÓ¥�µ«¸�´ÉÅ Ã ª�¬�¨�¨:¯ Ãµ Â µ«§«¶�¬	¸��¸�Ç�§©¨:¥�¸�Ì�µ³¸�¨ Â Å7¸�µ«µ³§³Å:¸�íUî�ï^ð(ñ�ò�Ìw·�¯	§�¸�¬k° Â §³Å'µ Â ´ Â�Ã Å7¸�ÌÇ Â�Â §³¬�¨[§ Á ª�¯	Ç�ª�§ Ã ¦�¸�¨[¯ Ã ¸ Ã µ�¤ ¸w²%¸wÅ.�¸8´w¸�Å[Å7¸;ó�¥�§«ª�¬	§©¨ Â Å:§«ª�¬¸wÅ Â §©�¸ Ã Ûi¦�§³¸�¯�È;´wª�¬�Å Ã7Â §³¬� Ã ¸Õ¨[ª�¬8Ä	§«¨[Å:ª�§ Ã ¸�Ê Ü ¬;¯�Å7§³µ«§©¨[¸ Ã7Â
Á ª�¯ Ã ´�¸�µ©Ûg¯	¬	¸J¦�¥�Å:Ä	ª��¸��¸z½8ª�¬�Å7¸wÀ[» ÂÃ µ³ª Á�Â�Ã »�Ä Â�ô ¬�¸z�¸½ ÂÃ7õ ª�Ç%Ê

öÙ÷�ø�ö s®ù/ú~tw}>û^üztÉýB�ÿþ~�ÿv�ù/twüJy~tw}^xkû^twüJy þÓ�
v�ù�� yÓt��J��ýY}

Ë Ç Â ¬�Å µ Â ó]¸�´wª�¦zÑ	§«¬ Â §«¨:ª�¬'Ì µD¤ Æ]¬�§³Ç�¸ Ã ¨ ´wª�¬�Å:§«¸�¬�Å �¸�¨
¬	ª�á Â ¯�ÈÕ>¤ �]á� Ã ª�¶ Ô ¬	¸F¹ ∼ ���	� 	¸]µ Â ¦ Â Å:§ Ô�Ã ¸�¿B¸wÅ�'¤ �r¥�µ«§³¯	¦¹ ∼ 
��� ¿JÛ;µ�¤ ¥�·�¯	§«µ³§«Ñ Ã ¸iÅ:Ä�¸ Ã ¦�§©·�¯	¸ Â Ç�¸�´g¯�¬dÑ Â §³¬d	¸ Á Ä	ª�ÀÅ:ª�¬�¨J¸wÅ�>¤ ¥�µ³¸�´ÉÅ Ã ª�¬�¨�Ê��U¯ Â ¬�*µ�¤ Æ]¬	§«Ç�¸ Ã ¨F¸�¨/Å�¨[¯�Ði¨ Â ¦�¦�¸�¬�Å�§³µ«¯	¥ Á ª�¯ Ã ·�¯�¸�Å:ª�¯�¨Fµ³¸�¨k¥�µ«¸�´wÅ Ã ª�¬�¨F¨:¸i¨[ª�§³¸�¬�Å Ã ¸�´�ª�¦ÕÑ	§³¬�¥�¨
Â Ç�¸�´�µ«¸�¨Y¬	ª�á Â ¯�ÈJ�¸�¨ Â Å:ª�¦�¸�¨�Ì�µ³¸�µ«§³Ñ Ã ¸ Á�ÂÃ ´wª�¯ Ã ¨(¦�ª�á�¸�¬Õ�¸�¨
Á Ä	ªÅ7ª�¬�¨F	¸�Ç1§³¸�¬�Å Á µ³¯�¨J¶ Ã=Â ¬�*·�¯�¸�µ«¸ Ã7Â á�ª�¬)	¸gµD¤ Æ]¬	§«Ç�¸ Ã ¨�Ê£'¸�¨ Á Ä	ªÅ7ª�¬�¨�¨:ª�¬�Å�¥�¦�§©¨u¸�¬ ¶ Â�Ã  Â ¬�Åºµ Â Å Ã=Â ´�¸�	¸®µ³¸�¯ Ã�¸ Ã ¬	§ Ô�Ã ¸Ù§«¬�Å:¸ Ã7Â ´ÉÅ:§«ª�¬ Â Ç�¸�´rµ Â ¦ Â Å:§ Ô�Ã ¸�Ê
»�¸�Å[Å:¸r¥ Á ª1·�¯	¸ Â µ«§³¸�¯gÛU¯�¬ Ã ¸��¨[Ä	§³° Å�>¤ ¸�¬1Ç1§ Ã ª�¬ z ∼ 1100

Ì
¨[ª�§$Å�¸�¬1Ç�§ Ã ª�¬ Ö�×�Ø�Ø�Ø�Ø Â ¬�¨ Â�Á	Ã:Ô ¨3µ«¸r¾5§³¶�À¼¾ Â ¬�¶�Ê£'¸�¨ Á Ä	ª�Å:ª�¬�¨�¯2»5½)¾ Â Ç Â §³¸�¬�Å Â µ³ª Ã ¨Ó¯	¬	¸*Å:¸�¦ Á ¥ Ã=Â Å7¯ Ã ¸*¦�ª�á�¸�¬	¬	¸u�¸Ö�Ø�Ø�Ø�� Ì�¦ Â §«¨Ó¨[ª�¬�Å Â ´ÉÅ7¯	¸�µ«µ«¸�¦�¸�¬�Å.¦�¸�¨:¯ Ã ¥�¨ÓÛ 
 Ê � � �¯
° Â §³Å.�¸8µD¤ ¸wÈ Á�Â ¬�¨:§³ª�¬��¸8µ�¤ Æ]¬	§«Ç�¸ Ã ¨�Ê Ë Á	Ã7Ô ¨�µ«¸�¯ Ã ¥�¦�§«¨7¨:§³ª�¬'Ìµ³¸�¨ Á Ä	ªÅ7ª�¬�¨Î�¯2»5½;¾ Á ¸�¯	Ç�¸�¬�Å8´w§ Ã ´�¯	µ³¸ Ã µ³§«Ñ Ã ¸�¦�¸�¬�Å�Ê��U¸
Á µ³¯�¨�Ì Â ¯�´�¯	¬qª�Ñ�Ú/¸�Å�¬(¤ Â ¸�¬�´wª Ã ¸Î¥wÅ7¥8°±ª Ã ¦�¥ Á ª�¯ Ã ¥�¦�¸�Å[Å Ã ¸�¸Uµ Â µ«¯	¦�§ Ô�Ã ¸�Ê	»�¸U¨:ª�¬�Å�µ«¸�¨��]¶�¸�¨���ª�¦zÑ Ã ¸�¨�Ì��ª�¬�Å�µ Â�� ¬.¸�¨[Å�ª�¬	¬�¥�¸ Á�Â�Ã µ Â °±ª Ã ¦ Â Å7§³ª�¬Ó�¸�¨ Á	Ã ¸�¦�§ Ô�Ã ¸�¨5¥wÅ:ª�§³µ«¸�¨�Ê

£ Â ó�¸�´wª�¦zÑ	§«¬ Â §©¨:ª�¬&¬	ª�¯�¨º§³¬��§«·�¯	¸q·�¯	¸�µD¤ Æ]¬	§«Ç�¸ Ã ¨*¸�¨[Å
Á�Â ¨7¨:¥U>¤ ¯	¬~¥wÅ Â Å�§³ª�¬	§«¨:¥kÛz¯	¬~¥wÅ Â Å�¬	¸�¯	Å Ã ¸�Ê	£�¤ Â Ñ�¨[¸�¬�´w¸Ù>¤ ¸�° À°±¸wÅ�ÞÙ¯	¬	¬	À�ßY¸wÅ7¸ Ã ¨[ª�¬z¨:¯ Ã �¸�¨Y·�¯ Â ¨ ÂÃ ¨ Á�Ã ª�´=Ä	¸�¨(¸�¨/Å Á ª�¯ Ã Å Â ¬�Åµ ÂzÁ	Ã ¸�¯	Ç�¸U·�¯	¸ÙµD¤ Æ]¬	§«Ç�¸ Ã ¨�¸�¨[Å Â ¯�Ú/ª�¯ Ã >¤ Ä1¯	§�¶�µ«ª�Ñ Â µ³¸�¦�¸�¬�Å�§«ªÀ¬	§©¨[¥�Ê

����� �"! � Ê#!�$gà`¬�Å:¸�¬�¨[§³Å:¥Ù¸�¬.°±ª�¬�´wÅ:§«ª�¬~�¸Uµ Â µ³ª�¬	¶�¯	¸�¯ Ã '¤ ª�¬��¸¦�¸�¨:¯ Ã ¥�¸ Á ª�¯ Ã 	¸�¯�ÈÓ·�¯ Â ¨ Â�Ã ¨�Ê�ßBª�¯ Ã µ³¸k·�¯ Â ¨ ÂÃ Û z = 6.28
Ì

µD¤ §«¬�Å7¸�¬�¨:§³Å:¥3Å7ª�¦zÑ�¸�Û�%�¥ Ã ª Á ª�¯ Ã λ . λLyα(1 + z) = 8845 & Ì´w¸z·�¯	§B¬'¤ ¸�¨[Å Á�Â ¨]µ«¸Õ´ Â ¨ Á ª�¯ Ã µ«¸z·�¯ Â ¨ ÂÃ Û z = 5.99
Ì�ª('8§³µ

¬'¤ á Â ·�¯	¸F�¸�¨ Ã=Â §«¸�¨�>¤ Â Ñ�¨[ª Ã Ñ�Å7§³ª�¬'Ê)B§³¶�¯ Ã ¸F�¸+* ��, Ê

Ü ¬ ´wª�¬�¬ Â�ô ÅÕµ�¤ ¥�Å Â Å�>¤ §«ª�¬	§©¨ Â Å:§«ª�¬d	¯d¦�§³µ«§«¸�¯d§«¬�Å:¸ Ã ¶ Â µ Â ´ÉÀÅ:§©·�¯	¸�¸�¬�ª�Ñ�¨:¸ Ã Ç Â ¬�Å^µ«¸�¨Y¨ Á ¸�´ÉÅ Ã ¸�¨Y�¸�¨3·�¯ Â ¨ ÂÃ ¨(µ«¸�¨ Á µ«¯�¨Yµ«ª�§«¬�ÀÅ Â §³¬�¨�Ì�¸wÅYµ³¸�¨ Ã7Â §³¸�¨^>¤ Â Ñ�¨[ª Ã:Á Å7§³ª�¬�¨B·�¯�¸�µ«¸�¦�§«µ³§«¸�¯ÕáF§³¦ Á	Ã §«¦�¸�Ê-�¬~¸w²%¸wÅ�Ì	¨:§%µ³¸k¶ Â %r§«ª�¬�§«¨:¥U¸�¨/Å�·�¯ Â ¨:§«¦�¸�¬�Å�Å Ã7Â ¬�¨ Á�ÂÃ ¸�¬�Å Â ¯�È
Á Ä	ª�Å:ª�¬�¨J¹±µ«¸FÅ Â ¯�È8�¸z�§³²�¯�¨[§«ª�¬ Á�Â�Ã]Á	Ã ª�´w¸�¨7¨:¯�¨�Ò�Ä	ª�¦ Á ¨:ª�¬¸�¨[Åk° Â §«Ñ	µ³¸�¿ÉÌ'´�¸Õ¬'¤ ¸�¨[Å Á�Â ¨Ùµ«¸g´ Â ¨k�¸�µ�¤ Ä1á� Ã ª�¶ Ô ¬	¸Õ¬	¸�¯�Å Ã ¸gÛ´ Â ¯�¨[¸��¸�µ Â Å Ã=Â ¬�¨:§³Å:§«ª�¬�£'á1¦ Â ¬�À α �¯�°±ª�¬� Â ¦�¸�¬�Å Â µ Â ¯ Á	Ã ¸wÀ¦�§³¸ Ã ¬	§«Ç�¸ Â ¯ Â Å7ª�¦�§«·�¯	¸�Ï λLyα = 1216 & Ì�·�¯	§ Â ¯	¬	¸�¨:¸�´wÅ:§«ª�¬¸wÐi´ Â ´w¸kÅ Ã:Ô ¨�°±ª Ã Å:¸�Ê�Æ]¬*¨ Á ¸�´wÅ Ã ¸FÅ/á Á §«·�¯	¸J	¸Õ·�¯ Â ¨ ÂÃ °±ª Ã ¦�¸¯	¬*´�ª�¬�Å:§«¬1¯	¯	¦ Â Ç�¸�´J·�¯	¸�µ«·�¯	¸�¨ Ã=Â §«¸�¨U>¤ ¥�¦�§«¨7¨:§³ª�¬'Ê.�1§YµD¤ ¯	¬	§³ÀÇ�¸ Ã ¨B¸�¨[Å�¶�µ«ª�Ñ Â µ«¸�¦�¸�¬�ÅY§³ª�¬	§«¨:¥�¸wÅ�·�¯'¤ §³µ�¬(¤ á Â ·�¯	¸��¸�¨3¬1¯ Â ¶�¸�¨§³¬��§³Ç1§©�¯	¸�µ«¨�'¤ Ä1á� Ã ª�¶ Ô ¬	¸�¬	¸�¯	Å Ã ¸]µ³¸�µ«ª�¬�¶J�¸�µ Â µ«§«¶�¬	¸]�¸rÇ�§³À¨[¥�¸�Ì�§³µBÇ Â á Â Ç�ª�§ Ã �¸�¨ Ã7Â §³¸�¨r>¤ Â Ñ�¨:ª Ã7Á Å7§³ª�¬8§³¬�	§³Ç1§©�¯ Â µ«§©¨[¥�¸�¨¨[¯ Ã µ³¸Õ¨ Á ¸�´wÅ Ã ¸�Ì�µ ÂgÃ=Â §«¸J>¤ ¯	¬8¬1¯ Â ¶�¸JÛg¯	¬ Ã ¸�	¨:Ä	§³° Å z ¥wÅ Â ¬�Å¨[§³Å:¯�¥�¸JÛ

λz = λLyα(1 + z)
Ê-�¬ Ã ¸�Ç Â ¬�´=Ä	¸�Ì	¨:§'µ�¤ Ä1á� Ã ª�¶ Ô ¬	¸¬	¸�¯	Å Ã ¸.¸�¨[Å Ã ¥ Á�Â�Ã Å7§��¸Ó¦ Â ¬	§ Ô�Ã ¸i¯	¬	§³°±ª Ã ¦�¸Ó Â ¬�¨Jµ�¤ ¸�¨ Á�Â ´�¸�Ìµ³¸ Á Ä�¥�¬	ª�¦ Ô ¬	¸F>¤ Â Ñ�¨:ª Ã7Á Å:§«ª�¬.Ç Â0/ Å Ã ¸ÙÇ1§©¨[§«Ñ	µ«¸F´wª�¬�Å7§³¬21	¦�¸�¬�Å

! Ø !
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E<FHGJI#KLE<MNK5OQPRGSKUT�VXW K5E<P=IYW K[ZNK[P]\^FH_`_aYbcK[PRK[GdEReU_.f�MHGRgAhi#P=K[_35jUk	lnm o�p K[PqeUr`ERK[GSsUg^MNeUFHG�Iut0MHGRK5vwi#x5GRK^y�eUiuE�K[_ 6U4U4H30m z�p TV�eUvwvwK^I{K|vweU_	PRGSKXIut~}`�UF`GRK 3?� T 3 f2O[KQP�KQZ�KQP�t~gQPSg�eUr`ERK[GSsUgE<FHGXhK5Eq�	F`t(ERtUGSE�hK�GRKAhHE<�`i�yDP�ERFHMNg[GSi#K5FHGq� k fHv+tUi{E�M�tUE�ERFHGhK5E��	F`t(ERtUGSE�vweUi{_`Echi{E<PStU_	PSE5f�OQK��	FHi2MHI{t(OQK�t�i{_`ERi2FH_HK�I#i{vwi�PSKE<FHG�Iut0}`_�hK|Iut0�qg[i{eU_HiuERt�PRi{eU_]� z ∼ 6 T� _`K[GS�UgQPSi{�	FHK5vwK[_	P5fNI#KAEqvwg5O5t�_HiuERv0KAEqvwiuE�K5_���FHs2GRK�I{eUGdEhK�Iut�y�e(GRv+t�PRi{eU_�hKAE�M`GRK5v0i{K[GdE�e(r��KQPdE�t(E�PSGRe(MH�2�E<iu�	FHK5E��F`E�PSi�}�K[_	P�IYW i{eU_HiuESt�PRi{eU_�hF�vwi#I{i#K5F�i#_	PRK5GR�	t�IutUOQPRiu�(F`KUTwb�t�GKQ�K[vwMHI{KUf�Iut�y�F`ERi{eU_�_2F`O[I#gAt�i{GRKJI#i{rNx[GSKJMHI{F`ERi#K5FHGdE0��K���M�t�GMHGReUPRe(_.f�IYW tUO[O[GRg[PRi{eU_�M`tUG=FH_�PRGSeUF _`eUi{G=MHGSK5ES�	FHKLhi#�¡y�eUiuEMHI#F�E[T`¢�i#_�E<iYf`Iut~PRGdt�_`E<y�eUGSv+t�PRi{eU_JK[_]gQPSeUi{I#K�e(FJK5_£PRGSeUF]_HeUi{Gh¤W F`_HK�y¥tUi#r`I#K�y�GSt(O�PRi{eU_�hHK�Iutnv+t�PSi#x5GRK�KAE�P^K[_�M`GRK5v0i{x[GSK�tUMaMHGRe?�i{v+t�PRi{eU_�E<F¦nESt�_	PRK§MNeUFHG]i{eU_HiuERK[G£PRe(FP�I¨W ©q_Hi{sUK5GSE5T�ª�IKQ�i{E<PRK�tUF`ERERihK5E�ESOQg5_`t�GSi{e�eU«whK�Iut�v+t�PSi#x5GRK�_He(i#GSK�E<K�hg5ERi{_aPRx[�(GRK�K5_+i#e(_HiuERtU_(P O[eU_	PRi{_2¬HvwK[_	P9I{Kqvwi#I{i#K5F+i#_	PSK[GS�(t�IutUOQPRiu�	FHKUTbe(FHG|FH_HK+t�M`MHGReOd�HK~MHI{F`E|GRgAt�I{i{E<PRK(f�i{Icy¥t�F�hGStUi�P|g[�	t�I{K[vwK[_	PMHGRK5_`hGSKXK5_£O[eUvwMPSK^I{K^PStUF�=h¤W g5Od�`tUMHM�K5vwK[_	PqhK5E�MH�HeUPRe(_`Ei#e(_Hi{ESt�_	PdE�hK5E��	t�Iut��i{K5E�h¤W eU«§i{I{E�EReU_	P�g[vwiuE.®.e(F§K[_`O[eUGSK0I{Ky¥t�i#P��	F.W i#INy¥tUi#I{I#K^v+t�i{_	PRK[_`i#G�I#K^�(tU¯�i{eU_HiuERgXESt�_`E��	FHKXI{K5E�g[I{K5OQaPRGSeU_`E�ERK|GRKAOQeUv~rHi{_HK[_	P5T

°^±0²S³ ´�µL¶�·¡¸J¶�¹»º�¼Q¶�½ ·"¾c¿�ÀJ¹�¼[Á�ÂJ¾c¶�¹¡¼Q¿�¾c¹
¸J¶ ¼QÃ ÄÅº�Á[¿�ÀJÁ[¹"Ã|·�Á[¿�À ¹"ÆJ¾ ¼Q¶
ÇÉÈ Ê

V�e(_(PSGStUi#GSK[vwK5_(P���IYW KQZ�KQPX\^FH_H_HaYbcKQPSK[GdE<e(_J�	FHi�_He(F`E�GRK5_aE<K5i#�(_HKqE<F`G�I{t^}`_nhHK�I{t���g5i#e(_HiuERt�PRi{eU_.f�I{KXV���Ë�s?t^Ì[PRGSKqE<K5_aE<i{rHI{Kw�JIYW i{_	PRg[�(GStUI#K0hK0I¨W �HiuE�PSeUi{GRKwhKwI¨W i{eU_HiuERt�PRi{eU_ÍhHK0IYW ©q_Hi#asUK[GdE5T"Î.KnESt�PSK[I{I#i#PRK=hHK+I¨W ��Ï ¢�Ð�Ñ(Ò"Ó"ÔNÕ m l�p t]g[PRgnIut�_`O[g+K[_vwtUi 6U4U4Uj T Ï t�O[eUFHs(K[GRPRFHGSK�OQe(v0M`I#x[PRK�hFJOQi{K[I`I{FHi�M�K5GRvwKQP�hKy¥t�i{GRKqhKAE O5t�GRPRK5E�h`t�_`E�I{K�he(v+t�i{_HK�vwi#I{I#i{vwgQPSGRiu�	FHKUf(K[_	PRGSK oU4KQP�Ö l	� \|×�¯UT
Î�t�O[tUG<PSK (∆T/T ) (θ, φ) hK=Ø`F`O�PSF`t�PSi#e(_`E�hHK+PRK5v0MNg[Gdt�aPRFHGSKXhF]V���Ë¡E<FHG�I#K^OQi{K[INK5E<P�hgAOQe(v0MNe(ERg[KXE<FHG�I{t�r`tUERK�hKAE�`t�GSvweU_Hiu�	FHK5E�ERMH�Hg5GRiu�	FHK5E

∆T

T
(θ, φ) =

∞∑

`=0

+∑̀

m=−`
a`mY

m
` (θ, φ). Ù 3�� T 3AÚ

Û _£K5_JK[�2PRGdt�i#P�F`_]ERMNK5O�PSGRK�hHK^M`FHi{ESESt�_`O[K|tU_H�UF`I{tUi#GSK C` f

CTT` =
1

2`+ 1

∑̀

m=−`
|alm|2, Ù 3�� T 6UÚ

eU« ` ∼ θ−1 TcVXW K5E<P�I¨W t�_�t�I{eU�UF`KwERFHG�Iut�ERMH�Hx[GSK+hF�ERM�KAO�PRGSKK[_wy�eUF`GRi{K[G ��hHK[F�whi#vwK5_`E<i{eU_�E[T	Î.K5E�Ø`F`O�PSF`t�PSi#e(_`E9hFJV��ÍËgQPStU_	P|ERFHMHMNe(ERg[KAEX�	t�F`ESERi#K5_H_HK5E5f�OQKwE<MNK5OQPRGSK0O[eU_	PRi{K[_	P^PReUFHPRKI¨W i#_Hy�eUGSvwt�PRi{eU_]E�Pdt�PSi{E<PRiu�	FHKUTV�KÜEReU_	P£h`t�_`E]OQKAEnØ�F`O�PSF`t�PSi#e(_`E]t�_H�(FHI{tUi#GSK5EJ�	FHKÍIYW e(_�s�tPRGSeUFHs(K[G�I{t0PSGSt(OQK|hK�Iut0�qg[i{eU_HiuERt�PRi{eU_]E<F`G�I#K�V���Ë^T

ÝÞ�ß¨à�ß<Ý á�âXãcä¤å�æç9èéç.â�ã�å<ê2ê	ë"ì�íïî9âqæHå<ð�ì�ë9èéë¤æ
ñ î òXäNæHå�î ò�óqëõôqå<ê2å<öXå<÷Rå�æç9ß

� _�MHGSK[vwi{x[GSKJtUMHMHGSe2Od�`KUf�Ð�Ñ(Ò"Ó"ÔNÕ _"W KAE�P+E<K5_`ERi#rHI{K]�(F"W �I¨W i{_(PSK[�(GStUI#K�ERFHG�I{twI{i{�U_HK�hK�s2iuE<g5K�hK�IYW �HiuE<PReUi{GSK�hK�I{t+�qg[i{e�a_HiuERt�PRi{eU_.f�KQP�M`t(Eq�nEReU_�hg[PStUi#IYT�ø�eUF`EXhK[s(eU_`EqhHeU_`O�hg[}`_Hi{GI{t0_HeUPRi{eU_]h¤W g[M`tUi{ESE<K5FHG�eUMHPRiu�(F`K τ m Ö p TbceUFHGcO[tUGSt(O�PRg5GRiuERK[G¤I{K Pdt�F��h¤W i#_	PSK[GdtUO�PSi#e(_�K[_	PSGRK�I#KAE"MH�`e�PRe(_`EKQP�I{K5E�g[I{K5OQPRGSeU_`E�I{i{rHGRKAE�t�FJPRK[vwM`E�OQeU_Hy�eUGSv0K η ù fHe(_£hHgQ}`_Hi#PúQûýü(þ¤ÿ��������
τ̇(η) = ne(η)σT a(η),eU« a K5E<PI{K�y¥tUOQPRK[F`Gch.W K5Od�`K[I{I#K(f σT K5E<P�I{t^E<KAO�PSi#e(_�KQ¦nO5tUOQK�hFMHGSe2O[K5ESE<F�E	���HeUv+EReU_.fK[P ne I{t+hK5_`ERi�PSg�h¤W g5I#KAO�PSGRe(_`E�I{i#rHGSK5E5TÎ"t+M`GRe(r`t�rHi{I{i�PSg�M�e(FHG�FH_ÍMH�He�PSeU_�hK~hi�Z�F`ERK[G^E<FHGXFH_�g5I#KAO�aPRGSeU_£K[_	PRGSK η K[P η + dη KAE�P�tUI#e(GSE τ̇ (η)dη TÎ9W �5þ¤ÿ
����������ÜüUþ���������� K[_	PSGRK ηinit K[P η0 K5E<P
τ(η0) =

∫ η0

ηinit

τ̇(η)dη,

PRK5I#I{K �	FHK9I{K Gdt�MHMNeUGRP"hKAE.i{_(PSK[_`ERi#PRg5E I0
Iinit

EReUi#P exp(−τ(η0)) TÎ"t�� ü��������<ü
����� �!�����"���ú#�����
g(η) = τ̇ (η)exp(−τ(η))

K5E<P�t�I{eUGdEXPRK[I{I{K=�	FHK g(η)dη E<e(i�P�MHGSeUMNeUGRPRi{eU_`K[I{I#K+�]IutJM`GReUar`t�r`i#I{i�PSgJ�	F.W FH_�MH�`e�PRe(_�t�PRPRK[i{�U_�t�_	P�IYW e(r`E<K5GRs�t�PRK[F`G~t�i#P�g[PRgg[vwiuE�K[_	PRGSK η KQP η + dη T©�_»K[�K[vwMHI{K]E<PStU_`hHtUGSh�hK]I¨W �HiuE�PSeUi{GRK�hK]IYW i{eU_HiuESt�PRi{eU_»hK

$&%('*) 3?� T 6�+-,/.10325476/8 I¨W ©q_`i#s(K[GdE�KAE�Pqh¤W t�rNeUGdh=PRe�Pdt�I{K[vwK[_	Pi#e(_HiuE<g|t?s�t�_	P�hK|hK5sUK[_`i#G�_HK[FHPRGSK^�~I{t~GSK5OQe(v�rHi{_`tUi{EReU_.f(MHFHiuE��_He(FHsUKAt�F�i{eU_HiuE<g=I#e(GSE~hK=Iut���g5i#e(_Hi{ESt�PSi#e(_.T ,&.:9;2<-8 Î"ty�eU_`OQPRi{eU_�hK�s2iuE<i{rHi{I#i#PRg~OQeUvwMHGSK[_�h£hHeU_`O�hK5F�JM`i{O5E[T>=�i{�UF`GRKeUrPSK[_2F]t?sUK5O@?!A�B7C!C mý6?p T

I¨W ©q_`i#s(K[GdE+K5E<P=MHGSg5ERK[_	PRg�ERFHGnIutÜ}`�(FHGRK 3�� T 6 f tUi#_�E<i��	FHKÍI{ty�eU_`OQPRi{eU_]hK�s2i{ERi{rHi#I{i#PRg�OQe(GRGSK5ERMNeU_`hHtU_	PRKUT
D�EGF�HIGJ!KGL;M

dη = dt/a(t)
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C`
�{�X�	���R�����R������S�������3���S�����S�
�5�R�����������7�` 7¡¢�¤£��¤�;���� 3�¥�R�

���>�`�¤�����¥¦!�S�~�3�������S�`�f�§���/¨!�R���S©��S�@ªm�#��«(���#�/�� 3�/�R�`�/�5�3�#���������5¬
�3�S�§�*�`����`���
�`���5�� 3���~�7 ¯®/°X±y�¤�f�`�²�>���#�5���R������S���P³�������7�#�
´  ����S�X���`�������µ�P¶ �`����¨!�#���R©3�R� ´  P¶ �`�µ�>���#�5���#���5���R���P³�������S�§�
�¤£��¤���	·7���;¸���¬i¹����S«(���¤��·7���;¸���¬º¹����S«(���S������»����`�f�¤�����;�5���R�3�����
�R�����`�� 3���¼���-�������>���;��� 3����½
¾��1���� 7���@���R»� 3�` 3�`³��R�¼�������>�����������`���	�o¶  3�¯»���¿~�7�¼�3¸3��¬

�����
�¯���À�S�����`�����[���S���Á�G¨��§� �7�§�¯���R�`�[���������-�`�����3�`�¤���S�¯�
�5�
�h¶ � ´  ��5���R���Â�7�±f���Ã��¿���5���P³ ´  3��»��`�3���;�5�R�R���������R�S��7�²���S�� 7¬
¨��R�R�S���5 Ä�����Å��Æµ�3�`��¤���S�R�#���R�����Å��������
�`�����#���§���`�������`�Å�S�§�
���5�����#�¤ 3�R�`�µÇR^¤Èº½@É��Å�¤¡7�#�����y�3�`���¤�7�7�`���>�� 3�����§���� ��7���Ê�¤�§�
� ´  �����S������`�y�����`���5������Ë�������7�����R�`�²�¤£��¤�����¸3�`�����7�7Ì�¬
���5��� ´  ��`�&�¤��»����G¨!�S���5���R���3�3�`�R�/�� 3�/���� 3�����#���R�R»��3���7�¼¨!�R������³
�¤�������ÂÍ�Î�Ï3Ð!ÐÑÇ Ò§Èº³	 7���S�R�R�����
�� 3�¯�S�§�]Ó
»� 3���`�`³&�����R�-�i¶ ���7¬
�3���7�;¸3�¼¨�ÅÔ¤�������3�R ��&¸3�` 3���R����� ´  3�m�3�5�
�&�S�@����¡!����½

Õ/Ö(×fØ�^GÙ!½ a¼Ú]·!�` 3���S�@�S�#������»����§���&¨! -�� 3�&�S�¼���>�`�¤�����~�`�²�����Å¬
�
�`���5�� 3���~ÛhÜ	Ü�Ý[³G�������7�#� ´  ��f�i¶ �5Þ��� 7���o¶ �5�3�#�����������3�R�`�{ªr©
�������
�`�;¸3�`�S�R�m�5�3»� 3�#�5�R���@�`���	����ß`�&¨!�#���R©3�R�¼�� 3���R�����>�`�¤���������¯�>���#�¬
���#���5���R���:Û(¾*¾fÝ[½����1¨�5���R�����¤�²��������� ´  3�������3���`�����������R�«à�5�S�
´  ��@���� ��f�P¶ �G¨����
� ´  3� (2`+ 1)

���!�¤á²�¤�R�������/�>�� 3�&�§�����S�����
�;¸�� ´  3� C` ½
·7�
�§�[�����`�&��©7���`�! ����G¨��§�~Í!Î�Ï3Ð!Ð]ÇâÒGÈº½

ã�¶ ���3��ß`�@^GÙ7½ Ò3½S^�³��#�m�3����©���©3�R�S�S��� ´  �¶  3�-�3¸3�������1�7 ¯®/° ±
�S�����`����»��#�����¥�R�Å�S���3»1�3�Å�#�-�S�R»��3���7��¨!�R�������S�����¼�7�Å�#�1�����R�5¬
�3�R������S�����`���

α = 1 − e−τ
½�·!�/�h¶ ������©�������¨�� 3�3�-���5�����R�

�7 X�¤�R���dª�R�Å�������>���;��� ����
T + ∆T

³��R�`�	�3¸��5������� ´  3�m�i¶ ���

�
�`���1�����������f�������3�#�����`�/���5�	�7�§�&�3¸3�������
�/�3�~�������>���;��� ����
���Ì������3�

T
½

T + ∆T → (T + ∆T ) − α(T + ∆T ) + αT
= T + e−τ∆T,

�¤���R�	���>�`�¤�������¤�������`���
�����3�5���d¨G�@Ô������/���7�7�SÓ���¦5����¨�¼�G¨����S�
C` → C` exp (−2τ)

�o¶ �5�3��ß`�¥�S�§�m� ´  ��5���R�����1^GÙ!½R^�¤�¯^GÙ7½ Ò
ÇS^�^[Èº½/®f�¤����� �5�����`�! �����S���P³��� ������� 7�²¨!�#���R©3�R�X�� 3�]�S�X���
�§�[�����
���ä�������
�`���5�� 3���å�7���#�æÓ�»� 3���ç^Ù!½ a3³�§���Á�`�ä�3���`���Sß`���
�5�3�����G¡7�R���5���R���Ë�R���7�`�
�`���3���������7�Â�h¶ �`�;¸����R�S�¢�5��»� 3�#�5�R���

`
½

è��R ��¢���S»��� 3���� ��������`���§³¼�S�«à�� ��7�;�5�S�¢�3���`���7���:���æ�¤���Å�3���
�S�²«à�5�S� ´  3�²�R�`��»��;�5���3�`�������� ��[�� 3���§�m�3�]�
�` 3¨��`���Å�����¥Ô¤�����
���3�R��¨����§�¼Ç éGÈº½

®f���f��£>���/�7�~�S�#�����5»��	�P¶ �`���*���� 7����«(���#�������� 7���S�R�#����©3�S�~�
�� 3�
�7�¤���������S�3�`�

τ
³������¼�S���§���m�7�`»��`�3������G¨��`�¥�h¶ �5���3�R�S�� ��7��R�3�S¬

���#�5�R���7�`�&ê
 ��[�� �����S������³ ´  3������ ��&�3�������3�����R���������/������½

Õ&Ö(×*Ø{^GÙ7½ ë¥Ú²���Å�
���R�����#������R���]�S���3 3�Ã�������5�	�#�Å�	���R���3�#������R���
�`���¥�7 3�]ª¯�#�¯���`�7�S£> 
���R���¢�7�§���3¸3�������
�m�7 µ®/°X±ì�� 3�¥ 3�3�
í ���`�������3�@�� 3��«à���¤���7�m�3�����3�Sß`���¼�7�S£> 
���R���!î[½

¾*�-�3�R ��	�7 1�R�R������»���³��R�`�/�`�S�§�[�������
�f�����§���`���;�&ª
z ï(ð�ñ ò ¨�������¤�����`�@ ������R�������� ������ ´  3��3�5�
�~�R�`� C` ³o�¤¡3���¤���`�Å�`�����3��R���Ô����m��5�3�Rß���� ´  3���R�`���`�S�§�[���������&�3���`����������ª��#����`�����¥©��Ã¬

���5�#�����P½o®~¶ �§���@�h¶ �¤£��¤�¼�o¶  ��3� í ���`�¤�����7�m�� 3��«à���¤���7���7�`�����Sß`���
�7�S£> ����R���!î[³3¨!�R���R©3�S�¥���5���R�m���`�¤�����1�3�#�m�3�5�
�	�R�«(�����¤���R�����7�
¨!�R���S©��S�R�Ã���ÊÛ(¨����R�Ó�»� 3���¢^Ù!½âÒ�Ý¤½/ó~�Ä�
�` 7�-�§�����S�����-�h¶ �`�;¸����R�S�
�5�3»� 3�#�5�R���&ª@�R� ´  ����R�S�	�5�����5�;�5�#���������d�S�§���5�3�#�����������3�R�`�d���`�¤���7¬
�3�5�R���`�/Û(¨����S�{Ó�»� 3���~^GÙ7½ ë!ÝP�7 3�§��ªr�#�~�����R���3�#���5���R���²ÇR^`_Èi³!ÇR^�^[Èº½
���1�����#����R��� ´  3�������R�S�� 3�Â¨��`�[���� 3�m�P¶ �����7�²�¤������©3�R�S� k �5 ���`�Å�
�*�¤���7«(�������

η
ª¼�h¶ �5�3»��S�

1/`∗
���� ����R� ´  3���
�S�
�`���f¨! ²�5 

���`�Å�
���¤���7«(�������
η∗
��¶ �`�����S�

`∗ ∼ (η∗ − η)k
½

®f�����Å�-�7�������������²�3�����²Ç ôGÈº³{�R�1®/°X±ì�`���¥�>���#�5���R����³��¤�
���` 3�R�� ��3���5�3�#���5���������S� ´  ����7�� 3�>���#�5�R���Â�7�¢�i¶ �R�����`�����S���¢¨�
�¤�����`�@���¤�������
���R�����#���5���R���¢ÇõÙ§Èº½{ó~� �>�� 7�m���S�������¤���3���Gö#�����¥�R�
¨��§�[���` 3�	�o¶ �����7�¼�¤������©3�R�S�¼���������[�������R����� ´  3�~�7�@�i¶ �`�
� ´  3���7�
�R�¼�����R�����R������S���-¦

2 ∼ (η ïà÷�ñ ò −η ï(÷�ø�ò )k ½!ó~��5���3�S� ´  3��ª¼�3�� 7¬¨��§�5 ¥���¤�����f�����#����S���m�>�� 3���¤���3���öR�����f�h¶ �5�3»��S�/���� ��d�S� ´  3���!���
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���� �$ ` ∼ (η0 − η %'&)( * )k + ,	��-�/.��10324��56�����
` ∼ 2

η0 − η %'&)( *
η %'&)( * ∼ 2(

√
z %'&)( * + 1 − 1)

���7�8	
�1 ,�9��:��;03���=<���� η %'&)( * � η %>&)?)* ���@<����A2B� CD���4�
�E�� F�E ,���	
56�4��:DG�0
�H240I5603�J�4K���� + ���L<������456G�24�4<���� η ∝ (1+z)−1/2 MN �@0PO��4���Q���Q	
�;�����D���LR���0
���������LS ` ∼ 5 GT	
��� z %'&)( * ∼ 10 U�8	
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���H�����Di��9 ,�J	
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¹(À�È%¾�È%¾#½�¾!Ó�½�º0Ã,¹!Û�Ä_Ê�¾�ð�¾!Â$Ö1Ë�Ã,Ë�¿&¾#½�¾!Ãªº�Ì�½,Ê�¾�¿�¾!Ë�¹�¼�Ã,¾#¿�¾#Ác½
À�¹�½�Ê�¾;¿�º�¿�¾!Á0½,¼�¿ ½,Ã,Ë�Á1¹(ÌÚ¾#Ã

t
È�¾�÷1Á�¾5È�Ë�¹

t = (p1 − p3)
2Ç:Ê�À�Ó�Ê+Ó#Ë�Á¬¸�¾jÇ:Ã�À�½(½,¾#Á+Ë0¹

t ≈ (pθ)2
Ë)½;¹(¿;Ë�»�»

θ
Õ Ç:Ê�¾!Ã�¾

p1
¶ÚÃ,¾!¹�Ö.Û

p3
ÆiÀ�¹i½�Ê�¾;¿�º�¿�¾!Á0½,¼�¿ º�Ì
½,Ê�¾;À�ÁíÓ�º�¿�À�Á�×�¶ÚÃ,¾!¹�Ö.Û

º�¼%½,×�º0À�Á�×�Æ_Ö�Ã,º�½,º�ÁqË�ÁíÈ
θ
½�Ê1¾&¹,Ó#Ë�½(½�¾!Ã�À�Á�×eË�Á�×�»�¾�Õ�¹(Ê1º)Ç:Á§À�Á

�����
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5768:9 ��;=<> @?BA�CEDGFIHKJEL@LNM�CECOJPFQJEM�RTSVU�W=XNYKX
p1
D�R%Z

p2
D�Y[X\HKW=XJOR%LNM�]�JER=^`_%Y[M�H[M�RaFNS

p3
D+RaZ

p4
HKW=X�M�b1HK^�M�JER=^`M�R=XGScU�JOH[W

θH[W=X�FKLND+HQH[X�Y[JER=^@D+R%^�CEX�<

H[W=X�_=JPLdHKb=YKX@��;=<> 1<
e ]�_%DGLdH�_aMfFQJOH[JEM�R�Y[X�LgMGR%FIHKY[baLdH[JEM�RBJOR�H[W=X\h%icXNY�Z1XNH[X�LdH[MGYD+CECOMjUkF-H[MlY[X�LgMGR%FIHKY[baLdH-HKW=X

θ
D+H`HKW=XmJORfH[X�YKDGLdHKJOMGRn_cM�JERGH�SU�W=JEL�WoCEX�DGZ-b%FpDjH�H[W=X�X�R%Z`H[M\H[W%X
t− F[_cX�LdHKY[b%]q<r F[JOR=^sHKW=X�M�_1HKJEL�D+CfH[W%XNM�YKXN]oSjMGR=X�LND+R\Z1X�Z=b%LgX�HKW=X�COJER=t�icXgH[uU:X�XNRvHKW=X-HKM+H�D+C�LgYKMGFKF�FQX�LdHKJOMGR

σtot
D+R%ZvH[W=XqRwb%LgCEX�D�Y�xM�Y[uU7D�YKZyXNCPD�FQH[JPLoF[L�DjHQHKXNYKJOR%^mD�]\_%COJOH[b%Z=X
Fn

XgzwH[Y�D+_cM�CPDjHKX�Z{H[M
| XNYKM�]�M�]�XNRfH[b%]}H[Y�D+RaFIxX�Ys~

Fn(t→ 0) =
σtot
4π

(ρ+ i) exp(−b|t|/2) � ��;=<E���
U�W=XNYKX

ρ
JPF�HKW=XkY�DjH[JEM�icXgHIU7XNXNR@YKX�D�C%D+RaZ�JE]@D+^GJOR%D�Y[��_%D+Y[H�M+xH[W=X\Rwb%LgCEX�D�Y�xM�YKU7D�YKZqX�CEDGFIHKJEL�F[L�DjHQHKXNYKJOR%^�D+]�_=CEJ�HKb%Z1X�D�R%Z

bH[W=X�Rwb%LNCOX�D+YkF[COMG_aXG<� W=X�Z1J��.XNYKXNRfHKJED�CcX�CEDGFIHKJEL�LgYKMGFKF:F[X�LgH[JEM�R`JEF7CEJOR=tGX�Z�H[M�H[W=X�JER1uH[XN^GYKD+H[X�Z�CEb=]�JOR=MfFQJOHI� L H[W=YKM�b%^�W�HKW=X\Rfb%]�icXNY�M+x:XN��X�RfHKF\~
dNel
dt

= Ldσel
dt

= L|Fc + Fn|2 = L(
dσc
dt

+
dσcn
dt

+
dσn
dt

)

� ��;=<> ��U�W=XNYKX��\H[XNYK]@F�D+_=_cX�D�Y�M�RqH[W=X�X��fb%DjHKJOMGR�~
?��:M�b=CEM�]�i-HKXNYK]�~

dσc
dt

=
4πα2(~c)2G(t)4

t2
� ��;=< �G�

U�J�HKW
G(t) = (1+ |t|

0.71 )−2 H[W=X�_=YKM+H[MGR@XNCEX�LgH[YKM�]@D+^GR=XguH[JPLsxM�YK]}x(DGLdH[MGY�D+R%Z
α
HKW=X�h%R=X�FQH[YKb%LdHKb=Y[X�LNM�R%FQHKD�RGH�<?��kb%LNCOX�D+Y�HKXNYK]�~

dσn
dt

=
σ2
tot(1 + ρ)2

16π(~c)2
exp(−b|t|) � ��;%< �w�

? e RfH[XNY[xXNYKXNRaLgXsH[X�Y[]�~
dσcn
dt

=
σtotα(ρ− αφ)G(t)2

|t| exp(−b|t|/2) � ��;%< �G�
U�J�HKW

φ
YKXNCPDjHKJO�GX�_=W%D�F[X�icXgHIU7XNX�R�LgMGb=CEM�]�i�D�R%Z�Rwb%LNCOX�D+YD+]�_=CEJ�HKb%Z1XG<

� F�F[W=MjU�RBJERBHKW=X\h%^�b%Y[Xq��;%< �%SaHKW=X-�:M�b=CEM�]�i�HKXNYK]�JEF�HKW=XZ1M�]�JER%D+RfH`MGR=X�D+H`F[]�D�COC
t
U�W=JPL�W�U�JECOC�D+CECOMjU�HKMyF[XgH�HKW=XD+i%F[M�CEb1H[X�FKLND�COXG< � M�Y[X�D�L�W�H[W=JPF�YKXN^GJOMGRBHKW=X-Z1XNH[X�LdH[MGY�X�Z=^�XW%D�F�H[M�iaXsDjH��Nu# �]\]�xYKM�]�HKW=XpicX�D�]�D+z1JEF7D+R%Z�Y[b=RaF�U�JOH[W

Z1X�Z=JEL�DjH[X�Z-MG_1H[JPLNFpD+YKX�YKX��fb=JEY[X�Z-U�JOH[W�~?l�%�j�[�+ ¡ O¢g `£0¤l�=¤+¥¡¦%£�§g¤�¨N©wª�¥¡¦w«¬MG_1H[JPLNFvX�R%F[b=Y[X�F�H[WaDjHyDZ1JO�cbaFQJEM�RnD�R=^�CEXBD+H-H[W%X e# HKYKD�R%F[CED+H[X�F-JORfHKM®��X�YQHKJEL�D+CZ1JPFQ_%CEDGLgXN]�X�RGHkD+H�H[W=X�Z1XNH[X�LgH[MGY�<
?�¯w¥�«4¯

β∗ D�F�H[W=X�]�JOR=JE]�b%] t− �jD+CEb=XkYKX�DGL�W%D+i%COX tmin ∝
1/β∗ ScU�JOH[W β∗ Z1XNh%R=X�ZBD�F�HKW=X�icX�D�]�xMwLNb%F[JOR=^-_%D+Y�Dju]�XgHKXNYkDjH�HKW=X�JERGHKXNY�D�LgH[JEM�R-_cM�JERfH�<

5�68�9 ��;%< �°?®±pJO�cX�Y[X�RfH[JPD+C�XNCPD�FQH[JPLqLgYKMGFKF�F[X�LgH[JEM�R²Z1JEFQH[YKJEi=b1uH[JEM�RVS�DjH
t < 10−3 �:M�b=CEM�]�i�HKXNYK]�JPF�HKW=X-Z1MG]\JER%D�RGH�M�R=XU�W=JPL�W`U�JECOC³D+CECOMjUnH[M@FQXNH�H[W=X�D�i%F[M�CEb1H[X�F[L�D+CEX�<

´kµ�¶[· ¸y¹gº�»V¼¾½q¿\À@»T¹gÁ7»¾º�ÂqÃ Ä�ÃqÅÆ½`º�Ç�Èg¹KÉ
Ê ¹gÃqÄ�º³ÀË½oÈgÌ�¼³»

Í RBH[W=X
20th

M�x7ÎwX�_1H[X�]�icXNY� +Ï%����S �pÐ³Ñ1� ]@DGZ1X�DqFQbaLduLgX�F[FQxb=C�_=Ww�1FQJPLNF\YKb=R®U�JOH[WyH[W%X�FQ_cX�LNJED�C Ð³Ò �ÓM�_1HKJEL
β∗ =

90 m
D+RaZ�H[W=X�Z1XNH[X�LgH[MGY:X�Z1^�X�F�U7XNRfH:HKM ≈ 5 mm

xYKM�]�H[W%XiaX�D+]�LgXNRfHKXNY7xM�Y�HKW=Xsh%Y�FIH�HKJO]�X�< COX�RGHI�mM+xkX�CEDGFIHKJEL�XN��X�RfHKF�U7XNYKX-LgMGCOCEX�LgH[X�ZÔS³DGF�FQW%MjU�RvJORH[W=X�_=JPLdH[b%Y[X{��;=< �vU�W=XNYKX°HKW=XBX�CEDGFIHKJEL�L�D+R%Z=JEZ=D+H[X�F-D+YKX°YKXguLgMGR%FIHKY[baLdH[X�Z@JER@H[W=XsicX�D+]ÓLNMfMGYKZ=JOR%D+H[XpF[�1FIHKXN]�U�JOH[W`D�_=YKXguCOJE]�JORaD+YK��D+CEJO^GR=]�XNRfH�< � W%X�i=CEDGL�t�CEJOR=X�F�D+YKX7H[W=X�^GXNMG]\XNH[YKJEL�D+CCOJE]�J�H�F�M�xcHKW=X�HKYKDGL�t�XNY�F[�1FIHKXN]oSGD�R%Z�H[W=XsZ1JEFQH[YKJEi=b1H[JEM�R�M�xcHKW=XXN�GXNRfHKFÔJPFTDk^�MwM1ZsZ=X�FKLgYKJO_1HKJOMGR�M+xwH[W%X�_%D+Y�D+CECEXNCjHKMk_aMGJORfHVxM1LNb1uFQJER=^�MG_1H[JPL+ScU�W=JPL�W�FQ_%Y[X�D�ZoM�b=HkH[W=X�XNCPD�FQH[JPL�_=YKM+HKM�R%FkJOR°HKW=X��X�YQHKJEL�D+C�Z1JEY[X�LdH[JEM�RT< � W=X°F[D�]\Xo_=JPLdHKb=YKXoF[W=MjUkF@D�CEF[MmF[M�]�XR=M�R=uÕX�CEDGFIHKJEL�LgMGRfH[YKJOi=b=H[JEM�RÖM�Y�iaD�L�tw^�YKM�b=RaZÔS�U�W=JEL�WÖi=YKX�D�tH[W=X�F[�f]�]�XgHKY[��M�x=H[W%X7Z1JPFQH[YKJOi=b=H[JEM�RV<+ÎwM�H[W=X7XN�GXNRfH�FQX�COX�LdH[JEM�RLgYKJ�HKXNYKJEDqU�JECOC�iaX@MGR=X�M+x7H[W=X�D�R%D+CE�1FQJPF�L�W%D+CECEXNR=^GX�< � R%M+H[W%XNYL�W%D+CECEXNR=^GX�LNM�]�X�FVU�J�HKW�D+CEJO^GR=]�XNRfHVM+x1D+CEC�FQHKDjHKJOMGR%F�Sgb%F[JOR=^�HKW=XH[W=X7Z1JPFIH�D+R%LNX�]�X�DGFQb=YKX�Z�iw�sH[W%X:Mj�GXNYKCED�_�Z=XgH[X�LdHKM�Y�FNS�D+R%Z�HKW=XZ1JPFIHKY[JEi=b1HKJOMGR`M�x³HKW=X�XNCPD�FQH[JPL�F[L�DjHQHKXNYKX�Z`_=YKM+H[MGRV<� W%X:ha^�b=YKXp��;=<>� � Y[X�FQ_V<w��;=< ×G�ÔYKXN_%Y[X�FQX�RGH�FVHKW=X�LgMGY[YKXNCPDjHKJOMGRiaXNHIU:X�XNR
x � YKX�F[_V< y ��_cMGF[J�HKJOMGR%F�JOR{MG_=_aMfFQJOH[XqFIH�DjHKJOMGR%F�xMGYH[W=X�XNCPD�FQH[JPL�XN�GXNRfHKF�< e R�HKW=JEF:twJORaZ�M+xÔY[X�_=YKX�F[XNRfHKD+H[JEM�R�U:X�LND+RX�DGFQJECO��FQX�_%D+Y�DjHKX�]�MGFQH°M+x�i%D�L�tw^GY[MGb=R%Z¬xYKM�]ØH[W=X{F[JO^GR%D+CÕSU�W=XNYKXkJER@H[W%Xph%^Gb=YKX���;%< �sU7X�L�D+R-F[XNXpLNCOX�D+YKCO��H[W%X�F[JO^GR%D+CaJORH[W=XsLgX�RGHKXNY�SfD�R%Z@JER@H[W%Xph%^Gb=YKX���;%< ×�HKW=X�Z=JEFQH[YKJOi%b1H[JEM�R@H�D+tGX�FD+R=M�H[W=X�Y�F[W%D+_cX-Z1b%X�H[MBH[W=X`M�_1HKJEL�F�D�R%Z�HKW=X`Z1XNH[X�LdH[MGY�DGLduLgX�_1HKD�R%LgX�JER`�GXNY[H[JPLND+CÔZ1JEYKX�LdHKJOMGRV<%ÎwMG]\X�M�xTH[W%XsiaD�L�tw^�YKM�b=RaZ
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cðö���
=ûEüPøQï=ð ÿ üO÷/.0%ä1.=ë
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General Optics - VEM 09 (5.1 nm rms)
General Optics - VEM 10 (3.1 nm rms)

Tinsley - ITM04 Ligo (0.15 nm rms)
Tinsley - ITM08 Ligo (0.16 nm rms)

CSIRO - Ligo pathfinder (1.0 nm rms)
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Round Trip Losses (ppm)

Simulations with Original Mirror Flatness of 1.5 nm rms

RTL CC with fc = 100 m-1

RTL CC with fc = 75 m-1

RTL CC with fc = 50 m-1

RTL CC with fc = 25 m-1
RTL without CC
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zT{e{ |\}U~Y�]�T�/�[�h}I�����]�a�	}

���Y���2�Y�U�h�������Y�f�B���e�U���+�U�e�A���Y�A�U�e�����������2�T�o���e�h�����%�U�e�����/�e�
��� �U���>�e�Y����>�)����������U�����������f 
¡ �e�U�¢�2�£�Y�e�����¤���¥�����/¦y���¨§A©�ª6«\§�¬�®� ���6¯e�T�y���2���)����e�°���
������±!�U�e�U���T�A���+²a��T�������U���Y��³ zY´/µ�zT´e´f¶�·9¸ ���P¹�  º µ ºU  {e»&·+¸T¼
������&�����U�����	¯e�T�+�U�#�U����U�������>���+���T�j�������������h�j���e�0�y���½��� µ
��2²]�����!���¾�����f��2��2²���±6���������H�Y�����/�����e���'�U���j³8�N²I¿U�0  {�z   {&¼PÀ

ÁBÂaÃAÄ {�z   {>Å ª��h�����!�����>�������U�����0�>��� §�©5ª6«\§�¬

ÅEÆÈÇnÉ�Ê�ÇIËTÉ6ÇÈÇnÉ
�h���e�¾��2�o���e�U�È���B�U�/�U�������Ì²a���Y�����Y�U���o���n��e�&�e�U¯e�����U��
�/���f���¾�/����f 

ÅEÆÈÇ£Í�ËTÊ�Î0É@Ï�Ð�Ê�ÑÓÒÕÔ]Öa×ÕØeÊ�ËYÖ]Ù�ÇÚÉ�Ë�×ÕÔaË�Û)Ê�Î�É
���Y�2�T�N���2�f�����'�U�����0�/�U���������e���������>�/�U�e����������2�����e� µ
�0�f���+����e�U�e�I����j�������2�

ÅEÆÈÇ£ÏnÉ�ËYÉ6Ø/ËTÉ6ÆÜÛ[ÏnÉLÒÕÆÈÖ8ÝYÝTÊ�ÇnØeÉ
��h�/�U��²a�e�������U�#��2�f�U�/���U�e����5²a���Y�������0���5���Þ���f�[���6¯f� µ
�2�f�����e 

ÅEÆÈÇnÉ�ØfÊ�Û	ËYÉ@ÏAÐ2ÊUÏÈÊ�ÒnËYÊ�ËYÖ]Ù�Ç£ÏnÆ£ÝYÖ8Î0ÇnÊ�Ô
���6���½¿U�Ó���Ó�����e�0�/�>���e�����Y� �f���/������Lß¤�®� �Y�2�T�N����e�U�������
��� �e�������¾��½���2�f�¤���c���Y��Y�e�à��������²]�e��� Àoá �U�/���e�f���#��
¡ ���e�2���e�6âA�f��¯f�����Y�I������ã6�U�/���¾����� µ\{/ä �jå ä ���Ü�Y�h�U�e� µ
����2���e�U����ßHæfåfç�è ¸  

ÅEÆÈÇnÉ�ØfÊ�Û	ËYÉ@ÏAÐ2ÊUÔ]Ö]ÑÚÉ�ÇIËTÊ�ËYÖ8Ù0Ç
�/���2���Y�f���>�2�T�B�������������h�j�e�N���½²]�+��� µ ���T���U�Y 

é�ê�ë�ì íEîGïHðIíEñ òôóGõ

ö �E�������Y������e�÷���T���h�	ãe�e�0�L���f����������T�����e�U���¾�£�U�e�U���
ä è+øù³8úeåfç�è ¸�µ úfåeåeç@è ¸T¼ �û�����U����¢���/�0�ü���Y�#�/�����Y�Y�#ýeå
�	¯e�Y�°þf�����2�Yãù���ÿ�/��� ���® ,âA�q���f�!�/�����°���¥���Y�h���Y���h�U�¥�
���e�������@�����f�����Y�U����½�����û��� �/������Y�!���Y�h���U�������T�ü��±��������2���Y� µ
���/���Y�����f�H���!�¾�L�������Y������e�û���ü�¾���U���f��T������U���
	y�U����k� �/��±
�/�����Y�Y� { åeåfå+�f�H���Y�o��T�h�����h�h���Y�Õ��9���f�������j���e�U¯e�Y�e��������Y� µ
�����U���T��  ö �Y���e���2�f�2���T�>���¢���	ãf�e���U���������>���Y�>�f�����0�T���)����� µ
�����U�����������T�>���/�U�'�������!�U�e�U���ü����²a���Y�����Y�U���ü��e���������T��
���2�0���������h�5���Y���e���¾�����Y�&���e�������¾�%����T�)���2�f�@��� ���¨���e���h�/���
��h�/�U�¯e�Y����+���Þ�/�#�h�U�/���[�f���f���e�e������¾������ �����e�%���U���e�����
���Y�Ì¯)�e��¾�)���2�f�U�Ì���9�h�U�e��f�P���e�h�Ì�����U�f����/�f�P���j�¾�&�e�Y�����³a��² µ
²a��� á ���)�/��ãf�e��� æ�� ¼  ÈâA�Y�&���Y�Y�/���¾��H�T�&���e���U�����>�2�������#�����
����������2�f�Þ���e���2�����������e�U�j���L�e���e���&��T�����2���/�����e���9���>�8� �)±��
���>���H�f�����0�f 

ö � �e��	y�T�N���½²j��� § á ª6«\§A¬q�Y���'��� ����0���2�Y���¾�Þ�0�����2�U�2���½���ü��� �����
�������Y������e�Þ�������&�h�	ãe�e�U�������������H���Y�j���¾�y�h�/�U���Y�j���>�®� �e�h����
�����6�# 
����� ���!� "$#!%'&)(*%+#-,.#0/2143�&)5768#!9:17;<,�=�>@?BADC
ö �¤������0�����2��2²[��±6���������H�Y�����/�H�����2������¤��Y����Y�U�÷���T�¨����� µ

���������q��� ������Y����Y���q��� �8� ��±��������2�Y�U��� â�E ¡ á ö §�ç á  
ö � �/����Y�������Y�������¨²]�)�'���2���e���ü���f�H���f��!���ü���Y��±,�/�����2������T�
��� �e�2�U�H��������� ���iýfåÿ��� ���i�2�f���e���Y���Ú��� z åÿ��� ���
���e��f�����GF)�e�Y���e�h���Y��� zfzez ç�è ¸ �H�U�!��� �e�����������o�����j�������e�0���
���¾�)��q�Y� ²a��T�������U��� ���/�0�ÿ�2� ���e�!�/����� z å µ�z åeåpç�è ¸  
ö � ���h�/�e�¤��� �/�������I�0�Y�)���2�f�÷�Y���,���Y�e�2�¾���à�U�/�¨��� ö7J á ³ ö ��KJ �f���� á �����2���U�Y� ¼ ���Y¯e�Y�2�f���0�¢���e�U�L���¨�������cª6���U�/��T�h�k 
ª6�Y�à���e���f�N��Y��¾����¾�f�U�Y�¨�����2�U���2�0�/���Y�û��e���Ú��� ²]�e�2�U�2�E�U����2�
³ ≤ 1nV/

√
Hz
¼ Ff�U�ü�f�e�2�ü���e�U�����e�f�P����ú'L>�.M¤���A�U�!��Y�H�0�

���Ó�������e�U��Ó�e���e����û�e��±i��2�f�U�/��±i���e�������Y�Ó³ z�µ\{ �U� ¼   ö �
���e�!�e�2��� ����0���2� z å µ�z åeå ç�è ¸ �Y���i���������0�°��� ��� �ONe��
�U�/�#�¾�Ú�U�e�U��� á çP	y�U���f�Ü� �¤úeå¤ç�è ¸ �������¨�®� �e������,�0�/�
���¤�U�e�U���ûøÕçQ�¤�U�/�����������RL¤ç�è ¸   á �2�0���SF+���T�U�½�����e�e�
��T�/������÷���Y������������i�¾� �U�e�U��� ����U���2�Y�:� ���Y�i���2���2��Y�Y Þ«\�
�Y���,���Y�e�2�¾���û�k� ���U�Ú�U�e���@�0�/�@�U�÷�U�e���� − �U�e���������Y���T���/����8� �/���������0���/����e�@���>�U�/�&���¢�U�f��� − �U�e�������>���,�0�e����� − �0�e��0���y� µ �e�����2���0�Y�)����e�Ü  ö �à��2�f�U�/�H�U�/����Y�,²a���Y�����Y�U���T�,�e�2�U��
���Y�2�T�N���2�f�����+�T�y�A��h�/�U��²a�e�����9���[�����&���e�����f���/��������e�����2�6���
�U�/�Ì�U������KA�Y�Ì�������Y�N���e��� zez �0�����e�U�/�����P���e�U�o���e�����Y��0�f�U�����
�/��±L���f����h�/���f���Y�9���'�®� �Y�2�T�N����e�U�����������@��T���T�/�����'����²]�e���e 
ö �T�j���e�U����Y�j���>�Y�/���2���h�)���2�f�#��e���j���e��������T�<�U�U  {�z   æU 

ÁBÂaÃ�Ä {�z   ú Å ¡ ����T�N��Y���H§ á ª6«\§A¬ ç�è ¸ ���U�����e�2���%����H�����
����¯f�5���%���Y��Y�e�%���>�����²]�f���&���&�Ì� �f�U�����¯	�/��f�2���VUo��������� á � µ
�e�Y�

����� ��� � W';V%R,�=�>!>0=X,.#0(<;Y1Z,[6.57%+\V>0,+=X,.%]?BADC
§��ü�!�/�h� { å zez Ff���Y���A�ã6����^Y���Y�o�f���������+���U�y�h�/���2�T������A���Y�

����¯f�Y�����Ó��T���T�/�Ó���[����²]�e����³8�N² {�z   ú ¼   ¡ �ü�!�/�h��_	y�U�2�
{ å zez úeý>�Y¯�^Y�����������h�o�e��������+������Y������e���U�Y�`Fe���ü�Y¯�^Y�����������
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prqks<t'n�m�u v�wyx�z�{�|~}H�R�<���r�!zR�!|~���<���)�kzR�8��|~��zR�����<{h}��.�.���~��}��8�O����������R�8}H{���}H��|~�2�k���G�'�.���8���e���]��|��~���e�`�
dBm � PdBm =

10 log10(
PW

1mW ) �

|0�'�8�h�'�.�T�`�!|��_z��'|~�����8�8u�n�mRu �.u<�7}[�����0|~���h�.��|~��zR��{h}H|��`�~}�{���������8}�������{h�`��|~�����'�.� ���G�O�~z���|������_}��.�h¡��~�e�O¢��£z��.�`�R|~���`{�{h�}�¤��`�<{�}������!|~}H���O�
E ∝ E0 exp(−d/D0)

}�¤R�`���8�.��{�zR�.���.�`�.���}H��}��O|��`�����0|~�h�'�.�¥�Z¦ �`�+¤'�h�~z��
D0 = 200 m � �O��8��ujn�mRu § � u¨V���.{h�8�V�8���O¢.��¡`�
��������|��G��|��hz��¥������}���zR�8���Oz'�!�_���'�.�`������.��z�¤R���8}��8�O��.���!���©�`�!|�zR�8�!�`��¤R��ª£�����_z��'|~�~}��R|j{S¦ ����«��.���8������©���8}H�_������zR�2}H���8�O|����'�.�y�!�.��{h�)��}���z��8�.���_���'|�z��8�����~¤��Ru��¦ ���8�!|~}�{�{�}�|~��zR�T�.�_���`�)������|�8���`���h�����
��{h���_���'|��)���¥�8��z�¬0�O|*®�¯+°-<±²} �_z��'|~���_�Z¦ �.�.�_�8}H��|y{h} �³}H����}��.�h{���|��2�Z¦ �.�.��|��`{�{h������2}H�����.�V�~}H�����O´µ�O|����.�*{h�V�~�`���`}��e���V����|��`�O|��`�.�<��¢��h�!|~}��R|Gª{ ¦ ���'|~���~�O|
�4¦ �.�¥���`��{��`�8���.���_�`�R|��O¢+|��`���.�@�O|�}e��z��������_�@���G����G�!�.{�|~}H|~���.�+�����h�'�.�)�.}��8���O���zR�2}H�h�.��u
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���.��|����'�.���8}H�8��{ ¦ }H�h�Gu�Ö<����}���z��8�.���_���'|@����zH|��~z��£��ªØ}��~��z+�����}H��Ùr���`�_�~�!|���}H�.{h�.�.���_z�{h�`�O�8{h}����~��ª�zR�8�!�`��¤R���`��{h}���zR�~}H|�z��h�~�}��`�'|��~z��.¤R����|�{�}¥�£zR�~�����.�h{h�I|~���4¦ �.�8���.�O|��G��|~��zR�¸���G�������~�£�`�}�|~��z'�!�8�.���~�h�'�.�G�T�8}H�������.��}H����u�*¦ �.�8�$���`���Oz��_�£zR�~}H�'|�����Ú�.��z�¬0�O|©*®
¯+°-*±Û�`�!|©{h}¸�_���!�����Ú�.{�}������4¦ �.�Ü����|��G��»|��`�.���.}��8��{h}2��}H�8����{h}e�8}H�8�.��Ö�ª£�8}H�8�V{����.��|
�4¦ zR�8�!�`��¤R����O����}���z��8�.���_���'|Ø}H�@��}��~��}����<�4¦ �.�8�r�R���~����}H|��_zR���.�.�`�����'�.��u
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�*¦ }��'|����8�.�ò���.z����!�h�Ï�`�!|Í�8�.�B}H�'|��`�.�.�ò�OzR�_���`�~���h}�{�����`�.���`�óz��~���R���.�`{�{h���_�`�R|²×Û{�}È�~�`������|~��zR�õô�x �~}�|~��{h{���|��Ru��¦ }H�'|��`�.�.�2�OzR���8�O| � �8��uÀn�mRu¶ö � �G�0|)���'}H{h���_���'|y�@�.�8���e�Z¦ �.���z�÷�����z��+¤��`�!|~���@�'�.�<|���}H�8���£zR��� ���'|~���¹mRu¶ö����O|2Ñ.u øR��Óy¾j¿{��������R�8}H{2�`}H��|~�[�`�R|~����o8u vÚ�O|]v8u¶nÚÓy¾j¿Ð�O|��Z¦ �.�:�O|~}�����Z¦ }H�_�.{h�I���`}�|~��zR�4ur¯�}���}H��}��O|��`������}H|��hz��¸�.}H�8� �.�.�T���8}H���.���}H�.�G���.z�ùú�'�.�)�³}��I|~�_}��¥�ØÖ<°!¯¹×�x�}H{h���8����}��_z��'|��~�@�.�T�R}�����2}�¢������.�È�.��ö�o��.Ù � }H�'|~���.�.��ûY}H�_�.{h������}H|��hz�� � ��|�.�.�z��.¤R����|��.�~�2}H�.�R�.{�}H�h���2�Z¦ ���+¤+���~z���§�Ñ©�.�����~�`�)×©»úo��.Ù
uÀüV�.�|��`���£����}�|~�.�~�¥���¥{ ¦ z������~�¥���TÒ�Ñ�ý_ªr�Su �Ru<{�}��8�.�h�~�~}H�8��������.�~�.�I|y�h�R|~���h�8���`�'�.�����¥����|��G��|��`�.�y�_�`���.�������¥ýy��{h¤'�h�¥����{hz��

P = kBT∆ν � zRþ[ÿ²�G�0|2{�}T�.�.�����~}H�8����ª
kb

{�}��Oz����0|�}H�'|�����[ÙrzR{I|~¿��2}H�.� �O|
∆ν

{h}���}H�8���¸���[�k���G�R�8���8��� � ªy}��O|~��_�`���.���`��}H�²ý)}H{������.�8���]°-�8�!|���|���|~��� � ��ôÀ�`���8�.z�{hz��R���Ru�4��!�h����}H{��.�O|��G��|~�$�O|�}H�_�.{h���8�$�8}���{S¦ }��'|����8�.�$�G�0|¸���8���.��|���8{�|��~� �O|Ú|���}H���0�kzR���_� ��}H�${h�:��z�÷r���Ú���O|~�`��|~z��:Ô�mG§�Õ]����.�²�!�h����}H{2�OzR�R|~���+�4u�üj�.���`}H��|��Ð}��.}���|��Ð{h���!�h���8}�{2��zR�.��³}H�h���D{�� �OzR���~�`���£z��8���~�$× {h}:���+�8}H�_���'�.�D���G�Ð®V¨)Ö ���{ ¦ ��{h�`�O|��~z��.���'�.�)�������G�!�G}H������!�8�!�³}R�O��u
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∑

i

f jAj x ü�y S ú/z
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|BL > = p|B0 > +q|B̄0 >

|BH > = p|B0 > −q|B̄0 >
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p
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∆mt

2

)

|B̄0 >

]

@E���$&Z� m = (MH + ML)/2 C ∆m = MH − ML
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2
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2
)Ā3π(s
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& ���('	)
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è*ï!-Eø*ölö	7dßcô!â�Ú)ã�â9êtã�åYß"à�Ý�ä"Û0à�Û0áKâ$Û/émã ç0ç<è Þ�é�ß�á�ë¾â$è¾â�Ú�Ûå�Û7ä�Û/çTâ�ß�è á-Ý�Þ�Û7å$Û0áKâ�Û7éHã*ä"Þ$Û/ã�é�ì ú
ÙtÚ)ÛHå$Û0ä"Û7ç<â$ß"è�á)å�ã*Þ�Û-ç7ã*Þ�Þ$ß"Û7é�è æ�â=ý�ì¾ã�å$ùKß"á�ë4ïoè Þ�Û0þ�Û7áKâ�åç<è àGÝ:ã�â$ß"ý�ä"Û=êEßVâ�Ú!â$Ú)ÛXã�å�å�æ)àGÝ�â$ß"è�á�è*ï6ãHâAêLè4ý:è�é�ì�é�Û7ç7ãìâ$è
ρπ

ú��_âXßcå=é�è�á�Û4Þ�Û/+Kæ�ß"Þ�ß�á�ë(â�Ú)ã�â=â�Ú�Û4à�ß�á�ß"à#æ)à è�ïlâ�Ú�Ûß�á�þ�ã*Þ�ßcã*áKâlà=ã�å�å$Û7ålè*ïdâ�Ú�Û�Ý)ã*ß"Þ�å
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MeV/c2

ú�86äcå�è:ñsâ$Ú�Û7Þ$Û9ßcåGã å�ù Û7é¾ïoè�Þâ$Ú�ÛHç�Ú)ã*Þ�ë�Û/é(Ú)ã�é�Þ�è�á:åkã*Þ�ÛYÝ�ß"è�á)åNã*á)é!â$Ú�ßcå#ßcå#é�è�á�Û-æ)å�ß"á�ëå�è à�Û4þã�Þ$ßcã*ý)ä�Û9ïoè ÞYÝ)ã*Þ$â$ßcç<ä"Û%ßcé�Û0áKâ�ßVÿ:ç7ã�â�ß�è áÂç7ã*ä"ä�Û/é90�7:��;�2Tñþ�ã*Þ�ß"ã�ý�ä�ÛHêEÚ�ßcç�Ú?ßcå=ç0ã�ä"ç0æ�äcã�â$Û/é¾êEß�â$ÚÂß"á�ïoè�Þ�à=ã�â$ß"è�á�ç<è àGß"á�ëà=ã*ß"á�ä�ìYïoÞ$è àÄâ$Ú�Û��	�$üLökú
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π0 �ÐÙtÚ�Û π0 é�Û7ç0ãì�å>à=ã*ß"á�ä�ì�ß"ákâAêLèuÝ�Ú)è*â$è á)å<�Tú
��á!â$Ú)ß"å�ç0ã å�ÛXâ$Ú�Û-Ý�Þ�ß�á)ç0ß�Ý:ã*ätç<Þ�ßVâ�Û0Þ�Û7ã4ßcåNâ$Ú�ÛHå�Ú)ã�Ý:ÛHè*ïEâ�Ú�Ûå�Ú)è�êBÛ7ÞDß�á=â�Ú�Û	=Lü(8lûWã�á)éGâ$Ú�Ûlà=ã�â�ç�Ú)ß�á�ë#è*ïJâ$Ú�Ûlç<ä"æ)åAâ�Û0ÞBß�áâ$Ú�Ûkç7ã*ä"è�Þ�ß�à�Û0â$Û0ÞtêEß�â$Ú-â$Ú�Û�â�Þ�ã ç�ù�åBß"áHâ$Ú�ÛiÛ7þ�Û7á â/ú>8 Ý�Ú�è�â$è�áè�Þwã

π0 å$Ú�è�æ�äcé�á�è�âwà=ã�â�ç�Ú=êEß�â$Ú-ã*á�ìkâ�Þ�ã ç�ù	ú
��á�â$Ú�ÛOç0ã�å$ÛEè*ï
π0 ß�âdß"åwÝ:èKå$å$ß�ý)ä�ÛLâ$è#à�ã�ù�ÛEãié�ßcåAâ�ß�á:çTâ$ß"è�á=é�Û7Ý:Û7á)é�ß"á�ëkè áNâ�Ú�Ûè�þ�Û7Þ$äcã*Ý�Ý)ß�á�ëNè*ïsâ$Ú�ÛiÝ)Ú�è*â�è�á)åLïoÞ�è�àÄâ�Ú�Ûké�Û/ç0ãìYè á-â�Ú�Ûkç<Û7ä�äcåè*ïJâ$Ú)Ûuç0ã�ä�è Þ$ß"à�Û<â$Û7Þ7ú?�_ïJâ�Ú�ÛEâAêLèiÝ�Ú�è*â�è�á)ådè�þ�Û0Þ�äcã*Ýeñâ�Ú�Û
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π0 ñâ$Ú�Ûlè�þ�Û7Þ$äcã*Ý�Ý)ß�á�ëiè�ï�â$Ú�ÛOÝ�Ú�è�â$è á)ådß"áYâ�Ú�Ûlå�ã*à�ÛuÝ)ä"ã ç<Û6ß"áKâ$Þ�è*ðé�æ)ç0Û7åEãGÝ:èKå$å$ß"ý�ä�Ûiç0è�á�ïoæ)å$ß"è�áHêEßVâ�Ú9å$ß"á�ë�ä"Û�Ý�Ú�è*â�è�á)å7ú>;læ�ÛOâ$èâ$Ú)ã*âtâ$Ú�Û�ß"á�ïoè�Þ�à=ã�â$ß"è�áXè*ïPâ�Ú�Ûiå�Ú:ã*Ý	Ûlß"áXâ�Ú�Ûiç<ä"æ)å�â$Û0ÞEç7ã*áXý	Ûæ)å$Û7é4â�è-é�ßcå�ç<Þ�ß�à�ß"á)ã�â�ÛNý	Û<âAêLÛ0Û7á2å$ß�á�ë ä�ÛNÝ�Ú�è�â$è�á:ålã�á)é%à�Û0Þ$ðë�Û/é
π0 ú?�)è�Þ>â$Ú�ÛEå$ß�á�ë ä�ÛBÝ�Ú�è�â$è�á:å0ñC0�üBè�á�ÿ:é�Û0á)ç0ÛBûeÛ7þ�Û7äD21�_üLû��þ�ã*Þ�ß"ã�ý�ä�Ûtý)ã å�Û/é#è áGâ$Ú�Û6à=ã*â�ç�Ú�ß"á�ë�è*ï	â$Ú�ÛuÝ�Ú�è*â�è�á)åvêEß�â$Ú�â�Ú�Ûâ$Þ�ã�ç�ù�åEß"á4â$Ú)Û#Û0þ Û0áKâußcålé�Û<ÿ)á�Û/é�ú���è�Þ
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π0 â�Ú�ß"åtßcåtâ�Ú�Û�Ý�Þ$è�é�æ:çTâè*ï>â$Ú�ÛNüLû:E åEè�ïPâ�Ú�Ûkç<è á)åAâ�ßVâ�æ�Û0áKâ6Ý�Ú)è*â$è á)å7ú
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D0

→ K−π+π0

��áÂè Þ�é�Û7ÞGâ$è!ý	Û<â�â�Û0ÞYæ)á)é�Û0Þ�å�â�ã*á:é¾â�Ú�Û%ÛC_Yç0ß�Û7á)ç<ì¾è�ïlâ�Ú�Ûþ�ã*Þ�ß"ã�ý�ä�Û/åuÞ�Û0äcã�â�Û7é4êEß�â$Ú(Ý)ã�Þ�â�ß"ç0ä�ÛGß"é�Û0áKâ$ß�ÿ:ç0ã*â$ß"è�áWâ$Ú�Û�é�Û7ç7ãìè*ï
D0 → K−π+π0 ß"åOæ)å$Û7é2ã�å�ç<è á â�Þ$è ä>é�Û/ç0ãì úJÙtÚ)ÛNà=ã�å�åé�ßcåAâ�Þ$ß"ý�æ�â�ß�è á�ïoè�Þ

D0 ïoÞ$è à
K−π+π0 êEß�â$Úa`)Ö7ô

pb−1 è�ï	â�Ú�Ûé�ã�â�ãlâ�ã*ù Û0áGß�á=ø*ô)Ö�Ötã*Þ�ÛLå$Ú�è�êEáGß�áYø
`�ú øEïoè Þ
π0 àGÛ7Þ$ë Û7éGã*á)éß�áWø
`�ú ØGïoè�Þ

π0 Þ$Û/å�è ä�þ Û7é�ú:ÙtÚ�Û#å�â�ã�â�ß"å�â$ßcç0ålã�ç7ç<è�Þ�é�ß"á�ëGâ$è=â�Ú�Ûÿ�â#ã*Þ�Û
(9.5 ± 0.3) × 105 å$ß�ë á)ã*äDÛ7þ�Û7á â�å�êEßVâ�Ú!à�Û0Þ�ë�Û7é

π0ã*á)é
(1.96 ± 0.02)× 106 å$ß�ë á)ã*ä�Û7þ�Û7á â�åtêEßVâ�Ú9Þ$Û/å�è ä�þ Û7é

π0 ú��Þ�è�àíâ$Ú�Û/å�Û#Ý�ä�è�â�å7ñ�â�Ú�Û#à=ã�å�å6è�ïvâ$Ú�Û
D0 ßcå6ÿ�â$â$Û/é%ã*á)éHâ�Ú�Ûý)ã�ç�ù�ë Þ$è æ�á)é�ã*á)éiå$ß"ë�á)ã�ä é�ßcåAâ�Þ$ß"ý�æ�â�ß�è á)åsã*Þ�ÛDæ)å�Û/é�â$èuÿ)á)é�â�Ú�Ûé�ßcåAâ�Þ$ß"ý�æ�â�ß�è á)åOïoè�Þ�ý)ã ç�ùKë Þ$è æ�á)é%ã�á)é(å�ß"ë�á)ã�ä>è áWâ�Ú�Û�ß"é�Û0áKâ$ß�ðÿ:ç0ã*â$ß"è�á%þ�ã�Þ$ßcã*ý�ä"Û7å7úJÙtÚ�ß"åOßcåOÝ:èKå$å$ß�ý)ä�Û#â$Ú)ã�á�ù�åuâ�èXâ�Ú�ÛXb�Ý�ä"è*âà�Û<â$Ú)è�éeñ*ß�á=êEÚ)ß"ç�Ú�ã�êBÛ7ß�ë ÚKâvßcådã�Ý�Ý�ä"ß�Û/éNÛ7þ�Û7á âDý�ì#Û7þ�Û7á âdã çTðç<è Þ�é�ß"á�ëOâ$è�â�Ú�Ûtïoæ�á)ç<â$ß"è�á=è�ïJé�ßcå�â$Þ�ß�ý�æ�â$ß"è�á�è*ï	â$Ú�ÛEà=ã å$å7ú*ÙtÚ�Ûé�ßdc	Û7Þ$Û7á)ç<ÛEß"á�â$Ú�ÛEÞ�Û7å$è�ä"æ�â�ß�è áGß"áGâ$Ú�Ûuà�ã å$åDïoè�Þdý	è*â�ÚGÝ)ä�è�â�åDßcåé�æ�ÛOâ$èGâ�Ú�Ûié�ßecJÛ0Þ�Û0á:ç<Û7åLß"áXâ�Ú�Û�Ý�Þ�è�ç0Û7å�åBâ$èGÞ$Û/ç<è�á:åAâ�Þ$æ)ç<âBâ�Ú�Û

π0 ú?��áNâ$Ú�ÛEç7ã�å$Ûwè*ï	à�Û0Þ�ë�Û7é
π0 â$Ú�ÛtÛ0á)Û0Þ�ë�ìiã*á)é#à�è�à�Û0áKâ$æ)àè*ïDÛ7ã ç�Ú%ç<è àGÝ	è�á)Û0áKâuÝ�Ú�è�â$è á%ã*Þ�Û#ç0ã�ä"ç0æ�ä"ã*â$Û/é4ã�ç0ç0è�Þ�é�ß"á�ëGâ$èâ$Ú�Û=å$Ú)ã*Ý	ÛGè*ïdâ�Ú�Û�Û0ä"Û7çTâ�Þ$è à=ã*ë�á)Û<â$ßcç#å$Ú�è�êLÛ0ÞOß�áWâ$Ú�Û=ç7ã*ä"è�Þ�ßVðà�Û<â$Û7Þ7úf�_âlÞ�Û7é�æ:ç<Û7åEâ$Ú�ÛkÞ�Û7å$è�ä"æ�â�ß�è á4ß�á9â�Ú�Û#à=ã�å�åEè�ïsâ�Ú�Û

π0 ú
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 35071± =  951470 signal N
 0.11± =  1.73 Jδ

 0.030± = -0.0244 Jγ

 0.79± =  1862.14 µ
 0.60± =  32.24 Jδ / Jσ = σ

-1 610 pb≈ L dt ∫      0π with merged 0π +π - K→ 0D
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 19444± =  1955852 signal N
 0.020± =  1.083 Jδ

 0.0061± = -0.03498 Jγ

 0.084± =  1864.114 µ
 0.12± =  17.25 Jδ / Jσ = σ

-1 610 pb≈ L dt ∫      0π with resolved 0π +π - K→ 0D
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0π separation Efficiency for Merged γ/0π

Samples :

0π π K→ 0MC D

 Splot0π π K→ 0Data from D

0π separation Efficiency for Merged γ/0π
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-1 1.1 fb≈ L dt ∫ 0π with merged 0π +π -πReconstructed Mass of 

 83± =  739 signal N
 9.2± =  5242.2 µ

 8.9± =  86.1 σ

-1 1.1 fb≈ L dt ∫ 0π with merged 0π +π -πReconstructed Mass of 

)2 (MeV/c0π +π -πM
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-1 1.1 fb≈ L dt ∫ 0π with resolved 0π +π -πInvariant Mass of  

 37± =  198 signal N
 7.5± =  5295.4 µ

 7.9± =  39.2 σ

-1 1.1 fb≈ L dt ∫ 0π with resolved 0π +π -πInvariant Mass of  

)2 (MeV/c0π +π -πM
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B0 → D0K∗0
Ê A® § � Ë

D0 → K−π+, D0 → K+π−
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K∗0 → K+π−
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 �¡T¢�£ [ �@� ��¤�¥=�#�+r9� t r:}�q��Rq&r:sM~�u|�Dv�u@q&�U~�{��Tr:sD~ t r9u@v mγγ �
pTγγ � dΦ {+� cos(Θ∗) �

¦¨§U©l§;ª%«U¬L�«U®
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�m�������,�������������������������J�m�����D���,�N�;������ 
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�J���=�,���>�D¯|¦°����±³² ´µ��¶ −1 �=�������������, ��,���=�����j�>�����¦·�]¦���³�_�,�=������ √

s = ¸ª¹ ��ºm»B�>������
�0�����£¦�X¼�½,«Z«¢¯|¦°�������,��¾ ¹|¿ ¾������> ���������Z�z© ¼
¬8²,¾��|����� ¿ �4À�».���,� H → γγ
¦·�Y�Z�,�Á�=�o���,�ÁÂ��Z�]�

�]�����]¦���¦Ã��¢��¦�,§���¢�J���=���,�>�·�N��������¯nÂ��Z����»����,�¢������® Âe¦·���]¦�,§
����§�¦���j���Ä¶³����Å,�>�����,���l���2�����Á���,� ¿�ÆKÇ © È=¬�» ¹ �>Ã��������Z�É© ±=¬8»�=���Ä�
�=����® ¿ �4Àn�_¦�§Z§Z�_���������J�����Á©ËÊ.»�Ì�¬�²³Í��Z���>�����]��¦�,§��® ���,¦·�¦�b������_���,��Âª�����o�J�=��§��K�Î��ÃZ�������z¶.®z���,� Æ ����0������¯�����Ï¢�;������ �,�=�J�µ¡£��������Ð,�Á© ¸ ¬�² ¹ �,�����
�]���°�J���,�������>�;�������,�����4�]�,��¯M���,��,���
�]�������|���B�=�ª��Å,�>�����b¦������,�_¦�.Ã��=��¦���Z�KÂª�Z���K�,¦�]����¦�¶�����¦���
���ª«
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���>Ã.¦·����¦���³�Á¯|¦°�����������³�
�0�Á������,��¶����JÏ.§����������£������®j�.®.���= 
���,�
�]¦·�>»
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�����z���,�������=�J�J�lÂ��Z���¢����§�¦���B»6������ÂÔ«�«�½���W«
Ê�½ÄÑ4��º�²DÕ��
���,���=�����>�µ�������:»����,�X��¡Ö�N¦§�§;�µ¨��Z�����×¦����Å,��������
�×¶.®
���,¦·�N�=�³�=�®.��¦·��¯|¦����Ä´ZÊ�ØÒ���o���Z��Ð³���������Á��>Ã����6¦�� �T¯Y��Âª�����
¯|¦����,��¯N�>»:«Z«�È� J«�«�ÊmÑ4��ºÙ������«
È=±³² Ê� �«
È�ÌmÑ4��º�²

ÚµÛ¢Ü>Û ÝßÞ0à v yzuoy¢áâ{oãmä àå qæ{oq å q|ç�u Þ y¢á
Í��e¾ ¹|¿ ¾��:»>���,�Y�����>�����]����������¦���Á�=���_�,�,�=�����¢�]�����]�J�B¯|¦�����=�è�����
�0������Âª��§��,�>��¦·�Ä�>�,����§Z®f������]����� ¦�é�������������ê��¦ë;�,¦·�. 

�=��§����ì�>����0�����ZÂª�=§�������¦·�j���=�����¦�Â������>�l¤ Æ À����·¥�² ¹ �,�>�B»����,�������T���>�ª¦·�µ���·������¦°Ð��
�í��¦°���,�>���Z�ª�=�M�>������������É�Z�µ�l�,�,�=�����
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���,�]���,�>�D�����
����Âe���;��¦·�b�=�·�]�4�=�,����¦���m���Á��¦·�T��¦��,§Z�,¦·�]�e¶³�>�T¯Y���>�
�����.ÃZ�>���������,�,�����Z���¢�=�³�������
�0�����Z���>²o¾î����Â��,����������
���>��¦�� 
��¦���ì���¢�����l¾ ¹|¿ ¾��è�,�����
�0�����Ä�=���×���,�l�,�,�=�����è�����>�����] �������0��¦��Z�n�=�§��Z��¦�����Âï���=�è¶������Z�,���n��� �����T²Á© Ó�»|´�¬8²�¾N�2�����
���,�¢�����>�����]����������¦���B».���,�¢�·�������������=�³� �����§�¦�������¦�����B�>�,����§Z®
�,����Ð���_�=�����,�Á�]����¯Y����¦�µ�����4���=�����¦�Â������>�Y¦�������������e���>�³�� 
���=���������ZÂe�,�m�,�,�������³�¢������Âð�]�
���Z���,�=��®����,�=�������e���ZÂe¦�,§
�����ZÂñ����Z��¦�,§¢�,�������J�=��Â��������µ���
�>��®��K�,���������>���ª¦�zòT���J�>².Í��
���=����¦·���,�·�=�_���,���,¦§��j§Z�����;�������¦��T®µ�=�b���,��Ð����]�_�·��®����_�=�D���,�
Æ À��=�D�=�����¯N�N�����¦°ó6�>���>�;��¦�=���¢¶����T¯��>���£�T¯Y���>�,����§Z®�����³�� �]¦����mÃ��>��®��>���;�]�e���������J�l�=���,�>� ¤�¶.®j���Z�¢��Å,�=Â��,����T¯��j������ 
��¦Âª�����
�É���,�=�������m�����ZÂ

π0 ��������®�¥m�=���f����¦�,§��� �Z�,��²DÍ�����J���>�Y�������,�����,�������TòT�
�0���,�>�,���J�=�6Â�����������»;����¦·�]�Z��=��¦�����>��¦� 
���>��¦·��¦·���������:²�ôé�,¦���£�,����Â����ª�,�,�����Z���ª�=��� �>Å��³�
�0���
�f���
¶³��¦·�]�Z��=�����B»³�,�������J�=��Â����������������m����¶��ª���>�>��Â������,¦��
�Ä¶.®
������������¦�z�Z�0��¦Ã.¦°�T®���ZÂe¦�,§�������Â^���,�¢�Z��¦§�¦�����.òT����²�Í��Ä���³���
�,�,���³�;�]�Z»����>�����Z��¦Â�������¦·�K¦·�]�Z��=��¦���z�>���>��§�®Á¦��¶,��¦�����¶.®¢���,Âe 
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�=�����,�³�í���,�j�,�,�����Z�P¤
∆R =

√

(∆η)2 + (∆φ)2 < 0.4
¥�»

��Å,�������¦�,§z���,���>�>���Y�����]���>¦�=���������z���,��������T���>�
² ¹ �,¦·�Y¦�����·�� ��¦���j���,�>��§�®¦·���>�������
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¯|�,¦·�J� ¦·�|���]��¦Âª������� �>Ã����;�����>�_�>Ã����;��²
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�,���J�µ���>����0�����j���=Â��,��K÷��ª�����������=�Y¼Z¼�±;Ó�´��>ÃZ�>�;���_�������|���,�
�]�����
�0��¦��Z���=�³������ÃZ�e�,¦��,���=���Z��¦�.Ã�����¦·�=�;�ÁÂª������¦����¦�,�e�Z�,�
����§�¦���µ���o¦�;���>�����]��»;������Âß«
½�½¢���Ä«�ÌZ½�Ñ4��ºm²³ø_�>���=¦�·�Y�Z�����,�
�,�,�������é��¦�����0��¦��Z�é�=���M���,�j�>���>��§�®É���=�¦�¶,�J����¦��Z�f�³�]�
�M�����
���,�4��¦�,�,�=�����ª¦�.Ã�����¦·�=�;�KÂª�������>��Â��,���J����¦��Z�µ�>�=�ª¶��N���Z�,���
¦��£ø4��Ã.¦�§Z�,���Bù ���,���.�>�>�
��¦���§Z��¦�����,¦�N¶³�.��Ï6²

ÚµÛ¢ÜJú û ãmçoüªýztDy¢þá ÿ {:u�þ ÿ Þ q|{

¹ ����Âª�=¦�����������
�������4���Z�;����¦�¶,�,��¦�,§µ�������,��¶³���JÏ.§������,�³�¦��Ä���,�
H → γγ

�����=�J�J�Ä�=����»����,� � À�ø ��¦�,�,�����Z������������� 
��¦���B»o������Z��������¦·�����
�X�,���.�,���0��¦��Z�í�=�����,�,�������É¯|¦°���jòT���J�
�=���í���,��,���������������¢¯|¦����×���>Ã��������BòT�>���e¦��É���,�Ð��³�=�|�T�J������²
¹ �,���T¯Y� ��Z�T�Á���,�
�Á�����;����¦¶,�����m�������,��¶³���JÏ.§������,�³�Ä¯|�,�>����,�b�Z�B�T¯��DòT���J�:���J�=§�Â����Z��¦���§|¦��;���_�,�>���������=Â�����������¤�Âª�=¦�,�®
π0 ¥b������Â�¦��¦·���>�;��¦�Ð��
�e�Z�D�,�,�������³�>² ¹ �����,¦��,���=���Z���,�������³�0 ��¦���Ä���Z�N�����������������Z���T ������0��¦��Z�µ�������_¦·�N��¶³�Z���|���,���>�m���J���>�
�=�:Âª�=§Z�,¦°�������N�·�=��§����D�����������,�_��Å��³�
�0�����ª�����Z���] 8��������¦���������
���,�W��¦�§Z���=��² ¹ �,�X�,�,�������, �òT�>�£�����nÂm�,����¦� �òT�>���Ä��Ã��>�;�Ä�,���= ��������¦�����³��Ã��e�>Ã������·�=��§����������Z���] 8��������¦������»³��¶³�Z���Á��¦�Å��=���
�,¦�,���Z�������m���NÂ���§��,¦����³�����·�=�J���>�m�������W����� ��¦�§Z���=�������Z���T 
�]�
�0��¦��Z�B»������������0��¦�ÃZ�>�®�²zö,�Z�]���,���=���>�®�»Á���2���>�W�=���,��®.¦�,§è���,�
�,�,�������e¦·���>�;��¦�Ð³������¦���e����ë;�,¦����Âe���;����¶����������������������,��¯��>�
�]�³�=�����=���z���,�Y¦�����·����¦��Z�¢�����³��¦°��¦��Z�B»
���,�®��Z�,�K�����=¶������oÐ�Ã��

« ¸ Ê



����� �	��
��������������
�����


 [GeV]γγm
100 110 120 130 140 150 160

Da
ta

 - 
Bk

g 

-100
-50

0
50

100

 [GeV]γγm
100 110 120 130 140 150 160

Ev
en

ts
 / 

G
eV

0

100

200

300

400

500

600

700

800

900

Data 2011
Background model

 = 120 GeV (MC)
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SM Higgs boson m

Selected diphoton sample

-1 Ldt = 4.9 fb∫ = 7 TeV, s

ATLAS
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z5{�|S}a~5�(�a��~h�n�Cz1~c�/~$���/~3�/���B�Sz8�G�U�B���(~ ��{�|(z5|S����c{��)�1{e�����S�B~
z5{��+�a�S�1��(�8|(}��a����}���z8|	�n��z8~����/~3�/���B�Sz8�G�g����z8�y|S��~3�����)�)���
z5{a�(��z5{��[���5|S����z����)��{�|(z5|S���a�(�1��(�8|(}a�a� '�� ���s�)�(}��8� % �S'y�
|(���L�B����~3�B�;z5{��L~5�)����|��sz5{a��z5|(z8���j�a�(�1��(�8|(}a�a�P��|(���a���8�B�
�c�Gz8{+z5{����C ��g�B��z8�B�¡~5�)�(�a�(�<�"|(�¢��£�z8�(�a���(�8��¤�|����B� ¥¦�y�S�S~
§ |�~3|S�e��z �i¨�©�ª �N« '
¬ ���S�����yz5�)|(�a�(�d�a�(�1��(�8|(}a�a���/~���}��¢z5|ez5{a���¢�/~5�)���B��z5�y��

����z8�y|S��|��\�B�y�i��z5�8|(�U~H�(~¦��{�|�z8|(�a~ 'U® {a�Lz8�(�y�s|��dz8{��
Z → ee�U�i�����j�c{��/�1{��)~c�n}a~nz&�U�B�y|��¯z5{��P���S~5~L�5�B�(�)|(�°|��k�y��z5�B�5�i~nzi�

�)~?z5{a�¢~5|(}��1�C�[�"|(�?z5{��/~��a�(�1��S�5|S}��a� 'U� z��/~��C ��U�i��z8�B��z8|P�g�
���(�y�a�y±e�C|(�U�C����z8�8��z5�B�P�y�ez8{����y|������(~8~k�5�B�(�)|(� '
² ~3�)�������y³g�B�5�B�Sz����Cz8{�|���~����U�	��|(�a~5�)�����8�y����|(���)±´�)���"|(�5

����z5�)|(���"�8|(�µz5{��H����z8�a��z5{��¦�a�(�1��(�8|(}a�a�&��|(���g|S~5�Gz8�y|S�&{a�S~
�U�B���¶�C z5�1�(�Cz5�B� '?· ���	|(�Lz5{a�B~5�°����z5{�|���~���|(�a~5�)~3z8~e|S���
zn�$|¢���y���B�a~3�)|(�U���U��z |(��z5{��?zn� |L��{�|(z5|(�e���(�a���/����z8�B~\�/~5|(�/��
z5�)|(���B�����8�(±����/~nz8�5�)��}�z8�y|S�¡¸ �B©�¹�º z8{��&�/~5|(�/��z5�)|(���"|S�¦z8{��¢�y�i��
���y�a�»��{�|(z5|(�¼�B���a���)����z5�+�8�����8�B~5����z´|S���¡���)�¢�B�a~5�y|S�¼���a�
z5{��+�/~3|S�)��z5�)|(�½�"|S��z5{��+~5}�����y�i�(���)���¾���(�a���/����z8�	�8�����8�B~5����z
z5{��e~3�i�C|(�U�°���y�����U~3�)|(� 'h® {�����z¢�)~L��|(���F�c�yz5{��"|S}��&��|(�¢
�U|S������z����8|(�a�(���y�)�yzn±SN���B�a~3�yzn±�J�"}a�a��z8�y|S�a~[��|(�8�5�i~3�g|(�a���y���´z5|
z5{����a�S�1���S�5|S}��a��~B�

γγ
�
γj
�
jγ

�(�a�
jj
�$�c{��B�5�°� ��{a��¿S�

���(�(�cz8{��¦���/~3z5�)�a��z8�y|S��|����c{��/�1{F�����U���)�a��z5�S��z8{��H�)�B�(���y���[|(�
z5{���~5}�����y�i�(���)���a���/~ �&���)~5�/������z5�y�a�i�L�n��zk�)�Fz8{������S~3�?|���z8{��
��{�|�z8|(��)�n�Cz&�a�(�1��(�8|(}a�a� ' �s�y�S}��5� % �('À¨ ~3{�|��H~;�a�5|(�n�B��z8�y|S�a~
|��gz5{��kzn� |����y�����U~3�)|(�a�(���z\|(�&z5{a�c�)~5|(�/��z8�y|S�&�B�����8�(±L�� �/~5�B~
�"|(�;z5{a�¢�)�B�S���)���+Á�z5|S�UÂ;���U��~5}�����y�i�(���)����Á"�g|�z3z8|(�FÂ;���(�a���y
����z8�B~ ' ¬ ��|(z5{��B������z5{�|��°���/~3|e}a~5�B��z5|e�C z5�1�(�Cz?z8{����a�(�1��
�(�8|(}��a�P�C|(���g|S~5�Gz8�y|S��}a~5�?�[~5�/�����a�(�a��z8�B�1{����/Ã�}��(����|(�a~5�)���C
�5�)���¦�(�)~5|kz5{��$�)~5|(�/��z8�y|S�;�y���"|S�5����z5�)|(�����a��z8{��$~5{�|�� ����~5{a���g�
�a�(~5�B�u��{�|�z8|(�Ä�)������z5�y�U����z5�)|(� º �°���Cz1���)�y�i�Å���i~5���5�)��z8�y|S�u|��
z5{��/~[����z5{�|��¡�B���+�g�F�"|(}a�a�+�)�Å£��1{�$|�B�5�B�BÆ ~;���8|�����i���y�a�S~
�y�¾z8{��)~F�U||(� 'V® {a���5�i~3}��yz8~�|S��z8�(�y�a�B�Ä�c�Gz8{Äz5{������G³����8����z
�¢��z5{�|���~¦���8�;��|(�a~5�/~nz8����zc�c�Gz8{e�i�(�1{�|�z5{a��� '
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γγ
RXÉ
γ
D84
γ
ÉXR8="AB:D3E

γ
ÉaD84É

γ
25.B>dÉÇÉXRB28.�> 97I�Kj="A�:	D3E25M M�OND8:<Q�D5.BKN.197=XR�4"KN="Q�KNO�976 01KNM b8_

® {a�°Ê?�5�B�y�yXËV���»�a�S�1��(�8|(}��a���$�C|S�5�8�B~5�g|(�a���)���+z8|Å���/~3�y
������z8�G�a�i�����)�B�Cz5�8|(�a~B���/~?�(�)~5|��B~3z5�)����z8�B���"�8|(�Ìz5{��¢����z1���)��
�"|(�8����z5�)|(� ' �s�)�8~3zB��z5{������8|(�U�����)�y�yzn±��"|(�L�(�	�B�y�i��z8�5|S��z8|e�g�
���)~5�)������z5�y�a�B�Å�(~¢�´��{a|�z5|S�u�/~[�i~nz8�y����z5�B���d�(�a�+z8{����j�hz8{��
Ê¦�8���)�yJËV�(�Å�a�S�1��(�8|(}��a�u�)~��� z5�1���g|(�/��z5�i�+�"�8|(�Íz5{����}��¢
�U�B�c|��

Z → ee
��¿S����z8~ �8�B��|(�a~3z5�8}a��z8�B� '

� � ® �����)� % �S'y� �)~¦~3{�|��c��z5{a���B~3z5�)����z5�i����|(���U|�~3�yz5�)|(�e|��
z5{��$~3�B�y�i��z5�i��~5�(�����y� ' ¤�|�~nz�|(�z5{��$�a�(�1��(�8|(}a�a����Á

71±5
Â�ÎF�

�C|S�5�8�B~5�U|S�a��z8|����5|S����z¦���)��{�|�z8|(�a~ '

ÏVÐhÑh#a% �(')�c*�Ò�D8:<Q�D5="6 976 D8.$D5E�97IBK�="KNM KNO�97KN><="28:<Q�M K�28=UD8@C9J256 .�KN>\EG4"D8:97I�Kj>�25972<6 .V97IBK�:<28="=aTg6 .�>�DnTFD3E
100−160

p K/qh_BÓF="AB:´6 . Ô�AB25>B4"2597A�4"KD3E=�9725976 =�976 ON28M�28.�>k=�bC=�97KN:<25976 O�AB.�ONKN4�97286 .1976 KN=�6 =UÔ�ABD39JKN>�_
γγ γj jj Õ 4"KNM M ÈGÖ�28.× 08KN.197=

16000 ± 1100 5230 ± 890 1130 ± 600 165 ± 8Ø 4"28O�976 D8.
(71 ± 5) % (23 ± 4)% (5 ± 3)% (0.7 ± 0.1)%

� ��z8{��/~¦���U���)±~5�/~kz5{��&~5�(�¢�a�y��{a�S~H�g���B�´���y¿�/���B���)�����)���
����z5���S|(�8�y�i~���z5{a��zB���S~j�� �a�)�(�y���i�L�±LÊ���¿��)�(�a|(�L�)�Lz8{��)~d�g||(���
�C ����)|(�yz8~sz8{��H���y³g�B�5�B�a�C�i~h|S�¢z5{��k��{�|(z5|S�&�B�����8�(±��8�B~5|(�)}�z5�)|(�
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äVåjæsç è�âSé ê�ë+ìkí8î"î\ï"ðNî7ñ5ò óCôJõ ñ8ö
σCB ÷ î7ðNðVô7ð�ø�ôXùdí5öBúLû(ü¢ý�ì ÷yþ ñ5ô7ÿõ ö���ð���ù��ið�ø���ð	��ô7ðNú ö�ó�
 þ ðNïgñ�î7õ �8ö�í8ò�ð��8ðNö1ô7î ÷ NS

ù��Gñ8ï
mH = 120

��ð��í5öBú$ö�ó�
 þ ðNï�ñ�(ð��8ðNö1ôJîaõ ö\ô7ÿBð�ú�í5ô7í ÷ ND

ù�õ ö$ðNí�Xÿ��Ní5ô7ð	�8ñ5ï����yñ5ï
4.9

� þ −1 �
NS

í8ö�ú
ND

í8ï"ð��yñ5ï$ô7ÿ�ð�
<í5î7î$ï"í8ö��8ð
100−160

��ð�� ��� ÿ�ð?î"õ �5öBí5ò �yô7ñ��
þ í������8ï"ñ8ó�ö�úVï"í3ôJõ ñ8î ÷ ��!" ù�í8ï"ð#�8õ �1ðNö\õ öVí$
<í8î"î&%gõ öBú�ñ	%'�Nñ8ö1ô7í5õ öBõ ö��)(*,+ñ���ô7ÿ�ðhî"õ �5öBí5ò-�Gñ5ï

mH = 120
��ð�� �

. í3ô7ð	�8ñ8ï��
σCB

û(ü¢ý�ì
NS ND ��!"/ ö��Nñ8ö,�1ðNï�ô7ðNú0�NðNö1ô7ï"í8ò1��ò ñ	%

pT t 2 � 3 4�� 3 ( � 252�67 4 * � *�8/ ö��Nñ8ö,�1ðNï�ô7ðNú0�NðNö1ô7ï"í8ò1��ÿBõ �8ÿ
pT t 2 � 3 4�� 4 9�� 7 9�4 8:* � 22/ ö��Nñ8ö,�1ðNï�ô7ðNú ï"ðNî�ô��Bò ñ	%

pT t 2 � 6 3�� * 2;6 � 6<7 943 * � * 9/ ö��Nñ8ö,�1ðNï�ô7ðNú ï"ðNî�ô��BÿBõ �8ÿ
pT t 2 � 7 4�� ( 3�� 6=2 ** 7 * � * 3. ñ5ö,�1ðNï�ô7ðNú>�NðNö1ô7ï"í8ò?�Bò ñ	%
pT t 2 � 7 4�� ( 7 � * 2 4 2�@ * � * 4. ñ5ö,�1ðNï�ô7ðNú>�NðNö1ô7ï"í8ò?�Bÿ�õ �8ÿ
pT t 2 � 8 4�� 7 2 � 6 2�@ 3 * � * @. ñ5ö,�1ðNï�ô7ðNúkï"ðNî�ô	�iò ñ	%

pT t
9,� * 3�� 6 2;6 � * 6 4 2�2 * � * 2. ñ5ö,�1ðNï�ô7ðNúkï"ðNî�ô	�iÿ�õ �8ÿ

pT t 2 � ( 3�� 8 3�� @=2 * 6 9 * � * 4. ñ5ö,�1ðNï�ô7ðNú ô7ï"í8ö�î7õ ôJõ ñ8ö 9,� 4 8 � ( @ � 8 4�4 7�7 * � * 2A ò ò-�Ní5ô7ð	�5ñ8ï"õ ðNî 2 � 6 3�� 2 6 9�� 2 993 @ (B* � * 9

CEDGFIH&JLKNM�FM�OQP
η

FM�RGJ DGOTS)D-C�PUVM�W�X-Y DGF�JLZ'M�P�M�F$X-OTH[CEDGF�W�DGO]\GM�F�^
PM�H_X-O�Ha`VOTW�DGO]\GM�F�P�M�HabVUTD-PDcOTS éQd Y SDTecPUVJ�S>W�X-PM�RcDGF�JLfgXhP�JLDcO
P�X-icM�SaXcH&\hX-OQP�XGRGM_D-CjP�UVMki]JLOTM�ZaXhP�J WlH&JLKNM�FM�OTW�MgS'm�M�P;noM�M�O
PUVMjSJ RGOTXGY]XGOTHpPUVMqm�XGW,i]RGF�DG`VO�HresmQtpW�DGO�S;P�F�XGJLOVJ OVRuJLOaSDGZ'M
W�XhP�M�RcDGF�JLMgSqPUTMpbTXGJLFuD-CobVUVD-P�DGOTSjPDvm�MwF�M�Y�XhPJ \GM�YLtkW�YLDQS�MpJLO
η

eoX-OTHxmQtyS�M�bTX-F,XhP�JLOVRzbVUVDGPDGOybTX-J F,SwXcW�W�DGF,H&JLOTR{PD|P�UVM�J F
pTt

ehPUVM�W�DGZ'bNDGOVM�OQPID-C}PUVM�H&JLbTUVD-P�DGO
pT

P�UTXhPoJ S�DcF�P�UVDGRcD-^
OTX-YNPD[PUVM�PUTF`TS�P0X-~&J S�� âSâ���é]� U]`TS�ecPUVMu\hX-F�JLDc`TS�W�XhPM�RGDcFJ M�S
UTXs\GM�H&JLK}M�F�M�OQP[S�J RGO�X-YIDh\cM�F�mTXGW,i]RcFDc`VOTHzF�X-PJ DcS�XGS[S�UVDhnqO
JLOBP,X-mVY M èaâ(éÀê�é�d O�M�\GM�OQP[J�SwW�Y�XGS�S�JL�TM�HBXcSv�,�h���s�����	����JLCjXhP
YLMgXGS�PoDGOTM�DGCrPUVMubVUVDGPDGO�S�J�SoW�DGO]\GM�F�P�M�Hk��J é M é PU�XhP>UTXGSobVF�D-^
H&`TW�MgHxXGOxM�Y M�W�PF�DGO&^�bNDcSJ?P�FDcOBbTX-J F,� é�� UTM

η
SM�bTXGF�X-PJ DGOBJ�S

XGS�CEDGY YLDhn�eNJLC�m�DGPU|bVUVDGPDGO�SjUTXs\cM |η| < 0.75
PUTMpM�\GM�OQP�J S

JLOTW�YL`�H&M�HpJLOwXw�,���T����h�gW�X-PM�RcDGF�tGe�J?C}XhP$YLMgXGS�P�DcOVMobTUVD-P�DGO�UTXcS
1.3 < |η| < 1.75

P�UVMqM�\cM�OQP�J S$J OTW�YL`THVM�HwJLOaXw����h�T�,�������h��W�Xh^
PM�RcDGF�tz��W�DGF�F�M�Sb�DcOTH&J OVR'PD�PUVMpmTX-F�FM�Y#M�O�H]^�W�X-blP�F�XGOTS�JLPJ DGO
D-C�PUVMzW�X-Y DGF�J ZwM�PM�F,��eIX-OTHyPUTM{FMgS;PaDGC�M�\GM�OcP,SaX-F�MkJLO�W�Y `&^
H&M�H|J O�P�UVMaS�DlW�XGYLY M�Hy����,��W�XhPM�RGDcFJ M�S é�� OzPUTM�W�XGSMwD-CIP�UVM
`VOTW�DcO]\GM�FPMgHlW�XhP�M�RcDGF�JLMgS�e]P�UVM

η
W�XhP�M�RcDGF�JLMgS��������XGOTH�����h���

�,�������h��XGFMoZ'M�F�RGM�H[JLO'W�DcZ'ZwDcOpW�XhPM�RGDcFJ M�S)W�X-Y Y M�HwX-Y�S�Dp������ é
� DGFjPUVM

pTt
W�XhP�M�RGDcFJ f�X-PJ DGO#e]P�UVMpHVJLbVUTD-PDcOTSjXGFM�J OTW�YL`THVM�H

JLO¡ ]�?¢s �DcFk�L�h£
pTt

W�XhP�M�RcDGF�JLMgS[JLC�PUVM�JLF
pTt

J SaXGm�Dh\cMlDGF
m�M�YLDhn¥¤c¦'§uM	¨©FMgS�bNM�W�PJ \GM�YLt é

� DGF�P�UVMamTXGW,i]RcFDc`VOTH{ZaXcSS�H&J�S�PF�JLmV`VPJ DGO|ZwD&H&M�YLJ OVR�e�X-O
M�~&b�DcOVM�OQP�J XGY�CE`VO�W�PJ DGOyJ Sp`TSM�H�CEDcFpMgXGW,UxW�XhP�M�RGDcFt é#� O � JL^
RG`VF�M è�âSéyâ e#P�UVMvS`VZªD-CqP�UVM�OVJ OVMlW�X-PM�RcDGF�JLMgS�M�~&bNDGOVM�OcP�J XGY
ZwD&H&M�Y S�J S'Dh\cM�F�Y Xst]J OVR{P�UVM{HVXhP,X|Z'XcSSaHVJ S�PF�JLmT`&PJ DGO éI« JLC�^
CEM�F�M�OTW�M�S�mNM�P;n0M�M�OzP�UVJ�S�Z'D]HVM�Y�XGOTHzPUVM'P�F`VMam�XGW,i]RGF�DG`VO�H
S�UTXGb�M�n0DG`VY�H�J OTH&`�W�M�SbV`VF�JLDc`TS�M�~VW�M�S�S0DGFqH&M���W�JLP�D-C�M�\GM�OQP�S
JLOxPUVMlS;P,XhP�J S�PJ�W�XGYoX-O�X-Y t]SJ�S é)� OxDGF,H&M�F�PDzZ'JLOVJ Z'JLf�M�P�UVM�SM
b�DQSSJLmTYLMuM�K}M�W�P�S�eVX-O�`TOTW�M�F�P,X-J OcP;t'DcO�PUTMum�XGW,i]RGF�DG`VO�H'ZwDG^
H&M�YuJ SvJ OcP�FD&H&`�W�M é0� UVM�SJLf�M�DGCuP�UVJ�S�`VO�W�M�FP�XGJLOQP;t¬J S�M�S�PJL^
Z'X-PMgHk`TSJLOVRvH&JLbTUVD-P�DGO�kDcOQPMw®0XGFY D�SXGZ'bVYLMgS�RcM�OVM�F�X-PM�H
nqJ?P�U'¯�°�± æ}² ±j� âiêh� XGOTH[³'´�µV¶ ²r· � âBès� esJ?P$J S�MgS;P�JLZaXhP�M�H�CEFDcZ
PUVM�HVJ?K}M�F�M�OTW�M�S'mNM�P;n0M�M�OyP�UVM�z®<S�X-Z'bVY M�S'ZaXGS�SaH&J�S;P�FJL^
mV`&PJ DGO¸X-O�H�P�UVMlM�~&b�DcOVM�OQP�J XGY0Z'D&H&M�Y>�VP�P�M�HyPDzPUVMkS�X-Z'M
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 = 7 TeVsData 2011,  
-1Ldt = 4.9 fb∫
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SXGZ'bVYLMgS é
d W�DGZ'bVY M�P�MqYLJ�S;P�XGOTH'H&M�S�W�F�J b&PJ DGO'D-CNPUTM�S�t&S�PM�ZaX-PJ�Wo`TO&^

W�M�F�P,X-J OcP�JLMgS�CEDcF�P�UVJ S>XGOTX-Y t&S�J�S�W�X-O�mNM�CEDc`VOTH�J O « Xs\]JLRcOVDGO�Á S
bVF�D]W�M�MgH&JLOTRcS0JLO_P�UVJ S�m�D]DGi é

Â�Ã�ÄÂ ÅÇÆqÈ)ÉvÊ�Ë)ÈÍÌ�Î_Ï=Ð0Ñ�ÎvÐ0Ê�É_È�Ò�Ñ[ÎvÈ
� DGF0PUTMuM�~VW�Y `TS�J DGO_Y JLZ'JLPqSM�PPJ OVR'noM�XGFMu`TSJLOVRpPUTM�®0Ó

SCEFMgÔQ`VM�OQPJ�S�PpZ'M�P�UVD&HÕ��XzH&M�P,X-J YLMgH�H&M�S�W�F�J b&PJ DGOBDGCqPUVM_Z'M�^
PUVD&H|W�XGO�mNMpCEDc`VOTHzJLOzFM�C é � â ¤ � � é#� JLRc`VF�M èaâ(é è SUVDhn�S�P�UVM
Ö J RGRQS�×oDQS�DcO[M�~&W�YL`�S�J DGOwYLJ Z'J?P,S�nqJLPUaØcÙQÚ¥D-C}W�DGOV��H&M�O�W�MqY M�^
\GM�Y�J O|`VOVJLP�S�D-CqÛ&ÜW�F�DcS�S;^	S�MgW�P�JLDcOlCEDGF Ö J RGRQSjZaXcSSM�S�PU�XhP
F�XGOVRGM�CEFDcZ â(â ¦kPD â ÙG¦z§uM	¨ éI� UVMlFMgHxX-O�H�mVY�XGW,i�Y JLOVMgS
JLOyPUTM��TRc`VF�M_W�DGF�FMgS�bNDGOTHBPDzPUVMlM�~&bNM�W�PM�HxZ'M�H&J�X-O¸X-OTH
DGmTSM�F�\GMgHxY J ZwJLP�S�FMgS�bNM�W�PJ \GM�Y t éo� UVMkM�~&bNM�W�P�M�H¸Y JLZ'JLP�\hX-F�t
m�M�P;noM�M�O âSé Ý X-OTH âSéÀã PJ ZwMgS�P�UVMwÛVÞW�F�DcS�S;^	SM�W�P�JLDcOlJLOkP�UVM
ZaXGS�S�F�XGOVRGM âSâ Ùs^ âBè ¦_§uM	¨pe)XGOTH�m�M�P;noM�M�O âSé Ý XGOTH ê�éÇã JLO
PUVMlZaXGS�SwF�XGOVRGM â(â ¦h^ â ÙG¦{§uM	¨ éI� UVMlDGm�S�M�F\cM�HBY JLZ'JLP�M�~]^
W�Y `TH&M[PUVMaÛ&ÞW�FDQSS�^�SM�W�PJ DGOlJ OkP;noD�Z'XcSS�nqJ OTH&Dhn�S�e â(âiè ^
â(â Ùk§uM	¨ÇX-O�H âBè ¤ é Ùs^ âBèGÝ §uM	¨[e$X-O�HBDh\GM�FbTXcSSuP�UVM�`TbVb�M�F
P;noDlSJLRcZ'X_mTXGOTHzJLOzPUVMaF,X-OTRGM âiê ¤ é Ùh^ â�ê-ß §uM	¨ ér� O�DGF,H&M�F
PDkÔQ`TX-OQP�J?CEtkP�UVM'M�~VW�MgSSuDGCoM�\cM�OQP�SuJ O�P�UVMaY�XGS�PuZ'M�OQP�JLDcOVM�H
F�XGOVRGM�J�S�`�S�MgH_PUVM�bTFDcmTX-mVJ Y J?P;t

p0
CEDcF�PUTM�mTXGW,i]RcFDc`VOTH�PD

àT`TW�P`TX-PMjXGOTHaRGJ \GM�XGOaM�~VW�MgSS�XGSIY�X-F�RGMqDcFIY�X-F�RGM�FIPUTXGO'PUVJ�S
DGOVM[� â ¤ �XéQ� JLRc`VFM è�â(é ¤�SUVDhn�S$PUTMjY D]W�X-Y

p0
M�~]bNM�W�PMgH'JLOaP�UVM

bVF�M�SM�OTW�MvDGCuX�Û& Ö J RGRcS'×0DcSDGOyX-OTHxPUVMlDcOVMlDGmTSM�F�\GMgH
JLO�P�UVMvHTXhP�X é�� UVMvY XGFRcM�S�P�M�~VW�M�S�S�DcmTSM�F�\GM�HznqJLPU�F�M�Sb�MgW�P
PD�PUVMpmTXGW,i]RGF�DG`TOTHlDGOVY t_UQt]bND-P�UVM�SJ S�J�S�X-P âiêGÝ�é Ùa§uM	¨ é}� P
UTXGS�X�Y D&W�X-Y�S�J RGOTJ?��W�X-OTW�M�D-C ê�é Ø�S;P,X-OTHVXGF�HkHVM�\]J X-PJ DGOTS é�d C�^
PM�FvW�DcOTSJ H&M�FJ OVR|PUTM�`VOTW�M�FP�XGJLOQP;txDcO¸PUVM�Z'XcSS�b�DQS�JLPJ DGO
H&`VMaP�DkPUTM�JLZ'bNM�FCEM�W�P[i]OVDhnqYLMgH&RGMaDGC>PUVM�bTUVD-P�DGOBM�OTM�F�RGt
SW�X-Y MGe�PUVMvYLD&W�XGYoSJLRcOVJL��W�XGOTW�M�DGCqPUVMvM�~VW�MgSS[m�MgW�DcZwMgS ê�é ß
S;P,X-OTHTX-F,HkH&M�\]J�XhPJ DGO�S � UVMpRGY DGmTXGY)SJLRcOVJL��W�XGOTW�M�DGC�PUVJ�SuM�~]^
W�MgSS�J�S âSé Ù�S�P�XGOTHVXGF�H'H&M�\QJ�XhP�JLDcOTS�nqUVM�OaPUTM�YLD]Dci[M�Y�SM�nqUVM�FM
M�K}M�W�Pl� â Ù � CEDGFwPUVMkSM�XGF�W,U�ZaXcSSwF�M�RGJ DGO â(â ¦h^ â Ù-¦{§uM	¨áJ�S
W�DcOTS�J�H&M�FMgH é
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C â1DFE0õ*GIHKJML7N
O(PRQ*S�õ.T&O�UWVKP
QYXIZ\[^]�õ*S�N_}õ.`aN1P�P�õpâ ô Q ôcb âd âReWf-ö\g�h*X$õji©õlkYmnJWJc]QoXIZ\[\]�õlS�N_}õj`aNP(P�õ'â ô Q.pWqGäd âReWf-ö\g�hsrwõut}õur.VvO�wWL7HKmnx�Quy�õ S�õzk*wWJWNH{Qz|�õ i©õ Tuõ
} m7~v~KL7NMQKXIZ\[^]�õKSYN_}õv`aNP(PgõLâ ô Qvp-äcp d â
eMf-öcg�õ

C b DF|3ZKNs��|�`{�.t�y&UWLnLnwW~�UMO�w�P�mnUWHaQ��2�����������1�<���+�K�s�����<���
� ��� ��� � � ��%�F���
����������<���������v� � � �K�K���0��� � �����<�
���v�<������z ����+�¢¡�£�¤¥�1� −1 �"�¦�W�§���<���¨�����©�<� � �<�������
√
s = ª�« �K¬ ������¯® «�° ®j��QKw�O�±*mn_�² â b q b õ â�ö�â�öTõ

C ô DF�*`{GIX³kFQ�´oG³`aX³k*µ�Q2` ô w�H�¶z·oX��o`¸y&UWLnL�w�~�UWO�w<P�mnUWH�]Q
`aGIX¹iºUWO�xcmnHKJ»r.O�UMVK¼¾½+UMOºk*m7JMJM]u~�Uc](UMH¿]�N
w�O�À�ZKNR]Q
XIZ\[^]�õv`{N1P�P�õvTÁpWfMp d b qWq ô g�õ

C ö�DF|3ZKNÂ|3GIÃoÄ*X³kÅiºUWO�x\m7HKJ�r.O�UMVK¼aQ�½+UMOoP�ZKNÆy�´oE�Q{´.q
y&UWLnLnwW~�UMO�w�P�mnUWHv]
Q�ÇI�<ÈÂ�1����� � ÇaÉ.ÊË��� � É'Ìl�����<�����*�1�<�
�����<� � �<� �Y� � � ����l���R�<�,Ío������FÎ3��� ��Ï �1���©�<�Ð ����+� Ï �Â���
ÑWÌM£�Ì*�1� −1 �"�YÉ%�<���<QvwWO�±om7_z²Lâ b q ô õ ô ãGãhöTõ

C p�DF|3ZKN���|�`{�.tËy&UML7L�w�~�UWO�w<P�m7UMHaQjÇI�<ÈÂ�1����� � ������������1�<�
���v�����0��� � ��� �º� � � ����l���R������������ Ï �����c� Ï �¥�0��¡�£�¤
�1�1�(Ñº�"�j�W�Á�������¨�����©�<� � ���0�º�<�o�Ò1����Ó��0ÔsÕ ªÖ« �v¬Á ����+����v�&® «�° ®.� � ���������<�Y�<�a�+�K� ° �×ÇØQ<wWO�±om7_Â² â b q b õ â�öcqGäTõ

C f<DF|3ZKNÙy�ÚztÛy&UWLnLnwW~�UMO�w�P�mnUWHaQ»ÇI�<ÈÂ�1����� � ����� Ï �¨�$�:�"�
����������K�1���1���l���v�j�����<� � �<� � ÈÐ� � ����F���
���l���<�1���z���Ð�M�
���<���¨�����©�<�v�%�<�³�Ò1����Ó���ÔÆÕ ª�« �K¬�Qvw�O�±*mn_�² â b q b õ â�öQäGäVõ

C ãRDFÚBõ�T�wMw�xÜ�1�Ë�<�1õnQÁÝv� � �<��� � �����<� Ï �»�(�»���v�ÅÞ3�7�M�����
ß �7����$���� ³���
à×Ê³���o��� � ÇI�<�v�����������v�$�%�<�zá'�1 ¦ÎI�\�����©�1��Q
w�O�±*mn_s² âGâ
q]ã]õ qWe]ã�p&õ

C ä<DF��|�`{�.t%y&UML7L�w�~�UWO�w<P�m7UMHaQ « �v��® «�° ®.� ß�â �v�1����ÈÂ��v�Ø������v�×Ç ß�ã á ° �<�$�c���'� � ���<�¸Ç������¨� � ���Q�äWµ"Ä.t^| ô d b qWqcäMg
t^qGäMqWq ô õ

C e<D-rwõv�*wM¶ÆNP*w�L�õ d ��|�`��otKg3wWO�±om7_z² qMeWqVâcõ qcp&â b õ
C âRq<D-rwõK�*wM¶ÆNP�wWL�õ d ��|�`{�.t�y&UML7L�w�~�UWO�w<P�m7UMH�g�QcXIZ\[^]�õKSYN_}õ

´ äMpKQKqVâ b qWq ô d b qVâ b g�õ

C âcâ1DFÚBõKÃ�NR]"P�NO�m7HvNHaQ�|�õ S�õ�iu[cw<P�P
Q�Ä*VvÀ1L�õvµ�H�]"P�O�VKålõ�Ú�N1P�Z#õ
�*fMq b QQö ôMb d b qWqWecg�õ

C â b D'y�õ�T3w�L�w�æR]Q<G�õ `IõMT&N
O�JMNORQ�X�õ ÚBõcÄ*wW¶KUWL�](x\[WQMy�õ X$õ<çIVvwWHaQ
XIZ\[^]�õKSYN_}õv´�ã<fKQKqTâ ô qWqWe d b qMqQãWg�õ

C â ô DF|�õ�T�m7HKUWP�ZaQ�ä�õ,r.Vvm7LnL7NP
Q�G�õ�X³m7LnUWHaQ�ÚBõ,iºNO�L7N
HaQ,GIVKOgõ
XIZ\[^]�õKä�õ�y�â
fvQ ô âcâ d b qWqMqMg�õ

C â�ö�DF��|�`{�.t¹w�Hv¶èy�Úztéy&UWLnL�w�~�UWO�w<P�mnUWH�]Q�`{kjyêk*m7JMJM]
y&UWå'~KmnHvw<P�m7UMHër.O�UWVv¼aQo��|�`aì�X³kYçjtcì0X³íoT³ì b qTâGâì0qTâGâWQ
UWHvL7mnHKN-w�P*ZcP(P�¼�]-²¨îWî�À¶K]�ï&N
~#õ À1NO�H#õ À�Z�î�O�N
ÀUWO�¶�î]â ô ã<pGähö bd b qVâcâRg�õ

C â�p�DlG�õ�r.O�UM]�]Q�·põ
Ãom�P�NLnLn]
Q<GIVKOgõ�XIZ\[^]�õ<ä�õ<yqã�qKQ<p b p d b qVâ
qcg�õ
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SUTWVYX3Z CJ[�A�\^]`_�aJb�c�bedgf?h�i0h�j�kmlNi5bednh�l5j�_Dd5fJoJp	i5qsr3tJb	dguwv�xzy
c�b�aJq|{�b	h�t}c�b�~m_Da���h�a�~mb��Wf`_�q|a3l5q|���|pe�gb*l

3σ
�W�|q��DaJb�~m_DaDlNq�aztJb��� ���

��bed�aJb*tJl5iNq�aJ_3d�p*�|b	~�lNi5_DaJqsrDt?b	d	[���bU�?t���cJb�aJb*t�lNi5q|aJ_3dnj�bed tJiNp
b	d l

5, 21±0, 27(stat)±0, 38(syst).106cm−2s−1 h��|_�i0d�r3tJb
��bed�fJiNp	c�qs~�lNq�_Da?d�c�t=j^_�c�b	��d lNh�a�cJh�i0c�cJt=d5_��|b*q|��c�_�a?a?h�q|b*a3l
5, 05+1,01

−0,81.106cm−2s−1
� ��� [��nh�lNoJp*_Di5q|b�cJb	d�_DdN~mq|���sh�lNq�_Da?d

pmlNh�q%l�f?i5_DtJ{�p	b�[���b	d lNh�q%l�u^j�b	d5tJiNb*i�d5b	d�f?h�iNh�j^k*l5iNb	d	[
����������� � ��� �<¡z¢�£J�¥¤��n¡�¦��g£J��� §©¨�£J�<¡

�<b	d¥_DdN~mq|�|�|h�l5q|_�a?dªc�b«aJb*tJl5iNq�aJ_3dªf�b	tJ{�b	aDl¬d5bd p	f?h�iNb*i
b*a®c�b	t��¯d be~�l5b	tJi0d¬q|a?c�p*f`b*a�cJh�a3lNd°�Lh�fJf�b	��ped�d5_��sh�q|iNbbml
h�l5j�_3d fJo?p*iNq|r3tJb��@~	h�i���± tJa¥c�b	d7l5iN_�qsd²h�aJ�D��bed7cJb=j�p	�|h�aJ��b
b	d lGf`bmlNq%le[n³Yb*�sh@h�p*l5p^j�_�a3l5iNp�f?h�i���± b*��f�p	i5q|b*a?~*b}³U´wµ�µ�]�[
¶ �=d	± h���qsd5dNh�q�l·c©± tJa¸c�pmlNb	~ml5b*t?i¹iNb*j�fJ�|q�b�cJb�dN~mq|aDlNq��|�sh�l5b	tJi
fJ�|hD~mp@u�A�ºzj»cJb��|h9~mb*a3lNiNh���b�azt?~*��peh�q|i5b�cJb�³YoJ_z_�¼D½ncJh�a?d
��bed¿¾�i0c�b*a?aJb	d	[<¾�t�~mtJaJb}_3d5~*q��|�sh�l5q|_�a=a�± h�pml5p}_DÀ?d5b*iN{�p^f�_DtJi
��bed

ν̄e
d5tJi�~*bml lNb�c�qsd(l0h�a?~*b�½`~mb�r3tJq<ÁW_�i0~mb���± h�aJ���|b

θ13
u�Âml5iNb

q�a�ÁWp	i5q|b*t?i¿u
10◦

�ÄÃe� [<��bedwi5ped tJ��lNh�lNdwh�~ml5tJb	�|d�d5tJi��sh@j�bed tJiNb
c�b

θ13
d5_�a3l�fJiNp	d5b*a3l5p�cJh�a?d���± h�i5l5qs~m�|bwf?h��Db�A	v Ã [

Å a3lNi5b�l5b	j^f�d*½Q��± b*�zf`p*iNq|b*a?~*b^ÆztJf`b*i�Ç�h�j^q|_�º�h�a?c�b�h@pmlNt�È
c�q�p@��bed�aJb*tJl5iNq�aJ_3d�h�lNj^_3d f?oJp*iNq|r3tJbed}�Lr3tJq�d5_�a3l¿fJiN_�c�tJq�l¿b*a
o?h�t�lNb9h�lNj�_Dd5fJoJk*iNb�½�f?i5q|a?~mq|f?h���b	j^b	a3l�f�h�i��|b	d�cJp	d5q�a3l5p	��i0h�È
l5q|_�a?d�cJb	d�fJq|_�a?d�b*l�c�b	d�j�tJ_Da?d�c�b	d��Db*iNÀ�bed�~m_3d j�qsrDt?b	d0��[

Æzt?f�b	igÇ�h�j�q�_Dº�h�a?c�b�bed(l�tJa�q|j�j�b*a?d5bUcJpml5be~�lNb*tJi�i5b	j�fJ��q|b
c�b

50.000 m3 c©± beh�t²bml�p	r3tJq|f�p¿c�b���iN_Dd�fJoJ_�l5_Dj�tJ��l5q|fJ�|q|~	h�È
l5b*t?iNd���C�x�f`_�t?~*b	d0�©r3tJq�c�p*l5be~�l5b	a3l<�|h��|tJj�q|k*iNbY³Yb*iNb*aJºD_�{�~miNp*b
f?h�i��|b	d�f�h�i5l5qs~mtJ�|b	dUqsd5d5tJb	d�cJb���± q�a3lNb*i0h�~�lNq�_Da�cJt7aJb	t�l5iNq|aJ_?[

��± b*�zf`p*iNq|b*a?~*bÉhÊj�b	d5tJiNpÉ��bÉ�?tJ�Ëc�b�~mbed²aJb*tJl5iNq�aJ_3d²b*a
ÁW_�a?~ml5q|_�aÌcJb7�|b*tJi�h�a?���|b�½�bml}c�p*j�_�a3lNi5p�rDt?b7�|b	d�aJb*tJl5iNq�aJ_3d
j�tJ_DaJq|r3tJbed9h�Í3h�a3l²l5i0h�{�b*i0d5p�lN_�t�lNb��sh:l5b	i5iNbÎpml0h�q�l9j�_�q|a?d
aJ_�j�ÀJi5b	t��7r3tJb�~mb	t��7p*lNh�aDl�~*i5p	bwh�t�cJb	dNd t?d�cJt²cJpml5be~�lNb*tJie[

�<b	d�i5ped tJ��lNh�lNd¿cJb7~mb*l lNb@bm��f`p*iNq�b	a?~mbD½n~*_�tJfJ�|p7h�t��Éi5ped tJ��È
lNh�l0d�c�b}Ï�C�Çb*l¿c�b^Ð ¶(Ñ µwÆQ½�c�b	t��9b*�zf`p*iNq|b*a?~*b	dGt�l5q|�|q|dNh�a3l
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S�TWV�XnZ CJ[ C�\9]`_�a?b�c�bed�f?h�iNh�j�kml5iNb	d�d _D�|h�q�iNb	d�u@vDx3y@½`v Ã y@½
v�vzy�½�vDvJ½ÓÒ Z y»c�b$aJq|{�beh�tÔc�bÕ~m_Da���h�a?~mb$_DÀ�l5b	a3t:b	a:~*_�j^È
ÀJq|a?h�a3l��|b	d�i5ped tJ��lNh�lNd�d _D�|h�q�iNb	d�Ö�Ç�h�j}�n¾ Ñ�× Ö�i5peh�~ml5b*t?iNd� ���

tJa}ÁLh�q|dN~mbeh�t}c�b�a?b*t�lNi5q|aJ_Dd�j�tJ_DaJq|r3tJbed�d5tJi�iNb	d5f`b	~�lNq�{Db*j�b*a3l
C Ã xwº3j bml�Ò Z xwº3j²½zd _Da3l�fJi5ped b	a3l5p	dYd t?i��shw�?��t?i5b Z C�[|A�[zµ�a
_�À�lNq�b	a3lY�|b	d�{�h���b	tJiNdYd t?q�{�h�a3lNb	d��L��bed�b	i5iNb*t?iNd�d5_�a3lYu

1σ
� � ���gØ

∆m2
31 = 2, 45± 0, 09.10−3eV 2

sin2θ23 = 0, 51± 0, 06

��bedwbm��f�p	i5q|b*a�~mb	dwj�bed tJi0h�a3l��|b��?t��=cJb}aJb*t�lNi5q|aJ_3d�d _D�|h�q�iNb	d
d _Da3l�aJ_�j�ÀJi5b	t?d5b	d	½�bml²~m_�t?fJ��p	b	d�h�{Db	~²��± b*��f�p	i5q|b*a?~*bÕÇ�h�j^È
�<h�a?c©½}r3tJq7_DÀ?d5b*iN{�h�q%lÊ��bË�?t��ÙcJbËaJb	t�l5iNq|aJ_DdÌb*a°fJi5_�{DbmÈ
a?h�a�~mbwc�bGl5_�tJl5b	d��|b	d�~*b*a3l5i0h��|b	dYazt?~m�|p	h�q�iNb	dUc�t²ÚDh�f�_Da�½�b*�|�|b	d
c�_�a?aJb*a3l}��bed}iNp	d5tJ�%l0h�l0d�f?i5ped b	aDlNp	d}cJh�a?d��sh9����tJiNb Z C�[ÄC9bml
r3tJq<d5bGiNp	d5tJj�b*a3l�f?h�i���bed�{�h���b	tJi0d�d tJq|{�h�a3l5bed � ����Ø

∆m2
12 = 7, 59+0,20

−0,18.10−5eV 2

sin2θ12 = 0, 312+0,017
−0,015

���������WÛ Ü·�ª¦G� ¢�¡Î�<ÝÞ¦��5¢�¡�¡z¢�£J¦�£J�nÝ���ÝY¨
�<b�aJb*tJl5iNq�aJ_�a<± b	a�hGf?hDdg�?aJq�h�{�b	~�d5b	d�d5tJiNfJi5qsd5b	d	[ Å a�d b	f�È

l5b	j�ÀJiNb�C�x?A�AD½��|hß~m_��|�sh�À`_�i0h�l5q|_�a¹µ�à Å ��¾¿½�h�f?i5ked � j�_�qsd
f?h�dNd5p�uÎlNiNhDr3tJb*i7tJaJb=f�_3d5d5q�À?��b�b*iNi5b	tJi	½Uh�fJt?ÀJ��q|p=�|hÌj�bmÈ
d t?i5b¿c�b��|h}{zq�l5bed5d5b¿c�b	d�aJb*tJl5iNq�aJ_3d�j�t?_�aJqsr3tJb	d�cJt²ÁLh�qsd5~*b	h�t
³ Ñ�á ÆQ[©�<b�iNp	d5tJ�%l0h�l�lNi5_DtJ{�p�b	d l�tJaJb^{zq%lNb	dNd b�d tJf`p*iNq|b*tJiNb�u
~mb	���|bGcJb��sh��|tJj�q|k*iNb � Ò � [�[|[�u�j�_�q|a?d�r3tJb�[|[|[z¾�âQh�q�iNbwu�d5tJq�{ziNb�ã

ä�å�æ5ä ç è*éëêYì¿í�î�ï7ðUñ�òôó�ò»è�õ(ò�ö<÷�é�êYò
�<bUÁLh�q�l�rDt?bU�|b�aJb	t�l5iNq�a?_wd5_�q�l�tJaJb�f?h�i lNq|~*tJ�|bUq|a?dNh�qsd qsdNd5h�ÀJ��b

b*a�ÁLh�q�l¿tJa=j^b	i5{Db*q|���|b*tJ�Õj^bed5dNh��Db*i�c�b���± tJa?q�{Db*i0d*½QfJtJqsdNrDt<± q|�
��b�l5i0h�{�b	iNd5bÕdNh�a?d7ÂmlNi5b=f�b	i lNtJiNÀ�pD[��nhß~*_��|�|h�À�_DiNh�l5q|_�a·¾ Ñ È
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30 è4é�ê�ë ìPí�î�ïUðwë ì/ñ!ò<ó&ô<õBì4î�ô>ì/ò 19 è4éöê1ìO÷�ì&ô*ïNðwë õ,øXò�ó4ô�õ,ì&î�ô Çù íAø�ú�è/ì&ú�è4ûAø�ê1õ,ò<õBûAøYú4üEú(õ�û�ø^ý�ô�ì4ø�ê^î�ø^ø�ì4î1ò�ô<û�ø^þAì&ø�í�øXòê1ì&úbô�û1èQÿ�ì&ú&ü$õ,ð>þ@ímíAô<ô�õBþAì4ô=ê�íAø�ú=ðwë ì&íAîvì/òUú<ì�ò�ÿ�ì4ô�ébí�ðBõBú<ì4ôPüì/ò�ýYì&î1ò��Yø�õ,ô�ý�íAô��4ò<ô�ì6è&í�ý1ò�î�ô<ó-ê�í�ø�úoðBìO÷�ì&ô Ç�� ì6ø�û���íAîWê1ì÷�ì4ô�í�õBø�ú<õ�è4ô<ó&ó>ó&é6ì4òZê1ì&ú	��íAé6ébí�úLíAð,ð+í�øXò�
�î�ú�Xî�ë ï 7, 6 �Wì����î�õwüTú&ë õBðBúoõBø�ò�ó4ôQí���õBú�ú(ì&øXòZì4ø�ú<î�õ,ò<ì-ê�í�ø�úoð,ìPúZ÷�ì&î�õBð,ðBì&ú*ú(û�î�ôQè/ì&ú&üú(û�ø�ò[è&í�ý�í���ð,ìPúFê1ì=é=õ,é=ì4ôOî�ø�ó4þAó&ø�ì4é=ì&ø�ò[ï���ó4ðBì&è/ò<ô�ûAø�ú�ï�AôQí�ø�ê1ì=ó&ø�ì4ô��AõBì��£ð,ìNú<õ��Aø�íAð 2β0ν ìPú�ò[í�ò<ò<ì&ø�ê1îmê�í�øYú�ðBí�÷�ì��ø��/ò�ô<ì [2, 7− 3, 2] �rì������ �!�Aî�ô<ì Æ�Æ�Ç È � Ç
ù í�ø�úhð,ì"��î1òLêTë í�é=ó4ðBõBûAô�ì4ô�è/ì"��ð,õBø�ê�í��Aì�ûAø=þ�íFì&ø�ò�ûAî�ô�ì4ôCðBì÷�ì4ôLê�ë 1 è4é ê�ì$#$ûAð��&%�ò<ÿ'�!ð)(&ø�ì�*`ûAô�ó+� #-,	*.�hê1ì>èQÿ�í/�Xî�ìZè10Aò<óýYû�î�ôbõ,øYè/õ,ò<ì4ôbðBì&ú=ø�ì4î1ò�ô<û�ø�ú=ï2�4ò<ô�ì�è&í�ý1ò�î�ô�ó�ê�í�ø�ú6ðBì��3ûAô�ìý�ð,î�ò0�ò3�Xî�ì�ê�íAø�ú[ðBìb÷�ì&ô Ç4� ì5�3ûAô�ìUírì&øSì16�ì/ò6î�ø�ìUú<ì&è/ò<õBûAøì17Nè4í�è/ìrê1ìWè4íAý1ò<î�ô<ì�ø�ì&î1ò<ô�ûAø�õ8�Xî�ì�ó4ðBì4þ�ó4ì�ì/òNðBì&ú3�Xí�é=ébíAúó4é=õBúZûAøXò�î�ø�ìFó4ø�ì4ô��AõBìoý�ðBî�úE÷£íAõ)��ð,ì5� ∼ 0, 48 �rì���� Ç
� í�è/ûAé=ý�íAô�íAõBú<ûAø�ê1ì�è4ì&ú9�:��ð,õBø�ê�í��Aì&úTíZó/ò<óCì�63ìPèpò�î�ó4ìhí@þ�ì&èî�ø�ìoú<õBéOî�ð+í�ò�õ,û�ø<;�,>=�?�@ È êTë î�ø�ì��Aó4û�é=ó/ò<ô�õBìZú(õBé=ý�ð,õ)��ó&ìoê1îê1ó4é=ûAøYú�ò�ô�í�ò<ì4î�ô Ç ,�ø=í�ø�íAð)�1ú�í�øXò$ý�ð,îYú(õBì4î�ôQú$è4íAø�í�î1ñ<�A��íAé6ébíò<ôQí@þAì4ôQú�í�øXò&ü$ó4ðBì&è/ò<ô�ûAø�ò<ôQí@þAì&ô�ú�í�øXòPü4�qó&ð,ìPèpò<ô�ûAøYú=þAì4øYí�øXòUê1ìðBíS÷�ì4î�õBð,ðBìjú<ûAî�ô�è4ìB�6ûAø û/�1ò<õBì4øXò�ð,ìròQí�î1ñdê1ì�ô<óPê1î�èpò�õ,û�ø^ê1î��ô<î�õVòbê1ìN÷�û�ø�êmý�ô�û�þAì&ø�í�øXò-ê�ì&ú-ø�ì4î1ò�ô<û�ø�ú[ì&ø�í�
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²�¸�¹�µ�½	í#°bÊ ·�»�½"¼%²�±�µ4¼�±8¶�·"µ�»0º=·�°�·"º�·#¶%¹�±8±!²;ä�´	½#¸H²�È1°.½"µI»�·"³
ÀÁ¼�»�å�¼BÊ ·�¼bÌ�¼	»�¾

ïñðMòGð�óõôMö<÷;ôMø

ù !ú Õ?¾%¿0¾	ÕE½Gû�·�µBí4ü;¾�ÑM±�¹�µ�±�»�í�Â%³!¹�±�µ	³!±>ý-½"ºQ¾  çGþµ�½�¾%ÿ�ç  ç
´�´B¾  é"ÿ�Ó  é�þ�� �¯������

ù ç ú Ñ Ï?·�Ë4¹=»�í��
	��%»�¾�ÑM±�ËS¾�¿l±!²H²�¾	ç�é�í  ç"é � Ó  ç"é ¯ � �¯��#®��
ù ÿ ú� ¾BÑ�¾lë�	�°�·"¶�����������í��
	��%»�¾lÑ1±�ËS¾l¿B±�²H²�¾ ®"¯ íBé " ÿ"é 

�Dç"é"é#ç �
ù þ ú Ò�¾�Ï>·�µ4Ì�������������í��
	��%»�¾�Ñ1±�ËS¾�¿B±�²H²�¾ ¯ í�ÿ � � �¯�� ç �
ù ��ú�� ¾ � ½4¶�·�°�·�í-Ï�Æ>Ã� �! ³�½"º�º�·"Ì	½#¸�·�²�¹�½"µ"�#�$�%����í&�&	'�%»�¾

¿B±�²H²�¾	Ð?í � é�þ(�Dç"é"é )�
ù �Gú �
	��%»�¾�Ñ1±�´%²�¾�þ�ç'*4í�ç � *�Ó5þ � þ+�Dç�é#é �'�
ù * ú Í�¾�ý�¾ � º�·"´:¶%½#¸HÓ � º�±�¹�µ�æ"¸�½�²,	�·�¼�»�í � ¸�¹�Ë"½�»-	�±�¹�µ�·.�������/��í

Ã1ÎÁÅ ë � ç#ç%í%ÿ'*  Ó5þ#é � �Dç"é"é�þ �
ù ®Gú ã ¾#ë1¸�æ��4¸�¹=·"¶�±�»0���
�%����í#Ã8¼�³!ºQ¾"ÎÔµ�»H²�¾�ÅL±!²,	B¾#ë � é � íGÎÁ»�»�¼�±

ÿ(�Dç�é#é ¯'�
ù ¯Gú ã ¾Kë1¸�æ��4¸�¹=·"¶�±�»1����������í��
	��%»�¾lÑ1±�ËS¾�Õ ® é�íBé#ÿ#ç � é  ��Ñ �

�Dç"é"é ¯'�
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¿ÁÀ0Â���ÃÄÀ

Å�Æ�Ç;È�ÉËÊ�Ì�Æ�Í4Î,ÎËÍ#Ï;Ð�Í#Ñ
Ò%ÓTÓ;ÑËÔ'Ò�Õ×Ö�Ø0ÊÙÉ,Ö$Ð�Ñ,Ò�Ú�Ê�É,Ò%ÉËÊ/Ô�ÏTÒ�ÈÙÌÛØ´Ò�Ú�Í
ÉËÑ×Ò%ÏTÎËÊ�Í4Ï'É,Î.Ò%Ï�Ü�Ö;Ê/Ð�Ö;Ì�Í4Ï;Í#Ñ,Ð�ÝÞÏ;Í4Ç�ÉËÑ,Ê�ÏTÔ�ÎßÊ/ÎµÍ�à�Ó�Í)ÕáÉ,Í4Ü�ÉËÔ
Ô�Ó|Í#Ï�ÏTÍ#ØzÓ|Í#Ñ×ÎËÓ�Í)ÕáÉËÊ/Ú�Í)Î&Ê/Ï�É,Ö;ÍYÎ_É,ÇTÜ�Ý1Ô�âQÉËÖ;Í8Æ�Ô�Î-É´Ú�Ê/Ô�È/Í#Ï'É
Ò�Î-ÉËÑ,Ô�Ó;Ö�Ý�Î-ÊãÕ#Ò�ÈSÓ;ÑËÔ�Õ#Í4Î,Î-Í)Î�Ê�Ï[É,Ö;Í�äVÏTÊ�Ú�Í#Ñ×Î-Í�åQæ¢Ï[ÓTÒ%ÑËÉËÊãÕ�Ç;ÈãÒ%Ñ)ç
Ð�Ò%Æ�Æ1Ò�ÌÛÑ×Ò�ÝYè;Ç;Ñ×Î_É×Î
Ò%Ñ,Í0Ô%âIÎ-Ó|Í4Õ#Ê/Ò�ÈTÊ/Ï'ÉËÍ#Ñ,Í4Î-É&Ò�ÎaÉËÖ;Í4Ý�Ò%Ñ,ÍVÒ�Î-Ì
Î-Ô�Õ�ÊãÒ�É,Í4Ü[Ø0Ê�ÉËÖµÒ�Î_É,ÑËÔ�Ó;Ö�Ý�ÎËÊãÕ#Ò%ÈaÎ,Õ�Í4ÏTÒ%Ñ,Ê�Ô'Î�Ó;Ñ,Í4Ü�ÊãÕáÉ,Ê�Ï;Ð�Î-Ê/Ð�Ï;Ê�Ì
é Õ#Ò�Ï�É8ê_Ô�Ê/Ï'É$Í4Æ�Ê/Î,Î-Ê/Ô�ÏXÔ%â�Ð�Ñ,Ò�Ú�Ê�É,Ò�É,Ê�Ô�ÏTÒ%ÈNØ´Ò�Ú�Í4Î�Ò%ÏTÜ.ÖTÊ�Ð�Ö�Ì
Í#Ï;Í4ÑËÐ�ÝHÏ;Í4Ç�ÉËÑ,Ê/Ï;Ô�Î4å�ë�Í#Ú�Í4Ñ,Ò�È�Í#à�Ó|Í#Ñ,Ê/Æ$Í4Ï'É,Î´ìíÍ�å ÐTå�î�ïHð�îHñ0òNëAç
æ_Õ�Í�óNÇTè�Í�ç�ôLæ-õ�öxÒ%ÏTÜt÷�Ê/ÑËÐ�Ô'øLÒ%Ñ,Í&Õ�Ç;Ñ,Ñ,Í#Ï'ÉËÈ/Ý�ÑËÍ)Õ�Ô�Ñ×Ü�Ê/Ï;ÐVÜ;Ò%É,Ò
Ò%ÏTÜxÎ-Í)Ò%Ñ×Õ×Ö;Ê/Ï;Ð³âíÔ�Ñ$É,Ö;Ô�ÎËÍ³Ò�Î-ÉËÑ,Ô�Ó;Ö�Ý�Î-ÊãÕ#Ò�ÈNÎËÔ�Ç;Ñ×Õ�Í)Î#å¬æ¢ÏgÉËÖ;ÊãÎ
ÑËÍ4Ó�Ô�Ñ-É)ç�Ø´Í�Ó;Ñ,Í4ÎËÍ#Ï'É�ÉËÖ;Í é Ñ×Î_ÉHê_Ô�Ê/Ï�É1Ò%Ï�Ò%È/Ý�ÎËÊãÎ�Í�ùAÔ�ÑËÉ�Ç�Î-Ê/Ï;Ð
Ü;Ò�É×Ò�âíÑ,Ô�ÆrÉËÖ;Í1Ð�Ñ,Ò�Ú�Ê�É,Ò�É,Ê�Ô�ÏTÒ%È�ÌÛØ´Ò�Ú�Í�Ü�Í�É,Í4ÕáÉ,Ô�Ñ×ÎYôQæ-õ�öúÒ%ÏTÜ
÷�Ê/ÑËÐ�ÔTç�Ò�ÏTÜ�âíÑ,Ô�Æ�ÉËÖ;Í�Ö;Ê�Ð�Ö�ÌÛÍ#Ï;Í4ÑËÐ�ÝYÏ;Í#Ç�É,ÑËÊ/Ï;Ô�Ü�Í#ÉËÍ)ÕáÉËÔ�Ñ&î�ïVÌ
ð�îHñ0òNëAå
û Ô�Ñ�ÉËÖTÍ�îHï�ð¬î�ñ0ò´ëµóNÔ�È/È/Ò�è�Ô�Ñ,Ò%ÉËÊ/Ô�ÏQç�ÉËÖ;Í1ôLæ-õ�öúë�Õ#Ê�Í4Ï�Ì

ÉËÊ é ÕtóNÔ�È/È/Ò�è�Ô�Ñ,Ò%ÉËÊ/Ô�Ï�Ò%ÏTÜ�ÉËÖ;ÍY÷HÊ�Ñ,Ð�Ô�óNÔ�È�ÈãÒ%è|Ô�Ñ×Ò�É,Ê�Ô�Ï

üYý�þ#ÿ ��� ���������
	&���� �
� Ê�ÉËÖ�É,Ö;ÍVÕ�Ô�ÏTÎ_É,ÑËÇ�ÕáÉËÊ/Ô�Ï�Ô%â|ÉËÖ;ÍVîHï�ð¬î�ñ0ò´ë$Ï;Í#Ç�É,ÑËÊ/Ï;Ô8ÉËÍ#Ì

È�Í)ÎËÕ#Ô�Ó|Í������VÊ/ÏXÉ,Ö;Í��³Í4Ü;ÊÙÉ,Í#Ñ,Ñ,Ò�Ï;Í4Ò�Ïgë�Í4Ò[Ò�ÏTÜµæ_Õ#Í�óNÇ;è|Í³Ò�É
ÉËÖ;Í ë�Ô�Ç�ÉËÖ��SÔ�È/Í�çSÉ,Ô�Ð�Í#ÉËÖ;Í4Ñ�Ø0ÊÙÉ,ÖgÉ,Ö;Í(Ê�Ï'É,Í#Ñ,Í4Î-ÉËÊ/Ï;ÐßÎËÍ#Ï�Î-Ê�ÉËÊ�Ì
Ú'Ê�É_Ý³Ñ,Í4Ò�Õ×ÖTÍ4Ü(è�Ý�ÉËÖ;Í�ôQæ-õ�ö������
Ò%Ï�Ü(ÉËÖ;Í$÷�Ê/Ñ,Ð�Ô�� ���
Ü�Í#ÉËÍ4Õ�Ì
ÉËÔ�Ñ×Î4ç�ÉËÖ;ÍVÆ�Ç;È�ÉËÊ�Ì�Æ�Í4Î,ÎËÍ#Ï;Ð�Í#ÑaÒ�Î-ÉËÑ,Ô�Ï;Ô�ÆtÝYØ0Ê�ÉËÖ�Ð�Ñ×Ò�Ú�ÊÙÉ×Ò�É,Ê�Ô�ÏTÒ%È
Ø´Ò�Ú�Í4Î8ì õ � ø´Ò%ÏTÜ�Ö;Ê/Ð�Ö�ÌÛÍ#Ï;Í4ÑËÐ�Ý�ÏTÍ#Ç�É,ÑËÊ/Ï;Ô�Î8ì! �ò&ïHø´ÊãÎ´Í#Ï'ÉËÍ#Ì
ÑËÊ/Ï;Ð1Ò$Ú�Í#Ñ,Ý�Ó;Ñ,Ô�Æ�ÊãÎ-Ê/Ï;Ð$Í#Ñ×Ò;å
îHï�ð¬î�ñ0òNëßÊãÎYÒ%Ï[Ò%Ñ,Ñ×Ò�Ý�Ô�â"����Î-ÉËÑ,Ê�ÏTÐ�Î�Î-Ó�Ò�Õ�Í)Ü Ô�Ú�Í#Ñ�Ò%Ï

Ò%Ñ,Í4Ò�Ô�â$#;å��&%�Æ
2
çIÍ)Ò�Õ×Ö�Ô�Ï;ÍtÖTÔ�ÈãÜ�Ê�ÏTÐ�')(1Ô�Ó;ÉËÊãÕ#Ò%ÈSÆ�Ô�Ü�Ç;È/Í4Î4å

ð�Ö;Í�Æ1Ò%Ê/Ï³Ð�Ô'Ò%ÈIÔ%âSÉ,Ö;Í�Í�à�Ó|Í#Ñ,Ê�Æ�Í4Ï�ÉVÊãÎ0É,Ô�Î-Í)Ò%Ñ×Õ×Ö�âíÔ�Ñ* �ò&ï
Ô%âVÒ�Î-ÉËÑ,Ô�Ó;Ö�Ý�ÎËÊ/Õ4Ò%ÈSÔ�Ñ,Ê�Ð�Ê�ÏnìíÊ�å Í�çLØ0Ê�ÉËÖ.Í4Ï;Í#Ñ,Ð�Ê/Í4Î

> 100
õ8Í¢÷8ø

è'Ý[Ü�Í#ÉËÍ4Õ�ÉËÊ/Ï;Ð³É,Ö;Í�óNÍ#Ñ,Í#Ï+%�Ô�Ú³Ó;Ö;Ô�ÉËÔ�ÏTÎYÓ;Ñ,Ô�Ü�ÇTÕ�Í)Ü[è�Ý Ñ,Í#ÈãÒ�Ì
ÉËÊ/Ú'ÊãÎ-ÉËÊãÕHÆ�Ç;Ô�Ï�ÎNÊ/ÏTÜ�Ç�Õ�Í4Ü+è�Ý�Ï;Í4Ç�ÉËÑ,Ê�ÏTÔ$Õ×ÖTÒ�ÑËÐ�Í4Ü�Õ#Ç;Ñ,ÑËÍ4Ï�É�Ê/Ï�Ì
ÉËÍ#Ñ×Ò�Õ�ÉËÊ/Ô�ÏßÊ�ÏßÉ,Ö;Í1Ú�Ê/Õ#Ê�Ï;Ê�É_Ý Ô�â&É,Ö;Í�Ü�Í�É,Í4Õ�ÉËÔ�Ñ)åLð�Ö;Í1Ü�Í#ÉËÍ)ÕáÉËÔ�Ñ
Ø´Ò�Î�Õ#Ô�Æ�Ó;È/Í�ÉËÍ)Ü�Ô�Ï&��Ò�Ý,�)#Tç��)#)#)-Vè;Ç�ÉSÊÙÉ
Î-É,Ò%ÑËÉËÍ)ÜYÑ,Í4Õ�Ô�Ñ,Ü;Ê�Ï;Ð
Ü;Ò�É×ÒYÊ�Ï�Ò�Ï1Ê�Ï�Õ�Ô�Æ�Ó;È/Í�É,ÍVÕ�Ô�Ï é Ð�ÇTÑ,Ò%ÉËÊ/Ô�Ï1Î-Ê/ÏTÕ#Í/.�Ò�Ï0�)#;ç1�2#)#3'�å
ð�Ö;Í{äHëeÓTÑËÔ�ê_Í4ÕáÉzôLæ-õ�ö Ò%ÏTÜbò&Ç;ÑËÔ�Ó�Í)Ò%Ïb÷HÊ�Ñ,Ð�ÔúÒ�ÑËÍ

�³Ê/Õ×ÖTÍ#ÈãÎ-Ô�Ï�Ì4��Ô�Ñ,È�Í4Ý$Ê/Ï'ÉËÍ4Ñ-âíÍ4ÑËÔ�Æ$Í#ÉËÍ4Ñ,Î4ç�ÇTÎËÊ/Ï;Ð1ÒtÚ�Í#Ñ,Ý�ÎËÔ�ÓTÖ;Ê/Î-Ì
ÉËÊãÕ#Ò�É,Í4Ü�ÉËÍ4Õ×ÖTÏ;Ô�È/Ô�Ð�ÝVÉËÔHÆ�Í4Ò�ÎËÇ;Ñ,Í&Ò%Ï�Ý�Ú�Ò%Ñ,Ê/Ò%ÉËÊ/Ô�ÏYÊ/ÏYÉËÖTÍ´Ò�ÑËÆ1Î
È�Í4Ï;Ð%É,Ö Ü�Ç;ÍYÉ,Ô1ÉËÖTÍ�ÓTÒ�Î,Î,Ò%Ð�ÍYÔ�â&õ � Î4çTØ0Ö;ÊãÕ×Ö�Ò%Ñ,ÍtÒ�Ñ,Ê�ÓTÓ;È�Í)Î
Ô%âIÎ-ÓTÒ�Õ�Í#Ì É,Ê�Æ�Í�Õ#Ò%Ç�Î-Í)Ütè�ÝtÒ�Õ#Õ�Í4È�Í4Ñ,Ò%ÉËÊ/Ï;Ð8Æ�Ò�ÎËÎËÍ4Î4å�ôQæ-õ�ö Ò%ÏTÜ
÷�Ê/ÑËÐ�ÔtâíÔ�È�È/Ô�Ø�ÉËÖTÍ�ÎËÊ/Æ$Ê/ÈãÒ%Ñ�Ô�Ó|Í#Ñ×Ò�É,Ê�Ô�ÏTÒ%ÈAÜ�Í4ÎËÊ/Ð�Ï�èTÇ�ÉVÊ�Ï�Õ�È/ÇTÜ�Í

Ü�Ê�ù|Í4ÑËÍ4ÏTÕ�Í)Î�Ê/Ï É,Ö;ÍßÒ�ÑËÆÄÈ/Í#Ï;Ð�ÉËÖzâíÔ�Ñ�Ê�ÏTÎ-É,Ò�ÏTÕ�Ínì657%�ÆÄâíÔ�Ñ
ôQæ-õ�ö Ò%ÏTÜ8�9%�ÆjâíÔ�Ña÷HÊ�Ñ,Ð�Ô�øáå%ð�Ö;Í0Ê/Ï'ÉËÍ#ÑËâíÍ#Ñ,Ô�Æ�Í#ÉËÍ#ÑSÊãÎaÆ1Ò%Ê/Ï�Ì
É,Ò�Ê�Ï;Í)ÜµÔ�ÏXÉ,Ö;Í+ÏTÔ�Æ�Ê�Ï�Ò%È�ØNÔ�Ñ:%�Ê/Ï;Ð Ó|Ô�Ê/Ï'É1Ø0Ö;Í#Ñ,Í�É,Ö;Í(È�Ê/Ð�Ö'É
è�Í)Ò%Æ1Î�âíÑ,Ô�Æ Í)Ò�Õ×ÖÞÒ%Ñ,Æ Ê/Ï�É,Í#ÑËâíÍ#Ñ,Í.Ü�Í4Î-ÉËÑ,ÇTÕáÉ,Ê�Ú�Í#È/Ý�ç0Ê�å Í[É,Ö;Í
Ü;Ò%Ñ;%gâíÑËÊ/Ï;Ð�Í�åNæÛâ$Ògõ � ÓTÒ�ÎËÎËÍ4Î�ÉËÖ;Ñ,Ô�ÇTÐ�ÖnÉËÖTÍßÜ�Í#ÉËÍ)ÕáÉËÔ�Ñ+Ê�É
Ó;Ñ,Ô�Ü;ÇTÕ�Í)Î+ÒgÜ�ÊÙùAÍ#Ñ,Í#Ï'É,Ê/Ò�È8Î-ÉËÑ×Ò%Ê/Ï�è�Í#É_ØNÍ4Í#ÏzÉËÖ;Í�É_ØNÔgÒ%Ñ,Æ�Î4ç
Ò%ÏTÜ Ö;Í#Ï�Õ�Í1Ò+Õ×Ö�Ò%Ï;Ð�ÍtÊ/Ï É,Ö;Í�Ó;ÖTÒ�ÎËÍ�Î-Ö;Ê�â¸ÉYè�Í#É_ØNÍ4Í#Ïßè�Í)Ò%Æ1Î
Ò�É(ÑËÍ)Õ�Ô�Ætè;Ê/ÏTÒ�É,Ê�Ô�ÏQå0ð�Ö;ÊãÎ³Î-Æ1Ò%È/È�Ó�Í4Ñ-É,Ç;Ñ,èTÒ�É,Ê�Ô�ÏzÑ,Í4ÎËÇ;ÈÙÉ×Î�Ê�Ï
Ò7<TÇTÕáÉ,ÇTÒ�É,Ê�Ô�ÏÞÊ�Ï"ÉËÖTÍ.È�Ê/Ð�Ö'É³Ó�Ô�Ø´Í#Ñ�Ò%â¸ÉËÍ4Ñ³ÑËÍ)Õ�Ô�Æ�è;Ê/ÏTÒ�É,Ê�Ô�Ï
Ø0Ö;ÊãÕ×Ö$ÊãÎ&Õ#Ô�Ï�Ú�Í4Ñ-É,Í4Ü�Ê�Ï'É,ÔYÉËÖ;Í8õ � Î-ÉËÑ,Í#ÏTÐ%ÉËÖ�Ô�Ñ&Î_É,Ñ,Ò�Ê�Ï�Ø0Ê�ÉËÖ
hstrain = 2∆L/L

çAØ0Ö;Í4ÑËÍ
∆L

ÊãÎYÉËÖTÍ�Õ×ÖTÒ%Ï;Ð�Í1Ê�Ï.ÎËÍ#ÓTÒ�Ñ,Ò%Ì
ÉËÊ/Ô�Ï+Ô%âQÉ_Ø´ÔtÆ1Ò�Î,ÎËÍ4Î´Ò�É0Ü�Ê/Î-É,Ò�ÏTÕ�Í

L
å�ð�Ö;Ô'Î-Í8Ü�Í�É,Í4Õ�ÉËÔ�Ñ×Î´ÖTÒ�Ú�Í

ÑËÍ)Ò�Õ×Ö;Í)Ü�ÉËÖTÍ#Ê/Ñ´Ê/Ï;Ê�ÉËÊãÒ%ÈQÎËÍ#ÏTÎËÊ�ÉËÊ/Ú'Ê�É_Ý�Ò%Ï�Ü�Ò%Ñ,ÍHÕ#Ç;Ñ,ÑËÍ4Ï�É,È�Ý�è|Í#Ê/Ï;Ð
Ç;Ó;Ð�Ñ,Ò�Ü�Í4Ü�ÉËÔ Ê�Æ�Ó;Ñ,Ô�Ú�Í$ÉËÖTÍ#Ê/Ñ�ÎËÍ#ÏTÎËÊÙÉ,Ê�Ú�Ê�É_Ý�è�Ý�Ô�Ï;Í�Ô�Ñ,Ü;Í#ÑYÔ%â
Æ1Ò%Ð�ÏTÊÙÉ,ÇTÜ�Í�å
îÞØ´Ô�Ñ;%�Ê�ÏTÐtÐ�Ñ,Ô�ÇTÓ+Ð'Ò�ÉËÖTÍ#Ñ,Ê�Ï;Ð$Ó|Í#Ô�ÓTÈ�Í8âíÑ,Ô�Æ É,Ö;ÍYÏ;Í�É_Ø´Ô�Ñ;%

Ô%â
Í#à�Ó|Í#Ñ,Ê/Æ$Í4Ï'É,Î�î�ïHð�îHñ0òNëAçIæ_Õ#Í�óNÇ;è|Í�çIôQæ-õ�ö{Ò�ÏTÜ³÷HÊ�Ñ,Ð�Ô
Î_É,ÇTÜ�Ê/Í4Î´É,Ö;ÍYÕ�Ô�ÏTÏ;Í4Õ�ÉËÊ/Ô�ÏTÎ´è|Í�É_Ø´Í#Í#Ï(õ � Î0Ò�ÏTÜ= Vò&ïHÎ�Í#Æ�ÊÙÉËÌ
ÉËÍ)Üzè�ÝzÒ�Î_É,ÑËÔ�Ó;Ö�Ý�ÎËÊãÕ#Ò%È8Ó;Ö;Í4Ï;Ô�Æ�Í4ÏTÒnÎ-ÇTÕ×ÖÞÒ�Î�Ð'Ò%Æ�Æ1Ò�ÌÛÑ,Ò�Ý
è;Ç;Ñ×Î_É)åQæ¢Ïµë�Í4Õ��)5Tå��+ØNÍ1Ü�ÊãÎËÕ#ÇTÎ,Î�ÉËÖ;Í�õ � Ò%Ï�Ü� �ò&ïÞê_Ô�Ê�Ï'É
Î-Í)Ò%Ñ×Õ×Ö�Î-ÉËÑ×Ò�É,Í#Ð�Ý�Ò�ÏTÜ�Ê�Ï�ë�Í)Õ>�)5Tå ��Ø´Í0Ü�Í4Î,Õ�Ñ,Ê/è�Í´ÉËÖTÍVÒ%ÏTÒ�È�Ý�ÎËÊ/Î
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rTs!tvuqw�x1y_s{z$|m}~z��i}�|mx1��uqwir t,u�w_s�|kx�x1y_��s$s=}�s$��s$}~r$����yisJ�i��rTx
}�s��qs$},uq��x��1���q��s$�&�~r�|�r1�����i}�s�x�y_�1s!rTyiuq}~t�uq�W|m�Wuq�_x��_�����iy_umx�um�
s$}�s�z;x��1u�w{����s(��s!���_���k|q}�s�w�x�z�yi|q�1��s�|m�i�_}���s�t�x1u�x1yis�|qwi|m}�uq��rT���
�qwi|q}�uq�,x1y_sR�_y_uqx1um�
���i}�x����_}���s$��x��_�Ws�rR� n �(�
�!��y_s�r1s�z�u�wit6}�s$�qs�}
x1�������qs$����r ��|qr1s�tvuqw�z$uq��wiz��~t,s$w�x�yi��x�r���wvx1y_s8r1|q��s�rTx1u��1s� 
¡ ��x�y_��wv¢m�0wir$£¤|mw�tDy_��x�r ¡ ��x�y�}~|m���qs�z�yi|q�1��s��¥���1s!|kx1s���x�yi|mwp ��s�u�� n ���Ws�t,s$�Ws$w�t,��wi� uqw�x1y_s�t,s�x�s�z;x�uq��z$uqw,�i���_��|kx1��uqwW�;�
��y_s�x1y_����t8}�s$��s$}¤s$�k|m}��i|mx1s�r¦x�y_s�z�yi|m��|qz�x1s��1�~r§x���z�r�uq��x1yis y_��x�r
�¥�1u��¨x1y_s r1s�z�u�wit=x��1���q��s$�¦}�s��qs$}f�,��y_s�x1��|qz�©J�1s!z�u�wir§x��1��z;x1��uqw
��r��i|�rTs!tªuqwªx1y_s χ2 �f�J��w_������«�|mx1��uqw¬|m�_�_��u�|�z�y����J�_}�s$�Js�w,�x1s�tv��w�x1y_sJx���|�z�©D�1s!z�u�wir§x��1��z;x1��uqw�|m}��qu��1��x1y_�� n�n �f��®��qs�w�x�r
|m��s ��t,s�w�x1���is�tD|�rbrTs$x�rbuq�&yi��x�r���t,����s�z;x ¯¦s$��s$w_©�uk�=�_y_umx�uqwir��
��w^|Dx1����s ¡ ��w�t,u ¡ um��¢,��¢ µ r�� n ¢!�Ruk��s$�6x�y_s��¥�_}�}�t,s�x�s�z;x�uq�!�° uq�&x�y_sb�i|�z�©����1u��_wit s!r§x����=|mx1��uqw�£m�k|q�1��uq�ir&r�|m�J�_}�s�r&uq��w_s��,�
x1����w_u�r�|mwit�|kx��Ju�r1�_y_s$���~z��G�_uqwir ¡ s$��s�rT�����_}~|kx�s�t�|mwitG�ir1s�t�¥uq��t_|kx�|��,r��(±²uqw�x1s$�§¯R|q�1}�u�z�u��J�i|m����r1uqw�r$��³�|m����u��ir��i|q��|q�Js��
x1s$��rO|m��s��ir1s�t6x�u�r1s$}�s�z�x��_�,�
�qu���wi��w_s$�_x1����w_u�z$|qwit,�~t_|kx�s�rO|mwit
�1sT´§s�z;x6�_y) ,rT�~z$|q}��i|�z�©)�q��uq�_witv���µ� sq�¶|kx��Ju�r1�_y_s$���~z w_s$�_x1����w_u�r
|mwit�t_u ¡ w,�f��uq��w_�b|kx���u�rT�iy_s$����z&�G�_uqw�r¶x1y�|kxO|q�1s��J�~rT��s�z$uqwirT�
x1���iz;x�s�tD|qr��_�,�
�quq��w_�)�;�i��y_u�rTs ��wiz$}��it_s x1y_s χ2 uq��x�y_s��Ws�rTx�_xbx1��|qz�©¤£)x1yis�w)�_�G��s��bum�&y_��x�rb�ir1s�t{��w{x�y_s��_x�|mw�t0x�y_s6s�rT�
x1���J|mx1s!tªt,���1s!z;x1��uqw^um��x1y_s{�1s!z�u�wir§x��1��z;x1s!t�x1��|qz�©¤� ° uq�Gx1y_�~r
|mwi|q}� ,r1��r ¡ s�t,s$�iw_s x ¡ u�z��,x��(|q}��is�r�u�w8x1y_s χ2 t,s���s�wit,��w_�uqw·x1y_sJx���|�z�©²t,����s�z�x1��uqw�£¶�f� s χ2 ≤ n � ¸ ¡ y_s�w θ ≤ ¸q� ◦ |mwit
χ2 ≤ n � ¹ ¡ y_s$w^¸�� ◦ ≤ θ ≤ o � ◦ ¡ y_s��1s�x1y_s8z�uqw�x�|m�J��w�|k�x1��uqw·�¥�1u��ºt,u ¡ w,�
�qu���w_�0���_u�wir6��r�y_���qyis$�=��r1s$s ° ����� p ¹�� p �;���y_s6�(|q}��is�r�um��x1y_s χ2 z��,x�r ¡ s��1s�uq�,x����J��«$s!t0�i|�rTs!t0u�w�x�y_s�J|m»,���J��«�|kx���u�wªum��x1y_s{��u,t,s�}bt,��r�z�uk��s$�� ��Wumx�s$w�x1�~|m}b|qz�z�u��T�
t,��wi��x1u�|�rTx�|qwit_|m��t E−2 r1��s!z;x1���_�¼� n�p �
��½¾��x1y0x1y_s!rTs�z��,x�r
|m��uq�_wit 20% uq��z�uqw�x�|m�J��w�|kx1��uqw��¥��uq�¨|kx���u�rT�iy_s$����z��G�_uqw�r
�1s��J|q��w�r���w8x1yis6�iwi|m}�r1s$}�s�z�x1s!t8r�|m�J�_}�sq�¿ �Àx1s$�{|m�_�_}� )��wi��x�y_s²rTs$x=um��r1s$}�s�z�x1��uqwir�s$»)�Wu�r1s�tÁ��w^x�y_s
�_�1s��)��u��ir=�i|q��|q�q��|m�_y�£�|^r1|q���i}�s²uq��¢ n�Â wis$�,x��1��w_uªz$|qwit,���
t_|kx�s�r��~rOrTs�}�s!z;x1s!t¶�$®¦|qz�y�z$|qwit,�~t_|kx�s��~r�t,s$�iw_s!t �) ���x�r�|m���1���k|m}
x1����s tHEN ��w�x1yis�t_s�x1s!z;x�uq�!£k��x�r�t,���1s!z;x1��uqw8� δHEN £ αHEN �|mwitJx�y_s���|qt_���ir ¿�Ã ½Ä�µrTs�s Ã s!zm� p ¹i� p ��¢q���q��y_s�t_��rTx1�����i�,x1��uqw
um��rTs�}�s!z;x�s�tDÅ�®¦ÆÇz$|qwit,�~t_|kx�s�rb�~r���w²��u�u,t]|m���1s�s$�Js$w�x ¡ ��x1y
x1y_s�s�»,�Ws�z;x�s�t�t_��rTx1�����i�,x1��uqw�uq���¥�_� ¡ |m��t)�
�quq��w_�)�&|kx1�Ju�rT�_yis��
�1�~z�wis$�,x��1��w_u�r�� ¿ r1�=|m}�}��¥��|qz�x1��uqw²uq��x1yisJÅ�®�Æ¨z$|qwit,�~t_|kx�s�r
�J|( �y_u ¡ s$��s$���Ws�um��z$u�r1�J��z�u��1���q��w�|mwit�x�y_�~r¦z�|mw=�Ws�t,s�x�s$�1�
����w_s!t=�) Gx�y_s�t,s$x1s!z;x1��uqw0um��|GÈ�½Éz$uq�_w�x1s��1��|m�1x�|qr�t,�~r�z��irT�
rTs!t{��w8x1y_s wis�»)x�rTs!z;x1��uqw��
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��y_s�|mw_���_}~|m��r1s�|q��z�y ¡ ��wit,u ¡ �~r�x�y_s�s��1��uq��t_��rTx1�����i�,x1��uqw

um�bx1yis{Å�®¦ÆÞt,����s�z;x���u�w�£ β £ ¡ yis$��s β ß θνtrue − θµrec| £ ¡ ��x1y
θνtrue

��r�x1yis�x1���_sª«�s$w_��x1yÇ|qw_�q}�s�um�=x�y_s^Å�®�Æà|qwit θµrec��r0x1y_s·«$s�w_��x�y*|mwi�q}�sDum� x1yis���s�z�u�wirTx1���iz;x�s�t¬���_u�w�x1��|qz�©¤�
��y_sb|mw_���_}�|q����s�r1uq}��,x1��uqwG��rO�ir1�i|q}�}� �t,s���w_s�t��� 6x�y_s��Js�t,�~|mw
um� β uq�,x�|m��w_s�t��¥�1u��á|]±Du�w�x�s��T¯R|m��}�u]r1���G�_}�|mx1��uqwvr1|q�J�_}�s��° ���i� p ¹i� ¹·x1uq�¾r1y_u ¡ rJ|mw¬s�»_|m�J�_}�s]um� β ��w¾|��_��w¬uq��t,s$�z�}���wi|mx1��uqw�|mw�t ° ���i� p ¹i� ¹]��uqxTx1u��º��}�}��irTx1��|kx�s�r6x�y_s�|mw_���_}~|m�
�1s!rTu�}��,x���u�w8|�rb|��¥�_wiz�x1��uqwDum��x1y_s�}�u��m�
s$w_s��1�� q�)��y_s�|mw_���_}~|m�
�1s!rTu�}��,x���u�w·�~r6}����J��x1s�t��) Dx�y_s=t,s�x�s�z;x�uq� ��s$uq�Js$x1�� ²|mwit·�) 
x1y_s��i�1u��i|m��|kx1��uqw�z�yi|m��|qz�x1s��1�~r§x���z�r�uq��x�y_s�¯¦s��1s�w_©quk� }�����y�x���w

â�ã¥ä�å)p ¹i� p�æ�ç ��rTx1�����_�,x1��uqw=uq��x�y_sb�_�,�
�qu���wi�6Å�®�Æ¾s��qs$w�x�r�|qr
|J�¥�_wiz�x1��uqw²uq��x1y_s�x1��|qz�©8����|m}���x§ 8�i|m��|m�Js$x1s$� χ2 �¤��y_s�t,��rT�x1�����i�,x1��uqwir�uq�,x�|m��w_s�t ¡ ��x1yª±²uqw�x1s$�§¯R|q�1}�uDrT�����_}~|kx���u�wir�|q�1s
z�u�����|m��s�t=x�uJx1y_s�ti|kx�|i�

x1y_sD�Js!t,���i�è���µ� sq��£��_yiumx1u�w¾r1z�|kxTx�s$����wi�v|qwit¬|m�ir1uq���,x1��uqwW�;�° u���x1yisGz��_x�r�t,s��iwis�t]�¥u���x1yi��r�|mwi|q}� ,r1��r���r1s$s Ã s�zm� p ¹�� p � n �;£
x1y_sD|qw_�q�_}~|m�G�1s!rTu�}��_x1��uqwª�~rJ|m�Wuq�,xJuqw_s]t,s��q��s$s��¥u��Js$�qs�w�x�r
�1s!z�u�wir§x��1��z;x1s!t ¡ ��x1yJx�y_��s$s�}���wis�r�|qwitJ�Juq��s�|m�Wuk�qs n ������s'³|mwit�uq��¢_� �8t,s��q��s$s!r�|kx�}�u ¡ s�w_s$���q��s�r�� ° u���s$��s$w�x�r��1s!z�uqw�r§�
x1���iz;x�s�t ¡ ��x1y8x ¡ uJ}���wis�r�£_��x���|mwi�qs�rR�¥��uq�Þ|m�Wuq�,x�¢�x1u p t_s��
�q��s$s!r$�
��yis���|qt,���ir���rTs!t6�¥uq��x1y_s�´§uq��w�x&|mwi|q}� ,r1��r���rOt,s$�iw_s�t�|qr¶x�y_so � % ���i|mw�x���}�s�um� β �µt,s$wiumx1s!t ASW 90%
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um��x1y_�~rb��|qt,���irR��rbz�|m}~z��_}~|kx�s�t{��w8�_��wirbuq��x1yis �1s!z�uqw�r§x��1�iz�x1s!t
t,s�z$}���wi|mx1��uqwª|mw�tv��w��_��wir�um�bw)�_���Ws$�Gum�by_��x�rG�irTs!tv��wvx�y_s
�1s!z�u�wir§x��1��z;x1��uqw�����y_s t,�~rTx1�����_�_x1��uqw0uq� β ��rR�_x1x1s!t0�) �|�}�u��m�w_uq���=|m}�t,��rTx1�����_�,x1��uqw�uqw�|qw�s$��s$w�xT�
�) ��
s$��s$w�x��i|�rT�~r��µrTs�s ° �����p ¹�� ¹)�;�
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��yis�È�½ít_|kx�|��ir1s�tG��w�x1yi��r�|qwi|m}� ,rT�~r ¡ s$��s¦z$uq}�}�s!z;x�s�t�t_�,�

�1��w_��î�ïTÈ�ðñ³������qu Ã �6³ Ã,ò n �)¯¦u����_��w_s!t ¡ ��x�y ¿ Æ�� ¿�ò ® Ã
�mî¬x�y_��r� )��s�}�t_r ∼ n � p ti|( )r�um�b}����¥s�x����Js���½�s��ir1s�t�x�y_s0r1um�z$|q}�}�s�t ó��f�i���Ws$}���wisR|q}���uq����x�y_�ô� o �)x�u�r1s�|m��z�y6�¥uq�O�_w_�Ju,t,s�}�}�s�t
È�½õ�_�_��r§x�r���t_�_��|mx1��uqw ≤ 1 r�����wª|�r1r1u,z��~|kx���u�w ¡ ��x1y�s!|qz�yum�Rx1y_s�r1s$}�s�z�x1s!t�¢ n�Â Å�®�Æöz�|mwit_��t_|mx1s!r$� ° uq�6x�y_��r�|mwi|q}� ,r1��r
x1y_sGz�����z$�_}�|q�b��u�}�|q�1��«�|mx1��uqw8um�&x1yis����J�_��w_����w_�8È�½è�~r�|�r1r1�,�
�Js�t¶�W��y_s n ���q�Jr1s�z�u�witDt,�_��|kx���u�wDt_|kx�|=rTs��q�Js$w�x�r�|m��uq�_wit
x1y_sbÅ�®�Æ¬x1�������qs���x����Js tHEN t,s���w_s�rOx�y_s�÷§u�w,�
r1uq�i��z$s;ø�rTs��m��Js$w�x�r�����yisR÷Tuqw,�'rTu��_��z�s;øbt_|kx�| �¥��uq�ö|m}�}�|(�k|q��}~|m�_}�s�È�½ùt_s��
x1s!z;x1u���r�|m��s�rTs!|m��z�y_s�t6z�u�y_s$��s$w�x�}� �uk�qs$�¤x�y_s¦r1©) ���s$����u�w��~t,s�w,�
x1���is�tG�)  x1yis ASW 90%

GW+HEN
��r1s$s Ã s�zq� p ¹i� p ��¢q���!��yis�r�|m�Js

|mwi|q}� ,r1��r���rR|m�_�i}���s�tJx�u�x ¡ u�÷TumúW�
r1uq�_��z�s�ø�r1s$����s�w�x�r�� p y_u��_�
t,�_��|kx���u�w��RrT�_����uq�_wit_��w_�Gx1yis�÷§u�w,�
r1uq�i��z$s;ø���s$�q��uqw��
��yis¦ó¬�_����s�}���w_sRs�rTx1���J|mx1s!r�x�y_sbrT���qw_����z�|mwiz$s�um�is!|qz�yGÈ�½

z$|qwit,�~t_|kx�s�s��qs$w�x�t,s$x1s�z�x1s!t0��w0x�y_s�÷§u�w,�'rTu��_��z$s;ø��) 0z�u��J�_�,�
x1��w_�Gx1y_s6��|kx1s�um��u)z�z��_����s$wiz$s�um�&|Gr1������}~|m�Rx1��|mwir1��s$w�x¦��w0x�y_s
÷§uqú��'r1uq�_��z�s�ø�r1s$�q�Js�w�x�r$����y_s�}���rTx¦uq�W��wi|m}Wz$|mw�t,��ti|kx1s�s$�qs�w�x�r
��rRr1�_�,´§s�z�x1s!tJx1uJ|qt_t_��x���u�wi|m}Wz�y_s�z�©,r�x�yi|kx��=|( J�1s!rT�_}�x¦��w���s��
x1u���w_�bs��qs�w�x�r¶uk�qs��1}~|m�i�_��wi�R��w6x1���Js ¡ ��x1y�©)w_u ¡ w6��wir§x��1�i��s�w,�



û�ümý þ�ÿ��������	��
��

�������� ý�� ý�������� �!�#"�$%$'&�&(��&*),+.-0/�&(+21�3,/�+	��45�647/("�$%4�$83,9
/(&�+	4��:),+	&�$8;</(+2�64%=��6&>),$8;'?	+24�@�/�+	��4A1B$'/0C�$8$'4A90DFEG@F4�)%9�û8EG),$'9
H &�$'$8-I=���&J$'K�$'4L/JCM+N/�" OP"�+	/�-Q@F?2�64 H CM+N/�"R+N/S-J?	� H 9T4��6&�UJ@F?V /8�XW��6/Y/��6UZ�X�#"�$5@F4 H 3�?.@F&�&�$8-(�6?23,/(+2�64[=��6&]\_^_�`\_acb�deFfg)�@F/�@h&($8��&�$8-($'4L/($i)j@�-I=�3�4�;k/�+	��4R�F=X/("�$A/�&(3�$�4�$'3,/�&(+24��
$'4�$8& H�l6m =��6&A$'K�$'4L/�-:&($i;<��4�-0/�&(3B;k/($i)nCM+	/("o$<p�@6;</(? l D7?2+	4�$i-q &�$8)r;<3�&�K6$tsu@64�)�=���&I$8K6$84�/S-I&($i;<�64B-0/�&(3�;</($i)�CM+N/�" � ?2+	4�$i-
@F4�)%UG�6&�$ q 1�?.@6;SvQ;'3�&�K6$is<�

/�@F?��6&w$84LKx+2&(��4�UG$'4L/�@6?y),+.-0/�3�&(1B@F4�;'$8-Jz�û$ý�{T�|�#"�$ V &�-Y/c}0��+	4L/
~X� @64�)J�cb�^ @F4�@6? l -(+2-y+2-y;'�6UG��?2$</�$_@F4�)I+.-y;<3�&(&�$'4L/(? l 3�4,9),$'&>+	4L/($8&(4B@F?�&�$'Kx+2$'Cw���#"�$ V 4�@F?�&($i-Y3�?	/�-cCM+	?2?�1�$���3�1�?	+.-Y"�$8)
+	4J@F4G@F&(/(+.;<?2$�+	4G��&�$'��@6&�@F/(+2�64�� � $c;<�63�?2)*"���C�$'K6$8&|$i-0/�+	UJ@F/($
/("�$%-Y$i@F&S;S"�-($'4B-Y+	/(+2Kx+N/ l =��6&uK�@6&(+2�63�-�$'UG+2-�-(+	��4�UI�,),$8?2-8�|\>--0/S@�/($i)�$8@6&(?2+	$8& m ;'��@F?2$8-�;<+24 H 1�+24�@F&�+2$8-��F=M4�$83,/(&��64�-Y/�@6&�-w@6&($�F=���@F&(/(+.;<3�?.@F&#+24L/($'&�$8-Y/M=��6&#/�"�+.-c-0/�3�) l @6-�/("�$ l UJ@ l 1�$�@6-Y9-Y�,;<+.@�/�$8)�CM+	/("7/("�$:&($8?	$i@6-($J�F= ~ acW#-8� � $Q$i-0/�+	UJ@�/�$8)h/�"�$
),+2-Y/�@64�;<$P&($i@6;S"j=��6&J/�"���-($�-Y��3�&S;<$8-I/��51�$ ∼ �7� ��; q +24,9=�$'&�&($i)J=�&��6U ~X� )�@F/�@*�64�? l sk�,�_-(+24 H / l ��+.;'@6?�@6-�-Y3�UG�,/�+	��4�-�64�/("�$Q�cb�^���&��x)�3�;k/�+	��4�+	45@�-(-(�,;<+.@�/(+2�64hCM+	/(" ~ acW m C�$�61,/S@F+24j@P-(+2UI+2?.@F&*)�+2-Y/�@64�;<$%&($i@6;S" q =��6&G@�/G?	$i@6-Y/*�64�$Q4�$83,9
/(&�+	4��]�61�-($'&�K6$i)h1 l \>^_�`\_aMb�d�sk� � $:;<��4�;<?23�),$Q/("�@F/u/�"�$),+2-Y/�@64�;<$w&�$8@�;S"Q�6=�/("�$#}0�6+24�/_-($8@6&�;S":+2-c�F=�/�"�$�-�@FUG$��6&S),$'&i�

���M���#���M�%���M�
z�û<{u\ H 3�+2?2@6& m�� � \u���'���F��� m \_^>�|\>aMb�dr��/�"�$ V &S-0/�3�4�),$'&(9-($8@�4�$'3,/�&(+24��*/($'?2$8-�;<���B$ m ^c3�;'?��,��4B-0/�&(3�UA� � $'/("�� m,  �6?¡�\_¢LeF¢ q D6E_ûqûts
z£Dt{u\c1�1B�6/Y/ m WX� ¤`���'������� m,¥ $'/($i;k/(��& ¥ $8-�;<&�+2�,/(+2�64Q@64�)J¤�$'&(9=��6&�UJ@F4�;'$Q=���&I/("�$�¦`+2&�-Y/¨§���+	4B;<+.),$'4�;'$P©>1�-Y$8&(K�@F/(+2�64�-
1�$</0C�$'$'4[f�� ~ ©ª@F4B) ~ b�© m ^c3�;'?�����4�-Y/(&�3�UA� � $</�"��\ m,  ��?���e,ûtO q D6E6EqýLs

z � {u\M;<$8&(4�$8-($ m ¦��M�<�w������§�?.@6-�-'��«>3�@F4L/(3�U ~ &S@tKx+N/ l�m�  �6?¡�D6e q D6E6E � sz ýF{   @F4¬b�?	$8C l ;Sv m   ��'���F� m[� �6+24L/®-Y$i@F&S;S"�$8-¯1�$</(9C�$'$'4 H &S@tKL+	/�@F/(+2�64�@6?N9TC#@tK6$�+	4L/($8&Y=�$8&(��UG$</($8&�-�@F4�)Q"�+ H ",9$'4�$'& H6l 4�$'3�/(&�+	4��>/($8?	$i-(;'�6��$8-��F-�;<+2$'4�;'$�&�$8@�;S"u@F4B)u@F4B@�9? l -(+.-|-Y/(&S@�/�$ H +2$8- m ��4�/i� � � � �,)���¤�" l -8� mF¥ û � m û8¢�e�et9�û8¢Lemüq D6E6E�ü�s
z£et{I§�"�@�-(-�@F4�)�$<9 � �F/(/(+24 m bc�h�'�r�F��� m:� �6+24�/o-Y$i@F&S;S"�$8-r�F=H &S@tKx+N/S@�/�+	��4�@F?�C#@tK6$i-_@64�)�"�+ H "�9¡$84�$'& H6l 4�$83,/(&�+	4���- m�� �¤y" l -'����§��64,=0��dx$8&8� m�  ��?���Dmý � m ^_����EiûiDFE�E�D q DFEiû8ELs
z ¢�{u\c1B@6),+2$ mw� �J�'����� m f�� ~ ©°d,;'+	$84�/�+ V ;j;'�6?2?2@61B��&�@F/(+2�64 mdx$i@F&S;S"*=���& H &S@tKx+N/S@�/�+	��4�@F?	9¡C#@tK6$�+	4B-Y��+2&S@F?�-(+ H 4�@F?.-y@�-(-(�F9;<+.@�/�$8)�CM+	/("5-("��6&(/ ~ @6UIUJ@F9Tac@ l W�3�&�-Y/�-*),3�&�+	4 H f��T9~ ©*± - V =²/�"J@F4�)   +2& H ��± - V &S-Y/�-�;<+2$'4�;'$�&�3�4 m \>-0/�&(����" l -8�
� � m,  ��?���O,ûie m û�ýLe � 9�û$ý�¢iû q D6E_û8ELs

z�Oi{*dxUG+	/(" m`� �L-Y"x3�@�a³�'���F��� m f�� ~ ©�d,;'+	$84L/(+ V ;%§���?	?.@F1��F9&S@�/(+2�64 m �#"�$���@�/�"j/���/("�$�$84�"�@64�;<$i)j@64�)R@6),K�@F4B;<$8)f�� ~ © H &S@tKx+N/S@�/�+	��4�@F?	9¡C#@tK6$X),$</�$8;</(�6&S- m §�?2@�-(-8��«>3�@64L/8�~ &S@tK�� mx  �6?¡�BDF¢ m q DFE�EqüLs
z � {uW#@F&�$</ m W�&�3�4 l �'�P����� m W��63�4�)�+	4 H /("�$r�#+2UG$ ¥ $'?.@ l1�$</0C�$'$'4��_+ H ",9T$'4�$8& H�l ^c$83,/(&�+	4���-�@64�) ~ &S@tKL+	/�@F/(+2�64�@6?N9C#@tK6$J��&S@F4B-Y+2$'4L/�-w=�&(��U ~ @6UIUJ@F9¡&S@ l W�3�&S-0/S- m \_-Y/(&��F9��@6&Y/i�,¤y" l -8� m,  �6?¡� � e m q DFEiûqûts
z ü�{*dx3,/(/(��4 m ¤!@�/�&(+.;Sv � ���<�c���N� m�´ 9T¤y+2�B$8?	+24�$Q��\c4]@F4�@6? l -(+2-��@�;Svt@ H $*=��6&u@63,/(��4��6UG��3�- H &S@tKx+N/S@�/�+	��4�@F?	9¡C#@tK6$w1�3�&�-Y/-($8@F&S;S"�$i- m ^c$8C � �,¤y" l -'� m�  �6?¡��ûtD q DFE_ûiE�s
z�ûiE�{�\ H $'&��64 m � �!�<�_�F��� m \>^_�`\_aMb�d�§��6?2?.@F1��6&S@�/(+2�64 m �#"�$\_^>�|\>aMb�d:�6��/(+.;'@F?�1�$8@�;<�64%- l -Y/($8U m ^_3�;<?¡�,��4�-Y/(&�3�UA�
� $'/("�� m�  �6?¡��\>eLO � q D6E6ExOFsz�û�û<{�\ H 3�+2?2@6& m!� �y\��_�'�*����� m �#"�$�\>^_�`\_aMb�d §���?	?.@F1��6&S@�9/(+2�64 m \µ=�@6-Y/X@F? H ��&(+	/("�U¶=��6&XUu3��64A/(&S@6;Sv%&�$8;<��4�-Y/(&�3�;k9/(+2�64*@F4�)u+N/S-|@6����?2+2;8@�/(+2�64�/(�>/("�$#\_^>�|\>aMb�du4�$'3,/�&(+24��
/($8?	$i-(;'�6��$ m \>-0/�&(����@F&(/8�x¤y" l -'� m�  ��?�� � ý q DFEiûqûis

z�ûtDt{�\ H 3�+2?2@6& m!� �y\��_�'�*����� m �#"�$�\>^_�`\_aMb�d §���?	?.@F1��6&S@�9/(+2�64 m /(+2UG$Q;'@6?	+21�&S@�/(+2�64��6=�/�"�$Q\_^>�|\>aMb�d54�$'3,/�&(+24��/($8?	$i-(;'�6��$J+	4B-0/�&(3�UG$84�/S@�/�+	��4 m \>-0/�&(����@F&(/8��¤�" l -8� m|  �6?¡�� ý q D6E_û�ûis
z�û � {�W�$8;Sv�$'& m�� 3�?2+.@µ·G� m �c+ H ",9T$'4�$'& H6l 4�$'3,/�&(+24���-5+	4¸/�"�$;<��4L/($<px/M�F=`Uu3�?	/(+2UG$8-�-Y$84 H $8&M��" l -Y+.;'- m ¤y" l -'� aM$'��/8�
z�û�ýF{�\c1�1B�6/Y/ m W>�6¤`���<�!����� m �#"�$cf�� ~ ©n@64�)   �0a ~ ©[§���?	?.@�91��6&S@�/(+2�64B- m dx$i@F&S;S"I=��6& H &�@tKx+	/�@�/�+	��4�@F?	9TC�@tK�$y1�3�&S-0/S-y@6-Y9-(�x;'+2@F/($i)]CM+	/(" H @FUGUJ@�9T&S@ l 1�3�&S-0/S-w3�-(+	4 H )�@�/S@A=�&(��Uf�� ~ ©ªd,;'+	$84�;<$�aM3�4oe5@F4B)   +2& H �rd,;'+	$84�;<$haM3�4ôû m\_-Y/(&��6��" l -8� � � m,  �6?¡��O)ûte q DFEiû8E�s



¹Rº�»Y¼Y»(½L¾|º�»Y¿�À¶ÁcÂ|½7Ác¿�À_ÀcÃ�Â�½7Á_ÂÅÄoÆ ÇMÈ�É�Ê#Ë[Ì�Ä[Í°Îw¿�ÏcÐ
¼<Ñ�¾�ÒÓÃ�¼(»0¿yÐ�¾|º�»Y¿�À¶ÁcÂg¼Y¾µÎ_Ð�Ã|Á_»YÔ�º�»Y¿�À�Á>Ï¯Õ�¾!»(½LÔ�Â�¾�ÏÖÁ_Â

À_Â�ÏMº,Ð�»(Àc¿�½�×ÙØhÚ!Û

Ü�Ý�Þ:ß`ÝáàPÝ*âäã]åMæ<æ'ç
èMé�ê6ë�ì8é�íkë�î�ìtï]ð�ï�ñ�ò�ó�ô6îYõLö!ïA÷%öyø6ù¡úié�î�ìtï�ï6íIð�ï�ôAû�é�ö�íkï�ôPü*ý�ï6ì(þ�î�ï�ô�ÿ

�cý!î���ï6ìtô6î�í<ú�ô%ñJé�ìFî¡ô�����ï6í����	��ÿ�
>÷��������÷���ñ��Bÿ�ñGé�ì6î¡ô

�����������! #"#���%$'&)(	*,+-�%"/.%��0'�1&/243'�,+-54 #��0'�	�!"#�% #�,*6+7"#84�9�, #*
: .%.%(%;-(%* : �6�% #*<0#�=�>��.?8@"/0'�BA�(	"#(%* : �6+78@"C.D2#�%*D.D2 : "4�<EGFH�%�>�,*6��%"�(%IJ+-0#�%"/.%��;LK 8@�6.?+-;7; : �6+78@" νµ → νe M�N "#�O.?8@"#" : +-�6� : "/.?�&#*,(�.?+P�>�G0'���B.?8@"/0'+7�,+-8�"/�Q0'�R.%*,( : �,+-8�"�0' TS : +P�,.%� :  U0'�H"#�	 'V�,*6+7"#84�������W�	�6�,�%"4�,+-�%;-;7� :YX "�0'�ZF����> /*,�	*�;LK : "#A�;-�<�	"/.?8@*,�[F : ;.?8�"/"4 

θ13
0'�R; : F : �,*6+P.?�R0'�RFH(	; : "#A��G0' \�,�	.?�,�% /*];7�	&'�,8�V"#+-54 #� M_^ : ")�[.%�?� : *>�6+-.%;7�@`/"#8@ /�<&/*,(��>�	"@�6�%*68�"/�W;LK �?$'&)(	*,+-�%").?�a<b<c/d?V�e'f�g�a<h\�?��;iK 8� '�6+7;_j[k�lm54 #+_�>�	*,I@�%"4��E : F�(	;7+-8�*6�%*n; :.?8�"/" : +P�,� : ").?�Q0'�B"#8o�6*,�ZS : +-�6.?� :  M

prqHs%t uwvZx åzy|{]}!~�ç<æ'æ<ÝQy|ç?{=��}|�%å��%åMÞR�
y�ß�ç?��{=}

a<8� /��.?8@"#" : +P�6�>8@"/� :  Y��8� #*D0�K 2J #+��6*,8@+-�r� : I@�% #*D�]0'��"#�	 'V�,*6+7"#84�Q�
νe
`
νµ
�?�
ντ M#� +7�	"�54 #�Q;-�BkC8'0'�%;-�]e4� : "/0 : *D0�;7�	 #*: �>�6*,+-�# #�z #"#��F : �6�>��"4 /;7;-��`�0'+-I��%*D�,�	�98@�/�,�%*6I : �,+-8�"/� :  =.%8� #*D�0'�=.?�����o�H0'�	*,"#+-�%*6�	� : "#"#(	�	�W8�"4��FH8�"4�6*,(Q;-�].?8�"4�6* : +7*6�H�#�%"& : *,�,+P.? #;-+-�%*=; : FH���> #*6��0'���]�) '$\0'��"#�	 '�,*6+-"#8@���>8@; : +7*6�	�]�?�0'�	��"/�% '�6*,+-"#8@� : �,FH8@�,&#2#(	*,+P54 #�	� M�9�	�W�%$'&)(	*,+-�%"/.%�	��eJ #&_�%*,V�� : FH+78@� : "/0'�Z�?�<e'aQ��8@"4�WFH+P�W�%"(%IJ+-0#�%"/.%�z;-�W&#2#(	"#8�FH�%"/�z0�K 8@�6.?+-;-; : �,+-8�"r0#�	��"#�	 '�,*6+7"/8@���?�n*6(?V�>8@;7 ��7�]���,���%�7�%�H�C�@���� ��?¡'¢L��£¤ _�Y�H�?�o�7¥Y£¤�6���T¦i0'( X .?+7��0'��� νe0'(?�6�	.��6(	�H�, #*=�6�%*6*,��.?8@F�& : *6(	� :  \�/ #$\(%FH+-� :  §.?¨B #*H0' �>8@;7�	+7;¤© M l��?�>�6��FH�	�, #*6�WSª '��; : &#*6�%FH+7�	*,��&/*,�	 #I��W�?$'&_(%*6+7FH�	"'V� : ;-�]0'�Q; : " : �6 #*,�QF : �6�,+7I@�Z0'���W"#�% #�,*6+7"#84� M�9��FH8J0#�%;-��0#�	��8@�6.?+-;7; : �6+78@"/�r(%"#8@"/.?�C54 #��; : � : I��% /*r0�K  #""#�% '�6*,+-"#8]8@�/�,�%*6I�(��	�>�� #"GFH(	; : "#A��<0#�	�n�6*,8@+-�1(?� : �6��&#*,8@&#*6�	�0'�<F : �6�,�]� ν1 ` ν2 ` ν3 I4+ : ; : F : �6*,+P.?�<0#�<FH(%; : "#A@�� #"#+7� : +7*6�«�k¬a[e)��
|νl〉 =

3∑

i=1

U∗
li|νi〉

l��?�>�6��F : �,*6+-.%��.?8@FH&)8@*>�6��54 : �6*,��& : * : FH�?�6*,���1��® : "#A�;-�	��0'�F�(	; : "#A����%` θ12 ` θ13 �?� θ23 `#�?� δ `'; : &#2 : �>�B0'�QIJ+78@; : �,+-8�"�0'�
CP Mo^ �	���6*,8@+-� : "#A�;-�	�	`Y�>�	 #; θ13 *6�	�>�,�WE[.%����8� #*��%").?8�*6�zF : ;.?8�"/"4 M e�K +-;��	�>��"#8@"�"J #;L`4"/8� /��&)8@ #*6*,8@"/� : ;78@*6� : I�8�+-* : .%.%�	�E
δ M eJ+�.%�Q0#�%*6"#+7�	*������W"#8@"�"J #;L`'.?�%; : +7FH&#;-+-54 #�B54 9K +7;��%$J+P�>�,�0'��; : IJ+-8�; : �,+-8�"O0'� CP 0 : "/�=;7���>��.��6�% #*r;7�	&'�,8@"#+-54 #�T��.%�5@ /+¯&_8� #*6* : +°���%$J&/;7+P54 #�%*�;LK : �,34FH(%�,*6+7�QF : �6+7�	*,�Y± : "4�6+7F : �6+7�	*,�0 : "/��;iK N "#+-I��	*6� Mh1"�&#;- /�z0'�	�z& : * : F��%�,*6�	�10#�[; : F : �6*,+P.?�[«�k¬aZe�`'; : &#*68oV� : �#+-;-+°�6(§0�K 8@�6.?+-;-; : �,+-8�"²¦ª(�54 : �6+78@"³¦´®4µ M d�©�©��%"4�,*6��0'�	 '$¶� : VI��% /*6�r0'��"/�% '�6*,+-"#8@�r0'(%&_�%")0\(%A : ;-�%FH�%"4�r0#��;LK (	"#�%*6A�+-��0'���
·�¸'¹�º%»i¼�½�¹�¾´¿?¹�À@ÁBÂDÃ%ÄPÀYÅ�ÂDÃ6ÂDÆ?Â>Ç9Â�À@È	ÂDÃDÂ6»LÂ

"#�% #�,*6+7"#84�%`
Eν
`/0'�B;-�% #*D�W;-8�"#A@ #�% #*D�W0'�B&#*68�& : A : �,+-8�"/�z���?�0'�B; : 0'+°É�(%*6�%").?�=0'�BF : �,�,� ∆m2

ij = m2
j −m2

i

�%"4�,*6�B0'�% #$
(?� : �6�C0#�\� : I@�% #*D� M �!8� '�6�	�C;-�	���%$J&_(%*6+-�%"/.%�	�C.D2#�	*6.D2 : "4��EFH�	�, #*,�	*W;7���W& : * : FH�?�6*,���W0�K 84�,.%+7;-; : �,+-8�")�� #�,+-;7+P�>�	"4��;7�QFHÊ%FH�&#*6+7"/.%+7&_�C�9 #"�S : +-�6.?� :  U0'�G"#�% #�,*6+7"#84�B�	�>�=.?*6(%(G�,8�+7�]" : �6 'V*,�	;7;-�%FH�	"@��¦ª"#�	 '�,*6+7"/8@���>8@; : +7*6�	�G8@ : �6F�84�>&/2#(%*6+-54 #���6©R�>8@+°�
: *,�,+ X .?+-�%;-;-�%FH�%"4��¦ :  #&/*,���=0'��*,( : .?�,�% /*6�=8� \�#+-�%"�0�K : .%.%(%;-(?V* : �,�	 #*6�D©Z&# #+P�]8@�/�,�%*6I�(GEC #"#��0'+-�>� : "/.?����F : $'+7FH+P� : "4�]; :&#*68�� : �#+7;-+7�,(=0�K 8@�6.?+-;-; : �,+-8�"¬ER;LK (%"#�	*,A@+7�=0# ¬"#�% #�,*6+7"#8 M b<+7")�>+L`&)8@ #*�; : FH�	�, #*6�B0'� θ13 EH���o�H`J #"�S : +P�,.%� :  �0'�Q"#�	 '�,*6+7"/8@�F : ��8�*6+7� : +-*6�%FH�%"4�nF= #8@"#+P5@ /�	�1�����z.?*6(%(<EB�!8�� : +L` :  RË : &)8@"9`& : *�; : 0'(	�,+-"@�6(%A@* : �,+-8�"/�z0'�B&#+-8�"/�W&/*,8'0' #+7�6�W;-8�*D�W0'�B;LK +-"4�,�%*,V
: .?�,+-8�"H0'��&#*68o�68�"/� : .%.?(	;7(	*,(���EB®#d�ÌZ��j /c .%8�"4�,*6�W #"#��.?+-�#;-�0'��. : *6�)8@"#� M ��K 8@�/�,�%*6I : �,+-8�"B®��@�z�4F�&#;- /�!;78@+7"9`�E�eJ #&_�%*�� : VFH+78@� : "/0'�@`_0�K  #"#� : &#& : *6+°�6+78@"¬0'�="#�	 '�,*6+-"#8@�[(%;-�	.?�,*68�"#+P54 #�	�&)�	*,FH�%�>�,* : +7�r; : FH�	�, #*6��0'��.?�?� : "#A@;7��5@ /+ : &#& : * : +7�r0 : "/�;iK �?$'&#*6�	�6�,+78@"�0'�B; : &#*,8@� : �/+7;-+°�6(B0�K 84�,.%+7;-; : �,+-8�"T�

P (νµ → νe) ' sin2(2θ13) sin2(θ23) sin2
(∆m2

13L

4Eν

)

¦´®4µ M d�©

prqHsDv Í Ý�ç%}¯~�åMÝ�ÞÎ�%åÏ�%åMÞ�y�ß`ç%��{]}ÑÐ uÏvZx
�¯��S : +P�,.%� :  U0'�G"#�	 '�,*6+-"#8@�Q0'�R�����²�	�>�].?*6(%(GE�Ë�«�b[Ò�l

0 : ")�G; : IJ+-;7;-�¬0'�¬�!8�� : +[�> #*�; : .%Óo�,�C������0# ÔË : &)8@" M1^ ���&#*68o�,8@"/�Õ�,8�"4� : .%.%(%;-(%*6(	�ÕA�*DÖ�.?�\EÑ #"w�,3J"/.D2#*68o�6*,8@"×EØ®#d
ÌZ��j

/c
�?�R�	"4�,*6�%"4� : ;-8�*D�r�	"§.%8�;-;7+P�,+78@" : I@�	.� #"#�¬.?+-�#;-�C0'�. : *,�_8�"#�r0'��Ù@��.%FÚ0'�=;-8�"#A��?�

2, 6
.?FÚ0'��0'+ : FH�?�6*,�@`��,8�+7�

∼ 1, 9λint M �9����& : *,�,+P.? #;-�	��&/*,8'0' #+7�,����& : *�;LK +-"4�,�	* : .��,+-8�"

spectre total

Entries  477178

Mean    0.904

RMS    0.9771

 (GeV)νE
0 1 2 3 4 5 6 7 8 9 10

po
t

21
/1

0
2

Fl
ux

/5
0M

eV
/c

m

1310

1410

1510

1610

1710

spectre total

Entries  477178

Mean    0.904

RMS    0.9771

spectre total

total
µν
µν
eν
eν

ÛWÜªÝ�Þ)®@µ M d�ß�l�8@F�&_8@�,+7�,+-8�"��	"�� : I��	 #*z0# �S : +-�6.?� :  �0'�Z"#�	 'V�,*6+7"/8@�WIJ �0# �0#(?�,��.��6�% #*�&/*,8'.D2#� M
d	Ù@µ



à	á�â ãZäYå#æ´ç6è7é�êYë

ì'í	î�ï#ð6ñoò,ñ@ó/î�ô�õ@í	ö�÷Pômö%ø7ù#÷-íÕõ@ñ�ó4ò�ú%ò,ð6íÕôo÷-ñ�ðDîRì'û	õ4ø-û%í�î�ï)ôoð
ò,ð6ñ�øPî<ö?ñ@ð,ó/í	îWüGôoý@ó#û?ò6ø-þ4ÿ#í�î�î>í	÷7ñ@óC÷7í	ÿ#ðDî�ö��/ôoð6ý�í�î����ªñ'ö%ô�÷7øPî6ô��
ò,ø-ñ�ó ï)ñ@ÿ#ðG÷-í	îHï/ô�ð>ò6ø-ö%ÿ#÷7í�îHï)ñ4î>ø7ò,ø-õ�í�î	�1ì#û
�ªñ'ö%ô�÷7øPî,ôoò,ø-ñ�ó�ï)ñ@ÿ#ð
÷7í�îCó#û%ý4ôYò6ø7õ@í	î����í	îCï/ô�ð>ò6ø-ö%ÿ#÷-í	î���ø7ó/î>ò6ô�ù#÷-í	î���í%ó4ò,ð6í%ó4ò¬ôo÷-ñ�ðDî
ì#ôoó/î�ÿ#ó�ò6ÿ#ó#ó#í	÷Bì'íTì'û�î>ø-ó4ò,û	ý�ðDôYò,ø-ñ�ó�ì'í à���� ü ì'íT÷-ñ�ó/ý��� ô§üGô���ñ�ð6ø7ò,ûTì#íUö%í	î�ï/ô�ð>ò6ø-ö%ÿ#÷7í�î�î>ñ@ó@òCì'í�î�ï#ø7ñ@ó/î��Wþ4ÿ#ø]î,í
ì'û	î,ø7ó4ò��%ý�ð6í%ó4ò�î,í%÷-ñ�óG÷-í<ö%ô�ó/ôo÷

π+ → µνµ � ô�õ�í�öWÿ#ó#í[÷-ô�ð,ý@í%ÿ#ðï/ôoð,ò,ø-í%÷-÷7í
Γi � á�á � á�á

% � ���í%ï_í%ó)ì#ôoó4ò���ÿ#ó#í��ªðDô�ö�ò6ø7ñ@ó ó#ñ�ó
ó#û%ý@÷7ø-ý�í�ôoù#÷-í�ì#í��Yô�ñ�ó/î§õ�ñ@ó4ò§ú%ò,ð6í�û	ý@ô�÷7í	ü�í	ó4ò§ï#ð6ñ'ì'ÿ#ø7ò6î��
þ@ÿ/ørî,í\ì'û	î,ø7ó4ò��%ý�ð6í%ð6ñ�ó4ò¬ôo÷-ñ�ðDîCî,í%÷-ñ�ó

K+ → µνµ � Γi �â�� � ���
% � üHô�ø-îÕôoÿ/î6î>ø=í%ó K+ → π0e+νe � Γi � �!� à

% �í?ò
K+ → π0µνµ � Γi � � � "

% � � � í	îOürÿ#ñ�ó)îOï#ð6ñJì#ÿ#ø°òDî
î>í§ì'û	î,ø7ó4ò6û%ý�ð6í%ð6ñ�ó4òÕî,í%÷-ñ�ó#�

µ → eνeν̄µ � Γi ≈ 100% � �$ í�î�ï/ôoð,ò,øPö?ÿ#÷-í	î�ó#í	ÿ'ò,ð6í	î�õ@ñ�ó4ò�û	ý@ô�÷7í	ü�í	ó4ò�ö%ñ�ó4ò,ð6ø7ù/ÿ#í%ð�ôoÿ�´ôoøPî,ö%í	ôoÿ ì'íCó#í	ÿ'ò,ð6ø-ó#ñ@î��
K0
L → π−e+νe � Γi � " � � â

% �í?ò
K0
L → π−µ+νµ � Γi �&%�' % � ô�ø7ó/î,øGþ4ÿ#í�ö?í%ð,ò6ô�ø7ó/í	îï/ôoð,ò,øPö?ÿ#÷-í	îrö��/ôoð6ý�û	í	îQó#û	ý@ôoò,ø-õ�í%üHí	ó@òrüHô�÷�ì'û	�ªñ'ö%ôo÷-øPî>û	í	î]ï)ôoð

÷7í�îGö?ñ�ð6ó#í�î	�)(�ñ�ò,ð6í*�´ôoøPî,ö%í	ôoÿ�ó,+ í	î>òGì#ñ�ó/ö�ï/ô@îHÿ#ó#øPþ@ÿ/í%üHí%ó4ò
ö?ñ�ó)î>ø7ò,ÿ#û ì'í

νµ
�Oø-÷§í�î�ò²ö%ñ�ó4ò6ô�ü�ø-ó#û ì!�	î î6ô ö%ð,û�ôYò,ø-ñ�ó

ì#ôoó/îØö?í�îÔï#ð6ñ�ï_ñ�ð,ò,ø-ñ�ó/î-� á % � "
%

ì'í
νµ

� â � "
%

ì'í
ν̄µ

�
à � �

%
ì'í

νe
í?òTí%ó!./ó � � à

%
ì#í

ν̄e
� � ôÔì'øPî�ò6ð,ø-ù#ÿ'ò6ø7ñ@ó�í%ó

û%ó#í	ð,ý@ø7íWì'í�ö?í�î�ö?ñ�ó4ò6ð,ø-ù#ÿ'ò6ø7ñ@ó/î�õJÿ#í�ì'ÿ�ì#û?ò,í�ö�ò6í%ÿ#ðnï#ð6ñ'ö��#íWî>ø/�
ò,ÿ#û10 %�2 � üwì'íW÷PôBö?ø-ù#÷7íWí�î�ò1ï#ð6û	î,í%ó4ò6û%í�ì#ôoó)î�÷-ô�./ý@ÿ#ð,í � �!� à �

$ ôoó/î�ÿ#ó�î,ö��/û%üGômý@÷7ñ@ù/ôo÷30 � ó#í%ÿ#ò,ð6ø7ó#ñ4î	�W÷4+ ñ4î,ö%ø7÷-÷PôYò,ø-ñ�ó
νµ → νe

í�î�òRÿ/ó#íCñ@î6ö?ø-÷7÷PôYò6ø7ñ@ó§î,ñ�ÿ)î5��ì'ñ�üHø-ó/ôoó4ò6í�ï/ô�ðGð6ô�ï!�
ï)ñ@ð>ò60\÷4+ ñ4î,ö%ø7÷-÷PôYò,ø-ñ�ó

νµ → ντ
��ø-÷Qí	î>ò�ô�ø7ó)î>øQö%ô�ï#ø°òDôo÷Qì'í

ö?ñ�ó/ó/ô87Pò,ð6íCï#ð6û	ö?øPî,û%üHí%ó4òRö?í�îRö?ñ@ó@òDôoüHø-ó/ôYò6ø7ñ@ó/îGö%ô�ðRï)í	ÿÔì'í
νe
î>ñ@ó@ò=ôoò>ò6í%ó/ì'ÿ)î90;:Jÿ#ï_í%ð<�>=Bô�üHø7ñ���ô�ó/ì'í��@?1./ó\ìA+ ôoüHû%÷-ø-ñB�

ð,í	ðzó/ñoò,ð6íQö?ñ�ó/ó/ôoøPî,î6ôoó)ö?í<ì'ÿC�´ôoøPî6ö?í	ô�ÿ�ì'íQó#í	ÿ'ò,ð6ø7ó/ñ@î��4÷Pô�ö?ñ�÷/�
÷-ô�ù)ñ@ð6ôoò,ø-ñ�óC0Hð6í	ö%ñ�ÿ#ðDîD0Gì'ø7õ@í%ðDîzü�ñ�E@í%ó/î3�
FHG;IKJML�GONBLPGMQSRUTKR�V,N8WSGYX6Z�[]\]^_ ø7ò,ÿ/ûa` %�b � ü ì'íT÷-ô�ö?ø-ù#÷-í��z÷7í�ì'û?ò6í	ö�ò6í%ÿ#ð�ï#ð6ñ'ö��#í¬í	î>ò
ï#÷-ô@ö?ûHì#ôoó)î[ÿ/ó#ídc	ñ�ó#írñ�e

P (νµ → νX) ' 0
�@f�÷nî>í	ð>òQôoø-ó/î,ø`Hü�í�î>ÿ/ð,í	ðz÷PôHö?ñ@ü�ï_ñ@î,ø7ò,ø-ñ�ó�ø7ó#ø7ò,øPôo÷-í]ì'ÿ*�´ôoøPî6ö?í	ô�ÿ,�#î,ñ�óCg/ÿ!hA�

î>ñ@ó�î,ï)í�ö�ò6ð,íHí%ó�í%ó/í%ð6ý�ø-írí%ò]ï)í	ð,üHí?òBû	ý@ôo÷-í%üHí	ó@òB÷Pô�üHí�î>ÿ#ð6í
ì'íGî>í�ö�ò,ø-ñ�ó)î[í	iRö%ô�ö%í	îZìA+ ø7ó4ò,í	ð6ô@ö�ò6ø7ñ@ó/îZí?òQ÷j+ û?ò6ÿ/ì'íGì'íHù#ð6ÿ#ø°òDî
ì'í1�ªñ@ó/ì#îzôYò>ò6í%ó/ì#ÿ/î�` _ ÿ#ï_í%ð<�>=Bô�üHø7ñ�k�ô�ó/ì'í���f�÷_í	î>òzö?ñ@üHï)ñ4î>û
ì'í�ï#÷-ÿ/î>ø-í%ÿ/ð6înî,ñ�ÿ/îl��ì'û?ò6í	ö�ò6í%ÿ#ðDî �nm ý@ÿ#ð6ípoM�!� % �Hq ÿ#óGì'û%ò,í	ö?ò,í	ÿ#ðì'í

π0 �#÷-í�r � $ �/î,í%ð,ò1`r÷Pô�üHí	î,ÿ#ð,íBì'í�îWù#ð6ÿ#ø°òDî�ì'í3�ªñ�ó/ì/î�þ4ÿ#ø
ô�s�í	ö�ò6í%ð6ñ�ó4òWó#ñoò6ð,í[ð,í�ö��#í%ðDö��#í<ì'í

νe
` _ ÿ/ï)í	ðl�t=BôoüHø-ñ�kYôoó/ì#í��u ø-í%ó4ò�í%ó/î,ÿ#ø7ò,íQÿ#óCî<EJî>ò<v	üHíQì#í[ò6ð6ô@ö�kJø7ó#ýHö?ñ@üHï)ñ4î>ûQì'íQò,ð6ñ�øPî

ö��/ôoürù#ð,í�î�`�ï/ð,ñ�w�í	ö�ò6ø7ñ@ó¬ò6í%üHï)ñ@ð,í	÷7÷-í��¯÷7í�îyxpzDzî	��í	óOôo÷7ò,í%ð<�
ó/ôoó/ö%í�ô�õ@í	ö]ì#í%ÿ!hÕî6ö?ø-ó4ò,ø-÷7÷PôYò6í%ÿ#ðDî�`�ý�ðDôoø-ó/î m ó/î��_÷-í	î�{K|�}[î��
þ@ÿ/ø1î>í	ð,õ@í%ó4ò3`�÷-ôC�ªñ@ø-îQì'íGì'û%ò,í	ö?ò,í	ÿ#ð6îZí%òBì#í�ö%ø7ù#÷-íHï)ñ@ÿ#ðQ÷7í�î
ó#í%ÿ'ò6ð,ø-ó#ñ4î	� � + í%ó/î,í%ürù#÷7í�í	î>ò¯í%ó4ò,ñ@ÿ#ð6û�ìA+ ÿ#ó=ö%ô�÷7ñ@ð,ø-ü~v?ò6ð,í�û%÷-í	ö
�
ò,ð6ñ�üGôoý@ó#û?ò6ø-þ4ÿ#í��'÷j+ �DD? � �#í?ò�ù)ôoø-ý�ó#ûQì#ôoó)î�ÿ#ó�ö��/ôoüHï�üHôB�
ý�ó#û%ò,øPþ@ÿ/í�ì'ø-ï)ñ@÷-ô�ø7ð6í1ì'í � � % x����1ó m ó,��ÿ#ó=ì#û?ò,í�ö�ò6í%ÿ#ðK`Wü=ÿ#ñ@ó,�
÷7í _!��� }��)ö?ñ�üHï#÷�v?ò6íB÷j+ í%ó)î>í	ü=ù#÷-í��
FHG;�>���j��N�GM��Q�WSV]R��~�!�,G� íU�´ôoøPî6ö?í	ô�ÿ\ì'íRó#í	ÿ'ò,ð6ø-ó#ñ@îrì'íCx % = ó/í�ï_ñ�ø-ó@ò6íRï/ô@î=î,ÿ#ð
ö?í	îzì'û%ò,í	ö?ò,í	ÿ#ð6î q ø-÷_í%óRí�î�òWì'û	ö	ôo÷-û<ì'í % � � o �O��ø-í%ó�þ@ÿ/í�ð,û�ì'ÿ#ø/�
î,ô�ó@ò�ö%ñ�ó/î,øPì'û%ðDôoù#÷-í%üHí	ó@òR÷-í�g/ÿ!h§ò,ñ�ò6ô�÷j�1÷4+ ø7ó4ò,û	ð<�%ò�ì'íÕö%í?ò,ò,í
ò,í	ö��/ó#ø-þ4ÿ#í�ð6û	î,ø-ì'í�ì#ôoó)îrö%í	î�ö?ñ�ó)î>û�þ@ÿ/í%ó/ö%í	î=î,ÿ#ð�÷7í�î,ï)í�ö�ò,ð6í

ì'í	îWó/í%ÿ'ò6ð,ø-ó#ñ@î����1ó�í	s_í%ò��/ï)ôoð�÷Pô�ö%ñ�ó/î,í%ð6õYôYò6ø7ñ@ó�ì'íB÷4+ ø-üHï#ÿ#÷/�
î>ø-ñ�ó�ò6ð6ô�ó/î>õ@í%ðDî>í��'ø7÷¯í	î>ò1�´ô�ö%ø7÷-í=ì'í]ì'û	üHñ�ó4ò,ð6í%ð<þ4ÿ#íB÷4+ û%ó#í	ð,ý@ø7í
ì'ÿ�ó#í%ÿ'ò6ð,ø-ó#ñCì'û	ï)í	ó/ìTì#íRî,ô�ì'ø-ð,í�ö�ò,ø-ñ�ó��,�í%ò]í
s�í?òBí	î>òBï#÷-ÿ/î
ø7üHï_ñ�ð,ò6ô�ó@ò[÷7ñ@ð6î�ì,+ ÿ#ó/írì'û�î>ø-ó4ò,û%ý@ð6ôoò,ø-ñ�ó�í%ó¬ì'í	ÿ!h¬ö?ñ@ð,ï/î��'ò5EM�
ï#øPþ@ÿ/í%üHí%ó4ònö?í%÷-÷-í�ì'í�î¯ï#ø-ñ�ó)î	��ö%ô�ð!÷4+ û	ó#í%ð6ý�ø-í�ì'ÿró#í%ÿ#ò,ð6ø7ó#ñZö?ð6û%û
í	î>òQö%ñ�ó4ò,ðDôoø-ó4ò,í�� � í�î,ï)í�ö�ò6ð,í�ì'í	î

νµ
í�î�òBôo÷-ñ�ðDî�ð6í	î6î,í%ð6ð,û=ô�ÿ!�

ò,ñ@ÿ#ð1ìA+ ÿ#ó#í�û	ó#í%ð6ý�ø-íWï#ð,û�ö?øPî>í�� ∼ 650
� í u ��ö��/ñ�øPî>ø-ízò,í%÷-÷-í�þ@ÿ/í

÷-ô�ï#ð6ñ�ù/ô�ù#ø7÷-ø7ò,ûrì,+ ñ4î,ö%ø7÷-÷-ôoò,ø-ñ�ó¬í�î�òQüGô�h'ø-üHô�÷7í�`�o ��� kJü�� � í
î>ï_í	ö?ò,ð6íBì'í	î

νe
�#ö?ð6û%ûQï#ð6ø7ó)ö?ø-ï/ôo÷-í%üHí%ó4ò�ï/ô�ð�ì'í	î�ì#û	î,ø7ó4ò,û	ý�ðDô��

ò,ø-ñ�ó/î�`rò6ð,ñ@ø-îWö?ñ@ð,ï)î	�Jí	î>ò�ó#í%ò>ò,í	üHí%ó4ò�üHñ�ø-ó/îWô�s�í	ö�ò6ûBï/ôoð�ö%í?ò
í
s�í?òP��ð6û	ì#ÿ#ø-î6ôoó4òHôoø-ó/î>ø�î6ôÕö%ñ�ó4ò6ô�ü�ø-ó/ôoò,ø-ñ�ó�`Õ÷j+ û%ó#í	ð,ý@ø7í�þ4ÿ#ø
ó#ñ�ÿ)îQø7ó4ò,û	ð,í�î,î,í��Af�÷ní�î�ò]ø-üHï)ñ@ð>òDôoó4ò]ì'íGó#ñ�ò,í%ð]þ4ÿ#íUx % = í	î>ò
÷-ô�ï#ð6í%üHø�v%ð6íQí
h'ï)û	ð,ø-í%ó)ö?íy`�ÿ'ò,ø-÷7øPî,í%ð�ö?í%ò>ò6íQò,í	ö��/ó#ø-þ4ÿ#í��
FH�aR��!TKTHV�R8L���V������<TKR�V,N8WSG� + ñ@ù/î,í%ð6õ�ôoò,ø-ñ�óOìA+ ñ@î6ö?ø-÷7÷PôYò6ø7ñ@ó/î]ð6í%ï_ñ@î,í�î,ÿ#ð�÷-ô¬ö%ñ�üHï/ô�ð6ô�ø��
î>ñ@ó=í	ó@ò6ð,íz÷-ízî,ï)í�ö�ò6ð,í�ì'ízó#í%ÿ#ò,ð6ø7ó#ñ4î�í
hJò,ðDôoï_ñ�÷-ûzì#ÿrì'û%ò,í	ö?ò,í	ÿ#ð
ï#ð6ñJö��/íWô�ÿGì'û?ò6í	ö�ò6í%ÿ#ð�÷7ñ@ø7ó4ò6ô�ø7óHô�õ�í�öWö?í%÷-ÿ#ø#üHí�î>ÿ#ð6û1` _ ÿ#ï_í%ð<�=BôoüHø-ñ�kYôoó/ì#í�� � + í
hJò,ðDôoï_ñ�÷PôYò6ø7ñ@órì'ÿGî,ï)í�ö�ò6ð,íWí%ó4ò6ð,í�ö?í�înì'í%ÿ�h
ì'û?ò6í	ö?ò,í%ÿ/ð6îZó#íHî>ÿ/ø°òQï/ô�îZÿ#ó/í�î,ø7üHï#÷-í�÷7ñ@ø�í	ó

1/r2
üHô�ø-î[í	î>ò

ÿ#ó#í��ªñ@ó/ö�ò6ø7ñ@óGö?ñ�üHï#÷-øPþ@ÿ/û%í<ì'í�÷4+ û%ó#í	ð,ý@ø7í��B�1óRí	s_í%ò���÷-í<ì'û%ò,í�ö��
ò,í	ÿ#ð]ï#ð6ñ'ö��#írí�î�òBò6ð,ñ@ïTï/ð,ñ'ö��#í q õJÿOì'ÿUï)ñ@ø7ó4ò=ì'íRö%ð,û�ôYò6ø7ñ@óì'í	î<ó#í%ÿ#ò,ð6ø7ó#ñ4î	��(�} %Bb � ôGÿ#ó#í=ò6ô�ø7÷-÷7í�ôoó#ý@ÿ#÷Pôoø-ð,íBó#ñ@óCó#û%ý@÷7ø/�ý�í�ôoù#÷-íÕôo÷-ñ�ðDîGþ4ÿ#í _ ÿ#ï)í	ð�=Bô�üHø7ñ�k�ô�ó/ì'í��H`�o ��� kJü��1í�î�ò�õJÿ
ö?ñ@ü�üHíHï_ñ�ó/ö?ò,ÿ#í	÷j�K�ñ@üHü�íHí	hJï/÷7øPþ4ÿ#ûGì#ôoó/îQ÷Pô�ï/ôoð,ò,ø-íHï#ð6û
�
ö?û�ì'í%ó4ò,í���÷j+ û%ó#í	ð,ý@ø7íWì'í�î!ó/í%ÿ'ò6ð,ø-ó#ñ@î�ì'û	ï)í	ó/ìHì'íWî,ôZì'ø-ð,í�ö�ò,ø-ñ�ó qôoø-ó/î,ø!ÿ#ó/í=ï#÷-ÿ/îZý�ðDôoó/ì#íBò6ô�ø7÷-÷7í�ôoó#ý@ÿ#÷Pôoø-ð,í=ì#írì'û%ò,í	ö?ò,ø-ñ�ó¬ø-ü��
ï#÷-ø-þ4ÿ#ízÿ#óHî>ï_í	ö?ò,ð6í�í	ó=û%ó/í%ð6ý�ø-ízì'ø/s�û%ð6í%ó4ò�� � ôZì'û%ò,í%ð6üHø7ó)ôYò,ø-ñ�ó
ï#ð6û	ö?øPî,í�ì'ÿ§ðDôoï#ï_ñ�ð,ò�ì'í�îGì'í%ÿ�h�î>ï_í	ö?ò,ð6í	î��nôoï#ï_í%÷-û�ðDôoï/ï)ñ@ð>ò
÷7ñ@ø7ó��Lï#ð6ñ'ö��#í��)í	î>ò[ÿ#ó/írì'í�î[ì'ø/�Rö?ÿ#÷7ò,û�îZüHôBw�í%ÿ#ð6í	î[ì'í=÷4+ í
h'ï)û	�
ð,ø-í%ó)ö?í q ø-÷�õYô�ð,ø-íGì'í ∼ 50%

ì#ôoó/î]÷-ô�ð6û%ý@ø7ñ@óTñ��O÷7í�îBí
s�í?òDî
ìA+ ñ@î6ö?ø-÷7÷PôYò6ø7ñ@ó/îWî>ñ@ó@ò�üGô�h'ø-üGôoÿ!hA�
�C��� V]�@LPG��
¡d�!R���V¢��IK�!TSLPJ? m ó�ì'íQï#ð,û�ì'ø-ð,íZ÷-ô�ö?ñ@üHï)ñ4î>ø7ò,ø-ñ�ó�í%ó�î,ô�õ@í%ÿ#ðWì'ÿC�´ôoøPî,ö%í	ôoÿ
ôoø-ó/î,ø�þ@ÿ/íC÷7íCðDôoï#ï_ñ�ð,òG÷7ñ@ø7ó��Lï#ð6ñ'ö��#í��nþ4ÿ#ø�ó�+ í�î�òRï/ô@îGñ�ù)î>í	ðl�
õYôoù#÷-í���ÿ#ó#íCî,ø7ürÿ#÷PôYò,ø-ñ�ó�ù/ô�î,û%í�î,ÿ#ðHÿ#ó � ñ�ó4ò,í	�5zô�ð,÷-ñÕö?ñ@ÿ!�
ï#÷-ûd`Gÿ#óÕü�ñ'ì!v	÷7í�ìA+ ø7ó4ò,í	ð6ô@ö�ò6ø7ñ@ó/î��/ô@ì'ð,ñ@ó#øPþ@ÿ/í	î�ô@ì#ôoï'ò6û]í	î>ò
ó#û	ö%í	î6î,ô�ø7ð6í��p}[ø7õ@í%ðDî�ñ�ÿ'ò6ø7÷Pî�ï)í	ðl�ªí�ö�ò,ø-ñ�ó/ó#ûUï)í	ð,üHí?ò,ò,í	ó@òÕô�ÿ!�w�ñ�ÿ#ðDìA+ �Jÿ#ø_ì#í1�´ôoø-ð6í[ö?í%ò>ò6í[û%ò,ÿ/ì'í�����ó�ï/ô�ð>ò6ø-ö%ÿ#÷7ø-í%ðP�4÷7í[÷7ñ@ý�øPö?ø-í%÷
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¶p·¦¸�¹@º�»!¼ º9½�¾�¿�À�Á	Â�Ã~Ä!Å6Ä!Á
Æ�Ç�¿
Æ<Ç	Å�È�É�Ê�Ë�³�¼

Ì3Í Ê�É�ÎÐÏ Ì Ç	Ñ�Â~Ç
Æ<È�Ò¢Ê�É�ÄÓÎSÈ�Ã�¿�ÔOÕ/Ö�×MØ�Ç
ÆdÙ<Ñ�ÖÓÙ<Å�¿	¿	Ç�Ù�ÙlÇ�Å�ÈÌ Ç�ÃBÖMÆ�Ú�Û�Ç	È�Â�Ç	ÆlÆ�Ç	ÖMÆ�Å�Ö�Ç*Ä�Ç�Ù�¿
È�Õ/Û!Æ�Õ/Ñ�ÖÜÛ�È�Á�¿	Õ�Ù<Ç�Ä!Ç*Ý�Ã�×�Á�ÑBÞÂ�Á	Æ<È�Õ/Ç9Ä�Ç�Ù1Ä!Á	Æ<ÇP¿�Æ<Ç�Å�È�Ù	ß�Ä�Ç�Ù�Õ�ÖMÆ<Ç	È�Ã�¿
Æ<Õ�Ñ�Ö�Ù�Ä�ÇyÛ�ÃBÈ<Æ<Õà¿
Å�Ý�Ç�Ù1Ç
ÆÄ!Ç�Ý�Ç	Å�È�Û�È�Ñ�Û�Ã�×�Ã�Æ�Õ/Ñ�Ö�Ä�ÃBÖ�ÙHÝ�Ã�Â�Ã�Æ<Õ�á	È�Ç�¼Mâ�Ç�Ö�Ñ�Âdã�È�Ç	Å!ä�Â�Ñ�ÞÄ!á	Ý�Ç�Ù�À�Ã�Ä!È�Ñ�Ö�Õ�åMÅ�ÇPÙ~Ñ�ÖMÆ�Á
Æ�Á�Ä!Á�æ�Ç	Ý�Ñ�Û�Û]ÁPÙ�Ç
Æ�Õ�ÖMÆ<Á�×�È�Á�Ù�ÃBÅ�äÝ/Ñ�×�Õà¿
Õ�Ç	ÝàÙ Ì Ç�Ã�ÖMÆYÃ�ç�Ö-Ä�Ç�Û�È�Á�Ä!Õ�È�ÇÜ¿
Ñ�È�È�Ç�¿�Æ�Ç	Â~Ç	ÖMÆ;ÝàÃ�Û�ÀOÒMÞÙlÕàåMÅ�ÇdÂ~ÕàÙlÇ~Ç�ÖUè5Ç	Å�ß,¿
Ç	È<Æ�Ã�Õ/Ö]Ù�Ù<Ñ�ÖMÆ�ã�Ã�Ù<Á�Ù�Ù<Å�È3Ä�Ç�Ù�Â~Ç�Ù<Å�È�Ç�ÙÇ
ä!Õ�ÙlÆ�Ã�ÖMÆ<Ç�Ù�ßSÄ,é Ã�Å!Æ<È�Ç�ÙdÙlÅ�È�Ä!Ç�Ùd¿
Ñ�Ö�ÙlÕàÄ!Á�È�ÃBÆ<Õ�Ñ�Ö�Ù�Æ�À�Á	Ñ�È<ÕàåMÅ�Ç�Ù�¼ê,Ç�ÙdÄ!Õ/ë�Á�È<Ç�Ö�¿
ÇPÙyÇ	ÖMÆ<È�ÇU¿
ÇPÙyÂ~Ñ!Ä!á	Ý�Ç�Ù�Û]Ç�Å�æ�Ç�Ö�Æ9ì	Æ<È�Ç�Õ/Â~Û�Ñ�È<ÞÆ�ÃBÖMÆ�Ç�Ù�ß,Ç
Æ�è5Å�ÙlÆ<Õ/ç�Ç�Ö�Æ�Ã�Ý/Ñ�È�Ù�ÝàÃ*Ö�Á�¿	Ç�Ù�ÙlÕ/Æ<Á�ÄAé Å�Ö�ÇC¿
Ñ�Ö�í¦È<Ñ�Ö�Æ�Ã�ÞÆ<Õ�Ñ�Ö�Ç	ÖMÆ<È�Ç�Ý/Ç�Å�È�ÙpÛ�È<ÁPÄ!Õà¿�Æ<Õ�Ñ�Ö]ÙpÇ
Æ1Ä!Ç�Ù�Ä!Ñ�Ö�Ö�Á	Ç�Ù�ß�Ä�Ã�Ö�ÙpÝ/ÇyÄ!Ñ�ÞÂ~Ã�Õ/Ö�Ç9ÄAé Á�Ö�Ç	È�×�Õ�Ç3æMÕàÙ<Á�¼
îCïKð;ðMñAòHóMô�õ�ðOïSö�ð;÷�ø/ùKú�÷�ô�û]òSô�û,÷KüKöBý�õjû]ïêSÃ�Û�Ý�Å�Ù�×�È�ÃBÖ�Ä�Ç�Ù<Ñ�Å�È�¿
Ç�Ä,é Õ�Ö�¿
Ç�ÈlÆ�Õ�Æ�Å�Ä!ÇyÙ<Å�È�ÝàÃ9Û�È<ÁPÄ!Õ�¿
Æ<Õ�Ñ�ÖÄ!Å�í�ÃBÕàÙ<¿	Ç�Ã�Å�Ä�Ç9Ö�Ç	Å�Æ<È�Õ/Ö�ÑMÙ�æOÕ/Ç�ÖMÆ�Ä!Ç�Ù�ÙlÇP¿�Æ<Õ�Ñ�Ö]Ù�Ç
þU¿	Ã�¿
ÇPÙ1Ä!ÇÛ�È<Ñ!Ä!Å]¿�Æ<Õ�Ñ�ÖÿÄ!Ç*Û�Õ/Ñ�Ö�Ù�Ç
ÆUÄ!Ç*Ô�ÃBÑ�Ö]Ù�Ý�Ñ�È�ÙdÄ�Ç�Ù�Õ/ÖMÆ�Ç	È�Ã�¿�Æ�Õ/Ñ�Ö�ÙÛ�È<Ñ�Æ<Ñ�Ö!Þ��DÃ�È<ã�Ñ�Ö�Ç��~º�³ Ì Ç��

/c
¼�â�����Å�Ö�Ç�Æ�È<Ñ�ÛC×�È�Ã�Ö�Ä!Ç3Õ/Ö�ÞÆ<Ç	Ö]ÙlÕ/Æ<Á�Ä!Ç�Û]ÃBÈ<Æ<Õà¿
Å�Ý�Ç�ÙdÃBÅÓÖ�Õ�æ�ÇPÃBÅÜÄ!ÇCÝ�ÃY¿
Õ�ã�Ý/Ç*Ä!ÇCÎ
	��~ß�Õ�ÝÖ,é ÇPÙ5ÆdÛ�Ã�Ù�Û�Ñ�Ù�ÙlÕ�ã�Ý�ÇUÄ!ÇUÂ~Ç�Ù<Å�È�Ç	È9Ä!Õ�È�Ç�¿�Æ�Ç	Â~Ç	ÖMÆ9Ý�Ç�Ù�Æ�ÃBÅ!ä¢Ä!ÇÛ�È<Ñ!Ä!Å]¿�Æ<Õ�Ñ�Ö]Ù�Ä�ÃBÖ�ÙpÝàÃ�Ý/Õ�×�Ö�Ç9Ä!Ç3í�ÃBÕàÙ<¿	Ç�ÃBÅ�¼�ê�Ã~¿
Ñ�Ý/ÝàÃBã�Ñ�È�Ã�Æ�Õ/Ñ�ÖÎ
	� Ã�Ä!Ñ�Ö�¿�È<ÇP¿
Ñ�Å�È�Ù��*Å�Ö�Ç�ÙlÇP¿
Ñ�Ö�Ä!Ç�Ç
ä!Û]Á�È<Õ�Ç	Ö]¿
Ç�ß,É�Ê�Ë�³
Þ¾��
�5É Í ß�ÙlÕ/Æ<Å�Á�Ç�ÃBÅ�� Í�� É9¼pê,ÇPÙ�¿
Ñ�Ö�Ä!Õ/Æ<Õ�Ñ�Ö�ÙCÄ!Ç�¿	È<ÁPÃ�Æ<Õ�Ñ�ÖÄ!Å*í�ÃBÕàÙ<¿	Ç�ÃBÅ*Ä!Ç�Ö�Ç	Å�Æ<È�Õ/Ö�ÑMÙpÒ�Ù<Ñ�ÖMÆDÈ�Ç	Û�È<Ñ!Ä!Å�Õ/Æ<ÇPÙ��dÅ�Ö�Ç�Õ/ÖMÆ<Ç	ÞÖ�Õ�ÙlÆ<Á3ã�Õ�Ç	ÖUÂ~Ñ�Õ/Ö�Ä�È<Ç�ß�Ç	ÆDÝ�Ç�Ù�Û�È�ÑOÄ�Å�Õ�Æ�Ù�Ä�Ç�Ý4é Õ�ÖMÆ<Ç	È�Ã�¿
Æ<Õ�Ñ�ÖUÙ<Ñ�ÖMÆÂ�ÇPÙlÅ�È<ÁPÙ ×�È���¿
Ç��3Å�Ö�ÙlÛ�Ç�¿
Æ<È�Ñ�Â~á
Æ�È<ÇpÄ!Ç�×�È�ÃBÖ]Ä!ÇDÃ�¿	¿	Ç	Û!Æ�ÃBÖ�¿	Ç�¼
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¾OÕ/Æ<Å�Á	Ç9ÃBÅS� ÍT� É9ßU�~ÝàÃdí¦È<Ñ�Ö�Æ�Õ/á�È<Ç�í¦È�ÃBÖ�¿	ÑBÞtÙlÅ�ÕàÙ�ÙlÇ�ßMÝ4é Ç
ä!Û]Á	ÞÈ<Õ�Ç	Ö�¿	Ç6É�Ê�Ë�³
Þ5¾��
�5É Í ÇPÙ5Æ�Å�Ö�Ç6Ç
ä!Û]Á�È<Õ�Ç	Ö]¿
Ç�ÙlÅ�ÈU¿	Õ/ã�Ý/Ç*ç�ä!ÇÅ!Æ<Õ�Ý/ÕàÙ�ÃBÖMÆ�Ý�Ç�ÙUÛ�È<Ñ�Æ<Ñ�Ö]ÙUÃ�¿�¿
Á	Ý�Á	È�Á�ÙUÛ�ÃBÈUÝ�ÇY¾WVD¾@¼Dâ�ÑBÆ�Á�ÄAé Å�ÖÆ<È�á�Ù�ã]Ñ�ÖCÙ<ÒOÙlÆ<á�Â~Ç�Ä!Ç�Æ<È�Ã�¿�ÔOÕ�Ö�×9ã�Ã�ÙlÁ3ÙlÅ�Èp¿
Õ�Ö�å~Î�V��DÙ�ß!Ä!Ñ�ÖMÆÄ!Ç	Å!ä~Û�Ý�Ñ�Ö�×�Á	ÇPÙ)Ä�ÃBÖ�Ù Å�ÖU¿�À�ÃBÂ~Û~Â�ÃB×�Ö�Á
Æ�Õ�åMÅ�Ç�Ä!Ç9³�ß »3ÎSÇ�Ù<Ý�Ã�ßÇ
Æ�Æ<È�Ñ�ÕàÙ�Ä!Á	Æ<Ç�¿
Æ<Ç�Å�È�Ù�Ä!Ç�Æ<Ç�Â�Û]Ù1Ä!Çyæ�Ñ�Ýjß!Ý�Ç�Ù�Î�ÑYX�Ù�ß!Ý/ÇPÙ�Û�ÃBÈ<Æ<Õ/Þ¿
Å�Ý�Ç�Ù1Ù<Ñ�ÖMÆ�ÕàÄ!Ç	ÖMÆ<Õ/ç�Á�Ç�Ù�Û�Ã�È�Ý/Ç�Å�È�Ù�Û]Ç�ÈlÆ�Ç�Ù�ÄAé Á	Ö�Ç	È�×�Õ�Ç�ß
dE/dxÇ
Æ)Û�ÃBÈKÝ�Ç	Å�È�ÙSÆ<Ç	Â~Û�Ù Ä!ÇDæ�Ñ�Ýj¼�É�Ê�Ë�³pÃ1Û�È<ÕàÙ Ä!Ç�ÙKÂ~Ç�Ù<Å�È�Ç�ÙSÛ]Ñ�Å�ÈÎ
	�-Ç�ÖZ	[�[OµOß�	[\[�´dÇ
Æ�	[�³][�ÙlÇ�Ý/Ñ�Ö*Ä�Ç	Å!äC¿	Ñ�Ö!ç]×�Å�È�Ã�Æ�Õ/Ñ�Ö�Ù�^

½`_ÿÝjé ÃBÕàÄ!Ç�ÄAé Å�Ö�Ç�¿
Õ�ã�Ý�ÇpÂ�Õ�Ö�¿	ÇpÄ�Ç�	�¿
Â Ä!ÇpÝ�Ñ�Ö�×~Ï
4%λint

ØÃ�ç]Ö;ÄAé Á	Æ<Å�Ä�Õ/Ç�È�Ý4é Õ�ÖMÆ<Ç�È�Ã�¿�Æ<Õ�Ñ�Ö�Û�È�Õ�Â~Ã�Õ/È�Ç9Ä!Å;Û�È<Ñ�Æ<Ñ�Ö6Ã�¿�Þ¿
Á�Ý/Á�È<Á���º�³ Ì Ç��
/c

Ä�ÃBÖ�ÙHÝ�Ãd¿
Õ�ã�Ý/Ç3Ä!Ç�¿�ÃBÈ�ã]Ñ�Ö�Ç1Ç	ÆDÃBÕ�Ö�Ù<ÕÂ~Ç�Ù<Å�È�Ç	ÈpÝ�Ã�Ù<Ç�¿
Æ<Õ�Ñ�Ö*Ç
þU¿	Ã�¿
ÇyÄ!Ç�Û�È�Ñ!Ä!Å�¿�Æ�Õ/Ñ�Ö
σprod½ Ì È���¿
ÇR�dÅ�Ö�Çy¿
Õ�ã�Ý�Ç3È�Á	Û�Ý/ÕàåMÅ�Ç3Ä�Ç�¿	Ç	Ý�Ý/ÇyÄ!ÇyÎ
	�� Ç	Ö*Â~Ç
ÞÙ<Å�È�Ã�ÖMÆ3ÃBÕ�Ö�Ù<ÕSÝ�Ç�Ù�Æ�ÃBÅ!ä;Ä!Ç�Û�È�ÑOÄ�Å�¿�Æ�Õ/Ñ�Ö�Ä!Ç�Ù3Û�Ã�ÈlÆ�Õ�¿	Å�Ý�Ç�ÙÙ<Ç	Ý�Ñ�Ö�Ý�Ç	Å�ÈDÛ�Ñ�Õ�ÖMÆ1Ä!Ç3Ù<Ñ�È<Æ<Õ�Ç3Ý/Ç3Ý/Ñ�Ö�×~Ä!Ç�Ý�Ã�¿
Õ�ã�Ý�Ç~ÏjÄAé Å�Ö�ÇÝ�Ñ�Ö�×�Å�Ç	Å�È�Ä!Ç�´�[�¿	ÂUØ�ß Ý/Ç�Å�È�Õ/Â~Û�Å�ÝàÙ<Õ/Ñ�ÖÜÇ
Æ~Ý/Ç�Å�È~ÃBÖ�×�Ý/ÇÛ�Ñ�ÝàÃBÕ�È<Ç�¼ê,ÇPÙ,Ä!Ñ�Ö�Ö�Á	ÇPÙAÛ]Ñ�Å�È�Î
	���Û�È�ÕàÙlÇPÙ@Ç	Öa	[\[MµHÃ8æ�ÇP¿SÝàÃ1¿	Õ/ã�Ý�Ç)Â~Õ/Ö]¿
ÇÑ�ÖMÆ Á
Æ�Á1ÃBÖ�Ã�Ý/Ò!Ù<Á	ÇPÙ Ç
ÆHÛ�Å�ã�Ý/Õ�Á	ÇPÙ=^BÝ�Ç�ÙHÛ�Õ/Ñ�Ö�Ù ¿�À�Ã�È<×�Á�Ù�b�³dc�Ã�Õ/Ö�Ù<ÕåMÅ�Ç9Ý�Ç�Ù

K+ b 	ec4¼f��Ç�Ù1Õ�Ö!í¦Ñ�È<Â�Ã�Æ�Õ/Ñ�Ö�Ù1Ù<Ç	È�Ñ�ÖMÆ1ã�Õ�Ç	ÖMÆhg�Æ1Æ<Ñ�Å!Æ<ÇPÙÕ/ÖMÆ�Á	×�È�Á	ÇPÙdÄ�ÃBÖ�Ù~ÝàÃYÙ<Õ�Â�Å�ÝàÃ�Æ�Õ/Ñ�Ö Ä!Å í�ÃBÕàÙ<¿	Ç�Ã�Å Ä!Ç�Ö�Ç�Å!Æ<È�Õ/Ö�Ñ�ÙÄ!Ç�Î
	��~ß�Â�ÃBÕàÙ�Ý/Ç�Û]Ç�Å�Ä!Ç�ÙlÆ�ÃBÆ<ÕàÙ5Æ�Õ�åMÅ�Ç9Ý�Õ�Â�Õ/Æ<Ç�Ç	Ö�¿	Ñ�È�ÇyÖ�ÑBÆ�È<ÇÛ�È�Á�¿
ÕàÙ<Õ/Ñ�ÖCÙ<Å�È�Ý�Ã�¿	Ñ�Ö�Ö]ÃBÕàÙ<Ù�ÃBÖ�¿	Ç�Ä!Å*í�Ã�Õ�Ù�¿
ÇPÃBÅ,¼
iKj�kli=k�m npo�q�rts
uwv6xzyT{�r�|~}9u<qUv�y
��Õ/È<Æ<Å]ÃBÝ��;Ñ�ÖMÆ<Ç��DÃ�È<Ý�ÑUÏ����9�pØHÇ�ÙlÆHÅ�Ö�¿�Ã�Ä!È�Õ�¿	Õ/Ç�Ý�Ñ�È�Õ�×�Õ�Ö�Ã�ÞÝ/Ç�Â~Ç	ÖMÆSÄ!Á�æ�Ç	Ý�Ñ�Û�Û]Á Û�Ñ�Å�È�ÝàÃ1¿
Ñ�Ý/ÝàÃBã�Ñ�È�Ã�Æ�Õ/Ñ�Ö3Ê�ê��h� Í Ç	ÆSÂ�ÃBÕ�Ö!ÞÆ<Ç�Ö�ÃBÖMÆ9Å!Æ�Õ/Ý�Õ�Ù<ÁUÛ�Ã�È9Û�Ý�Å�Ù<Õ/Ç�Å�È�Ù9Ç
ä!Û]Á�È<Õ�Ç	Ö]¿
Ç�Ù�¼,ê é ÕàÄ!Á	ÇUÛ�È<Õ�Ö�¿
Õ/ÞÛ�ÃBÝ�ÇHÇPÙ5Æ)åMÅ,é Ã8æ�Ç�¿HÅ�Ö�Â~ì�Â�Çp¿
Ñ!Ä!Ç�ß�ÁP¿
È�Õ�Æ Ç	Ö*�=�G�dß�Å�Ö�Â~ì	Â~Çí¦Ñ�È�Â�Ã�Æ9ÄAé Ç	ÖMÆ<È�Á	Ç�Ç	Æ�Ä!Ç�Ù<Ñ�È<Æ<Õ�Ç�ßAÅ�Ö�ÇUÙ<Õ�Â�Å�ÝàÃ�Æ�Õ/Ñ�ÖaÛ�Ç	Å�Æ�ì
Æ�È<Çí�ÃBÕ/Æ<ÇT��Æ<È�Ã8æ�Ç	È�Ù Ì3Í Ê�É�Î�º�ß Ì Ç�Ã�Ö�Æ�Ú�Ç
ÆKÕ/Ö�Õ/Æ<ÕàÃBÝ�Ç	Â~Ç�Ö�ÆHXSÝ�Å�Ô�Ã���¼

�tÝSÖ�é Ò6ÃUÛ�Ý/Å�Ù3Ä!Ç�Ä!Á	Û�Ç	Ö�Ä�ÃBÖ�¿	Ç�Ù1Ç�ÖMÆ<È�Ç�Ý�Çd¿
Ñ!Ä!Ç�Ä!Ç�Ý4é Å!Æ<Õ�Ý/ÕàÙ�Ã�ÞÆ<Ç�Å�È)Ç
Æ)Ý�ÇpÙ<ÑBínÆ��pÃBÈ�ÇDÅ!Æ<Õ�Ý/ÕàÙ<Á�¼Bê�Ã�Ù<Õ/ÂdÅ�ÝàÃ�Æ<Õ�Ñ�ÖdÇ	Ö~Ä!Ç	æOÕ�Ç	ÖMÆ)Û�Ý�Å�Ù
� Ç
ä!Õ�ã�Ý�ÇE^�Õ�Ý�Ç�ÙlÆ�ÃBÝ�Ñ�È�Ù ÃBÕàÙ<Á1Ä!Ç�¿	Ñ�Â~Û�ÃBÈ�Ç	ÈHÛ�Ý/Å]ÙlÕ�Ç	Å�È�Ù ¿	Ñ�Ö!ç�×�Å!ÞÈ�ÃBÆ<Õ�Ñ�Ö�Ù,×�Á	Ñ�Â~Á
Æ<È�Õàå�Å�Ç�Ù,Ã�Å9ÙlÇ�Õ/Ö9ÄAé Å�Ö9Â~ì�Â�ÇHÂ�Ñ!Ä!á�Ý/Ç�Ä!ÇHÛ�ÀOÒMÞÙlÕàåMÅ�ÇUÇ	Æ�ßKÕ/ÖOæ�Ç�È�Ù<Ç	Â~Ç�Ö�ÆPß�Ä!Ç�¿	Ñ�Â~Û�Ã�È<Ç�È�Ä!Õ�æ�Ç	È�ÙyÂ~Ñ!Ä!á	Ý�Ç�Ù�ÃBÅÙlÇ�Õ/ÖaÄAé Å�Ö�Ç�Â�ì�Â~Ç�×�Á	Ñ�Â�Á	Æ<È�Õ/Ç�¼�êHé Õ�ÖMÆ<Á�È<ì	Æ3Û�Ñ�Å�È3Ö�Ñ�Å�Ù�Ä!Á	æ�Ç
ÞÝ/Ñ�Û�Û�Ç	È)Å�Ö�Æ<Ç�Ý!Û�È�ÑBè5Ç
ÆPß�Ç�ÙlÆ Ä!Ç�Û]Ñ�Å�æ�Ñ�Õ/È)Ã8æ�Ñ�Õ�ÈSÅ�Ö�¿�Ã�Ä!È�ÇD¿	Ñ�Â�ÞÂ�Å�Ö�Û�Ñ�Å�È�ÝàÃ�Ù<Õ/ÂdÅ�Ý�ÃBÆ<Õ�Ñ�Ö�Ä!ÇyÝàÃdÛ�È<Ñ!Ä!Å�¿
Æ<Õ�Ñ�Ö*À�Ã�Ä�È<Ñ�Ö�Õ�åMÅ�ÇG�É�Ê�Ë�³yÇ
Æ1Û�Ñ�Å�È1Ý�Ã�Ù<Õ�Â�Å�ÝàÃ�Æ�Õ/Ñ�Ö*Ä!Å�í�Ã�Õ�Ù�¿
ÇPÃBÅ�Ä!ÇyÖ�Ç�Å!Æ<È�Õ/Ö�Ñ�Ù
�Î
	�~¼(����� Ç�ÙlÆyÅ�ÖaÛ�È<Ñ�è5Ç
Æ�Ç	Ö�¿	Ñ�È�ÇdÇ�ÖaÄ�Á	æ�Ç�Ý/Ñ�Û�Û�Ç	Â~Ç	ÖMÆ�ß@Õ�ÝÇ�ÙlÆ�Ä!Ñ�Ö�¿1¿
È�Å�¿	Õ�Ã�Ý�Ä!Ç�æ�Á	È�Õ�ç]Ç	ÈHÙ�Ã�æ�ÃBÝ�Õ�Ä!Õ/Æ<Á3Ã8æ�ÃBÖMÆHÄ!Ç1Ý4é Å�Æ<Õ�Ý/ÕàÙlÇ�ÈÛ]Ñ�Å�È1Ä!ÇyÖ�Ñ�Å�æ�ÇPÃBÅ!äUÈ�Á�Ù<Å�Ý/Æ�ÃBÆ�Ù�Ä!Ç�Û�ÀOÒ!ÙlÕàåMÅ�Ç�¼
iKj�kli=kl� �auP��|��Ws
qU|���|

σinel
|fr

σprodêSÃ3Â�ÇPÙlÅ�È<Ç�Ä!Ç�ÝàÃyÙlÇP¿�Æ�Õ/Ñ�ÖdÇ	þ�¿�Ã�¿	ÇpÄ�Ç�Û�È<Ñ!Ä!Å]¿�Æ<Õ�Ñ�Ö�ß
σprod

ßÃ�Á	Æ<Á�Ç
ë@Ç�¿
Æ<Å�Á�Ç9Ä�ÃBÖ]Ù�b�³�c,Û�Ñ�Å�ÈpÄ�Ç�ÙpÛ�È�ÑBÆ�Ñ�Ö�ÙpÃ�¿�¿
Á�Ý/Á�È<ÁPÙ���º�³Ì Ç��
/c

¿
Ñ�ÖMÆ<È�Ç�ÝàÃ6¿
Õ�ã�Ý�Ç~Â�Õ�Ö�¿	ÇUÄ!ÇU¿	Ã�È<ã�Ñ�Ö�Ç�¼,Ê�ç�ÖÓÄ!Ç�æ�Ã�Ý/Õ/ÞÄ!Ç	È ÝàÃ1Û�ÝàÃ�Æ�Ç
Þ4í¦Ñ�È�Â~ÇT�����ÓåMÅ�ÇDÖ�Ñ�Å�ÙKÃ8æ�Ñ�Ö�Ù�Ä�Á	æ�Ç�Ý/Ý�Ñ�Û�Á�ß8Ö�Ñ�Å�ÙÃBÝ�Ý/Ñ�Ö�Ù�È<Ç�Û�È<Ñ!Ä!Å�Õ/È�Ç9ÝàÃUÂ~Ç�Ù<Å�È�ÇdåMÅ�Õ)ÃUÁ	Æ<Ádí�ÃBÕ/Æ<Ç�Û]ÃBÈ�ÃBÕ�Ý/Ý�Ç	Å�È�ÙÄ�ÃBÖ]Ù ÝàÃ�¿
Ñ�Ý/ÝàÃBã�Ñ�È�Ã�Æ�Õ/Ñ�Ö�É�Ê�Ë�³�ßMÇ
Æpå�Å�Õ]È�Ç	Û�Ñ�Ù<Ç1Ç	Ö�Û�ÃBÈ<Æ<Õ�Ç�Ù<Å�ÈÄ!Ç�ÙpÛ�È<ÁPÄ!Õ�¿
Æ<Õ�Ñ�Ö�Ù�Ä�ÇE�6Ñ�ÖMÆ<Ça�DÃ�È<Ý�Ñ�¼ê,Ç�Ù<Ò!Ù5Æ�á	Â~Ç�Ä!ÇCÄ!Á�¿	Ý/Ç�Ö�¿�À�Ç	Â~Ç�Ö�Æ�Ä!Ç�É�Ê�Ë�³�È�Ç	Û�Ñ�Ù<ÇUÙlÅ�È�Å�ÖÙ<¿	Õ/ÖMÆ�Õ/Ý�Ý�ÃBÆ<Ç�Å�È�Ïj¾OÚOØKÅ!Æ<Õ�Ý/ÕàÙ<ÁDÇ�Ödæ�Á
Æ�Ñ�ßBÄ!Ç�³�¿
Â Ä�ÇpÄ�Õ�Ã�Â�á	Æ<È�ÇpÇ
Æ
[�ß »�¿	Â Ä!Ç3Ý�Ã�È<×�Ç	Å�ÈDÛ�ÝàÃ�¿	Á�Ç�Ö�Æ�È<Ç3Ý�Ç�Ù�Ä!Ç�Å!ä�Û�È�Ç	Â~Õ�á	È�Ç�ÙDÎ�V��DÙÏ¦æ�Ñ�Õ�Èyç�×�Å�È<ÇUºM»!¼ º�Ø�¼K¾@é Õ�ÝDÇ�ÙlÆdÄ!Á�¿	Ý/Ç�Ö�¿�À�Á�Û�Ã�È�Å�Ö�ÇUÛ�ÃBÈ<Æ<Õà¿
Å�Ý/ÇÝ/Ç�Æ<È�Ã8æ�Ç�È�Ù�ÃBÖMÆ�ß!Ý4é Á	æ�Á�Ö�Ç	Â~Ç�Ö�Æ3Ö,é Ç�ÙlÆ�Û�Ã�Ù�Ç�Ö�È<Ç�×�ÕàÙ5Æ�È<Á�¼�ê�Ã�Â~Ç
ÞÙlÅ�È<ÇDã�È�Å!Æ<Ç�Ä!ÇpÝàÃ�Ù<Ç�¿
Æ<Õ�Ñ�Ö�Ç
þU¿	Ã�¿
ÇpÄAé Õ�ÖMÆ<Ç�È�Ã�¿�Æ<Õ�Ñ�Ö�Ä!ÇDÆ<È�Õ/×�×�Ç�È�ß
σtrig

ßOåMÅ�Õ]Û�Ç	Å�ÆDì	Æ<È�Ç�¿	Ã�Ý�¿	Å�Ý/Á�Ç��9Û]ÃBÈ<Æ<Õ�È�Ä!ÅUÖ�Ñ�Â�ã�È<Ç�Ä�Ç1Û�È�ÑBÞÆ<Ñ�Ö�Ù)Ç	ÖOæ�Ñ�Ò�Á�Ù)Ù<Å�È ÝàÃy¿
Õ�ã�Ý�Ç1Â~Ñ�Õ�Ö�Ù Ý�Ç�Ö�Ñ�Â�ã�È�Ç1Ä!Ç�Ä!ÁP¿
Ý�Ç	Ö�¿�À�Ç
ÞÂ~Ç	ÖMÆ�Ù1Ä�Çd¾OÚ;Ï¦ã�Õ/Ç�Ö�Ùh��ÈPß�¿
Ç9¿�ÃBÝà¿
Å�Ý�Ç�ÙlÆ�ÃBÅ�Ù�ÙlÕSÙlÑ�Å�Â~Õ�Ù
��Ä�Ç�Ù
���������l�T�����l�����������T�Y� ���]�� l�l�w¡£¢�¤£ ������¥¤£��¢�¢���¦=���L�



§]¨�© ª�«e¬t�®�¯±°(²e³

´�µ4¶ ·�¸9¹º¶
»R´G¼�½
¾
¿�ÀTÁ<Â »R´G¼W½�¾
¿�À�ÁHÂ

¶
σperte 4.95 ± 0.1± 0.7 4.9 ± 0.1± 0.7Ã σel 45.2 ± 0.4± 3.6 45.2± 0.4 ± 3.6
σinel 257.9± 1.9 ± 8.2 257.9± 1.9 ± 8.2
σprod 229.3± 1.9 ± 8.2 229.9± 1.9 ± 8.2

ÄTÅ�ÆHÇ�ÈYÉ�Ê §RË ¹�Ì\Í�ÎUÏÐ�ÏÑÓÒ�Ì\Ô�ÕLÔYÖhÐ�Õ�´�Õ×ÏÔYÖhµ4Õ�ÖR·�¸9¹ºØtÖhÑ�Ù±Ñ ÃÒ�Ú×Ò
Ï£Û�Õ×ÜR»R´G¼W½�¾
¿�À�ÁHÂºÎ,Ì�ØtÐ=Ù�ÕEÜLÏ�Ù�ÜLØtÙ�Ý�Õ
σinel

Õ�Ö
σprodÞ ÎUÏ�Ð�Ö�Ñ±Ð6Ý�Õ]Ò�Ü�Ì�Ð�Ð�Õ]ÜdÖ�Ñ±Ì\ÔUÒEÏ�ÎtÎtÙ�Ñ�ßYØtÚ]Õ]Ò Þ

σtrig = 298, 1 ±
1.9(stat.)±7.3(syst.)

ÍaàUÏ�ÐhÔ Ê£á Õ]ÒHÕLÐ�Ð�ÕLØtÐ�ÒâÒhã�Ò�Ö�ÚLÍ*ÏeÖ�Ñ�ßYØtÕ×Ò
Ò�Ì\Ô\Ö
Ý�ØUÕ]Ò Þ ÙÓÏaÖ�ÏÑ�Ù±Ù�ÕGÕ�Ö Þ ÙÓÏ6Î�ÌYÒ�Ñ±ÖhÑ�Ì�ÔäÝ�ÕGÙ¥å Ú]Ù±Ú]Í6Õ]ÔYÖ�¼Wµ Ê

Ü�Ì�Ð�Ð�Õ]ÜdÖ�Ñ±Ì\ÔUÒKßYØtÕ
ÔUÌ�ØUÒTÔ�å Ï�à�Ì\Ð�ÝtÕLÐ�Ì�ÔUÒwÎ�Ï�ÒTÝUÏÔUÒ�Ü�Õ�Ö�ÏÐhÖhÑÓÜ�Ù�Õ×æ
Ý�Ì�ÔtÔUÕ

σtrig = 298, 1± 1.9 (stat.) ± 7.3 (syst.)
ÍaàUÏ�ÐhÔ Ê

¹�Õ�Ö�Ö�Õ�Í�Õ×Ò�ØtÐ�Õ�Õ×Ò�Ö�àtÑÓÏÑÓÒ�Ú]Õ�ç�ÕLÖ�Ù�Õ]Ò�Ü�Ì\ÐhÐ�Õ]Ü�ÖhÑ�Ì�ÔUÒTÝ�Ì�Ñ�Û�Õ]Ô\Ö�è�ÖhÐ�Õ
Õ]Ò�ÖhÑ�Í6Ú]Õ]Ò Þ Ù¥å Ï�Ñ�ÝtÕRÝ�å ØtÔ�¸�Ì\ÔYÖhÕa¹�ÏÐ�Ù±Ìäé
Ë ¼WÌ�Ø�Ò�Ö�Ð�Ï\ÜdÖhÑ�Ì�ÔZÝtÕ]Ò
Ú]Û�Ú]ÔtÕLÍ�ÕLÔYÖ�Ò
Ì�ê�Ù�ÕaÎUÐhÌ�ÖhÌ�ÔäÔ�å Ñ�Ô\Ö�ÕLÐ ÃÏë\ÑìÖ�Î�Ï�Ò
ÝtÏ�ÔUÒ
ÙÓÏ%ÜLÑ±àtÙ�Õ�ç�Í*ÏÑÓÒ=ÔtÕGÖ�Ì�ØUÜ�ítÕaÎUÏ�Ò=Ù�ÕaÛ\Ú�Ö�Ì Ê
¹�Õ�ÖhÖhÕîÜLÌ�ÔYÖhÐ�Ñ±àUØ�ÖhÑ�Ì�Ô�Õ]Ò�Ö�ÖhÐ�ï]ÒZÍ�Ïð�Ì�Ð�ÑìÖ�ÏÑ�ÐhÕ]Í�ÕLÔYÖZÝ�ØtÕ
ÏØ�ñ�Ñ±ÔYÖhÕ]Ð�Ï\ÜdÖ�Ñ±Ì\ÔUÒHÚLÙÓÏ�Ò�ÖhÑÓß\ØUÕ]ÒwÝ�Ø6ÎtÐ�ÌÖhÌ\Ô6ÝUÏÔUÒ<ÙÓÏRÜ�Ñ�àtÙ±Õ Ê
ò Ì\ØUÒ
ÏÎUÎ�Õ]Ù±Ù�ÕLÐ�Ì�ÔUÒ�ÜLÕ�Ö�Ö�ÕEÜ�Ì\ÐhÐ�Õ]Ü�ÖhÑ�Ì�Ô

σel
Ê

Ë`ó ð�Ì\Ø�ÖEÝ�Õ]Ò�ÚLÛ\ÚLÔtÕ]Í6Õ]ÔYÖ�Ò�Ì�êZÙ�Õ�ÎUÐhÌ�ÖhÌ�ÔSÑ±ÔYÖhÕ]Ð�Ï�ë�Ñ±Ö�ÝtÏ�ÔUÒ
Ù�ÏôÜLÑ±àtÙ�Õ�ç=Í*Ï�Ñ�ÒäØtÔUÕBÝtÕ]ÒäÎUÏ�Ð�Ö�Ñ�ÜLØtÙ±Õ×Ò4õUÙ±Ù�Õ]ÒäÎUÐhÌ�Ý�ØtÑ±ÖhÕ×Ò
ÖhÌ\ØUÜ�ítÕa¼Wµ�çUÕ�Ö
Ù¥å ÚLÛ�Ú]ÔtÕLÍ�Õ]Ô\Ö
Õ×Ò�Ö�ÐhÕ�ð�Õ�ÖhÚ Ê ¹�Õ�ÖhÖhÕaÜLÌ�Ð�ÐhÕ×Ü ÃÖhÑ�Ì�ÔäÕ]Ò�Ö�ÏÎUÎ�Õ]Ù±Ú]Õ

σperte
Ê

á Õ]Ò�Ò�Õ×ÜdÖ�Ñ±Ì\ÔUÒ=Õ�ö%Ü]Ï�Ü�Õ×Ò�Ñ±ÔUÚLÙÓÏ�Ò�ÖhÑÓß\ØUÕEÕ�Ö�Ý�ÕaÎtÐhÌ�Ý�Ø�ÜdÖhÑ�Ì�Ô�ÒhÌ�ÔYÖ
ÏÙ�Ì�Ð�Ò�é

σinel = σtrig + σel − σperte
ÕLÖ

σprod = σint − σQE

Ì�ê
σQE

Õ]Ò�Ö
Ù�Ï*ÜLÌ�ÔYÖhÐ�Ñ±àUØ�ÖhÑ�Ì�ÔäÝ�ØtÕaÏ�Ø�ñ÷Ñ�ÔYÖhÕLÐ�Ï�Ü�ÖhÑ�Ì�ÔUÒ=ßYØUÏ\Ò�Ñ ÃÚLÙÓÏ�Ò�ÖhÑÓß\ØUÕ]Òwé�Ù�ÕKÎtÐ�ÌÖ�Ì�Ô�Ô�å Ñ±ÔYÖhÕ]Ð�Ï�ë�Ñ±Ö�ßYØ�å Ï£Û\Õ]ÜHØtÔGÝ�Õ×Ò�ÔWØUÜ�Ù�ÚLÌ\ÔUÒ
Ý�Ø÷ÔtÌeãYÏØ*Ý�Õ�Ùlå ÏeÖ�Ì�Í�Õ�Ý�ÕRÜLÏ�Ðhà,Ì�ÔtÕ\ç�Ü�Ì\ÔYÖhÐ�ÏÑ�ÐhÕ]Í6Õ]ÔYÖTÏØ�ñ*Ñ�Ô ÃÖhÕLÐ�Ï�Ü�ÖhÑ�Ì�ÔUÒ�ÚLÙÓÏ�Ò�ÖhÑÓß\ØUÕ]ÒfÌ\ê�Ù�ÕKÎtÐ�ÌÖ�Ì�ÔRÑ�Ô\Ö�ÕLÐ�Ïë\ÑìÖ�Ï£Û�Õ×Ü<Ù±ÕwÔUÌeã\ÏØ
ÝtÏÔUÒ�Ò�Ì\Ô4Õ]ÔUÒ�Õ]ÍaàtÙ�Õ Ê
á Õ]Ò�Ð�Ú]ÒhØtÙ±Ö�ÏÖ�Ò�ÎtÐ�Ú]ÒhÕLÔYÖhÚ×Ò�ÝUÏÔUÒRø §dù Ì�ÔYÖ=Ú�Ö�ÚRÕ]Ò�ÖhÑ�Í6Ú×Ò�ë�Ð�ú�ÜLÕ Þ
ØtÔtÕäÒ�Ñ�ÍaØtÙÓÏeÖ�Ñ±Ì\Ôüû�ÏÑ±ÖhÕ?Ï£Û�Õ×Ü÷´�Õ]Ï�Ô\Ö�µ ÊHý Ù�Õ×Ò�Ö*Ý�Ì\ÔUÜ%Ñ�ÔYÖhÚLÐ�Õ]Ò ÃÒhÏ�Ô\ÖGÝ�Õ�Ð�ÕLÎtÐ�Ì�Ý�ØtÑ�ÐhÕ6Ü�Õ]Ò�Ð�Ú]ÒhØtÙ±Ö�ÏeÖ�ÒRÏ£Û�Õ]Üa·�¸9¹�çfÕ]Ô�ÒhÕ6ÎtÙ�Ï Ãþ ÏÔYÖEÝtÏ�ÔUÒ�Ù±Õ×ÒRÍ6è]Í�Õ]ÒGÜ�Ì\ÔUÝ�Ñ±ÖhÑ�Ì�ÔUÒRÝ�Õ*ÒhÑ±Í�ØtÙÓÏeÖhÑ�Ì�ÔÿéfÍ�èLÍ�ÕÝ�Ú�õUÔUÑìÖ�Ñ±Ì\Ô*ë�ÚLÌ\Í�Ú�ÖhÐ�ÑÓß\ØUÕ�ÒhÑ�Í6ÎUÙ±Ñ±õUÚLÕ
ÝtÕ=Ùlå Õ�ñ�Î,ÚLÐ�Ñ±Õ]ÔUÜ�Õ��lÒ�Õ]ØtÙ±Õ ÃÍ6Õ]ÔYÖ�ÙÓÏ6Ü�Ñ�àtÙ±Õ�Õ�Ö=Ù�Õ�Òhã�Ò�Ö�ïLÍ�ÕRÝ�Ú]ÜLÙ±Õ]ÔUÜ�ítÕLÍ�Õ]Ô\ÖdædçWÍ�èLÍ�ÕRÎtÐ�Ì ÃõUÙ�Ý�Ø û�ÏÑÓÒhÜLÕ]Ï�Ø Ý�ÕäÎtÐ�ÌÖ�Ì�ÔUÒ6Õ�Ö*Í�èLÍ�ÕäÍ�Ì�Ý�ïLÙ�Õ�Ýfå Ñ�ÔYÖhÕ]Ð�Ï\Ü ÃÖhÑ�Ì�Ô÷í�Ï�Ý�Ð�Ì�ÔtÑÓßYØtÕaéU»R´G¼W½�¾
¿�À�ÁHÂ Ê ¹�Õ�Í�ÌWÝtïLÙ�Õ�çWØ�ÖhÑ�Ù�Ñ�Ò�ÏàtÙ�Õ
ÛYÑÓÏ�´�Õ×ÏÔYÖhµ�ç\Õ×Ò�Ö�ØtÔtÕ�Ü�Ì\Í6Î,Ì\ÒhÑ±ÖhÑ�Ì�Ô÷Ý�Õ�ÎtÙ�ØUÒhÑ±Õ]ØtÐ�ÒTÍ�ÌWÝtïLÙ�Õ]Ò�é
»�ØUÏÐ�� Ã ´�Ù�ØtÌ�Ô ¼WÖhÐ�Ñ±ÔtëºÎ,Ì�ØtÐBÙ�Õ]Ò9Ñ±ÔYÖhÕ]Ð�Ï\ÜdÖ�Ñ±Ì\ÔUÒ9ÝtÕ íUÏ�Ø�ÖhÕ×Ò
ÚLÔtÕ]Ðhë\Ñ±Õ×Ò�� √

s > 5
´�Õ�·Ræ��EÙ�Õ Í6Ì�Ý�ï]Ù±Õ Ý�Õ`¿�Õ]Ð�Ö�Ñ±ÔtÑ*Î,Ì�ØUÐ

Ù±Õ×Ò�ÔWØUÜLÙ±Ú]Ì�ÔUÒ=ÕLñtÜ�Ñ±ÖhÚ]Ò�Õ�Ö�ÖhítÕ]ÐhÍ*ÏÙ�ÑÓÒ�Ú×Ò��tÙ�ÕEÍ�Ì�Ý�ïLÙ�Õa½KÐ�Õ]ÜLÌ�Í ÃÎ�Ì\ØtÔUÝ*Ü�Ì\Í�Í6Õ=ØUÔtÕ=ÖhÐ�ÏÔ�Ò�Ñ±ÖhÑ�Ì�Ô6ÕLÔYÖhÐ�Õ=Ù�Õ]ÒKÝ�Õ]Ø�ñ�ÎtÐhÚ×Ü�Ú×Ý�ÕLÔYÖ�Ò Ê� Ï�ÔUÒGÙ�Õ�Ö�ÏàUÙ±Õ×ÏØ È\ÉtÊ § çfØtÔtÕ%Ü�Ì\Í�ÎUÏÐ�ÏÑÓÒ�Ì\ÔSÕ]Ô\Ö�ÐhÕ�·�¸9¹ Õ�Ö
´�Õ]ÏÔYÖ�µüÕ]Ò�Ö6û�Ï�ÑìÖ�ÕZÕLÔôÎtÐ�ÕLÔ�ÏÔYÖ*Ù±Õ×Ò�Í6è]Í�Õ]Ò%ÜLÌ�ÔUÝ�Ñ±ÖhÑ�Ì�Ô�Ò%Ý�Õ
Ò�Ñ�ÍaØtÙÓÏeÖ�Ñ±Ì\Ô Ê�á Õ×ÒRÐhÚ×Ò�ØUÙìÖ�ÏeÖ�ÒRÒhÌ�ÔYÖEÜ�Ì\Í6Î�ÏeÖhÑ�àtÙ�Õ]Ò]ç�Ü�Õ�ÎtÐ�ÕLÍ�Ñ�ÕLÐ
ÖhÕ]Ò�Ö
Ý�Õ�Û£Ï�Ù±ÑÓÝtÏÖhÑ�Ì�Ô4ÝtÕ�·�¸9¹ôÕ×Ò�Ö=Ý�Ì�Ô�Ü�ÜLÌ�ÔUÜLÙ±ØUÏ�ÔYÖ�éWÙlå Ñ�Ô\Ö�ÕLÐ Ãû�Ï�Ü�Õ
ßYØtÑ�ÏRÚ�ÖhÚ
ÜLÐhÚ]ÚLÕ�ÕLÔYÖ�ÐhÕ
ÜLÕ]ÒwÝ�Õ]Ø�ñ�Ù�Ì�ë\Ñ�ÜLÑ±Õ]Ù�Ò<Ô�å Ï
	(Õ]Ü�ÖhÕ=ÎUÏ\Ò
Ù±Õ×Ò=ÐhÚ×Ò�ØUÙìÖ�ÏeÖ�Ò Ê

���������� �����������������! #"%$'&)(+*�,+-���.0/2143
¼�ØtÐ�ÙÓÏ*õ�ë�ØtÐ�Õ È\ÉtÊ µ�çUØtÔUÕ6ÜLÌ�Í�ÎUÏÐ�ÏÑÓÒhÌ�ÔäÕLÔYÖhÐ�ÕEÙ�Õ]Ò

π+ Ð�Õ ÃÜ�Ì\ÔUÒ�Ö�ÐhØUÑìÖ�ÒKÝ�Õ ò ó�5t§ ÕLÖTÙ±Õ=Í�Ì�Ý�ï]Ù±Õ�»R´G¼W½�¾
¿�À�ÁHÂÿÍ�Ì�ÔYÖ�ÐhÕ
Ü�ÙÓÏÑ�ÐhÕ]Í�ÕLÔYÖaßYØtÕ%Ü�Õ*Í�Ì�Ý�ïLÙ�Õ%Õ×Ò�ÖEÖ�Ðhï×ÒGÎ,ÕLØ Ï�ÝUÏÎ�Ö�Ú Þ ÔtÌÖ�ÐhÕÎtíWã�Ò�ÑÓßYØtÕ Ê ½wÏÐ÷Õ�ñ�ÕLÍ�ÎtÙ�Õ�çKÝtÏ�ÔUÒ*Ù�Õ�ÎtÐ�ÕLÍ�Ñ±Õ]Ð*àtÑ�ÔÿÕ]Ô ÏÔtë\Ù±Õ��Ý�Õ76 Þ98 6 Í6Ð�Ï�Ý�ædç=Ù�ÕBÜ�íUÑ 8 ÐhÚ×Ý�ØtÑ±Ö�Õ]Ò�Ö�ÝtÕ�Ù¥å Ì�Ð�Ý�ÐhÕ�Ý�Õôé
χ2/ddl ' 400

Ê ¼WØtÐ*Ü�ÕLÖ�Ö�Õ?Í�è]Í6Õ4õUë\ØtÐhÕ\ç<Ù±Õ×Ò�ÎUÐhÚ×Ý�Ñ�Ü�ÖhÑ�Ì�ÔUÒ
ÜLÏ�Ù�ÜLØtÙ±Ú]Õ]ÒRÎUÏ�ÐGÙ±Õ*Í�Ì�Ý�ï]Ù±Õ;:<Â�:H½
¾
¿�ÀTÁ<Â�ÒhÌ�ÔYÖGÚLëYÏÙ�ÕLÍ�ÕLÔYÖ
ÎtÐ�Ú]ÒhÕLÔYÖhÚ]Õ]Ò Ê<� ÏÔUÒ�Ü�ÕLÖ�Ï�Ø�ÖhÐ�Õ�Í�Ì�Ý�ïLÙ�Õ�ÜLÌ�Í�Î,Ì\ÒhÚ�Ý�ÕR´�Õ]ÏÔYÖ�µUç
Ù±Õ×Ò=Ñ�Ô\Ö�ÕLÐ�Ï�Ü�ÖhÑ�Ì�ÔUÒ=Ý�ÕaíUÏØ�Ö�Õ]Ò=Ú]ÔtÕLÐ�ë�Ñ�Õ]Ò�Ò�Ì\Ô\Ö�ÒhÑ�ÍaØtÙ�ÚLÕ×Ò=ÎUÏÐ=Ù�Õ
Í�ÌWÝtïLÙ�Õ9Ý�Õ=:tÐ�ÑìÖ�Ñ±Ì�û Ê�á å Ï\ÜLÜLÌ�Ð�Ý Õ]ÔYÖhÐ�Õ9Ý�Ì\ÔtÔtÚLÕ×Ò÷ÕLÖ?ÒhÑ±Í�ØtÙÓÏ ÃÖhÑ�Ì�Ô Õ×Ò�Ö6àtÑ�ÕLÔîÍ�Õ]Ñ±Ù�Ù±Õ]ØtÐ Ê�� ÏÔUÒ�Ù�Õ÷Ö�ÏàtÙ�Õ]Ï�Ø È\É�Ê 8 çâÙ±ÕäÜLÏ�Ù�ÜLØtÙ
Ý�Õ

σinel
ÕLÖ
σprod

Î�ÏÐ%Ü�Õ�Í�Ì�Ý�ï]Ù±Õ�íUÏ\Ý�Ð�Ì�ÔtÑÓßYØtÕ4Õ×Ò�Ö÷ÜLÌ�Í ÃÎUÏÐ�Ú�Ï£Û\Õ]Ü
ÜLÕLÙ�ØtÑ,û�ÏÑ±Ö�Î�ÏÐ
´�Õ]Ï�Ô\Ö�µ�¶ »R´G¼W½�¾
¿�À�ÁHÂ~ø §Lù Ê?>
Ü�ÕLÖ�ÖhÕ�Ì�ÜLÜLÏ\Ò�Ñ�Ì�Ô�ç�Ù�Ï�Ò�Ñ�ÍaØUÙ�ÏÖhÑ�Ì�ÔEÏ=ÚLÖhÚ�Ï�Í�ÚLÙ�Ñ±Ì\ÐhÚ]Õ=é]ÙÓÏ
Ý�Õ×ÒhÜLÐhÑ�Î ÃÖhÑ�Ì�Ô9ë�ÚLÌ\Í�Ú�ÖhÐ�ÑÓß\ØUÕ6Ý�Õ6Ù¥å ÕLñWÎ,ÚLÐ�Ñ�ÕLÔUÜLÕ�Õ×Ò�ÖEÜ�Ì\Í�ÎtÙ±ïLÖhÕ Ê(á Õ]Ò�Ð�Ú ÃÒ�ØUÙìÖ�ÏeÖ�ÒTÒ�ØtÐTÙ±Õ×ÒKÒ�Õ×ÜdÖ�Ñ±Ì\ÔUÒ<Õ�ö%ÜLÏ\Ü�Õ×ÒwÐhÕ×Ò�Ö�ÕLÔYÖKÜ�Ì\Í6Î�ÏeÖhÑ�àtÙ�Õ]ÒwÎ�ÏÐ
Ù±Õ×Ò÷Õ]ÐhÐ�ÕLØUÐ�Ò4Ò�ã�Ò�ÖhÚLÍ*ÏÖhÑÓß\ØUÕ]Ò Ê�á Õ×Ò÷Ð�Ú]ÒhØtÙ±Ö�ÏÖ�Ò4Ì�à�Ö�ÕLÔWØUÒ?Ï£Û�Õ]Ü
»R´G¼W½
¾
¿�ÀTÁ<ÂüÒhÌ�ÔYÖâÝfå ÏØ�Ö�ÏÔYÖâÎUÙ±ØUÒâÑ�ÔUßYØtÑ±ÚLÖ�Ï�Ô\Ö<ßYØtÕTÜ�Õ�Í�Ì ÃÝ�ïLÙ�ÕGÕ]Ò�Ö
Ü�Õ]Ù±ØtÑ�ÎtÐhÑ�ÛWÑ±Ù�ÚLë\Ñ±Ú�ÎUÏ�Ð=Ù±Õ×Ò=Ü�Ì�Ù�ÙÓÏà,Ì�Ð�ÏeÖhÑ�Ì�Ô�Ò�ÝtØ áA@ ¹ Ê
BDCFE�G HJI�KMLONQPMRTSUI�KVR
á Õ]Ò�ÐhÚ×Ò�ØtÙ±Ö�ÏÖ�Ò�ÝtÕ ò ó�5t§ Û\Ì�ÔYÖ�ÏÍ�Ú]Ù±Ñ�Ì�Ð�ÕLÐ�ÙÓÏ=ÎtÐ�Ú]ÝtÑ�Ü�ÖhÑ�Ì�ÔEÝ�Ø

û�ÏÑÓÒhÜLÕ]Ï�Ø�ÝtÕ�ÔtÕ]Ø�ÖhÐ�Ñ±ÔUÌ\ÒKÝ�Õ�Â 8XW Ê ½<Ì\ØtÐTÙÓÏGÎtÐ�ÕLÍ�Ñ�ïLÐ�Õ=Í6Õ×Ò�ØUÐhÕ
Ý�Õ
θ13

û�ÏÑ±ÖhÕ�ÎUÏÐ<Â 8XW ç£ÒhÕLØtÙÓÒHÙ±Õ×ÒâÐ�Ú]ÒhØtÙ±Ö�ÏÖ�ÒHÒ�ØtÐHÙ�Õ]ÒHÎtÑ�Ì�ÔUÒHÌ�ÔYÖ
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π+ ÒhÕLÙ�Ì�Ô%Ý�Ñ±û Ãû�ÚLÐ�ÕLÔYÖ�Ò�ÏÔtë\Ù±Õ×Ò=Î,Ì�ÙÓÏÑ�ÐhÕ×Ò=Í�Õ]ÒhØtÐhÚGÎ�ÏÐ ò ó]5t§ ÝtÏÔUÒ�Ù±Õ×Ò�Ý�Ì\Ô ÃÔtÚLÕ×Ò 8 6<6_^�Ï£Û\Õ]Ü4Ù�ÏBÜLÑ±àtÙ�ÕäÍ�Ñ±ÔUÜLÕ`��ÜLÐhÌ\ÑìñUæaÕ�Ö÷Ü�Ì\Í�ÎUÏÐ�ÏÑÓÒ�Ì\Ô

Ï£Û�Õ×ÜSÙ�Õ]Ò�ÎUÐhÚ×Ý�Ñ�Ü�ÖhÑ�Ì�ÔUÒ�ÝtØºÍ�Ì�Ý�ï]Ù±Õî»R´G¼W½
¾
¿�ÀTÁ<Â4��Ù�Ñ±ë\ÔtÕ
Ü�ÙÓÏÑ�ÐhÕ£æ�Õ�Ö]:<Â�:H½
¾
¿�ÀTÁ<Âa��Ù±Ñ�ë�ÔtÕRû�Ì\ÔUÜ�Ú]Õ×æ Ê



bAc?dfegc;hicXjVk?lgmnmpo qsrfr
tvuVw x�y{z)w|}t�~?�%�%���!��� �����A�]�%�O�O���w

σperte 4.95 ± 0.1± 0.7 3.3 ± 0.1± 0.3� σel 45.2 ± 0.4± 3.6 46.8± 0.4 ± 4.3
σinel 257.9± 1.9 ± 8.2 243.8± 1.9 ± 8.5
σprod 229.3± 1.9 ± 8.2 220.4± 1.9 ± 8.5

�!�T�����_�?��� � zO�<�F���X�g�X�����<� �s�< ��¡� tv�¢�X�_ ¡u w|}t�~£�%�%���!���¤�U ¥x�y{z¦w��������%�%���!���¤�§�f¨��¥©n�
ª �X© ª ¨�©!«?� σinel �U  σprod ¬ ���X�¡ ¡�n��«?�s� ª �f����� ª  ��p�<���}�X����©p� � ¨�®U�s� ¬ σtrig = 298, 1 ± 1.9(stat.) ± 7.3(syst.)

�°¯��f�¡� �± �s���U���¡�s¨����}�¡²?�� �®U�;�
 ��  ¨��¢�����<�< �«?¨��s� ¬ ©��M ��X�n©n©p�;�U  ¬ ©���³�_���p ¡�n�f�´«?�}©¶µ ®s©p®s�·�s�_ �~£u �
®Q ¡®�¨? ¡�n©n�n�¡®s� �<± �s��s�¡���U¨����¸«?¨��s� ¬ ©n�����¡®¢«?� ª  ¡�n�f�¹«?¨¹º»�X��� ª �s�X¨���<�< ��X©n�f�g�!«��

8.5% ¼ ���<�½ �©��� ¡���f���¡�p¾s�·����©n¨���¿f�g�X��«?�v���<¨�� ª �«iµ �n� ª �U�¡ ¡�p ¡¨�«?�¢� �i± �s�%���¡�s�·�n¾U���s�]�F�s�¡¨��¡�¢��«��DÀ]Á�Â q �¡¨��v©p�¢�Ã �f�f��� ªgÄ �X��¿f®¢� ¼ �Q ���¡� ªgÄ �f�p���s�F�U�_ ��¨��!©p�¢�¸x�Å<��Æ\���f�� �� ª ¨�©p�¢����U¨? ��¡�¢�!�¡�]«?®¢���n�_ ¡®U¿<���f�_ ��s�;¨��������X�n�¡�%«��%���X�¡ ¡� ª ¨�©p�¢� ªgÄ �X� �¿f®U�¢��Ç��X�n�����  ¨��¹©�µ ¨? ��p©n�n���
 ��p�<�7«?�¹©¶µ �s�����s�°¯�©n�È«?�¢��«?�<����®U�¢���¨���©n�¹�¡®s��©p�  ¨��°«?�D©n� ª �n¯�©p�·«?�°� �fÉ �f�F®U©n�p�<�¡�s�¡�<�< ��s� ª �<�¡���©p¨³�;���X ��¡� ª �<�����f�n���¡�f� ª �M«?�Ê©n� ª �f�F�³�_���p ¡�n�f�0�U�9���ÌËf�U¨�� ¼«?¨ÎÍ³¨?ÏÐ�Q �«?¨Ñ���§� ª  ¡���·«��D���f ¡���°º»�f�n� ª �¢�X¨Î«��·���U¨? ��¡�n���<� ¬� �XÉ �U ��§�U���F�Q ¡ ¡���f�_ %�X©n�f�g�!¨����v�F�s�p©n©p�s¨����v�¡�U���¡�n¯��p©n�p ¡® ¬ ©���·�¢��¨��¡��«?�
θ13
�

Ò#Ó�Ô
Ó�Õ�Ö�×VØ�Ö�Ù
Ú qQÛ À � Á%¯�¿<���f©p©��U ¹�X© � ¼ � Ä ²?� � ���UË � z�Üfu9Æ � Å qfq ÇDÅ � u<Â<ÅXu ¼�X��Ý]�nËÐÞ Ä �s� � �QÏ³ß q<q Å ��� Å r Ü � Ë �Ú �ÌÛ À � Á%¯�¿<���f©p©O�Q F�X© � ¼ ���<¨��F�n� ¬ � Ä ²?� � ���UË � z ¼ �f�¡Ý��pË0ÞÄ �U� � �UÏ�ß qfq<q¢�?� Å qÌ� Å
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DFE�GIHKJBLNMCJBO�O�J
P�QSRUTWVYX?Z�[A\^]:_�`ba;cdZ�VeX?Z�f

gihkjml n L-o�GIpbErq5s�o�HKpiL

t8uWvxw�y{z&z"vx|~}A���&�B�By{�{�����A�K|~z$�9u�v6w�� w��m�{y{�my�v"�W���W���{y�v6|~}A��z���Bv6w~�5w�y{�9w��mu����6�/���m�A�m��|�z(y{�9�k�{�m��v6�9�~�6�A}A|~�Kv6y{�9ud�9�Bv6w��
ρ����z(�/u

Tλρλγ � �K�/�6�x��z6���/u~}Ay{u���v6��vxw���}Ay������9�Kv6y{�9�$zx�m��v(v6���6y{u�����W���{y�vx|~}A�b�

γ∗(λγ)N → ρ(λρ)N ���/�� {¡�¢
�By�v6w

λγ � λρ v6w��r�6��z(�����Kv6y{�9�r���/�{�9�6y£zx�Yv6y{�9u�zi��� v6w��¤�¥y��6¦v6|~�9����w~��v6�/u
γ∗
��u~}¤�9�Iv6w��

ρ
�W��z6�9u � ��u~} N }��mu��9v6y{u����u?|��K�{�m�9u  ¥§ w~��z6��w�����y£�Ky�v"�k���W���{y�v6|~}A��zB�m�9u�¨����m�¥�~�6��z6z6��}�y�uv6�m�x�bzi�9�Bv"�&�©y{�W�~�9�Kvª���9�Kv6�/�xz«y{udvxw��5¬B���9�/�by�u~z6��y{�6��}:¨¥�v6w��

kT
¦���9�Kv6�/�6y£z6��v6y{�9u�zx��w������ � v6w�� γ∗ → ρ

y��W�~�/�®vW���9�K¦v6�9� � Φγ∗→ρ ¢ ��u~}¯v6w��ru¥|~�K�{�m�/u¯y{�����9�®v����9�Kv6�/� � ΦN→N ¢ ��By�vxw°�Yv ±��9�xu5�/�x}��m� � ��v"�&�W�9�{|��/ur�m����w~��u��/��y{u t ¦8��w~��u�u~�m��By�vxw-z6��¦8�m���{�{��}B²"u~�9uA¦8z(��u~z6�x²����/�{�9�6y£z6��v6y{�9u~z  m³ v´w�y��/wi�¥y��6v6|��Y¦��y�v"���9��v6w~�«��w���vx�9u � vxw�� Φγ
∗→ρ y{�W�~�9�Kv����/�®vx�9���K�/u?vx��y{u~z��w~����}S�9u~}��rz6���µv«�~���6v  7¶ z(y{u��5v6w��b�K�/���{y{u����9� ���/�®v6�/�6y£zx�Yv6y{�9uz6��w����W�i|��¤v6�Wv"�By£z(v � � v6w��iy{�W�~�9�Kv����9�Kv6�/�B���9�Bvxw��«vx�x�9u~z(y�¦v6y{�9u

γ∗T → ρT
w~�9z·¨��m�mu¸�x���K��u?v6�{�°�K�9�W��|�v6��}º¹ ¡ �=»e¼  =§ w����y{�½���$vxw��-�~�6��z(��u/v^z"vx|~}A�©y£z�vx�r�m�9u~z(v6�x|~�Kv � |~z(y{u��5v6w����x�K¦z(|���v�����¹ ¡ ��»�¼ ¨����9�9u�}��{���/}Ay�u~�Wv"�By{z(v � �W��w~�mu��/����u��9�{�9�/y{��������A}A���Av6w��Yv&}A��z6�m�6y{¨���z+¾ ¡ �9u~}k¿�À ¶�Á �m�9�{�{�9¨��/�x��v6y{�9u~z´}���vx����9�«vxw��b�x��v6y{�/z
Tλρλγ

/T00
|~z6y�u��¤�W�A}A�m�£z^���/�«v6w��bu¥|~�m�����9uy��W�~�/�®vi���/�®v6�/�   t8u�vxw��bÂ~��z(vi�~���6vi�&�b�~�6��z(��u/v«vxw��b�x��z6|���v�z�9¨Av���y{u���}¯���9��v6w��r���Yv6y{�/z-����w��m�{y{�my�v"�d�9���~��y�v6|~}���zW|~z6y�u~������A}A���$Ãr�{�¤Ä·|�u�y{�9u:��u~} Á �/���������/�·v6w��Wu¥|~�K�{�m�/uA¦Åu?|��K�{�m�9uy��W�~�/�®v����9�®vx�9� � �9u~}b�����m�9�W�~���x��vxw���z6� �x��z6|���vxz�v6�W¾ ¡ ��u~}¿�À ¶�Á }��Yv��d¹ � ¼   t8udv6w~��z(���K�/u~}:�~���6v � �&�5z(w��Y�Cv6w��Yvivxw���K�9�{�9|~�i}Ay����9�{�b��y£�®vx|��6�5���������9�xz·y{u:v6w��

γ∗T → ρT
y��W�~�/�®v���9�®vx�9�i�m�9�W��|Avx��}¸�By�vxw�y{u:v6w��k�m�9�{��y{u����9�·���9�®vx�9�xy{zx�Yvxy��/u��9�A¦���6�?�9��w   t8uÆvxw�y£z©�K�9�{�9|~�5}Ay{���/���:��y£�®vx|��x� � z(���9���x�9� �W�A}A�m�£zv6w~��v·y{u~�K�{|~}A�Wzx�Yv6|~�x��v6y{�9u°}A�¥u~�9��y£�mz ���9�·vxw��-|~u�y��/�m��z6�9���m��¦���/|��$}Ay{���/���YÇeu¥|~�K�{�m�/u-zx�m��v(v6���6y{u��«���W���{y�v6|~}A���m�¥y£z(v���u~}-�9y{�9��9�¥�A}È}A��zx�K�xy���v6y{�9u~zb�9�·�m�A�����6y{�W�mu?vx�9��}���vx�:���«�9v6w����k���x��¦�K��zxz6��z   tÅv¤y{z�v6w~�muÉ���/zxz6y�¨��{�°vx��¨�|~y��£}Æ��w~�mu��/����u��9�{�9�/y{��������A}A���{z5���/�5vxw��:�x��v6y{�/z

T11/T00
���6�/�Êv6w��:�K�/�W��|Avx��v6y{�9u¨����9�9u�}º�{���/}Ay{u��¸v"�By{z(vb���·v6w��

γ∗T → ρT
y{�W�~�9�Kvb���9�Kv6�9� ���w��¥�/z6y�u��º�9u��:�9�iv6w���z(�:�W�A}A�m�£z5���9�rv6w~�:}�y����9�{�eÇYu?|��K�{�m�9uz6���Yv(vx�m�xy�u~�W�9�W����y�v6|�}A�  

gihkj�Ë ÌÎÍ JBLrpªÏÊJBLrpiÐKpiÑªHKs&ÒªÐ;ÏÊpbErJBÐÓpiÔ
o Í J GIÒ^o�HKpiO Í JBÐKHKs�H�o�Õ Ò-Ï×ÖrÐKH�Ø
o�qrE5JBO

t8u^vxw��$y{�W�~�9�Kv7���9�®vx�9�=�x�m�~�6��z(��u/v��Yvxy��/u·��v�±&�/�6u^�/�x}A��� � vxw��w��m�{y£�Ky�v"�·�9���~��y�v6|~}���z����¥v6w��&�K���K�{|~z6y��/�+���x�¥�m��zxz
γ∗(λγ)N →

ρ(λρ)N
�x���/} � |~z6y�u~�°¨��/�{}A���9�K�b�{�Kv6v6���xzi���9�«vxw�����|~�K�{y{}�����uv"�&�b}Ay{�W�mu~z6y{�9u~�9�*v6����u~z6�9���xz6� �/���®vx�9��z ¢ �

Tλρλγ
( Ù ;Q,M) = is

∫
d2 Ú

(2π)2
1Ú 2( Ú − Ù )2

ΦN→N ( Ú , Ù ;M2)Φγ
∗(λγ)→ρ(λρ)( Ú , Ù ;Q2) . ���/��  » ¢

§ w������/�W�mu?vx� q ��u�} pρ �9�6���~�9�x�9���mv6���6y{Ûm��}^�?y£� v6w�� Á |~}~�Y¦Ü �Y�©}A���K�9�W���/z6y�vxy��/u~z·y�u�v6���6�bz·���&v"�&�5��y{�9w?vi�K�/u����9���Kv6�/�xz
p1
�9u~}

p2
�9z

q = p1 −
Q2

s
p2 ���/��  �/¢

��u~}
pρ ≡ p1 +

m2
ρ − t+ tmin

s
p2 + r⊥ ���/��  Ý?¢

�By�vxw
2p1 · p2 = s

�9u~}
Q2 = −q2 y{z�vxw��«�¥y��6v6|����{y�v"�k�9��vxw����w��9v6�9u  =§ w��Wy��W�~�/�®v^���9�Kv6�9� ΦN→N ¨��my{u��©��u~�9u����m�6v6|��6¦¨~�Yvxy��/���/¨AÞ"���Kv�����u�u~��v�¨��^�K�/���~|Av6��}��By�v6w�y{ur�����(vx|��6¨��Yv6y{�9uv6w����9�x��ß��&�-|~z6������w��mu~�9�W�mu��/���/�9y£�m�9�=�W�¥}��m�I���x�Y�?y£}A��}¤y�u�6�m�   ¹ à ¼� ����vxw��^���9�x�á�

ΦN→N( Ú , Ù ;M2)=Aδab

[
1

M2 + ( â2 )2
− 1

M2 + ( Ú − â
2 )2

]

.

���/��  à ¢
A
�9u~}

M
�9�6��v6w��5���x�m�r�~�������W�Kvx�m��zi�9��v6w�y£z��W�¥}��m��v6w~��v�K�/�6�x��z6���/u~}bvx�Wv6w��-z(�9�µv z6�����{�·�9��vxw��iu¥|~�m�����9u¤y��W�~�/�®vB���/�®¦v6�/�  ¥§ w�y£z�z6y{���~���·�W�¥}��m�7�m�9uk¨��^y{u?v6�m�x���x�Kvx��}b¨¥�b�9zxz(|~��y{u��v6w��b�~�6��z(��u~�K��y�u�z(y£}A�Wv6w~�b���6�9v6�/u��9���¤�K�/���/|��«}Ay����9�{�Wv6w��Yv�K�/|����{��z«vx�©v6w~�

γ∗ → ρ
y��W�~�/�®v-���9�®vx�9�«vxw��x�9|��/w:v6w��5�K�¥¦��w~��u~�9�·���´v"�&�

t
¦8��w~��u�u~�m�*�9�{|��9u�z  § w~�i�K�9�W��|�vx�Yvxy��/u5�9��vxw�� γ∗(λγ) → ρ(λρ)

y��W�~�/�®vB���/�®¦v6�/�&y£z������(���/�6�W��}��By�vxw�y{ur�m�9�{��y{u����9�����/�®vx�9�xy{zx�Yvxy��/ub���Iã«ä�å  § w���}A�/�Wy�u~�9u?v��K�/u/vx�6y{¨�|Avxy��/u«�K�9�x�x��z6���/u~}�z�v6��v6w�� γ∗L → ρLv6����u~z6y�v6y{�9u � v"�By{z(v » ¢ � �Bw~y��{�·v6w��^��vxw��m��vx�x�9u~z(y�v6y{�9u�z��9�6�·����¦�&��� � 1/Q ¢ z(|~�����x��zxz(��}  ´§ w~� γ∗L → ρL � γ∗T → ρL
w~�e�9�¨����muÎ�K�/�W��|Av6��}É�{�9u~�ºvxy��W�¯�9�9�æ¹ Ý ¼ �Bw�y��{�¯�ç�K�/u~z(y£z(v6�mu?vv6�x����v6�W�mu?v5�9�«v6w���v"�By£z"v � γ∗T → ρT

w~�9z5¨����muÆ���m�6���9�6¦
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é�ê�ë ì$í/î~ï(ðòñAó?ô�í�õ¥ö/÷®øYù�ð�ñAó?ô
ú�û�üçý9þ�ÿ����xû��mûmþ��6ÿ��	��
�� é����� �����������(û�ü ý9þ�����û��mý9ÿ{ÿ��{þ�û ���! �"�#�xý"�$���$���$��ý/þ%��û��9ý9þ�ü&����û5ÿ�û �9ü'�{þ)(*�,+-�.�,� �/�"0)0�ÿ���û�ü&�6ý1�$��û
��ú�0�ÿ��2�$3~üAû γ∗T g → ρT g

��4 �)�.�5���������6û6�$�{þ)(7�9ú�0�ÿ�����3�üAû8���/�$��û
�Ký9þ:9/ý9ÿ�3'���{ý9þbý ! �;������ü<0��"�=�7> Hqq̄

! ý"�?����û éA@ ��ýAü'��ý"� Hqq̄g! ý"�B�$��ûDC @ ��ýAü'���mý9þ����$���)3'���{ý9þE�$F8+-�~û6�xû;����ûG0������6ý/þ��B�{þ��6û6� @
�"�#��+-�����H�$��û t @ �I�E��þ�þ�û�ÿ:(9ÿ�3�ý9þ�� g ��+-�2�$�<�7�6ý ! ��0E�����-> Sqq̄ ý"�
Sqq̄g

F�+-��û��6ûB����û70������6ý/þ����E�9ü'�xý9þ)��JmûK��þ��6ýH� ρ úWû��6ý9þ<+-�����
���I��þ���99û��$�6ûL0�ý9ÿ.���$�.�������{ý9þM�'�6ûmû;N/��( � C"O � 
 �P �B�$��ûG0)�~ý��6ý/þ��.�B�)��("��ÿ��*9:������3��9ÿQ�����)�.�7�Ký9þ:9/ý9ÿ�3'���{ý9þ*�xû @ü'3��Kû �B�xý�� ! �"�#�xý"�$��J�û�ü ! ý��6ú*��ûSR'0)�xû��$�(û�ü1�"�7�T�Ký/þ�9/ý9ÿ�3'���{ý9þ
��þU�$��ûSÿ{ý9þ�("����3~ü'�{þ��9ÿ�úWý9úWûmþ��$�¯ý ! 0������6ý/þ�����ý ! �$��û����"�xü
0������$�8�{þ1�Ký9ÿ{ÿ���þ�û ���8V:��þ~ûmú<���$�����-+-�2�$�W����ûiü'�.�=���$���)3)���{ý9þ*��ú @
0�ÿ�����3�üAû��T>QX P �IFY0��"�$�9úWûS�6û�����J6�{þ)(Z����ûT�6ý ! �[0��"�=�I� S ý ! �$��û��þ��6û��$���#�$��ý/þ �

\^]`_ba C"O � 
dc 4 ��û�N�û��¥þ�ú<��þÎü'�.��("�I��ú<����þ:9/ý9ÿ�99û�üe�{þ	�$��û
γ∗ → ρ �{úH0E�"�#� ! ���#�xý"� ��4 ��û;���"�xü�0������G> H F8��þ~ü����~ûG�(ý ! �
0������^> S F7û6R'�I�E��þ)(/û�0������6ý/þ���> qq̄ 0������ ! ý��f�$��û é�@ ��ýAü'�7���"�6û F �

g 3)���"�6�63)�I�"�S�h���bÿ��{úH���6û�ü��6ý�ü�ý9ú���þE��þ��Z�Ký/þ��$�����)3'�$��ý/þ��
��ý"��ikj�ý"� γ∗L → ρL

>l�,+-�.�=� é F���þ�ü γ∗T → ρT
>l�,+-�.�=�ZC�F

�=m)�{þonE��mp��þ~ü þ�ý9þ'nE��mq���I��þ����2�$��ý/þ����K�$i�û6�xûSj�ý��6û¯ý/þ�ÿ��Îÿ�û � @ü'��þ�([�6û��6ú<�&ý�jr�$i�û û6R:mE��þ�����ý/þ<��þ 1/Q �{þT��ý���iW��ú�m�ÿ��2�$3~üAû �
���xû<V9û6m)� �ts ûmþ��mûký9þ~ÿ��u�,+&ý @ ��ýAü'�v>Qw�3����$V @ �9þ��$��w�3��"��V©ý�m�û @
�$���6ý"�I�IFL�9þ~ü&��i��6û�û @ ��ýAü'��>xw�3����$V @ �9þ����.w�3E���$V @ (9ÿ�3�ý/þ©ý"m�û6�I� @
�6ý"�I�IF�þ�ý9þ @ ÿ{ý:����ÿ=ý�m�û��$���6ý��$�8���xû;�{þ�9/ý9ÿ�99û�ü �)4 i�ûG�Ii)���I��ÿ7û69/ûmþ
ρ
@ úWû��6ý9þuX P �Y3)mu�6ý��,+-���=�[C��"�6û�üAûSy�þ�û�üu�:�©ú������$�2R°û�ÿ�û @ú�û�þ��$�¤ý�j-þ�ý9þ @ ÿ{ý:����ÿ^ÿ���(�i�� @ �mý9þ�û�ý"m�û6�I���xý"�I� �^z û&m�û6��j�ý"�xú

�h�xû�ü'3E�#���{ý9þÉý�jDX P ���6ýk�¯ú���þ���ú<��ÿ;�6ûS�¤ý�j-ü)���=���$����3'���{ý9þ
��ú�m�ÿ��2�$3~üAû�� ϕ1

� B � D �b��i��9þ)V'�<�xý���i~û%{;|^X û�w�3����$��ý/þ��ý�j^ú�ý"���{ý9þU��þ�üh�$i�û n @ ��þ~ü�û6m�ûmþ~üAû�þ��S���Ký/þ~ü'�����{ý9þ �5z û��xû @
j�û6�H��i�û*�xû��/üAû6�G�6ý&m)3)��ÿ��������$��ý/þ	� C  j�ý"�WúWý"�xû5üAû6�$�"��ÿ.����þ~üþ�ý�+½ý9þ�ÿ��U�=i~ý�+}�6ý9úWûu�6û �=3�ÿ��$� �^z ûui��A99û�û69���ÿ�3����xû�ü��$i�û
�$�����{ý�� T11/T00

�9þ~ü T01/T00
�t+-i)�.�Ii�+�ûZ�Ký/ú�m����xû�ü&+-����i

�6û �Kûmþ��5ü����$�&j`�xý9ú s 
�� O  ��þ~ü�~��b�L����� ��?� þ�N/��( � C�O � é �
+&û�m�ÿ{ý���ý"3)�1�xû���3�ÿ��$�*j�ý��1��i�ûh�$�����{ý�� T11/T00

� g 3)�u�6��ÿ @
�S3�ÿ.���$��ý/þv�{þ:99ý9ÿ�99û �G��ý��$i z ��þ�ü'J63)�I� @�z �{ÿ��6Jmû6VU> zUz F���þ~ü
(9ûmþ:3)�{þ�ûW�,+-�.�,�TC%�Ký/þ��$�����)3'�$��ý/þ�� �/� �<�$3)�xþ��Wý"3'���$i����<+-����i
��i�û��{þ)m)3)�<j�ý"�T�Ký�3)m�ÿ���þ�(��Ký9þE�,�I��þ��$���{þUX P �bý"j ρ úWû �(ý/þM�üAûS�xû6�xúH�{þ�û�ü*j`�6ý/ú��$i�ûH{;|^X��=3�ú}�$3�ÿ{û����'��i�û zUz �Ký/þ��$��� @
�)3'���{ý9þk�=���xý9þ)(/ÿ��düAý/úH�{þ����6û��D�$i�û��6ûZ�,+�ý¸ý"���6û6�$9�����ÿ{û�� �fz û
(9ûS�?jx�����6ÿ��G(/ý?ýAü���(��6û�ûmúWûmþ��5+-����i<�xû��"�6ý9þE����ÿ{û89A�9ÿ�3~û��+ý"jE�$i�û
�,+&ýbþ�ý/þ @ m�û��=�$3)���E������99û7m��"�$�9ú�û6�6û��$� λ �9þ~ü M �{þ:99ý/ÿ�9/û�ü���þý"3)�IúWýAüAûmÿ���i�ý�+�û699û��M�$i�û-�Ký9þ��$�����)3'�$��ý/þªý�j��(ý"jl�5(9ÿ�3�ý9þ��t+-����i
| � | ≤ 1 � û����xý©ý"3)�7y~þ��9ÿ��xû���3�ÿ2�;�.�«þ�ý"�iþ�û6(/ÿ���(9û ����ÿ{ûH�9þ~ü
�=i�ý�+e��iE���K�$����3��$�����{ý9þrûS�*û��#�I�B��i�ý"3�ÿ£üW��ûG��þ��mÿ�3�üAû�üW�{þ*��i)�.�
��m)m)�xý����Ii �g �$i�û6���$�6���=�6û����{þ)(U��ú�m�ÿ�����3~üAû �*�$�����{ý��*i��A9/û&�9ÿ��6ý���û�ûmþú�û �"��3)�xû�üW��þ~üW�=i~ý"3�ÿ£üW��û[�mý9þ'j`�xý9þ��6û�ü<�xýT� kT @ jx�"�#�xý"�$��J � @
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\8]`_?a C"O � é c����6û�ü'�.�#���{ý9þE�?j�ý����$i�ûL�I���$��ý T11/T00
�"�^�;j`3�þ�� @

���{ý9þiý"j Q2 �A�Ký/úHmE���xû�üL�6ýK��i�û&ûSR'm�û����{úWûmþ��$�9ÿ/ü)���$�8j`�xý9ú s 
 �4 ý�m��Ey)RAû�ü λ = 0 ����þ~ü19��"���{ý"3��K9���ÿ�3�û��Bj�ý"�Y� ��� ý"�=�6ý/ú��
y)RAû�üW������ÿ{û;����
 � û��G���9þ~üW9A�"���{ý"3E�b9��9ÿ�3�û ��ý�j λ �

���{ý9þ1��m�m)�6ý��"�Ii*��þ~ürý/þ�û«ý�j/��i�ûGm�û��$��m�û �#�$��9/û«ý�j���i)�.�B�=��3~ü)�
���^�xý�(9ûmþ~û6�I��ÿ���J�ûK�$i�û��6û;�Ký9ú�m)3)�$���$��ý/þ��^�6ýH�$i�û«þ�ý9þ @ j�ý���+8����ü
�6���(ûY+-i�û��6û7��i~û«ý���i~û6�-�I�����{ý��8�"�6ûY�=��(9þ��2yE����þ��$� �

�[�T��� �q�[ S�[¡�¢�£W¤#¥u�[ 6¦o¥*¤S§�¨/¡Z¢�¦�©��[¢k¨tª�¦
γ∗
→ ρ

¤6«¬¥*[§�¨U©�[§?¨t�;¢�Y¨v¨E®¯¤S°M¨
�

� þ±�$i�û¯ü'��m�ý/ÿ�ûdúWýAüAûmÿ;�xû6m��6û �(û�þ��I���$��ý/þM�^��i�û��$�6���=�6û����{þ)(
��ú�m�ÿ��2�$3~üAû��6û �9ü)�[���;�$i�û��mý9þ:99ý/ÿ�3'�$��ý/þ:ý�j-��i~ûZ+8�A99û�j`3�þ�� @
���{ý9þ��$ý�j���i�ûKm)�6ý"²"û��S���{ÿ�û � Ψγ∗λγ (y, ³ ) ��þ�ü�m)�6ýAü'3E�Kû�ü ρ ú�û @�(ý/þ Ψρλρ(y, ³ ) �{þG�$i�û^���I��þ���99û��$�6ûb�mý?ý��xü)��þ����6û8�=mE�"�Kû ³ ��þ~üÿ�ý/þ)("����3�ü'��þE��ÿ�úWý9úWû�þ��$3�ú��=mE�"�Kû y +-����i���i~û�ü'��m�ý/ÿ�û�´ �I���$(9ûS�
���������6û6�$�{þ)(H�9ú�m�ÿ�����3�üAû N (xBj , ³ ) �

A= is

∫

d2 ³
∫

dy(Ψρλρ)∗(y, ³ )N (xBj , ³ )Ψγ∗λγ (y, ³ )>QC"O � O�F
4 i�û¯ü'��m�ý/ÿ�û�´ �I���$(9ûS�1�$�6�����6û����{þ)(U��ú�m�ÿ��2�$3~üAû N (xBj , ³ ) �.�
3�þ)��99û��$�$��ÿT�9þ~üpm)i�ûmþ~ý9úWûmþ�ý/ÿ�ý�("�.�6�9ÿbú�ýAüAû�ÿ��hµ ÿ�� � ý/ÿ�û � @� ��û��6þ���� zU¶ �=��i~ý��ÆúWýAüAûmÿY� ·  ("��99û�(9ý¥ýAü¯üAû��$�S�$��m'���{ý9þ��-ý�j
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ÃSÄ'ÅEÃ�Æ�Ç�È�Ã6É�Ê$Ë"ÌbÍ)Ë�Ê$Ë*Ç�É�ÎSÌ�Ï�Í'Ç�É)Ð1Ê$Ñ)ÃZÒ$Ë�Ê$Ï)Æ$Ë�Ê�Ç�Ó"É%Í'Ô:É�Ë�È�Ç.Î6Ò�ÕÖ É<Ê�Ñ)Ç.Ò8Ò,Ê$Ï�Í'Ô�×�Ø^Ã-Ù�ÆIÒ,Ê8Ë"Í'Æ$Ã�Ò$Ò�Ê$Ñ)Ã7Ú�Ï)Ã Ò,Ê$Ç�Ó�É<Ó�ÛrÊ$Ñ)ÃLÎ6Ó"É�Ò�Ç�Ò=Ü
Ê�Ã6ÉEÎSÔUÓ�Û;Ê$Ñ)Ã%ÎSÓ"Ì�Ó"Ï�Æ�Í'Ç�ÅEÓ�Ì�Ã&Å)Ç.Î#Ê$Ï)Æ�ÃuØ-Ç2Ê$Ñ�Ê$Ñ)Ã&Î6Ó"Ì�Ì�Ç�É)Ã Ë�Æ
ÛxË"Î#Ê$Ó"Æ$Ç�Ò$Ë�Ê$Ç�Ó�É�Ë�Å)Å�Æ�Ó�Ë"ÎIÑ�Ï)Å�Ê$ÓuÑ�Ç�Ð�Ñ)Ã6ÆDÊ,Ø-Ç�Ò=Ê�Õ Ö É�Ê$Ñ)Ã*ÎSÓ"Ì�Ü
Ì�Ç�É)Ã�Ë"ÆKÛxË�Î#Ê$Ó"Æ$Ç�Ò$Ë�Ê$Ç�Ó�É*Ê�Æ$Ã�Ë�Ê$È�Ã6É�Ê7Ó"Û5Ê�Ñ)ÃHÇ�ÈHÅEË"Î#Ê7ÛxË"ÎSÊ�Ó�Æ�×�Ë�Ì�Ì
Ç�É'Û`Ó�Æ�È<Ë�Ê�Ç�Ó"É�Ò�Ë"ÝEÓ�Ï'Ê�Ê$Ñ)ÃBÊ$Æ$Ë"É�Ò=Þ�Ã6ÆIÒ=Ã^È�Ó"È�Ã6É�ÊIË;Ó�Û�Ê�Ñ�ÃBÅ�Ë�Æ�Ü
Ê�Ó"ÉEÒGÇ.Ò[Ì�Ó�Ò=Ê�Õtß5Ä'Å)Æ�Ã Ò�Ò�Ç�É)Ð1Ê�Ñ�ÃZÇ�ÈHÅEË"Î#ÊGÛxË"Î#Ê$Ó"ÆDÇ�É�Ê$Ã6Æ$È<Ò[Ó�Û
Ç�È�Å�Ë�Î#Ê;Å�Ë�ÆIË�È�Ã6Ê�Ã6ÆIÒBØ-Ç�Ê�ÑdÊ�Ñ)Ã�Ñ)Ã�Ì�ÅuÓ�Ûbà�Ó"Ï)Æ$Ç�Ã6ÆLÊ�ÆIË�É�Ò=Û`Ó"Æ$È
Ë�Ì�Ì�Ó�ØBÒYÊ$Ó1á"Ã�Ã6Å�ËWÊ�ÆIË"Î6Ã<Ó�Û^Ê�Ñ)ÃZÍ)Ç�Å�Ó"Ì�Ã<Ê�ÆIË�ÉEÒ=Þ�Ã6ÆIÒ=Ã�Ò=Ç�â6ÃZÇ�É
Ê�Ñ)ÃWÎSÓ"È�Å)Ï)Ê$Ë�Ê$Ç�Ó�É�Ò�Õ/ã8Ñ)Ã�É%Ê�Ñ)ÃWÇ�ÈHÅEË"Î#ÊGÛxË"Î#Ê$Ó"ÆHË�ÛlÊ�Ã�ÆHÎ6Ó"Ì�Ì�Ç�Ü
É)Ã�Ë"Æ?Ë�Å)Å�Æ�ÓAÄ'Ç�È�Ë�Ê�Ç�Ó"ÉDÇ�Ò5Ø-Æ$Ç�Ê=Ê�Ã�ÉTË"Ò�Ê$Ñ)ÃBÎSÓ�É:Þ"Ó"Ì�Ï'Ê$Ç�Ó�ÉDÓ"ÛEÊ$Ñ)ÃäBå Ò;Ø-Ç�Ê�Ñ&Ê$Ñ)ÃZÎSÓ�Æ�Æ$Ã�Ò�Å�Ó"É�Í'Ç�É)Ð�Ñ�Ë�ÆIÍdÅEË�Æ�Ê$Ò;Í'Ã�ÅEÃ�É�Í'Ç�É)Ð1Ó"É
Ç�È�Å�Ë�Î#ÊKÎSÓ:Ó�Æ$Í'Ç�É�Ë�Ê�Ã7Ó�Û/Ê�Ñ)Ã[Í'Ç�Å�Ó"Ì�ÃTæ`Ã"Õ Ð�Õ À Ü�Ý�Ó'Í'ÔZÎ�Ë"Ò�Ã çLè

Φγ
∗
T →ρT = −1

4
mρfρ

∫

dy

∫
d2 é
(2π)

×
{(
ϕ3(y)e

∗
ρµ + iϕ1T (y)p1µ( ê ∗ρ · é )

)
H̃γ,µ(y, é )

+
(

iϕA(y)εµe∗ρp1n + ϕAT (y)p1µεx⊥e∗ρp1n

)

×H̃γ5γ,µ(y, é )
}

. æxë�ì)Õ�í�ç
å ÛlÊ�Ã�ÆhÎSÓ�È�Å)Ï'Ê�Ç�É)ÐeÊ�Ñ)Ã�à�Ó"Ï)Æ$Ç�Ã6Æ&Ê�ÆIË�É�Ò=Û`Ó"Æ$ÈîÓ�Û�Ê�Ñ)ÃkÑ�Ë"Æ$Í
Å�Ë�Æ�Ê$ÒTË"É�ÍkÏ�Ò�Ç�É�Ð�Ê�Ñ)ÃdÃ�Ú�Ï�Ë�Ê$Ç�Ó�ÉkÓ�Û;È�Ó�Ê�Ç�Ó"ÉkÓ"ÛGï;ð ä ×?Ø^Ã
Ù�É�ÍhËdÆ�Ã Ò=Ï�Ì2ÊHÅ)Æ�Ó�ÅEÓ�Æ=Ê$Ç�Ó�É�Ë�Ì�Ê�ÓuÊ�Ñ)ÃWÍ'Ç�Å�Ó"Ì�ÃAñAÊ$Ë"Æ�Ð�ÃSÊDË"ÈHÅ�Ì�Ç�Ü
Ê�Ï�Í'ÃDØ-Ç2Ê$Ñ*Ê,ØbÓ<Æ$Ã6Ð�Ð"Ã�Ç�â�Ã�Í�Ð"Ì�Ï)Ó"É�ÒBÇ�É t Ü�ÎIÑ�Ë"É)É)Ã6ÌfØ-Ñ)Ç�ÎIÑ*Ñ�Ë�Ò
Ê�Ñ)ÃLÏ�Ò=ÏEË�ÌEÛ`Ó"Æ$È�Ó"ÛrÊ�Ñ)Ã7Í'Ç�Å�Ó"Ì�ÃKÈ�Ó'Í'Ã�ÌQÕ Ö É�Ê�Ñ)Ã À Ü�Ý�Ó:Í)ÔHÎ�Ë"Ò�Ã"×
Ê�Ñ)Ã-Ø^Ã6Ì�Ì2Ü�á:É)Ó�Ø�Ø8ËAÞ"Ã�Û`Ï�É�Î#Ê$Ç�Ó�ÉDÓ"Û�Ê�Ñ�ÃbÊ$Æ$Ë"É�Ò�Þ"Ã6ÆIÒ$Ë�Ì�Ì�Ô7ÅEÓ�Ì�Ë"Æ�Ç�Ü
Ò=Ã ÍDÅ�Ñ)Ó�Ê$Ó"É<Ë�Å)Å�Ã�Ë"Æ$ÒBò�ó Á ×"ô)×�ó"ó#õEË"É�ÍHÇ2ÊbÇ�Ò�Î6Ó"É:Þ"Ó�Ì�Ï)Ê�Ã�ÍDØ-Ç�Ê�Ñ
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¾�êZÄÕÈ�¼nÄÕ½�ÃyÄ«½ ¼nÓJ¾7¾¥Â$¹»¿«ì¬Ë�½JÄ«ß:¾�¹ÉÈ�¾7Â$½JÍ Ù�¹»º?Ô¦¾=Í ¼»Ó�¾8Èl¼»¹nËJÀ�¼nË�¹»¾
º$Ê5Á Â+¼n¼n¾�¹yÂ+¼³Â%ß?¾�¹»ì�ÈnÁ Â$¿Õ¿�È»À�Â?¿«¾:Û � ��ó5ï�� Èyè�º+Ñ��B½�¾=¹nÃ:ì
í5½�¼nÄÕÙ�¹»º$¼nº:½Dó*ÄÕ½�Ã³ÞXè���í�ó6æLÑ3Â:È�Â?¿ÕÈnº�À�º?½JÈ�¼n¹»ËJÀ`¼»¾=Í7¼»º7È�¼nËJÍ�ì
¼nÓ�¾�Â?½:¼»Ä«Á Â$¼�¼n¾=¹*Ù�¹»º?Ù¦¾�¹n¼nÄÕ¾=È=Û
Ü-Ó�¾ ¸tí�ï6ð5íÇ¾�êZÙ�¾=¹nÄÕÁ¬¾�½�¼�ÄÕÈ�Â�ÙJÂ?¹�¼»ÄÕÀ�¿«¾¬Ù�Ó@ìZÈnÄÕÀ=È8¾�êZÙ�¾�Î

¹nÄÕÁ¬¾�½�¼������8Ñ*Ó�ÄÕÀÉÓ#ÄÅÈ�ÙJ¿ÕÂ?½�½�¾=ÍÖÂ+¼�¼»Ó�¾�Æ�Â?À�ÄÕ¿ÕÄÐ¼lì}ÊÌº?¹�í5½�¼nÄ«Î
Ù�¹nº?¼nº:½<Â?½JÍ<ò!º?½#ó*¾=Èn¾=Â?¹»ÀÉÓ|ÞbÆZí6òló6æ¬ÄÕ½Mð7Â$¹»Á Èl¼ÉÂ?Í@¼eÞ�� ��� æ�Û
¸îí�ï6ð5í}Ñ*ÄÕ¿«¿�ËJÈn¾E¼nÓ�¾3Â$½�¼nÄÕÙ�¹»º$¼»º?½8Ô�¾¥Â$Á|Ù�¹»º@Í�ËJÀ`¼ÉÈ�Â+¼KÆZí5òló
¼nº�È�¼nËJÍZì�Èl¼»¹nº:½�ÃyÄ«½�¼n¾=¹»Â:À`¼»Ä«º:½ Ù�Ó@ìZÈ�ÄÅÀ�È=Û
í6Áyº:½�ÃÝ¼nÓJ¾�Á¬Â?½@ìëÙ�º�ÈnÈnÄ«ÔJ¿«¾ �J½�Â$¿5ÀÉÓJÂ?½�½�¾�¿ÅÈ¬ÄÕ½<ÙJ¹nº?¼nº?½

Â$½�¼nÄÕÙ�¹»º$¼nº:½wÂ$½�½JÄ«Ó�ÄÕ¿ÅÂ+¼nÄÕº?½�äLÑ3¾ Â$¹»¾�ÄÕ½�¼n¾�¹»¾=È�¼n¾¥ÍëÓ�¾=¹n¾�ÄÕ½ë¼»Ó�¾
À�¹»¾=Â+¼»Ä«º:½}º?Ê7ÓJ¾=Â¨ß@ìw¿Õ¾�ÙZ¼»º?½ÚÞ

`
æyÙJÂ?Ä«¹ÉÈ

p̄ + p → `− + `+
ä

` = µ, τ
ä+¼»Ó�¹»º?Ë�Ã:Ó�¼nÓ�¾-¾�êZÀÉÓ�Â$½�Ã:¾�º$Ê¦º?½�¾3ß@Ä«¹n¼nË�Â$¿@Ù�Ó�º?¼nº?½³º$Ê

ÊÌº?Ë�¹nÎ£Á¬º:Áy¾=½�¼nË�Á	¼n¹ÉÂ$½JÈ�ÊÌ¾�¹BÈ»Ï�ËJÂ$¹»¾=Í
q2
Û�Ü-Ó�¾*Á¬¾=Â?ÈnË�¹»¾�Á¬¾�½�¼

º$Ê�¾�êZÙ�¾=¹nÄÕÁ¬¾�½�¼»Â?¿�º:ÔJÈ�¾=¹nß+Â?Ô�¿«¾¥ÈD¹»¾�¿ÅÂ+¼»¾=Íw¼nº�¼nÓ�¾¥È�¾�ÀÉÓJÂ?½�½�¾�¿ÅÈ
Â$¿Õ¿«º+Ñ5È¬¼»ºÒÂ?À=À�¾¥ÈnÈ¬¼»Ó�¾%¾=¿«¾¥À`¼n¹»º?Á Â?Ã?½�¾�¼nÄÅÀ�Èl¼»¹nËJÀ�¼nË�¹»¾�º$Ê8¼»Ó�¾
Ù�¹nº?¼nº:½�äZÙJÂ$¹ÉÂ$Á¬¾�¼n¹»Ä��=¾=Í�ÄÕ½�¼n¾=¹nÁ È-º$ÊKÊÌº?¹»ÁÇÊbÂ:À`¼nº:¹»È8ÞXÆKÆ�È»æ�Û

Ü-ÓJ¾7ÙJ¹nº?¼nº?½ ¾�¿Õ¾=À�¼n¹»º?Á Â$Ã:½�¾�¼»ÄÕÀ�ÆKÆ�È*ÍZ¾=È»À�¹»ÄÕÔ�¾7¼nÓJ¾8ÈnÙJÂ$¼nÄÅÂ$¿
ÍZÄÅÈl¼»¹nÄÕÔ�ËZ¼»Ä«º:½JÈ º?Ê�¾�¿Õ¾=À`¼»¹nÄÅÀeÀÉÓ�Â$¹»Ã?¾%Â$½�Í#Á Â$Ã?½J¾�¼nÄÅÀ%À�Ë�¹n¹»¾�½�¼
Ä«½�È�ÄÅÍZ¾7¼nÓ�¾�ÙJ¹nº?¼nº?½�Â$½�Í ÈnÄ«Ã:½ ÓJº+ÑÖÍZÄ�!¦¾=¹n¾=½:¼*¼»Ó�¾�½@ËJÀ�¿Õ¾�º:½ ÄÅÈ
ÊÌ¹nº:Á(Â¬Ù¦º?ÄÕ½�¼5¿«ÄÕç?¾�ÙJÂ?¹�¼»ÄÕÀ�¿«¾:ÛJÜLÑ�º�Æ/ÆJÈ6À�º?¹»¹»¾=ÈnÙ�º:½JÍ�¼»º�È�ÙJÄ«½
º?½�¾�ÓJÂ$¿«Ê�ÙJÂ?¹�¼»ÄÕÀ�¿«¾�Â:È�¼»Ó�¾�ÙJ¹nº?¼nº?½�ä�¼nÓJ¾�¸EÂ$ËJ¿«Ä@Â$½JÍDð6ÄÕ¹»Â:ÀBÆ/ÆJÈ=Û
Ü-ÓJ¾�À�Â:È�¾

p̄+p→ e++e−
ÓJÂ?È�Ô�¾=¾�½"��¹»È�¼LÈ�¼nËJÍZÄÕ¾=Í8ÄÕ½Dó*¾�ÊlÛ� ã#��Ä«½�À�º?½�½�¾¥À`¼»Ä«º:½ Ñ*Ä«¼nÓ ¼nÓ�¾�Ù¦º:È»ÈnÄ«Ô�ÄÕ¿ÕÄÐ¼lì ¼»º ¾�ê@¼n¹ÉÂ?À�¼3ÙJ¹nº?¼nº?½

Æ/ÆJÈ�ÄÕ½M¼nÓJ¾%Â$½�½�ÄÕÓ�ÄÕ¿ÕÂ$¼nÄÕº?½#¹»¾�Ã:Ä«º:½�äBÂ?È»È�ËJÁyÄÕ½�ÃÝº?½J¾%Ù�Ó�º?¼nº?½
¾�ê�ÀÉÓJÂ?½�Ã?¾:ÛK¸/º:¿ÕÂ?¹nÄ��=Â$¼nÄÕº?½wº:ÔJÈ�¾=¹nß+Â?Ô�¿«¾¥ÈyÓJÂ¨ß?¾�Ô�¾=¾�½MÍZ¾�¹»ÄÕß?¾=Í
Ä«½�¼»Ó�¾�Â?È»È�ËJÁyÙ�¼nÄÕº?½�º$Ê

me = 0
ÄÕ½�ó*¾�ÊlÛ$� %#�IÛ

��ËJ¹6Èl¼»ËJÍZì&�'	��KÀ�º?½JÀ�¾�¹»½JÈ-¼nÓJ¾DÙ�¹»ºZÍZËJÀ`¼»Ä«º:½�º$ÊEÓ�¾=Â¨ß@ì�¿«¾=ÙZÎ
¼nº:½JÈBÂ?ÈBÁDË�º:½JÈEÂ$½JÍy¼ÉÂ$ËJÈ=ä$Ñ*Ó�¾=¹n¾-¼»Ó�¾*¿Õ¾�ÙZ¼»º?½ Á Â?È»ÈEÀ�Â?½y½Jº$¼
Ô�¾ ½�¾�Ã:¿«¾¥À`¼»¾=ÍtÛ/Ü-Ó�¾�Ä«½�¼n¾=¹n¾¥Èl¼³º$Ê6Æ/ÆJÈyÁ¬¾=Â:È�Ë�¹»¾�Á¬¾=½:¼ÉÈ�Ñ*Ä«¼nÓ
Ó�¾=Â¨ß@ì ¿Õ¾�ÙZ¼»º?½JÈ5ÄÕÈ-¹»¾�¿ÅÂ+¼»¾=Í ¼nº¬¼nÓJ¾�ÊÌº:¿«¿Õº+Ñ*ÄÕ½�ÃyÊbÂ?À`¼ÉÈ)(
* Ù¦º?¿ÅÂ$¹»Ä��¥Â+¼nÄÕº?½ º:ÔJÈ�¾=¹nß+Â?Ô�¿«¾¥È À�º:¹n¹»¾=ÈnÙ�º:½JÍZÄÕ½�Ã ¼nº�¼»Ó�¾
¼n¹ÉÂ$½�È�ß:¾�¹ÉÈ�¾ Ù�º:¿ÕÂ?¹nÄ��=Â$¼nÄÕº?½<º$Ê6¼»Ó�¾�¿Õ¾�ÙZ¼»º?½#À�º:½:¼ÉÂ$ÄÕ½Ò¼»Ó�¾
ÊbÂ?À�¼nº:¹

m`/E
Þ
m`
ÄÕÈ�¼nÓJ¾7¿Õ¾�Ù�¼nº?½ Á Â?È»È�ä

E
ÄÅÈ�¼nÓ�¾7ÄÕ½JÀ�Ä«Î

ÍZ¾=½:¼�¾=½�¾�¹»Ã?ì�æ"(tÄÕ½ÝÀ�Â?Èn¾Dº?Ê�¾=¿«¾¥À`¼n¹»º?½�äJ¼»Ó�ÄÕÈ7ÊbÂ:À`¼»º?¹�À�º:¹�Î
¹»¾=ÈnÙ�º:½JÍ�ÈL¼nº�Â7Ó@Ë�Ã?¾*ÈnË�Ù�Ù�¹»¾=È»È�ÄÕº?½�ä¥Ñ*ÓJ¾�¹»¾=Â?È=ä¨Ä«½¬À�Â:È�¾3º$Ê
τ
ÎI¿«¾=ÙZ¼nº:½�Ä«¼�Ô�¾¥À�º?Á¬¾¥È�Â$½e¾=½�ÓJÂ?½JÀ�¾=Áy¾=½�¼=ätÁ Â$ç@ÄÕ½�Ã ¼»Ó�¾
Á¬¾=Â:È�Ë�¹»¾�Á¬¾=½:¼*¾¥Â?ÈnÄ«¾=¹3ÄÕ½�¼nÓ�¾�+7¾-,Ú¹ÉÂ$½JÃ?¾/.

* ¼nÓJ¾3Ù¦º?¿ÅÂ$¹»Ä��=Â+¼»Ä«º:½�º$ÊJËJ½JÈl¼ÉÂ$Ô�¿Õ¾3ÙJÂ$¹n¼nÄÅÀ�¿Õ¾=È-Þ µ Â$½JÍ τ æ/À�Â$½Ô¦¾�Á¬¾=Â?ÈnË�¹»¾=Í Ä«½�ÙJ¹nÄÕ½JÀ�ÄÕÙ�¿Õ¾8¼nÓ�¹»º?ËJÃ?Ó ¼nÓ�¾DÂ?½�Ã?ËJ¿ÕÂ?¹5ÍZÄÕÈ�Î
¼n¹»ÄÕÔ�ËZ¼nÄÕº?½�º?Ê�¼nÓJ¾�ÄÕ¹6ÍZ¾=À=Â¨ì Ù�¹»º@Í�ËJÀ`¼ÉÈ�.

* ¹ÉÂ?ÍZÄÅÂ+¼»Ä«ß:¾7À�º?¹»¹n¾¥À`¼nÄÕº?½�È�ä@Ñ*Ó�ÄÅÀÉÓ�Â$¹»¾8Â¬À�¹nÄ«¼nÄÅÀ�Â?¿tÄÕÈ»È�ËJ¾8ÊÌº?¹¼nÓJ¾ë¾�ê@¼n¹ÉÂ?À�¼nÄÕº?½Öº?ÊyÙJ¹nº?¼nº?½|Æ/ÆJÈ�� 0��Iä6Â$¹»¾�¾¥ÈnÈn¾�½�¼»ÄÕÂ?¿«¿Õì
ÈnË�Ù�Ù�¹»¾=È»È�¾¥Í ÄÕ½�À�Â?Èn¾8º$Ê/Ó�¾=Â¨ß@ì ¿Õ¾�ÙZ¼»º?½JÈ=Û

ôyõyö21 3 � ù � û ����4 ü�û65 ������� 5
è�¾�¼5ËJÈ*À�º?½JÈnÄÅÍZ¾�¹-¼»Ó�¾�¹n¾¥Â?À�¼nÄÕº?½7(

p̄(p1) + p(p2) → `−(k1) + `+(k2),
Þbã98@Û��¥æ

Ñ*Ó�¾�¹»¾
` = e

ä
µ
º?¹
τ
Â?½JÍ�¼nÓ�¾DÊÌº?Ë�¹nÎIÁyº:Á¬¾�½�¼»Â¬º?ÊE¼nÓ�¾�Ù�Â$¹nÎ

¼nÄÅÀ�¿Õ¾=È8Â$¹»¾yÑ*¹nÄ«¼�¼»¾�½eÄÕ½ØÙJÂ$¹»¾�½�¼nÓJ¾=ÈnÄÕÈ=Û�ò!½�¼nÓJ¾¬à3º:¹n½eÂ?Ù�Ù�¹»º¨êZÄÐÎ
Á Â+¼nÄÕº?½

q = k1 + k2 = p1 + p2
ÄÅÈ�¼»Ó�¾7ÊÌº?Ë�¹-Á¬º?Á¬¾=½:¼»Ë�ÁÇº$Ê

¼nÓ�¾�¾�ê�ÀÉÓJÂ$½;::¾=Í ß�ÄÕ¹n¼nËJÂ?¿tÙ�Ó�º$¼»º?½�Û
ÆJº?¿Õ¿«º+Ñ*ÄÕ½;:�¼nÓ�¾-ÊÌº:¹nÁ Â?¿«ÄÅÈ�Á	º$Êtó*¾�ÊlÛ;�<8��Iä$º?½J¾-À=Â$½¬Ñ*¹»ÄÐ¼»¾�¼»Ó�¾

È�ÙJÄ«½�È�¼n¹»ËJÀ`¼»Ë�¹n¾8º?Ê�¼nÓJ¾�Á¬Â$¼n¹»ÄÐê ¾�¿Õ¾�Á¬¾�½�¼6Â?È)(

M = −e
2

q2
jµJµ.

Þbã98@Û'�?æ
�>=?8



@>A�B C/D
EGF�HJILK?MNDPO9Q
R�S#T;HUILK?M
VXW;Y"Z�Y�[L\]
^;_a`"b>^Gc�WGb�c;d]
^;_�`e`gfGddhYi^?\hjkb�dYml

jµ = ū(k1)γµv(k2), nUo9p9q o
r
b>^Gc

Jµ = v̄(p1)[GM (q2)γµ +
Pµ
M
F2(q

2)]u(p2), nUo9p9q s?r
t W;YidhY Pµ = (p1 − p2)µ/2 u b�^Gc M _�jN\WGYvWGb
cLdh]�^7wxb
jj qVXW;Y�y?fGb�^
\h_z\h_�Y�j

GM (q2)
b�^Gc

F2(q
2)
b>dhY{\W;Y�wxb>|�^GYg\_a`b>^Gc~}�b�f;Z�_e���Gj�]>��\W;Y�[;d]�\]
^ q�� ^�\W;Y�dY�|�_�]�^�b
`i`gY�jjY�c�?� \W;Y�b�^;^;_�W;_�Zab#\h_�]
^�[Gd]L`gY�jj u \W;Y&w�]�w�Y�^
\hf;w�\hdhb�^Gj���Yidjy?fGb�dY�c u q2 u _aj�^;Y�|
b>\_���Y n Vk��dY�|�_�]�^ rgq VXW;Y7YiZ�Y�`�\hd]
wxb#�|�^;Yi\_a`7���Gj b>dhY7`�b>Z�Z�Y�c�Vk�����Gj�b>^Pc�\W;Y � b>dhY7`g]
wm[GZ�Yi���f;^G`�\h_�]
^Gj�]���]
^;Yx�#b>dh_�b � Z�Y

q2 n _�^���]
d^&b>[G[;d]��L_�wxb#\_�]�^ r�qVXW;Y�`g]
wm[GZ�Yi��^Gb#\hf;dhY{]>�e���Pjx_�^�\hW;Y7Vk��dY�|�_�]�^�]>�ewm]��wmY�^?\f;w�\hdhb�^Gj���Y�d�_aj�c;f;Y�\h]�\WGYNj�\dh]�^;|�_�^?\Y�dhb
`�\_�]�^x_�^x\hW;Y_�^;_�\_ab>Z�j�\2b#\hY qG� ^7�L[Gb�`iYg� Z�_�¡�Y)dhYi|�_�]�^ u \W;Yv���Pj¢b�dY)dhY�b>Z£b>^Gc`ib>^ � Y"Yg�9\d2b�`g\Y�c���dh]�w¤\hW;Y"YiZab�j�\_a`eYiZ�Y�`g\dh]�^�[;d]�\]
^�jh`ib>\��\Yidh_�^;|
(e+p→ e+p) t W;YidhY�\W;Ykw�]
wmY�^?\f;w�\d2b>^Gj���YidhdY�c� Yi\ t Y�Yi^{YiZ�Y�`g\dh]�^{b>^Pc�[Gd]�\]�^�_aj�[¥]
j_z\h_��
Y q;¦ Y�fGjY � Y�Z�] t\W;Yx�Lb�`2WPj�wxb>|
^;Yg\h_�`�b�^Gc�`2WGb�d|
Y����Gj u t WG_�`2W7b�dY"dhYiZab#\hY�c\]�\WGY�§¢_�dhb
`)b>^Gc�}6b>f;Z�_$���Gj

F1,2(q
2)
b�j���]
Z�Z�] t jel

GM (q2) = F1(q
2) + F2(q

2), nUo9p9q'¨�r
GE(q2) = F1(q

2) + ηpF2(q
2), ηp = q2/(4M2).

� ^�^G]�^�dhYiZab#\h_��9_aj�\h_�` b�[;[;dh]
b�`2W u GE b>^Gc GM `�b>^ � Y _�^L�\Yidh[;dhYg\hY�c�b
j¢�;]
f;dh_�Y�dk\d2b>^Gj���]�dhwxjk]>�6\hW;Yv`2WPb>dh|�Y�b>^Pc w�b>�|�^;Yi\_�©�b#\h_�]
^m`if;dhdY�^
\6cLY�^Gj�_�\_�Y�j�_�^Gj_�c;Y�\hW;YX[;dh]>\]
^ q VXW;Y�cL_��ª���YidhYi^?\_ab>Z�`gdh]
jhj¢jY�`g\_�]�^{_aj¢dhYiZab#\hY�c \h]�\WGY�wxb#\hd_��{YiZ�Yiw�Yi^?\jy?fGb�dY�c nJo?p9q @ r �9�

dσ =
(2π)4

4I |M|2 d3~k1d
3~k2

(2π)64E1E2
δ4(p1 + p2 − k1 − k2),

nUo9p9q «
rt W;YidhY I = (p1 · p2)
2 − p2

1p
2
2

b�^Gc
E1(E2)

_aj/\hW;Y¢Y�^;Yidh| � ]>�\W;Y
`−(`+)

Z�Yi[L\h]�^ u \W;Y¬w�b>\dh_z��YiZ�Yiw�Yi^?\vjhy?fGb>dhY�c�]���\hW;YdY�b�`�\h_�]
^

|M|2 =
e4

q4
LµνHµν , Lµν = jµj

∗
ν , Hµν = JµJ

∗
ν . nUo9p9q<p>r

_�jv] � \2b>_�^;Y�c �9� \W;Y�`g]
^
\hdhb
`�\h_�]
^�]���Z�Y�[L\]
^;_�`¬b>^Gc&WGb
cLdh]>�^;_�`�\Y�^Gj�]
dhj n Lµν , Hµν
dY�j�[¥Y�`g\_���Y�Z � r�u b���Y�dhb�|�_�^;|N]#�
Yid�\hW;Yj�[;_�^Gj�]>�G\W;YX_�^;_z\h_�b�Z9[Gb>d\_a`gZ�Y�j�b>^Gcvj�fGwmw�_�^;|e]#��Yid£\WGY�j[;_�^Gj]>��\W;Y)G^Pb>Z®[Gb�d�\h_�`iZ�Y�j q

¯�°�±J²X±³ ´�µ�¶¸·N¹-º�¶�»;¶£¼�½;¹�¾�¿�ÀÁ»;Â�Ã9ÃÄÃ
¶£À¥½L¹�Â�¼Å¹�¼
Æ&ÇÅÈ Ã
ÉkÃ
½L¶$Ê

VXW;Y���]�Z�Z�] t _�^;|Nb>^Gb�Z � j_�j$]>�L\WGY�[¥]�Zab>dh_�©�b#\h_�]
^e] � jYidh��b � Z�Y�j_�j�cL]�^;Y{_�^�\WGY7`gY�^
\hYid�]��"w�b
jj¬j � j�\Yiw nÌË�Í � r�q ��Yg\�fGjcLYgG^GYvb�`i]?]
dhc;_�^Gb>\Y)��d2b>w�Y u t W;YidhY"\hW;Y�©i� b>�9_ajk_aj¢cL_�dhY�`�\hY�cb>Z�]�^;|�\WGY7b>^?\_�[;dh]>\h]�^�wm]
w�Yi^?\f;w
z ‖ ~p u \WGY � �-b#�L_aj�_�jcL_�dhY�`g\Y�c�b>Z�]�^G|k\W;Y���Y�`�\h]�d

~p×~k b>^Gc�\W;Y x b#�L_aj$_�^�]
dhc;Yid�\h]��]�dhwÎbxZ�Yg�ª\eWGb>^PcLY�c�`i]9]�d2cL_�^Pb#\Y�j � j�\hYiw q VXWGY�cL_�Ï¥Y�dY�^
\h_�b�Z

`gdh]
jhjXj�Y�`�\_�]�^�_�^�\hW;Y"dhY�b�`g\_�]�^ Ë�Í �¬\hb>¡
Y�j�\hW;Y)��]�dhwÐl
dσ

dΩ
=

α2

4q6
β`
βp
LµνHµν , nUo9p9q B r

t W;YidhY β2
` = 1 − 4m2

`/q
2 _ajN\W;Y��
YiZ�]9`i_z\ � jhy?fGb>dhY�c�]>��\hW;YZ�Y�[L\]
^

`
]��6w�b
jj

m`
b�^Gc

β2
p = 1 − 4M2/q2

_ajk\WGY�b>^?\_��[;dh]>\]
^��
YiZ�]L`g_�\ � jy?fGb�dY�c q
� ^ Ë�Í � u \W;Y¢f;^;[¥]�Zab>dh_�©�Y�cmcL_zÏÁYidhYi^?\h_�b�Z;`gdh]
jhj6j�Y�`�\_�]�^m_ajkl

dσ0

dΩ
=

α2

4q2
β`
βp

D; nUo9p9q Ñ
r
D =

|GE |2
ηp

(1 − β2
` cos2 θ) + |GM |2(2 − β2
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cos θ Ú Ñ�Õ Ù Ï9Ý-çUÐ�Ô?Ð Ù ß�×*Ò|Ï Ö�Î�×�Î Ù cos2 θ Ú Ó Ö�à�Ü�Ï|Ý Ù Î�Ó q2 è ¶�éê Õ�ë 2 Ø Ð�Ô Ô@ß�ì'Ö�×�à�Ï Ü�ÕTã*Ð	Ó9Ð	ì'ÕÏ�Ó Ö�í�ÐJÏ�Ö�Î�×�î ï�ð Ø0Ù Î�Ó ` = τ Ú Ó Õ�ÛÛ�Ð�Ô�Ü�Õ�Û¤Ñ�Ö�×�Õ�Ý Ø ` = µ ÚbÞ Ñ�ß�ÕLÔ�Î�Ñ�Ö�Û�Ñ�Ö�×�Õ�Ý Ë ÍUÜ�Õ/ÒÐ�Ñ�Òß�Ñ�Ð	Ï�Ö�Î�×
Ù Î�Ó ` = e Ú&Þ Ñ�Ð�Ò9ñOÛ:Î�Ï@Ï Õ�Û}Ñ�Ö�×�Õ�ÝnÖ�Ô�Ü*Ð�Ó Û�Ñ�äQòPÖ�Ô�Ö Þ Ñ�Õ?Ô�Ö�×�Ò.Õ7Ö�ÏÎJò�ÕÓ Ñ�Ð	ã*ÔCáWÖ�Ï�ÜLÏ�Ü�Õ
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Ñ�Ö�×�Õ Ë

óFôFõ&ötõz÷ ø/ùAú@û3ü*ýKþpûoÿ�ýKù�� ù������Yü	�3û
�#ú����
ÍUÜ�Õ)Û:Î�ß Þ Ñ�ÕBÔ@ã�Ö�×=Î Þ Ô@Õ�Ó�òJÐ Þ Ñ�Õ�Ô Ø Ttx Ð	×*Û

Ttz
Ð�Ó�ÕBÔ@Ü�ÎJáW×Ö�×�oÖ�à Ë�ÉPÊ0Ë É Ð�Ô#Ð Ù ß�×*Ò.Ï�Ö�Î�×;Î Ù cos θ Ø ÐJÏ q2 = 15
ê Õ�ë Ø�Ù Î�ÓÏ�Ü�ÕBã*Ð	Ó9Ð	ì'Õ.Ï Ó�Ö�í�Ð	Ï�Ö�Î�×SÎ Ù�� Õ Ù Ë î ï�ð Ë �Î�ÓWÏ�Ü�ÕBÕÑ�Õ�Ò.Ï�Ó Î�× Ø Ï Ü�Õ�Ô�Õã�Î�Ñ�Ð�Ó�Ö�Ô�Ð	Ï�Ö�Î�×}Î Þ Ô@Õ�Ó�òJÐ Þ Ñ�Õ�ÔnÐ	Ó Õ8Ò.Ñ�Î�Ô�Õ7Ï�Î=í�ÕÓ Î=Ð	×*Û�Ð�Ó�Õ7×*Î	Ïß*Ô@Õ Ù ß�Ñ Ù Î�Ó'ì'Õ�Ð�Ô@ß*Ó�Ö�×�à=Ï Ü�ÕLÓ�Õ�Ñ�Ð	Ï�Ö�ò�Õ?ã*Ü*Ð�Ô�ÕSÎ Ù Ï�Ü*ÕLã*Ó�Î�Ï�Î�×��Ô Ë *Î�ÓtÏ Ü�Õ

τ � Ñ�Õã:Ï Î�× Ø Ï�Ü*Õ<Õ.æ-Õ�Ò.Ï>Î Ù Ï�Ü�ÕBì7Ð�Ô Ô_Ö�Ô_Ô�Ö�í�Ð Þ Ñ�Õ

Ö�×'Ð	Ñ�ÑPÏ�Ü�ÕUÎ Þ Ô@Õ�Ó�òJÐ Þ Ñ�Õ�Ô Ë ÍUÜ�ÕUÛ:Ö�æ�Õ�Ó�Õ�×*Ò.Õ Þ Õ.ÏKáCÕÕ×
µ

Ð�×*Û
e
Ö�ÔÏ�Ö�×0ä>Ð�×*ÛTÖ,Ï6Ö�Ô Þ Õ�ÔKÏ3Ô@Õ�Õ×TáWÖ,Ï Ü<ÐWÑ�ÎJáFÕ�ÓpÖ�×�Ò.Ö�Û:Õ×PÏDÕ�×�ÕÓ à�ä Ø ÍUÜ�ÕÑ�Õ�ã:Ï�Î�×7ì7Ð�Ô Ô{Õ.æ-Õ�Ò.ÏAÖ�Ô{Ó ÕÑ�ÐJÏ�Ö�ò�Õ�Ñ�äBÑ�Ð�Ó�à�ÕÓ�áWÜ�Õ�×7Ï�Ü*ÕtÖ�×�Ò.Ö�Û:Õ×PÏÕ×�Õ�Ó�à�ä7Ö�Ô_Ô@ì7Ð	Ñ�Ñ�ÕÓ Ë
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ÅUÆ&ÇAÈFÉPÊ:Ë É Ì�å#Î�ß Þ Ñ�Õ/ã�Î�Ñ�Ð	Ó Ö�í�ÐJÏ�Ö�Î�×¤Î Þ Ô�ÕÓ òJÐ Þ Ñ�Õ�Ô Ø Ttx Ð	×*Û
Ttz Ø Ð�ÔCÐ Ù ß�×�Ò|Ï�Ö�Î�×SÎ Ù cos θ Ø�Ù Î�Ó q2 = 15

ê Õ�ë 2 Ø ß�Ô@Ö�×�à�Ï Ü�Õã*Ð	Ó9Ð	ì'ÕÏ�Ó Ö�í�ÐJÏ�Ö�Î�× Ù Ó�Î�ì � Õ Ù Ë î ïJðDÖ�×������ Ë�� Î�Ï ÐJÏ Ö�Î�×*ÔWÐ�ÔtÖ�×oÖ�à Ë�ÉPÊ0Ë µ Ë
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ÍUÜ*ÕQÒÐ�Ñ�Òß�Ñ�ÐJÏ�Ö�Î�×HÎ Ù ã�Î�Ñ�Ð�Ó�Ö�í�Ð	Ï�Ö�Î�×HÎ Þ Ô�ÕÓ òJÐ Þ Ñ�Õ�Ô Ù Î�Ó8Ï Ü�ÕÐ	×�×*Ö�Ü�Ö�Ñ�ÐJÏ�Ö�Î�×<Î Ù ã�Ó Î	Ï Î�× � Ð	×PÏ Ö�ã�Ó Î	Ï Î�×TÖ�×�Ï Î>Ð_Ñ�Õ�ã:Ï�Î�×<ã*Ð�Ö�ÓoáUÐ�ÔÕ)-0Ï�Õ�×*Û:Õ�ÛHÏ�Î2Ï�Ü�ÕOÒÐ�Ô@ÕQÎ Ù Ü�Õ�Ð�òPä�Ñ�Õã:Ï Î�×*Ô Ø Ô�ß*Ò9ÜNÐ�Ô

τ
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µ
Ë/. ×OÏ�Ü�Ö�Ô�Ò�Ð�Ô�Õ)Ö�Ï<Ö�ÔT×�Î	Ï�ã�Î�Ô Ô�Ö Þ Ñ�Õ'Ï�Î/×�Õ�à�Ñ�Õ�Ò.ÏnÏ�Ü�Õ7Ñ�Õã:Ï Î�×ì7Ð�Ô Ô Ë ÍUÜ�ÕWÒÐ�Ñ�Òß�Ñ�ÐJÏ�Ö�Î�×<áCÐ�Ô6ã�ÕÓ Ù Î�Ó ì'Õ�Û<Ö�×BÏ�Ü�ÕUÎ�×�Õ � ã�Ü�Î�Ï�Î�×Õ)-�Ò9Ü*Ð�×�à�Õ_Ð�ã�ã�Ó Î0-:Ö�ì7ÐJÏ Ö�Î�× Ø ÍUÜ*Õ_Õ)-:ã�Ó Õ�Ô Ô�Ö�Î�×*Ô{Î Ù Ï�Ü�Õ>Î Þ Ô@Õ�Ó �òJÐ Þ Ñ�Õ�ÔSÐ	Ó Õ=à�Ö�ò�Õ�×�Ö�×�Ï ÕÓ ì'Ô?Î Ù ×0ß*ÒÑ�Õ�Î�×�ÕÑ�Õ�Ò.Ï�Ó Î�ì7Ð	à�×�Õ.Ï Ö�Ò
*Ô Ë1 Õ?Ö�×0ò�Õ�ÔKÏ Ö�àPÐJÏ�Õ�ÛOÏ�Ü�Õ/Û:Õ�ã�Õ�×*Û:Õ×�Ò.Õ?Î Ù Ï�Ü*Õ?ß�×�ã�Î�Ñ�Ð	Ó Ö�íÕ�ÛÒ.Ó Î�Ô Ô?Ô�Õ�Ò.Ï�Ö�Î�× Ø Î Ù Ï Ü�ÕOÐ�×�à�ß*Ñ�Ð�Ó?Ð�Ô�ä0ì)ì'ÕÏ�Ó äHÐ�×*Û�òJÐ	Ó Ö�Î�ß*Ôã�Î�Ñ�Ð�Ó�Ö�í�Ð	Ï�Ö�Î�×BÎ Þ Ô�ÕÓ òJÐ Þ Ñ�Õ�Ô3Î�×<Ï Ü�Õtì7Ð�Ô Ô3Î Ù Ï�Ü�ÕWÑ�Õã�Ï�Î�× Ë ÍUÜ�ÕÒÐ�Ô@ÕSÎ Ù Ï Ü�Õ;Ð	×PÏ�Ö�ã�Ó Î	Ï Î�× Þ Õ�Ð�ì�Ð	×*Û¤Ï�Ü�Õ%2*×�Ð	ÑUÑ�Õ�ã:Ï�Î�×2Ð�Ó�Õã�Î�Ñ�Ð�Ó�Ö�íÕ�Û Ú Ï Ü�ÕCã�Î�Ñ�Ð�Ó�Ö�í�Ð	Ï�Ö�Î�×TÏ�Ó9Ð	×�Ô Ù Õ�Ó Ù Ó Î�ì Ï�Ü*ÕUÐ�×PÏ�Ö�ã�Ó�Î�Ï�Î�×

Þ Õ�Ð	ì¯Ï�Î)Ï�Ü�Õ�Û�Õ.Ï�Õ�Ò|Ï Õ�ÛLÑ�Õ�ã:Ï�Î�×�ÝCáUÐ�ÔCÖ�Ñ�Ñ�ß*ÔKÏ Ó Ð	Ï�Õ�ÛSÖ�×/Û:Õ.Ï9Ð	Ö�Ñ Ë3 ß*Ó{Ó�Õ�Ô@ß*Ñ,Ï9Ô�Ô@Ü�ÎJáHÐ	×'Õ�×�Ü*Ð	×�Ò.Õì'Õ�×�Ï{Î Ù Ï Ü�Õtã�Î�Ñ�Ð	Ó Ö�í�ÐJÏ Ö�Î�×Î Þ Ô�ÕÓ òJÐ Þ Ñ�Õ�ÔUÎ Ù Ï�Ü�Õ�Ô@Õ�Ü*Õ�Ð�ò0ä8ß�×*Ô@Ï Ð Þ Ñ�Õ�ã*Ð	Ó�Ï�Ö�Ò.Ñ�Õ�Ô Ø Ö�×;ã*Ð	Ó�Ï�Ö �Ò.ß�Ñ�Ð	ÓFáWÜ�Õ×8Ï�Ü�Õ_Ï�Ó9Ð	×*Ô�ò�Õ�Ó Ô�ÕWã�Î�Ñ�Ð�Ó�Ö�í�Ð	Ï�Ö�Î�×7Î Ù Ï Ü�Õ>Ñ�Õ�ã:Ï�Î�×*Ô{Ö�ÔÒ.Î�×*Ô@Ö�Û:Õ�Ó�Õ�Û Ë ÍUÜ�Õ�ì'Õ�Ð�Ô�ß�Ó�Õ�ì'Õ×PÏtÎ Ù Ñ�Õã:Ï Î�×;ã�Î�Ñ�Ð	Ó Ö�í�ÐJÏ Ö�Î�×SÖ�Ôß�×*Û:Õ�Ó�Ö�×0ò�Õ�Ô@Ï�Ö�à�ÐJÏ Ö�Î�× Ë4. Ï�Ò�Ð	× Þ ÕWÛ:Î�×�ÕUÖ�×)ã�Ó Ö�×�Ò.Ö�ã�Ñ�ÕCÏ Ü�Ó�Î�ß�à�ÜÏ�Ü�Õ�Ð�×�à�ß*Ñ�Ð�ÓUÛ�Ö�Ô@Ï�Ó Ö Þ ß:Ï�Ö�Î�×LÎ Ù Ï�Ü�Õ�Û�Õ�ÒÐ�ä7ã*Ó�Î:Û:ß*Ò.Ï Ô Ë
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G�H�I�J K5LNM!OQP ���@R M � P�L
S:T<U VXW�YZS�T\[^]`_�abU�c�deVXc�fgfihkj)a�]lWnmpo5a�]`hgqrasd+tvuwasx�t

fzy a�m)o5{�]`hiasd=|�a}j)~lT\��V�j){sj)hg{�a}��f2y {�t ~Ej)a}j)asx�|�c�fgfghgx hic�d=x
j�y hgc�dEx�fic�~�]`j=x�~�f�t`]`[^�2]`a�fk[�t`hi�phkx�t`a���T<a���~�t�j�y S:T<U VXW	asx�t
j�y {�t ~=j�hias]�fgasx�o=] c�o�] hg{�t`{sx�j<y ~�d�{�t`[^t�j){s|�c�d)�Ed�{�j)a�fk[
q#[^t hg��]`a�[^o=oEasfi{�fia��nfg[�x�q�[�j�a��:~=[�] �)x�a�t�j)a ��fg~�c�d=x
Y¡�¢���£u���T![}|�] {4[�t hgc�d�j)a¤|�a��¢���	a4x�t8o�]`{sj)hit a¤o=[^]8fia4x
|�[^fk|�~=fgx¥j�a¦�£V¢§¨Y©VXª�] c�q#c^��j)«pd=[^q#hk¬�~=a�¬+~=[�d+t hk¬�~=a4u�x ~�]
] {4x�a4[^~�o5c�~=]¥j)a8t ]`�sx�ª=[�~)t a4x�t a�q#o5{�]v[�t`~�] a4x�a�tj)asd=x�hit {4x
j�y {sd�a�]`_�hga:[�|�|�asx`x�hg��fgasx®j�~�]`[�d+t¢fk['|�c�fgfihkx�hgc�d!�+§�[^d=x¢|�a�|�[�j)]`a�¯
fg[�q#asx ~�]`arj)~8d�c�q'��]`arj�aroE[^] t hk|�~�fgasx�o�]`hiq�[�hi]`asx�|vª=[^]`_�{sasx
d�c�~=x°oEas] q#a�t°j�y {�t`~=j)hga�]°fk[	j)hkx�t`] hg��~)t`hic�d±asd²{�d�as] _�hia
j)hgx o5c�d�hg��fga¦j�[�d=x8fzy {�tv[�t8�=d=[�fz¯£[^hgd=x hr¬+~�a¦fk[�j)«pd=[�qrhk¬+~�a
x�c�~=x��g³�[�|�a�d+t a´j)a4x¥q#{s|s[^d�hkx qra4x¥j)a´o�]`c)j)~=|�t hgc�d�j)a4x.o=[^] �
t hk|�~�fgasxs�,§:[�d=x'fk[¥x ~�hit a�¯Qd�c�~=x'j�{�t`[�hifgfga�]`c�d=x'fia4x'o�]`c�o=] hg{�t`{sx
j)~µ�¢���¶a�t�d�c�~=x�j){4|�]`hi]`c�dEx#fia¥x`|�{sd=[^]`hic´j)a.o=] c)j)~=|�t hgc�d
j)a�|�aµo=fg[�x�q�[�a�dl|�c�fgfihkx�hgc�dlj�y hgc�d=x´fgc�~=]`j�xs�£�n~�hkxs¯'d�c�~=x
{���c)¬+~�as] c�d=x fia4x·x�hg_�d=[^t ~�]`asx a�mpo5{�]`hgqrasd+t`[^fgasx�[^t�t asd=j)~�a4x
a�t#~�d�q#c)j)��fga@x hgqro=fia�j){s|�] hg��[^d+tr|�asxr|�c�fgfghgx hic�d=xs�!Wnd=x ~�hit a�¯
d�c�~=x:o�]`{sx a�d+t as] c�d=x¸��]`hg����asq#a�d+t¹fgaNT!��V:¯5x`[�ºZ[�hgx`|�a4[^~�fgc�_�hia
a�t®f2y a�m)oE{s] hga�d=|�a¸S¹T<U VXW¹��Wnd)�Ed<¯�j�[�d=xQ~�d�a»j�a�]`d�hi�s] aCo=[�]�t`hia�¯
d�c�~=xj){s|�] hg] c�d=x�fk[¦t as|vª=d�hg¬+~�a´~�t hgfihkx�{sa¼o5c�~�]¥q#a4x�~�]`a�].fga
d�c�qN��] a�j)a½oE[^] t hk|�~�fgasx'o�] hgq�[^hg] a4x'|vª=[�] _�{�a4x£o=[^]N~�d�hit {�j)a
o=x�as~=j)c��2]v[^o�hkj)hit {�o�]`c)j)~�hit a4x£a�d¼|�c�fgfihkx�hgc�d8�n�)�©�n��� √
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Í dÎq#hgfifghic�d�hg��q#arj�arx as|�c�d=j)ar[^o�]`�sx:fgarÏ¢hg_�ÏC[^d=_=¯5hifQasx�t
o�] {4j)hit'¬�~=a�fzy ~�d�hg��as]`x�o�]`hgqrc�]`j�hg[�fiar{�tv[^hit'j�[^d=x�~�d�{�t`[^t'j)a
o�fg[�x�q�[¸j)aX¬�~E[^]`�pxÐa�t\j)an_�fi~=c�d=xs��T![¸j�a�d=x h�t`{na�t\fg[¢t`a�q#oE{s]`[^�
t ~�]`a:{�t`[�hiasd�tXt asfifgasxC¬+~�a¹fgasx¢¬+~=[^]`�)xna�t¢fgasxX_�fg~�c�dEx®d<y {�tv[^hga�d+t
o=[�xCasd=|�c�] a�|�c�d��=d�{sxCasd@ªE[�j)]`c�d=xXq�[^hkxCfihg��]`asxC�rfzy hgd�t`a�]`hias~�]
j)~�o�fk[�x q�[��X�Q[�]½fk[�x ~�hit a�¯¢f2y ~�d=hi��a�]vx½x a]`a�º¡]`c�hkj)hgx`x`[^d+ts¯nfga
�¢����[�hidEx�h,º¡c�] q#{�xsy a4x�t£ª=[�j)] c�d�hkx�{��\VXa�fk[�x hg_�d�hi�=a�¬+~�a�fia4x
¬�~E[^]`�px:x�arx�c�d+t:]`a�t ]`c�~=��{sx¹|�c�d��=d�{sx���f2y hid+t {s] hga�~=]�j�y [^~�t ]`asx
o=[^] t hk|�~�fgasx@[^o�o5a�fg{�a4x��=[�] «�c�d=x.YzÑ¼¬+~=[^]`�)x`urc�~µq#{sx c�d=xÎY ¿¬�~E[^]`�pxvu���VXa�t t a¦hgj�{�a�a4x�t���hga�d�]`a�o=] {4x�asd�t`{�a¼oE[^]8fia¦j)hg[^�
_�]v[^q#q#a@j)a@o�ª=[�x a@j�a½fk[¥q�[�t`hi�s] a@d+~E|�fg{s[^hg]`aYZÒ�hg_=�,Ñ�Ó=�iÔ7u��
Wnd´a�ÕÐa�t4¯<d�c�~Ex�] a�t ]`c�~���c�d=x��@ºZ[^hg��fga�j)a�d=x hit {#a�t£t`a�q#oE{s]`[^�
t ~�]`aCfiaCd�c�«+[^~�dp~=|�fi{4[^hg] a¢¬�~=a¢d=c�~=xQ|�c�d�d=[�hgx`x�c�d=xs�s�n~=hgxs¯�x h+fk[
t a�q#o5{�]v[�t`~�] a:a�t�Ö7c�~�fk['j�a�d=x h�t`{:[�~�_�q#a�d+t`a�d+ts¯�hif5«�[�º¡c�]`q�[��

×CØ¡Ù®Ú Ñ�Ó=�iÔnÛ£§:hg[�_�]v[^q#q#a¢j�aXo�ªE[�x a¢j)aCfk[¹q�[^t hg��]`a®dp~=|�fkÜ^hg]`a��
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f�ÿ��
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Ä�ÅTÆKÇcÈ�É�Ê Ã[ÌCÚbÏGÑ Ý1Ð�Ï�Õ3Ð�Ï�Ó.ÞaßBÚ�à�ÜKÍaÊ
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Ñ Ï`Ñ Ï�Ó ë�Ö.ì Ñ ì-å�Õ3ì-í<ÏeåCÑ Ï7í�â�Ù-å^Ð�×�æIÓ.ÏFå�Õ3×�ÔIÐ�×�â�â"Ù*ÔIÐeÊ;à^Õ3×(á�å5Ï�Ó.â
â�ÏÑ ×"å�æIÓ.ÏîGâ(ã ì-í.íYì-å�Ý@Ñ Ó6Ò.Þ�Ù-åKÑ.×�ïPÓ.ì�ÔAÏeå^Ð�Ó Ð�×�â�×�å�Ý�áD×�âHå1ã Ù*Ø-×>Ð
Ñ ÓNç[èYÍ;éaêBð ß�Êgà�â�Ïeå^Ð�Ñ ×�ñI×"å�Ý6Ï�Ô$Ë8Ù�Ô.Ô.ÏeÙ*Ó ëwÏ1Ó ë$ï�ò�ï:Ïeå
å�Õ1×�Ô�Ñ.Ý�åPÏ1Ô®É7Ý1â�Ý1ï�Ï1ÔIÐ�å�å�Õ3×�ÔIÐ�×�â�â"Ù*ÔIÐ�å�Ê!Ú!Ù7â�Ó.ï�×�ó�Þ�Ï6Ø�Ý�Ô.Ý1Þ�Ý1Ï
í�Ù*ÞAâ�Ï2í�Ù-å�å�Ù*Ø-Ï�Ñ.Ï�å%í�Ù�Þ5Ð�×�Õ1Ó.â�Ï�åAæIÓ.×XÐ�Þ�Ùªñ-Ï1Þ�å5Ï�ÔIÐ�â�Ï7Ñ Ý1Ð�Ï�Õ3ð
Ð�Ï1Ó�Þ�Ïeå^ÐgÏ1ÔDñ-ì�ä�Ý1Ï-á1ñD×"Ù@Ñ Ïeå!ô�Ò.Þ�Ï�å!ì�í Ð�×�æIÓ.Ïeå1áªñ�Ï�Þ�å�Ñ Ïeå!í�Ö.ì*Ð�ì*ð
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ï:Ïeå5Ó�Þ�Ïeå¤í.ÖDä å5×"æIÓ.Ï�åKÕ3ì-ï:ï�Ïaâ�ÏXù�ì�Ð�Ñ ÏBí�Ù*Þ�Ð�×"Õ3Ó.â�Ï�åKÕ�Ö�Ù*Þ�Ø�Ý�Ï�å
ì�ÓNâ"Ù`ï�Ó.â�Ð�×�í.â�×�Õ1×>Ð�Ý�Ñ.Ï6í�Ù�Þ5Ð�×�Õ1Ó.â�Ï�å:Õ�Ö�Ù*Þ�Ø�Ý�Ï�åGí<Ù*Þ:Ó.Ô.×�Ð�Ý2Ñ Ï
í�å5Ï�Ó�Ñ ì�ð(Þ�Ù*í.×"Ñ ×�Ð�Ý-ÊHÜ@ã Ï�å5Ð�ácí�Ù�ÞÙ�×�â�â�Ï1Ó.Þ�å1ácÕ3Ï1Ð5Ð�Ï:Ñ Ï�Þ�Ô�×�ó�Þ�ÏPï:Ï1ð
å5Ó.Þ�Ï[æIÓ.×�å�Ï1Þ�Ù�í.Þ�Ý�å�Ï1ÔIÐ�Ý1Ïí�Ù*ÞXâ"Ù�å5Ó�×>Ð�Ï�Ê
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Ú!Ù�ï:Ïeå5Ó�Þ�Ï²Ñ Ï â"Ù&Ñ Ï�Ô�å5×�Ð�Ý}Ñ Ï í�Ù*Þ�Ð�×"Õ3Ó�â�Ïeå£Õ�Ö�Ù*Þ�Ø�Ý�Ï�å
í�Ù*Þ7Ó�Ô.×>Ð�ÝNÑ Ï$í<å5Ï�Ó�Ñ ì*ð Þ�Ù*í.×"Ñ ×�Ð�ÝwÏ�å5Ð7×�Õ1×�Þ�Ý�Ù�â�×"å5Ý�Ïî�âOã Ù*×"Ñ Ï
Ñ Ó ç[èYÍ;éaêBð ß�á�Ï�Ô²Ó Ð�×�â�×�å�Ù*ÔIÐ®â"Ù�Ð�Ï�Õ�Ö.Ô.×"æIÓ.Ï Ñ.Ï�å®ñ�Ï1Þ�Ð�Ï1ë
Ñ Ý1í.â"Ù�Õ1Ý�å�Ê±Í¤Ô�Ï3ÎcÏ3Ðeá;Õ3ì-ï:ï�Ï�Ô.ì-Ó�å�âOã Ùªñ�ì-Ô�åPí.Þ�Ýeå5Ï�ÔIÐ�Ý�í.â�Ó�å

Ö�Ù*Ó.Ð�á.â�ì�Þ�åaÑ Ï[â(ã ×�Ô&%^ÏeÕ�Ð�×�ì�Ô2Ï1ÐBÑ ÏGâ(ã Ù-Õ1Õ1Ý1â�Ý1Þ�Ù�Ð�×�ì�Ô�áIÓ�Ô7Õ3Ï1Þ�Ð�Ù�×�Ô
Ô.ì�ïPÒ.Þ�Ï`Ñ Ï)ã Ò�Ó.Ô�Õ�Ö.Ïeå1ãXå�Ù�Ð�Ï�â�â�×�Ð�Ï�å�å�ì�ÔIÐUÕ1Þ�Ý�Ý�å6Ï3Ð2Ñ ì�Ô�Ô.Ï1ÔIÐ
â�×�Ï1Ó�î�Ñ Ï�å2Õ1ì�â�â�×"å�×�ì-Ô�å�å�Ù*Ð�Ï1â�â�×>Ð�Ï�å2Ñ.Ù�Ô�åUâ�ÏÑ Ý1Ð�Ï�Õ3Ð�Ï�Ó.Þ�ÊÜKÏ�å
Õ3ì-â�â�×�å�×�ì�Ô�åPå5Ï6í.Þ�ì Ñ Ó�×�å�Ï1ÔIÐ:Ñ.ì�Ô�ÕUî7Ó.Ô®í<ì-×�ÔIÐ�ÑHã ×�ÔIÐ�Ï�Þ�Ù-Õ�Ð�×�ì�Ô
Ñ Ý�Õ�Ù*â�Ý�í�Ù�Þ@Þ�Ù*í�í<ì-Þ5ÐÙ*Ó7íYì�×�ÔIÐÑHã ×�Ô-Ð�Ï1Þ�Ù�Õ3Ð�×�ì�Ô7Ô.ì-ï�×�Ô�Ù�âOÊbÜKÏ
Ñ Ý�Õ�Ù*â"Ù*Ø-Ï8Ïeå^Ð7Ó�Ô´ïPÓ.â�Ð�×�í.â�Ï®Ñ Ï$È(' Ê Ã)Õ3ï�Ê[ÜKÏ�å2Õ3ì-â�â�×"å5×�ì�Ô�å�á
î{Ñ ×�ÎcÝ1Þ�Ï1ÔIÐ�å}ñ�Ï�Þ5Ð�Ï3ëSÑHã ×�ÔIÐ�Ï�Þ�Ù-Õ�Ð�×�ì�Ô�á®ñ-ì�ÔIÐ}Ùªñ�ì-×�Þ}í<ì-Ó.Þ
Ï3ÎcÏ3Ð�Ñ ÏCÕ�Ö�Ù�Ô.Ø�Ï�ÞGâOã Ù�Õ�Õ3Ï�í Ð�Ù�Ô�Õ3ÏAÑ ÏCÔ.ì*Ð�Þ�ÏCÑ.Ý3Ð�ÏeÕ�Ð�Ï1Ó.ÞUö*)�×�Ø<Ê
È�É�Ê +I÷�ÊYÜKÏ�Þ5Ð�Ù*×�Ô�åBÙ�Ô.Ô.Ï�Ù�Ó ëHá�íYì�Ó.ÞdÑ Ï�å@ñ�Ï�Þ5Ð�Ï3ë�ÑHã ×�ÔIÐ�Ï�Þ�Ù-Õ�Ð�×�ì�Ô
Ñ ì�Ô�Ô.Ý�å�áPå�ì�ÔIÐ®Ñ.Ù�Ô�å$â(ã Ù�Õ1Õ1Ï1í Ð�Ù*Ô�Õ1Ï	Ñ Ó-,/.10�ÊCÜKÏ�Õ1×CÔ.ì-Ó�å
í<Ï�Þ�ï�Ï1Ð Ñ Ï Õ�Ù*â�×�Ò�Þ�Ï�Þ�â"Ù&Þ�Ý�í<ì-Ô�å�Ï Ñ Ï²Ô.ì�Ð�Þ�Ï Ñ Ý1Ð�Ï�Õ3Ð�Ï�Ó.Þ
å5Ó�ÞFâ"Ù	ï�Ï�å�Ó.Þ�ÏNÑ ÏNïPÓ.â�Ð�×�í.â�×"Õ3×�Ð�Ý�Ñ Ï®í�Ù*Þ�Ð�×"Õ3Ó.â�Ï�å8Õ�Ö�Ù�Þ�Ø-Ý1Ï�å
ì�Ò Ð�Ï1ÔDÓ.ÏeåCí�Ù�Þ6â�Ï2,/.3054¢Ã76GÑ.Ù*Ô<åCâ"ÙNÞ�Ý1Ø-×�ì-Ô	Õ3Ï�Ô-Ð�Þ�Ù�â�Ï-Ê�0@Ï
í.â�Ó�å1á;âOã Ó Ð�×�â�×�å�Ù�Ð�×�ì-Ô)Ñ Ï2â"Ù`Ð�ÏeÕ�Ö.Ô.×"æ-Ó�Ï�Ñ.Ï�å%ñ-Ï1Þ�Ð�Ï3ëNÑ.Ý1í.â"Ù�Õ1Ý�å
Ô.ì�Ó<å±í<Ï�Þ�ï�Ï1Ð;ÑHã Ï1ÎYÏeÕ�Ð�Ó.Ï1ÞKâ�Ùdï�Ï�å�Ó.Þ�Ïaå5Ó.Þ;Ó.Ô.ÏXâ"Ù*Þ�Ø�Ï�Ø-Ù�ï:ï�Ï
Ï1Ô í�å�Ï1Ó<Ñ ì*ð Þ�Ù�í.×"Ñ ×>Ð�Ý�Ê80dÙ*Ô<å¬Ó.Ô í.Þ�Ï1ï�×�Ï1Þ¬Ð�Ï1ï�í�å�áFÔ.ì-Ó�å
Õ�Ö.Ï1Þ�Õ�Ö.ì-Ô�åîUå�Ý1â�Ï�Õ3Ð�×�ì�Ô.Ô�Ï1Þâ�Ïeå[Ý1ñ-Ý1Ô.Ï�ï�Ï1ÔIÐ�ådí�Ù�ÞGÕ3Ï1ÔIÐ�Þ�Ù�â�×�Ð�Ý
í.Ó.×"åBí<Ù*ÞBñ-Ï1Þ�Ð�Ï1ë�ÑHã ×�Ô-Ð�Ï1Þ�Ù�Õ3Ð�×�ì�ÔbÊHÜKÏ�åBÑ.Ï1Ó ë7å�Ý1â�Ï�Õ�Ð�×�ì-Ô�åBå�ì�ÔIÐ
Þ�ÝeÙ*â�×�å�Ý1Ïeå�Ùªñ�Ï�Õ8â�Ï®è90[Ü ö èYÏ1Þ�ì:0BÏ�Ø�Þ�Ï1ÏNÜ�Ù*â�ì�Þ�×�ï:Ï1Ð�Ï�Þ�÷;4 +76
æIÓ.×Ï�å5Ð6Ó.Ô´Ñ Ý3Ð�Ï�Õ�Ð�Ï1Ó.Þ�í.â"Ù�Õ1Ý`îNí.â�Ó<åUÑ.Ï®Âeø�øï Ñ Ï8í�Ù�Þ5Ð
Ï3Ð6Ñbã Ù�Ó Ð�Þ�Ï7Ñ Ó9Ñ Ý3Ð�Ï�Õ3Ð�Ï1Ó�Þ6ßBÚ�à�ÜKÍ Ï3ÐCÑ ì-ÔIÐAâ�ÙwÞ�Ý�å�ì�â�Ó Ð�×�ì�Ô
Ï1Ô Ð�Ï1ï�í�å�Ïeå^Ð2å�Ó=<Aå�Ù�Ô-Ð�Ï`íYì�Ó�Þ6×"Ñ Ï1ÔIÐ�×>ô�Ï�Þ2Ï3Ð2å5Ý�í�Ù*Þ�Ï1ÞUâ�Ï�å
ñ�Ï�Þ5Ð�Ï3ëCå�Ù�Ð�Ï�â�â�×�Ð�Ï�å�Ê
Ú�Ù9å�Ý1â�Ï�Õ3Ð�×�ì�Ô´Ï1Ô£Õ3Ï�ÔIÐ�Þ�Ù*â�×>Ð�Ý8Ô�Ïí<ì-Ó.ñ�Ù*×�ÐFò3Ð�Þ�Ï?>JÙ*×�Ð�Ï®Ùªñ�Ï�Õ
â�Ïç[èYÍ;éaê{Õ1Ù*Þ7Õ1Ï1â�Ó.×�ð Õ1×[Ý3Ð�Ù�ÔIÐ2Ð�Þ�ì�í�í.Þ�ìDÕ�Ö�ÏwÑ.Ï�å�íYì�×�Ô-Ð�å
Ñ ÏAÕ3ì-â�â�×"å5×�ì�Ô�å[å�Ù�Þ�Ý1íYì�Ô�å�Ï�Ï�å5ÐGÏ3ëDÐ�Þ�ò1ï�Ï1ï�Ï�Ô-Ð�å�Ï1Ô<å5×�Ò.â�ÏAî�â�Ù
í<ìIå5×�Ð�×�ì�Ô%Ñ Ó%ñ-Ï1Þ�Ð�Ï1ëcÊ@0BÏBÕ1ÏaíYì�×�Ô-Ð�Ñ ÏañDÓ.Ï�á�â�ÏdèA0Ü@áIÑ Ïaí�Ù�Þ5Ð
å�Ù:íYì-å�×>Ð�×�ì-ÔUÐ�Þ�ó�å�Ý1â�ì�×�Ø�Ô�Ý1Ï�á Ïeå^Ða×"Ñ ÝeÙ*âHíYì�Ó.ÞBÕ1Ï3Ð�Ð�ÏGå�Ý1â�Ï�Õ�Ð�×�ì-ÔbÊ
õaì-Ó�å%Ï�å5Ð�×�ï�Ï1Þ�ì�Ô�å%Ñ.ì�Ô�ÕUâ"ÙÕ3Ï1ÔIÐ�Þ�Ù�â�×�Ð�Ý7Ñ Ïeå�Ý1ñ-Ý1Ô.Ï�ï:Ï�ÔIÐ�åAî
âOã Ù*×"Ñ ÏdÑ Ï@â"ÙB)!×�Ø�ÊDÈ�É�Ê +PæIÓ.×<Þ�Ï1í�Þ�Ýeå5Ï�Ô-Ð�ÏBâ"Ù�Õ1ì�Þ�Þ�Ý�â�Ù*Ð�×�ì�Ô%Ï1ÔIÐ�Þ�Ï
â�Ù�Õ�Ö�Ù�Þ�Ø-Ï8Ñ.Ý1íYì-å�Ý1Ïwí�Ù*Þ�â�Ï�å7å�íYÏ�Õ�Ð�Ù�Ð�Ï1Ó.Þ�å2Ñ Ïwâ�Ù�Õ1ì�â�â�×"å5×�ì�Ô
öTí.Þ�ì*Ð�ì�Ô�å�Ï1ÐaÔ.Ï1Ó.Ð�Þ�ì�Ô�åXÔ�ã ÙªäIÙ*ÔIÐ�í<Ù�åX×�ÔIÐ�Ý1Þ�Ù*Ø-×�å�÷KÏ3Ðaâ�ÏGå5×�Ø�Ô<Ù*â
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`ba#cFdfeSg@h(ikjlemeSnZe�o=p$qlrts�gbqlqujvewjug@h�pKh@imxwpyn#h2z {#n#hZs�|}zQemr&iwpKquqljuiwp
~ p�hZr�h(i�o#n�s���iw�����*s���iw�����fp�itqlp;z {#n#hQs�|�z�h#gb��jlhQr�q�c��}p
~ p�xwiwp���pKh@imgbn#xm��p�h�h#g@jux�s�gbxmxmpKew�Zg@hQo��Cq�z jlh(iwpKxmr@s^iwjlgbh�o=p�e
o=p�n=��z {#n#hQs�|#p�e�zbh#gb��jlhQr�n=�Ac@�=p�n#qve�qlpKeNemr&imp�qlqujuiwp�e ~ pKhQr�h(i3o=ns���im����eSg@h(iyn#iwjlqujveS��e�c��Nh2p��9p�i���qlp�sKr�qlgbxmju����iwxmpB��p�eSn#x�r�h(i
qup�ewjl�bhQrbqt��qlpKs^imxwgb���trb�bh#��iwjv�@nQp�h}z ��i�r�h(i �#xm�Kewp�h(i �(n#p�o=n
s���im���G�XqlpKe?eSjl�bhZr�n=�¡jlemewnQe;o#p�emr&iwpKquqljuiwpKe8�#xmg ~ p�hZr�h(i;o=ns���im���¢r�xmxwj ~ pKh@i$ewgbjui$iwxmgb�?iw�biK��ewgbjui$iwxmgb�;imrbxmo?�£gbn#xG¤�iwxmps�gbxmxmpKs^imp���p�h(i�jlh@im���@xw��e�oQr�hQe�q�z �Kqup�s^imxwg@h#jl�(n#p@c

¥�¦¨§1© `baQcªdB«��/�Kqup�s^imjug@h;o=p�eX� ~ �Kh#p���p�h(i�eX�@xm¬@s�pBr�n;ewjl�bhQrbqupp�h"iwpK�B�Zeko=gbhQh#�y�Qr�x�qlpf9®$�Xc

��r°¯¨g@xw�fn#qlp±�£p�xm��p�i�r�h(i�oAz p��/iwx�r�jlxwp±qvr²o#p�hQewj³im�´o=p
�Qr�xwiwjvs�n#qlpKeµs�|Qrbxw�@��pKek�Qr�xXn#h#juiw��o=pG�Qewp�nZo=g��¶xmrb�#jvo=j³im��pKeSiXqvr
eSn#j ~ r�h(iwpt·

dN
dη (Zm, i) = dN

dη (SPD, i).
αη(Zr ,i).AV ZERO(Zm,i)
αη(Zm,i).AV ZERO(Zr,i)

��pKe�¯*r@s^imp�n#x�e
α
�Qxmp��#xm�Kewp�h(imrbh(i�qlp$h#g@�G{#xmp�o=p��QrbxSimjls�n#qlpKe

s�|Qr�xm�b�KpKe��b�Kh#p�xm��p�e1�BqvrBs�gbqlqujvewjug@h��Qrbx�n#h#juiw��o=p�s�|Qrbxw�@pXo=���
�Zg(eS�KpKeNo#rbhQeNqlpko=��iwpKs�iwpKn#xK�(eSg@h(iNp��/iwx�r�juimeNo#pkqlr$ewjl�Gn#qvr&imjug@h}c
�}pGsKr�qvs�n#q}p�e¸iµs�gbxmxmju�@�µ�Zr�x�q�z r@s�s�pK�=imrbhQs�p$��g&¹@p�h#h#p�o#pKekrbh=�
h#pKrbn=�;o=nCºy9�3»k¼�pKh8¯¨g@hQs^imjug@h?o=n ~ p�xwiwp��?oAz jlh(iwpKxmr@s^iwjlgbhp�i�qlp�iwgbn#i�pKeSiGs�r�qljl{#xw�t��qvr"�Bp�eSnQxwp�xm�Kr�qljveS�KpB�Zr�x$qlp½�/¾3®fc
��r�¿ jl�QcQ`@a#c af��g@h@imxwp$qlp�xm�Kewn#quimr&ikg@{=iwpKh/n�r��#xm�Ke�qvr�s�g@�G{#ju�
hQr�jveSg@h"eSimr�iwjve¸imjl�(n#p$o=pyimgbn=impKe�qlpKe���p�eSn#xmpKeKc
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jetphox: Direct contribution
NLO

γQ Q→qq
γQq →Qq; γ qQ→qQ

γ gQ→gQ
γQ Q→LO+gg

γ QQ→QQ
γQ Q→QQ

 = 14. GeVs+b+X: γ →p+p
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jetphox: Direct contribution
NLO

γQ Q→qq
γQq →Qq; γ qQ→qQ

γ gQ→gQ
γQ Q→LO+gg

γ QQ→QQ
γQ Q→QQ

 = 1.96 GeVs+b+X: γ →pp+

EGFIHKJMLCN�O3P�QSR
γbX T>UWVYXZ[W\�]Y^:XC_W`Gab]>ced/fhgZ^$Vji-\�]GUWk�X�]jXC_U�VYX\li-`j`mi�` O

nSo	pmn qsrStvuKw�xvy�zlrSt|{Stv}�~�x���w�r�r��
� i�aCVYi�U�VYi�`mi-_�]Y�:��^:��U�VYXb��^:_�����������������>a��Ci-_�ilV�ab]jXCV]YkWa�]��Mi-�$X�_���`�]jXv]Yk�i��W�������Cil_WilV�ab]YX�Vj`-�,]YX<\laC�:\l[�� ab]Yi¡]jk�iZ^£¢�ilVjil_�]j^:aC��\�VjX�`j`>`mi�\�]j^$X�_vXC¤+UWk�X�]jXC_¥U�VjX�Z�[W\�]j^$X�_¥a�`Y`YX\�^ ab¦]Yi-Z!§>^$]Yk¨a©kWi-a#����¦«ªMa#��XCV�¬il] O¯® �CX�XZ°aC�CVjili-�¡i-_�]�§>^$]YkU�VYi�`mi-_�]¯VYi�`m[��$]j`eab]e±GXCVj_��:il��il�8kMaC`>�,ili-_¥¤IXC[�_WZ OW® ]²ced/f³�]Yk�i¯Vji-`Y[��$]j`+¤IX�V´Z^:VYi�\�]�UWa�VY]´a�VjiµXC�]�a�^:_�i-Z³��[]´¤IVjaC�C��il_�]Y^:XC_UWa�VY]¶kWaC`¶_�X�]¶�,ili-_	\la�VjVj^$i�Z�X�[]¶�Cil] O cei�·�]-��§Ki>§>^:�$�M^$_M\��:[WZi]Yk�i�\�X�_�]YVj^$��[�]Y^:XC_¸Vjil� ab]ji-Z¹]jX©¤IV�a�����il_�]ja�]Y^:XC_¸XC¤�UWa�VY]YX�_W`^$_�]YX�k�i-a#����¦»º�[WaCVY¼`-��½�¾�¿-¾ g → Q �M^$_¥]jk�i�ÀW_WaC��`m]jab]jiSX�¤+]YkWiUWa�VY]YX�_�^:\ÁU�VYX\li-`j`mi�` O´Â kW^:`�\�XC_�]jVY^:��[]j^$X�_¹^:`�_�X�]�^:_W\l�$[WZ�i-Z^$_©������������Ã�Ci�]�_�X�V�^$_�]jk�i�\laC�:\l[�� ab]Y^:XC_ÃÄ L#ÅÆO�Ç ^:_WaC�$�:�C�8§Gik�XCU,iµ]YX)kWa#��iK]jk�iµUMX�`Y`Y^:��^$�:^$]��]YX�U,ilVY¤IXCVj�¨]YkWiµÀWVj`m]¶\�X��¡UMab¦VY^ `mX�_�X�¤�c²d+f!U�Vji-Z^ \�]j^$X�_W`¶§>^$]Yk�]Yk�i²U�VjXC��U]KUWk�X�]jXC_	Z�a�]jaa#�#aC^$� a��W�$i�ab]µ]jk�iSd�È)É¸a�] √s = 7

Â i'Ê O

ËÍÌ>ÎbÌµÏ/Ð t�u Ð y

Ä D Å Ê O Ñ�OW® �Wa�Ò-Xb�	i�]¯a�� O�Ó k��` O�Ô il� O d�i�]m] O8ÕÖ,×�Ø B�ÙCÙ N�ÚD N B�ÙCÙ�B O
Ä B ÅSÂ)OW® aC�£]jXC_�i-_�il]ea�� OÓ k��` O Ô il� OWÛÝÜ�ÕÁØ BCÙ�D�Ù ÚÙ P B�ÙCÙ�Þ>ßà�O ÉKX�`m]ja¡i�]eaC� OÓ k��` O�Ô il� O,áãâ�ÕäØ B�Ù�Ù P�Ú Ù P B�Ù�Ù LWO
Ä LbÅSÂ)O Ó/OMå ]ja#��VYi-�ba���a�_MZ�æ O ÇGO f²§Gil_M`l� Ó k��` OMÔ il� O�ÛçâMèØ BCÙCÙ N�Ú Ù Pbé Ù�D#ê O

Ä é�Å�Â)O ±G^$_WX�]Yk��Wæ O ¦ Ó+OWë [W^$�:�$il]-�Mì O�Ó ^:�$X�_<a�_WZ Ñ�O�� ilVj�$i-_8�ì¶[�V OÓ k��` O æ OMí�ÕîïØ B�Ù�ÙCÙ ÚKL DCD¶ßÂ)O ±G^$_WX�]Yk��Wæ O ¦ Ó+OWë [W^$�:�$il]-�Mì O�Ó ^:�$X�_<a�_WZ Ñ�O�� ilVj�$i-_8�ì¶[�V OÓ k��` O æ O�à ^$Vji-\�] í³ð�Ø B�Ù�Ù�B Ú êµßå�O ÉGa�]ja�_W^«� Ñ�OMÇ XC_�]�a�_�_WaCÒC��æ OÓ/O,ë [�^:�$�:i�]eaC_WZì O�Ó ^$�:XC_8�Mæ�Èeì Ó¸Ö,ñ�Ø B�ÙCÙ�B Ú Ù�BCò>ßÓ/OW® [WVYi-_W\�k�iC� ÑóOWÇ X�_�]�a�_�_Ma�ÒC�æ O ¦ Ó/OMë [�^:�$�:i�]��ì O�Ó ^$�:XC_<a�_MZ Ñ�OW� i-VY�:il_8� Ó k��` OWÔ i-� O�Û<âMô�Ø BCÙCÙCÞ ÚÙ NCé Ù�Ù�ê O
Ä P#Å d O ±GX�[�VYkW^:`-� Ñ�O�Ç X�_�]ja�_Ma�ÒC��aC_WZvæ O Ó/OMë [�^:�$�:i�]��Wì¶[�V OÓ k��` O æ OMíõ× � P B N�Ø D N�N ò Ú�O
Ä Þ Å³ë¡O�® �$]jaCVYi-�$�:^�aC_WZ ë¡OWÓ aCVY^ `Y^«��ce[W\�� O�Ó k��` O�ö÷Õ�×MîØ D N ê�ê Ú B N ò O
Ä ê Å³å�O ÉGa�]ja�_W^«��ø O d OWà X�¼`mk�^$]YÒ-ilV�� Ñ�O È OMå i-���¡X�[�V���a�_WZ± O ÔSO� i-���Mi-V-�Mc¯[W\l� O�Ó k��` OWöùð,Ö,î � D-ò�ê Ø D NCN�L�Ú�O



úCúCú û¶ü�ýWþmÿ������²ü��	��
����ÿ������



��������������� �"! #��$�&%"��')(��*���+�,�
�"-.(����0/1��20-*�3(��.4�� 5�(�� '76�28�84:9:/��*�;�
'<�;- -,� 5	�*����5>=?�.(�6@(�6�2BADCFE�GIH
2KJL#M28�$� !N2O��(��3(P(�6�2QCSRTG

UWVYX�ZF[3\^]`_QZbaYcLdfe:VYZhgiZFaY]bj`]
kml3nmo p.o q0osrOtvuFwOx�nmp y�qztv{|qz}m~��1�)p.��t
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�"�8�,�������m�$������� ���P�¡��¢�£I¤�¥m¦��§�Y¨�©��ª£,¦«¤��¬��� ������ ���
�O®¯�"�3¥�¦«¤���,�� �,¢�°�±²� ���^³"¢$¥m£,´>µ¯¶«¢����¸·�¶«¥� ¤�¥$�O¥|���¬¹
*��¥��,�����8¤�¥��,�,�¬£;¹L���¬£ ��º�¢$¥�£ ´��¥���°�»m¶«¢��m�$�¼��ª�$¥�½m��¥���¡£ �¬�
©$¥�£,�,¦¿¾Y¶«�ªª��£�¥�� ���¬£��,�$¥m�²�m�$�ª¯¾Y�m��À$���ª°²¦����,�f�$¥m°�£,���$¬Á)Â&���
¤s�1°�¦«¢�¤N¾¬£,�1¥�� �ª°s¦����$¦�»��s�ª���¬£ »m±b���ª¥�½	±�Ã�¦«�m��¾Y��¶�¶«¦¿ ¦«�m�$z¾ª¥��
¼��s©�£ �m¼)�ª°²¼	±v,�¬½m�ª£ ¥m¶O��¼$ �ª£,½�¥m¼�¶��1¬Á)®��ª£,�S��¹L¦�¶«¶3�¡��¾Y¢$"�m�
º�¢�¥�£ ´m�m�$¦�¢�¤Ä©�£ ��°�¢$¾� ¦�����¥���°¸�M¹L¦�¶«¶:©�£,�1 �ª���b�,�$�Å£ �ª,¢�¶Æ��
�m�

J/ψ
©�£ ��°�¢$¾Y�,¦«�m��¦��Ç�,����°�¦�¤S¢��m�Ç°��1¾¬¥�±s¾��$¥����$�¬¶$¥����¡�m£,Ã

¹:¥m£ °f£ ¥m©�¦¿°�¦Æ�*±Å¦��^·�¼�ÃÈ·�¼²¾Y��¶�¶«¦¿ ¦«�m�$&¥�� √
s = 2.76

Â0�.ÉbÁ
Â&���L��£,»�¥���¦«Êª¥��,¦«�m�M�m��� ��¦«�©$£,��¾Y�ª�ª°�¦«��»¯¦«z¥�3�¡�m¶«¶���¹�:Ë�� ���

À$£  �",�ª¾Y�,¦«�m�v¦¿L�,�$�b¦«��� £,��°�¢�¾�,¦«�m�O���,�$�S,�ª¾Y���$°^�m���b¼�£,¦«�YÌ�±
°��ª ¾Y£ ¦�¼)�ªz�,�����"�8�,���¸�¬¨	©)�¬£ ¦«¤s�ª���z�¡�	¾¬¢$,¦���»M���s�,����Í²¢��m�
Î ©��1¾� £,��¤s�¬�,�ª£ª�0�,���Å�,��¦«£�°W�m���f¦«S¥�¼)�m¢��S�,���f·�¼�ÃÈ·�¼�°�¥�� ¥
¥��$¥m¶�±�,¦«ª�<�,���Ç�¡�m¢�£,�,�¸,�ª¾� ¦����>¹L¦«¶«¶�¾Y��½��¬£¯�,�$���,£�¥m¾�´	¦��$»^�¬�ÏÃ
À�¾Y¦«�¬�$¾¬¦��1F�m��� ���ÅÍv¢���� Î ©��1¾� £,��¤s�¬�,�ª£b¥��$°IÀ��$¥�¶«¶�±>��¹L¦�¶«¶
©�£,�1 �ª���&£ �ª,¢�¶�� L¥m�$°|¾Y�m��¾Y¶«¢$ ¦«�m��¬Á

ÐbÑÇÒ¬Ó Ô dSÕO[�]�\^Öfe;Õ0VY]Fd

× ¶Æ� £ ¥�Ã�£ �¬¶¿¥�� ¦�½	¦¿*� ¦«¾M�$�ª¥�½	±�Ã�¦«�m�v¾Y��¶�¶«¦¿ ¦«�m�$�¥�£ �F¢$,�ª°|� �Å£ �YÃ
¾Y£ �ª¥�� �F¦«�v�,���b¶«¥m¼���£ ¥��,�m£ ±�� ���S¾¬�m�$°�¦��,¦«�m��������$¦�»��v�¬���ª£,»�±m�
°��¬�$,¦��*±s¥m�$°S�,�¬¤�©)�¬£�¥�� ¢�£,�&� �$¥���¹���¢�¶«°s�$¥�½��&©�£,�ª½�¥�¦«¶��1°s°�¢�Ã
£,¦«��»s�,����À�£  �L¤s¦¿¾Y£ ��,�ª¾¬�m�$°$:¥��Ï�,�ª£&�,���FØ:¦«»�Ø&¥m��»$Á

Ù ¦��,�§,¢$¾��Ú¾¬�m�$°�¦��,¦«�m��²¦���¦«��Y¨�©)�ª¾� �ª°Q� �$¥��W¥�©��$¥m,�
�,£�¥��$,¦Æ� ¦����7�¡£,��¤Û��£ °�¦«�$¥m£,±P�	¢$¾¬¶��1¥�£Ç¤�¥�� �,�ª£ª���,��¥P°��ª¾Y����Ã
À$���ª°� � ¥��,�|����º�¢�¥�£ ´	s¥���°�»�¶�¢����$�¾¬¥m¶�¶«�ª°D³"¢$¥�£ ´�µ¯¶«¢��m�
·�¶«¥� ¤�¥ÇÜÈ³�µ¯·�Ýz¦¿;¾¬£,�1¥�� �ª°KÁ Î ¦��$¾¬�bÞ1ßmàmá$â 3� �������1¥�½	±Sº�¢$¥�£,Ã
´m�m�$¦�¢�¤N��¥m¤s¦«¶«±m�m¼)�m¢$�$°Ç � ¥�� �ª����K���1¥�½�±�º�¢$¥�£ ´�ÃÈ¥m���,¦¿º�¢�¥�£ ´)�
�$¥mM¼)�¬�ª�¸©�£ �m©)��,�ª°I¥mF¥^� ����¶z�,�²¾���¥�£�¥m¾� �¬£ ¦�Êª�b� ���^³�µ¯·
ã Þ¬ä�ÁK���m¶«�m£� ¾Y£ �¬�¬�$¦���»��m�3� ���F���1¥�½	±Åº�¢$¥�£ ´�&©��m�,�¬��� ¦«¥m¶��)°�¢��
�,���,�$��°��ª¾Y����À$���1°|*��¥��,����¹���¢�¶¿°Å¶«�ª¥�°Ç� ��¥�,¢�©�©�£ �ª ,¦����Å���
º�¢�¥�£ ´m�m�$¦�¢�¤å©$£,��°�¢$¾Y�,¦«�m�8Á

Â&���Çº�¢$¥m£,´��m��¦«¢�¤æ � ¥��,�ªF�$¥�½m��°�¦�ç)�ª£,�ª���F¼$¦��$°�¦���»v�ª���¬£,Ã
»m¦«�ª�¥��$°��,�$¦«�¾¬¥m�>¼)�s�,£�¥��$,¶¿¥��,�1°v¦«��� �v°�¦Æç<�¬£ �¬���M°�¦¿,,��¾Y¦¿¥�Ã
�,¦«�m�s�,�ª¤s©)�¬£�¥�� ¢�£ �ªª�m ��¤��Y�,�$¦���»¯� �$¥���¦¿�¾Y��¤�¤s����¶«±b£ �Y�¡�¬£ �ª°
¥m�,�ªº�¢��ª��� ¦«¥m¶$°�¦¿,,��¾Y¦¿¥�� ¦���� ãéè äÈÁ�ê$�m£z� ��¦«;£,�1¥m,�m��º�¢$¥�£ ´m����¦«¥
��¥�¤�¦�¶«±f¾ª¥��^¼��M¢� �1°^¥�L¥S�,���ª£,¤��m¤��¬�,�¬£&�¡��£&�,���S³�µ¯·�Á

³"¢$¥m£,´��m��¦«¢�¤ë,¢�©�©�£ �ª  ¦«�m���$¥m�¥�¶«£ �ª¥m°�±v¼��ª�¬����¼$,�¬£ ½m�ª°
¥�� Î · Î ¥m�$°²ì�®��,� ã í ä�Á<��½��¬�v� ���m¢$»m�²� ���b¶¿¥��,�,�ª£"�����b�$¥�
¥m¾���¦«�¬½��ª°Ú�$¦�»����¬£P¾¬�m¶«¶�¦¿ ¦«�m�î�¬���ª£,»�¦��1¬�M¥B,¦�¤�¦«¶«¥m£W¥m¤��m¢����
���b,¢�©�©�£ �ª  ¦«�m�D¹&¥mÅ�m¼$,�¬£ ½m�1°�¥��^¾¬�¬���,£�¥�¶"£ ¥m©�¦¿°�¦Æ�*±7£ �¬¶¿¥�Ã
�,¦«½m��� �|�,�����¡��£,¤��¬£b�m����ÁOÂO�v�¬¨�©�¶«¥m¦��I� ��¦«F�¬���ª£,»�±>°��ª©��ª��Ã
°��¬�$¾¬�m�����ª¥�½	±Sº�¢$¥m£,´�z£ �ª¾¬�m¤S¼�¦���¥��,¦«�m� ã ï ä�¹&¥m�©�£,��©��� �1°�¥��
ì�®��,�"Á Ù ¦Æ� �W�,������©��ª��¦«��»|�¬£�¥Å�m��� �����O®¯�§¥^¼�£�¥��$°>���¬¹

�¬���ª£,»�±F£ �¬»m¦«¤��&¦«�¥�½�¥m¦�¶¿¥�¼�¶«�mÁ��:�z� ���ª,�� ¾¬¥�¶«�ªz¥M¾¬�¬���,£�¥�¶�·;¼�Ã
·�¼¸¾Y��¶�¶«¦«,¦«�m�I¹L¦�¶«¶;¾Y£ �ª¥��,��¥�©$©�£,��¨�¦«¤�¥��,�ª¶�±|� �¬�I�,¦«¤��ªM¤���£,�
¾
c̄
©�¥�¦«£ ��,�$¥m�Å¥��&ì�®��,�"Á	Ív��°��¬¶¿��$¥�½m��©$£,�1°�¦«¾Y�,�1°��,�$¥��;� ���

J/ψ
,¢�©�©�£ �ª ,¦����s¦«��� ����³�µ¯·�¾¬�m¢�¶¿°Ç¾¬�m¢����,�ª£,¼�¥�¶¿¥��$¾¬�ª°s¼	±

¥M©�£ ��°�¢$¾� ¦��������K� ��¦«: ¥�¤���©$¥m£ � ¦«¾¬¶��1z�¡£ �m¤N£,�1¾Y�m¤S¼�¦«�$¥�� ¦����
����¾��$¥�£ ¤@º�¢$¥�£ ´�¬Á

ÐbÑÇÒ�ð ñ UWZM[�òFc Ô ]Fd ó§]baYaYVY\^c&[Ûô�õ�öIc�÷
[3Vªj`cLdbÕ

��¤��m��»�¥m¶�¶&�O®��§�Y¨�©��ª£,¦«¤��¬��� ª���@�O¥m£,»����.�m�?����¶�¶«¦«°��¬£
�z¨�©��ª£,¦«¤��¬���LÜ����O�,����Ý0¦«O�,�$������¶�±M������°��ª,¦�»����ª°F¥m�$°F¼$¢�¦�¶��
�,�W*� ¢$°�±¸���1¥�½	±�ÃÈ¦«�m�P¾Y��¶�¶«¦¿ ¦«�m�$ ãéø ä�Áz�È��¾Y���$,¦« � S���"¥I¾Y�ª��Ã
�,£�¥�¶&¼$¥m£,£ �¬¶&¾Y��½��¬£ ¦���» |η| < 0.9

�¬¤b¼)�ª°$°��ª°?¦���¥I ��¶��ª���m¦�Ã
°�¥�¶�¤�¥�»����Y�M¥���°>¥Å�¡�m£ ¹:¥m£ °vÍ²¢��m� Î ©)�ª¾� £,��¤��Y�,�ª£�¹L¦Æ� �I¥
−4 < η < −2.5

¥m¾ª¾Y�ª©�� ¥m�$¾Y��Á
µ¯¦«½m�ª��� ����½�¥�£ ¦��¬�*±�¥���°>¾¬�m¤�©�¶«�Y¨�¦Æ�*±����:¥m¶�¶�� ���Ç,¢�¼$,±	 Ã

�,�ª¤�S¶«�	¾ª¥�� �ª°¸¦«�¸�,�$�^¾¬�¬���,£�¥�¶�¼$¥�£ £,�ª¶��0�m��¶«±I�,���^°��Y� �ª¾Y�,�m£�
�¬¤�©�¶«��±m�1°�¦«�W�,��¦¿F¥m�$¥�¶«±� ¦¿�¹L¦�¶«¶�¼)�Ç¤��¬���,¦«�m�$�ª°KÁOÂ&�$���*¹��
¦��$���¬£M¤��� �M¶«¥�±��¬£�¯���;� �����.�����ª£FÂO£�¥m¾�´	¦«��» Î ±�*� �¬¤ÛÜ��*Â Î Ý
¦«¯� ��� Î ¦«¶�¦¿¾Y����·�¦�¨��¬¶;ù"�Y� �ª¾� �m£�Ü Î ·;ù¯ÝF¥��$°�¦«�¢$,�ª°��,�^£ �YÃ
¾Y���$*� £,¢�¾�z�,�$��©�£ ¦�¤�¥m£,±S½m�¬£,�,�¬¨KÁmÂ&����É¯áF°��¬�,�ª¾Y�,��£;¾Y���$ ¦¿ � 
���z�*¹:�Å©�¶¿¥m �,¦¿¾b ¾Y¦«���,¦«¶�¶¿¥�� �m£�FÜ¡É¯ám�N¥��$°²É"á��&ÝY�<¶���¾¬¥��,�1°v¥��
¼��m�,��,¦¿°��ª������,���S�*Â Î �<°��ª,¦�»����ª°^� ���,£ ¦«»m»m�ª£��m�|� ���S¾¬�m¶«¶�¦�Ã
 ¦«�m��¬Á��.�Ç� ��� è á�Þ1áM·�¼�ÃÈ·�¼^°�¥���¥F��¥�´	¦��$»b©)�¬£ ¦���°K���,�$�¯Ív¦«��¦�Ã
¤b¢�¤ÄØ:¦«¥���¬½m�ª��� �¹:�¬£ ��°��YÀ$���1°W¥m¯�,�$��,���¬½m�ª��� �©�£ ��°�¢�Ã
¾Y¦«��»� ¦«»m��¥�¶¿�¦«�|É"á��F��É¯á��D¥m�$° Î ·;ùSÁ

ú;ûLü�ýLü þ ÿ 6�2�� ���;���:#M20')(	�$�;!N2K(�28�
Â&�$��Í²¢��m� Î ©��1¾� £,��¤s�ª£¸¦«W¾¬�m¤�©��� �1°Ú�m�Å�¡�m¢$£I¤�¥m¦��

©$¥�£,� sÜÏÀ�»m¢�£ � ï á�Á«Þ1ÝMË)� ���s¥m¼$,�m£ ¼��ª£ ª��� ���s°�¦�©)�m¶«�S¤�¥m»m���¬�ª�
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òAø çgæ$ê��ªêQë�ò	�å�ì éSùDê���êEì�òBæ(ç,ìfòAø çgæ2ëOêQì�òBðBñ�é,ç,òsùDðBñ�ì î�ê�ñ[ðBê^ï�æAêQö
òAå0ê���òBðBñ�ë�ò2òAø ê5êEý�ëOçSêEì�ëEç,ê>æ2ç,ìjðBêQñ[é¾ö ñ[òBñ�á
ÿ2ø ê2ï ì�ëOå�ðBðBêEégñ�òAê>ö5êOý�ëEç,êQì�ëOù5û2ñ�æ�ñ[égæ�å�ê���òBðBñ�ë�òAê>ö�ó&ðBå�õºñ

÷ ï ðBê
J/ψ � å�ì�òBê � ñ[ðBéSå�æAçSõnï égñ�òBç,å�ìGá�ú¨ö ç��ªêEðBêEì�ëEê.å[ó

1.5%û$ñ�æ.ó&å�ï ì�öuñ�ì�ö7òBø çgæ�ö ç��ªêEðBêEì�ëEêUçgæ�òBñ�ô�êEìdñ�æ�ñfæAù�æ�òAêQõ0ñ�òAçgë
ï ì�ëOêQð�ò_ñ[çSì�òsù0ó&å�ð

εuncori

á �ï ðBç,ì î�ö ñ[òBñbò_ñ[ô�çSì î!	yå�ð�å#"0çSì êwðBêQëEå�ì�æ�òAðBï�ëOòAçSå�ì�	>÷�ñ[ðAòBæ�å[ó
òAø ê.ö�êEòAê>ë�òAå�ð
ñ[ðBê2ðAêQõiå���êQönûbø êEìDì å�ò�ó&ï�é}í�éSéSç,ì î�òBø ê � ï�ñ[éSç,òsùðAê � ï�ç,ðBêEõDêEì�ò_æ � ��å�é}ò_ñ[î�êwòAðBç,÷$	�ø ç,î�øUå�ëQëOï ÷�ñ�ì�ëOù
	yõiçgæBæ�çSì î�÷�êEü

Û2Ü&ÝwÞ�ß�à�á ß2ã&%'� ñ[õD÷ éSê$å[ó òBø ê)(^ü+*eæAù�õDõDêOòBðAù5å�ó�ñ.òBðBñ�ë_ô�ç,ì î
ë_ø�ñ[õUè�êQð
þyëOå�éSå�ð_æ¾çSì�ö�çgëEñ[òAê�òBø ê(æAù�õiõDõDêOòBðAçgë
ö�êEòAê>ë�òAçSå�ìnêEéSêOü
õDêEì�òBæQá(ÿ2ø êdì�ï õnèVêEð_æ�ø çSî�ø�é,çSî�ø�ò`ñxî�ðAå�ï ÷kå[ónæAù�õiõDêEòAðBçSë
ö�êOòBêQëOòAçSå�ìjêEéSêEõDêEì�ò_æEá

ö�êQæ�òBñ�é+	>êOò_ë��Oá���ìnñ�æsò_ñ�òBç,å�ì�	Oòsû$å^ì å�ì5êOý�ëOçSêEì�ò�ñ[ðBêQñ�æ�	EéSå�ëEñ[òAêQö
ç,ìjó&ðBå�ì�ò.å�ó�ê>ñ�ë_øjå[òBø êEð	 éSêQñ�ö`òBå�ñ0ëOå�ðBðBêEégñ�òAê>öfçSì êEý0ëEç,êQì�ëOù�á
ú.éSé�òAð_ñ�ë_ô�æ�ëOðBå�æBæ�çSì î^òAø ê>æ�ê � å�ðAðBêEégñ�òBêQö, �êQñ�öUú^ðAê>ñ�æ � �  .ú-�
ûbç,éSé�ì å[ò�è�êiðAê>ëOå�ì�æsòBðAï�ë�òAê>ö;è�ê>ëEñ[ï�æ�ênòAø êQù;ûbçSéSé�èVêiñ

N0−0òAð_ñ�ë_ôiòsù�÷�ê�á.��ìfòBø çSæ2ëQñ�æAê^òBø êEðBê^ûbçSé,é¾èVê�õiå�ðAê�òAð_ñ�ë_ô�æ(î�å�ç,ì î
òAø ðBå�ï�î�øMòAø êdë_ø�ñ[õUè�êQð0òAø�ñ�ìeû$ñ�æ0çSì ç}òBçSñ�é,éSùMêQæ�òAçSõDñ[òAê>ökç,ì
ê � ï�ñ[òAçSå�ìjß�à�á â!	 é,ê>ñ�ö�çSì îDòBåfñ[ìjå���êQðAê>æsòBç,õ0ñ[òAçSå�ì;å[ó�òAø êXòAð_ñ�ü
ë_ô�ç,ì îDêEý0ëEç,êQì�ëOù�á
��ò�çgævòBø êEìiì ê>ëOêQæBæBñ[ðBù^òBå�ëEå�ðBðAê>ë�òvòBø ê2÷ ðBê���ç,å�ï�æGï�ì�ëOå�ðAðBêEégñ�ü

òAê>ö`çSì êEý0ëEç,êQì�ëOù`è�ù�òBñ�ô�ç,ì îDçSì�òAå�ñ�ëQëOå�ï ì�ò$òBø ê �  .ú�ó&å�ï ì�ö
ç,ìnòAø ê(òAð_ñ�ë_ô�çSì î^ë_ø�ñ�õnèVêEð_æEáyÿ2ø çgævçgæ�ö�å�ì�êwè�ù5ê���÷ éSå�ç,òAçSì î.òBø ê(.ü/*ºæ�ù�õDõDêOòAðBù0å[ó�êQñ�ë_ø`ë_ø�ñ�õnèVêEð � í�î�ï ðBê�ß�à á ß0�^þ æ�ù�õDõDêOü
òAðBçSëQñ[é.ö�êEòAê>ë�òAçSå�ìMêEéSêEõDêQì�ò_æ0õnï�æsò	
ñ[÷ ÷ ðBå���ç,õ0ñ[òAêEéSù�	�ö�êEòAê>ë�ò
òAø êUæAñ�õiêUñ[õDå�ï ì�ò.å�ó�òBðBñ�ë_ô�æEá�ú�ö�êOí�ëEç}ò�ç,ìjòBø ênì�ï õUè�êQð.å[ó
òAð_ñ�ë_ô�æ.õDê>ñ�æAï ðAê>öhè�ù7ñ`ö êOòAê>ë�òBç,å�ìuêEéSêEõDêQì�ò�ðBêEégñ�òAç���ênòAå;ç}ò_æ
æ�ù�õDõDêOòBðAçgëEñ�éVå�ì êQæ$çSì�ö�çgëEñ[òAêQæ$òBø ê�÷ ðBêQæAêEì�ëEê�å�ó�ñ �  .ú�ñ[ì�ö
î�ç���ê>æ$ñ�ëEëEêQæBæ$òAå

N0−0
á!1�ç,ì�ñ�é,éSù�	�ê � ï�ñ�òBç,å�ì`ß�à á ânèVêQëEå�õDêQæ

εcorrectedi =
Ni−j

Ni−j +N0−j +N0−0

� ß�à á ß0�
ñ�ì�ö5ö�êEí�ì êQævòAø�êwï ì�ëEå�ðBðAêQéSñ[òAê>ö�êEý�ëOçSêEì�ëEù�ëEå�ðBðAê>ë�òBêQö�ó&ðAå�õ

ëOå�ðAðBêEégñ�òBêQö�ê��Vê>ë�ò_æ$ó&å�ð.ê>ñ�ë_ø`ë_ø�ñ[õnèVêEð>á
1�çSî�ï ðBê7ß�à�á Ú�æAø å�û.æiòBø êhêOý�ëEç,êQì�ëOùMå[ó�òAø�ê � ï å�ì¨ÿvð_ñ�ü

ë_ô�ç,ì î � ø�ñ�õnèVêEð_æ�ê���òAð_ñ�ëOòAê>öXó&ðBå�õ�òAø ê.ðBêQñ�é ö ñ�ò_ñ�ñ�æ�ñ�ó&ï ì�ëOü
òAçSå�ìXå�ó�òAêEìUæ�ï è�÷�êQðAçSå�ö æ�ñ�ì�ö�çSì�òBêEî�ðBñ[òAêQö�å���êEðvñ�é,é�òAø ê(ä
è�ü�ä
è
ö ñ�ò_ñ ávÿ2ø�ê�ö�êQëEðAê>ñ�æAêiçSìmòAø êfç,ì�òAêQî�ð_ñ�òBêQödêOý�ëOçSêEì�ëEùdö�ï�êDòAå
òAø ê �  .ú¹çgæ0ñ[èVå�ï�ò

6%
ñ[ì�öcû(êQðAê;õ0ñ[çSì é,ùzó&å�ï ì�öoçSìcòBø ê

éSñ�æsòbó&å�ï ð^ë_ø�ñ�õnèVêEð_æ � æ�òBñ[òAçSå�ì�æ.ß�ñ[ì�öhÚ
��á!1�å�ð.ê>ñ�ë_ø7æ�ï�è ÷�êEü
ðAçSå�ö2	�òAø ê�ñ[õDå�ï�ì�ò(å[óGòBø ê�ëEå�ðBðAê>ë�òAçSå�ì�æ�òBñyù�æ(ñ[÷ ÷ ðBå���ç,õ0ñ[òAêEéSù
ëOå�ì�æsò_ñ[ì�òQá
ÿ2ø�êuòBêQë_ø ì ç � ï êuêQõD÷ é,å�ù�êQökòBåcçgö�êEì�òBç}ó&ùkòBø êmëEå�ðBðAêQéSñ[òAê>ö

ç,ì�êOý�ëOçSêEì�ëEç,ê>æ^ðBê � ï çSðBêQö;òAåfø�ñ���ênñ`æ�çSõDç,égñ[ð�ë_ø�ñ[õUè�êQð^å�ëEëEï�ü
÷�ñ[ì�ëOùkö�çSæ�òAðBçSè ï�òAçSå�ìeçSìeòBø êdæAç,õUï égñ�òAçSå�ì¨ñ�æ�çSìeðAê>ñ[é�ö ñ�ò_ñ á
ä
ï ðBê

J/ψ
æ�çSõnï�éSñ[òAçSå�ì�æ`ñ[ðBêhòAø�êEìÊì�å[ò;æAï ç,òBñ�è é,êuó&å�ð`òAø�ñ[ò

æsòBï�ö�ùuñ�ì�ödç,ì�æ�òAê>ñ�ömñjæ�çSì î�éSêDõnï å�ìmæAçSõnï égñ�òBç,å�ì�	ªòAï ì�êQöuòAå
òAø êDæAç,ì î�é,ênòAð_ñ�ë_ô;ô�ç,ì êQõ0ñ�òAçgëEñ�é�ö çSæ�òAðBç,è�ï�òAçSå�ì�æ�å�ó
ðAê>ñ[é�ö ñ�ò_ñ�	
û$ñ�æ$ï�æ�ê>ö¾á
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HJILK)MON0P�QSR&TVU7WYX�Z�[�\!X�]_^#`badc![fehg�^
\jilknm�Xno.Z�\!pqXncBm#rfst[�knu`L^�kvkw[�m�x!y�m#awm&st[�`L^
kd[zm�\!yYm�`{aw[�kJX�^�kwkw[�X�awZ�^
\|y�g�[�aw^&adc�[@X�^�kd}kd[�x�m#ad[�y~Z�\�[�W�X�Z�[�\BX�Z�[�u�Q

HJILK)M!N
P�Q 4 TqU'W�X�Z�[�\!X�]|^�`2adc�[�ehg�^
\Vilkwm
Xno0Z�\�p|�)cBm#rfst[�knu[��.adknm�X�ad[�y@`Lkw^�r�adc�[vudZ�rfg�x�m�awZ�^
\���adc![v�0g�^#aw[�y-kd[m#x#[�W�X�Z�[�\!X�]Z�u�X�^�rq��g>aw[�y~`Lkw^�r�awc�[,eh^�\0aw[,�Jm�kdx�^!Q

�bZ�p�g�kw[�N
P�Q 4 X�^�\0awm�Z�\BuVawc�[�[�W�X�Z�[�\BX�]�^#`�adc�[�awkwm
Xno0Z�\�pXnc!m#r�sB[�kwu�X�^�rq��g>aw[�yV`Lkd^
r�mqkd[m#x�Z�u;adZ�X@kdg�\�}/�t[�kd}/kwg�\~s!m�ud[�yu;Z�rfg�x�m�awZ�^
\fst[�`L^
kd[�m#\!y�m�`{aw[�kbawm�o0Z�\�p-Z�\0aw^-m
X�X�^
g�\0alawc�[���kw[�}u;[�\!X�[�^#`ladc�[f�J���fQ���x�rq^
u;aJawc�[&udm�rq[-y>[X�kw[�m
u;[-Z�\~adc![-[�`{}� X�Z�[�\!X�]~��m�u�`L^�g�\!yjZ�\jadc![feh^�\0aw[��Jm#kwx�^Ym�uzX�^�rq�!m�kd[y~ad^adc�[�kw[�m#x2y�m#awm|m#\!yV[�m
Xnc~udg�s��t[�kwZ�^>y_m#x�u;^f`L^�x�x�^���uvadc�[&uwm#rq[adkw[�\!y2Q$��\�m
y�y>Z�adZ�^�\ � p
g�kd[qN0P�Q 4 udc�^���u-awc�[Y[�W�X�Z�[�\BX�]�^
s>}awm#Z�\�[yV`Lkw^�r�adc�[,e�^�\0ad[��Jm�kdx�^!Q.��a�Z�u�y>[ � \�[�yjm�u�adc�[&knm�awZ�^^#`$awc�[-kd[X�^�\Bu�awkdg!X�ad[yqadknm�Xno>uvad^�adc�[-kd[X�^
\!u�awkdgBX�adZ�s�x�[z^
\�[�u�Q��a@Z�u��)^
k;awcjad^Y\�^�adZ�X�[&awc!m�a@Z�a-Z�u�Z�\�p
^0^>yjm#p
kd[�[�rq[�\0a���Z�adcadc�[qX�^
kdkw[�X�ad[�yj[�W�X�Z�[�\!X�]j`L^�k-[�m�Xnc�u;g�s!�B[�kdZ�^>y2Qti�c![|ud]>u�aw[�}rqm#adZ�X�u@kd[�x�m#ad[yjad^Vadc�[qX�^
kdkw[�x�m�aw[�y_[��O[�X�awu-^#`'awc�[,awkwm
Xno0Z�\�p[�W�X�Z�[�\!X�]��)[�kd[Vm
udud[�uwud[�y�m�u,adc�[_kw[�x�m�adZ���[~y>Z��O[�kw[�\BX�[�st[�ad}�)[�[�\hy�m�anmqm#\!y_u;Z�rfg!x�m#adZ�^�\��
1%

Q
i�c�[u;[_[�W�X�Z�[�\!X�]�u;adg!y�Z�[ufc!m��
[~udc�^���\�awc!m�a|adc�[judZ�r�g>}x�m#adZ�^�\hkw[���kw^>y>g!X�[u��J[�x�x�adc![,kd[m#xby�m�anmYm#\!yjZ�a@Z�u�awc�[�kw[�`L^
kd[udm#`L[�ad^qg!ud[-Z�a�Z�\~awc�[
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X�^�kwkw[�X�awZ�^
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*>part<N
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1.4 >0 (preliminary)
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 = 2.76 TeV), 2.5<y<4, pNNsALICE (Pb-Pb 
>0 (arXiv:1103.6269)

T
 = 0.2 TeV), 1.2<|y|<2.2, pNNsPHENIX (Au-Au 

>0 (nucl-ex/0611020)
T

 = 0.2 TeV), |y|<0.35, pNNsPHENIX (Au-Au 

coll> is weighted by Npart(*) ALICE <N

H�ILKvM�N
P�Q ��Th¡�g!X�x�[m#k-eh^>y>Z � X�m�awZ�^
\¢�!m
X�aw^�k�m�u-mY`Lg�\!X�adZ�^�\^#`ladc�[&rq[�m�\~\.g�r�sB[�k�^#`b�!m#kdadZ�X�Z��!m#\0anuv`L^
kJadc�[,�@£��d�)U¤[��.}�B[�kdZ�rq[�\0azm#\ByV¥v¦zUv¡���§�Q

¨f©�ªn« ¬®�¯l°~±�²l¯
�bZ�p�g�kw[-N
P�Q �fu;c�^���u)awc�[

RAA
rq[�m
u;g!kd[y�s.]qadc�[,�@£��d�)U[��>�t[�kwZ�rq[�\0azm�\!y~adc�[fX�^�rq�!m�kdZ�u;^
\~��Z�adcjawc�[,¥v¦zUv¡���§³[��.}�B[�kdZ�rq[�\0a&`L^�k,X�[�\0adknm#x'm�\!y�`L^�kw�Jm�kwyhknm#�!Z�y>Z�a�]�´ µ�¶�Q$i�c�[qkw[�}x�m#adZ�^�\�st[�a��J[�[�\�adc�[jX�[�\0adknm#x�Z�a�]�m#\!y�awc�[_\0g!rfst[�k|^#`��!m#kd}adZ�X�Z��!m#\0a|\0gBX�x�[�^�\Bu,Z�u,awc�[V`L^
x�x�^���Z�\�p��·m�x�m#kwp�[�\.g�r�sB[�kf^#`�!m#kdadZ�X�Z��!m�\
aY\.g!X�x�[�^�\!uqZ�\¸adc�[�X�^�x�x�Z�u;Z�^�\º¹

Npart » rq[�m�\!u�mX�[�\
awkwm�x�X�^
x�x�Z�udZ�^�\�Q!¼.Z�\!X�[�adc�[&rq^
u;a��t[�kwZ���c![�knm#x2s�Z�\jZ�u�x�m#kwp�[¹
40− 80%

^#`·X�[�\
awkwm�x�Z�a�] » � 〈Npart〉 cBm�uJsB[�[�\j�J[�Z�p�c0ad[y�s.]adc�[Yrq[m#\�\0g!rfst[�k&^#`Js�Z�\!m#kw]�\.g!X�x�[�^
\>}�\0gBX�x�[�^�\�X�^
x�x�Z�udZ�^�\!u
〈Ncoll〉
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J/ψ
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Ncoll
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J/ψ
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Ô�ÿ��aÅ%Éèç@ÒMÇ/ÅvÙóMÎ%Ò�ÉÓÈEï�Ç�ÞßÊ@ÄMïaÙÛÅZÊ@Ä7È�ï�Ç3ÅEÔ�Î%Ê�Æ�Ç/Å�ÅZÒMÅvï�Ç-Ð�Â9õ�ÿ�Î�ÊBÙ
ÍRÊ�ï��aÄMÂ5Í¶É�ç7Ò�Ç��OÒ+ÂBÄ7È%Éèç7Ò�Ç�×	�9õ-Á¶×ÃË@ïnÑ Ê�
�Ð�Ç!Î�5Ð�Ç-È%Î�/ÅFÉ�ÍRÙ
Ô+Ê@ÎZÈÏÂBÄ7Èpï�ÒwÆ/ÂBÐèÆ Ò�Ð�ï�Ç�Ô�Î�â/Æ ÉèÅ%ÉÓÊ@ÄîÇ/Ä��9õ-Á ÔNÊ5Ò�Î�Ç á�Ô�Ð�Ê5Î�Ç�Î
Ð�Â¶Ä�Ê@Ò�Ý5Ç/ÐÓÐ�ÇÃÔ�ÿ��aÅ%Éèç@ÒMÇ5ä

ÚvÂòÍ¶â È�ÿ�Ê�ï�Ç Õ Ê@ÐÓÇ/ÍåÎ�Ç�ÔNÊ@Å%Ç�Å%Ò�Î�ÐÑ â/Ý�ÂBÐ�ÒMÂ�È�ÉÓÊ@Äwï�Ç/Åpï�É�ÂBÙ
æ5ÎÏÂBÍ¶Í¶Ç/Å�ï�ÇòéMÇ��aÄ�Í�ÂBÄ Ç�Ä Ò�È�ÉÓÐ�ÉèÅ%Â5Ä@È�ÐèÂîÍ¶â È%ÿMÊaï�Ç�ï�ÇìÎ�â Ù
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i�uax�j	z{�h�i�x�{8}.j	��s:u�{�s�x�zj��|�1{Tq;r�u>k.u�q4{�tt�i�����k�s�{8}�jQ�Hn�s>i
q��	q;j��Xv�jQt�t�i�u>h�s>n�{Tzi�x�y	t���k.n�i�u>yQ{Ti�z�jQt�r�j�s>}.j�uax4{Tr>r:{�z{=��xz�j
v>{Tu:t�n�j	t�i�uax�y	h�z|{Tn�j	t� os>u:j���k�s1��n�j�j�xHv>{Tu:t���j�n�n�jQt�v�j;n^p j	t\�
r:{���j�v�j�r>�:{.t\j.�¡��j	t¢t�i�u>h.s>n�{Tzi�xy	t�v�j<n£p y�x{Tx�¤1u:{Tn�v�i�t\r1{=�
z{�i�tt\j	uax��as:{Tu:v~k�uot�k�q;q;jbt�s>z�x�k�s1t0n�j	t�y�x|{=xt¡v�y	h�y�u:y�zy�j	t	�
vwp {�r>z�	tXn�j¥x�>y�k.z��	q;jbv�j���j�j�����i�u>kat\�>i�x{T���b{Ts>j	u��1j	z�h1�Q¦§k.s>z
n�jQt0��{.t�k�m;i�n:u�p ¨*{�r1{�t0v>j¥t\k.q�q;j¥t�s>zXn�j	t0y�x{TxtXv>y�h�y	u>y�zy	t	�
��j	t�t�i�u>h�s>n�{Tzi�x�y	t©t�j��,{.�7xk�zi�t�j�uax�v>{Tu:t©n�j	t©�ªk.u:�7xi�k.u:t§v�j¡�ªz{�hT�
q�j	uax{=xi�k.u��:«bj�n�{�q;��q;j��,{.¬�k�u���n�jQtAt\i�u>h�s:n�{�z�i�x�yQt¡v>j�n^p y�x|{=x
i�u>i�x�i�{Tn£�.t�j�,{���x�k.z�i�t\j	uax0v>{Tu:t§n�j	tX�ªk�u:��x�i�k�u:t0v�j¥t�xz�s1�7x�s:z�j��¯®Q���° j	r1j	u:v>{Tuax�n�j	t�r>zk���j	tt\s1t�{8}�jQ�<r:n�s:t�v�j±v>j�s�²Mr:{Tz�x�i��
��s>n�j	t�v:{Tu:t¢n£p y�x{Tx³¤:u:{Tn�j�u>h.j�u:v�zj�uax�v�jQt³v�i�{�h�z|{Tq;q;j	t¢ 
s>u>j´�1k.s:��n�j	t¢{8}.j	�<r>n�s1t�v>j´�as:{Tx�zj<r1{=x\xj	t�j�²�xj�zu>j	t	�A��j
u>k�q*�>z�j¥v>jl��jQtXv�i�{Th�z|{Tq;q;jA��zk�i�xXj�²�r�k�u>j	u.xi�j	n�n�j�q;j	u.x0{8}.j	�
n�ju>k.q��>zj¡v>j	t§r:{Tx\x�jQt§j�²�x�j	z�u:j	t©r:{Tz§j�²�j	q;r>n�j.�=n�jr>zk���jQt�t�s:t
gg → tt̄bb̄ ��k�uax�i�j�uaxoµ 36 µHv�i�{Th.z{�q;q�jQtbv>j~¶�k.z�u���µT· U.U�S µv�i�{�h�z|{Tq;q;j	tX Hs>u>jl��k�s1��n�j¥j�x�µ 341 µ¡v�i�{�h�z|{Tq;q;j	tXv�p y	q�i�t\�t\i�k�u�z�y	j�n�n�j;� ¸=���¹ u�r>n�s:t;v�j���j	t�v�i�º~��s>n�xy	t	�§n�{<t�x|{T�>i�n�i�x�y�u�s>q;y�zi��as>j�j�x
n�{¢r>zy	t�j�u1��j~v�jQt�r>zk�r:{�h.{=xj�s>z|t�{�tt\k���i�y	t� ³v>j	t�r:{�z\xi���s>n�j	t
u>k�u��»t\x{T�:n�j�¼^{8}�jQ�~v�j	t�q4{�tt\jQtH��k.q�r:n�j�²�jQt½Ht\k.u.x�v�j	t*r>zkT�
�>n��	q;j	t¥t�y�zi�j	s�²��as�p k�u�z�j	u:��k.uax�zj�v>{�u:tn�jH��{Tn���s:n�v�j�r>zy	��i��
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¿oÀHÁ�¿ ÂMÃ©ÄbÅ�Æ¡ÇÉÈÉÄHÊ�Æ¥Ë
Ì k.n�j	q jQt�x!s:u>jÎÍPÏaÐ	Ñ©Ò�Ó©Ô�r1k.s>z!y	}={Tn�s>j�zÕn�j	t!v�i�{T�
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v�i�{�h�z|{Tq;q;j	tbv�j�Ö:j�¨�u>q4{Tuãµ Ì k�n�j�q�� R � U µ��as>i§}�i�t�j* ~�ªk�s>z��
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v�j	t�i�u.xy�h.z{�n�jQt¥ 4xz�k.i�tlj�x� o�as:{=xz�j�r1k.i�uaxt�j	u�s�x�i�n�i�t{Tuaxbn�{
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«�{Tu1tHn�{³q;y�x��:k�v>j�v�j~zy	v>s:�7xi�k.uär:{Tz�t\k.s:t�xz{.�7xi�k.u���k�u
t\y	r:{Tzj�n£p i�uax�y	h�z|{Tn�j� Ps>u>j<�1k.s:��n�j�j	uàv�j	s�² r:{Tz�x�i�j	t	� � u>j
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h�j	u:��jQt�i�u��ªz|{Tzk�s:h�j	t�v�k.uax�n�j4u>k.q��>zj4v�j4r>zk�r:{�h.{=xj�s>z�j	t\x
z�yQv�s>i�x	� ¹ u³ç ¹ « r:{Tz¡j�²�j�q;r>n�j��as>u>j���k�s:��n�j� �µ N µr:{Tx\x�jQtj�²�x�j	z�u:j	t	�aµ r µXr>z�k.r:{Tha{=xj�s>z|t��ªj�zq;i�k.u>i��as>jQt�j�xµ N−r µ�r>z�k��r:{Tha{=xj�s>z|t���k.t�k�u>i��as>j	tBv>{Tu1tBs:u�j	t�r:{.��j�v>j0r>�:{.t\j¡ �µ n µ�v�i��q;j�u:t�i�k.u4r1j	s�x��x�zj¥zj�r>zy	t�j�uaxyAr:{Tz�n�jAxj�u:t�j�s:z�µ In,µ1...µr

N
µ

�as�p k.u�r�j�s>xln^p y	��z�i�zj*æ

In,µ1...µr

N (a1, ..., ar;S) =

∫

dk̄
qµ1
a1
...qµr

ar

Πi∈S(q2i −m2
i + iδ)

=

∫

dk̄
[qµ1
a1

+
∑

j∈S C
µ1

ja1
(q2j −m2

j )]q
µ1
a1
...qµr

ar

Πi∈S(q2i −m2
i + iδ)

−
∑

j∈S
Cµ1

ja1

∫

dk̄
(q2j −m2

j )q
µ1
a1
...qµr

ar

Πi∈S(q2i −m2
i + iδ)

=

div−IR
︷ ︸︸ ︷

InN−1 +

fin
︷ ︸︸ ︷

In+2
N

¼��:·���·Q½
k�m InN−1

j�x In+2
N
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r1k.i�uax|t {I4
3 (z), I6

3 (z)} j�x�n�j	to�ªk�u1�7x�i�k�u1to .-as:{Tx�zj³r1k.i�uax|t
{I6

4 (z), I8
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X7Y[Z]\_^HW!`aW1bdcfehg�i�jQkmlon�pqgBr i�p�sOt[n�p�jQkmlon�p�u4v
6 w n�lop	kmu4sxpg�shu�t[n�p�jQkmlon�p�ufv

3
syk

4 w n�lop	kmuh`

z s{jx|�uKn�}~um|q��| z sxi��6|!��u�n z i�s�sMu k6lop�t[ex�mloshi���s�vqi�p�s{jysx���km|�lap�sO��| z shi��h�Bn�pq|��m���xk�s z |6��eMg�i�jQkmlon�p�|���|!p�k z r | w�w |!��lok�lan!pg�sOjysOg�sh��p�losh�(�3g�|!p�u0jysOjh|!uh� z sMu�lop	k�eh�!��| z shu�g�s���|�u�s�u�n!p	kz sMu�lop	k�eh�!��| z shu�k�sxpHu�n���las zaz sMu {I4
3 (z), I6

3 (z), I6
4 (z), I8

4 (z)...} `��p�t[n!p�jyk�lan!p�g�s�jxshu7lop	kmex�!��| z shuh� z r |�� w z l�kmi�g�s0v�i�p�s��Hn�i�j z ssyk4v
N w n�lop	kmu0uhr ehjy�mlok0jxn!����s�i�p�sOjxn!�4��lop�|!lau�n!p z lap�eM|�la��sg�s,jysMu;t[n!p�jyk�lan!p�u�|��!shj7g�sMu�jyn�sy�Ojxloshp�k�u��	i�l�p�s�jxn!p	k�lasxp�p�sxp	k

w |!u�g�s�g�exk�sx�m��lopH|�p	kmu�g�s����m|!��|�i�g�exp�n!��lopH|�k�shi��(��g�|!p�ujysyk�k�s��mex�!lan!pOg�s z r sMu w |!jys�g�s w�� |�u�s�� z shu7lap�kmex���m| z sMu�g�s���|!u�sjyn!p	kmloshp�p�sxp	k6g�shu w |!�m|!�1�xk��mshuOg�s���sx��p���|�p g�|�p�u z sEp�i���1eh�m|�k�shi���sxkEs zaz shuEn!p	k�i�p�s¡��s w �mehu�sxp	km|�k�lan!p+lop	kmex�!��| z sqvi�p�s�g�lo��shp�u�lan!p(��g�n!p�j�n!p w sxi�k z shu�ex��| z i�sh��p�i���ex�ml5��i�sy��1shp	k4jysO�	i�l��	|���|�p	k�lok z |¢u�km|���l z l�kme�syk z |��m| w lag�l�kmeOg�i{jx| z �jyi z `]£�l z s¢g�eykmsx�m�1lap�|!p�kOg�s¤����|��¥sMu kOu�i w eh��lasxi��Ov�jxsyk�k�s��| z shi��M� z r lop	kmex�!��| z s�v�i�p�s��Tn!iHj z s6v
N w n�lop	k�u w sxi�kO�yk��msehjy�mlok�s¤jyn����1s�i�p�s¤u�n!����s¤g�shuKlop	k�eh�!��| z shu�g�s¢�H|!u�s¤u�jh|��z |!lo�mshu {I4

3 , I
6
3 , I

6
4 , I

8
4 ...}

|���shj�g�shu�jxn	sx�Ojylasxp	kmu�jxn!p	k�shp�|�p	kz r lop���sx��u�s�g�i+g�eykmsx�m�1lap�|!p�k¤g�sq����|��¦|!i~g�ehp�n!��lap�|�kmsxi��M`§¨|!p�u0jys�jx|�ux� z shu�lap	k�ex���m| z sMu¨g�s1�H|!u�s�u�n!p	k0jx| z jxi z ehshu�|�pH|��z �	k�l5�	i�sx��shp�kM`
©ªn!i��]��lasxi�«Kjxn!� w �msxp�g��ms z s w �mn!� z �h�1s�g�iKg�exk�sh����lap�|�p	kg�s,���m|!�6��n!p w shi�k�g�n�p�p�sx��i�p�sy«�sx� w z sfu�la� w z s�`	¬¨p�jyn�p�u�lo�g��x�ms z |1t[n�p�jQkmlon�p�u�i�la��|!p	k�s�

F (b) =

∫ 1

0

dx
dx

(x − a)(x − b)

® ^HW!`¯U!°

=
1

a− b

[

log

(
1 − a

−a

)

− log

(
1 − b

−b

)]® ^HW!` V�°
¬¨p w sxi�k¤jh| z jyi z sx�¢jysxk�kmsEt[n�p�jQkmlon�p~shp eh��| z iH|�p	k¢p	i��1eh��lo���i�sx��sxp	k z r lop	kmex�!��| z s,v0i�p�s�g�lo��sxpHu�lan!p ® U!°�n!iK|!p�| z �	k�l5��i�sy��1shp	kh�3shp�i�kml z laum|�p	k z |Kt[n�����i z s ® V�°Q`±¬¨p��!n�l�k0�	i�s�g�|�pHu z |��eh�!lan!p�n�}

a − b
� z s�g�eyk�sh����lap�|�p	k�g�sK����|���g�|!p�u0jysOjh|!uh�shu�k�u�i��Oum|�����sxp	k w sxk�lokh� z |�t[n�����i z sf|!p�| z �	k�l5��i�s7g�n�p�p�s�g�sMu

X�Y[Z]\T^�W!`¯U0b�©���n�� z �h��s�g�i¢g�eykmsx�m�1lap�|!p�k�g�s�����|��

��eMu�i z k�|�kmu�lap�u�km|!� z sMu ® ��n!la� z |¢jyn!i����Ts�p�n!la�4g�|!p�u z |¢�±la�!i���s^�W�` U�° w |���jyn!p	km��s z r lap	k�eh�!��|�k�lan!p6p�i���ex�ml5��i�s4g�n!p�p�s4g�sMu��mey�u�i z k�|�kmu7u�km|�� z sMu ® �!n!la� z |�jyn!i����Ts,�mn!i���s,�;lo��i��ms�^�W�` U�°Q`	©;n�i����eMu�n�i�g��ms�jxs w ��n�� z �h��s!��n!p�i�k�l z lau�s z |�t[n!�m�4i z s�|�p�| z �	kmla�	i�sg�|�pHu z |��mex��lon�p¡n�}³²
a − b

²�shu�kKu�i���um|�����sxp	kO���m|!p�g.sxkz r lap�kmex���m|�k�lan!pqp�i���ex�ml5��i�s6u�l
a − b → 0

`_§�|�p�u���n z sx��´�µ��n!p�|Ok�n�i�¶ n!i���u¨i�p�s�t[n!�m�4i z s�|!p�| z �	k�l5��i�s�syk�i�p�s1��s w �mehu�sxp��km|�k�lan!p6lop	kmex�!��| z s0v1i�p�s4g�la��sxp�u�lan!p w n�i�� z shuflap	k�eh�!��| z shu�g�s��|!u�s!`�¬¨pOi�kml z lau�s z |�t[n�����i z s¨|�p�| z �	k�l5�	i�s,u�l z s¨g�eyk�sh����lap�|�p	kg�s¨����|��?shu�k]u�i��Ou�|!�1��shp�k]�!��|�p�g1syk z r lap�kmex���m|�k�lan!p�p�i���ey���l5�	i�s0g�s z |4t[n�����i z s�lap	k�eh�!��| z s�g�|!p�u z s�jx|!u�jxn!p	k���|�la��s�`
·K¸�¹�º »½¼�¾�¿]ÀyÁ�Â(Ãx¼�¾

ÄHr |�l�g�n�p�p�Åfi�p�| w sx��Æyi�g�i w �mn�¶ sxk���n z sx�Çg�n!p	k z r n!��¶ shjQkml�t
w �mlop�jxl w | z shu�k,gBr |�i�kmn!��|�kmlau�sx� z s�jx| z jxi z g�sMu�|�� w z l�kmi�g�sMu�g�sg�loÈTi�u�lan!p4v,i�p�s��Tn!iHj z s�syk±t[n!i��mp�la�±g�sMu w ��ÅMg�lajyk�lan!p�u w �mÅhjyl5u�shuw n�i�� z shu�n!�Hu�sh����|�� z sMu7g�i6É±Ê�Ë¨`Ì i�jxn!i���u�g�s¨��n!p�km�m|���|�l z �y¶ s��1s�u�i�lau7jyn�p�jyshp�km��Å¨u�i�� z shu
w �mn!� z �x��shu]g�s z |4u�km|!��l z lok�ÅMu�p�i���Åx�ml5��i�s¨g�s�Í ��n z sx��´�µ�Î�`!ÄHr |�l��Åhi�umu�lBv�k��mn!i���sx��i�p�s�t[n�����i z s�|!p�| z �	k�l5��i�s�sxkfi�p�s�t[n!�m�4i z slop	kmÅx�!��| z s�g�s z |Et[n!p�jyk�lan!p¡umjx| z |!lo�ms

I6
4

g�|�p�u z s¢jx|!u�n!}Ïn!p|�g�shu���|!umu�shu7��Åhs zaz sMufg�|�pHu z shu w ��n w |��	|�kmsxi���ux` Ì w |���k�la�fg�sjysxk�k�s�t[n�p�jQkmlon�p3�!jxn!p�u�lag�Åx�mÅxs�jyn!����sfi�p�sflap	k�Åh�!��| z s7g�sf�H|!u�s!�n!p w shi�kOg�Åhg�i�lo�ms z shu�|!i�k��mshu�lap�kmÅx���m| z sMu�g�s���|�u�s6u�jh| z |�la��sv��	i�|�k��ms w n�lop	k�u {I8
4 , ...}

syk�k�shp�u�n���las zaz sKv��	i�|�k��ms w n�lop	k�u
{I6

4 (z), I8
4 (z)...} `H§,sMufk�sMu kmshu�u�n!p	k�shp¤jyn!i��mu w n!i��¨jyn!� w |����sh� z shu¨�mshu�i z k�|�k�u¨g�s1�!n z sh��´�µ�|���shj z shu��mÅhu�i z k�|�k�u¨gBr |�i�k��mshuz la����|�la��lashu�jxn!����s�²xÉ3n�n wHÐ n�n z u�²fsyk�²x|�� � �8n z n�²�`©ªn�i�� z s�jh|!u z s w z i�u��!Åhp�Åx��| z �3n�}{n!p.g�sMu���|!umu�shu4jxn!�1�

w z sy«�s�g�|�pHu z sMu w �mn w |���|�k�shi��muh� z |�t[n�����i z s�|�p�| z �	k�l5�	i�sfsyk z |t[n!�m�4i z s�lop	kmÅx�!��| z s�u�n�p�kfshp6jxn!i���u�g�s�jyn�p�u�k��mi�jQkmlon�p3`
ÑÓÒfÔ�Ò�ÕªÖ ¾�¿ Ö Â
× WyØ��1` Ì z km|!��s zoz l8��Í Ì³Ù Ë7§Ú©���la��sx��Î�� � s w � w��TÛ�Ü U Ü ^�W�Ý�´�`
× U�Ø4����|�pHjyl5u±Ê¨| zaÞ sxp�syk Ì z |�p1§4`�ß¤|!��kmlopK� Ù i�|!��à�u;|�p�g z s w �k�n�p�uO_|!pqlop	km��n�g�i�jyk�n�����jyn�i��mu�sOlapq��n�g�sx�mp w |!��kmlaj z s

w�� ��u�l5jxuh��Ä!n � p�áâl z sx�6£�n!p�u ® Wh´�ã�^	°y`�µ��BW�Ý�`
× V�Ø4§�`	ÄH`����mn�umu�sxk�| z ��© � ��ux`�cfsh�T`�É3sxk�kM`	V Ü �aWhV�^	V ® WM´	Ý�V	°Q`
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Î$¿1¿1¼(ê	ÃhìeÍtÊ�¼2éWÊG¼2¿gÃ�Æ�ÈJÆ�Á¡ÂJé�é/Æ0¿1¿1¼(Ó�Ë7Æ ï ÄL¼7ÃDÅ@¿�½%Ê�Æ{Æ?Ã�Æ�Á%Ò	¾^Ë(êJ¿½
�������������
 �!�"$#%���&��'�() $'�!*�����,+() .-.�/��!�'�() 0(
12() ���'�!�(
��()32�,'� .��(4�
 %(
5�����/�/6

¼7ÃN½%Ê�Æ�½WÂ�Á%Ò	Æ�½�Â�Ã@ÉN¼(ÃH½1Ê@Æ�Ã�¼2é
		Æ�Ë"Ìeê	¼(Ë�Ð Ñ ¼(¿%¿¼(ê	ÃyÌeÁWÂ�ÒJÄ�Æ?ÃF½%¿
Â�Á%Æ+Ô�Á%êDÉ�Å@é/Æ0ÉuÃ@Â7	JÆ?Éu¼(Ãu½1Ê�Æ�Î$¿1¿1¼(ê	ÃuÔ�Á%êDé�Æ?¿%¿�ì q = Z

ï Â�Ã@É
½1Ê�Æ?¾�é?Â�Ô.½%Å�Á1Æ|Æ?Ë7Æ0é�½1Á%ê	Ã$¿xÍtÊ@Æ�Ãl½1Ê�Æ?¾�é�Á1êF¿1¿5ÄGÂI½1½1Æ�Á0Ð
õ�Ê@ÆvÄGÂ�ÒJÃ�Æ/½+¿1Æ�Ë(Æ?é�½W¿{½%Ê�ÆLÃDÅ@é/Ë(Æ�¼gÂ	é?é/êJÁ%É.¼(Ã�ÒG½%êp½%Ê�Æ A/qÁ%Â�½1¼(ê@Ð Ï Ì�½%Æ�Ál½1Ê�ÆyÄGÂ�ÒJÃ�Æ/½0Ö�ÂVé/êJÃ@É.Æ�Ã$¿Æ?Ál¿1Æ�Ë(Æ?é/½%¿p½1Ê�ÆNÃDÅ Õé/Ë(Æ�¼�Â	é?é/êJÁ%É.¼(Ã�Ò�½1êv½1Ê�Æ E/q Á%Â�½1¼(ê@Ð Ï Ãl¼7êJÃ�¼980ÂI½%¼7êJÃpéWÊ@Â�ÄvÓ$Æ?Á¼(¿9¿Æ�½ Õ Å�ÔhÂI½{½%Ê�Æ^Ìeê.é?Â�ËoÔ�Ë2Â�Ã@Æ^ê�Ì�½1Ê@Æ�¿ÔsÆ?é/½1Á%ê	ÄLÆ/½%Æ�Á�ìeÎ@Ò	Å@Á1Æ§Jî Ð §Dï ½1êié/ê	Å@ÃJ½U½1Ê@Æ¡Î$¿%¿¼(ê	Ã^ÌeÁ%Â	Ò	ÄLÆ�ÃF½%¿?Ð?õ�Ê@¼(¿�éWÊ@Â	Ä�ÓsÆ�Á4ÄLÆ0Â Õ¿Å@Á1Æ0¿4½%Ê�Æ5Æ�Ã�Æ?Á1ÒJ¾+ê�Ì�½%Ê�Æ5ÌeÁ%Â	Ò	ÄLÆ�ÃF½g¿ê$Ö?½%Ê@Â�Ã*	D¿�½%êm½%Ê�Æt¿Æ?Ë7Æ0é Õ½1¼(ê	Ã�É�ê	Ã�Æ^ÓD¾�½1Ê�Æ�¿ÔsÆ?é/½1Á%ê	ÄLÆ/½%Æ�Á0Ö@Í5ÆvÉ.Æ0É.Å@é�Æ+½1Ê�ÆvÄGÂ	¿%¿{ê�Ì

½1Ê�ÆiÌeÁWÂ�ÒJÄ�Æ?ÃF½?Ð�õ�Ê�Æ|ÄGÂ	¿%¿�Á1Æ0¿êJË7Å�½1¼(ê	Ãpê	Ì4½%Ê�Æ+¿ÔsÆ?é/½1Á%ê	ÄLÆ/½%Æ�Á
¼(¿tÂ	Á1êJÅ�Ã@É 0.1 a.m.u Ð

ú�ûeü"ý §Jî Ð §vþ�ÿ éWÊ�Æ?ÄGÂI½1¼2éiÈD¼7Æ?Í�ê�ÌU½1Ê@Æ+÷Kø4øyÁ1Æ0Â	é/½1ê	ÁtÂ	Ã@É�½%Ê�Æ
øoêJÊ�Æ�Ã�ÒJÁ1¼(Ã�¿1ÔsÆ?é�½%Á1êJÄLÆ/½1Æ?Á?Ð:� §��

ú�ûeü"ý §Jî Ð�� þNÿ 		Æ/½WéWÊ�ê�Ìt½%Ê�Æ�½%Â�Á%Ò	Æ�½?Ö�¼=½W¿�Ó@ÂJé
	D¼7Ã�Ò[Â�Ã@ÉN½%Ê�Æ
Ã�¼2é
		Æ�Ë]ÌeêJ¼7Ë�Ð

×�Ø�Ù1Ø ; ä|ã�ä�ä^âlä^å)<Gæ�à/æ
=?>A@�>0@B CEDGF�FIHKJ/L,MON�F
Ï ¿tÍ5ÆiêJÃ�Ë(¾�ÄLÆ?Â	¿1Å�Á%Æ|ÃFÅ$é/Ë(Æ�¼�Ít¼7½1ÊZÂ�Ò	¼(È	Æ?Ã�¼(ê	Ã�¼2é|éWÊ@Â�Á%Ò	Æ

q Â	Ã@É�Æ?Ã�Æ�Á%Ò	¾ E ì/PRQTS%Q Y (A, q, E)
ï Ö	½1ê|Æ/óD½%Á%ÂJé�½U½1Ê�ÆtÔ�Á%ê.É.Å@é Õ½1¼(ê	ÃLÔ�Á%ê	Ó@Â	Ó�¼(Ë7¼7½K¾^ê�Ì�Â9ÌeÁ%Â	Ò	ÄLÆ�ÃF½gÍt¼7½1ÊGÂ|Ò	¼(È	Æ?ÃvÄGÂ	¿%¿ Ï ì/PRQTS%Q

Y (A)
ï ÍxÆ�Ã�Æ�Æ0ÉH½%ê�¼(ÃJ½%Æ�ÒJÁ%Â�½1Æ�êIÈJÆ�ÁvéWÊ$Â�Á%Ò	ÆpÂ	Ã@ÉHÆ�Ã@Æ�Á%Ò	¾VU



WYX[Z�\&]T^`__ba�c�de^�f7\.^�f�g h�i*j

Y (A) k ∫∑qY (A, q, E)dE lnm�o&op*qsr:tvuxw&yvz|{&z}r:o�tv~e�|~2{&{Oz|��:� wOr:~2t��[z|w/�?z�z|t q � t[� E �nwOy*zxt�p*q���z|{�~7�$tvz|z%�`z����[~�r9t�w
o
wO~��vz.wOz�{Oq�r:tvz��|~2{&{Oz%�)w �9� wOyvz�r9t�wOz�u2{ �7� � � tx��z��v{ � q � wOr�� �2�9�:�
{Oz%�`p*�.z%��� ����l*���$~��vr:owO{&r9�*p`wOr:~2t*o � {&z�w&yvz|t�t*z��.z%oOo � { ��� w&yvz
E ���vr:owO{&r9�*p`wOr:~2t � w � u2r:�2z�te�
y � {Ou�z � t*��wOyvz q ���`r�owO{&r9�vpvwOr:~2t� w � u2r:�2z|t�z|tvz�{Ou � ��p*oOp �7�:�:� wOyvzAq�~�ow4�v{&~2� � � � z$~2t*z�� �*u2pv{&zi�¡ l ¢�£.l

¤$¥ ¦?§ i�¡ l ¢�¨ª©?~2{&{Oz �:� wOr:~2t«�[z|w/�?z�z|t¬w&yvz�z�tvz|{&u �«� t*�¬r:~2tvr��
�
y � {&u2z��`r�o/w&{Or:�vp`w&r9~�t*oA~7� � �[oOoOr:~2t� { � u2q�z|t�w�l
® �¯�$z��.~�t*oOr:�`z�{Kw&yvz q �`r�o/w&{Or:�vp`w&r9~�t��[w/�?~��`r9°nz|{&z|t�w�� � oOz�o

q ��� ~`���.pv{%l`m�o$z.±`� ��� r:tvz��e�[z|� ~2{&z2��wOy*z�r:~2t*r:���
y � {&u2z�r:oA�`z|�wOz|{&q�r9t*z��x� � wOyvz��.{&~�o&or:tvu}~2�nr:~2t[o4wOy*{O~�pvu2yxq � wOwOz�{��Rqsz � t
�
y � {&u2z � w�z�²�pvr � r:�v{&r9pvq < q >= 21, 22 £n³�o~«�?zsz.±`��z��.w �´ � p*o&or � t¬�`r�o/w&{Or:�vp`w&r9~�t�� �*u2p*{Oz i�¡ l�µ2£)l*¶�~�q�z.wOr:q�z�o$w&yvz}t�p`�
� � z|p*oA� � te{&z � �
y � tr:oO~2q�z|{&r���ow � w&z2l ® w0�.{&~�o&oz%o¯w&yvz�q � wwOz�{� t*�·�vz.��z.±v�.r9wOz%o¸� � z�q�r¹wOwOr:tvu�z � z%�)wO{&~2t[oe� r:t�wOz�{Ot �2� �|~2t��2z�{�
or:~2t�~�{ºmKp*u2z|{A� � oO� � �`z�£ � �Tw&z|{?�|{O~�oOoOr:tvu�wOyvz�tvr��
»2z � � ~2r � �*p`w
pv�*owO{&z � q¼wOy*zKq � u2t*z.w�l��Ayvz��
y � {Ou�zKoz � z%�)wOz%�s� � wOy*z�o��z��.�
wO{&~2q�z.w&z|{¸r�o¸�.~�t*oOz�²�pvz|t�w �9� yvr9u�yvz|{� q = 24 − 28 £)l,�Ay*z q
�`r:owO{&r:�vp`wOr:~2t�r9t�w&yvr�o�� � oOz¸y � o�wO~e�[z��vww&z��½� � w/�$~ ´ � p*o�
or � t*o��0r9wOy¾w&yvz¿o � q�zI�0r���w&yÀ�T�*u�pv{&z i�¡ l Á�£)��~2tvzI�|z|t�wOz|�
{Oz%�¿~�t h`j � t*�V~�tvz�~2tVwOy*z � �2z|{ � u�z«�
y � {&u2z«~7��wOyvz½r�oO~7�
qsz�{ � �TwOz�{$�`z|��z|±v�.r9w � w&r9~�t�l��Ayvz�oOz�r�o~�q�z|{
o � {&z�� �7�:� z%�xt � t*~7�
oz%�.~2t[�Âr:oO~2q�z|{
oxoOr9t*�|z�wOy*z � y � �2z � oOyv~2{Ow � r¹� z�w&r9q�z��¯w � �
�vr:� �7�:�9� 10 ps − 1 ns � wOyvz%oz�w&r9q�z%o � {Oz½�`z|wOz�{Oq�r:tvz��Â� �
wOyvz¸�`r�ow � t[�.z��[z|w/�?z�z|twOyvz�w � {&u2z.w � t[��w&yvz�tvr:�
»�z � � ~2r � £)l ® t
~2{
�`z|{ewO~·��z��`z|wOz%�)wOz%�Ãw&yvz � y � ��z¬wO~I��z��*{O~`�`p*�|z��Âr:t �
{Oz � oO~2t � � � z0²�p � t�w&r¹w �s� t*���`z|��z|±v�.r9wOz0��r � z � z%�)w&{O~�t�z�qsr�o&or:~2t
�Tw � �vr�� �7�:�:� �.~2q�r:tvu�� {&~2qÄz�tvz|{&u � wO{ � t*oOr9wOr:~2t*o�~7�4w&yvz�~�{&�vz|{
~7� 100 keV £)l
�Ayvz E �vr:owO{&r9�*p`wOr:~2t¸r�oY~2tvz?~7�`w&yvz?q�~�o/w4�.~�qs� � z|±�� � {Ow�~7�

wOyvz � t �7�:� oOr�o|l��Ayvr�oY�vr:owO{&r9�*p`wOr:~2t�r:oYq � r:t �:� ´ � p*o&or � t��0yvz|t
wOyvz�� { � u2q�z|t�wºr�o?�v{O~`�`p[�.z���� � �[o&or:~2t,l�ÅK~��$z|��z|{%��wOy*z��.{&~�o�
or:tvu}~7�nq � wOwOz|{��Tw � {Ou�z.w � t*�stvr:�
»�z � � ~�r � £ � °nz��.w&oGw&yvr�o¯�`r�o/w&{Or9�
�vp`wOr:~2t � t[�}wOy*r:oYz.°nz��.w4r:oG�`z��[z�t*�`z|t�w4~2t�wOyvz?w � {Ou�z.w � t*��r¹w
o
z|�2~ � pvwOr:~2t�r:txwOr:q�zs�R�vpv{&t�pv����oO�vp`wOz�{O{&r:tvu*�:l9l�£)l�Æ�z�w&{ � wO~��vw
wOyvr�o¯�`r�o/w&{Or:�vp`w&r9~�t�� � w/�$~ ´ � p*o&oOr � t*o � oGr9wG� � o4�v~2tvzAr:t�w&yvz
� � ow�������l`m�oA� � t���z�oOz|z�t�~2te�*u2p*{Oz i�¡ l Çv��wOy*r:o?�vw$� pvt*�.wOr:~2tr:otv~7w«op`È��|r9z�t�wewO~¿�|~2{&{Oz%�)w �9� �vz�o&�.{&r9��z�wOy*z�z|t*z|{&u � �vr:o�

¤A¥ ¦º§ i�¡ lÉµ�¨ ® ~2tvr����
y � {&u2z��`r�owO{&r9�vpvwOr:~2tÃ~7��q � o&o j�¡ ¢ � w
E = 70 MeV

¤A¥ ¦º§ i�¡ l Á�¨ ® ~2tvr����
y � {&u2z��`r�owO{&r9�vpvwOr:~2tÃ~7��q � o&o j�Ê � � w
E = 96 MeV

wO{&r9�*p`wOr:~2t�l*Æ�z � {Oz��v{&z�oOz|t�w �:� owOp*� � r:tvu�w/�$~��[~�oOoOr9�*r � r¹w&r9z%o �
wO{ � r9tvu«w&~¬�vz.�*tvz � � pvt[�)wOr:~2tË� � oz%��~�tË�vy � oOr�� �7� �|~2t*oOr:�vz.�
{ � wOr:~2t*o � t*� � � � zsw&~e�vw¸~�pv{}� � w � ~�{�wO~�or:q�� �:� q � »2z � t� t �2�9� w&r:� �7�,� �v�v{&~ � �
y � r9t�wOz�{O��~ ��� w&r9t*ux�[z|w/�?z�z|t�w&yvz¸��~2r:t�w
o� t*�z.±�w&{ � �[~ �:� wOr:tvu � w � ~��Ìz|tvz�{Ou � l® tÍ~�{&�vz|{�wO~�~��`w � r9t�w&yvzx�[o&or:~2t � r:z � �vo|��wOyvz�t�pvq��[z�{¸~7�
� { � u2q�z|t�w
o?q�z � oOpv{Oz%� � w � u�r9��z|t«q � o&o0oyv~�p � �e��z}tv~2{&q � �� r:Î|z%�wO~swOyvz}t�pvq��[z�{0~7�Y�[o&or:~2t*o$w&y � wK~`���.pv{Ar:tw&yvz�w � {Ou�z.w
�`pv{&r9t*u}wOyvz�q�z � oOpv{&z|q�z|t�w%l2m�oºwOyvr�o¯t�pvq��[z�{$� � tvt*~7wº��z��`r9�
{Oz%�)w �9� q�z � op*{Oz%� � w�Ï,~2yvz�tvu2{&r9t,��w&yvz��v{&~`�.z��vpv{Oz«p*oOz��·wO~
q�z � oOpv{&zKw&yvz��*pv{Otpv�«r:o?wOy*z�{&z|��z � wOz��eq�z � oOpv{&z|q�z|t�w$~7� �
u2r:�2z�t�q � o&o|�%w � �vr�� �2�9�:� wOy*z$q�~�o/w4�v{&~`�`p*�.z%�¸~�tvz2��z��2z|{ � Á�~2{j%h y�l7�Ayvz|{&z.� ~�{Oz���~2t �:� {Oz �:� wOr:�2z$�[o&or:~2t � r9z � �vo � {OzA~��`w � r9tvz%��lÐ ~�{0�[o&or � z}t�p*� � z�r��[�0yvz|t¬w&yvz¸�vp*{Ot�pv��r�oK~�t �:� �`z|wOz|{&q�r9t � �
wOz%�x� � w&yvzK��oOoOr9~�tx�v{&~��|z�o&o|�2wOyvz�wOr:q�z�z|��~ � p`wOr:~2txr�o � z.±`��~7�
tvz|t�w&r �2� � �*u2p*{Oz i�¡ l j�Ê � � z.�Tw)£)lº¶�~�qsz|wOr:q�z�o��,w&yvz�o�vpvwwOz�{Or:tvu
r:o¸r9q���~2{Ow � t�w � t*�Ë�
y � tvu�z�o}oO~2q�z.w&r9q�z%o¸�`{ � q � w&r:� �7�:�9� w&yvz
�[o&or:~2t«{ � wOz�z|��~ � p`wOr:~2t��T�*u�pv{&z i�¡ l j�Ê ��{&r:u2y�w
£.lÐ ~2{4�`~�pv� � zA� � �`w&pv{&z2� � oYr:t�~2pv{4� � oz���wOyvzAz|±���z��.wOz%���vp*{Ot
pv�¬r:oAq�~�{Oz}�.~�q�� � r�� � wOz%����oz�z��*u2pv{&z i�¡ l j2j £)l
�Ay*z«�*{Oz � r:q�r9t � { � {&z�oOp � w&o � {Oz¬oy*~��0tI~2t¿�*u�pv{Oz i�¡ l j�h lÑ � �
y«q � o&o � r9z � �«r�o0tv~2{&q �7� r9Î�z���wO~�wOy*z � r:z � �~7�YwOyvz}q � o&oj�Ê �`l|�Ayvz?z.±`��z|{&r9q�z|t�w �7� {&z�oOp � w&o�y � �2z4��z|z�t��.~�q�� � {&z����0r9wOy
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æ$ç è?é Ó�êvë ì?í�î¯ïvð�ñOò�ó�ôvõ:ö÷Oñ&õ9ø*ù`÷Oõ:ú2ï�û ú�ñ
A = 105 ü ï[ô q = 21

ëýAþ ð�ÿv÷}û ùvï��.÷Oõ:ú2ïÍõ�ö�÷ þ ð�öOù�� ú7ûKÒ�� ü ù*ö&öõ ü ï*ö�ë ýAþ ðxð�ñOñ&ú2ñø ü ñ
ö ü ñ&ð�ú�ï��:óö÷ ü ÷&õ:ö÷Oõ�� ü ��ë

æ$ç è?é Ó�ê*ë	��
�í�î� ü �����9ð�ú7û��)øvùvñ&ï���ù����Kú2ï ü ÿ[ö&öõ��:ð�ï�ù����9ð�ù*ö�
233 ������� õ9÷ þ ü ö�� ü ���Yö��vù`÷O÷Oð�ñOõ:ïvò � ú2ï�÷ þ ð �9ð|ûT÷ � ü ï*ô þ ù*ò2ðö!�vùv÷÷Oð�ñOõ:ïvò � ú2ï÷ þ ð}ñ&õ9ò þ ÷ ��" #%$ ë

÷ þ ð&��ú�ö÷'�.ú(����ú2ï��9óxù*öOð�ôeï�ù����:ð ü ñAô ü ÷ ü �:õ9øvñ ü õ:ñ&õ9ð%ö �*) î,+-+
ü ï*ôVî/.�0�+$ë�1�ö � ð½öð�ð�õ9ïV÷ þ ð�ÿ*ò�ùvñOð � ÷ þ ð þ ð ü32 ó4��ð ü(5ö þ ú � ö$÷ þ ð6� ü ñ&ò2ð�ö÷0ô`õ:ö7�.ñ&ð�� ü ï��|õ9ð%ö � ü öAð����[ð��)÷&ð�ô¬öõ:ï��|ð 2 ð|ñ&óû ð � ��ð ü öOùvñOð8��ð|ï�÷&ö � ð|ñ&ð���ð|ñOû ú2ñ7��ð�ô�õ:ï÷ þ õ�ö�� ü ö&ö?ñ&ð|ò�õ9ú�ï�ë9 ú � ð 2 ð�ñ � ú2ùvñ:��ð ü öOùvñOð8��ð|ï�÷�õ:ö-���:ú�öOð|ñn÷&úK÷ þ ð¯î/.�0�+<;,�>=@?!?�9õ:øvñ ü ñ&ó�õ9ï÷ þ ð6�9õ:ò þ ÷'��ð ü%5 ë

A,B�CDB�CFE 242g GIH JLK�M 242m GIH
1�öN��ð|ï�÷Oõ:ú2ïvð%ô ø[ð|û ú2ñ&ð � ÷ þ ð ù*öOð ú7û ÷ þ ð ñ&ð ü �)÷Oõ:ú2ï

241 1@� � Ò�ï � û � õ�ö¯÷ þ ð�ú�ï��9ó � ü ó¸÷Oú�ú2ø`÷ ü õ:ï�÷ þ ð�ÿ[ö&öõ:ú2ïxó�õ:ð���ôvöú7û 242g 1@� ü ï*ô 242m 1@� öOð�� ü ñ ü ÷Oð8�9ó � ÿ*ò2ù*ñOð}Ó�êvë ê �O��� þ õ�� þ� ü öAú2ïvð�ú7ûY÷ þ ð}ò2ú ü �nú7û,÷ þ ð}ð�����ð|ñ&õ	��ð�ï�÷%ë?�û � ðP��ð ü öù*ñOð�÷ þ ð�ó�õ:ð���ô YA(t) ü ÷�÷ � úeôvõRQnð|ñ&ð|ï�÷�÷&õ	��ð%ö
t1 ü ï*ô t2 ü ï*ô � ð ü ñ&ð ü ø��:ð¯÷&úS� ü ���.ù�� ü ÷&ð4÷ þ ð?ñ&ð�� ü ÷&õ 2 ð4ÿ[ö&öõ:ú2ïñ ü ÷OðAú7û 242g 1@� � α(t) � ü ï*ô�÷ þ ð0ú2ïvðAú7û 242m 1@� � β(t) ���(� ð� ü ïVð���÷&ñ ü �)÷ YA(242gAm) ü ï*ô YA(242mAm)

ø�ó·öúT� 2 õ:ïvò÷ þ ð�û úT�	�:ú � õ9ï*ò�öOó`ö/÷&ð�� ú2ûYð�U�ù ü ÷&õ9ú�ï*öSV
YA(t1) =α(t1)∗YA(242gAm)+β(t1)∗YA(242mAm)

� � �
YA(t2) =α(t2) ∗ YA(242gAm)+β(t2) ∗ YA(242mAm)

+Yõ:ò2ùvñ&ðºÓ�êvë���ê0ö þ ú � ön÷ þ ðW� ü ���.ù�� ü ÷&ð�ô�ñ ü ÷Oõ:ú α(t)/β(t) ü ö üû ùvï��)÷&õ9ú�ï�ú2û�÷&õ	��ðAô`ùvñ&õ9ï*òKú2ùvñ�ð�����ð|ñ&õ	��ð|ï�÷%ë80�ùvñOõ:ïvò�÷ þ ðºÿ*ñ&ö÷
ô ü ó`ö � ÷ þ ð�ò2ñ&ú2ù*ï*ô�ö÷ ü ÷&ð�õ�ö$ñOð%ö!��ú2ï*öOõ:ø��9ð�ú7û�÷ þ ð&� ü%X ú2ñ&õ¹÷/ósú7û÷ þ ðÿ[ö&öõ:ú2ï·ð 2 ð�ï�÷
ö|ë�?�÷sõ�öY�8
¬÷&õ	��ð�öZ��ú2ñ&ð[�vñ&ú`ô`ù��|ð�ôË÷ þ ü ï÷ þ ð¬õ�öúT�sð�ñ�ø�ó\� ü �`÷Où*ñOð«ú2ï 241 1@� ü ï*ôIõ¹÷
ö�ÿ�öOöOõ9ú�ï]�.ñ&ú�ö&ööð��)÷Oõ:ú2ï¬õ�öAú2ï��:ó ü ñOú�ùvï*ô«ê�÷&õ	��ð%öKö!� ü �	�:ð|ñ%ë

æAç èºé Ó�êvë��(��í ýAþ ð¸öúT�9õ�ô��9õ:ïvð � ú2ï«÷ þ ð6�:ð.ûT÷ � ñ&ð��vñ&ð�öOð|ï�÷&ö$÷ þ ðð�����ð8�)÷&ð�ô¿øvùvñ&ï���ù�� � � ü ���|ù�� ü ÷Oð%ô � õ9÷ þ ú�ù`÷�ö!�*ù`÷÷&ð|ñ&õ9ïvò � ú7û÷ þ ð 241 1@� ÷ ü ñ&ò2ð|÷ ü ï*ô�÷ þ ðeô`ú7÷
ö � ú�ïË÷ þ ðeñOõ:ò þ ÷ � ü ñOðxú�ùvñ��ð ü öOùvñ&ð���ð|ï�÷
ö|ë�^ ü ���.ù�� ü ÷Oõ:ú2ï*ö ü ï*ôô ü ÷ ü�ü ñOð�ïvú2÷Kïvú2ñ7� ü �:õR�_ ð%ô�ë

æAç èºé Ó�ê*ë	��Òsí`^?ú(��� ü ñ&õ�öú�ï�ø[ð|÷ � ð�ð|ï�÷ þ ð � ü ö&ö�ó�õ:ð���ôvö�ð��*�÷Oñ ü �.÷Oð�ô�û ñ&ú(�ªú�ùvñ�ô ü ÷ ü � õ9÷ þ ÷ þ ðï�ù����:ð ü ñ�ô ü ÷ ü �:õ9ø*ñ ü ñOõ:ð�öî/.@0S+a;/�>=@?�? ü ï*ô ) î/+L+¿êvë��2ë��2ë

1�ö0÷ þ ð�ò�ñOú�ùvï*ô¬ö/÷ ü ÷&ðPU�ù ü ï�÷Oõ9÷/ó¬ô`ð8�|ñOð ü öOð�ö 2 ð�ñOó�U�ùvõ�� 5 �:ó�
T1/2= 16h �O� ÷ þ ð¯ÿ�öOöOõ9ú�ï}ñ ü ÷Oð¯ú2û�÷ þ ð?ò2ñ&ú2ùvï*ô}ö÷ ü ÷Oð ü ï*ô�÷ þ ðú2ïvðsú7û?õ:öOú(��ð|ñ ��� þ õ�� þ�þ ü ö ü þ õ:ò þ ð�ñ�ÿ[ö&öOõ9ú�ï`�.ñ&ú�ö&ö�öð��)÷Oõ:ú2ï
ü ï*ô ü þ õ:ò þ ð�ñb�9õ9û ð}÷&õ	��ð � T1/2(

242mAm)/T1/2(
242gAm) =

7.7 104 �O� ø�ð8�|ú(��ð�ú7ûY÷ þ ð¸ö ü ��ð�ú2ñ
ô`ð|ñAú2û-� ü ò�ïvõ9÷Où*ô`ð�ë0�ùvñ&õ9ï*òÂ÷ þ ðIö þ ù`÷&ôvú � ï ú2û�÷ þ ð·ñ&ð ü �)÷Oú�ñ � ��cÂô ü ó�ö � ü ���÷ þ ð 242g 1@� õ:ï ÷ þ ðÍ÷ ü ñ&ò2ð|÷�ô`ð8� ü ó�ö¬õ:ï�÷Oú 242 ^,�¬ë ýAþ ð�ï �
� þ ð|ïÂ÷ þ ðd��ð ü öOùvñOð8��ð|ï�÷eñ&ð�ö÷ ü ñO÷&ö � ÷ þ ð½÷ ü ñOò�ð.÷eõ�öe�*ñOõ:ï��.õ	�� ü ���:óf� ü ô`ð�ú7û 242m 1@� ü ï[ô 241 1'�¬ë ýAþ ðsÿ[ö&öOõ9ú�ï�ñ ü ÷&ð�õ�öô`ú(��õ:ï ü ÷&ð�ô ø�óÂ÷ þ ð�õ:öOú(��ð|ñ¬ô`ùvñ&õ:ïvòI÷ þ ð�ÿ*ñ&ö÷ þ ú2ùvñ
ö ü ï*ô÷ þ ð�ïõ9÷0ñOð ü � þ ð%ö¯÷ þ ð}ö ü ��ð�ú�ñ&ôvð|ñ$ú7û,÷ þ ð&� ü ò2ï*õ¹÷&ù*ô`ð�ú7û,÷ þ ðò2ñ&ú2ùvï[ôeö÷ ü ÷&ð2ë?bïÍú�ñ&ôvð|ñ}÷&úd� ü ���|ù�� ü ÷Oðx÷ þ ð�ñ ü ÷&õ9ú�ø�ð.÷ � ð|ð�ïË÷ þ ð 242g 1@�
ü ï*ô�÷ þ ð 242m 1@� ÿ[ö&öõ:ú2ï�ñ ü ÷Oð%ö �g� ð��sð ü öOùvñ&ð�ô�÷ þ ð0ïvð�ù`÷Oñ&ú2ïh ù���ô`ù*ñOõ:ïvò�÷ þ ðAð�����ð|ñ&õ	��ð�ï�÷%ë ýAþ õ�ö h ù��i��ú2ïvõ9÷Oú�ñOõ:ïvò ü ���9ú � öð 2�ü �:ù ü ÷Oõ:ïvò�÷ þ ð¸öOó`ö/÷&ð�� ü ÷&õ���ù*ï��.ð�ñ÷ ü õ:ï�÷/óú2ï«÷ þ ði��ð ü öOùvñ&ð����ð|ï�÷¯ô`ùvðA÷Oú�÷ þ ð h ù��.÷Où ü ÷Oõ:ú2ïsú7û*÷ þ ð h ù��sô`ùvñ&õ9ïvò�÷ þ ð0ð�����ð��ñOõ���ð|ï�÷�ë ýAþ õ�ö-��ð ü öOùvñ&ð���ð|ï�÷ � ü ö�ôvú2ïvð � õ¹÷ þ 3 9 ðAô`ð.÷&ð8�.÷Oú2ñ
ö��� ü �.ð%ô}õ:ï*öõ�ô`ð ü ÷OúT��ú2ò2ñ ü � þ ó�ö/÷ ü ÷&õ9ú�ïP�.ú�ïvïvð8�.÷Oð%ô�÷Oú�÷ þ ð 9 ìø[ð ü �j�9õ:ïvð � ÿ*ò�ùvñ&ð�Ó�êvë Ó � ëk ù*ñ¸ïvð|ùv÷Oñ&ú2ïl��ð ü öOùvñ&ð���ð|ï�÷
ö þ ü32 ðxø�ð|ð�ï4�.úT� � ü ñ&ð�ô�÷Oú



m-npogq7rts�u!uwv@x@y[s*z%q�s*zg{ |g}T~

�W���,� }T~��	��~��i�'�g�7�	�S�p�����,�8��� 242g �@� �%��� 242m �@���p�7� ���(�� �%��� � �

���,� �p�7� ���(� ����� � �p� � �����/��� �b�%��� ���� |(�� �¡��(�����i�T¢��£�%¤��7���� ���(�O�7� � ��� � �T�g¥�¢ � � �8� � ¢ � � � �8�¦� � �,� � �,��� � � �%¡��	§8�8�&�7�@�7���
� ���%� ¨g�%¡�¢����p�����,�8��� ���� �b�%�p� ���� |@��� � �8���b������� �p�7� ���(������ � �p� �£� �8  � � � �8�¦���8�i�����@�p� � ��T¢ � � �8� � ¢ � � � ���¦���3©-��ª(¢ � �}T~�����} � ���g� � �����%� ���� �'�(��� ���� |S���3¨T�b� � �g�7��� � ���R«¬� � ���¦��p�8���3¨*�	� � ����¤�� � �6�7��� � �*¢��S���g�b� � ¢� � �� �  �¡��%�����¥�¢ � ���%�7�� � � � � � �[���T� � � � �����¦�P�b�	��� ���� | � ��� � ¢ � � � ���¦�P�b�������4� ������i����� � ��� � ��¡	� � � � �����¯®�°��p��� � ¡��	���(�
± �������g���S�7�%²T�����g¤t�7� � �7��� � �¦¢��7���g�b� � ¡��g�W� �  �¡��%�O� � ���g���¡�� � ªT�&��� � � � �� ��(����³[�p�����,�8���´�(¢ � � ��� � ¢ � � � ���¦�'�%���Y�7���

�p��� ���(�¯����� � �p� � � �8� � ¢ � � � ���¦���¢ � ����ª&����� � � � �L���,�i���3³ � �
� ���T¡	¡��%��� � �g�7�	�T�µ�b�	���¶�7���¸·�� � ¢�¡��%�����(� � �%��� � �����g¨3�%����¨(�
� � �(¹��8��� � ·�� � ¨¦�����e�%� ���º� �p� � ����ªT¢��l���f� � ���%��¡�� � �l�	¤b����� ����R«¬� � ���p���¯���(�f�p����»* �¡��(�	�����f�*³´������¼¦¢�����² � �g¨(� � �8�¦���%¤���������(�¦� � �T¡ � ���\��¢ � ����ª<�7��� � � � �P���,�d���3³ � �%¤b�����[��³���¡��� � � � �g¨(� � �8�¦�,�%¤ �/��� ���(��� �/� ¡�|��T½¸�����( ��@�7���g�W����� �W� �	¾
� ¢�¡��g�7�	�T���b��¡�¡:����¡� �����  � �8��� � �S�����i�T�O��¢p�%¡¿�¢�»Y¨g�%¡�¢�� � �7������ � �����%¡/¿�¢�»IÀ 5.1014n.cm−2s−1 Á � � �T��¡�³¸� � �(¢�ª(�l� � ���	¾
� �%�����(�p���

�W���,� }T~��	�8}e� ± � � �¯�8¨(�(¡�¢��7�	�T�d�%¤,����� � �8� � ¢ � ���f���8¢�� � �(�¿�¢�»´�	�<�7���6�7� � �(ª � �( ��*³ � ���g�7�	�T� � 3 ®@� � ����¢� p�b�%�p�´�	�´�7����(¢���¾F�(¤t¾>��� � � �p�7� ���(������� � �p� � �������� �&�(��� �/��� |(��� ± ����¢� �¾ p� �  �¡��%� � ��¤�� � � ���[�����i� �7� �T�����%�����(�´����¤�� � �6�7��� � �*¢������g�b��%���&�7���W¡	�g�W� � �g¤t��� � �7��� � �*¢��-���g�b�:� ± ��� � �(¡����6¡������ � � �8  � ��¾
� �8�T� � ���������(¡���¢�¡��%����� �p�7� ���(� � �g�7� � �g�7�	�e¢ � ����ªY�����T� � �7�%�¦�¿�¢�»��(���[����� � �8� � ¢ � ���e¿�¢�»Y��¨T�(¡�¢������(�º�

ÂPÃeÄ!Â ÅÇÆiÈ�É,Ê�Ë�ÌºÍ�ÆiÈÏÎiÈYÐÒÑ¸Ó�Ô-ÌºÑ`ÓbÉ/Õ�ÍOÖiÓbÌ
± ���@�%���(¡	³ � � � �(¤ 241 �@�<� |g� Á ¤7� �p�7� ���(�¯³*����¡�� �� ���g� � ���p�g��(¢ �L� � � ¢�¡	� � � � ����¡�� � � � ���S�����b×,Ø@ÙS©dÚ,¾FÛ �!� ¡	��� � �%� � ³6���P�7���¡	��ª(�¦� � � ���  ��8�%²f�(���f� � � ���(� � � � �7���¦�����f�7��� ���8�3¨*³´ p���%²¬�± ���[�(���%¡�³ � � �6� ���(¢�¡��\�%¡ � �<¡��8�T�¸¢ � �7�f¢������ � � �7�(���l�	¤W�7������,�P�¦¢p��¡��8� � � ���g���@�%¤ 242 �'� ���3¨(�'���R«¬� � ���¦� ����� �	�T�¯³*�	�8¡�� � �×¨(�8�d�	¤����� � � �7�@�p��� ���(�d³*����¡�� � � � �P�%¤,ª � �8�g���	�¦��� � � � �&�(������ �¯� �8¡	¨T� �8Á �����8³�� � �6�T��¡�³�� � ���8 ´���g��� � � � ����� � �8� � ¢ � ��¾

� ���¦�b�%¤�� � �%���T ����@³*����¡�� � � ± ��� � �&� � �S���8�8�����e¤�� � �����8� � ³e� ��,�8¡	¡L� � ¤�� � �% � �¡	�����%�����(� � � ± ��� ��»� �� � � � �8�T���%¡ � ���!¾>¢� f¢ � �8���� � �8� � ¢ � �i�7���Z� � �%���T ����i³*�	�8¡�� � �b��¡�¡-��� � ���%¡��	§8�8�<�*³f���T¢�¾ �¡��	��ª`���W�¸® �,Ü �<�����7�8�O�7� � � ���`����� �  p���O� � � � ����� � ���µ� � ¾��� � ���i �� � ¤�� � � ªT� ��� � �  p���O� � � � ��� � ³Z�(¤ � � ��� ¾ � �� p� � �g������p��� �¯� �-·*¢����µ� � �������*�4��� � �%¡ � ���(��³`�p�8���]�( � �¡��	��� � ¢p�O¾��� ��� ¤�¢�¡�¡	³���� � ��� � ¢ � �£� � �%�7�( ����£³*�	�8¡�� � �(¤*���8�3¨*³ ����� �	�T�&¤ � �(ª%¾
� ���¦� � ��� 239 � ¢ � �

th
Á ¤7�'Ý Þ�ß>� ± ���b��»� p� � � � ���¦�� �  �¡��%������� �	�¤à�%¡�¡�|%á���|��

âjãbägã ÔLÓbÈ�É,ÓbÌ
Ý���ß å��¦½¸�(ª(� � �(� �@� ×/��æ� Á ± ���&Ø'¢���¡	��� � ©�� �7� ���(� � � ����� ���8ÁåW�'å � � � �7�8Á Ú,���8� �@�g���T� Á © �Á ��°(°��(�
Ýæ|3ß Ü ��©-�	�T���:���@�%¡F� Á Ø@¢���¡F� � �*³ � � ��ç °(~ � |(á(á����WÞg} ç �
Ý ~gß ¥Z��Ú � ����ªT� � Á¦� �:� ÙZ� ± ��� � � �8Á�� Ø �èÜ � �����T��¡	� Á ¥S�O�7�(��� �|%áTá¦é��
Ý }%ßi×'�bê<�T¡	¡S���<�%¡F� Á��ë� � �����  p���O� � � � ����� � ¤�� � �����¸����¾¨(� � �7�	ª¦�g�7�	�T�Z�(¤ �p�7� �	�T�   � ����¢���� �8Á êf� � ��¢ � ª Á �8°*égá Á  � :�|g}p��|TÞg}��
ÝæÞ3ß � ��Ú��(�	¡:���'�%¡F� Á�� �¦³ � ���b��¨¬��åèì%}¯á(~(} ç áTÞ � |%á��(�����
Ý ç ßP©W�/êf� � �7�	�¶�����%¡F� Á� � ���%�,�%¤ � Ø � êfê � |(á��T�����(��¤�� Á
ç ¾��8áZí(¢����P|%á��(� Á�Ü �8�T� Á ÚW��¡�ª(��¢ � �



îgï(ï ðñTò�ó�ôDõ*ö*÷'ø¬ö�ù7útû�ügô�ýO÷&÷gþÿ����¬ú�ôDù�ü�þDô��gø�ó
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k�l6mm�l"nombpOq�l�r6sutOr6l6vbt�l�wyx^zLs|{�}~wy}~m�n�q�pW��n�t�sut\�+��v�}ytOr6}~�Oxuw
� x��'t�s|{�wyl��Ov�s�q�p�}~m	wysuv�� q�l�wyx"���b��}~s|t���q�x�tO�>wyl�ros|z*{�p���mb}~{�wylxur�mbp�l6wywyl6zLl6t�m�p�mb}~wy}y��nAq�xutO�'w~l���rol�t|mbvbxuw~l��'t�pOrowyn�xu}~vbl������"xutO�
rolom�m�l�nombpOq�l|��tOsupO��r���l6v�r���s|tO�*��nombpOq�}yl6v\���������6 ¡�6¢L�6£O ¤w~l��
q�}¦¥§n6vbl6t�m���zLn�r�x�t�}¨��z�l��hq�l�zL} � vbx�m�}ysut©��ª�s|pO�hxE«|sutO��t�s�m�x�z�¬z�l�t�m�zLsut�m�vbn��p�l�wyl�zLn�r�x�t�}¨�zLl�q�l�zL} � vbx�m�}ysut®x�mbsuzL}y�p�l|�rosut��}¨q�n6vbnLq�x�tO�^q�l�t�s|z*{�vbl6pO��l��"nombpOq�l��<rosuzLzLl�w~lLzLn�r�x�¬
t�}y��zLl<q�l"zL} � v�x�mb}~s|tJq�suzL}ytOx�t�m���l���m�t�n � wy} � l�xu{�w~l�q�x�t���t�s��rosut�q�}¦mb}~s|tO�'lo���¯n6vb}~zLl�t|m�x�wyl����

°A°J±6² ³ 2A1¤5h/�´L5h/µB3/·¶u¸�d�5�g@B3/º¹%¶o/·;>/�»
¶o¼A=>?3/�ij/�1*58B3/�f¾½A9A¿ÀB@/ÂÁ�f�f�Ã62A1
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%ègå 2 õ Þ −1 �aè�Û�ÝZÛ'è�ø�âgûÝ ß;Þ Û'á�øwú;ÛTç�ß�ø�æ�Þ�ÞtæhÙæhå�Û'Ý�è��!æhÛ'ú_â7Û�ø àQß_Ý�æ�Ùþ@��â�á!à'á�Ù!Û'á�Þú%Ú â�è���Û'á�ø ßmú_úmà'áCù
v

ú;Ûqç�ß_ø æ�Þ�Þ æ#Ùælø ÝZÛ�á�Þté�à'Ý ø5Ù!Û'á�Þ�þ!á!æ�ÙßmÝ æ7è�ûø ßmà'áhé!Ý�ß_ç�ßmú_ßmë'ßmâ4æ�
%ègå õ Þ −1 �-æ4ø
k

ú_æ�è4à�æ/>�ègßmæ4á�ø#ÙæqÝ æ�úmÛQè��!ægûålæ�á�ø#
�Þ −1 ��ø ÝZÛ'Ùþ!ß;Þ�Û�á�ø5ú;Ûwé�æ4Ý ø æ�ÙæA�â4á�à'á�Û�þ�ègà'þ�Ý�Þ�Ùæ7ÞÝ æ7ègþ!ß_ø�Þ õ

BDCFE�GFH�EI3J E/K H�L −2 M NPOPQ�R N E�LSE�G NNPT E O L R!U CFE σ

�á!åV�

rp

�á!åV� AIXW K Q7N K GFL M

1015 N E�Y U C+Z R L\[] Y Q G NP^
_8` ±  óQó � ±  ó Ä ù  ±1,0

0,5

1015 ó Å �)� ◦ a Æ � _8` ±  óQó Æ ±  ó Ä ±0,5
0,5

1015
ó Å �)� ◦ aó _ � _8` ±  ó Ä'Ä ±  óQó ù  ±1,0

1,0

1015 ó _ �)� ◦ acb � _'Æ ±  óQó Æ ±  óQó ù b ±1,0
0,8

1015 ó _ �)� ◦ a Æ � _'Æ ±  ó Ä  ±  �ù ó ±0,4
0,4

1016 N E�Y U C+Z R L\[] Y Q G NP^
_8` ±  ó Ä  ±  ó Ä � ±8

10

1016 ó Å �)� ◦ a Æ � _ � ±  óQód ±  ó b � ±6
8

1016
ó Å �)� ◦ aó _ � _8` ±  ó Ä'Ä ±  ó b)b ±22

22

1016 ó _ �)� ◦ acb � _8` ±  óQó Æ ±  ó'ó b ±12
8

1016 ó _ �)� ◦ a Æ � _8` ±  ó Ä � ±  `'Æ ±7
9e9f4g4� Å'Å õ_ó�";$ Û�ÝZÛ�åAhgø�Ý æ7ÞMÙ�Ú Û�ã�þ�Þtø æ4åAæ�áQøEë�Û�þ�Þ�Þ ß_æ�álÙæ7ÞMé!Ý�à�û%�ú;Þ9à'Üø�æ4á�þ�Þ<Þ þ!Ý2úmæ�Þ9â�è���Û�á�ø ßmú_úmà'á�ÞVälé�ægø�ß�øZÞ<ë'ÝZÛ�ßmá�Þ

� %�á|Ùæ+ý�þ�Û�á�ø�ßi%�æ�Ý�úHÚ â�ç'àQú_þø�ß_àQá�Ùæ�Þ�é!Ý à8%�ú;ÞEà'Ü!ø æ4á�þ�Þ�Þtþ�Ý�úmæ�Þâ�è���Û'á�ø ßmú_úmà'á�Þ�ä{é�ægø�ß�øZÞ�ëQÝ�Û'ß_á�Þ4ù�Ùæ�ÞVÛ�ã�þ�Þtø æ�åAæ4á�ø�ÞVÙæ�Þ�é!Ý�à�%�ú;Þé�Û�Ý2þ�á!æ5ü�à'á�ègø ßmà'áwëQÛ'þ�Þ Þ ßmæ4á!á!æ5à'á�ø<â4ø â-Ý â7Û�úmßmÞ â�Þj=
f(x) = A√

2σ2
. exp− (p−rp)2

2σ2

Ûyç'æ7è
A

ú%Ú Û�ßmÝ�æ5Þ à'þ�Þ�ú;Û#è4à'þ!Ý�Ü�æQù
rp

ú;Û�é�Ý à'ü�à'á�Ùæ�þ!Ý9Ùþ|å�Û���ß_ûå�þ!å¥Ùæ-úmÛ�è4à'þ!Ý�Ü�æ5æ4ø
σ

úHÚ â�è4Û'ÝtøVø�ÿ�é�æ õ� æ7Þ2Ùß�÷�â4Ý�æ4á�øZÞ9é�Û�ÝZÛ�åAhgø�Ý æ7Þ9Ù�Ú Û�ã�þ�Þtø æ4åAæ�áQøZÞ2ÞtàQá�øVé!Ý�â�Þ æ4á�ø�â�ÞÙ!Û�á�Þ�ú_æAøZÛ�Ü!úmæ�Û'þ Å'Å õmó'õ � Ú â�ç'àQú_þø�ß_àQáhÙæ�è���Û'è4þ!áhÙæ�Þ{é�Û�ÝZÛ�ûåAhgø Ý�æ�Þ�Ù�Ú Û�ã�þ�Þtø æ�ålæ�á�ø�Û�þ�è4à'þ!ÝZÞ<Ùæ7Þ<Ý�æ�ègþ�ß�øZÞ2é�æ�þø��4ø Ý�æ{Ý�ægûú_ßmâ4æ�äAþ!áwåAâ�è�Û�á!ß;Þ ålæ�Ùæ-åAßmë'ÝZÛ�ø ßmà'áwÙß_÷�â�Ý æ�á�øk=
" úHÚ â�ç'à'úmþø�ß_àQá#Ùæ9úHÚ â7è4Û�Ý øMø�ÿ�é�æ

σ
æ7Þ�øKÝ�æ4úmß_â�æ2Û�þAègà�æ/>�ègßmæ4á�øÙæ{Ùß_÷�þ�Þtßmà'á

D
é�Û�Ý2ú;ÛlÝ æ�úmÛ�ø ßmà'á
D =

σ2lPm-npo�q −σ2l�rslPtvu
2t" ú;Û{ç�Û�Ý�ßmÛ�ø ßmà'á�Ùæ�úmÛ�é!Ý�à�ü�à'á�Ùæ4þ!Ý�åAà�ÿ'æ4á�á!æ

rp
æ7Þ�øVÝ æ�ú_ßmâ4æälúmÛlç�ß_ø æ�Þ�Þ æ-Ù!æ-ø ÝZÛ�á�Þ é�àQÝtø

v
é�Û'Ý2ú%Ú â�ý�þ�Û�ø ßmà'á

v =
r
mwlsm�npo�q −r mwl�rPlstvu

t" úmæ�ÞAåAàÙßi%�è4Û�ø�ß_àQá�Þ�Ùæ@úHÚ Û'ß_Ý�æ@ÞtàQþ�ÞAú;Û�è4à'þ!Ý�Ü�æ
A

Þ à'á�øÝ�æ4úmß_â�æ�Þ2Û�þwègà�æ�>�è4ß_æ�á�ø2Ù!æ�Ý æ�ú3xQè��!æ4åAæ4á�ø
k

é�Û�Ý
k =

A
lsm�npo�q

/A
l�rslPtvu −1
ta æ�é�æ�á�Ù!Û'áQø7ù�Û�þ�è4þ!á!æ åAàÙßi%�è4Û�ø�ß_àQá Þ ßmë'á!ßy%�è4Û�ø ßmç'æ Ùæú%Ú â�è�Û�Ý ø�ø�ÿ�é�æ

σ
à'þ�ÙæAúmÛaé!Ý�à�ü�àQá�Ùæ�þ!Ý�åAà�ÿQæ4á!á!æ

rp
áCÚ Û|é!þ�gø�Ý æ�à'Ü�Þ æ4Ý�ç'â�æ õ a æ7ègß�ß_á�Ù!ßmý�þ!æ5Ùà'á�è�ý�þ!æ+úmæ�Þ æ4þ!ú�åAâ�è�Û�á!ß;ÞtåAæÙæ�åAßmë'ÝZÛ�ø ßmà'á�Ùþz�â4á�à'áhÙ!Û�á�Þ{úmæ�ègà'å#Ü!þ�Þtø ßmÜ!úmæ'ùRÙ�Û�á�Þ�á�àQÞègàQá�Ùß_ø ßmà'á�Þsæ/�é�â�Ý ßmåAæ4á�ø�Û'ú_æ7Þ4ù�æ�ÞtøRþ!á#Ý æ�ú3xQè��!æ4åAæ�áQøsÙ!ß_Ý�æ�ègø�Ùþ�â4á!àQá�áCÚ ß_åAé!úmßmý�þ�Û'á�ø|é�ÛQÞ|Ùæ�Ùß_÷�þ�Þ ßmà'á�àQþeÙæ�ø�Ý�Û'á�Þ é�àQÝtøç'æ�Ý�Þ�ú;Û Þ þ!Ý ü�Û'è4æ õ ê�æ4þ���è4à�æ�>�ègßmæ4á�ø�ÞaÙæ�Ý�æ4ú{x'è��!æ�åAæ4á�øqà'á�øé!þ��4ø Ý�æ#è4Û'úmè4þ!úmâ�Þ<é�à'þ�Ý�úmæ�Þ�â�è���Û'á�ø ßmú_úmà'á�Þ+ß_åAé!ú;Û�á�ø�â�Þ+ä ó � 15.+æ õ è4å −2 ægø<Ý�æ�è4þ!ß�øZÞ2ä ó _ �)� ◦ a =

k | 03}�~ = −0, 5±0,8
0,5

Þ −1

k }-03��~ = −2, 1±0,6
0,5

Þ −1



�S�����F�s���'�������5���� �D�)�
���)���'�3���'�������8�+ ¢¡3�y�3�8����¡y£A¤��{���+ ¢�d�'¥§¦d¨ 16 © �)ª ��£ −2 « ���¬ ��¡3��y�&�¢���3®)������£A���) ¯¤����� k�¢�����3��£A���) �°/ ¢�7�±�)��¢���7²8�³�-��¡i 7�&¥���´�¢�d�/��¡y µ¥(¦�¶8¨)¨ ◦ ·¹¸ �³º��z»

k ¼¢½3¾À¿ = −0, 6±0,5
0,4

� −1

Á ����������£A� ¸ ¡yÂ5���� ¢¡3�8� ¸ �d�w¤��7��Â��{�A�ÄÃ �Å¤��c°/ 7�¢�Æ�)��¢���7²8���¤5�)���¯�3���\�7���/��¡i ��\�/ÇÈ���� 7�����µ¥É¦��)¨)¨ ◦ · ª· ���4�¢�d�-���y 7�� 7�Ê¡y� ¸ ¡3Ë+�����) ÌË+�����{�S£A�8�¡3�y¡y ¢� ¸ �³Í������8� ¸ �8���Ä�3�¸ ¡y�FÍ�Î ¸ � ¸ Ã ��������¡y��£Ï���- �����¡3Ë+����£A���+ 9¡3� ¸ ��¡y ¢�j¤����9���V�7���{®DÐ������£A���+ 9��¢�� ������FÎ)���+ ��3¡y���w�y�)�7� ¸ ���9�¢�d�/��¡y 7��¥A¦�¶8¨)¨ ◦ · ª · �£1�d���8��¡3�¢£A�;���- µ 7�����7£A¡3Ë+����£A���+ j�)�� ¢¡3²8�³¤���¡3�7Ë+�ÄÃ �����������7�/Ð�3®)������£A���+ Ì�ÄÃ �µ¤��&°/ 7�¢���8��¢���7²8���y�)�7� ¸ ���4�7���/��¡i ���¥&¦��+¨8¨ ◦ · ª· ���7���{®8������£A���+ Ì¤5���� À°/ ¢�7� ¸�Ñ �-�)¡i À¥j�����\£A¡yÒ)�7�� ¢¡3�8�;¤��7� ¬ ��Ð�¢���) 7¡y���y�3� ¸ �VÍ������)�³Ó����7Ë+�ÄÃ �8��Í³Ó��8¡3�+ 7� ¸ �jÒ8����¡3���9�¢��¡3²+¡ ¸ Ã ����¢���3®)������£A���+  « �8� ¸ �Ô£1�)¡y�5� ¸ Ã ����� ¸ ¡yÇ����¢¡3�8�Õ ¢�7Ö��A����¤�¡ ¸ �¸ �����j�/� ¸ ���7��¡3���dª�×Ê�±�7���{®8������£A���+ µ¤����� ³�����7�¢¡4°� ¢�7�±¡3� ¸ ��¡y ¤����A�sÃ �8¤�¤����7¡y ¢¡3�8� ¸ �´���7�)Ë+�����3���7��� ¸ �����A�sÃ �������8�) 7¡y�3�3�8�Ø¤5����y�d�¢Ë+�����y�3���S�3�³Í������8�´¤5�)���7�7�8¡i ¯��Ã �d������¤�¤����dª · �)�) 7�7�8¡y�7��£A���) ¥V�/�;Ë+��¡��w¤��Æ°/ 7�¢�³����¤�¤5�)�- 7� ¸ �����¯�3�w�3¡y - ¢���7�� ¢���7� « �����������¸ ¡iÇÈ���¢¡y�)�´�8�´���������( ¢�������¢¤5�)�- \�ÄÃ �A¤��´°/ 7�¢�k�85�-���¢²)�8ª
Ù;Ù#Ú�Ù ÛÝÜ;Þ(ß�à/á(âÊã�Ü;Þåä�æèçéä\ê�âÊç�äSß9æ4ã�ë;äSâ
×4�w£A���¢���¢� ¸ �±�sÃ ��²8�)�y�� 7¡y�)� ¸ �;¤��7��Â5�3� ¸ �±�/�)���/���+ ¢���D ¢¡3�8�¸ �µÍ������8�#�8�#�/�)����� ¸ �j�¢�d�/��¡y 7�9 ¢�����7£1¡{Ë+���������)�����±¤5���¢£A¡{�¸ Ã �)� ¢����¡3� ¸ �d�;¡3� ¬ �8�7£w�D ¢¡3�8�5� ¸ ¡3�¢�d�� ¢�d�±���8�������7�����+ ;�{�´£1�8Ð�¡y�3¡y ¢� ¸ �ÅÍ������)� ¸ �8���;�3� ¸ ¡3�FÍ�Î ¸ � ¸ Ã ��������¡3��£´ªÌì��8���;���+��/�8� ¸ ¡i 7¡y�)�����/Í�¤����7¡y£A���+ ����3��� « ���8�����F²8�)���9�)��¢���7²8�¯���(�7���{®DÐ������£A���+  ¸ ¡3�¢�d�� ���� ¬ �8¡3�7���+ µ¤��)���8¤�¤����À¥V�{� ¸ ¡yÇÈ���-¡3�8�é�D 7��Ð£1¡{Ë+���9�)�±¥S���± ¢�������¢¤��8�¢ �Ó����¢Ë+�ÄÃ ¥¯�{�µ�¢��� ¬ �8���8ª�ì����4£A���¢���7����� 7�¢���/ ¢�������3�����7���- ¢���+ �¥±�¢�d���3¡3�¢����¤5�)��� ¸ �/ 7���7£1¡3�������sÃ �)�¢¡3Ò8¡3���¸ �;�/�³�7���{®8������£A���+ �ª

íïîSðDî êÌäSÞÉß�äSâ
ñ ¦/òkó&ª��9¡y¤��8� «5ô ��Ö��¢�;õ ·�ö ×Ô÷P�8¨8¨8¶+ø�� ◦ �8� ¸ �7�k�8¶���Ð���¨)¨8¶ñ �Fò ô ª��Ì�/ 7¡i  «�ô ��Ö��¢�kù9ú�û´×+ó;üjúý÷�¦d�8�8¶+ø�� ◦ �8� ¸ �7�jþ)þñ þDò Á ª ÿ;ª ö ���� 7� « ����¤�¤��8�¢  ·�� ì · � ◦ � ��¦ñ ��ò · ª ö ��Ò)Ò8��� «�� ª � �8Ò8�����¢��� «�· ª ô ª��z�����8��� «�	 ª9ú¯�5�/�sª

� �D dª5��¦)¦1÷-¦��)���+øµ¦8¦�Ð �8�ñ�
 ò�Aª5õµ��� «�� ª ô �8������ «�� ªü�Ò)��£w� «�	 ª�ú¯�����Pª � �D dª4¦ 
 ¨÷�¦d�8º � ø9�)þDÐ �8�ñ ¶Dò±ûÈª��1ªÄ���7���¢�¢¡3� « ì&ª � ªÌü��3�8� ¸ ��� « �§ª �AªÄ×Ê��� « ×�ªÄÿ������-Ð�-�)� «�	 ª�ú¯�����Pª � �D �ªÊ¦ 
 �´÷�¦d�8º)º)ø�� 
 Ð þ �ñ � ò;ÿ;ª��k¡3£ « �AªÌ�À����� « ó&ªÌó���� «�ö ª��1ª��k¡y£ « ÿ;ª 	 ª � Î�� «�Aª · ª;û��)��Ò « ó1ª ûÈª · ���+� « �Aª �Ìª;ÿ¯�)��Ò « Á ���Äª;ú¯�5�/�sªù�������ª�þ8�(÷s��¨)¨ � ø�¦ 
 þDÐ�¦ 
 ºñ ºDò��§ª � ¡y���8���3��Î «�� ª �§ª � ���3¡iÍ «�	 ª�ú¯�����Pª � �� �ª5�+�Æ÷-¦�� � �8ø��� � Ð þ8¨8¶ñ �Dò � ª���8�����8�¢¡3� « ûÈªF×Ê�8���¢¡3�8�-  « �Ìª · �)£±��/ - 7� «�� ª ô �7�� �����)� «
� ª · �+�� 7��� «�� ª��j�¢���)� «�	 ª)úµ���/�sª � �� �ª�� 
�
 ÷-¦��8�)º)øÌº 
 Ð��¦

ñ ¦d¨Dò 	 ª � ª��È¡y��Ò8�3��� «�	 ª �Ìª ö ¡3�����¢�)�8��� « õ;ª1×Ä¡y - 7£A�8� � « ú¯�"!ó��8��� Á ������Í��&» � �� 7����� ¬ �8� ¸ ��)�����¢���D - 7���7¡y��Ò;�-¤����/ ¢�7��Ð£A�/ 7�¢Î�¦d�8º 

ñ ¦)¦/ò;×�ªÌì����¢Ò8������Ò)��� «4ö ª4�À�)�¢Ë+����  « ú¯�����Pª � ���- ¢�dª � �/ 7�Äª ö��¦ 
 ÷s��¨)¨��+ø 
 � 
 Ð 
�
 ¦



#�$&% '�(*)�+ ,.-�/�021�/43�576"8�,�9:0;0�<�=?>�>�5�,.3�84<.,7@�1A+



BDCFE�G�HJI2KMLDNPO�QSRUT�VWH4KPXZY[EWN]\
CP^_Ka`�H�\ATZIWCFE�T�b�RcH�RdT�XeKPXgfhR ^dR_KaY

`Aij^_T�\�Y2\�K

kmlon�prqsutvnwoxyq�z|{�}
~��������|���������o�������v���

�P���*���������A�������¡ _¢��¢ �����£ d¤�¥�¦*��§�£�¨ d©�ª«¢ ¬A�  ��®4�v§��*®4��¦&¯
¥�¬A�&§��v��°"�"�4¢���±«����¥�¦���§v�³² ���v�&�*�"§����o¥A�&§�¢�¦���¦��*§���¥�¬����y¥��&§
¤"���� �  ��¦*ª�®4��¥�¦« d��¢ ¦*ªA "´«µc���� d¢���ª���¤�ª�¤"§��&��¦�¶4¢��"ª���¥A��§�§�¤��*°:¯
¢ ��¦�ª·ª��A°|��¤�����§���¸�¥A�&§ ¢ ��§W®4��¥�§ ¦�¢ ¦*ªA ¹ d�A§2��ª���°"��¶A���®4���*�&��¯
�������º�"ªA§ �£°�¬��A��ªv�*���������A�»�*¼�´�½�ª��|¾��|¢Z��¿��¡°Z��ªvÀÁ�&�£ �°|������®4�
¥�§ ¦�¢ ¦*ªA ;®4��Â&ÃoÄ·�cÅ�Æ��£��§�¤��*°:¢���¦*ªÈÇ;���*¼AÉÁ¥FÆ Â&ª�ÊdÇ��¡���ËÉÁÌ�����´
Í«Î ´�Ï¡Ê�Ð�Ï:ÑW°|¦*ªA®4����¢����Ò�*�"§��v�&ª������Ó���È±«���¹®4¤�°"§ ¦*�Ô¢v d�A§U���
�*�&���������Õ���A´PÖj�� ¤"¢ �A®��� �  ¦�ª«¢��*°:¢ �A�"�������U��ª«¢��"ª×°|¦*��§� �&�
°|©4°|��¦&¢�§ ¦*ªØWÙ2Ù2Ú�ÛWØWÜÒ�&ÝAª®4��¥A§ ¤�¥A�&§��"§P®��� P°"��¶A���¡ P®4�?�*�&��¯
�������Þ�*¼U¥A�&§¹¤����¡°:¢ §�¦4®4¤"¥�¦*  ��¢ ��¦�ªF´

��² ¤����¡°:¢ §�¦���©«¢ ���� d¢��ª���  ¦����4¢���¦*ªÈ°"¦�ª«¢ ��ªA�&ª«¢®4�� ;��¦�ª� ®4�
�*�&����������ÆFÇ;� +3 Æ�ª��£°�ß�����Æ�ÛW� +2 Æ��"ªË�����������È°�¬A��¦*§ ��§��� �à?� − ´
�F�j®�¤"¥�á&¢��¡ _¢�§ ¤¡�&����  ¤¹�"ª�������¢��&ª«¢�¸â*Ã�Ã�¢�¦���§� �ã�����ª��4¢��W d¦*�A 
��ª���¢ ��ªA  ��¦*ªä¸y¯�Ï�´ Í ¼*��Å;ã�½�ÛWåº¸o¢��"��¥�¤"§���¢ �A§ �v�&��¶��£�&ª«¢ �
¥�¦*��§È��¿*¦���§¨��ªM�������£�&���Ò®4�æ�«�&���������ç�|¢ËªA��°�ß*�"�³´jè]�"ª�®��&ª«¢
�.² ¤"����°|¢ §�¦���©�  ��Æ«�³² �&é_¦��4¢Z®�² �*°|�£®4�; d����Àê��§���±«���;¸�Ï;Äë�¡ _¢Zª�¤¡°|�� d¯
  ����§��v¥�¦*��§�§�¤"�*�����"§����¥Aåì±*�A�����������"ª«¢�����¿���°����v¢��"��¥A �´
�F�� ]®4¤�¥�á�¢� a¦�¶4¢��"ª��A a¦�ª«¢a�Aª���°"¦��A°�¬A��¢ §�� a����ª�°|��Æ���¦���ªA �®4�
Ï�Ã
µ
�oÆ4�"¢2°|¦�ª«¢�����ª�ª��"ª«¢Z�"ªo¥�§�¦�¥�¦�§ ¢ ��¦�ª���ª*¢�§ �;��Ã�íî�|¢2� Î í

®4���*���������A�Þ��¢�¦����£±*�A��´�Ø2��¯ï®4����¸v®��� Î íº��¢ ¦*����±«���*Æ4���®4¤"¯
¥�á�¢j¥��"§�®· d¦*ª¨��®4¬�¤�§ ��ªA°|�*´�è]�"ªA®A�&ª«¢W�³² ��§ §���®����&¢ ��¦�ªFÆ��£��°"��¶����
�"ªA°��&¥A  ����¤"�j°�¬��&�4¾���´*è�¦*��§�¿�¤"§���ÝA�"§��³² �|¾��|¢¹®4�j°"�|¢d¢��W��¦�ª«¢�¤"�
�"ªä¢ ����¥�¤�§��&¢ ��§��v d��§�����®4¤�¥�á�¢�ÆP°"�"�4ð�¯c°|��  ¦�ª«¢¥��£��°"¤� �®���ªA 
��ªoÀê¦���§2¸v®4��¾�¤"§��"ª«¢ �¡ �¢ �"��¥�¤"§���¢���§ �¡ "´

ñUò�ó"ô õ x�}Pö]nv÷owyø�}aù|nx

�P���*�"§�����ª������u�*���¡ _¢�����¥��§ �U®4���«�&���������g���A´�à?��®4�"§ ¯
ª�����§W¤��U�"¢W��ª¨¥�¦*  ��¢ ¦�ª·¸��*�«íº�|¢j�v�Aª��¥�¤"§���¦4®4��®���®4�"����¯
¿«����°"¦���§ ¢ �*ÆP���A´ âo����ª��4¢��� �´P�F�����"§��v�&ª������ú�*�·�·±«�A�&ª«¢�¸
�����j��ª��·¥�¤"§���¦4®4�¨®��¨®4�"����¯³¿����·§ �����&¢ ��¿��"����ª*¢v��¦�ª��*����Æ�Â����
é_¦���§� "´�à?�"¢d¢ ����¦�ª��*����®4��§�¤"�o¥���§ ���|¢�®4���³² ��¢ �����£ d��§v°|¦������
��ª���¤"ªA¤"§���¢ ����§¹®4���*�����������ì���A´

�P���*�"§�����ª������g�����¡ _¢;¦�¶�¢ �"ª��Ë¥A�&§����y¿�¦*���U®4�U¥�§ ¦4®4��°:¯
¢ ��¦�ªDÇ;����¼�Éê¥FÆ�Â�ª�ÊdÇ����*��´�à?�|¢ ¢ �¨®4��§ ª���"§�����¤"¢ ¤�����§ �*�"���"ª«¢
¤|¢ ��®4��¤����|¢W ��� d�¡°:¢ ��¦�ª��"ûv°���°"���v�&ð����v�&����  �;¢ §�¦��A¿��;¸���ª��
¤"ª���§ �*����®���¥�§�¦&¢�¦�ªA F®���Â&ÃWÄ·�cÅÒ°"¦������������U¦*ª«¢ §������2ÝA���A§ �
Í«Î ´�Ï�´*àj² �� d¢?¸�°"�|¢d¢��¹¤"ª���§ �*���¹±«���2�³² ¦�ª���§�§���®4���"§��W���2®4¤�¥�á�¢?®4�
�*�&���������u��¼��"ªA°��&¥A  ����¤�´

à?��¥���ªA®��&ª«¢¨�£�ü�v��ý£¢ §���  �×®4�æ°|�"¢d¢��×¿�¦����ä�� d¢�®4��ûv°"�����þ¸
°"�&�� d�W®��� ?¥�§ ¦*¥�§���¤"¢ ¤� ?®4�W�«�&����������´�½�ª��|¾��|¢¡Æ«°"�j®4��§ ªA����§��� d¢
���£±«����®���¸;¢��"��¥�¤"§���¢ �A§ ���&��¶A����ª*¢���ÉÁ®�� �â�Ã ◦ àZÊ:Æ«�|¢��� d¢?¬A���4¯
¢ �"����ª*¢�°|¦*§ §�¦*  �ÔÀ_´F��² ��ªA°"��¥A  �����&¢ ��¦�ªÈ¥A�&§�®4��¿*�"§� ��v��¢�¤"§������4ð
°|¦����������Uª���¦�¶������ú�y¤|¢�¤�¢��� d¢ ¤��U�v���� ;®4�¡ j¥A§ ¦*¶�������� ;®4�
°|¦�§�§�¦*  ��¦*ª� d¦*ª«¢Z¦*¶A  �"§�¿�¤� �´

ÿ������ Í«Î ´�Ï � �4��°:¢���¦*ª �|û�°���°|� ®4� �£� §�¤��*°:¢���¦*ª
��¼«Ç;�AÉê¥PÆ Â&ª�Ê_�*�*Ç��UÐ�Ï:Ñï´

�Wª���  ¦����4¢ ��¦�ªä��ÝAª×®4�v�����U��¢ ��§�£�·°|¦�§�§�¦*  ��¦*ª�®4�v�*�����������
���£±«���£®4�y¸·¬��&�4¢���¢ ����¥�¤�§��&¢ ��§����¡ _¢�®���§�¤��&���£ d��§���ªæ�������£�&���
��¤|¢��������£±*�A��´aÖ��&ª� �ª�¦&¢�§ ��°��� �ÆP�³² ���4¢ §��v��¤|¢��&�?°�¬A¦��£ d���¡ _¢���
ª��£°�ß��"�«�|¢��.² �&�������������¡ _¢]§ ¤¡�&����  ¤�¥A��§P¤����¡°:¢ §�¦4®4¤"¥�¦*  ��¢ ��¦�ªF´&à?�|¢ ¢ �
¤|¢��A®4���y®4¤_éd¸�¤|¢ ¤�ÀÁ�&��¢ �yÐ Â�Ñ�Ð â�Ñ]�|¢j¦*ª�  ¦���¬A���Ô¢���£��°|¦*ª4Àê§�¦�ª4¯
¢ ��§�¸�ª�¦* j§ ¤¡ d�A�Ô¢���¢� �´��F�� j��¦�ªA �Û2� +2  d¦*ª«¢j¥����A WÀÁ��°|�����"���"ª«¢
§ ¤¡®4����¢� ]±«���Z���¡ ���¦*ªA  Ç;� +3 �v�&�£ ��"ª2é_¦*�A�&ª«¢�  ��§]���¡ a¥A§ ¦*¥�¦*§d¯
¢ ��¦�ªA j®4�� j��¦�ªA j¸v§ ¤¡®4����§ �*ÆA¦*�¨ d��§j�.² ��é_¦*�4¢j®4�U°|¦*�U¥A���"ð4��ª«¢�Æ
���P�� d¢Z¥�¦* �  ��¶�����®�² ��ª�¿���§�  �"§¹°"��¥�§ ¦4°"�� � d�A �Ð Í Ñï´
NiGa4

�|¢
Ni2Ga3

  ¦�ª«¢·���¡ o®��"�4ð ¥A¬A��  �� �¸Ò§ ¤¡�&����  �"§
��©*��ª*¢·���"��§¨¢ �"��¥�¤"§���¢���§ �þ®��äÀê�A d��¦�ªm�"¢����"��§¨¥A§ ¦*¥�¦*§d¢���¦*ª
��¢�¦�����±«�����"ª¨�«�&���������g§���  ¥��¡°:¢���¿*�� W¸y��¼ Î ◦ àS�"¢;â*��â ◦ àS�� d¢
®4���*Ã«íh�"¢j��Ã�í[Ð Î Ñï´A½�ª¨�"¾��"¢�Æ�®4�� W¥�§ �������§ �¡ ¹ d�������£��¢���¦*ªA 
¢ ¬���§ ���£±«���� ���¿��¡° ª�¦&¢�§ �Z  ©� d¢ ����?®4�Z°|��¶����"§����?¥�§ ¤�¿�¦*����ª*¢a��ª��
¢ ���U¥�¤"§���¢���§��;®��®4¤"¥�á&¢W���4¢ ¦*��§¹®4�â�Ã*Ã ◦ àj´

Ö��&ª� P°|�"¢���§d¢���°"���*Æ"¦�ª �² �� d¢a°|¦*ªA°|��ª*¢�§ ¤�  ��§a���¡ F§�¤��&���£  �&¢ ��¦�ªA 
®4��®4¤�¥�á�¢� �®4�v�³² �������£�&�����«�&����������ã�ª��£°�ß���� ��¿���°���ª��v¥A§ ¦*¥�¦*§d¯
¢ ��¦�ª·��¢�¦����£±*�A�j��ªo�«�&���������ì°"¦���¥�§���  �;�"ª«¢ §�����Ã�í»�|¢W�*Ã«í�´

ñUò�ó
	 ������ ö]ù|{¹xoø?{¹s

����������� � \�CFEjN�\ANaH�RdT�X[I2Km^��êCa^_KP`�H4\�T�^��ZH�K
��² ¤����¡°:¢�§ ¦*��©«¢ �U°|¦*ª*¢�����ª«¢�®4���4ð¨��¦*ªA ���¤|¢��������£±*�A�� ;Û2� +2 �|¢

Ç;� +3 �"ªy�����������y�*°|�£®4��¸�¥AåmÂ��"¢¹®��� ���¦*ªA �°�¬���¦*§ �A§ �¡ �à?� − ´
à?�� �®4�"§�ª����"§� ?  �"§�¿���ª«¢?¸����U¤�����¦�§��"§?����°|¦*ªA®4�A°|¢ ��¿«��¢ ¤�®4������¯
�����"���|¢¹¸�°|¦*��¥����"ð4�"§����� ?��¦�ªA ?��¤|¢��������£±*�A�� ?¥�¦*��§�Àê¦*§ ����§���ª

Â Î Ï



 "!" #%$'&)(+*�,.-./102-436587:9;*=<>/?/;@%A�B)B25=*�3
94@�*8C;0D(

E
F)GIH'J+KDJ+L?M4LON)PQE
R"LSGTFVU4M4J6H"G=U4W�XZY=[S\^]`_a LSWbPIH'NDWdcZX:e6f"GIG=P=gVK)LhWdM)L�iVfjG=GIP=K)ckW�H'NVedl)J6X:lDf"J+XhWnmolDfjJ+e+P=J
M4LpiVfjG=GIP=K)cqcrX:e6fjG=G=P=gVK)Lts�u1GQM4J6P=E
Fwv2x"xD_ x'xVyzM)L{l)K)J6L�e6Xh|>_w}�L
M4L:J6N)P=L:J%LhW�e�M)P=W6W�H'K4e�f^~'LSE�M4L1G�� f'E�PQM4L�N)PIe+J6P=gVK)L�L�e�W+K)GI��K)J+PQgVK)L
m !Z� M)f"NDW�M4LOG�� LhfjK�K)G�e6J6fj��lDK)J+L'_ a LSW�W+H"G=K4e6PIH'NDW�W�H'NVe�XS~^fj�
l�H'J+XSLSW�mpW�LhE�f;�DN�MT� H"�)e+L:NDPIJ�M4LSW�l�H'KDM4J6LSW�M)XSW+FVU4M4J
f;e6X:LhW%M4L
W�K)GI��f;e6L�M)L�i'f"GIG=P=K)c�v Ga2(SO4)3

_D}�LoE:H"crl�H'W+X�LSW�e�M)P=W6W�H'K4e
M)fjNDWOM)L�G�� f'E�PQM4L�W�KDG���K)J6PQg'KDLZM4P=G=K)X�mtlD�z��L:N�E
FDfjK)�2f"N'eOm! \ ◦ }ov4L�e�LSN�f"i"PIe6fjNVeh_ a f�M)P=W6W�H'GIK)e+P=H"N�LSW�e�G=L:NVe6L"v4L:NVe6J+LZ[?L�e r� H"KDJ6WS_ a f�W�H'GIK)e+P=H"N�fjP=NDW+P�H'�4e+LSN.K)L�LSW�ep��G�e6J+XSL�W+K)J{�DGIe+J6L� fje+F)c�fjN��  s�~.��J
|�f;�DN�MT� XSGIP=crPINDL:JOMT� X:~"LSNVe+K)LSGIG=LSWolDfjJ+e+PI�
E�K)G=LSW�LSN�W+KDW+l�LSNDW+PIH'Nw_� N)�DNwv1l�H"K)J�M4X:e+LSJ+crP=N)L:J�GQf�E:H"NDE:L:NVe+J
f;e6PIH'N�L� )f"E�e+L¡L:N
i'fjG=G=PIK)c�v^K)N)L�f"NDfjG=U4W�L�M)L�¢+}�£%�`u ��¤ LhW�e¥L��2LSE�e+K)XSL"_ a LSWdPIH'NDW
cZX:e6f"GIG=P=gVK)LhWoM)K¦N)PQE
R"LSGnH"NVe�X�e+XrM4P=J+LhE>e6L:crL:NVeocrPQW�LSN�W+H"G=K4�
e+P=H"N�mtlDf"J�e6PIJ?M4LhW?l�H'KDM4J6LSW?M4LrW�K)GI��f;e6L�M4K¦N)PQE
R"LSG¥F)L� )fjF.UV�
M4J6fje+X�s�u1GQM4J6P=E
Fwvhx"x.y§M4L%lDK)J+L:e+X^|TE�H'cZcrL%G=LSWwPIH'NDWnE
F)G=H"J6K)J6LSW
m�l�fjJ+e+P=J�M)L?W+L:GQW�M4K�E
F)GIH'J+KDJ+L�M4K�W+H4M4P=K)c¨s�u�G=M)J+PQE
Fwv)x"xD_ ! y
M4LOl)K)J6L�e6Xh|�M)f"NDW�M4LOG�� LhfjK�K)G�e6J6fj��lDK)J+L'_

©�ª�«�¬�«�¬ �®�¯�°�±O²n³´²nµ�¶¸·{¹�ºd»�²n¼�¶4½)¾�·1ºn±O¾�¿.°À¶)°�¾�µ
a LSW�W�KDl)l�H'J�e
W�E:fjJ6J6XSW�LSNÁH'J¡s�Â�HVH4M.��LSGIG=H;�Ov�x"xD_ x'xVyÃM4L

l)K)J6L�e+X^|>v"M)L�ÄD_  '! E:c 2 L:e�MT� X:lDf"P=W6W�LSK)J�[�cZc�vjW+H"NVeÅN)L�e+e+H;U'XSW
f^~"LSE¦M4L�G�� LSfjKÁJ+XSi'fjG=L¦E:H"NDE:L:NVe+J6X:LÆs�Ç�crH'G8È a |�L:e�K)e+P=GIPQW�XhW
E�H"crcrLOX:G=LSE�e+J6H4M4LOM4L�e+J
f^~^f"PIG�_a L�c�f;e6X:J6P=f"K{M4L%G�� XSGILhE>e+J6H4M4L�M4L�e+J
f^~;fjP=G"Nw� f�lDf'WwX�e6X�E
F)H'P=W+P
fjKtF�f"W6fjJ
MT_ � N�L��2L�ehvVl�L:N�M)fjNVe�G�� X:G=LSE�e+J6H.M)X:l�H'W+P�e6PIH'Nwv'P=GTM4H"PIeÉ e+J6L�W�K)Ê�W6fjcrcrL:NVeON)H'�)GILZl�H"K)JOXS~VPIe+LSJOG�� H^ 4U4M)f;e6PIH'N¦M4K)L�m
G=f�J+XhM4KDE�e+P=H"N�M)L�G�� LhfjKw_�¢ÀGÅM4H"PIe É e+J6LZPIN)LSJ�e6LZE
FDPIcrPQg'KDL:crL:NVe
l�H'K)JrL:crl É E
F)L:J�e+H'K4e+L�J+Xhf"E�e+P=H"N¸E
F)P=crP=gVK)L�GIH'J6WZM4L�G�� PIJ6J
f;�
M4P=fje+P=H"N¡N)Hje
fjcrcrL:NVeOf^~"LSEpG�� LSf"K¡M)L�J6L���J6H"PQM4PQW+W+L:crL:NVeh_�Ë�N)L
��H'N)N)L�E:H"NDM)KDE>e6PI~.PIe+X%e6F)L:J6crP=gVK)L�l�LSJ+crL:ebM4L�cZP=L:K) ?XS~;f"E�KDL:J
G=fZE
FDfjG=L:KDJ�l�L:NDM)f"NVe�G�� P=J6J6f'M4P=fje+P=H"Nw_VÌ�LSK4 �W�KDl)l�H'J�e
W�H'NVe�X:e+X
e+LSW�e+XhW:vhl)GQf;e6PIN)L�L�ebH"JhvSL:ebE�L�M4L:J6N)P=L:J¥W:� LSW�enJ6X:~"XSGIX�GIL�cZLSPIG=G=L:K)Jh_a f¸E�LSGIG=K)G=L�MT� X:G=LSE�e+J6H4M4X:l�H'W+P�e6PIH'NÍs�ÎbP=iD_�� ! _  |ZLSW�e���f"�)J+PI�
g'KDX:LpLSN�e+X:ÏDH"Nw_ a f�W+K)J+��f"E:LpM4K¦M4XSl�Ð"e�s��D_  �tE�c 2 |�LSW�eoM4X:�
�DN)P=L¦i"J
Ñ"E:L¦fjK � H'PINVe�L:NÁW+PIG=PQE�H"NDL"_ a � XSGILhE>e6J+H4M4L¦f"K4 4PIG=PQfjP=J+L
LSW�e�K)N)L�e+P=i"L�M4L�l)GQf;e6PIN)L�MT� FDf"K4e+LSK)J�M4L ! E�cÒL:e�M4L�M4P=fj�
cZÓ:e+J6L�M4L�[¦crc�_ a � XSGILhE>e6J+H'GIUVe+L¦LSW�e�fji'P�e6X¦m�G�� fjPQM4L¦MT� K)N
�DfjJ6J+LhfjK�f"PIc�fjNVe6X"_ a LSWpl�H"e+L:NVe6PILSG=WZW�H'NVe�crLSW+K)J6XSWpm�G�� fjPQM4L
MT� KDN)L�XSGILhE>e6J+H4M4L�M4L�J6X���XSJ+LSNDE�L�g'KDP�LhW�eZK)N)L�X:G=LSE�e+J6H.M)LtJ6L��
M4J+H4MT_ a LhW�crLSW+K)J+LhW�l�Hje+LSNVe+P=H.M)UVN�fjcrP=gVK)LhW�L�eol�H"e+L:NVe6PIHVW�e
f;�
e+PQg'KDLSW�W+H"NVe1L:��LhE>e+KDX:LSW�f^~"LSE?KDN�l�Hje6L:NVe+P=H'W�e6fje��`i'f"GI~;fjNDH'W�e6f;eÔ H"GIe6f a fj�  ["_

©�ª�«�¬�«�Õ Ö§µ�×Å»ÀØ1¿V²n¿�·1²k·�ºw±OÙÅ¶)¿
a LSW¦M)X:l�Ðje6W�W�H'NVe¦l)F)H"e+H"i'J6f"l)F)P=XSW�lDf"J¦K)NkcrPQE�J6H'W6E�H'l�L

W�e
fjNDM)f"J6M an� ¢+}�u � [SÄ)[;}Úl�H"KDJ�H"��W�LSJ+~'L:JÅG=L:K)J�X�e6fje�i"G=H"��fjG
L�e%fjNDf"GIU4W+XSWdlDfjJ � ��Û E�H"KDl)GIX�m1G�� � Ì�Üpv"X:N)LSJ+i'PIL�M4P=W+l�L:J
W�P=~"L
moJ
f^U"H'NpÜ�v;l�H'K)J%fjNDf"GIU4W+L:J¥G=L:K)J%E:H"crl�HVW�PIe+P=H"Nn_ a f�GIP=crP�e6L1M4L
G�� fjNDf"GIU4W+L�lDf"J � ��Û E�H'K)l)G=X�m�G�� � Ì�ÜLSW�edGQf���H.ESfjG=P=W6f;e6PIH'NpM4K
��fjPQW+E:LSfjKtGIH'J6W�M4LoG�� fjNDf"GIU4W+L � Ì�Üzs�LSNV~.P=J+H'N  \'\ µ c�|>_4u1P=NDW+PG=f¡W�KDJ���f'E�L�f"NDfjG=U4W�XSL�LSW�erl�H'NDE>e6K)L:G=GIL�M4LS~^f"NVeZE�LSGIG=L�M4K�M4X:�
l�Ð"eSvD�D_  �ZE:c 2 _)£¥H"K)J�E:H"cp�DGILSJ�E:L�e+e+LOGQf"E�KDN)L"v4G�� f"NDfjG=U4W�L�LSW�e

Ý�Þ�ß�à � ! _  ?á }�L:G=GIK)G=L?MT� XSGILhE>e6J+H4M4XSl�HVW�PIe+P=H"N�L:Nte+X�Ï�H"N�E�H"NVe6L��
NDfjNVeâG�� XSGILhE>e+J6H"G=UVe+L  _ Û f"PIi'N)L:NVeãM)fjN�WâE�L�e+e+LäW+H"G=K4e+P=H"N
G�� fjNDH.M)Lo�OL:e�GQfpE:fje+F)H4M4Lo�DvVG=fpE�H"NDN)L� 4P=H"N�l�H"K)J�G=f�E:fje+F)H4M4L
W�Lp��fjPIe�l�fjJ�GILrE:Ñ"�)GIL ! _2Ë1NDL�XSGILhE>e+J6H4M4L�M)L�J6X���XSJ+LSNDE�LZÄ�LSW�e
X:iVfjG=L:crL:NVe�l)GIH'N)i"XSLOM)fjNDW�G�� X:G=LSE>e6J+H'GIUVe6Lol�H"K)J�l�L:J6crL�e+e+J6LOG=f
crLSW+K)J+LOM4K�l�Hje6L:NVe+P=L:G�_ a L?e+H"K)e�LSW�e1c�fjP=N'e6L:N.K�mrG=fZe6L:crl�X:�
J6fje+K)J6L?W�H'K)FDfjPIe+XSL?lDfjJ�GQfZl)G=f'gVK)LOE
FDfjK4�TfjNVe6L{åtY Ä;]`_

L��2LSE�e+K)XSL�LSN�l)G=KDW�P=L:KDJ6Wol�H'PINVe
WoM4L�G=f�W�KDJ���f'E�L�æ2P=G=W�W�H'NVe�fjK
N)H"c��)J6LrM)L�[SÄ�LSW+lDf'E�XSW?J6X:i'K)G=PIÓSJ+LScZLSNVeS_wË1NDL�crH;U"L:NDN)LrL�e
K)N�XSESfjJ+e�e�U.l�LOW�H'N'e1f"GIH'J6W�E:f"G=E:K)G=XSWS_a fçÌoè1Üpv�M)P��2J6f'E>e6PIH'NÃlDf"JãJ
f^U"H"N�WéÜ�v¸l�L:J6cZL:eqM4L
E�H'N)NDf^êQe+J6L�GILhW�l)FDf'W�LhW�M4K�M)X:l�ÐjeS_

ëZìrí+î ïñð�òdó�ô>õdö?õdòã÷�õãø�ù�ònú�ó�ònònù:û{ü�ò

©�ª�«�Õ�«�ý �¶)¯�·�²n¿�±o×¥½¸þ�¾�»À¶4×Å³ÿ±Oºn½)¾��%½)×Å³z³´²
a LSW¥X:e+KDM4LhW¥l)J6X:G=PIcrP=NDfjP=J+LhWblDfjJ¥~"H'G�e
fjcrl�X:J6H"i"J
fjcrcrL�l�L:J+�

crL�e�e6L:NVe�MT� H"��W�LSJ+~'L:J¡L�e�M4L�E:H"crl)J6L:NDM)J+LG=LSWÚE�H'crl�H'J�e6L��
crL:NVe6W%M)LSWÅP=H"NDW¥crX:e6fjG=G=P=gVK)LhWÅl�LSNDM)f"N'e%G�� X:G=LSE>e6J+H'GIU4W+L�fj�DN�M4L
M4X�e6L:J6crPIN)LSJÅGILhW%E�H'NDM4PIe+P=H"NDW¥H'l4e+P=c�fjG=LSWÅM4K�M)X:l�ÐjeS_ a fo�Di"KDJ+L
� ! _ ��l)J6XSW+L:NVe+L�M4LhWÅ~"H'G�e
fjcrl�X:J6H"i"J
fjcrcrLSWdJ6XSfjG=PQW�XhWbW+H"K�W%fji'P��
e6fje+P=H"N�m��"\"\te+H'K)J
W
È;cZP=N�f^~"LSE�K)N)L�E:H"NDE:L:NVe+J
f;e6PIH'N¦LSN¡P=H"N
E
F)G=H"J6K)J+L'vdKDN�lD� L:e�M4LSWrE�H'NDE�LSNVe+J
f;e+P=H"N�WpLSN�P=H"NDWrcrX:e6fjGI�
GIPQgVK)LSW�J6LSW+l�LhE>e+P=~"LScrL:NVep�) 4XSLSWZm¸[ � v  L�e�\)_ \)[ � _ � GIG=L
crH"NVe+J6LoM4LSK4 �~;fji"KDLSW�M4LoJ6XSM)KDE>e6PIH'Nwv'KDN)Lol�H"KDJ�G=LoNDP=E
R'L:G�L�e
G�� fjK)e+J6L�l�H"KDJ�GILOiVfjG=GIP=K)c¨s�ÎdP=iD_D� ! _ �'|�_
a f�E�H"KDJ+��L�M4L�G=f�J6XSM4K�E>e+P=H"N�M4K�N)PQE
R"LSG%E�H"crl�H"J+e+LrM4L:K) 

lDfjG=G=PILSJ6W�f^UVfjNVerM)LSW�M4LSNDW+P�e6XSW�M4L�E:H"K)J
fjNVerGIP=crP�e6LSW�m¦�`�D_ Ä"Ç
c�u�È;E:c 2 m¦�À\)_ Ä"x'Ä Ô È ��� � L�e��ÀÇ)_ �Vå�cru?È;E:c 2 m¡�À\)_ x ! ÄÔ È ��� �p_�}o� LhW�e�E:L�W+LSE:H"NDM�l)PQE�g'KDP1N)H"K�W�P=NVe+XSJ+LhW+W+L"v¥G�� P=H"N
crX�e6f"GIG=PQg'KDLÆM4KÿN)PQE
R"L:GZLSW�e�J+XhM4K)PIe¡LSNéN)PQE
R"LSG�crX�e
fjG=GIPQgVK)L
W�KDJZG=L�W�K)lDl�H'J�e�M4L��`\D_ Ä"�'Ä Ô È ��� �{vÅGQm�H��E�H"crcrL:N�E�L�G=f
M4L:K) .P=Ó:crL�~;f"i"K)LtM)L�J+XhM4KDE�e+P=H"NDWS_ a L�l)J6L:crPILSJpl)PQEtE:H"J6J+LhW��
l�H'NDM�mZG=fZJ6XSM4KDE�e+P=H"N�M4LOl)J6Hje6H"NDW�Y åh]�Y=[S\^]`_a f¸E:H"K)J6��L�M4L¡J+XhM4KDE�e+P=H"NDW�M4L¡i'f"GIG=PIKDc l�L:J6crL�e�X:iVfjG=L��
crL:NVepMT� H"�DW+L:J6~"LSJ?M)L:K4 ¡l)P=ESW{f^~"LhErM4L:K4 �M4L:N�W�PIe+XhW{M4L�E�H'K4�
J6f"NVe�GIP=crP�e6LSW�mr�ÀÄ)_ Ç"�rc�u�ÈjE�c 2 mr�À\)_ x"x'Ä Ô È ��� �éL�e���å._  "!
c�u�È;E:c 2 m?�
["_  å;Ä Ô È ��� �p_4}o� LSW�e�f"KDW+W+P)G=L�W+LSE�H'NDMZl)PQE1gVK)P
N)H"K�W�PINVe+XSJ+LhW+W+L"v.P=GwE�H'J+J6LSW+l�H'NDMtmZGQfZJ+XhM4KDE>e6PIH'NtLSN�iVfjG=GIP=K)c�_a LZl)J6L:crPILSJolDP=EZE�H'J+J6LSW+l�H'NDM�m�K)N)LZJ+XhM4KDE>e6PIH'N�M4L�Â?f +3 m



�	��
��������
������������ �����

 "!$#�%'&'�)( �+*-,/.103254�687�9;:<.1=�:54�6868>"?)>;@/AB.�CD@E689F2G4�0B0BABH'I)>J@�?K>
=14�0B0BALI)6M>N28C)ABO5P1>F0RQE7DST�KQ/U)( U)VXWZY\[�A +2 >N2^]_4 +3 ` Q��1U�U2<:5@5a�6bABCcQK9;0L>JOd2<:G.K?K>_>FCe.�:J(

]_4 + f V1VdgR(hi4j2G>FCD@<AL.1Ck?K>l:G9;?KIDON2<AB.�Cm>;Cn='4�0B0LABI)6o>;@p2e7)0LI�@rq�4�@G@p>
H1ID>+ON>;0L0B>�>FC8C)AsO5P�>;0)>N2�>F0B0L>+@<>t2<:G.�IDu�>v>FC)wx?K>J@<@<.�I�@/?K>vw5V�(y�1z�{
,_a|�[+S}(�~�OF>N2<2<>�2G>FCD@<AL.1C�@F� 4���.1IK2<>�0s48�$.1:p2G>�:<9J?KIDOd2GAL.1C�?K>
0\� >;4�I�H'I)At:<>;C'2<:G>^>FC�ON.1687�9F2<AL2<AB.�C�4u1>;O^0B4�:<9J?KIDOd2GAL.1C�?K>J@
AL.1CD@t689N2G4�0L0BAsH1ID>;@;(

���t�\�t�R� �'�v�_�������������������+�����K� �¡�+¢c��£/�¤�c�
¥ ���+�§¦¨¢ �K©/ªpª ¥p« ���i��¬������®5���K�K�k���+��¯
�K����� ¥ ���

° Cr�±4�AL2vI)C)>_9F0B>;ON2<:G.�?)9F7�.1@<A32GAL.1C^>FCr²)³)4�C'2t0B48OF.�CDOF>FC'2<:54�w
2<AB.�C�>;C�AB.�CD@´O5µ)0B.�:GI):G>;@+¶�V·WM>N2_0L>·7DS¸¶e�K( ° C�4�=�AL2<>-0s4
@p.10LIK2GAL.1C-¶��1U�Ut2G.�I):5@5a�68ALC�IK2G>�(;h�>�='4�0B0LABI)6¹>;@p2i68.�ABCD@iC).�q)0B>
H1ID>�0B>�CDABO5P1>F0RQ;0s4�:G9;?KI�Od2<AB.�C·?K>"[+A +2 >J@�2E?K.�C�O��±4u1.�:GAB@<9F> f &�gx(h�4-2<>FC�@pAB.�C^?)>´?K9;7�º�2t?).�AL2"»F2<:G>�O5µ).1AB@<AL>�7�.1I):"7�>;:<68>N2<2<:G>�0B>
?K9F7�º�2�?)>;@�?K>;IK³bOF.�687�.1@<9;@;(�|�0B0L>+4_9F2<9�?K9F²DC)AB>+¶_7D4�:p2GAL:�?K>J@
u�.�0L2G4�687�9;:<.1=�:54�6868>;@;(�hi4e:<9J?KIDOd2GAL.1Cl?)>¼0\� AL.1C§?K>¼=14�0L0BALID6
>;@p2v�±4u�.�:54�qD0L>´?K>_wGV1( ��½�{-,_a|�[+S¾¶·w5V�( &1½�{-,_a�|�[+S-(

¿±ÀiÁ	Â	Ã�ÀiÄ1Ã�ÅiÂÇÆJÂiÈiÈ�É�ÊËbÃ'Ë¼Å	Ì1È�ÍDË
h�>�@<I)7)7�.�:<2Î>FC�.�:�7�.1@G@<Ï;?K>jIDC)>Ð7):G.�7D:<AB9N2G9ÐO5µ)AB6bAsH'I)>

7):<.KO5µ)>�?)I§7)0B4�2<ABC)>�Qi0B4e:G9;?)IDOd2GAL.1CÑ?)>�0\� >;4�IÑ>;@p2�2<:GÏ;@��±4u1.�w
:<As@p9;> f zJgxQ�684�AB@�AB0	CD>·@;� .³KÒK?K>-7�4�@;(�hi4�:G9;?KIDON2<AB.�C�?)>;@�AL.1CD@6b9F2G4�0L0BABH'I)>J@�4�I8@<>FABC¼?K>�0s4�@p.10LI)2<AB.�C¼@p>;:G4_?KALÓ�ONAB0L>�4�I¼?K9FqDIK2
?K>+0R� 9;0L>JOd2G:<.10LÒK@<>+¶}OF4�ID@<>+?K>�?)9F=14�=�>;6b>;C'2�?K>�?KABµ�ÒK?K:<.1=�Ï;C)>;@
4�q�.�CD?)4�C'2;(�~+7):<ÏJ@�0B>;@�7):G>F68AB>F:5@�?K9F7�º�25@FQiON>�@<.�C'2-ON>J@}?K>F:<w
C)AL>;:G@"H'I)A @p>;:<.1C'2�@p.1I)68AB@"4�I)³8:G9;41Od2GAL.1CD@�9;0L>JOd2<:G.KO5µ)AB6bAsH'I)>;@;(
h�� .³�ÒK?)4�2<AB.�Cl?K>¼C)AsO5P�>F0/7�>FI)2-4u�.�AB:_0LAB>FI§@<.�ID@´�$.1:<68>¼?K>

βf zg�>N2�0B>_=14�0B0BALI)6ÔC)>}@F� .³KÒK?K>�7�4�@ fBÕ�Õ gx(

ÊÌ�Å	ÂiÄ�Ë;¿\É�ÀÇÅ	Ã�Æb¿\É�À	Æ8ÅiÃ�Ài¿\Ä;Ö�Ã�×
h�� >FØ�>F2^? � ABC)µ)ABq)AL2<AB.�CcQ�2<>;0�H1ID>Ù0\� 9Fu1.�0BIK2<AB.�C¡? � µ�ÒK?K:G.�=1ÏFC)>

4�?)@<.�:Gq�9�>N2E0B4+�$.�:G6¼4�2GAL.1C-? � µ'ÒK?K:G.³KÒK?K>�?K>"C)AsO5P�>F0RQJ>F687�»JO5µ)>
0B4¼OF:<.1AB@G@<4�CDON>_?K>�C)AsO5P�>;0c?)4�C�@v0L>}?)9F7�º�2+@<Ac0L>�7�SÚ@p>_2G:<.1I)u�>
4�IKwÛ?K>;@G@<ID@�?K>^ÜK( � f Ý gR(�~Þ0R� ALC'2<>;:p�±41ON>¼?KI§?K9;7�º�2;Qc0B>¼7DSÞ>;@p27)0LI�@89F0B>Fu�9eH'Ic� 4�I�@p>;ALC¡?K>e0\� 9F0B>;ON2<:G.�0BÒ12G>r>F2�?K.�CDO�Q/¶lOF>N2<2<>

ALC'2G>F:<�±4�ON>1Q�0B>r7�SßCc� >;@p2·7D41@-9;=14�0�¶ÎÜ)Qi0R� >NØ�>N2¼? � ABC)µ)ABq)AL2<AB.�C
4¼?K.�C�O�0BAB>FIÙ>N2�:GAs@<H'I)>}? � >FC�?K.�686¼4�=1>F:t0L>}?)9F7�º�2;(�|�CÙ>NØ�>N2JQ
0L>_2G>F:G68>-? � ALC)µDALq)AL2<AB.�CÙC�� >J@�2�7D41@v7):G.�7):G>F68>;C12�?KAL2�@<Ac0B>}7DS
>;@p2b>;CKwÛ?K>;@G@p.1ID@b?K>�ÜK( �)QEOF4�:80B>r7Dµ)9FC).168ÏFC)>Ù? � 4�qD@<.�:G7K2GAL.1C
?K>�0R� µ�ÒK?K:G.�=�Ï;C)>+C�� >J@�2�7D41@t7):G9;?K.16bABCD4�C12 f Ý g f ½�g fBÕ U�gR(

Ê�Ì'Å	Â	Ä�Ë;¿\É�ÀÇÅ	Ã�Æ8¿±É�ÀiÆ8Å	ÃÙà�á)×\×±¿\Âiâ
hi4�:G9;?KI�Od2<AB.�C-6b9F2G4�0L0BABH'I)>t?KI·=14�0B0BALI)6®>J@�2E7�>;I->;6b7�»;O5µD9F>

7D4�:v0s4b:<9J?KIDON2<AB.�Ce?K>�0\� >;4�Ir>F2�AL0�C)>�@F� .³KÒ�?)>´7�4�@ fBÕ�Õ g

¿±ÀiÁ	Â	Ã�ÀiÄ1ÃÙÅiÃ�Æ¼¿\É�À	Æ·Äã	×±É�Ê�Â�Ê�Ã�Æ
hi4e7):G9;@<>FCDOF>8?)>;@�AB.�CD@-O5µ)0L.1:<ID:<>J@+�±4u1.�:GAB@<>b0B4e:G9;?KI�Od2<AB.�C

?KIX=14�0B0BALI)6 fBÕ�Õ gR(�|�Ce>NØ�>N2JQK7�.1I):t0L>_OF41@t?K>_=14�0B0BALI)6eQ�0R� 9;0L>JOdw2<:G.1@<.�:G7K2<AB.�C}?)>;@	AL.1CD@	O5µ)0L.1:<ID:<>J@ �±4�OFAL0BAL2<>"0L>�2<:54�CD@p�$>F:<2	?c� 9;0L>JOdw
2<:G.�CD@�>N2�q)0B.KH'I)>v0L>J@�@<A32G>;@�41Od2GA3�±@/7�.�ID:�0B4}:<9J?KIDOd2GAL.1C¼?K>v7):G.�w
2<.1CD@F(1W�4�As@/7�.�I):�0B>�C)AsO5P�>;0\Q1¶_0\� ALC'2G>F:<�±4�ON>�?)I8@<I)7)7�.�:<2;Q17�.1I):
I)Ce7DSÚ@<I)7�9;:<AB>FID:�¶8Ü)Q)0B>_OF.�687)0B>N³K>�?K>}O5µ)0B.�:GI):G>´?K>�CDABO5P1>F0
µ�Ò�?):<.10LÒK@<9->;@p2}7):G9;?K.168ALCD4�C'2´>F2_0s4X:<9J?KIDON2<AB.�Cl>;@p2_:54�0B>FC'2GAL>
7D4�:v0s4b7):G9;@<>FCDOF>_?)>_O5µD0L.1:<I):G>_H1IDAc>;@p2vI)CeALC)µDALq)AL2<>;I): fBÕ Ugx(

¿±ÀiÁ	Â	Ã�ÀiÄ1ÃÙÅiÂ�ÈEäåÈ�Ã'À	Å	á)À�Ë¼×�æLÌ�×\Ã'Ä�ËFÊ�É�×$çcÆJÃ
hi4Ô7D:<9J@p>;CDON>¨?K>;@¹AB.�CD@®O5µ)0B.�:GI):G>;@n?D4�CD@¹0s4è@<.�0BIK2<AB.�C

�±4u�.1:<As@p>+0B4·:<9J?KIDON2<AB.�Cr?)>�0R� >J4�IXON>_H1IDA >FC'2<:54é�C)>+0R� 4�I)=16b>;CKw
2G4�2<AB.�C^?KI^7DSm7�>FCD?D4�C'2�0R� 9;0L>JOd2G:<.K?K9;7�.'@pAL2<AB.�Cc(Kê�>F0s4}ON.1CD?KI)AL2
¶b0B4·7�>;:p2G>}? � 4�?Kµ)9;:<>;CDON>_?KIe?K9F7�º�2+@<I):t0B>}@pI)7D7�.1:p2v¶8OF4�I�@p>
?K>�0s4§�$.1:<6¼4�2GAL.1CÇ? � µ�ÒK?K:G.³KÒ�?)>;@�?K>�C)ABO5P1>F0R(�h�� µ�ÒK?K:G.³�ÒK?K>
?K>_C)AsO5P�>F0 >J@�2vABC)9Fu�AL2G4�q)0L>}¶8O;4�ID@<>´?)>�0B48@<I):p2G>FCD@<AB.�C^9;0L>;u�9;>�(
ë ID4�C'2¼¶�0R� µ'ÒK?K:G.³KÒK?K>r?K>e='4�0B0LABI)6eQEAL0�@<>^�$.1:<68>e7�.�I):8I)C
7DSìON.16b7D:<As@e>FC'2<:G>l&¡>F2 Õ U fLÕ ÜJgxQvAL0}:GAs@<H'I)>Ñ? � 4u�.�AB:X0LAB>FI@pAt0s4�?KID:<9;>r? � 4�O;H1IDAB@<A32GAL.1Cj>;@p280L.1C)=�I)>1(	í+C�4���.�IK2¼? � 4�ONAs?K>
@pID03�$I):GAsH1ID>�¶ Õ Wîu�4§7�>F:G6b>F2p2G:<>�?)>�:<9;=�I)0B>F:¼0B>�7DS¤4�²DC
? � 9Fu�A32G>F:�0s4´�$.�:G6¼4�2GAL.1Cb?KI87):G9;OFAL7DA32G9v>N2�? � .�q)2<>FCDAL:�IDC8?)9F7�º�2
?KIe68>FAB0L0B>FI):G>�H'ID4�0BA32G9�(

~+Iru�IX?K>�ON>;@tOF.�6868>FC'2G4�AL:G>;@;Q1AB0 >;@p2vON0s4�AB:tH'I)>´0s4-:G9;?KI�Odw
2<AB.�CX?K>�CDABO5P1>F0�>;@p2�2G:<ÏJ@�?K9F�±4u�.1:<As@p9;>+ON.1C'2<:54�AB:<>;6b>;C'2�¶-OF>F0BI)A
?K>t=14�0L0BALID6¾¶�IDC)>"2<>FC�@pAB.�C8?K>"w Õ ( &'½�{+,_a|�[+S}( ë Ic� >;C·>J@�2<wRAB06¼4�ABC12G>FCD4�C'2vH'ID4�CD?r.�CX�±4�AL2vI)CÙ4�0B0LAs4�=1>iï

���t�\�v�\� ðÇª<ª ¥ ©	ñ��¸�����+�¾�+�+�ß�+���D¢c�Ô�}ò±©E� « � ¥ ¯
� ¥ � ¥ ���ó���¾��¦ ¥ �

|�Cr689F0s4�CD=�>;4�C'2tOF>;@v?K>;IK³^AB.�CD@"689N254�0B0LAsH'I)>;@t?)4�CD@t0B4b@<.�w
0LI)2<AB.�C�4u�>JO"I)C)>�ON.1CDON>;C'2<:54�2<AB.�Cb>FC¼='4�0B0LABI)6�²)³K9F>�¶�U)( U1�´W
>N2�?)I¼C)ABO5P1>F0�u4�:<As4�C'2�?K>�U)( U�U1�´Wô¶}UD( U Õ Wõ>N2"UD( U'Ü´W§Q'?)>;@
4�0B0LAs4�=1>;@v?K>·=14�0L0BALID6Ô>N2_?K>}C)AsO5P�>;0i@<.�C'2�.�q)2<>FC�ID@�4Ò14�C12+?)>;@
7):G.�7�.�:<2<AB.�CD@�4�2<.16bAsH'I)>;@�>FC^=14�0B0BALI)6Þ:G>;@<7�>JOd2GALu1>;@�?)>�z�½)( �'ö
± z�(yÜ�{'ö^Q Ý &D(÷z�ö ± �)(y�1öM>N2 Ý U)( Õ ö ± �'ö^("|�Cn?K9;7D4�@pw
@<4�C'2�0s4^ON.1CDON>;C'2<:54�2<AB.�CÙ>;CÎ[+A +2 ?K>8U)( U1Ü¼WjQ�AB0	Cc� Ò�4^7)0BID@? � 4�?Kµ)9J@pAB.�Ce¶b0B48@<I):<�±4�ON>�?KIÙ?K9;7�º�2;(



ø�ù�ú û�ü1ý)þ<ÿ����������	��
����ÿ���������������
Bÿ����	�\ÿ���Dþ

��� ��! �"� #%$&$('()+*-,/.10-2435246�,8742�3:9;,<7>=?)A@CB 24'ED
F 'HG	'(0-6I74,KJ;LNMO'&6I,;GPJQ�RMO'&6

SQTVUXW:Y[Z�Y[\^]`_�Z&TaUQU&bdce_Xfhg	TVci_�f�jek�TaUXYdkml�YiU;W�Z�nVl�nVg	TVce_X\oY[fhU
bdcpYdk�qd\^TVci_�TsrhYtg	k�Z�n�Tsg;u Yil�jek�fhU(fv_&f�bdcxwzya{>T`_�y ù \^fvc�k	_�TVUV|
} T�rhYmW~T�Z�\^T`_�gCu nV��Y[r�k�T�Z�r�u n��ibdr�k	_&f�bdcpg	TsrhYml�bd\^W~biU&f�_�fvbicpg	k
g	n�W~�[_�Y[kzl�bdk�Z�U-g�k�_&TV\^W:U�| } TVU�c�bik��dTaY[k	�og	n�W~�[_�U&bdce_�lVY��
Z�Yil�_&nVZ&fhU&nVU�W:Y[Z����-�Pl�bdk�W:rvn1w^r�u �-���m|~�	T�k�r;r�T>g	nVW��d_�Z&naY��
rvfhU(n�w>W�Y[Z&_&f�Z�g	TaU�l�bdc:l�T�ce_&Z�Y�_�fvbic:UATVczf�bdc:U�\^n`_�Ydrvr�fhjik:TVU�qiY[rv�
rvf�k�\�T�_1c�f�l��iT�rAg	To{�| { ù ��T`_>{�| {d{ ù ��Z&TaU(W~TVl`_&f��dT�\^TVci_1Y
Ydg	��nVZ&n��Hk:U�jek;u wpy ù \^f�c�Y��dTVl�g	TaU W�Z&biW�biZ(_�fvbic:U�T�cxqiYdrvr�fvk:\
g	Tm� ùe� ± � � W~bdk:Z>yV{t\^fvc�T�_s� � � ± � � W~bdk�Zmy ù \^fvc;|
�+bik�Z�r�TVU�nVrvTal�_�Z&birv�e_&TaU�jek�fQl`bice_&f�T�c�c�TVce_4{�| {�y���T`_4{�| { ø �
g	Tz��f +2 � r�TVU g	n�W~�[_�U>c;u Ydg	�:]�Z�T�ce_>W�r�k:Umw�W�Y[Z&_&f�Zmg	T ù \^fv�cek�_&TVUV|+�+bik�Ztr�Y�U&bdr�k	_�fvbic¡l`bici_�T�c:Ydce_ {�| {�y��¢T�c¡�4f +2 � rhYW�Z&biW�biZ(_�fvbicxY[_&bi\tfhjek�T1g	T�qiYdrvr�fvk:\<TVU(_4�d£:|¥¤ � ± �:|vy � |
} TVW�TVc:g�Y[ce_ � W~bdk:Z�r�u n�r�TVl�_�Z&birv�e_�T l`bice_&T�c�Y[ce_�{:| {i{ ù �¦T�c

��f +2 � rhYpU&k�Z&§"Ydl�T g	k¨g	n�W~�[_�c;u Ydg	�:]�Z�T W�r�k:U�Y[k��©g	TVr�wpg	Tªy ù\tf�c�k	_&TaU�| } T�g	T�Z�c�f�T�Z�l`bice_&f�T�ce_oT�c«W�Z�bdW~bdZ&_&f�bdc¬Y[_&bi\tfhjek�T
T�cqiY[r�r�fvk�\®g	Tt�i��|¯¤ � ± {:| ùe� |;°Q�iTVl rvTt_&TV\^W:U � f�rA��Yªg	TW�rvk�UsTVc±W�r�k:U�g	T qiY[r�r�fvk�\²g�Ydc:U�rvTtg	n�W~�[_��Hk:U�jek;u wzr�YpW~T�Z&_&T
gCu Yig	��nVZ&TVc:l`T1w^�d� � T�cªqiYdrvr�f�k�\ª|
°�³:cmg	T��dn�Z�fv³:T�ZQU&fer�u Y[k�qi\^T�ce_�Y[_&f�bdc1g	k>W~bdk�Z�l`TVce_�Y[qiT�Y�_�b[�

\tfhjek�TxT�c¡qeY[r�rvf�k�\�TVU(_^Z&TaU(W~bdc:U�Y[´:rvTzg�TprhY�W~T�Z&_&TªgCu Ydg	��n��
Z&TVc:l`T�g	kªg	n�W~�[_ � l�T�r�k�fv�©l�f;Y>n`_�n�Z&naY[r�f�U&n4W~T�c:g:Y[ce_ � {>\^cxT�cW�Z&naU(TVc:l`T�g�TVU>U&T�k�rhU1f�bdc:U>qiY[r�r�fvk�\µwª{�| { ù �¶T`_mg	k·l��:rvbiZ&T
w¨yV� � r�ToW:¸Nn�_�Y[ce_1³��	n�w ø U&bdk:U�k�c:T^_&T�c�U(f�bdc¹wx��yd|¯¤oº |
} T`_(_�T1T`�	W~n�Z�fvTVc:l`T�c�bdk�U�YmZ�n��in�r�n�jek�T�r�T�g�n�W~�[_�g	T�qiYdrvr�fvk:\
Ydg	��]VZ&ToW�Y[Z&§"Y[fv_&T�\^TVci_mYdk·U(k:W�W�biZ(_a|Q�sT�W�r�k:U � r�Y�W�Z&TV\^fv]VZ&Tl`bdk�l���Tzg	Txg	n�W~�[_^c�TpUVu Ydg�U&bdZ�´�ToW�YdUmU&k�Ztr�Y±U(k�Z&§"Ydl�T�\oY[fhU
g	f�»�k:U&Tzg�Ydc:U�r�u bdZ1W~bdk:Z1§?bdZ�\^T�Z

Au2Ga
T`_>W�Z�bd´:Yd´�r�T�\^T�ce_

Y[k:U�U(f
AuGa2

|+¼Er�U&T�\m´:rvTzg�bdc:l�jek�TprvTaU>f�bdc:Um��f +2 U&bdf�T�ce_Z&TaU(W~bdc:U�Y[´:rvTaU�g�T1r�YtW~T�Z&_&T>gCu Ydg	�:n�Z�T�c:l�T�g�kxg	nVW��d_V|
SQTVU�g	nVW��d_�U�jek�fQc;u bice_�W:YdU�Yig	��nVZ&n1l`bice_&f�T�c�c�TVce_4g	TVU ���e�

g	Z&b��	�	g	TaU1g	T�c�fhl��dTVr�|;�-c·g	fv\^f�c�k:Y[ce_mrhY�l`bic:l`TVci_�Z�Y[_&f�bdcT�c
��f +2 � r�Y§?biZ&\oY�_�fvbic%gCu ���	g	Z�b��	��g�Txg	T±c�f�l��iT�r�g	f�\^fvc�k�T½l`Tjik:fC§"Y��dbiZ&fhU(Tsr�u Ydg���n�Z�T�c:l�Td|
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SQTVU+_&Z�bdfhUÂg	n�W~�[_�UÂZ&naY[r�f�U&nVU+wsW:Y[Z&_&f�ZAg	T�l`bdc�l`T�ce_�Z�Y[_&f�bdc:U+g	T
{�| { ù �ÃT�c±qeY[r�rvf�k�\ÄT`_1g	Tt{�| {d{ ù �ÃT�c±c�f�l��iT�r+T�c½qiY[Z�g�Ydci_
rvTaUtYdk	_&Z�TVU W:YdZ�Yd\t]�_&Z�TVU f�g�T�ce_&fhjek�TVUtbdce_tn`_&nª\^fhUtg:Y[c:Utk�c
§?bdk�Z�w¡_&Z�bdfhUz_�T�\^W~n�Z�Y�_&k:Z&TaUpg	fv»�n�Z�T�ce_&TaU½Å � {d{ ◦ } � ù {i{ ◦ }W�k�fhU4�d{i{ ◦ } |:S;TaU�g	n�W~�[_�U�bici_�n�_&n>W:��b[_�bdqdZ�Y[W:��fvnaU Y���Ydce_�T`_Y[W�Z�]VU W:YiU&U�Y[qiT�Ydkx§?bdk�Z>Æ�ÇXf�q:| ú'ù | úeÈ |�SQY^l`bik�r�T�k�Z�g	k�g�n�W~�[_
c�Ttl���Y[c�qiT>W:YdU��Hk:U�jikQu w � {d{ ◦ } \oY[fhU�woW:Y[Z&_&f�Z�g	T ù {d{ ◦ } �r�Y�l�bdk�r�T�k:Zsg	TaU4g	nVW��d_�U�Y���Ydce_�T`_�YdW�Z�]VU�W:YiU&U�Y[qiT1Y[kª§?bdk:ZsY
l��:Y[c�qin^Å�T�r�rvT1TaUH_�W�YdU�U(nVT�g;u k�c:T>l`bdk:rvTVk�Z�qdZ�f�U�\^n`_�Y[r�rvfhjek�T>w
k�c�T�l`bik�r�T�k�Z1qiZ&fhU��(Y[k�c:Td| } T�l��:Ydc�qdTV\^T�ce_>g	T�l`bik�rvTVk�Z1TVU(_
g	É�w k:c�T>g	fv»~k:U&f�bdc�g	T1qiYdrvr�f�k�\K§?bdc�g	k�g�Y[c:U r�u bdZa|

Ê Ë?Ì-Í ú�ù | úÏÎ ����bd_&beU·g	TÏg	nVW��d_�U¹Y���Y[ce_¹T`_¡YdW�Z&naU§?bdk�Z �} Æ�Ð�Y +3 È�Ñ {�| { ù � � } Æ"��f +2 È�Ñ {�| {d{ ù � � W:¸ ø |
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SQTVÕ�Ö	n�W~�[×�Õ�bd´�×&T�Ø�Ù:Õ�Õ(biØe×-Ö	nVlVY[W~nVÕ-Ö:Y[Ø:Õ�Ö	T�r�u TaY[ÙoZ�n�qiYdrvT

w����¹|ÂSQY±Ö	Ú�Õ�Õ&bdr�Ù	×&Ú�bdØ·Ö	TxÖ	n�W~�[×�Õ>TaÕH×tZ�YdW�Ú�Ö�T � \^biÚvØ:Õ Ö	TyV{¹\^Ú�Ø�Ù	×&TaÕ�| } T`×&×&TÖ	Ù�Z�n�T±TaÕH×ªl`biÙ�Z(×�T�W:YdZpZ�Y[W�W~bdZ&×pw¡r�Y
W�nVZ&Ú�b	Ö	T�Ö	T�Ö	TV\^Ú��©��ÚvToÖ	ToqiT�Z�\^YdØ�Ú�Ù�\�£d� � T�r�r�ToØ;u TaÕH×mÖ�bdØ:lW:YdÕ Ù:ØxÕ&bdÙ:l�Ú�|��±Y[ÚhÕ rvT1Õ&Ù�W�W~bdZ&× TaÕH×4Y[×(×�YdjeÙ�n � Ú�rC��Yt�zY��dbiÚvZÖ	TVÕtÚ�bdØ:ÕtÖCu bdZ^Ö�Y[Ø�Õ rhY±Õ&bdr�Ù	×�ÚvbiØ¡T`×oÖ	biØ:lpÖ�TVÕ Úv\^W�Ù�Z�T`×�nVÕV|
�mu Y[Ù�×&Z�TVÕÂ×�TVÕ(×�ÕAbiØi×�n�×&n�Z�nVYdrvÚhÕ(naÕAY��dTal�W~bdÙ:Z�´�Ù	×�Ö�T�Ö	nVlVY[W~T�Z
rvT>Ö�n�W~�[×4Õ�Y[Ø:Õ�Yd´�Ûh\^TVZ�rvT>Õ&Ù�W�W~bdZ&×V|�S-u Yil`ÚhÖ	T1l���rvbiZ&���	Ö	Z�Ú�jeÙ�T
l`biØ:l`TVØi×�Z&n�Æ(yV{�� È T�×Xl��:YdÙ	»~n�w ø {d{ ◦ } W�TVZ&\^T`×+l`T�Ö	nal�Y[W�Y[qdTÜ ø�Ý \^YdÚ�ÕtW�Z�nVÕ&T�Øe×�TpÖ	TVÙ	�¡Ö	n`§"YdÙ	×�Õ � r�TxÖ	nal�YdW:Y[qiTzØ;u TVÕ(×tW�YdÕl`bi\tW:rvT�×>T`×>r�ToqdT�Z�\oY[Ø�Ú�Ù�\�£i�xW�Z&b	Ö	Ù:Ú�×mYdW�Z&]aÕ�ÚvZ�Z�YdÖ	ÚhY�×�ÚvbiØ
W�TVÙ	×1Õ�u nVl��:YdW�W~T�Z4Õ&bdÙ:Õ�§?bdZ�\^T Ö	T qiY[Þ Ö	T>×�T`×&Z�Ydl��:rvbiZ&Ù�Z�T1Ö	T
qdTVZ&\oY[Ø:ÚvÙ�\8£d� T`×�Z�Ú�Õ�jeÙ�T1Ö	T>l`biØi×�Y[\^Ú�Ø�T�Z r�T1rvÚ�T�Ù;|
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SQâ%ã&âVØ:Ö	âVätâVØe×¡Ö	âÏW�ã�b	Ö	Ù:l�×�ÚvbiØOÕ&bdÙ:�:å[Úv×&n%âaÕH×¡Ö	â/yV{d{

äzæ�Úç
µ è>é ê;é SQâ¹×&âVätë�Õ±ÖCu Úvã�ã�ådÖ	Úhå�×�ÚvbiØPë�ã�n���ÙáâVÕ(×½Ö	âìyV{d{

ê â�Ù:ã&âaÕzw·Ù:Ø�â±Ú�Øe×&â�Ø�Õ(Úv×&nÖ	â¡ya{d{ µ è â`×pÙ:Ø�â±nVØ�â�ã�qdÚ�â�Ú�Ø	í
l`ÚhÖ	â�Øe×�â�Ö	â ø {ª��âEº éXè ³:Ø·Ö	âzÖ	n�×&âVã&ä^Ú�Ø�â�ã>î�u n�ë:ådÚ�Õ�Õ(âVÙ�ã>Ö	ÙÖ	n�ë~�[×aï-Ö	âaÕoâVÕ(×&Ú�äoå�×&Ú�bdØ�Õ^bdØe×on`×&n�â�»~âal�×�Ù�n�âaÕ�Ö	bdØ:Ø:å[Øe×�î�âVÕ
ã&âVØ:Ö	âVätâVØe×�ÕAÖ	â�ë:ã&b	Ö	Ù:l`×&Ú�bdØtâ�Øtð?bdØ�l�×&Ú�bdØoÖ	â�î�u n�ë:ådÚ�Õ�Õ(âVÙ�ã�Ö	Ù
Ö	n�ë~�[×tâ`×oÖ	âzî�u n�Ø�âVã&qiÚvâzÖ�Ù¹ð"å[ÚhÕ&l�âVådÙ·â�Ø·âVØe×&ã�n�âzÖ	âªl`Ú�ñ�î�âpw
ë:å[ã&×&Ú�ã�Ö	â�îhåmð?biã&ä Ù�î�â�Ö�Ùxã�â�Ø�Ö	â�ä^â�Øe×4Ö	â�ë�ã�b	Ö	Ù:l`×&Ú�bdØ é

R = nI(1 − exp(λt))

∫ E0

ES

σ(E)

dE/dx
dE

Æ ú�ò é y È

�ÂbiÙ�ãoÙ�Ø�âªë�ã�bdë~bdã&×&Ú�bdØ¬â�Ø«qiådîvî�ÚvÙ:äÃâ�Øe×&ã�â�£d{ � â`×z�d{ �
å�×�bdä^Ú�jeÙ�âaÕ�ï ø � { µ

äów ø �i{
µ
äóÖ;u ådîvî�Ú�ådqdâôÖ	n�ë~biÕ&n¬ë~â�ã&í

ä^â`×(×�â�Øe×pÖCu bdñ�×&â�Ø:Úvã�î�â�ã�â�Ø:Ö�â�ä^â�Øe×zÖ	â�ë:ã&b	Ö	Ù:l`×&Ú�bdØ«Ø�nal`âVÕ(í
Õ&ådÚvã�â é
õtö^÷(õ ø/ù>úxû�ü`ýxþQÿ�ù>ú
S-u nVë:å[ÚhÕ�Õ(âVÙ�ãsÖ	ÙÖ	n�ë~�[×�âVÕ(×�îvbiÚvØ±Ö;u ��×&ã�âtå[×(×&âVÚvØe×�âdï�â�î�îvâ Ø�â

Ö	n�ë�ådÕ�Õ(â�ë:ådÕ�ya{
µ
ä é SXå^Ö	Ù�ã�n�â�ÖCu nVîvâal�×�ã&b	Ö	nVë�beÕ(Úv×&Ú�bdØªÖ	â^y òä^ÚvØ Ø�â�Õ&Ù��^×Xë:åiÕQë~bdÙ:ã+å[×(×&âVÚvØ�Ö	ã&â�Ø�b[×�ã&â-bdñ	�Hâal�×&Úvð é�� Ø�â�ë�ã�b[íë�biã(×�ÚvbiØoå�×&biä^Ú�jeÙ�â�âVØ��eå[î�îvÚ�Ù�äOÕ(Ù�ë~n�ã�Ú�â�Ù�ã�â�w1�d{ � ð?bdØ:ÖoådÙ	í

Ö	â�îhw�Ö	â ò {d{ ◦ æ±â`×Xl�bdã�ã&b	Ö	âÂî�â�Õ(Ù�ë:ë�biã(× é æ�â�ë~â�Ø�Ö�å[Øe×VïVÖCu ådë�ã�]VÕØ�biÕ4l�å[îhl`Ù:î�ÕVï:îhåt×&âVätë~n�ã�å�×�Ù�ã�âmÖ	â>îhå�l`Ú�ñ�î�âmÕ&â�ã�å[Úv×�ÚvØ	ð?nVã&Ú�â�Ù:ã&â
w � {d{ ◦ æ é�� nVådîvÚhÕ(âVã-Ù�Ø:â4ë�ã�bdë~bdã&×&Ú�bdØ�å[×&bdä^ÚhjeÙ�â4âVØ��iådîvî�Ú�Ù�ä
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