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Y[Z]\_^_`badcfe�Z]gih�j-kl^_\nmpoiZp\l^n`faqcre&Yts/uvkl`baqk�wyxzeqoiZp\l^n{Me�g�^?m]| Y}s�uvk_`fa�k~ a�sym/mpc�mp| �tgy��`rgieqeq\n`fgy� ~ ad`feqgiaqe�k�Hm�u�Z]c	��gikl^_`r^_�v^ne+m]|���e�a�sygym�crm��pupw ~ �t�n���p�*�y� ~ ^_mva��/sym�cr{�w ~/� e�hve�g
~ ^nmva���simpcf{�w ~v� e�hveqgX�]�����



� u/o e�kleq^?`rg������ ���

� m	�pe�\H`rcfcf�ik ^n\nZ]^_`fmpg�
�x-`
�	�ikle ��Zp{M{�Z]��\�Z�u�klo
e�ad^_\n�y{ | \_m�{ ^nsye���Zp\_��e��XZ]��eqcfcfZpgy`fa � cfmp� haqZpcfaq�ycbZ�^_e�h � kl`fgy��{�Z�^l^neq\+aqmpcf�y{*g%hve�gik_` ^n`re�kJ| \_m�{ j[� � j���Y[Z]\n�pe�kJZpgih��zj��z� ��� k_�y\l�
�pe�uvkqwJ��Zp{*{*Z]��\�Z�u4m�� kle�\���Z�^n`rm�gik � `r^_sO���J�H�}�IZpgih5^_sye:oy\_mp^_m�gv��oi\_mp^_mpg5`rg�^neq\�Zpa ^n`rm�g{*mvhveqc oy\_e�kle�g�^_e�hM`fgM^_sy`bk[^nsye�k_`fk��[� sye?k_mpcf`fhMcf`rgye-`fkt^_sye��
e�kl^l� �y^ o
m � eq\[cbZ � {�Z�^�a�sy`fgy�J^_syem�� kle�\���e�h��!�J�H�}�Oklo
e�ad^_\n�y{ `fg7^_sye����J�?�}�Beqgye�\_��u�\nZpgy�pe"�

j?��Z�hveq{*`bkl��Z#�/siZ]g hvcr`fgy�+k_mp{9{*e�h*^n`rcfcfkl^%$pgih�Z#�'&J�ygy��c � eq�/gy`bkl��Z�(�)p��kl��mpcbZ]g | \nZp{Mc+*]���pe�k^_`fcfc
m��
e�g�^_cf`r�M�p\�Z]gik_�/gy`fgy��|,)p\!�/`rgigiZ]gihye&Z#�M^_e��/gympcfmp��`re-hymp��^_m�\nk_e.-yZ]{*e�g*| \_e�hyZ]��eqgShve�g0/��gym	��eq{��
eq\+�p�p���vw �/cH���1� /p��`tknZ]c3254�6�6ywUj?c7�iZ��-m	��Z98?gi`
��eq\�kl`r^_eq^nknadeqg�^n\_�y{�w��Hm�klcbZ]��k ^n�ycrcbkl�
�iZ�a��peqg��v��w ~ ^_mva��/sympcf{:�j;��s Z]gihvcf`fgy�pe�gS|,)�\nk���Z]\�Zpk o<$*eqgy��eqcbkl��Z<�

� ~ 4=� ���?>����y�q� �v���	>]� �������@>
�H�H� �LjH�@2;A ~ �]�����B
 �#C� ~y~ � ���?>����@/y��� �� ~ �D�E&���(F�	2;A ~ ��� ������
 �	C]� � ~ �
a© �-`r�/cbZpk�&�Z]\ncbk_k_mpgUwv�]�����Yt\n`rg�^ne�h9�/uG8?gy`7�pe�\nk_`r^_ed^�k_k_eq\%�/`faqe�8 ~ j�4&w �]�����
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� �ik_eq\%��Z]^_`fmpgik�m]|���Zp{M{�Z]��\�Z�uvk s Z#�pe��
eqeqg�{*Z�hveQ| \nmp{ ade�cre�k ^n`fZpczk_mp�y\�ade�k�kl� a�sDZpkSZ�a �^_`7�pe���Z]cbZ	-v`fe�k�w ��Z]{*{�Z��V\nZ�u �i�y\nkl^nk Z]gih k_�yo
eq\ngym	��Z�\_e�{*giZ]g�^nk Zpk � e�crc�Zpk�^nsye9�JZpcfZ�a ^n`fa\_`bhv��e���� syezkl^_�ihyu�m]|U��Zp{*{*Z+\nZ�uvk}a�Z]g�oy\nm	�/`fhye?`rgy| mp\n{*Z]^_`fmpgSZ�� m��v^ oi\_mvhv�iad^_`fmpg�{*e�a�siZ��gy`bkl{�k�Z]gih�aqm�k_{*`fad��\�Z�u Z�aqade�cre�\nZ]^_`fmpg�� ��g�^_siezsy`f�psy��e�gyeq\n�pu \_e��p`f{Me�w�m�gye-mp|�^_sye&hvmp{*`fgiZ]g�^{*e�a�siZpgy`fk_{�k&| mp\+��Z]{*{�Z��V\nZ�u�oy\nmvhv�iad^_`fmpg%`fkJ^nsyeShve�aqZ�uXmp|�gieq�v^n\nZpc[oy`rm�gik�oy\nmvhv�iaqe�h `rg`rg�^neq\�Zpa ^n`rm�gik�m]|��ycr^_\�Z��V\_e�cfZ]^_`7��`bkl^_`bazaqm�k_{M`ba �V\�Z�uMg/�iaqcre�`UZ]gih�`fg�^_eq\�kl^_eqcfcbZ]\ {�Z�^l^neq\ �Yt\_e�kle�g�^_e�hSsyeq\ne&`fk Z oiZ]\�Z]{*ed^n\_`ba?{*mvhve�c | m�\HaqZ]cbad�icfZ]^_`fmpgik m]|�`fgiaqcr�ik_`7�peJad\nm�knk}k_e�a ^n`rm�gikZ]gih7^n\nZpgik ��eq\�kle&{*mp{*eqg�^n�y{ hv`bkl^_\n`
�y�y^_`fmpgik | m�\?kle�adm�gihyZ]\nu�oiZp\l^n`faqcre�k �t��Zp{M{�ZM\�Z�u/k�w
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�[oy\nm/hy�iade�h�`fg7oy\nm]^nmpgv�Voy\nm]^nmpg�`fg�^neq\�Zpad^_`fmpgik��L� si`fk�oiZp\nZp{Meq^_\n`fa-{*m/hyeqc`fk�hyeq\n`
��e�h m�g ^nsye�oy\_mp^_m�gv��oi\_mp^_mpg:`rg�^_e�\nZ�a ^n`rm�g:{*mvhveqcHoy\nmpo
m�k_e�h �/u &�Z]{�Z]e�ed^�Z]c ����`r^`rg adcf�ihve�k7^nsye hv` �	\�Zpa ^n`rm�g5hv`bknklmvad`bZ�^n`rm�gDoy\nmvade�knk�w 2ye�u/gy{�Z]gv��k_a�Z]cf`rgi� �/`rm�cfZ]^_`fmpg�Zpgih4^nsyecrm���Zp\_`r^_sy{*`baqZpcrcfuS\n`fk_`fgy�S`fgyeqcbZpkl^_`ba+oi\_mp^_mpgy��oy\nm]^nmpgQad\nm�knk-k_e�ad^_`fmpg��J� mS`f{Moi\_m	��e�� hve�cr`r^ u�^_me.-vo
eq\n`r{*eqg�^�Z]c?hyZ]^nZ | mp\�cfm � e�\*eqgye�\_��`re�kqw}^ � m �iZp\_u�mpg:\ne�k_mpg Z]giaqe7e -vaq` ^�Z�^n`rm�g oy\nmvade�k_k_e�k� e�\_e+Z�hyhve�h�� m�gye+\neqoy\ne�k_eqg�^n`rgy�M^nsye
∆(1232)

Z]gih�^nsye mp^_sye�\?{ �ycr^_`foycfe \ne�k_mpgiZpgiade�k � ` ^ns{�Zpknkle�k�Zp\_m��ygih ���p�����Qe�����a 2 �t� syeJ{*mvhveqc�oy\ne�hy`fad^nk�^_sie&o
m � eq\_��cbZ � klo
e�ad^_\�Z]c	`fgihve.-S| mp\Z]cfc}k_e�adm�gihyZp\_u oiZ]\_^_`badcfe�kJ^nm�� e�Z?�
mp�v^ �<� � 6�crm � eq\�`fg Z?� klm�cr�v^ne ��Z]cf�ye*^_s Z]g ^_s Z�^ mp| ^nsye`rg ad`bhveqg�^Hoy\nm]^_m�g�ZpgihS^_sye�`r\H`fgiadcf�ik_`
��e�ad\nm�knk�k_e�ad^_`fmpgik ^nm �
e�cbZ]\n�peq\�^nsiZ]g7^_sym�kleJoy\ne�hy`fad^_e�h
�/u�oy\ne �/`rm��ik {*mvhveqcbk=�iZpk_e�h7mpg7^_sie 2yequ/gy{�Zpgv�VknaqZpcr`fgy�Ms/u�o
m]^nsye�k_`bk �� sye Zpoyoycf`fa�Z�^_`fmpg k�m]|v^nsyetoy\ne�k_eqg�^_e�hJ{*m/hyeqc�`rg+Z�k ^n\_m�oys/u/k_`baqk�Z]\netoycfeqg�^n` | �yc �L�V^ siZ�k � e�eqg`r{*oycfeq{*e�g�^ne�h `rg�^nmz^nsyeD�JZ]cfoy\nmpo aqm/hye ^nm�aqZ]cbad�icfZ]^_e ^_syeHadm�g�^_\n`
�y�y^_`fmpg hy�ye�^_m&oy`rm�gMhye�aqZ�uvk`rg ^nsye0�JZpcfZ�a ^_`ba*oycbZ]gye"�7� syeS{Mmvhve�ctsiZ�k+Z]cbklm��
eqe�g �ik_e�h ^_mXe�k ^n`r{�Z]^_e*^_sieSadm�kl{*`ba �V\nZ�u
� ��-S`fg�^nsye���Zp\_��e �XZp�peqcfcbZ]gy`ba � cfmp� h �iZ�kle�h�mpg9(��nw ��� Z]g hS��Z]{*{�Z��V\nZ�u m��ik_eq\%��Z�^_`fmpg k �� syeM^_\�Z]gik��pe�\nk_e+{*mp{*e�g�^n�y{ hv`bkl^_\n`
�y�y^_`fmpgik&eqg Z?�ycfeMa�Z]cbad�ycbZ�^n`rm�gik � syeqg ^_sye*oy\nm]^nmpg%hv`fkl�^_\n`
�i�v^_`fmpg�`fk-Z]gy`bklmp^_\nmpoy`ba?�L�V^H`fk-klsym � gS^_siZ]^H^_sye���Z]{*{�Z��V\nZ�u*k_o e�a ^_\n�y{ Z]gih � ��-7hy�yeJ^_mZ�o e�giad`fc��
e�Zp{ mp| oi\_mp^_mpg kF��Zp\_`fe�k�hy\nZ�k ^n`fa�Z]cfcru � `r^_s �/`fe � `fgy�XZ]gi�pcfe��Sj | Zpgygye�h oy\_mp^_m�g
� ed^ � `r^_sQZ �JZp�iknkl`bZ]g7`rg�^_e�gik_` ^ u�oi\_m��icre&`f{Moi`rgy��`rgi�Mm�g7k_�y\n\_m��ygihv`fgy�M{*Z]^_e�\_`bZ]c	`bk ��`
��eqg�ZpkZ {*m�\_ez\_e�Z]cf`fkl^_`ba-e -yZ]{*oycfe��[j-k ^_sie&m"�ik_eq\%�peq\ `fk�{*m	�pe�h�m?�Q^nsye � ed^HZ	-v`bkqw�^_sie&o
e�Zp��m]|U^nsyeklo
e�ad^_\n�y{ `bk {*m	�pe�h�^nmMcfm � eq\ eqgye�\_��`re�k �
�������� "!$#&%"
tZpkl^_\nmpoys/uvk_`fa�kqw/adm�kl{*`baz\�Z�uvkqw/��Z]{*{�Z \�Z�uvkqw/oy\nm]^nmpgv�Voy\nm]^_m�gS`fg�^_eq\�Zpad^_`fmpgik
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���f� (?`bk ^nmp\nu�m]| � m�k_{*`faJ�?Z�uvk �����F���F���F���������F���F���F�����F�������F� 6
��� � � mp{*o
m�k_` ^n`rm�g �����F�������F�����F���F���F���������F���F���F�����F�������F� �
��� / � m�k_{*`fad�V�?Z�u�� -/o
eq\n`f{Me�g�^nk ���F���F���F���������F���F���F�����F�������F� >

��� /1�f� 4 Z]cfcrm/m�g7Z]g h ~ Z�^_e�crcf`r^_e��3-vo
eq\n`r{*eqg�^�k ���F���F���F�����F�������F� >
��� /1� � j�^_{*m�kloysieq\n`fa ~ sym � eq\Hj-\_\�Z�uvk��F���������F���F���F�����F�������F� �

��� C � \_`f�p`fg �F���F�����F�������F�����F���F���F���������F���F���F�����F�������F� �
��� 6 �.- & � �y^_m?� �����F�������F�����F���F���F���������F���F���F�����F�������F� ���
��� � jHaqaqeqcfeq\�Z�^_`fmpg9�Qe�a�s Z]gy`bkl{�k ���F���F���F���������F���F���F�����F�������F� ��/

/10 ��&(&(�324)+� � � %$� !$ 5�& 5& � � ,
/1�f� �JZ]{*{�Z����?Z�u�Yt\nmpo
eq\_^_`fe�k �����F���F���F���������F���F���F�����F�������F� � 6
/1� � Yt\nm/hy�ia ^n`rm�g�Y}\_mvade�k_k_e�kF���F�����F���F���F���������F���F���F�����F�������F� � 6

/1� ���f� 4�\_e�{�k_kl^_\�Z]sycf�ygy���F�����F���F���F���������F���F���F�����F�������F� ���
/1� ��� � � mp{*ov^nmpg:8?ov� ~ a�Z�^l^neq\n`rgi� �F���F���������F���F���F�����F�������F� ���
/1� ��� / ~ u/gia�sy\nm]^n\_m�g7�?Z�hv`bZ�^_`fmpg ���F���F���������F���F���F�����F�������F� ���
/1� ��� C ~ u/gia�sy\nm]^n\_m�g ~ e�c | � � mp{*ov^nmpg9���F���������F���F���F�����F�������F� ��>
/1� ��� 6 Yt`fmpgQxze�aqZ�u �����F�����F���F���F���������F���F���F�����F�������F� ���

/1� / 4�\_`fed|3(?`bk ^nmp\nu�m]| �JZ]{*{�Z����?Z�u�j-kl^_\nmpgimp{ u �����F���F���F�����F�������F� �]�
/1� C � sye � mp{*ov^nmpg��JZ]{*{�Z����?Z�u � �ik_eq\%��Z�^_m�\_u �����F���F���F�����F�������F� �v�
/1� 61� sye��JZ]{*{�Z*�?Z�uG� Z]\n�peJj?\ne�Z ~ oiZ�ade���e�cre�k_aqmpo
e ���F���F�����F�������F� �	C

/1� 6��f� ��Zp\_��e&j-\_e�Z*��e�cre�k_aqmpo
e ���F���F���������F���F���F�����F�������F� �	C
/1� 6�� � ~ o
e�aq` � a�Z�^n`rm�gik ���F�����F���F���F���������F���F���F�����F�������F� ���
/1� 6�� / ~ aq`re�g�^n` �
a �&m�Z]cbk �F�����F���F���F���������F���F���F�����F�������F� �?>

/1� � j�^_{*m�k_oysye�\_`ba � syeq\neqgi�pm	��� eqcfe�knadmpo
e�k �F���������F���F���F�����F�������F� �]�
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e�ad^_`7�pe �F���F���F���F����� //�
C<� � 2iequ/gy{�Z]gv� ~ a�Z]cf`rgy�'(?u/o
m]^nsye�k_`fk ���F�����F���F���������F���F���F���F����� /">
C<� /1��gye�cfZ�k ^n`fa&oyo � \nm�knk ~ e�ad^_`fmpg ���F���F�����F���F���������F���F���F���F����� /��
C<� C �-mpgv��x-`
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C � C �r� Ytu�^nsy`fZ ���F���F���������F���F�����F���F���������F���F���F���F����� C"C
C � C � � ��m � ���tgieq\n�pu�� ��eqg�^nk `fg��?mpgy�Vxz` �	\�Zpa ^n`
��eJ��g�^neq\�Zpad^_`fmpgik ���F����� CB6

C<� 61�He�klm�giZ]g ade&�3-yad`r^nZ�^n`rm�g�Yt\_mvaqe�knkle�kG�F�����F���F���������F���F���F���F����� Cv�
C<� � xz` �	\�Zpa ^n`
��eJ��g�^neq\�Zpad^_`fmpg �������F���F�����F���F���������F���F���F���F����� 6y�
C<� � j;�pe�\nZp�pe

π0 �X�yc ^n`roicr`bad`r^ u �����F���F�����F���F���������F���F���F���F����� 6�/
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61�r�"�r� Yt`fmpgQxze�a�Z�u �F���������F���F�����F���F���������F���F���F���F����� ��C
61�r�"� � �-eq�v^n\_m�g
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��hve�aqZ�u �����F���F�����F���F���������F���F���F���F����� � 6

6�� � ��giaqcr� kl`7�pe � \_m�k_k ~ e�a ^n`rm�gik �����F���F�����F���F���������F���F���F���F����� ���
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e�� ���J�H�}� ��(?�ig�^neq\ ed^ Zpc �fwi���p��� �L`fk adm�gikl`bhve�\_e�hMZ�k[^nsye?�pe�uMZ]^l^ne�kl^nZ�^n`rm�g�m]|	^_si`fk`fg�^neq\noy\ned^nZ]^_`fmpg�� ~ �ia�s:hy` �	�ik_eSeq{*`bk_k_`fmpg {�Z�u Z]cbklm �
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�ia���e+ed^&Z]c �rw	�]�p�"/ �.� � sie klu/gia�si\_mp^_\nmpgv�Voy\nm]^_m�gG�ycbZ ��Z]\�� ~ Y�4 ���+{*mvhveqc � �He�`r{*eq\&ed^&Z]c �rw�]���?C �[`bkHZ]gymp^_sye�\�Zpoyoy\nm�Zpa�s�^_m*e.-voycbZ]`fgS��Z]{*{�Z��V\nZ�uMeq{*`bk_k_`rm�gS`fg�jD�F�zk � syeq\ne&cre�ov^_m�gy`fa{*mvhveqcbkJkle�eq{ ^_m7| Z]`fc � � sye ~ Y�4 {*mvhveqc[`bk&cre�k_k-| Z#�pm�\nZ��ycfe � e�aqZp�ikleMm]|}^_sye*\ne����y`f\_e�{Me�g�^m]|��ycr^_\�Z��Vsy`f�psv�Veqgye�\_��u*oy\_mp^_m�gik�mp\��pe�\_u�kl^_\nmpgi� {�Z]��gyed^n`fa �ie�cfhik �
j4{ �yc ^n` ^n�ihvezm]|���Zp{M{�Z]��\�Z�u+klm��y\�ade�k[Zp\_e?Zpcr\ne�Z�hvu �/gym � gM^nm/hiZ�u	� k_eqe�w�e"� � �rw (-Zp\l^n{*Zpged^�Zpc �fwH�����p� � �XZpaqmp{ �
� �&e�sy\_e�cfk�wH�����p� � � gy� wt�]�p� 6 � Z]gih � ` ^ns aq�y\_\neqg�^�Z]gih:| �v^n�y\_e
�����������������������! #"%$'&�()�+*�,
-+.�$/�0$��1.2$431$5�����4"%&6��78�1��729:����;:&6�1�4<����1$>=5�?�  @�A�4�?.�$'BC���D�?.FE
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��Zp{M{�Z]��\�Z�u�^_e�cre�k_aqmpo
e�k adm	�pe�\_`fgy� �&e��D^nm � e���e�gyeq\n�p`fe�k[{�Zpg�uM{*mp\ne-Z]\ne?e -/o
e�ad^_e�h*^_m �
e| mp�yg h � j?siZp\_m�gy`bZ]g�ed^zZpc �fw �]����/iwv�p�p��C�Zyw ��� � gy� wU������> � ~ a�si\_m/e�hv^_eq\Heq^-Z]c �rw
�]�p� 6 � ~ a�s<)pgv�| eqcbhveq\�w��p�p�y� ��� e�eq��e�k�w��]����/pZ�� ��� sie �&e��Deqgieq\n�pu � `fgihvm � w�`rg*oiZp\l^n`faq�ycfZp\}Z?�
m	�peJ���F�&e�� wsiZpk'�
eqe�g4o m/m�\_cfu e.-voycfmp\ne�h�� �!�J�H�}� hveq^_e�ad^_e�h m�gyeQkl`fgy��cre � > �&e�� oisym]^nmpgUw Zpknklmvaq` �Z�^ne�h � ` ^ns ^_sye���Z]{*{�Z��V\nZ�u:�y�i\nkl^ �J�D49�?C����v��� � (-�y\ncre�u ed^ Zpc �fwt���p�?C � ��� syeG�F� j ~ �
��Zp\_��e�j-\_e�Z%� eqcfe�knadm�o e � �F��j ~ ��� � j[� �M`fk�e -vo e�a ^_e�h ^_m oy\nm	��`bhve�sy`f�psv��kl^nZ�^n`fkl^_`baqk*hyZ]^nZ| \_m�{ Z�� m��v^&�p� �Qe�� �ioQ^_mSk_e ��eq\�Z]cUs/�yg hv\_e�h �&e�� Zpgih � `fcrcLadmp{*oycfeq{*e�g�^JZ�^n{Mm�kloisyeq\n`fa
� syeq\neqgi�pm	� ^_eqcfe�knadm�o e�k aq�y\n\_e�g�^ncru `fg m�o e�\nZ]^_`fmpg�� �Q�ic ^n` � � Z#��eqcfeqgy�p^_s m"�ikle�\���Z]^_`fmpgik � `rcfc
� e�gye.�i^?`r{*{*eqgik_eqcfu�| \nmp{ hyZ�^�Z oi\_m	�/`bhve�h0�/u�^_sye��F� j ~ ���@��j[�F���g�^neq\noy\ned^nZ]^_`fmpgXmp|[^_sye*m"�ikle�\���e�h���Z]{*{�Z��V\nZ�uSk_o
e�a ^n\nZ7Z]gih `fhyeqg�^_`
� aqZ]^_`fmpgXmp|t^_sie `fgv�
�pm�c
��e�h�`fg�^_e�\nZ�a ^_`fmpg k \ne����y`f\nezgymp^Hmpgycfu�sy`f�psv� ���iZ]cf`r^ u�m��ik_eq\%��Z�^_`fmpg Z]c	hyZ�^�Zyw��y�v^?Zpcfk_m ��m/m/h�/gym � cre�hv�pe�mp|&^nsye aqmpg�^_\n`
�i�v^_`fgy� {*e�a�siZpgy`bkl{�k�w � si`fa�s ^n\nZpgiklcbZ�^ne�k*^nm siZ#�/`rgi� Zpaqaq�y\�Z�^_e{*m/hyeqcbk�hve�knad\n`
�i`rgy�7^_sieq{:� &�Z]{�Z]eMed^ Zpc � � �p�p� 6 �zadmpg adcf�ihve�h ^_s Z�^�^_sie � `bhve�cru Z�hvmpoy^_e�h{*m/hyeqcbk�� ~ ^_e�a���eq\�wU���/���iwU���/�	/ � ~ ^_\nmpgy��eq^&Z]c �fw����/�	> � ~ ^_e�oysyeqg k � 4 Zphvs � Z]\�w����">y� �yxzeq\_�{*eq\�w����">p��Zyw ��� ~ ^ne�a��pe�\�w�����>�� �<�Xmp\n` w ���p�/� � ~ ^_\nmpgy��eq^&Z]c �fw	�p�p�p�iw �]���?C � | mp\-��Z]{*{�Z��V\nZ�uoy\nm/hy�ia ^n`rm�g7^nsy\nmp�y��s�gieq�v^n\nZpc�oy`fmpgQhve�aqZ�u7hy`fh�gymp^-`fgiadcf�ihve Zpcrc�| e�Z]^_�y\ne�kHmp|�^_sye+`fgye�cfZ�k ^n`faoy\nm]^_m�gv�Voy\_mp^_m�gS`fg�^neq\�Zpad^_`fmpg�oy\_mvaqe�knk �t� sye�uSgymp^_e�hS^nsiZ�^H^nsye hv`
�	\nZ�a ^_`7�peJ`fg�^_eq\�Zpad^_`fmpg�Z]gih^_sye��/`fmpcbZ�^n`rm�g:m]|z^_sye 2iequ/gy{�Z]gy�VknaqZpcr`fgy�%s�u/o
m]^nsye�k_`fk*s Zph � e�eqg gyeq��cre�a ^ne�h �4� sye�u:Z]cbklm| mp�yg hS^nsiZ�^H^nsye�`fgyeqcbZpkl^_`ba&oy\_mp^_m�gv��oi\_mp^_mpg7ad\nm�knk�k_e�ad^_`fmpgik � kle�h � eq\ne&gym]^?�yo�^nm*hiZ�^_e"�� sy`fk ^nsye�k_`fk�adm�giade�\_g k[^_sie&hve��pe�crm�oy{*eqg�^}m]|LZ+oysye�gymp{*e�gympcfmp��`fa�Z]cy{*mvhveqc
`fgSoiZp\nZp{Meq^l�\_`baz| mp\n{ | mp\ ^nsye�oy\nmvhv�ia ^n`rm�g7mp|�kl^nZ��ycfeJk_e�aqmpgihiZ]\nuMo Z]\_^_`badcfe�k `fg�`fgye�cfZ�k ^n`fa&oy\nm]^nmpgv�Voy\nm]^_m�g`rg�^neq\�Zpa ^n`rm�gik�� � sye?oi\_e�kle�g�^ne�h*{*mvhveqc `rg admp\no
mp\�Z�^_e�kL^_sye&hved^�Z]`fcfktm]|	^_syezoy\nm]^_m�gv�Voy\_mp^_m�g `fgv�^_e�\nZ�a ^_`fmpg�{*eqg�^n`rm�gye�h�Z?�
m	�pe+Zpgih�eqgiZ��ycfe�k?Z�aqad�i\nZ]^_e�aqZpcfaq�ycfZ]^_`fmpgik?m]|tkle�adm�gihyZ]\nu�oiZp\l^n`faqcreklo
e�ad^_\�Z Zpgih ^_\�Z]g k ��eq\�kle�{*mp{*e�g�^n�y{Ihv`bk ^n\_`7�y�v^n`rm�gik � `r^_simp�v^M^_`f{*ed��admpg kl�y{*`fgy� k_`f{ �ycbZ��^_`fmpgik�� �V^ � `fcrc � e Z��ik_ed| �yc�^_m/mpc `rg�^nsye ZpgiZ]cfuvkl`bk m]|thyZ]^nZ*| \nmp{ `rgikl^_\n�y{*eqg�^�k-k_�ia�sXZpk ^nsye
�F��j ~ ��� � j[�5Zpgih7`rg�e.�	mp\_^nk�^nm�hv`fk_eqg�^�Z]gy��creJo
m�knkl`7�ycfe&oi\_mvhv�iad^_`fmpg�{*e�a�siZpgy`fk_{�k �
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� siZ]oy^_eq\ �XsiZpk��p`7�peqg4Z �y\n`fed|�`rg�^n\_mvhv�iad^_`fmpg ^nm ^_sye ^_mpoi`faQZpgih oy�y\no m�kleQmp|J^_sye � mp\n�oy\ne�k_eqg�^_e�h `fg ^nsy`fk ^_sie�k_`fk��Q� sy`fk `bk�| mpcfcfm � e�h��/u Z]g m	��eq\%��`fe � m]| ^_sieSsy`bk ^nmp\nu Zpgih ad�y\_�\_e�g�^��yg hveq\�k ^�Z]gihy`rgy�*mp|Ladm�kl{*`ba-\�Z�uvk}`fg � siZ]oy^_eq\?�MZ]g h � siZpov^_e�\�/ `fg�^_\nmvhv�iade�k ^_sye�Z]\ne�Zm]|&��Z]{*{�Z��V\�Z�u Z�k ^n\_m�gymp{ u Z]gih adm	��eq\�k ^_mpoi`fa�k�kl�ia�s Zpk*oi\_mvhv�iad^_`fmpg {*e�a�siZpgy`fk_{�k�Z]gih^_sye hve ��eqcfmpoy{*eqg�^Hm]|[`fgikl^_\n�y{*eqg�^nk | m�\-adm�kl{*`ba&��Z]{*{�Z��V\�Z�u�m��ik_eq\%��Z�^_`fmpg k �t� sye hv` �	eq\neqg�^Z]oyoi\_m�Zpa�sye�k�| mp\-hveq^_e�a ^_`fgy��adm�k_{*`faJ��Z]{*{�Z*\nZ�uvk � `fcfc �
e hve�k_aq\_`7� e�hQZpk � eqcfc Z�k-knad`feqg�^_`
� ahv`bk_aqm	�peq\n`fe�k��U� sye `r{*o
mp\_^nZ]g ade�m]|ioy\nm]^nmpgv�Voy\nm]^nmpg�`fg�^neq\�Zpad^_`fmpgikL`bk e -voycfZp`rgie�h Zpgih � s Z]ov^neq\
C�hye�knad\n`
�
e�k-^_sye*oy\nm]^nmpgv�Voy\nm]^nmpgQ`fg�^neq\�Zpad^_`fmpgX{*mvhveqc[� kle�hX`fg ^nsye oi\_e�kle�g�^ � mp\n� � � siZpov�^_e�\F6Shve�knad\n`
�
e�k-^_sie oiZp\nZp{Meq^_\n`fa+{Mmvhve�c�m]|}k_e�adm�gihyZp\_u7oiZ]\_^_`badcfe k_o e�a ^n\nZ7Z]gih�^n\nZpgik��peq\�k_e{*mp{*eqg�^_�i{ hy`fkl^_\n`
�i�v^_`fmpgik�hve�\_`7�pe�h*| \_m�{ kl`f{ �ycbZ�^n`rm�giktmp|�^_sye&oy\nm]^nmpgv�Voy\nm]^_m�g*`rg�^_e�\nZ�a ^n`rm�g{*m/hyeqc ��� sieH^_sye�kl`bkt`bk�admpg adcf�ihve�h � `r^_s7Z]oyoycf`baqZ�^n`rm�gik[mp|�^_sye?o Z]\�Z]{*ed^n\_`ba {*m/hyeqc
`rg � siZpov�^_e�\?�MZpgih�adm�giadcf�ik_`rm�gik Z]gih�mp�y^_cfm�m���`rg � siZpov^_e�\z�B�
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� sye[^neq\n{��_adm�kl{*`ba[\nZ�u
	 � Z�k �i\�k ^Ladmp`fgye�hF��uF�Q`fcrcf`f��Zpg�`rgS�����p� Z]gihJ`bkU^nmvhyZ�u-\ned| e�\_\ne�hz^_mzZpkoiZ]\_^_`badcfe�k�oy\nm/hy�iade�h�`rg�� mp^_s �JZpcfZ�a ^_`ba}Zpgih�e -�^n\nZp��ZpcfZ�a ^_`ba�klm��y\�ade�k���� sye�kle oiZ]\_^_`badcfe�k�\nZpgy�pe`rg eqgye�\_��u?| \nmp{ Z | e � �Xe�� ^_m&Z?�
mp�v^
1020 e�� � Atm�k_sy`bhyZ?eq^LZpc �fwp���p�"6 � w�^_sye {*m�kl^ eqgieq\n�ped^n`faoiZ]\_^_`badcfe�k e ��eq\ hved^ne�ad^_e�h��t� sy`fk k_symp�icfhG� e�adm�{*oiZ]\ne�h � `r^_s7^_syeJe�gyeq\n�pu*cfe �pe�cfk m]| {Mmvhve�\_goiZ]\_^_`badcfeHZpa�adeqcfeq\�Z�^nmp\�k ��2imp\[e -vZp{*oycre�w�^_sie?��e���Z]^_\nmpg*Z�^�2ieq\n{M`fcbZ?�*aqZ]gMoy\nmvhv�iadeHaqeqg�^_e�\l�Vm]| �{�Zpknk � aq{ �[eqgye�\_��`re�k�m]|�Z?�
mp�v^��J� e���Zpgih ^_sye�� Z]\n�pe�(-Z�hv\nmpg � mpcfcr`bhve�\ � � ( � �[Z�^ � �}�D�� `rcfc��
e Z��ycreX^_m oy\nmvhv�iaqe � C � e�� `rg5adeqg�^neq\�mp|J{�Z�k_k��B� si`fk7admp\n\ne�k_o m�gihykM^_m:oy\_mp^_m�geqgye�\_��`re�kHm]|

1.9 × 1015 e�� Z]gih
9.2 × 1016 e�� `fgXZ�adm�crcf`bkl`fmpg � `r^_sXZ�kl^nZ]^_`fmpgiZp\_uS^nZ]\n�peq^��

� m�k_{*`fa�\�Z�u/kLoy\nm	�/`fhye `fgik_`r��s�^�kL^_m�oys/uvk_`fa�k[Z�^[eqgye�\_��u�cre��pe�cfk�oy\ne�k_eqg�^ncru+�igiZ�^_^nZ]`fgiZ��ycre � `r^_sZpa�adeqcfeq\�Z�^nmp\_� � Zpk_e�h*e.-vo
eq\n`r{*e�g�^�k �yk_�ia�s�Zpk�^nsye+adm�gihv`r^_`fmpgik `fg�^_sye���eq\nu�upmp�igy� 8?gy`7�pe�\nk_e��
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� sye �peq\nu �i\�k ^�e �/`bhveqgiaqe mp|+^_sye e -/`bkl^_eqg ade%m]| aqm�k_{M`baX\�Z�uvk7a�Z]{*e � `r^_s5^_sie ��\_m��ygih/�
�y\ne�Z]�/`fgy�J{*e�Zpk_�y\neq{*eqg�^�k�m]| �-`ba ^_m�\�(?e�k_k6� `fg����y�����;4�eq| mp\ne=(-e�knkqw�\nZ�hv`bZ�^_`fmpgMm]|	�ygy�/gym � gmp\n`r��`rg�s Zph'�
eqeqg�hved^ne�ad^_e�h�mpg��}Zp\l^nsSZ]g h*` ^ � Z�kt��eqgye�\nZpcrcfu��
eqcf`re��pe�h*^_siZ]^}^nsy`fk \�Zphv`bZ�^n`rm�gmp\n`r��`rg Z�^_e�h�`rgQ\�Zphv`fm�Z�a ^n`
��e�`fk_m]^nmpo
e�kH`fgQ^_sie �p\nmp�igih ��(?e�k_kzkleq^-mp�v^z^_m�^ne�kl^?^_si`fkzs/u�o
m]^nsv�e�k_`fk��Q�V|H^_sie�^_sieqmp\nu � Zpk adm�\_\ne�ad^�^_sye7\nZ�hv`fZ]^_`fmpg cfe �pe�cfk � m��ycfh hye�ad\ne�Z�kle � `r^_s Z]cr^_`r^_�ihve"�
(?e�{�Z�hve � `f�ps�^nk � ` ^ns Z�sym]^_�VZp`r\ � Z]cfcrm/mpg Zpgih �ik_e�h Z]g e�cre�a ^_\nm�knadm�o eM^nmX{*e�Zpk_�y\neM^_sy`bkk ^n\nZpgy�pe�\�Zphy`fZ]^_`fmpg Z�^*hv`
�
e�\_e�g�^*Z]cr^_`r^_�ihye�k�� � sye7\_e�kl�ycr^nk � eq\ne�gym]^ ^_sye7mpgye�k+e -/o
e�ad^_e�h �
(?e�k_k��[{*e�Zpk_�y\neq{*eqg�^�k k_sym � e�h ^nsiZ�^*^nsye�cre��peqcHmp|z\�Zphv`bZ�^n`rm�g �i\�k ^�hve�ad\ne�Z�kle�h�w[| mpcfcfm � `rgy�^_sye7s/u�o
m]^nsye�k_`bkqw3�y�y^ ^nsyeqgD�"� 6Q��{ Z�� m	��e�kle�ZXcfe ��eqct^nsye�\nZ�hv`fZ]^_`fmpg cfe ��eqc��
eq��Z]g ^nm `fgv�ad\ne�Z�kle*adm�g�^n`rg/�ym��ik_cruQ\�Z�^nsyeq\&^_s Z]g admpg�^n`rg/�ye ^_mXhve�ad\ne�Z�kleMZpkJsye � eqg�^�sy`r��syeq\J�yo `fg ^nsyeZ�^n{Mm�kloisyeq\ne�� (-e7adm�\_\ne�ad^_cfu oy\nmpo
m�k_e�h ^nsiZ�^ ^_sye7\nZ�hv`fZ]^_`fmpg � Zpk admp{*`fgy�Q| \nmp{ sy`f�ps �yo`rgX^_syeMZ�^_{*m�kloysieq\ne+mp\ze �pe�gQmp�v^�kl`bhve ` ^&\nZ]^_sye�\?^_s Z]gQ| \nmp{ ^_syeM�}Zp\l^ns���2ym�crcfm � `fgy�G(?e�k_k��hv`bk_aqm	�peq\nupw�` ^ � Zpktoi\_m�o m�kle�h*^_siZ]^ ^nsye ~ �ygS{*`f�ps�^��
ez^_syeJklm��y\�ade?mp|U^_sy`bk�\nZ�hv`bZ�^_`fmpg �L� sy`bks/u�o
m]^nsye�k_`bk � Z�kL| Z]cbkl`
�ie�h'��u (?e�k_k � syeqg*sye?{�Z�hveH{*e�Zpk_�y\neq{*eqg�^�kthv�y\n`rgi�J^_sye+���y���-k_mpcbZ]\
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&)�',D(E,GF4H!IKJ@L-�M.02B*)���!���N&).0�4O�&P����.��
��1'243Q#��
�)*�(E�=9E2B*)���
R'2:96(E,/1S;/#TOM����3�U�<%2=(E,/1S<%2:,@*
(6,D�- V��1',02�*�(E�PW�2=9X3�L�YZ,02=��1�?N(6&$96�'&[*8(E,N*�./2B9624�!3Q#/9E��*�25(6,N*�.02P -(E303\962'U���2:&);/96*�(6,/1�(6,
��.0�!,/1'243S�=;/��R!��*�;/��2��!�>*�./2$*)���!���%L^]_(E1!;/��2�*��!�'2:,��X���' `*�.02�ab(6�\(6 -243\(E�7cd�' - -�!,0&:L

e�aqcr`foik_e��3(?e�k_k�� � m�\_� � Zpk�adm�g��i\n{Me�h �/u*| �y\_^_sye�\�{*e�Zpk_�y\_e�{*eqg�^nk {�Zphve ��u &zmpcfs1)�\nkl^_e�\}`fg���i��/MZ]gih ���i� C �
� syeMhve ��eqcfmpoy{*eqg�^&m]|}gye � hved^ne�ad^_mp\�kzoycfZ�u�e�hQZpg `f{Mo
mp\_^nZpg�^zoiZp\l^&`rg ^_syeMe�Zp\_cfu�hiZ�u/km]|Ladm�k_{*`fad��\�Z�uMoys/u/k_`baqk���� sie��i\�kl^�e�cre�a ^_\nm�knadm�o ez{*e�Zpk_�y\neq{*eqg�^�k��/u (?e�k_k�m�gycru�{*e�Zpk_�y\_e�h^_sie�`fmpgi`���Z�^_`fmpg:cre��peqcbk��:x-eq^_e�a ^_`fmpg m]|&kle�oiZ]\�Z�^ne�h e��peqg�^�k � ZpkM{�Zphve�o
m�knkl`7�ycfe � `r^_s ^_sye`fg ��eqg�^_`fmpg�mp|/^_sye��&e�`r��eq\_� �X�yeqcfcre�\�hveq^_e�ad^_m�\�`fg������]�1����gJ^nsye-����/�� � kqw�adcfmp�ih�a�siZp{��
eq\�k � eq\ne\ne.�igye�hX| m�\��ik_eM`fg adm�k_{*`fad��\�Z�uQk ^n�ihv`fe�k�Zpgih `fg ����/�� � �Ux ��j-gihveq\�k_mpg�eMhv`bk_aqm	�peq\ne�hX^_sye
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� `r^_s*oysymp^_mpg k�`rgM^_sie aqm�k_{*`fa�{*`faq\_m � Z#�pe��iZpa��/��\_m��ygih � � � 4 � � � m�kl{*`ba \�Z�uvk Z�aqaqeqcfeq\�Z�^_e�h^_m�e�gyeq\n�p`fe�kJZ?�
m	�pe ^_sie ^nsy\ne�k_sympcbh�w�Z�� m��v^
6 × 1019 e�� w � `fcrctk_���	eq\�e�gyeq\n�puQcfm�knk�hv�yeM^_moysymp^_mp��oy`fmpg�oy\nmvhv�ia ^n`rm�g

p + γ → π + X
����� / �

� `r^_s ^_sye � � 4O�yg�^_`fc�^_sieMe�gyeq\n�pu7| Z]cfcbk �
eqcfm � ^nsye*oy\_e�hv`ba ^_e�hQ^nsy\_e�klsimpcbh �
X

\neqoy\ne�k_eqg�^�kZ]g/u \_e�Zpa�siZ��ycreHkl^nZ]^_e��32i\_m�{ ^_sie-{*e�Zpg | \neqe-oiZ�^ns�m]|	^_sye-`rg�^_e�\nZ�a ^n`rm�gMm�gye-a�Z]g�Z]cbklm+hyeq\n`
��eZ hy`fkl^nZpgiade�cf`f{M`r^�w kl�ia�s ^_siZ]^ gym%adm�k_{*`fa�\nZ�uvk+Z�� m	��e�^_sye:�.- & ad�y^_m?�4k_symp�ycbh e��peq\ � em�� kle�\���e�h | \_m�{ k_mp�y\�ade�k�| Z]\_^_sieq\}Z � Z�u�^_s Z]g*^_si`fk�hv`bk ^�Z]giaqeHcr`f{*` ^ �t� sye?\ne�k_�yc ^n`rgi�+hv`fkl^nZpgiade`bkHm]| ^_sye�m�\nhve�\D6]�'�Qo	a � �Ue�{*mp`fgye � ~ `f�pc�wi�]���y� � � �
� �ik_eq\%��Z�^_`fmpg k}mp|Ladm�kl{*`ba-\�Z�uvk � ` ^ns�ZpoyoiZ]\neqg�^ eqgye�\_��`re�k Z?�
m	�pez^_sye �.- & ad�v^nm?�XsiZ#��e

�
eqeqg�{*Z�hve � `r^_s�^_sye%jD�Jj ~ j#e.-vo
eq\n`r{*e�g�^ � � sy`bkS`bk7��gim � gDZpk�^nsye �.- & oiZ]\�Zphvm#-
�
e�aqZp�ik_e ^nsye�m"�ikle�\���Z]^_`fmpgikJk_eqeq{ ^_mXadm�g�^_\�Zphv`ba ^J^_sie�ad�y\n\_e�g�^J�igihveq\�kl^nZ]g hv`rgi��mp|�k_o e�ad`bZ]c\neqcbZ�^_`7�/` ^ u-^_sye�mp\nuzZpgihz^_sye}kl^nZpgihyZp\nh&{*mvhveqc]mp|voiZ]\_^_`badcfe[oys/uvkl`baqk���� sye}aqmpgiaq�y\n\_e�g�^Uaqm�k_{M`ba �\�Z�uze -/o
eq\n`f{Me�g�^ (?`b�He�k hv`bh�gymp^Lk_eqe�adm�k_{*`fat\nZ�uvkUZ�� m	��e[^_sye�ad�v^nm?�5� 2L`f�p�y\ne �1� /-`rcfcr� k ^n\nZ]^_e�k^_sie7adm�kl{*`ba�\�Z�u%k_o e�a ^n\_�y{Egye�Z]\ ^_sye�Z]gy�/cfe�{*e�Zpk_�y\ne�h �/u%^_syeS^ � m e.-vo e�\_`f{*eqg�^nk�� � syehv`bk_aq\_e�oiZ]g adu �
ed^ � eqeqg ^_sie�k_e�^ � m%e.-vo
eq\n`r{*eqg�^�k*`fk*m�gycru:`rg ^_sie%�q���

σ
\nZpgy�pe�Z]gih `r^�`fkcf`r��eqcfu�^_siZ]^+` ^�`bk�hv�yeM^_m�aqZpcr`7�y\�Z�^_`fmpg eq\n\_m�\nkz\�Z�^_sieq\z^_siZpg%Z7^_\n�ye'�/`rm�cfZ]^_`fmpgXmp|}^nsye �.- &ad�y^_m?�5�

� sye�cbZ�^ne�kl^?\_e�kl�ycr^nkH| \_m�{ j?�i�peq\zklsym � � mp^_s�^nsye Z]gi��cfe�`fg7^nsye aqm�k_{M`baJ\�Z�uSklo
e�ad^_\n�y{Z]g h kl^_e�eqo
eqgy`fgy��m]|
^_sie?klo
e�ad^_\n�y{ Z?�
m	�pe ^_sie?Z]gy�/cfe � �%Z]^nk_mpgUw��]�p�/� �.�U�V^t`fkt�ygiadcfe�Zp\[` |
^_si`fk
� � ���0�?$>=�# �1 #; � &6�%" =�#2���+� j272� ��&�( ��$>729��?.@��72<@������� &4j���!�E �"# �  �������96. �� 8$/���1���5E
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� sye-aqm�k_{M`baH\�Z�u k_o e�a ^n\_�y{ `fgG2L`r���y\nez��� �Jadcfe�Zp\_cfuMk_sym � k�^nsiZ�^ adm�kl{*`baH\nZ�uvktZp\_e?k_mp{*e�sym �Zpa�adeqcfeq\�Z�^ne�hJ^nmJ�yc ^n\nZ]��si`r��s+eqgye�\_��`re�k �L� sye e.-yZpad^Lg Z�^_�i\_e�m]| ^_syeHZpa�ade�cre�\nZ]^_`fmpg+{*e�a�s Z]gy`bkl{�k`fktgym]^t�/gym � g ^_mvhyZ�u"�Lj � \nkl^toycbZ]�ik_`
�icre {*e�a�siZpgy`bkl{ � Z�k�oy\_m�o m�kle�h��/u 2yeq\n{*` � ���?C�� �LZ]gihcfZ]^_e�\JZ�hyZ]oy^_e�hX| mp\+Z�aqade�cre�\nZ]^_`fmpgX`fg kl�yo
eq\ngym	��ZSk_symva���| \nmpg�^nk�� 4�e�crc�w[���/�	> � 4�cfZpgih/| m�\nh ��t`ba�sycre�\�w�����>/� � �
jHaqadm�\nhy`rgy�%^nm 2ieq\n{*` � kM^_sye�mp\nupw Z adm�k_{*`fad��\�Z�u klo
e�ad^_\n�y{ � `r^_s4Z%o
m � e�\l�VcfZ � k_siZpo e� m��ycbhQZ]\n`fk_e��ygihve�\?^nsye Zpknk_�y{*ov^_`fmpg�^nsiZ�^za�s Z]\n�pe�h�oiZp\l^n`faqcre�k?Z]\ne+kl^_e�Z�hv`fcru�`rg � e�a ^ne�hQ`fg�^_m^_sye%Zpa�adeqcfeq\�Z�^nmp\�w `fg � sy`ba�s4^_sieXeqgye�\_��u ��Z]`fg `fk7oy\nmpo
mp\_^_`fmpgiZpc ^_m ^nsyeq`f\7e�gyeq\n�p`fe�k�wHZ]gih^_siZ]^�^_sye�oi\_mvade�k_k&mp|�oiZp\l^n`faqcre�kJe�knaqZpoy`rgi�S^nsye�Zpa�adeqcfeq\�Z�^nmp\&`fk Z7Y�m�`fknklm�g oi\_mvade�k_k�� 2ye�\_{*`oy\nmpo
m�k_e�h ^_siZ]^+^_sie7a�siZp\_��e�h%oiZ]\_^_`badcfe�k � m��ycfh ��Z]`fg eqgye�\_��u `fg:ZQk ^nmva�siZpkl^_`ba�oy\nmvade�knk�mp|adm�crcf`fk_`fmpgik � `r^_s Z�adcfmp�ihXm]|[��Z�k?{*m	�/`rgy� � `r^_s �peqcfmvad`r^ u
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`fg � sy`ba�s�^_sie Z#�pe�\nZp�peJeqgieq\n�pu��Zp`rg

∆E
� mp�icfh0� e���`
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� syeq\ne

E
`bkH^nsye oiZp\l^n`faqcre eqgye�\_��u��H� sy`bk?`bk?�/gym � gXZpkzkle�adm�gih�mp\�hveq\�2ieq\n{*`LZ�aqade�cre�\nZ]^_`fmpg��

4�e�aqZp�ik_e}^nsye \nZ]^_e�m]| Z�aqade�cre�\nZ]^_`fmpg+`bk�oy\nmpo
mp\_^_`fmpgiZpcp^nm&^_syeHk ��� Z]\ne}m]| ^_syeHaqcrm��ih ��eqcfm/aq` ^ u�`r^`fkUgym]^�e ��ad`feqg�^Ueqgym��y�ps&^nmHoy\_mvhv� ade�^_sietm��ik_eq\%�pe�hzaqm�k_{*`fad��\�Z�uHeqgye�\_��`re�k �U� sie}Zpa�adeqcfeq\�Z�^n`rm�g`fk�{ �ia�sM{Mm�\_e�e8��aq`re�g�^[`r|i^nsye?adm�crcf`fk_`fmpgik `rgM^nsyeHk ^nm/a�s Zpkl^_`ba}oy\nmvade�k_k�Z]\ne�mpgycfu�sye�Z�h/�VmpgUw]` � e��`rgX^_syeMhv`r\ne�ad^_`fmpgQmp|[^_sye {Mm	��eq{*eqg�^-mp|�^_sye*adcfmp�ih��-j?oyoicru/`fgy��^_si`fk�w �i\nkl^zm�\nhyeq\�� � e�aqZ]� kle^_sye&eqgieq\n�pu*��Zp`rg�`bk cr`fgye�Zp\_cfu*oy\nmpo
mp\_^_`fmpgiZpcy^_m ^_sie&aqcrm��ih �pe�crmvaq` ^ u
U
��2ye�\_{*`�Zpa�adeqcfeq\�Z�^n`rm�g`fk m"�v^nZp`rgie�h

∆E

E
∝ U

c

����� 6 �
� syeXoy\nmvade�knk�mp|�� \nkl^Smp\�hve�\G2ye�\_{*`zZ�aqaqeqcfeq\�Z�^_`fmpg `bk�`fcrcf�ikl^_\�Z�^_e�h `rg 2L`f�p�y\ne ��� C<�Oj

� m � m]|[\neqcbZ�^_`7�/`fkl^_`ba+a�siZp\_��e�h�oiZp\l^n`faqcre�k?sy`r^nk&Z���Z�k?adcfmp� hXZ�^-\ne�kl^ � sy`ba�s aq\_e�Z�^_e�k?ZSk_symva��| \_m�g�^�w[`fgihv`baqZ�^ne�h �/u%^_sie7\ne�ad^nZ]gi�pcfe�k+`fg ^nsyeG� �p�y\ne�� � sye7k_symva��%| \_m�g�^ � `rcfc�^_sye�g:{*m	�pe� ` ^ns�ZF�pe�crmvad`r^ u
U
wpmpg*^nsye?m�\nhve�\[m]|

104 �/{ �]kqw�{ �ia�s�k_{�Z]cfcre�\[^_siZpg*^_sye��peqcfmvad`r^_`fe�k[mp| ^nsye`rg hv`
�/`bhv�iZpc�oiZp\l^n`faqcre�k �L� sye k_symva��&| \_m�g�^�`fk ^nsy`rg�w�^_sye ^_sy`ba��/gye�knk m]|v^_sie k_symva��z| \nmpg�^L`fk { �ia�skl{�Zpcrcfeq\z^_siZpgQ^_sieM��u/\_m�\�Zphy`r`Lm]|t^nsyeM`rgiaq`fhyeqg�^Ja�s Z]\n�pe�h�o Z]\_^_`badcfe�k��&� �y\%�y�ycfeqgiaqe m�g � mp^_skl`bhve�ktm]|	^nsyezk_symva�� | \nmpg�^ a�Z]�ik_e�k[^_syezoiZ]\_^_`badcfe�kt^_m�^n\nZ#��eq\�kle�^_sie?| \nmpg�^}`fg�eq`r^_sye�\ hv`f\ne�a ^n`rm�g��� sye�hv`bk ^n\_`7�y�v^n`rm�g m]|�oiZ]\_^_`badcfe �peqcfmvad`r^_`fe�k��
e�adm�{*e�k&`fk_m]^n\_m�oy`ba m�g �
m]^_s k_`fhve�k �Mj-knkl�i{M`fgy�^_sye7adcfmp�ih%^nm�� eSZpg `fhye�Z]c}��Zpk Z]gih | �ycfcru `fmpgy` �qe�h�w ^_syeSk_symva��pe�h {�Z]^_eq\n`bZ]c}hvm � g k ^n\_e�Z]{m]| ^_sye�k_symva���| \_m�g�^ � `fcfct{*m	�pe � ` ^ns%Z9�pe�crmvaq` ^ u
Udown = 3U/4

�*� sye�klsim/a��Q��`
��e�k&\n`fk_e^_m oycfZ�kl{�Z ^_�y\%�y�ycfeqgiaqe `fg �
m]^_s�^_sye%�yoikl^_\ne�Zp{ Z]gihDhym � gik ^n\_e�Z]{ \_e��p`fmpg�� �XZ]��gyed^n`fa`rgisymp{*mp��eqgye�` ^n`re�kzZp\_e | mp\n{*e�h ZpgihQ^nsye�k_e*aqZ]� kle�k?^nsyeMa�s Z]\n�pe�hXoiZ]\_^_`badcfe�k-^_m�\_e � e�ad^�� Zpa��Z]gihS| mp\_^_s�m	��eq\ ^_sye+k_symva���{ �ic ^n`roycfeJ^_`f{*e�k `fgQZMkl^_mva�siZ�k ^n`fa&oy\nmvade�k_k��L� sie�oiZ]\_^_`badcfe�k���Zp`rg
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∆E

E
=

2

3

U

c

� ��� � �
� sy`ba�s�`bk�hyeqo
eqgihve�g�^ mpg�^_sye&eqgye�\_��u

E
m]|�^nsyezo Z]\_^_`badcfe��L�V^ ^nsyeqgS| mpcfcrm � kt^_siZ]^}^_sieze�gyeq\n�puk_o e�a ^_\n�y{ m]|�^nsye+Zpa�ade�cre�\nZ]^_e�hSoiZ]\_^_`badcfe�k `bkHZ*o
m � e�\�cbZ �

dN

dE
∝ E−Γ � ��� � �

� `r^_sQZ*klo
e�ad^_\�Z]c�`fgihve.-
Γ
m]|[Z?�
mp�v^-���
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�JZ]{*{�Z*\nZ�uvk Z]\ne�sy`f�psv�Veqgieq\n�pu�oysymp^_m�gikqwy^_sye+oi\_m�oiZ]��Z�^_`fgy�MoiZ]\_^_`badcfe�m]|�eqcfe�ad^_\nmp{�Z]��gyed^n`fa\nZ�hv`bZ�^_`fmpg ��� syeHadm�\_\ne�k_o m�gihv`fgy� � Z#�pe�cre�gy�]^ns+`bk { �ia�s*klsym�\l^neq\ ^_siZpg ^nsye�^ u/oy`fa�Z]cvk_`���e mp|
Z]gZ�^nmp{:� 4�e�aqZ]� kle m]|	^nsy`fk�w�ZJ��Z]{*{�ZJ\nZ�u � `rcfcik_eqe ^_sie?g/�iadcfeq�ik}Z]gih*e�cre�a ^_\nmpg k[Zpk[`fgihv`7�/`fhv� Z]coiZ]\_^_`badcfe�k�w�^_sye Z�^_m�{ Z�k�{*m�kl^_cfu e�{Moy^ u k_oiZpaqeXZ]gih ^nsye oiZp\l^n`faqcreXhye�knad\n`rov^n`rm�g `fkS{Mm�\_eadm�{Mo
eqcfcf`rgy�M^nsiZ]g�^_sie � Z#��e&hve�k_aq\_`fov^n`rm�g��[� sye+a�siZ]\�Zpad^_e�\_`bk ^n`fa-oy\nmpo
eq\_^ u�`fk e�gyeq\n�pu�wv�p`7�pe�g
�/u

Eγ = ~ν
Z]gih {Me�Zpk_�y\ne�h `fg:�ygi` ^�k mp|-e�� w�\�Z�^_sieq\+^nsiZ]g:| \_e&���yeqgiaqu mp\ � Z#�pe�cre�gy�]^ns��� sye � Z#��eqcfeqgy�p^_s�mp| Z ��Z]{*{�Z \�Z�uM`fkHk_symp\_^_e�\}^nsiZ]gS^_sye&^ u/oy`baqZpc	k_oiZ�ad`fgy���
ed^ � eqe�g7Z�^nmp{�k`rg {*Z]^_e�\_`bZ]cbk ��4�e�aqZp�ik_e+m]|[^nsy`fk&`r^z`bk��/`f\l^n�iZ]cfcfu�`f{*o m�k_k_`7�ycre ^_m7\_e � e�ad^z��Zp{*{*Z�\nZ�uvk � `r^_s{*`r\n\_m�\nk[Zpgih���Z]{*{�Z��V\nZ�uJ^neqcfe�knadmpo
e�k}{ �ikl^ \neqcfuMmpg�hveq^_e�ad^_`fmpg*^ne�a�sygy`����ye�k�hv`
�
e�\_e�g�^t| \_m�{mpov^n`fa�Z]c[Z]g h � �V\�Z�uS^neqcfe�knadmpo
e�k�� xz` �	eq\neqg�^J{*ed^_sim/hik&| mp\Jhved^ne�a ^n`rm�g mp|}��Zp{*{*ZS\nZ�uvk � `rcfc

� e�e -voycfZp`rgie�h7cfZ]^_eq\H`fg�^_sy`bk?a�siZpov^_e�\��
Ytsym]^nmpgikHZp\_e&eqcfe�ad^_\n`fa�Z]cfcru�gieq�v^n\nZpcUZ]gih�^_sye�\_eq| mp\nez�yg Z	�	e�a ^ne�h � sye�g7oiZ�k_k_`fgy� ^nsy\nmp�y��s{�Z]�pgied^_`ba=�ie�cfhik ��� syequMo
mp`fg�^!�iZpa�� ^_m�^nsyeq`f\}m�\_`f�p`fg � sy`ba�s�{*Zp�pe�k[��Zp{M{�Z�\�Z�uvk�e.-yade�crcfeqg�^Z]gih0�pe�\_uS`r{*o
mp\_^nZ]g�^Hoy\nm��
e�k `fg�^_m*sy`f�psv�Veqgye�\_��u�oy\nm/aqe�knkle�k�`rg�^_sie 8?gy`7�pe�\nk_e��

� � � � � ��� � � �
��� 
	� � � � ���&� ���
� siZ]oy^_eq\ � {*eqg�^n`rm�gye�h�^nsye `f{*o m�\l^�Z]g�^z{*e�a�siZ]gy`bk_{*k?| mp\zoy\_mvhv� a ^_`fmpg m]|}adm�kl{*`ba���Zp{*{*Z\nZ�uvk�� e�`rgy���y\neq{�k_kl^_\�Z]sicr�ygi�iw � mp{*ov^nmpg:�iov�VknaqZ]^l^neq\n`rgy� w�gyeq�v^n\nZpc oi`rm�g:hve�a�Z�u Z]gih k_u/gv�a�sy\nm]^_\nmpg \nZ�hv`fZ]^_`fmpg��+� sieMhv`
�	�ikle*e�{M`bknkl`fmpg%Z?�
m	�peS���p�0�Qe�� `fk�hvm�{*`rgiZ]^_e�h �/uQgyeq�y^_\�Z]coy`fmpg�hve�aqZ�uvk�Z]gih4��Z]{*{�Z \�Z�uvk�| \nmp{ o m�`rg�^�klm��y\naqe�k�Z]\ne adm�{*{Mm�gycfu e -voycfZp`rgie�h � `r^_s
� mp{*ov^nmpg �yov��knaqZ�^_^_e�\_`fgy�Xmp|-Z]{��i`re�g�^ oysym]^nmpgik mpg si`r��sv��e�gyeq\n�pu eqcfe�ad^_\nmpgik��Q��g ^_sie�| mpcr�crm � `fgy�Xk_e�ad^_`fmpgik e�Zpa�s mp|H^_sye�kle � `fcfc��
eSe.-voycbZ]`fgye�h `rg:k_mp{*e�hveq^nZp`rc � ` ^ns ^_sie�eq{*oysiZ�kl`bkmpgXgieq�v^n\nZpc oy`fmpg hve�a�Z�u/k���2imp\&{Mm�\_eMhved^�Z]`fcre�hXhve�k_aq\_`fov^_`fmpg k-Z]g hXhveq\n`7��Z]^_`fmpgikzmpg �y\_e�{�k �k ^n\nZpsycf�ygy�iw � mp{*ov^nmpg��yov��knaqZ�^_^_e�\_`fgy�+Z]g h�klu/gia�sy\nm]^n\_m�g \�Zphy`fZ]^_`fmpgUwp^_sye?\ne�Z�hveq\}`fk}\_eq| eq\n\_e�h^_mM^_e -/^��
m�m��vk��/uG�Um�gy��Zp`r\ � ���p��C�� Z]gih��HuB�y`ba���`4� �U`f�ps�^n{*Zpg ���]���?C��.�

�#6
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*�2:& �
#0./�!*��',�L

�
	��
	�� ��+- ". 1 1 �!+ � ���������
j-kJa�siZp\_��e�h�oiZp\l^n`faqcre�k-oiZ�k_k-^_si\_m��y�psQ{�Z�^_^_e�\-^nsyequQ`fg�^_eq\�Zpad^ � `r^_s ^_sye � mp�ycfmp{ �:�ieqcbhXmp|^_sie�g�� adcfeq`UaqZp�ik_`rgy�*e�gyeq\n�pu�cfm�knk Z]gih�eq{*`bk_k_`fmpgSmp|L\�Zphy`fZ]^_`fmpgS�/gym � g�Zpk!�y\neq{�knk ^n\nZpsycf�ygy�<�� sye�2ye�u/gy{�Z]g hv`fZp�p\�Z]{E`fg 2L`f�p�y\ne:/1�f�7`fcrcf�ikl^_\�Z�^ne�k ^_sy`bk*oy\nmvade�knk�� � sye�eqgieq\n�pu m]|z^_syeeq{*`r^l^ne�h oysym]^nmpg `fkLoy\nmpo
mp\_^_`fmpgiZpc]^nm

1/m2 w � ` ^ns m
�
eq`fgy�z^_sye�\_e�k ^�{�Zpknk�mp|y^_sie `fgiadm�{*`rgy�oiZp\l^n`faqcre"� ��g*Zpkl^_\nmpoys/uvk_`fa�kqw	�y\neq{�knk ^n\nZpsycf�ygy�&`fk�{*m�kl^_cfu hv�ie ^_m+Zpa�ade�cre�\nZ]^_e�h eqcfe�ad^_\nmpgik�Z]g ho
m�k_` ^n\_m�gik ��� sye?oisym]^nmpgSk_o e�a ^n\_�y{ hv�ye-^_m �y\_e�{�k_kl^_\�Z]sycf�ygy��`bk}aqmpg�^_`fg/�ymp� k}Z]g h � Z�^ � `r^_sZ*kls Z]\no7e�gyeq\n�pu�aq�v^_m���� ~ a�s<)pgv| e�cfhve�\�wi�p�p�i� � Z�^

Eγ = (γ − 1)mec
2 � /1�f� �

� sye�\_e
γ
`bk&^_sie ��mp\neqg�^ � | Zpa ^nmp\&m]|t^nsye*eqcfe�ad^_\nmpg��+� syeM��Zp{*{*Z]��\�Z�u7k_o e�a ^n\nZpcL`fgihve - � `rcfc

�
eJ^_sye+knZ]{*e�Zpk�| m�\ ^_sye�`fgy`r^_`bZ�^_`fgy��e�cre�a ^_\nmpg�klo
e�ad^_\n�y{:�

�
	��
	�� � ��./) �!����� )�� �	� ��� �! ,+-#����
� mp{*ov^nmpg �yov��k_a�Z�^l^neq\n`rgi��`fkz^nsye oi\_mvade�k_k � sye�\_e crm � e�gyeq\n�pu�oysymp^_m�gikqw
^ u/oy`baqZpcrcfuXadm�kl{*`ba{*`faq\_m � Z#�pe��iZpa��/�p\nmp�igih � � � 4 �&oisym]^nmpgik��y�v^�`fgv| \�Z]\ne�h mp\Jmpov^n`fa�Z]c�oysymp^_m�gik&`rg%^_sieM`fgv�^_e�\nkl^_e�crcbZ]\-\nZ�hv`fZ]^_`fmpg9�ie�cfh � � �D2 �?aqZpgXZ]cbklm �
e �iov�VknaqZ]^l^neq\ne�h�w `rg�^_e�\nZ�a ^ � `r^_sXsi`r��sv��e�gyeq\n�pueqcfe�ad^_\nmpgik*m�\�o m�kl`r^_\nmpg k�Z]gih �peq^ � m/m�k ^ne�h:^_m sy`f�psye�\�eqgye�\_��`re�k �D� si`fk�`bk*^nsye � `fgB�pe�\nk_e"	m]|t\neq���ycbZ]\ � mp{*ov^nmpg knaqZ]^l^neq\n`rgy� w � sye�\_e eqgye�\_��uS`bk?^n\nZpgik | e�\_e�h�| \_m�{ ^nsye oisym]^nmpg�^_mS^_syea�siZp\_��e�h�o Z]\_^_`badcfe��32L`r���y\_e�/<� �Mk_sym � k ^_sye+aqmp\n\_e�klo
mpgihy`rgy�'2ye�u/gy{�Z]g�hv`fZp�p\�Z]{:�� sye+��Z]{*{�Z��V\nZ�u�e�gyeq\n�pu7hv�ye�^nm�`rgB��eq\�kle � mp{*ov^nmpgXknaqZ]^l^_e�\_`fgy��m�g�e�cre�a ^n\_m�gik?aqZpg�� eZ]oioy\_m#-v`f{�Z�^_e�h �/u � ~ a�s1)pgy| eqcbhveq\�w �]���y� �

Eγ ' 1

3

(

Ee

TeV

)2(
Eph

2 · 10−4eV

)

[GeV]
� /1� � �

� sye�\_e
Ee

`bk�^_sye�e�cre�a ^_\nmpg�eqgieq\n�pu�Z]g h
Eph

`fk ^nsyeJ^ u/oy`baqZ]c � � 44oysymp^_mpg�eqgieq\n�pu����g�^nsyeF�JZpcfZ�a ^n`fad��\n`fhy�pe-k_o e�a ^n\_�y{�w���Zp{M{�Z \nZ�uvk}hy�ye?^nm��y\neq{�knk ^n\nZpsycr�igy� Z]g h � mp{*ov�^_m�g �iov�VknaqZ]^l^neq\n`rgy��`bk�e.-vo
e�a ^ne�h ^_mQadm�g�^_\n`
�y�y^_e�kl`f�pgi` � a�Z]g�^_cfu � (-Z�u�Zp��Z � Ziw������p� � ~ a�s1)pgv�| eqcbhve�\�w��p�p�y� �H`fgX^nsye�kl�1�y�@�&e��9^_m �&e�� \�Z]gy��e�� 2ym�\Jm]^_sieq\�klm��y\�ade�k�w�kl� a�s ZpkJk_�yo
eq\ngym	��Z\neq{*giZ]g�^�kqw/^nsye+adm�g�^n\_`7�y�v^n`rm�g�hyeqo
eqgihyk?sye�Z#�/`fcru�m�gS^nsye�oy\n`r{�Z]\nu�e�cre�a ^_\nmpg�k_o e�a ^_\n�y{:�
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γ
(6&�<%�@�'&[*�243S*��B.0(61'./2=� 2:,02=��1�?S<@?-*�./2�2:962:�=*)���',S(6* (6,@*�2=���!��*�&�O�(+*�.�L

�
	��
	 � � 

� ����+ ���!+ ����������#�� � #����
~ u/gia�sy\nm]^n\_m�g%\�Zphy`fZ]^_`fmpg `fk+^_sye7e.�	e�ad^ m]|-a�s Z]\n�pe�h%oiZp\l^n`faqcre�k��pu/\�Z�^n`rgy�XZp\_m��ygih%^nsye �ie�cfhcr`fgye�kzmp| kl^_\nmpgy�7{*Zp�pgyeq^_`ba��ie�cfhikqw�\�Zphv`bZ�^n`rgi�7Zpk-^_siequ Zp\_eMZpaqaqeqcfeq\�Z�^ne�h ��� syeMeqgye�\_��u�crm�k_km]| ^_sye�oiZp\l^n`faqcreJ`bkH�p`7�pe�gG�/u

dW

dt
=

2c

3
e2β4

(

E

mc2

)4
1

r2

� /1� / �
� syeq\ne

m
`bkJ^nsye�\ne�kl^ {�Zpknkqw

E
`bk�^nsye�e�gyeq\n�puXmp| ^_sye�o Z]\_^_`badcfe�Z]gih

r
^_syeS�pu/\_mQ\�Zphy`r�ik��� sye+e�gyeq\n�pu7crm�k_k-`fk-oy\_m�o m�\l^n`rm�giZ]c	^nm

1/m4 Z]gih � �ikl^&Z�kH| m�\D�y\neq{�k_kl^_\�Z]sicr�ygi�iwicfm � �V{*Z�k_koiZ]\_^_`badcfe�k�w�k_�ia�s ZpkJeqcfe�ad^_\nmpgikJZpgih o
m�k_`r^_\nmpgik�wUeq{*`r^ klu/gia�si\_mp^_\nmpgX\�Zphv`bZ�^n`rm�g { �ia�s {Mm�\_ee8��ad`feqg�^ncru"��� sye eqgye�\_��u7Z�^_^nZp`rgiZ��ycfe � ` ^ns�^_sye�� Z]\n�peJ�tcfe�ad^_\nmpgv�VY�m�k_` ^n\_m�g�aqmpcfcr`bhveq\ � �U�}Y �Z�^ � �}���+w � sy`fa�s siZ�h ZQ\nZ�hv`f�ikJm]|�C<� /��/{�w � ZpkJcf`r{*`r^_e�h%^_m Z�� m��v^������:�&e�� � e�aqZ]� klem]|tk_u�g a�sy\_mp^_\nmpg�adm/mpcf`fgy��m]|[^nsye Zpa�ade�cre�\nZ]^_e�h�e�cre�a ^_\nmpg k?Z]gih�o
m�k_`r^_\nmpgik��H� sye e�gyeq\n�pu7crm�k_k`fk Z]cbklm�eqgieq\n�puXhve�o e�gihveqg�^�w {�Z]�/`fgy�Xk_u�g a�sy\_mp^_\nmpgX\�Zphy`fZ]^_`fmpg%`r{*o
mp\_^nZ]g�^+e��peqg | mp\ {Mm�\_e{�Zpknkl`7�pe�oiZp\l^n`faqcre�k�Z�^ �pe�\_u��Vsy`f�ps:e�gyeq\n�p`fe�k��D� sye � Z]\n�pe:(-Z�hv\_m�g � m�crcf`bhveq\ � � ( � � � `rcfcZ�^_^nZ]`fg�ad{�k eqgye�\_��`re�k}mp|LZ�� m��v^�� C���e�� Zpgih�^nsyeJeqgye�\_��u�crm�k_k hv�iez^nm�klu/gia�sy\nm]^n\_m�g�\�Zphv`bZ��^_`fmpgUw � sy`ba�sX`bkzhymp{*`rg Z�^_e�h��/u�^_sye*hv`
�
e�\_e�giade `rgX{�Z�k_k � eq^ � e�eqgXoi\_mp^_mpg k-Z]g hQeqcfe�ad^_\nmpgik
�
me/mp ' 1/2000

�dw � `fcfc�� e�{ �ia�s�cre�k_kHk_e ��eq\nez| m�\ ^_sye��;( � �j?g:e�k ^n`r{�Z]^_eSmp|H^_sye�oysymp^_m�g eqgye�\_��upw
Eγ

wthv�ye7^_m%ZQ^ u/oy`baqZ]c `rg�^neq\�k ^neqcfcfZp\ {�Z]��gyed^n`fa
�ieqcbh�`fk ��`
��eqg9�/u � ~ a�s<)pgv| e�cfhve�\�wi�p�p�i� �

Eγ ' 0.05

(

Ee

TeV

)2
B

3µG
[eV]

� /1� C��
� syeq\ne

Ee
`bkJ^_sye�e�cre�a ^n\_m�g e�gyeq\n�pu Zpgih

B
`fk�^_sye�{�Zp�pgyeq^_`ba �ieqcbh k ^n\_e�gy�]^ns��G2y\nmp{ ^_sy`bke����iZ]^_`fmpg�` ^z`fk?aqcre�Z]\H^nsiZ�^&Z*sy`r��syeq\He�cre�a ^n\_m�g�e�gyeq\n�pu�w

Ee
w mp\-Z�kl^_\nmpgi�peq\ {�Z]��gyed^n`fa�� eqcbh�w

B
wy`fgiaq\_e�Zpk_e�k ^_sye�oisym]^nmpg�eqgye�\_��u��~ u/gia�sy\nm]^_\nmpgQ\�Zphy`fZ]^_`fmpg�| \nmp{ Z�o
mpoi�ycfZ]^_`fmpgXmp|}eqcfe�ad^_\nmpgik-`fkJaqmp{*{*mpgycfu7� kle�hQ^_m7e.-/�oycbZ]`fg�m��ik_eq\%�pe�hz\�Zphy`rm-Zpgih � �V\�Z�u&k_o e�a ^n\nZ `fg ��Z]\n`rm��ik�k_mp�i\naqe�k���� �pe�g�^_sym��y�ps ` ^L`fk�o m�k_k_`
�icre^_m�oi\_mvhv�iaqe ��Z]{*{�Z*\nZ�uvkH^nsy\nmp�y��sXklu/gia�sy\nm]^n\_m�g7\�Zphy`fZ]^_`fmpgQ`r^z`bk?cfe�knk?| Z#��mp\�Z?�ycfeF� e�aqZ]� klem]|�^nsye cbZ]\n�peQ{�Z]��gyed^n`fa��ieqcbhDkl^_\neqgy�p^_sD\ne����y`f\_e�h � j-k7{*eqg�^_`fmpgie�h4`fg � siZpov^_e�\ �pw ^nsye~ u/gia�sy\nm]^n\_m�gv��Y}\_mp^_mpg04 cbZ ��Z]\�� ~ Y�4 � {*mvhveqc � �Heq`f{*eq\zed^-Z]c �fw �]���?C�� siZ�k=� e�eqgXk_�y�p��e�kl^_e�h
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 ��� /S�T,�� �\FB*��'1!2=*�.02=�$O�(6*�.Q*�.02B<%2:&[*)C W0*
&[?\,0��./���!*)���!,N&)2:9+��C cd�' -#\*��', � � �/c 
� -�T3\2:9 � *�./(6,N&)�'96(E3�
�L��M./2 3/(6&[*)��(6<0;/*�(6�!, #%2:�!�T&$(6,
��C ���:?\&���*

ν ' 1019 ���'U/�!<%�!;/*�F �5�K2	� (6,S2:,/2=��1!?@U/��,�3�(6,�1K�! - V�����:?\&��
*
ν ' 1027

���'U0�!<%�!;/*�FP��2	�BL0]_(61';\��28*��!�K2:, �����! �$�',/�'#%2:96�K�52=*��!9�L � J � �!I 
�L

Zpk-Z]g�e.-voycbZ]giZ]^_`fmpg�m]|�sy`f�psv�Veqgye�\_��u���Zp{M{�Z]��\�Z�u�eq{*`bk_k_`rm�g7m"�ik_eq\%�pe�h7`fg�k_mp{*e+jD�F�zk � ��g^_si`fk {*mvhveqc�wvoy\nm]^nmpgik�`fgik ^ne�Z�h�m]|Leqcfe�ad^_\nmpgik��pu/\�Z�^nezZ]\nmp�igih�^nsyeJ{*Zp�pgyeq^_`baD� eqcbhScf`rgie�kHZ]g heq{*`r^ k_u/gia�sy\nm]^n\_m�gM\�Zphy`fZ]^_`fmpg��L� sye&hy\nZ � �iZ�a�� mp|�^_sy`bk}{*mvhve�c `bkt^nsye&\_e&���i`r\neq{*eqg�^}mp|��pe�\_ueqgieq\n�ped^n`fa&oy\nm]^nmpgik Zpgih ��m�\=�peq\nu�cbZ]\n�peJ{�Z]�pgied^_`ba �ieqcbh�k ^n\_e�gy�]^nsik �
�
	��
		� � 
 � ����+ ���!+ �����
 "��
�� � ��./) �!���

�V|zZ o m�oy�ycbZ�^_`fmpg:m]|?eqcfe�ad^_\nmpgik �p`7�pe�k \n`fk_e�^nm k_u�g a�sy\_mp^_\nmpg \�Zphv`bZ�^n`rm�g ^_sye�\_e7`fkMZ a�s Z]giaqe^_s Z�^H^_sie+k_Zp{Me&eqcfe�ad^_\nmpg�o m�oy�ycbZ�^n`rm�g � `fcrc�`rg�^_e�\nZ�a ^ � `r^_s�^_sye�e�{*` ^_^_e�h�k_u/gia�sy\nm]^_\nmpgS\nZ�hv` �Z�^n`rm�gS^nsy\nmp�y��s � m�{*ov^_m�g7�yoy�VknaqZ]^l^_e�\_`fgy� wv`rgQZMoy\nm/aqe�knk \_eq| eq\n\_e�h�^nm�ZpkHk_u�g a�sy\_mp^_\nmpg�kle�c | �
� mp{*ov^nmpg � ~i~<� � ��� sie�oys/u/k_`baqkJoy\nmvade�knk_e�kJZ]\neM^_sye�knZ]{*e�ZpkJ{*eqg�^n`rm�gye�h Z?�
m	�pe ^_simp�y��s^_sie�klo
e�ad^_\�Z]cte�gyeq\n�puXhv`bkl^_\n`
�y�y^_`fmpg � ~ � x�� � `rcfc[| e�Z]^_�y\neM^ � mXhy`fkl^_`fgia ^+o
e�Zp�vkqw;� mp^_s �pe�\_uk_`r{*`fcfZp\ ^_mM^_sye�o
e�Zp�Smp|�^_sie+klu/gia�sy\nm]^n\_m�g ~ �}x �

�V^z`bk&admp{*{*mpg�^nmSe -/oicfZp`rgXm"�ik_eq\%�pe�h�k_o e�a ^n\nZpc e�gyeq\n�pu�hv`fkl^_\n`7�y�v^_`fmpg k-mp| �ycfZ���Zp\nk � `r^_s~y~<� {*mvhveqcbkHZ]gih9&zmpgym�o e�cr��m ed^?Zpc � ���]�p�"/ � kl� aqade�k_kl| �ycfcru �y^H^_syeJm"�ikle�\���e�h ~ �}x mp| �
m]^ns
�Q�/g:C��y�&Zpgih:�Q�/g�6p�y�&`rgQk_�ia�s�{�Z]gygye�\�� 2L`f�p�y\ne�/1� /*klsym � k�^nsyeq`f\��
e�kl^l� �y^ ~y~<� {*mvhveqc| mp\D�X��g 6p�y�&^_m��ped^nsyeq\ � `r^_sQm"�ikle�\���Z]^_`fmpgiZpc
hyZ]^nZ<�t� sye ~ �}x o e�Z]�vk `rg � ��\�Z�uvk�Z]^-Z?�
mp�v^���M��e��OZpgih�`rg���Zp{*{*ZM\�Z�uvk�Z]^?Z?�
mp�v^+��� e����i� sye�Zp�p\neqeq{*e�g�^H`bk \_e�{�Z]\n��Z��ycfu��pm/mvh �



/4� % � � !$ �#! !���$�  �� � !$ � ��% % ��% ���

100

pp � ���������
	

σ

�
�
��

� ��� ���������� �
�
�

�
���
���

���
�����
�����

���������
	 ��
�+k� � ,/�:96;0&)(6RK2 �=���!&)&M&)2:�=*�(6�',/& ���!�M#\���T3/;/�=*�(6�',-�!�
π0

� �:(+���:962:& 
�U
π+

� &�
@;�����2=& 

�!,03

π−
� *)��(E�!,/1'962:& 
 (6, #\C #S(6,@*�2=���!�=*�(6�!,0&8��& ��;0,/�=*�(6�',0&���� #\���!*��!,  -�' -2:,@*�;/ L ����*��

����28*�./�'&)2����Z�_�!</962VF8(E, �82=�� -2=� � F:H ���!< 
�L

�
	��
	�� � #������  �� � 

Yt`fmpgikMZ]\neSadm�oy`fmp�ik_cru%oy\nmvhv�iade�h `fg siZphy\_m�gy`fa�`rg�^_e�\nZ�a ^n`rm�gik �
ed^ � eqe�g:adm�kl{*`ba �V\nZ�u g�� adcfeq`Z]gihS`rg�^neq\�k ^neqcfcfZp\}{�Z�^_^_eq\�w/{*m�kl^_cfu�oy\_mp^_m�gv��oi\_mp^_mpg�`fg�^_e�\nZ�a ^_`fmpg kqw/Z]cr^_sym��y�ps�^_sye�\_eJZ]\ne-adm�gv�^_\n`
�i�v^_`fmpgik�| \nmp{ `rg�^_e�\nZ�a ^n`rm�gikHkl� a�s�Z�k ov� (-epw

α
�Vo�Zpgih

α
�@(?e �

p + p → π + X
� /<� 6 �

� syeq\ne
X
\neqoi\_e�kle�g�^�k�Z]g/u kl^nZ�^ne \_e�Zpa�siZ��ycre | \nmp{ ^nsyeH`rgi` ^n`fZpcik ^�Z�^ne��LYt`rm�gik[Z]\ne�^_syeHcf`f�ps�^_e�k ^m]| ^_sye {*e�k_mpgik�w

mπ± = 139
�Qe��F�]a 2 Zpgih mπ0 = 135

�Qe��F�]a 2 wpZ]g h Zp\_e�{*m�kl^�e ��ad`feqg�^_cfuoy\nm/hy�iade�h `rg4^nsye�k_eX`fg�^_eq\�Zpad^_`fmpgik�� � gycfu:| m�\Ssy`f�psDaq{*kSeqgye�\_��`re�k�Z]\neXsye�Z#�/`re�\�{*e�k_mpgikZ]gih��iZp\_u�mpgik�wUkl� a�s Zpk�&&�V{*e�k_mpgik�w�oy\nmvhv�iade�h Zpgih ^_sye�kle*sye�Z#��`feq\JoiZp\l^n`faqcre�kJsiZ#�pe*hve�aqZ�ua�siZ]gigyeqcbk � ` ^ns�oy`rm�gik `fg7^nsyeF�igiZpcUk ^�Z�^ne�k��� sye�oy`rm�g { �ycr^_`foycr`bad`r^ u:`bkMeqgye�\_��u hveqo
eqg hveqg�^SZpk*k_sym � g:`fg 2L`r���y\_e:/1� C � syeq\neS^nsye`rg adcf�ikl`7�peJad\nm�knk�kle�a ^_`fmpgS| mp\ oy\nmvhv�ia ^n`rm�gSmp|
π0 Z]gih π± `bk�oycfm]^l^ne�h�Zpk | �ygiad^_`fmpg�m]|Loy\_mp^_m�g{*mp{*eqg�^_�i{9� ~ `fgiaqe�^_sie7{ �yc ^n`roicr`bad`r^ u `fkMhv`f\_e�a ^ncru oy\nmpo
mp\_^_`fmpgiZpct^nmX^_sie7`fgiadcf�ik_`
��e7aq\_m�k_kkle�a ^n`rm�g ` ^M`fkMadcfe�Zp\+^nsiZ�^M^_sye7{ �ycr^_`foycf`faq` ^ u `fgiaq\_e�Zpk_e�k�\�Z]oy`bhvcfu � ` ^ns oy\nm]^_m�g {*mp{*eqg�^n�y{Z]\nmp�yg hSZM| e � �&e��F�]a?�� sye�gyeq�y^_\�Z]c�oy`fmpg �

π0 � hve�a�Z�u�`bk oy\_e�hvmp{*`fgiZ]g�^ncru
π0 → γγ

� /1� � �
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 �& �
� sy`fcre ^_sie%a�siZp\_��e�h oy`fmpgik �

π± �Shye�aqZ�u `fg�^nm:e�cre�a ^_\nmpg kqw?o
m�k_`r^_\nmpgik7Z]gih�gyeq�v^n\_`fgym�kG�/`bZ{ �impgik �
π+ → µ+ + νµ

� /1� � �
π− → µ− + ν̄µ

� /1� > �
Z]g h

µ+ → e+ + νe + ν̄µ
� /1� � �

µ− → e− + ν̄e + νµ
� /1�f�����

� sye�kle?k_e�aqmpgihyZp\_u�e�cre�a ^n\_m�gik[Z]gih o
m�k_` ^n\_m�gik�{�Z�upw]`r|	^_sye?aqmpgihv`r^_`fmpg k[Z]\ne�\n`f�ps�^�wpaqmpg�^_\n`7�y�v^_e^_mM^nsyeJ��Z]{*{�Z��V\�Z�u k_o e�a ^_\n�y{ �/`bZ��i\_e�{*knkl^_\�Z]sycf�ygy� mp\ � mp{*ov^nmpg��yov��k_a�Z�^l^neq\n`rgi��k�� &J`fgyed�{�Z�^n`fa�k mp|�^nsye�hve�a�Z�u/k�Z]\neJhve�knad\n`
�
e�hS`rg�j?oio e�gihv`
-�j �t� siez{*mvhveqcf`fgy�*m]|�oy\nm]^nmpgv�Voy\nm]^nmpg`fg�^neq\�Zpad^_`fmpgik�`bk?hve�knad\n`7� e�hS`fg � siZ]ov^neq\�k=C�Z]gih:6��

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

��g �����y��w}^nsye �i\�kl^S��Zp{M{�Z]��\�Z�uvk mp|+adm�k_{*`fa�m�\_`f�p`fg � e�\_eXhyed^_e�a ^ne�h �/u Zpg4`rg k ^n\_�y{*e�g�^mpg �
m�Zp\nh ^nsyeS�3-voycfmp\neq\ � �+knZ�^_e�crcf`r^_e � &J\nZp�ikls ZpZ]\ � � cbZ]\n�
w ������� �.��� si`fk ��Z]{*{�Z��V\�Z�u^_e�cre�k_aqmpo
e � ZpkLZ?�ycfet^nm&hyed^_e�a ^�cre�k_k�^_s Z]g Z-s/�ygihv\ne�h���Z]{*{�Z��V\nZ�uze ��eqg�^nk�� � sye�kle�Z]oyo
e�Zp\_e�h^_m:�
e�\nZpgihvm�{McfuXk_oy\_e�Zph m	�pe�\-^nsye�kl�/u�wU`rg hv`fa�Z�^n`rgy�QZ�adm�kl{*`baM��Z]{*{�Z��V\�Z�u0�iZ�a��/�p\nmp�ygih��� sy`bk hv`bknadm	�pe�\_u � Zpk�^_sye � \nkl^+m]|?k_e �pe�\nZpc[{�Z � mp\�{*`fcre�k ^nmpgye�k�`fg ^_sy`bk+gye � Z]gih%e.-yaq` ^n`rgy�
�ie�cfh�m]|L��Zp{M{�Z]��\�Z�u�Zpkl^_\nmpgym�{ u��

(?m � e ��eq\�wU^nsyeG�y`f\_^_s m]|?��Z]{*{�Z��V\nZ�uXZ�k ^n\_m�gymp{ u a�Z]{*e�e�Zp\_cf`feq\�w `fg ^_sye ��� 6]�pk�w � `r^_soy\ne�hv`ba ^n`rm�gik�mp|�^nsye�e -/`bkl^_eqg ade�m]|?aqm�k_{M`ba*��Zp{*{*Z]��\�Z�uvk�� k_eqe�\ned| eq\neqg ade�k+`rg ~ a�s<)pgv| e�cfhve�\�w�]���y��w�a�siZpov^_e�\ � � � �V^ � Zpk�oy\_m�o m�kle�hF�/uF(zZ�u�Zp��Z � Z `fgS��� 6p� ^nsiZ�^[hve�a�Z�uvkUm]|ygieq�v^n\nZpc�oy`fmpg kqwoy\nmvhv�iade�h:�/u7`fg�^_eq\�Zpad^_`fmpgik-`rg�^nsye `fg�^_e�\nkl^_e�crcbZ]\?{*e�hv`r�i{ � � ~ � �dw � mp�icfh�oy\nmvhv�iaqe adm�kl{*`ba��Zp{*{*Z]��\�Z�uvk � � syeQk_Zp{Me�upe�Z]\�w�(-�v^na�sy`fgik_mpg oy\ne�hv`ba ^ne�h ��Z]{*{�Z��V\�Z�u e�{M`bknkl`fmpg hv�ye�^_m
�y\neq{�knk ^n\nZpsycr�igy�<�L� syeq\ne � e�\_e?Zpcfk_m�oiZpo e�\nk�w]`fgiadcf�ihv`fgy�+m�gye��/u �Qm�\_\n`bklm�g `fgQ��� 6?>yw�m�g*^_syeo
m�knkl`7�y`fcr`r^ u mp|���Z]{*{�Z��V\�Z�u+o m�`rg�^ k_mp�i\naqe�k�� j?cfc ^_sye�kleH^nsyeqm�\_eq^_`baqZpcioy\ne�hv`ba ^n`rm�gik[m�o e�gye�h��ioZMgye � �ie�cfh�Z]g h�^nsye ���ye�kl^H^_m�hveq^_e�ad^?��Zp{M{�Z]��\�Z�uvktm]|[adm�kl{*`ba&mp\n`r��`rg��� ��eqg ^_sym��y�ps ^_sye�mp\ned^_`baqZpc/oy\_e�hv`ba ^_`fmpg k�e.-v`fkl^_e�h�wpaqm�k_{M`ba ��Z]{*{�Z��V\�Z�u/k�siZph gye��peq\5�
eqe�ghveq^_e�ad^_e�h m�g �}Zp\l^ns �
e�a�Z]�ik_e�^_sye �}Zp\l^ns � k[Z�^_{*m�kloysieq\ne}`bk�mpoiZ����ie}^nm&si`r��sv��e�gyeq\n�puJ��Z]{*{�Z\�Z�u/k�� j ���iZpg�^n` ^�Z�^n`
��e%{*e�Zpk_�y\_e | m�\�^_sy`bkX`bk�^nsye \�Zphv`bZ�^n`rm�g5cfeqgy�p^_sO`fg Z]`f\�w � sy`ba�sO`fk
X0 = 36.7

�B�]ad{ 2 w ` � e��4^nsyeXZ�^n{*m�k_oysyeq\ne�`fk�{Mm�\_e�^nsiZ]gD�?>%\�Zphv`bZ�^n`rm�g cfeqgi�]^_s k*^_sy`ba��
� �%eqe��pe�kqwv�]����/?� � � � m m	��eq\�adm�{Me ^nsy`bk}cf`r{*`r^nZ]^_`fmpgUw/`fgik ^n\_�i{Me�g�^nk � e�\_e � m � g � ` ^nsS\nm/a���ed^�kmp\3� Z]cfcrm/mpg ktZ]gih cbZ�^_e�\tmpg*e��peqg*oy�y^tmpg�k_Z]^_e�crcf` ^ne�k�^nm+hved^ne�ad^ adm�kl{*`ba ��Z]{*{�Z&\nZ�uvk�� xzed^_e�a �^_m�\nk-Z�^?^nsye+^n`r{*e � eq\ne�cr`f{*` ^ne�h��/u�o m/m�\-k ^�Z�^n`fkl^_`baqkzZ]gih�sy`f�psXk_uvk ^neq{�Z�^n`fa��igiade�\l^�Z]`fg�^n`re�kqw{�Z]�/`fgy�*` ^-hv`���ad�ycr^H^_m�{*e�Zpk_�y\_e&��Zp{*{*ZM\�Z�uvk�Z�aqaq�y\nZ]^_e�cru"�
�4`r^_s ^nsye�gye.-/^M| e � knZ�^neqcfcr`r^_eq� �
mp\ngye7��Z]{*{�Z��V\�Z�u m�� kle�\���Z�^nmp\n`re�k�| m�crcfm � `rgi�X^_sie7�3-/�oycfmp\neq\ � ��{*`bk_k_`fmpgUwye -yad`r^_`fgy��gye � `fgik_`r��s�^�k `rg�^nm*^_sye+��Z]{*{�Z��V\nZ�u�k_�/u � eq\neJ{*Z�hve��!2L`r\�k ^mp�y^ � Zpk�^_sye �J~ � �@/?knZ�^_e�crcf`r^_e�`rg7���p�/� Z]g h+`r^ � Zpk�| mpcfcrm � e�h ��u ~ j ~ � ���l�����p� ��Zpgih ���J~ � 4

� ������6�������>�� �.� j-crc ^_si\_e�e knZ�^_e�crcf`r^_e�k&adm�g��i\n{*e�h�^nsye e -/`bkl^_eqg ade mp|[^_syeMhv`
�
�ik_eM��Z]{*{�Z��V\�Z�u
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C ���4? &)�';/���=2 �4��*���96�'1 O�(+*�. *�./2 �
��24�D���$*�.02
&)�@? &);\��RK2=?@243 �����	��

������� 
B�!,�3 #%�!(6,T*5&)�';\���:2:&-��<%��R'2 F � � /S2	�BL>]_(E9696243G�:(+���:962:&-�
��2
#%�'(6,@* &)�';\���:2:&�O�(6*�.���; �\2:&�9E����1!2=� *�.��!,

1.3 · 10−6 #0./�!*��',/&��: 2 & −1 Ld�M.02�&)�@?� V�!#
(6&�(6, �8�!9E���=*�(6�-�:�@�!��3\(E,0��*�2:&:U>��&)#0./2=��(6�4�!9Z�:�@����3/(6,��
*�2-&[?\&[*�2: 

(l, b)
U�O�.02=��2 �8��9E�!�=*�(6�

9E��*�(+*�;�3\2
b = 0

(6&�*�.02 �8��9X���=*�(6�B#/9E�!,02P��,�3 �8��9E�!�=*�(6� 9E�!,01!(6*�;03/2
l = 0

#%�!(6,T*�& *��4O �
��3
*�.02��8�!9E�!�=*�(6� �:2:,@*�2=�4L^]_(61';\��28*��!�K2=,������! �TO ��,02:,T</;/��152�* �!9�L � F:H �\F 
�L

�iZpa��/��\_m��ygih+Zpgih ���J~ � 4 oi\_m	�/`bhve�h ^_sye!�i\�kl^t��Z]{*{�Z��V\�Z�uz{�Z]o*mp|i^_sie��JZ]cbZ	-vu��
�4` ^ns ^nsye
���J~ �@4D`fgik ^n\_�i{Me�g�^ze ��eqg ���y`r^_e Z�| e � ��Zp{*{*Z]��\�Z�u�o
mp`fg�^zklm��y\�ade�k�� ~/� Z]gye�gB�y�y\n��ed^&Zpc �fw���">y� � � eq\ne&hveq^_e�a ^_e�h � 2L`r���y\neF/<� 6Mk_sym � k ^_sye�kle�k_mp�y\�ade�k�mpg�Z]g�Z]cfc ��kl�/u�{�Z]o�`fg:�JZpcfZ�a ^n`faadm/mp\�hv`fgiZ�^ne�k�wUZ7k_oysye�\_`baqZpc[adm/mp\�hv`fgiZ�^neMk_uvk ^neq{

(l, b)
w � sye�\_e �JZ]cbZpad^_`ba cbZ�^n` ^n�ihve

b = 0
`bk^_sye��JZpcfZ�a ^n`fazoycbZ]gye�Z]g h9�JZpcfZ�a ^_`ba&crm�gy�p`r^_� hve

l = 0
o m�`rg�^nk�^nm � Zp\nh�^_sye��JZpcfZ�a ^n`fa&ade�g�^neq\ �� sye��i�p�i\_e�Z]cbk_m*k_sym � k ^_sie+kl�y\%�pe�upe�h�oiZp\l^Hm]|L^_sie+kl�/u��

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

� sye[gye -�^ {*Z � mp\�{*`fcre�k ^nmpgye[`fg���Zp{M{�Z]��\�Z�uHZpkl^_\nmpgym�{ u?aqZp{*e � ` ^nsJ^_sye � m�{*ov^_m�g��JZp{*{*Z]��?Z�u � �ik_eq\%��Z�^_m�\_u � � �J� � �.�i� sye � �J� � knZ�^neqcfcr`r^_eJ`fgiadm�\_o
mp\�Z�^ne�h�| m��y\?hv`
�
e�\_e�g�^ `fgikl^_\n�v�{*eqg�^nk6�#
�^nsye�4��y\�k ^LZ]gih�� \nZpgik_`re�g�^ ~ mp�y\�ade[�3-vo
eq\n`r{*e�g�^ � 4 j[� ~ � �dwq^nsye � \n`re�g�^_e�h ~ ad`fg�^n`rcr�cfZ]^_`fmpg ~ o e�a ^_\nmp{*eq^_eq\L�3-vo
eq\n`r{*eqg�^ � �J~i~ � � w�^nsye ��{�Zp�p`fgy� � m�{Moy^_mpg ��e�cre�k_aqmpo
e�� ��� �QY[�� ��� �JZpgih ^_sye��tgieq\n�ped^n`fa �JZp{*{*Z]�V�-Z�uQ�3-vo e�\_`f{*eqg�^ ��e�cre�k_aqmpo
e � ���J�H� � � � � mp��ed^nsyeq\^_sye�kleQ`fgikl^_\n�y{*eqg�^nk � e�\_eQhve�kl`f�pgye�h ^nm � eXk_eqg kl`r^_`7�pe�^_m ��Z]{*{�Z%\nZ�uvk | \_m�{ /�� ��e�� ^_mZ?�
mp�v^D/��'�&e�� �
�4` ^ns�Z]gMeqgye�\_��u+\nZpgy�pe | \nmp{ �p���Xe�� ^_m�Z?�
mp�v^�/����&e�� wp���J�?�}� � ZpkL^nsyeH{*mp\ne `r{M�o m�\l^�Z]g�^[m]|
^_sye | m��y\[`fgik ^n\_�i{Me�g�^nkL| mp\�^nsye?hveq^_e�ad^_`fmpg*m]|	sy`f�psv�Veqgieq\n�pu���Zp{*{*Zz\�Z�u/k��;8zkl`fgy�
� ! &6�1$+��7�(�&6�1; �A�1��&67:&67:�?.2$>�1$���72�1�1� j2;:$>7 �1� =/��7 � $�( &4j27�< &67 .8�1�1"�� ���A=>&6�?�1=6E 96�1(�=8E 72������E 96&%$ �A<2& =>�%�A=>96�1&
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sy`f�psv� �pm�c ^�Z]��ezk_oiZ]\n��a�siZ]{ � e�\nk�w�^_sye�hv`f\_e�a ^n`rm�gSm]|L`rg ad`bhveqg�^H��Zp{M{�Z \nZ�uvk�adm��ycfhG� e+hyed^_e�\l�{*`rgie�h ^_sy\nmp�i�ps ^_sye�^n\nZ�a��vkzoi\_mvhv�iaqe�h%ZpkJ^nsye���Zp{*{*Z�\�Z�uvkzo Z]`f\l�Voy\nm/hy�iade*Z]gih%`fgy`r^_`bZ�^_eeqcfe�ad^_\nmp{�Z]��gyed^n`fa klsym � eq\�k�w aqZp�ik_`rgy�7kloiZp\_�vk-`rg ^_syeMa�siZ]{ � e�\nk��z� syeM��Zp{*{*Z]��\�Z�u�e�gyeq\n�pu� mp�ycbh&^_sye�g �
e}{*e�Z�kl�y\ne�hF�/uz^_sye�Z]{*mp�ig�^ m]|veqgye�\_��u&hyeqo
m�k_` ^ne�hJ`fg�^_sye�aqZpcrm�\_`f{*ed^_e�\=e�w]aqmpgv�k_`fkl^_`fgy�-mp|</p�D�zZ]� � � c � ad\nuvk ^�Z]c?�ycfmva��vk�m�ov^_`baqZpcrcfu&aqmp�yoicre�h�`rg�^nm-mpgie}eq`f�ps�^�\�Zphy`fZ]^_`fmpg�cfeqgy�p^_sik^_si`fa��X{*m�gympcf` ^nsy`ba a�Z]cfmp\n`r{*ed^neq\�w	crmvaqZ]^_e�h �
eqcfm � ^_sie*k_oiZp\_�Xa�siZp{��
eq\�k � � sye�aqZ]cfmp\n`f{Meq^_e�\� ZpkJ\ne�Zph%m��v^ � ` ^ns oysym]^nmp{ �yc ^n`roicr`feq\�^n�1�
e�k��7j m�gyed�Voy`fe�ade*oycbZpkl^_`ba�knad`fg�^n`rcfcbZ�^_m�\+adm	��eq\ne�h^_sie klo Z]\n�Sa�siZ]{ � e�\nkHZpgih7^_sye+a�Z]cfmp\n`r{*eq^_eq\ ��2L`f�p�y\ne�/1� ��klsym � kHZ�kna�sye�{*Z]^_`baJhv`fZp�p\�Z]{ mp|^_sie�`rgikl^_\n�y{*eqg�^ � sy`ba�s � Z�kHZ?�
mp�v^-�p�"6 aq{ ^�Z]cfc�Z]gih ��� 6 aq{ `fg�m	�peq\�Z]cfc	hv`fZp{*ed^_e�\��
j?cr^_simp�y��s+^_sie `fgikl^_\n�y{*eqg�^ � Zpk hve�k_`f�pgye�h � `r^_s Zpg e�gyeq\n�pu&\nZpgy�pe �yo+^nm&Z�� m��v^3/p� �&e��

�
m]^_sMhved^ne�ad^_`fmpg+e ��aq`re�giadu�Zpgih�eqgieq\n�pu&\_e�klm�cr�v^n`rm�g � eq\neto m/m�\U| mp\Leqgieq\n�p`fe�k�Z�� m	��e?��� �&e����
� gycfu7Z�� m��v^-�]�p��� e��pe�g�^�k � e�\_e�hveq^_e�a ^_e�hQZ?�
m	�peM��� �&e���� � sye+hved^ne�ad^_`fmpg�e8��ad`feqg adu � Zpkcf`r{*`r^_e�h�gymp^Hmpgycfu �/u � e�Z]��k_mp�i\naqe � ��-ve�k=�y�v^-Z]cbk_m ^nsye�hve�aq\_e�Zpk_`rgy�Me.�	e�ad^_`7�pe�Z]\ne�Z m]| ^_sye`fgik ^n\_�i{Me�g�^[Zpgih*kle�c | � �peq^_mJhv�ye�^_mJoiZp\l^n`faqcre�k�`rg ^_sieHeqcfe�a ^n\_m�{�Z]�pgied^_`ba�klsym � eq\Loy\nmpoiZp��Z]^_`fgy�
�iZ�a�� � Z]\�hykHZpgih�sy` ^_^_`fgy��^nsye Zpg�^n` ��adm�`rg ad`bhveqgiaqe+klsi`re�cfh �H� sye ���J�H�}�Oe�gyeq\n�pu7\_e�klm�cr�v^n`rm�g� Zpkze�kl^_`f{*Z]^_e�hQ^_m�Z?�
mp�y^��p��� � \n{�k �zZ�^*���9�&e��9Zpgih hye�ad\ne�Z�kle�hQ\�Z]oy`bhvcfu � `r^_s%eqgieq\n�pu��
g � &6��� =/&6�0�0$/=5� ;:$���� j2�0$/;:$>78�'&�( �?.�$:98��;:; ���!�?�> $>72$>�19� �#)�1.2$:$>72$>�19� ��&6�?�'��7 �?.2$:�1" ��� l =?. ��; � $>�
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Eγ >
F � � /S2	� L

�8(E�! -�!,�3\&���2:#\��2:&)2:,@*PA�� �$&:U�W�9696243Q&�
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�?mp^_e � mp\_^_s/u�`bk?Z]cbk_m ^nsye�cfmpgy��hve�Zph7^_`f{*epwym�g7^nsye�mp\�hve�\Hm]| {*`fcrcf`bkle�admpg hyk?hv�yeJ^nm*^_sye�� klem]|tk_oiZ]\n��a�s Z]{��
eq\�kH`fgQ^_sie+^_\�Zpa���eq\�wv| mp\z\_e�Zphv`fgy��m��v^ze��pe�g�^&hyZ�^�Z � syeqgX^_sye `rgikl^_\n�y{*eqg�^^_\n`r���pe�\_e�h ��� sy`bk�cr`f{*` ^ne�h ^_sye �ik_e m]| ^_sye `fgik ^n\_�i{Me�g�^�`fg*k ^n�ihv`fe�k�m]|i| Zpkl^L^n\nZpgik_`re�g�^[k_mp�y\�ade�k �
� syet{�Z]`fg+k_aq`re�g�^_`
� a�m�� � e�a ^n`
��e�k�mp|/�!�J�H�}� � e�\_e�^nm-k_�y\���equH^nsyetsy`f�psy��e�gyeq\n�pu?��Z]{*{�Z��\nZ�u�k_�/u*Zpgih�^nmMkl^_� hvu�o
mp`fg�^Hk_mp�y\�ade�k}e�{M`r^l^n`rgi� sy`f�psy��e�gyeq\n�pu*��Zp{*{*Z \nZ�uvk�� �V^Hk_�y\_o Zpknkle�h` ^�k�oy\ne�hve�ade�knk_mp\�k ���J~ �@4 Z]gih ~ j ~ ���-`rg �
m]^_sMeqgieq\n�pu�\ne�k_mpcf�v^_`fmpg ZpgihMkle�gikl`r^_`7�/` ^ u+Zpgih�^nsye{*`fknkl`fmpg � Z�k ZM��\_e�Z�^�k_�ia�ade�knk��
�4`r^_s����J�H� �Jwv^_sye�hv`bknadm	�pe�\_`fe�k}m]|�oi\_e���`fmp� k ��Z]{*{�Z��V\nZ�u^_e�cre�k_aqmpo
e�k � e�\_eSaqmpg�� \_{*e�h�� 2imp\ ^_syeG�i\nkl^M^_`f{Me�w}Z aqmp{*oycfed^ne7k_�y\���equ%m]|H^nsye7��Z]{*{�Z��\nZ�u kl�/u � Z�k�{�Zphve�wLZpgih Z�cfZp\_��e�g/�y{��
eq\ m]|Hgye � o
mp`fg�^ klm��y\�ade�k�w�{�Zpg�u m]| ^_sieq{Ek ^n`rcfc�ygy`bhveqg�^n` �ie�h�w � e�\_e hved^ne�a ^ne�h �F2L`r���y\ne /1� �*k_sym � kH^nsye ^_sy`f\nhX���J�H�}� � /]��� �zaqZ]^nZpcrm���`rg

�JZ]cbZpad^_`ba&aqm/mp\�hv`rg Z�^_e�k | mp\Ho
mp`fg�^-k_mp�i\naqe�k � ` ^ns
Eγ >

���p� �Qe����
�XZ � m�\&hv`bknadm	�pe�\_`fe�k � ` ^ns ���J�?�}� `fgiadcf�ihveM^nsye `bhve�g�^n` �
aqZ�^n`rm�g mp|��ycbZ ��Zp\nk�w	Z�^ u/o
e mp|Zpad^_`7�pe ��Z]cbZ	-v`fe�k?�/gym � gX| \_m�{ m�ov^_`baqZpcLZpgihX\�Zphy`rmSZ�k ^n\_m�gymp{ u � sieq\ne+^_sie � eq^&`bk&o m�`rg�^_`fgy�Z]cf{*m�kl^&hv`f\_e�a ^ncruXZ]^z^nsye*�}Z]\_^_sUwUZ�k-e�{*` ^_^_eq\�k&m]|}��Z]{*{�Z�\�Z�uvk-Z]g hQ^_sie � \nkl^&��Z]{*{�Z��V\nZ�uoy�ycbk_Zp\�w1�&e�{M`fgy��Z1�[���J�H� ��oy\nm	�/`fhye�hS^_sye��i\�k ^?Zpcrcr�Vk_�/u�{�Z]o�m]| ^_sye+hv`
�	�ikle���Z]{*{�Z��V\nZ�ueq{*`bk_k_`rm�g7`fg�^_sie��JZ]cbZ	-vupwik_sym � `fgy� ^_siZ]^-{*m�kl^?m]|L^_sy`bk?hv`
�
� kle+e�{*`fknkl`fmpg�adm�{*e�k | \nmp{ ^nsye

�JZ]cbZpad^_`ba�\_`bhv��epw[�ik_�iZ]cfcfu ^�Z]�pe�g:Zpk ^_sie7k_cr`bade |l| < 30◦, |b| < 5◦
Z]\nmp�ygih%^nsye9�JZpcfZ�a ^n`faade�g�^neq\ � (-�yg�^_eq\7ed^7Zpc � � ������� � | mp�ygih4Zpg e.-yade�k_k�mp|&��Z]{*{�Z \nZ�uvk*`fg ^_sye �&e�� \nZpgy�pe`rg ^nsyeQ���J�H�}� �JZpcfZ�a ^n`fa�hv`
�
� kle k_o
e�a ^n\_�i{ adm�{*oiZ]\ne�h ^_m {*mvhveqc?oi\_e�hv`fad^_`fmpgik���� sy`bk| e�Z]^_�y\ne7`bkMgym � �/gym � g Zpk ^_sye �%�&e�� e -yade�knk 	 � �XZpg/u hv` �	eq\neqg�^*`fhye�Zpk ^nm e -/oicfZp`rg:^_sy`bkhv`bk_aq\_e�oiZ]giaqu siZ#�pe �
eqe�g oi�v^ | m�\ � Z]\�h�w[`fgiadcf�ihv`fgy� ^_sye � mp\n� �/u &�Z]{�ZpeSed^�Z]c � � �p�p�"6 � �
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~ ^ne�a��pe�\*ed^�Z]c � � �]����� �+adcbZ]`f{�k ^_syeQe -vaqe�knk `bk�hv�ye�^nm%k_uvk ^neq{�Z�^n`fa7eq\n\_m�\nkMaqZp�ik_e�h �/u Zpg`fgiadm�\_\ne�ad^ `fgik ^n\_�i{Me�g�^�\ne�k_o
mpgik_et| �yg a ^_`fmpg � 4 Z]�i�psy{�Z]g ed^tZ]c � � �]����� � w�mpg ^_sye�m]^nsyeq\�siZpgih�wsiZ#��e-klsim � g*^_siZ]^}^_sie-e.-yaqe�knkt`bkteqgisiZ]giaqe�h � sieqg�oy\ne �/`fmp�ik_cfu �ygiZ�aqaqmp�yg�^_e�h*`rg k ^n\_�y{*e�g�^�Z]ce.�	e�ad^nkHZp\_e&^nZp�pe�gS`fg�^nm�Zpaqaqmp�yg�^ �L�V^?`bkHadcfe�Zp\�^_siZ]^�^nsye��F��j ~ � � Z]\n�peJj?\ne�ZM��e�cre�k_aqmpo
eJ`fkad\n�iaq`fZpc	| mp\ ^_sie��ygihve�\nkl^nZpgihv`fgy�*m]|�^nsy`bkHe.-yade�k_k��

� ��� ����� � 	 � � 	 ��	 
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� sye0�JZp{*{*Z �?Z�u�� Z]\n�pe�j?\ne�ZQ� eqcfe�knadm�o e � �F��j ~ � � f `fkJ^nsyeSgie.-/^ �pe�gyeq\�Z�^n`rm�g%k_oiZ�aded�
�
mp\ngye ��Z]{*{�Z��V\�Z�uz^neqcfe�knadm�o eHkna�sye�hv�icre�h+| m�\[cfZp�ygia�sM`rgMe�Zp\_cfu �]����><�U�V^nk[{�Zp`rgM`rg k ^n\_�y{*e�g�^`bkL^_syeD� Z]\n�pe j?\ne�ZJ��e�cre�k_aqmpo
e�� ��j[� �dw � sy`ba�s `bk[hve�kl`f�pgye�h+^nmF� e?k_eqgik_`r^_`7�pe�^_mJ��Zp{*{*Z&\�Z�uvk`fg ^nsye7�p�9�Xe�� ^_mXZ�� m��v^�/p���9�&e�� e�gyeq\n�pu \nZpgy�pe"�G�F��j ~ � `bk+Z]cbk_m�e&���y`roio e�h � ` ^ns Zk_e�adm�gihyZp\_u�`fgikl^_\n�y{*eqg�^�wv^nsye��JZ]{*{�Z��V\�Z�u 4 �i\nkl^D�Qmpgy`r^_m�\�� �F4=� ��| m�\ ^_sye klo
e�aq` � a&oy�i\l�o
m�k_eMmp| {*mpgi` ^nmp\n`rgy����Zp{*{*Z]��\�Z�u9�y�y\�k ^�k ��� sye �F4=� � `fcfc � e�k_eqgik_`r^_`7�peM^_m � �V\�Z�u/k&Z]g h��Zp{*{*Z+\nZ�uvk�`fg�^_syezeqgye�\_��u \�Z]gi�pe��
ed^ � eqeqg >+�pe��5Zpgih���6 �Qe����/� sy`bk}adm�{��y`fgiZ]^_`fmpg � `fcrc{�Z]��e �F� j ~ � Z9�pe�\_u o m � eq\_| �yc[��Zp{*{*Z]��\�Z�u��y�y\�kl^�hyed^_e�a ^nmp\ �S� syeG�F4=� � `rcfc}gymp^ � ehve�k_aq\_`7� e�h7| �y\l^nsyeq\z`rg�^nsy`fk?^_sye�kl`bk?Zpgih�^_sye \_e�Zphve�\H`fkH\ned| e�\_\ne�hS^_m*^nsye hve�k_aq\_`fov^n`rm�gikH�p`7�pe�gmpg7^_sie��F��j ~ � � e ��oiZp�pe��
�
	
�
	�� � � + �  ��+  ,���  �� "1 � � )* 
� sye9��j[� `fgikl^_\n�y{*eqg�^ \neqcf`re�k m�g ^_sieSoiZp`r\_�VaqmpgB�pe�\nk_`fmpg ^_e�a�sigy` ���yeS| mp\ ^_sye�hveq^_e�ad^_`fmpg mp|��Zp{*{*Z*\�Z�uvk � ` ^nsXeqgieq\n�p`fe�kH`fg�^_sye �Qe�� ^nm�{ �ycr^_`r� �&e�� \nZpgy�pe"��j ^_\�Zpa��pe�\�w aqZ]cfmp\n`f{Meq^_e�\Z]g h�Z]g�^_`r�Vaqmp`fgiad`bhve�giade-k_sy`feqcbh � m�\_� ^_m��ped^nsyeq\}^_m+{*e�Zpk_�y\_e ^nsye-e�gyeq\n�p`fe�k}Z]gih�hv`f\ne�a ^n`rm�giktmp|`fgiadm�{M`fgy�H��Z]{*{�Z \�Z�uvk �U� sietoiZ]`f\_�VaqmpgB�pe�\nk_`rm�gH^_e�a�sygy`����ye[`fkUmp�v^ncr`fgye�hJ`fg�2L`r���y\_e /<� > � sieq\neZ]g�`rgiaqmp{*`fgy�:��Z]{*{�Z \nZ�u `fg�^neq\�Zpad^nk�`fgD^nsye ^_\�Zpa��pe�\�w oy\nmvhv�iaq`rgy� Z]gDe�cre�a ^_\nmp{�Zp�pgyeq^_`bak_sym � e�\��L� syezk_e�aqmpgihiZ]\nu oiZp\l^n`faqcre�kt`fg�^_siezk_sym � e�\tcfe�Z#�pe?^_\�Zpa��vk[`fg�^_sie-o
m�k_` ^n`rm�gSkle�gik_` ^n`
��ehveq^_e�ad^_m�\nkJZ]g hQ^_sieqg hveqo
m�k_` ^&^_sieq`f\�eqgye�\_��`re�k-`fgX^nsye�aqZ]cfmp\n`f{Meq^_e�\�� 2i\_m�{ ^_syeM^_\�Zpa��vk-^_syehv`f\_e�a ^n`rm�g m]|H^nsyeSoy\n`f{*Zp\_u%��Zp{*{*ZX\nZ�u aqZpg � e�\ne�adm�gikl^_\n�ia ^ne�h � � sie7Z]g�^n` ��adm�`rgiaq`fhyeqgiaqek_sy`re�cfh�oy\nm	�/`fhye�k!�peq^_m�Z]��Z]`fgik ^=�iZ�a�����\_m��ygih7a�siZ]\n�pe�h�oiZ]\_^_`badcfe�k��

� sye���j[�:`rg k ^n\_�y{*e�g�^thve�kl`f�pg `fk�{*mvhv�ycbZ]\�w]adm�gik_`fkl^_`fgy�&m]| ���-`bhve�g�^n`fa�Z]c/^nm � e�\ {*mvhv�ycfe�kZ]\n\�Z]gy��e�hM`rg�Z
4× 4

�p\n`fh � si`fa�sSZp\_e&adm	��eq\ne�h'�/u�Z k_e�a ^n`rm�giZ]c	Z]g�^n` ��adm�`rgiaq`fhyeqgiaqe-hved^ne�ad^_mp\ ��}Z�a�s hved^ne�a ^nmp\�^nm � e�\+adm�gikl`bkl^nk�mp|HZQk_`fcr`badm�g {M`bad\nm]��kl^_\n`ro ^_\�Zpa���eq\�w�ZXaqZpcrm�\_`f{*ed^neq\+Z]g h%ZhyZ]^nZ*Zpa����i`fk_` ^n`rm�g7�igy` ^ �tj k_a�sieq{�Z�^n`fa��/`re � mp|�^nsye�`rg k ^n\_�y{*e�g�^?`bkHk_sym � g7`fg�2L`r���y\_e�/<� �<�

� ! � �� ��!
� sye&Z]gy���ycfZp\[\_e�klm�cr�y^_`fmpg�m]|UZ�o Z]`f\l��adm�g ��eq\�kl`fmpg ^_e�cre�k_aqmpo
e?`fk}cr`f{*` ^ne�h �/uM{ �ycr^_`foycfezknaqZ]^l^_e�\l�`fgy��ktZ]^[crm � ��^_mp��{*mvhveq\�Z�^ne e�gyeq\n�p`fe�k�ZpgihM` ^}`bk�{*mp\neHoy\ned| eq\�Z?�icre ^_m�siZ#��e {*Zpg/u�^_sy`fg�cbZ�upeq\�k��j�^-sy`f�ps�e�gyeq\n�p`fe�k�^nsye Z]gi�p�ycbZ]\H\ne�k_mpcf�v^_`fmpg�`bk?cf`r{*`r^_e�h:�/uS^_sye+o
m�k_`r^_`fmpg�\_e�klm�cr�y^_`fmpg�m]|�^_syehveq^_e�ad^_m�\&e�cre�{*eqg�^nk&`fg ^nsye ^n\nZ�a��pe�\&ZpgihQ^nsye ^n\nZ�a��pe�\&hve�ov^_s � � syeq\ned| m�\_e ` ^�`bkJZ�^n\nZ�hve mp|
�
ed^ � eqeqg g/�y{ � e�\ mp| cbZ�upe�\nk�Zpgih cbZ�upeq\J^nsy`ba���gie�knk�^_m Zpa�sy`fe ��eM��m/m/h Zpgy�p�icfZp\�\_e�klm�cr�v^n`rm�g
h�* " � � � " ���196$'� �0$/� � $>��$>�?=>&6" $�# .8�0�?"�� ����-4-4- �!96�����1�/E �1�?��7�(�&6�1< E $/<'j
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1K�� - V��C ���:?�3\2=*�2:�=*�(6�',�L>A , (6,/�:�' -(6,01�1'�! - V�d���:?�(6,@*�2=���!�=*�&k(E, �',/2 ���/*�./2 �=�',TRK2=��&)(6�',
9E�:?@2=��& �!,03 #/���T3\;0�:2=&V�!, 2:962:��*)���',/C #%�!&)(6*)���!, #���(+�4L �M./2N3/(+��2:��*�(E�!, �!��*�./2 #/��(6 V�
�)?
1K�� - V� ���:?D(E&P��2:�:�!,0&[*)��;/�=*�243 �X���' *�.027*)�������T&P�!��&)2=�:�',030���)?D��.�����1!243 #0���)*�(6�:962:&5(6,
*�.02M*)�������'2=� �!,�3 *�.02 2:,/2=��1!?5(E&^ -24��&);/��243 <T? *�.02 �:�!96�!��(6 -2=*�2=�4L^�M./2��!,@*�(+C �:�'(6,0�=(X3\2:,0�=2
&).0(62:9E3SR'2=*��@2:& �!1'�!(6,0&[*�<������T1!���!;0,03���.�����1!243�#0���)*�(6�:962:&:L

m	�pe�\ ^nsyeQeqg�^_`f\ne7e�gyeq\n�pu \�Z]gy��e�� ��g:^nsye���j[� e�Z�a�s ^_\�Zpa���eq\M`fk�aqmp{*o
m�k_e�h m]| ���X^n\nZ�uvk
� cbZ�upe�\nk��[mp|Lk_`rcf`faqmpg7{M`bad\nm]��kl^_\n`ro�hved^ne�a ^nmp\�k ��� syeJcbZ�upeq\�k�Z]\ne&kl^nZ�a��pe�h � ` ^ns�Zpg�Zpc ^neq\ngiZ�^n`rgy�mp\n`re�g�^nZ�^n`rm�g�m]|

90◦
^nm�| mp\n{ Z'-/��u�o
m�k_` ^n`rm�gXkle�gik_` ^n`
��e �p\n`bh �-� sye ^_mpoi{Mm�k ^ ���M^n\nZ�uvk-Zp\_ecr`f�ps�^-aqmpgB�pe�\l^neq\ ^_\�Z�uvk � `r^_s�^_si`rgUw /�� \nZ�hv`bZ�^_`fmpg�cfeqgy�p^_sik�wy^n�ygy��k ^neqgQadm�g ��eq\_^_e�\ | mp`fc �H� sye| mpcfcrm � `fgy� | mp�y\*Z]\ne�^nsy`fa�� aqmpgB�pe�\l^neq\�^n\nZ�uvk � ` ^ns ^n�ygy��kl^_e�g aqmpgB�pe�\l^neq\+| m�`rc�^nsiZ�^*`fk7��> �\nZ�hv`bZ�^_`fmpgQcfeqgi�]^_s k-^nsy`ba��XZ]gih�^nsye*crm � eq\n{*m�kl^?^_si\_e�e hvm�gym]^JsiZ#��e Z]g/uQadm�g ��eq\_^_e�\?| mp`fc[Z�^Z]cfc �[� syeJ^nm]^�Z]c�\�Zphv`bZ�^n`rm�g7cfeqgy�p^_s�m]|[Z ^_\�Zpa��pe�\ �igy` ^z`fk

1.5X0
�

� � �  "!���& ��� ��!
� sye aqZpcrm�\_`f{*ed^neq\�{ �ikl^ �
e ^_sy`ba���e�gymp�i�ps5^_mDadm�g�^nZ]`fgB{Mm�k ^Xmp| ^nsye eqcfe�ad^_\nmp{�Z]��gyed^n`faklsim � e�\�� � sieSeqgieq\n�pu%\_e�klm�cr�v^n`rm�g `fk cf`r{*`r^_e�h �/u k_sym � eq\+cfe�Zp��Z]�peSmp�v^Mm]|H^_sie7aqZpcrm�\_`f{*ed�^_e�\�Z]gih � �iad^_�iZ]^_`fmpgik*`fg ^_syeXk_sym � eq\�hve��peqcfmpoi{Me�g�^��D� sye � j[� a�Z]cfmp\n`r{*ed^neq\*{*mvhv�ycfe�kadm�gikl`bkl^ m]|zeq`f�ps�^ cbZ�upe�\nk�w�e�Zpa�s � `r^_s5��� � kl� � � c � hved^ne�ad^_mp\Meqcfeq{*e�g�^�k � � k_� � � c � aq\_uvkl^nZpcfk� e�\_eMa�sym�k_eqg `rg ^_sye*hveq^_e�ad^_m�\&e�cre�{*eqg�^nkz| mp\&^nsyeq`f\Jsy`r��s cf`r��s�^&u/`feqcbh � j-k&`fgX^nsyeM^_\�Zpa��pe�\�w^_sye7cfZ�u�eq\�k�Z]\ne�k ^�Zpa���e�h � ` ^ns:Z]cr^_e�\_g Z�^_`fgy�Qm�\_`feqg�^nZ]^_`fmpg%^_m | mp\n{ Z�-��Vu ��\_`bh �X� sy`bk � Z�u^_syeMklsim � e�\zhve��peqcfmpoi{Me�g�^-`rg ^_syeMaqZpcrm�\_`f{*ed^_e�\za�Z]g��
e ^n\nZ�a��pe�hQZpgihXhv`f\ne�a ^n`rm�gQ{*e�Zpk_�y\ned�{*eqg�^nk�aqZpg � ezo e�\l| m�\_{*e�h �[� sy`fk `bk}ad\n�iaq`fZpc `fg�mp\�hve�\t^_mMadm�\_\neqcbZ�^ne ^_sye&aqZ]cfmp\n`f{Meq^_e�\ k_`r��giZ]c� ` ^ns ^_\�Zpa��vk�`fg ^_sye�^_\�Zpa��pe�\+Z]gih Zpcfk_mQZ]cfcrm � k�| mp\ �
ed^_^_eq\ �iZ�a�����\_m��ygih \_e � e�ad^_`fmpg����}Zpa�saqZpcrm�\_`f{*ed^_e�\ {Mmvhv�icre�`bk

8.5X0
^_sy`ba�� �
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@;��!,@*�(+*�(62:&^�:�' -#0����243BO�(+*�.7*�./�'&)2 � ��� Y�� �$Y^�$L ���
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� �iZpg�^n` ^ u � j[� � {*`rgQk_o e�a?� � ���J�?�}�
�tgye�\_��u�\�Z]gy��e �p�'�Qe��O��/p��� �&e�� �p� �Xe��O��/p� �&e��Y�e�Zp��e.�	e�ad^_`7�pe+Z]\ne�Z a > 8000

aq{ 2 1500
ad{ 2

2L`re�cfh�mp| �/`fe �
> 2

kl\ �1� 6Mkl\j?gi�p�ycbZ]\H\ne�k_mpcf�v^_`fmpg b < 3.5◦
�l���p�'�Qe�� �

5.8◦
� �����'�Qe����

< 0.1◦
�
> 10

�&e�� ��tgye�\_��u�\ne�k_mpcf�v^_`fmpg c < 10
� ��� �xze�Zph7^n`r{*e�o
eq\He ��eqg�^

< 100 µ
k

100
{�k~ m��y\naqe��UmvaqZ]^_`fmpg�x-eq^_eq\n{*`rg Z�^_`fmpg d 0.5′ 15′Y�mp`fg�^l��klm��y\naqe&k_eqg kl`r^_`7�/` ^ u e 6 × 10−9 ad{ −2 k −1 10−7 aq{ −2 k −1

a ����
����������������������� !���#"����$
�% ���
b & % �'�)( �+*',��)
��)�.- � �0/ �����0
���% ��12���0
$-����435�)64% 7
c � 3 σ -8���439�:64% 7
d � 3 σ ���) '% ��7;-'<8�46

10−7
��1 −2

7 −1 = > 100 > �@?+A�-',�% ��,
|b|

e > 100 > �@?B-'�)
C,'% �),
|b|
-'�D�����$64*8��7������E�:���)�'�$3DF0���)���)( (G7��0F!7��'�#H0�$F�-'*�,��)
����I7�*
���$
����)(.% �' ��$6J3 e

� ���'� 2 �  5���!�#� #&�3�!� � ��� � �3���  "!
x-�i\_`fgy� � `f�ps�^z^nsye�a�siZp\_��e�hQoiZp\l^n`faqcre �iZ�a�����\_m��ygihQ`bkJmpg ^_sieMm�\nhyeq\Jm]|

106 � Z]^����:�&e����e ��eqg�^nk-| mp\&e�Z�a�sX��Zp{M{�Z]��\�Z�uSe��peqg�^JZ]gihX^_sy`bk��iZpa��/�p\nmp�igih�siZpk-^_m9�
e \ne � e�a ^_e�h ��� sy`bkz`bkhvmpgie � `r^_s ^_sye�Z]g�^_`r��admp`fgiaq`fhve�giade�hved^ne�ad^_mp\ � j � x � �t� sie�j � x `bkMZ kle�a ^n`rm�giZ]c�oycbZpkl^_`ba �k_aq`rg�^n`rcfcfZ]^_m�\+hved^ne�a ^nmp\ ��jzk ZQa�siZp\_��e�h oiZ]\_^_`badcfe�`fg�^neq\�Zpad^nkJ`fg ^_syeShyed^_e�a ^nmp\�w e�cre�a ^_\nmpg kJ`rg^_syeMoycbZpkl^_`ba o
mpcfu/{*eq\�kzZp\_e+e -yad`r^_e�hX^_m�sy`f�psye�\ze�gyeq\n�pu�cfe �pe�cfkz�p`7�/`rgi��\_`bk_e ^nm7knad`fg�^n`rcfcbZ�^_`fmpgcr`f�ps�^ ��� sie�eqgye�\_��u�hv`fkl^_\n`7�y�v^_`fmpg�Z]g h�^n`r{*e��
eqsiZ#�/`fmp\ m]| ^_sye�k_`r��giZ]c	| \nmp{ ^nsye�hved^ne�ad^_mp\H`bk�ik_e�hS^_m�hv`
�
e�\_e�g�^_`bZ�^_eF�
ed^ � eqe�g�hy` �	eq\neqg�^HoiZ]\_^_`badcfe�k��
� gye?m]|	^nsye?oy\nm��ycfeq{�k � `r^_s*^nsye?{*mpgimpcf` ^nsy`fa-j � x4^_s Z�^ aqm	�peq\ne�h ^_sie?���J�H�}� `fgikl^_\n�v�{*eqg�^ `bk k_eqcr| � ��ed^_m�mp|�^n\_�ie���Zp{M{�Z]��\�Z�uQe ��eqg�^nk���jzk+ZXk_sym � eq\+hve��peqcfmpo k�`rg ^nsye�^n\nZ�a��peq\Z]gih ��mp\ aqZ]cfmp\n`f{Meq^_e�\t^_sieq\ne?`fk�Z a�s Z]giaqe?m]|��iZ�a��Mk_oycbZpk_s�`rg�^nm+^_siezj � xOaqZp�ikl`fgy� k_eqcr| � �ped^nm<�

4�u+�ik_`rgy��Z&kle�a ^n`rm�giZ]cyj � x `r^t`fk�o
m�knk_`
�ycfe�^_m�adm�\_\neqcbZ�^net^nsyeH\_e�adm�gik ^n\_� a ^_e�h hv`f\ne�a ^n`rm�g � `r^_s^_sye���ed^nmp`fgy�Mj � x ^_`fcre+Zpgih�kle�c | � �peq^_m*aqZ]g9�
e�{M`fgy`f{*`���e�h �

�
	
�
	 � �
)* �� #�K � � � #�����1

� sye[m	�pe�\nZpcrc�hve�kl`f�pgJmp|�^nsye ��j[�%��`
��e�k	�p\ne�Z]^�`r{*oy\nm	�pe�{Me�g�^nk	m	�pe�\	` ^�kUoy\ne�hve�ade�k_k_mp\	���J�H� �F�
2ym�\[e.-yZ]{*oycfepwp^_sye�� eqcbh mp| �/`fe � � 2 � � ��`fkt{Mm�\_e�^nsiZ]g��Jk_\ � sy`ba�sM`bktZ�� m��v^[^ � `faqe?Zpk � `bhveZpk�^_siZ]^[m]|i���J�?�}� Zpgih�^nsye mpgv��Z	-v`bkUe �
e�a ^_`7�peHZp\_e�ZH`fk�cbZ]\n�pe�\U^nsiZ]g >p�p���-aq{ 2 | mp\�e�gyeq\n�p`fe�kZ?�
m	�pe��'�&e�� � si`fa�sX`bkz{Mm�\_e ^_siZpg k_e �pe�gQ^_`f{*e�kz^_sie e �
e�a ^_`7�peMZ]\ne�Z�mp|t���J�H�}�F�Uj-crc�mp|^_sye � j[�5k_o
e�ad`
� a�Z�^_`fmpg�Z]g hSo
eq\_| mp\n{�Z]giaqe ���iZpg�^_`r^_`fe�kHZ]\nez^nZ?�i�ycfZ]^_e�h7`fgQ� Z��ycfeF/<�r�"�
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� syeD� j[�:`bk�e.-vo
e�a ^ne�h ^_mJoy\nm	�/`fhye�gie � `fgik_`r��s�^nk[Z]g h `fgiaq\_e�Zpk_e�h knad`feqg�^n` � a �igihveq\�kl^nZ]g hv`rgi�m]|�Z]cfc
^ u�o
e�k mp|���Zp{*{*Z]��\�Z�u*klm��y\naqe�k�w�| \_m�{ ^_sye ~ �yg�Z]g h�^nsye��Qm/mpg�^nm'�JZpcfZ�a ^n`faJk_mp�y\�ade�kcf`r��e ~ �-�?k}Z]gihMoy�ycbknZ]\�k[Z]gih e.-/^_\�Z]��Z]cbZpad^_`ba k_mp�y\�ade�k[kl� a�sMZ�ktjD�F�-ktZpgih �J�D4 k �L���J�H� �oy\nm	�/`fhve�h+^nsye=�i\�k ^}hyed^nZp`rcfe�h*Zpcrcr�Vk_�/u+{�Z]o*m]|
^_sie��JZ]cbZpa ^n`faHhy` �	�ik_eHeq{*`fknk_`rm�gMZpgih ^_sye�� j[�� `fcrc � `r^_s `r^nk�`fgiaq\_e�Zpk_e�h%Z]gy���ycfZp\J\_e�klm�cr�v^n`rm�g oi\_m	�/`bhveMZpg e �pe�g {*m�\_e�hveq^nZ]`fcfe�h kl�/u��V{*Zpok_sym � `rgi� ^nsyeXk ^n\_� a ^_�i\_eQZ]g h hv`bkl^_\n`
�y�y^_`fmpg m]|z^_syeXhv`
�	�ikleQe�{*`fknkl`fmpg � � sieQ��Z]{*{�Z��V\�Z�uk_o e�a ^_\n�y{ {*e�Zpk_�y\_e�h �/u �!�J�H�}� klsym � k*Zpg ZpoyoiZ]\neqg�^*e.-yade�k_kMmp|z��Zp{*{*Z]��\�Z�uvk Z�� m	��e���&e�� m	��eq\M{*m/hyeqcHoy\ne�hv`ba ^n`rm�gik�� ~ e ��eq\�Z]c�`fhye�Zpk�wt`fgiadcf�ihv`fgy� adm�g�^_\n`
�y�y^_`fmpgik | \nmp{ hyZp\_�{�Z�^_^_eq\+Zpgygy`fsy`fcfZ]^_`fmpg Zpgih k_uvk ^neq{�Z�^n`faMe�\_\nmp\�k?`fg ^nsye�hyZ�^�Z � ~ ^ne�a��pe�\zeq^+Z]c �rw��p�p��� � w	siZ#��e
�
eqeqg oy�v^M| mp\ � Zp\nh Z�k e -voycfZpgiZ�^n`rm�gik ^_mX^nsy`bk e -yade�knk�� �4`r^_s sy`f�psv��k ^�Z�^n`fkl^_`baqk hyZ�^�ZQ| \nmp{^_sie ��j[�5` ^ � `fcrc � e�o
m�knkl`7�ycfeJ^_m�hveq^_eq\n{*`rgie�` |L^_sy`bkHe -vaqe�knk `fk \ne�Zpc�mp\H`fgikl^_\n�y{*eqg�^nZpc �t� sye
��j[� � `rcfc�Zpcfk_mMhyed^_e�a ^�wyZ]gih7o e�\_s Z]oik e��peqg7\_e�klm�c
��epw�^_sie&e -/^_\�Z]��ZpcfZ�a ^n`fa��iZpa��/�p\nmp�igih�cf`r��s�^
� ��4!� � �
�V^ � `fcrc��
e o
m�knk_`
�ycfeJ^_m�hyed^_e�\_{*`fgye � syeq^_sye�\?mp\-gym]^?^nsye+��4=� `bk ^n\_�ycfu�hv` �	�ik_e+mp\`r|L`r^?`fk-hv�ye&^_m�{�Z]g/u �i�v^D�pe�\_u*| Zp`rg�^?o
mp`fg�^-k_mp�i\naqe�k��

� sye�/p\nh����J�?�}� aqZ]^nZpcrm���admpg�^�Z]`fgik?Z�cbZ]\n�peJg/�y{��
eq\zm]|t�ygi`fhve�g�^_`
�ie�hXk_mp�i\naqe�k���� syecf`r{*`r^nZ�^n`rm�gikMm]|?^nsye����J�H�}� `rgikl^_\n�y{*eqg�^�w}kl� a�s:Zpk ` ^�kMo m/mp\*Z]gi�p�ycbZ]\ \_e�klm�cr�v^n`rm�gUw[siZ#��e{�Zphve-` ^�`r{*o
m�knkl`7�ycfe?^_m {*Z]^na�s�^nsye�k_e-k_mp�y\�ade�k � `r^_s��/gym � g�k_mp�y\�ade�k[`fg�m]^nsyeq\ � Z#��e �iZpgihyk�wk_�ia�s Zpkzmpoy^_`baqZ]c�Z]g h � �V\nZ�uvk�� �4`r^_s hyZ�^�Z�oy\nm	�/`fhye�h:�/u�^_sye'��j[� `r^J`fk �pe�\_u�cf`r��eqcfu7^nsiZ�^{*m�kl^Hm]|L^_sye�kle+k_mp�y\�ade�k � `rcfc � e�oi`rgygie�h�hvm � g�Z]gih�{�Z�^�a�sy`rgi�*aqmp�yg�^neq\noiZ]\_^nk | mp�igih �
�V^?siZ�k�� e�eqg�e�kl^_`f{�Z�^ne�h7^_siZ]^ �F��j ~ � � `rcfc�hveq^_e�ad^?^_simp�iknZ]gihik m]| �&e�� �ycbZ ��Zp\nk � x-e�\l�{*eq\�w��]���p� � ~ ^ne�a���eq\ � ~ ZpcfZp{*mpgUw������p� � � sy`bZ]gi�	� �Q�y�/sye�\ � e�epw[������> � �
� a��pe�� Y�mpsic w�]���p��� ���Qm�k ^zm]|L^_sye�kle � `fcfc �
e�| Z]`fg�^zhv`bk ^�Z]g�^D�ycbZ ��Zp\nk � si`fa�sQ\ne����y`f\_e�k m��ik_eq\%��Z�^n`rm�gik m	�pe�\cfmpgy�7^_`f{*e ^nm���`
��e \ne�Z�klm�giZ?�ycfe+`fg�^_eq��\nZ]^_e�hQsy`f�psv�Veqgye�\_��u ~ �}x&k �M� sye � j[� � `fcrc�oy\nm	�/`fhye^_sie+kle�gikl`r^_`7�/` ^ u7Z]gih�cf` | eq� ^n`r{*eJ^_m�Z�a�sy`re��pez^_sy`bk��
�V|}^nsyeq\ne�Z]\ne � e�Z]�/cruQ`fg�^_e�\nZ�a ^_`7�peM{�Zpknkl`7�peMoiZp\l^n`faqcre�k � �4� �QY}k���adm�g�^_\n`
�y�y^_`fgy�S^nm�^_syehyZp\_�%{�Z�^l^neq\Madmpg�^neqg�^ m]|H^nsye08-gy`7�peq\�k_epw ^_sye9��j[� {�Z�u oy\nm	�/`fhye�`rg hv`r\ne�ad^ hveq^_e�ad^_`fmpg mp|

�4� �QY4Z]gigy`rsi`rcbZ�^n`rm�g��[jO�pm/mvh �4� �QY4aqZpgihv`bhyZ�^neJ`fk�^nsye�gyeq�y^_\�Z]cf`rgym � sy`ba�s7`bk�^_sie�cr`f�ps�^l�e�kl^zkl^nZ��ycre+k_�yo
eq\_�Vk_u/{*{Meq^_\n`fa&oiZp\l^n`faqcre"��� sie�gyeq�v^n\nZpcr`fgym�{�Z�uSo Z]`f\l��Z]gygi`rsy`fcbZ�^_e&^nm���� Z]\n�/k� sy`ba�s � `fcfc�oy\_mvhv� ade&��Z]{*{�Z��V\�Z�u/k[^_sy\nmp�y��sSgye��v^_\�Z]c�oi`rm�g7hve�aqZ�u����V^HsiZ�k��
eqe�g�k_�y���pe�kl^_e�h^_s Z�^ �4� �QY}k&{�Z�u�aqcr�ikl^_e�\-^nmp��ed^_sieq\-`fgX^nsye �JZpcfZ�a ^n`fa siZ]cfm<� ~ �ia�s aqcr�ikl^_e�\nkz{�Z�u:� eMhved�^_e�a ^ne�hQZpk-hyZ]\n����{�Z�^_^_e�\ k_mp�i\naqe�k���4 Z]cr^ ��ed^&Z]c � � �p�p��� � siZ#�pe&| mp�igih7^_siZ]^?^_sye ��Z]{*{�Z��V\�Z�uk_o e�a ^_\n�y{ hv�yet^_m �4� �XY Z]gygi`rsy`fcbZ�^_`fmpg�`bk gye�Zp\_cfu-�ygi` ���ye�Z]gih�hv`bkl^_`fgy�p�y`bk_siZ?�ycfe[| \nmp{Om]^nsyeq\Zpkl^_\nmpois�uvk_`fa�Z]cLklm��y\naqe�k��+jHaqaqmp\�hv`rgi��^_m:4�eq\n��kl^_\%)p{ ed^+Zpc � � �p�p�/� � w
^nsye ��j[� `bk�kle�gik_` ^n`
��e^_mMZ��4� �QY Z]gigy`rsi`rcbZ�^n`rm�gSad\nm�knktk_e�a ^n`rm�g�^_`f{*e�k!�pe�crmvaq` ^ u�w 〈σv〉 wvm�g�^_siezm�\nhve�\}mp| 10−25 ^_m
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� sye�\_e `bk}Z]cbk_mz^nsye?o
m�knkl`7�y`fcr`r^ u+^nsiZ�^[^nsiZ�^}^_sye�� j[� � `fcfc hveq^_e�ad^}��Zp{*{*Z&\�Z�u+cf`rgye�k�| \nmp{
�4� �QY Z]gigy`rsi`rcbZ�^n`rm�g `fg�^nm

γγ
mp\

Z0γ
�igiZpctk ^�Z�^ne�k�� � sye*eqgieq\n�puQm]| ^_sye*��Z]{*{�ZS\�Z�u�`fkhv`f\_e�a ^ncru \_e�cfZ]^_e�h ^nm�^_sye�{�Z�k_kJmp|�^nsye �4� �QY5�52ymp\J^nsye

γγ
�igiZpc}k ^�Z�^ne*^_sye���Z]{*{�Z��V\nZ�ueqgieq\n�pu�`bk

Eγ = mχ/2
ZpgihS| mp\ ^_sie

Z0γ
�igiZpc�k ^�Z�^ne&`r^?`bk

Eγ = mχ − m2
Z

4mχ
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mχ
`bkz^_syeMgye��v^_\�Z]cf`rgimS{�ZpknkzZpgih

mZ
`fkz^nsye {�Z�k_kzm]|t^nsye

Z0 � m�klm�g��J�}hv{*mpg hyked^�Z]c �����]�p�/� �	s Z#�petk_sym � g�^_s Z�^�^nsye!�F� j ~ �:kle�gikl`r^_`7�/` ^ u&^nm-hved^ne�ad^L��Z]{*{�Z��V\nZ�u?cf`fgye�k�| \_m�{
�4� �QY Z]gygy`fsy`fcfZ]^_`fmpg�`fg7^_syeF�Q`fcr�/u � Z�u�`fk �4� �QY {*m/hyeqc	`rg hveqo
eqgihyeqg�^��y�v^Hhveqo
eqgih7mpg^_sye%��Zp{*{*Z]��\�Z�u � Zpa��/�p\nmp�yg h {Mmvhve�c � � sye%k_eqg kl`r^_`7�/` ^ u4`bk�eqgye�\_��u hyeqo
eqgihve�g�^9�y�y^�`bk^ u/oy`fa�Z]cfcruSmpg7^_sye�m�\nhve�\ m]|
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� syeq\neqgi�pm	��^_e�cre�k_aqmpo
e�k�a�Z]g � e��ik_e�h�� ~ �ia�s%^_e�cre�k_aqmpo
e�k � eq\ne �i\nkl^��y�y`fc ^ `rg%^_sieQ���p��� � kqw
�y�v^&^_sye'�y\ne�Zp��^_sy\nmp�y��sXaqZp{Me � ` ^ns ^nsye�����{ �4sy`roioycre ^_e�cre�k_aqmpo
e cfmvaqZ]^_e�h Z�^&^_sye'2y\ne�h
��Z � \neqgiaqe �4sy`foyoycfe � �ikle�\���Z]^_mp\nu��%j�^_{*m�k_oysye�\_`ba � sieq\neqgy��m	�%� eqcfe�knadm�o e�k	� j � � k��+� kle^_sye+Z]^_{*m�k_oysye�\_eJZpkHZpg�Z�a ^n`
��ezoiZp\l^Hmp| ^nsye�hved^ne�a ^nmp\?Zpgih�m��ik_eq\%�pe � syeq\neqgy��m	��cr`f�ps�^Hoy\nm]�hv�iaqe�h �/u*sy`f�psv�Veqgieq\n�pu o Z]\_^_`badcfe�k `rgS^_syeJZ�^n{Mm�kloisyeq\ne�� 4 e�aqZp�iklezm]|�^nsyeze�gyeq\n�pu ^_si\_e�klsym�cfhm]|y��\_m��ygih/� �iZpk_e�hz^neqcfe�knadmpo
e�k Z]gih&^nsye�cr`f{*` ^ne�h�e�gyeq\n�pu&\nZpgy�pe[mp|iklo Zpade�� m��y\ngyet`fgik ^n\_�i{Me�g�^nk^_syeJ^ � m�adm�{Moicre�{Me�g�^ e�Zpa�s�m]^nsyeq\Hgy`bade�cru"�� syeHadmpg adeqoy^Lmp| � syeq\neqgi�pm	�J\nZ�hv`bZ�^_`fmpg�w�g Z]{*e�hMZ�| ^neq\[�H�iknkl`bZ]g oys/u/k_`bad`bk ^ � syeq\neqgi�pm	� �]w`fk5� Zpk_e�h mpg*kl�yo
eq\_�Vcr�y{*`fgiZ]cvo Z]\_^_`badcfe�k ^_\�Z#�pe�\nk_`rgi�-{�Z�^neq\n`fZpcfk�� �4sy`fcfeH\_e�cfZ]^_`7��`r^ u�o
m�kl^_�ycbZ�^ne�kZ&�ygy`7�peq\�knZ]cyadm�gikl^nZ]g�^�| mp\t^_sye?k_o e�e�hMm]|	cf`r��s�^t`fg'��Zpad�i�y{�w

c
wp^_sye?k_o e�e�hMm]|	cf`r��s�^t`fg�ZJ�p`7�pe�g{�Z�^_e�\_`bZ]c�aqZpg � e�k_`r��gy` �
aqZ]g�^ncru%cre�k_k ^_s Z]g

c
�%�V^*`fk o m�k_k_`7�ycreS^_m%Zpaqaqeqcfeq\�Z�^ne�oiZ]\_^_`badcfe�k ^_meqgye�\_��`re�k+k_�ia�s ^_s Z�^ ^nsyequ Z]\neSk_�yo
eq\_��cf�y{*`rg Z]c}`fg ^nsyeS��`
��eqg {�Z�^neq\n`fZpc � ~ � a�s:ZQoiZp\l^n`faqcre� `rcfcyoy\nmvhv�iaqe � syeq\neqgy��m	��\nZ�hv`bZ�^_`fmpgM`fg*ZpgiZ]cfmp��u � ` ^nsM^_sye-k_mp�igih � Z#��e�kLm]|�ZJklm�gy`fa=�
m/mp{:�j-k adm�kl{*`ba?\�Z�u/k Z]gih7adm�kl{*`ba?��Zp{*{*Z \nZ�uvk}eqg�^_e�\}^nsye&Z]^_{*m�k_oysye�\_e�w�s Zphv\nmpgy`baHm�\ e�cre�a �^_\nmp{�Z]��gyed^n`fa�k_sym � e�\nk m]|�k_e�adm�gihyZp\_uJoiZp\l^n`faqcre�k[Z]\ne `fgy`r^_`bZ�^_e�h �52ymp\[e�cre�a ^n\_m�{*Zp�pgyeq^_`ba k_sym � �eq\�kqwi^_sy`bkD�
eq��`rg k � `r^_s�^_sie `fg�^neq\�Zpad^_`fmpg�m]|tZ*oy\n`r{�Zp\_u7��Z]{*{�Z*\�Z�u7Z]g h�Z�sye�Z#�/uSg/�iaqcre��ik\_e�kl�ic ^n`rgy�Q`fg Z]g e�cre�a ^n\_m�gv��o
m�k_`r^_\nmpg o Z]`f\���j-k+^_sye�kleSk_e�aqmpgihiZ]\nuXoiZ]\_^_`badcfe�k kl���	eq\ ^_syeSed| �| e�ad^nk m]|��y\neq{�knk ^n\nZpsycf�ygy�X{*mp\ne�oysim]^_m�gikMZ]\ne�oy\nm/hy�iade�h � sy`ba�s � `fcrc�oiZ]`f\_��oy\nmvhv�iaqeSZ]gihZQaqZ�k_a�ZphveMm]|?a�siZp\_��e�hXo Z]\_^_`badcfe�kJ`bk+hve ��eqcfmpo
e�h%`fg ^_sye�Z]^_{*m�k_oysye�\_e"� �4syeqg%^nsye�eqgieq\n�pum]|[^nsye oy\n`f{*Zp\_u���Zp{*{*Z�\nZ�u�`fkz`fgX^_sie �&e�� ^_m7� e�� \�Z]gi�pepwi^_sye*k_e�adm�gihyZp\_u7oiZ]\_^_`badcfe�k-`rg^_sye+hye �pe�crm�oy`fgy�Mk_sym � eq\ � `fcrc �
e�eqgye�\_��ed^n`fa&eqgimp�y��s�^_m�oi\_mvhv�iaqe � syeq\neqgy��m	�*\nZ�hv`fZ]^_`fmpg�Zpk^_sye�uS^n\nZ#��eq\�klez^_sie Z�^n{*m�k_oysyeq\ne���� sye � sye�\_e�gy�pm	�S\nZ�hv`fZ]^_`fmpg�| mp\n{�k?Z*^nsy`rgQo
m/mpc m]|[cr`f�ps�^{*m	��`fgy�M`rg7^_sieJhy`r\ne�ad^_`fmpgSmp|�^nsye�klsym � eq\ � � si`fk o
m/mpc�`bk}^ u/oy`baqZpcrcfu�Z | e � s��igihv\ne�h�{*eq^_eq\�k`rg�hy`fZp{Meq^_e�\}Z]gih*Z&| e � g Z]gymp�Vk_e�aqmpgihyk�`fgM^_sy`ba��/gye�knk�w � sy`ba�s�adm�\_\ne�k_o m�gihyk ^_m Z&| e � ^_e�g�^nsikm]|}ZS{Meq^_e�\���� sye mpo
eqgy`fgy�7Zpgy�pcfe mp|t^_sie � sye�\_e�gy�pm	��cr`f�ps�^Jadmpgie `bkzm�gQ^_sie m�\nhve�\-mp|tmpgyemp\?Z | e � hve��p\neqe�k��
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� sye�\_e�gy�pm	�M��e�cre�k_aqmpo
e�k � � j � � k��tZpgih*^nsye � Z#�peq� | \nmpg�^l��knZ]{*oycf`rgy�z^_e�a�sygy`����yezZpgih*^_sie?^ � mZ]\ne ���y` ^neHhv` �	eq\neqg�^t`fg*sym � ^nsyeHoy\n`r{�Z]\nu���Zp{*{*Zz\�Z�u+`fk[hyed^_e�a ^ne�h ����{�Z]��`rgy�JZ�^n{*m�k_oysyeq\n`ba
� sye�\_e�gy�pm	�-� eqcfe�knadm�o e�k	�ik_e}Z cfZp\_��e[k ^neqeq\�Z?�icre�{*`r\n\nmp\	^_m?aqmpcfcre�a ^�Zpgih&| mvad�ik	^nsye � sye�\_e�gy�pm	�cf`r��s�^?m�g�^_m�Z*aqZ]{*e�\nZ ^nZp�/`rgy��Zpg�Z�a ^n�iZ]c�oy`ba ^n�y\ne��t� ��eqg�^_simp�y��sS^nsye adm�crcfe�ad^_`fgy�*{*`r\n\_m�\ `fk
���y`r^_e+cbZ]\n�pe�w�^nsye��4sy`foyoycfe+{*`f\_\nmp\ � ZpkJ��� { Zpaq\_m�k_k�w/^_syeJ^neqcfe�knadm�o e+a�Z]g�mpgycfu7a�Z]ov^n�y\neJZ| \�Zpa ^n`rm�g mp| ^nsye�eqg�^n`r\ne � syeq\neqgy��m	�Qo m/m�c ��� sy`bk�Z	�	e�ad^nkJ^nsye�eqgieq\n�pu�^_si\_e�klsym�cfh � sy`ba�s%`fkmpg ^_sye*m�\nhve�\zmp|�ZS| e � s��igihv\ne�h��&e�� �U� sye*Zph���Z]g�^�Z]�pe m]| ^_sye*hv`f\_e�a ^�`r{�Zp�p`fgy�S`bkJ�pm/mvh
�iZ�a�����\_m��ygih�\ne � e�a ^_`fmpg �F�JZp{M{�Z]��\�Z�u7e��pe�g�^�kza�Z]�ik_e e�cre�a ^n\_m�{*Zp�pgyeq^_`ba+k_sym � e�\nk�w � sieq\ne�Zpk{*m�kl^&aqm�k_{M`baJ\�Z�u/k�� oy\nm]^nmpgikzZ]gihQsie�Z#�/`re�\?g/�iadcfeq` �H`fgy`r^_`bZ�^ne siZ�hv\_m�gy`ba�klsym � eq\�k�� � sie+^ � msiZ#��e*hy`fkl^_`fgia ^Mhv` �	eq\neqg ade�k � sy`fa�s {�Z]��e�kJ`r^ o
m�knkl`7�ycfe*^_mXk_eqoiZp\nZ]^_eMsiZphv\nmpgi`fa*adm�kl{*`ba �V\nZ�ue ��eqg�^nk�| \_m�{ ^_\n�ye ��Z]{*{�Z��V\nZ�u e��pe�g�^�k �iZ�kle�h4mpg ^nsye%`r{�Z]��eXm]|�^nsye k_sym � eq\ � 2L`r���y\ne
/1�f����`fcfcr�ikl^_\�Z�^ne�kJ^nsye7hy` �	eq\neqgiaqe�k�`fg ^nsye�cfmpgy��` ^n�ihv`fgiZ]c�klsym � eq\+hye �pe�crm�oy{*eqg�^ �
ed^ � eqeqg Zoysymp^_m�gv��`fgihv� ade�hDeqcfe�a ^n\_m�{�Z]�pgied^_`baXk_sym � eq\ � kl`f{ �icfZ]^_e�h /p�p� �&e��#��Z]{*{�Z \�Z�u ��Z]gihDZoy\nm]^nmpgv�V`rg hv�iade�hSs Zphv\nmpgy`ba&klsym � eq\ � kl`f{ �ycbZ�^ne�h �+��e�� oi\_mp^_mpg � �

� syeHe�cre�a ^_\nmp{�Zp�pgyeq^_`ba�k_sym � eq\[hve��peqcfmpo k[{�Z]`fgycru ^_sy\nmp�i�ps ^_sy\neqeq��oiZp\l^n`faqcre `fg�^_eq\�Zpad^_`fmpgikk_�ia�s5Z�kG�y\neq{�knk ^n\nZpsycf�ygy�:ZpgihDoiZp`r\�oy\nmvhv�ia ^n`rm�gUw � sieq\ne�ZpkSsiZphy\_m�gy`fa klsim � e�\nkS`rgB�pm�c
��eadm�{*oycre -XsiZphy\_m�gy`fa `rg�^neq\�Zpa ^n`rm�gik-Z�k � e�crc[Zpk&k_e�adm�gihyZp\_u�eqcfe�ad^_\nmp{�Z]��gyed^n`fa klsym � eq\�k��&� syeoy\nm]^nmpgv�V`rg hv�iade�hQsiZ�hv\_m�gy`ba k_sym � e�\z`bk&`rgi` ^n`fZ]^_e�h��/u�^_syeM`fg�^neq\�Zpad^_`fmpgXmp|}^_sie oy\nm]^nmpg � `r^_sZ7oy\_mp^_m�gXmp\&sye�Z#�/u�g/�iadcfeq� k-`fgX^nsye�Z�^_{*m�kloysieq\ne � sy`ba�s oy\nmvhv�iade�k&g�� adcfeqmpg kqw	oy`fmpgik&Z]g hm]^nsyeq\Jsye�Z#�/`re�\zsiZ�hv\nmpgikz` | ^_sye*oy\nm]^nmpg eqgye�\_��u�`bk�k_� ��ad`feqg�^&e�gymp�i�ps�� � sieMgieq�v^n\nZpcLoi`rm�ghve�aqZ�uvk&`rg�^_m�^ � m7��Z]{*{�Zpk � sy`ba�s `fgy`r^_`bZ�^ne�Z�k_e�aqmpgihiZ]\nu�e�cre�a ^n\_m�{*Zp�pgyeq^_`ba k_sym � eq\ � � syea�siZp\_��e�hXoi`rm�gik�hve�a�Z�uX`fg�^nm�{ �ym�gik�Z]gih ^_sieqg eqcfe�ad^_\nmpgik�Zpgih o
m�k_`r^_\nmpgik � sy`ba�s Z]cbklm�aqZpg`fgy` ^n`fZ]^_e kle�adm�gihyZ]\nu eqcfe�a ^n\_m�{�Z]�pgied^_`baXk_sym � eq\�k � � sie oy\nmvhv�iaqe�h4g/�iaqcre�mpgik�aqZpgD`rg hv�iadek_e�adm�gihyZp\_u�siZ�hv\_m�gy`ba k_sym � eq\�k �+jzk�Z7aqmpgik_e����ye�giade�w�siZphv\nmpgi`faMklsim � e�\nk � `rcfc[siZ#��e { � a�scbZ]\n�peq\[cfmpgi�p`r^_�ihv`fgiZpcve.-/^_e�g�^�Z]gih*ZJcbZ�^_e�\nZpcyhveqg kl`r^ u oy\nm?� cre � sy`ba�s*`fk}{ �ia�s*{*mp\ne `r\n\neq�p�icfZp\Z]g h � � a ^_� Z�^_e�kH{*mp\ne�ZpkHk_sym � gS`fg�2 `f�p�i\_e�/1�f���<�
xzed^_e�a ^nmp\�k��ikl`fgy�J^nsye � Z#��ed��| \_m�g�^l��k_Zp{Moicr`fgy�?^ne�a�sygi` ���ye?aqm	�peq\[ZJcbZ]\n�pe Z]\ne�Z � `r^_s�kl{�Zpcrchveq^_e�ad^_m�\nkL^nsiZ�^tknZ]{*oycfe Z&{ �ia�s*cfZp\_��eq\Lo m�\l^n`rm�g mp|i^_sie � syeq\neqgy��m	��cr`f�ps�^[o
m�m�c ��� sye { � a�s�p\ne�Z]^_e�\ Zp\_e�Z aqmp{*oiZp\_e�h � `r^_s�� j � � k e�giZ?�icre�k}^nsye�eqgieq\n�pu*^_si\_e�klsym�cfh7m]|L^_sieJhyed^_e�a ^nmp\ ^_m

�
e�oy�ik_sye�h hvm � g%^_mQe�gyeq\n�p`fe�k��
eqcfm � ���p�:�&e������ sie�cfZ�a��Xm]|Hhv`f\_e�a ^+`f{*Zp�p`fgy��{�Z]�pe�kJ` ^{ � a�s7siZp\nhyeq\ ^_m*\ne � e�a ^?siZ�hv\_m�gy`bazk_sym � eq\�k `fgy`r^_`bZ�^ne�h9�/uSadm�kl{*`baz\�Z�uvk �
��gJ\_e�ade�g�^Uu�e�Zp\nk�wd^neqcfe�knadmpo
e�k�aqmp{ �y`rgi`rgy� ^nsye}hv`f\ne�a ^U`f{�Z]��`rgy� � `r^_s � Z#�peq| \_m�g�^UknZ]{*oycf`rgi�siZ#��e � e�eqg aqmpgikl^_\n�iad^_e�h��;4�m]^nsJ^_sye!( � �D� ~ � ~ � � sye�\_e�gy�pm	�-^_e�cre�k_aqmpo
e Z]\n\�Z�u-Z]gih �-�}�H� �Lj ~

� �[e�\_uQ�}gyeq\n�peq^_`ba �?Z�hv`bZ�^_`fmpg ��{*Zp�p`fgy�7� eqcfe�knadm�o eMj?\n\nZ�u ~ uvkl^_eq{ �zgym � �ik_e*Z]g Zp\_\�Z�u7mp|| mp�i\t`r{�Zp�p`fgy�J^_e�cre�k_aqmpo
e�k�� �}Z�a�sM^_eqcfe�knadm�o e?^nZ]��e�k[Z+hy`r\ne�ad^t`r{�Z]��eHm]|
^_sye � syeq\neqgy��m	�+cf`r��s�^o
m�m�cHZ]gih ^_mp��ed^nsyeq\ ^_sye�u:knZ]{*oycfeS^nsye7e�g�^_`f\_e�klsim � e�\ m	�pe�\MZ cfZp\_��eq\*Z]\ne�Z<� � sie�hv`f\ne�a ^`f{*Zp�p`fgy��eqgiZ��ycre�k&�pm/mvh �iZ�a�����\_m��ygihQ\ne � e�a ^n`rm�g Z]g hX^nsye*eqgye�\_��u�^_sy\ne�k_sympcbhX`bkJZpkJcfm � Zpk
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�ycbZ ��Z]\�k �Q�/g C��y� � Yt�ygia�s:ed^ Zpc �fw}���p��� � w � sy`fa�s � Zpk�^_syeG�i\nkl^ hveq^_e�ad^_`fmpg mp| Zpg e.-/^_\�Z����ZpcfZ�a ^n`faG�peq\nu���si`r��sv��e�gyeq\n�pu ��Zp{M{�Z]��\�Z�u%k_mp�i\naqepw}Zpgih �Q�/g 6]�i� � � �i`rgyg ed^�Z]c �fwH���p��� �.�j-k {*mp\ne*^_eqcfe�knadm�o e�k�siZ#��e � e�eqg adm�gikl^_\n�ia ^ne�h Z]gih%^nsye�`f{�Z]�p`fgy� � sye�\_e�gy�pm	�X^_e�a�sigy` ���yesiZ�k �
eqeqg `r{*oy\nm	�pe�h�wL{Mm�\_e7Z]gih {*m�\_e�m"� � e�ad^nk siZ#�pe �
eqe�g:m"�ikle�\���e�h%`fg:��e�� eqgye�\_��`re�k �j-k�mp|L�]���"6vwp^_sye�a�Z�^nZpcrm��+m]|;�peq\nu���si`r��sv��e�gyeq\n�pu ��Z]{*{�Z��V\�Z�u k_mp�y\�ade�k aqmpg�^nZp`rgye�h�Z?�
mp�y^=/��k_mp�y\�ade�k � � gy� w��p�p� 6 �JZ]g h ��u �p�p����^nsyeSg/�y{ � e�\ siZ�k+{*mp\ne�^nsiZ]g:hymp�1�ycfe�h%^nm m	��eq\M��6k_mp�y\�ade�k ��� sye+aqZ]^nZpcrm�� mp|L� e�� ��Z]{*{�Z��V\�Z�u*k_mp�i\naqe�k�`fk-klsym � g7`rg�2L`f�p�y\ne�/1�f�p���
4�cfZ���Zp\nk=�Q�/g:C��y�&Zpgih:�Q�/g�6p�y�JsiZ#��e��
eqe�gQhved^ne�a ^ne�h � `r^_sQsy`f�psv��kl^nZ�^n`fkl^_`baqZpcUkl`f�pgi` �y�aqZpgiade��/u�^_sieF� jD�&� � � � Z � mp\Hj�^n{Mm�kloisyeq\n`faF�JZ]{*{�Z ��{*Zp�p`fgy� � syeq\neqgy��m	� ��^_e�cre�k_aqmpo
e��� sye+m"�ik_eq\%��Z]^_`fmpgik�mp|5�
m]^ns�m]|�^_sye�kle��icfZ���Z]\�kHk_sym � kl^_\nmpgi� � ��-0��Z]\n`bZ�^_`fmpg kqw��
ed^ � eqe�gX�1� 6Z]g h�� ^n`r{*e�kH^_sye � �1-7m]|L^_sie � \nZ��7gye��y�ycbZM| mp\D�Q�/g:C��y�&Zpgih9� eq^ � e�eqgQ�1� C�Z]gih0C*^_`f{*e�k^_sie � \nZ�� � �1-�| mp\��X��g�6]�i� � 4�`r��mpgy��`fZp\_`�wy�]�p��� �.�
~ e��peq\�Z]c k_�yo e�\_gim	��Z \neq{*giZ]g�^�k s Z#�pe9� e�eqg m��ik_eq\%�pe�h `rg4� e�� eqgye�\_��`re�k � `r^_s j � �Lkqw`fgiadcf�ihv`fgy��^nsye k_syeqcfcr� ^ u/o
e ~ �-�-k-� � �i���/��/<� ��� /��?C��+Z]gihQ� � ����>"6���� ��� C����p� � j?siZp\_m�gy`fZpged^HZ]c �fwv�p�p��C�Zyw �Uw/�]�p� 6 �.� � �ik_eq\%��Z�^_`fmpg kt`fg�^_sie � ��\�Z�u �iZ]gih�| \_m�{ � mp^_s�� � � ���v��/<� ��� /��?C��

� &zm�u�Zp{�Z�ed^�Z]c �rwL������� � ~ cbZ]gyeMed^�Z]c �fwL���p��� � 8za�sy`fu�Z]{�ZSed^�Z]c �rwU�]����/��HZ]gih � � ���">"6p�1� �]�
C����p� � �Lkl�igyeq{*`yeq^[Zpc �fw��p�p�p� ����u/�ihy`rg*ed^}Zpc �fwp�]���"6 ��k_sym � ZJk_{*m�mp^_sUw]| e�Z�^n�y\ncre�k_k[k_o e�a ^n\_�y{ �Z]gQ`fgihv`baqZ]^_`fmpg�m]|tk_u/gia�sy\nm]^_\nmpg � �V\nZ�u7eq{*`bk_k_`rm�gQhv�ye�^nm�Z�o m�oy�ycbZ�^n`rm�g�mp|t��e�� e�cre�a ^n\_m�gik �� sye�knZ]{*e e�cre�a ^n\_m�g o
mpoy�ycbZ�^n`rm�g {*`f�ps�^�Z]cbklm�oy\nm/hy�iadeM��Zp{M{�Z7\nZ�uvk-^_sy\nmp�i�ps � m�{*ov^_m�g�yov��knaqZ�^_^_e�\_`fgy�iw��i�v^?^_sie�{Me�Zpk_�y\ne�h7��Z]{*{�Z��V\�Z�u � ��-ve�k?Zpgih�klo
e�ad^_\�ZMhym�gym]^H| �ycfcfuS{�Z�^�a�s^_sieQoy\_e�hv`ba ^_e�h:m�gye�k � kle�epw e�� �<�fw}^nsyeQZ]giZpcruvk_`fkM`fg 8za�sy`fu�Z]{�Z ed^�Z]c �fw �]����/ �dw}Z]g h:`r^�siZpk
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e*Z�k_`r��gy` �
aqZ]g�^�adm�{Mo
mpgieqg�^Jhy�yeM^_m�siZphy\_m�gy`fa`rg�^neq\�Zpa ^n`rm�gik � `r^_s:^_sye�k_�y\_\nmp�igihv`fgy�X� ~ � � 4�eq\ne �qsi�pm�� �[m�cr�	wt�]���p� ���tgymp{*mp^_m eq^*Zpc �fw�]����� �yj-siZ]\nmpgi`fZpgUwi�]���?C �1&�Z]^nZp�p`f\_`�eq^zZ]c �rw	�]���"6 �.� �He�ade�g�^ � �V\nZ�u�m"�ik_eq\%��Z]^_`fmpgik � `r^_s�^nsye
� siZ]g hv\nZ�^neqcfe�knadm�o e � 8-a�sy`fu�Zp{�Z�ed^ Zpc �fwL�p�p��� �&�p`7�pe*| �y\_^_sieq\ k_�yoyo
mp\_^+| m�\�^_sye7siZphy\_m�gy`fak_aqeqgiZp\_`fm<� � sye}m"�ikle�\���Z]^_`fmpgik klsym � e��/`fhve�giade}| mp\ ^_sye kl^_\nmpgy�?{�Zp�pgyeq^_`ba3�ie�cfhykL`fg+^nsye�k_symva��| \_m�g�^nk \ne����y`f\_e�h�^_m�Z�aqaqeqcfeq\�Z�^_eJadm�kl{*`ba&\nZ�uvk ^_m
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� syeF�i\�k ^?Z]^l^_e�{*ov^nk?Z]^?{*m/hyeqcf`rgy��aqm�k_{M`ba&��Zp{M{�Z]��\�Z�u*eq{*`fknk_`rm�g�hv�ieJ^_m
π0 hve�aqZ�uvk � e�\_e{�Zphve `rgQ^nsye����p��� � k��/u �&`rg ���y�y\n� �l���p�/� �dw (-Z�u�Z]��Z � Z �l�����p� �?Z]gihQmp^_sye�\nk��z� sie m�� kle�\l�

��Z�^_`fmpg Z]c�hyZ]^nZ�Z#��Zp`rcbZ?�ycfe�Z�^?^nsye�^n`r{*e � Zpk?cr`f{*` ^ne�hQZ]g h�m]|[o m/m�\ ���iZ]cf` ^ u � sy`ba�sQkle��peq\neqcfucr`f{*` ^ne�h ^_sieq`f\ Zpa�ad�y\�Zpaqu�� 2y�y\_^_sieq\ � mp\n� � Z�k&{*Z�hve�`fg ^nsye�cbZ�^_eQ�����]� � kzZpgih ^_syeQ����>p� � k
�/u ~ ^n\_m�gy��ed^&Z]c � � �����?> � w ~ ^_e�oysyeqg k � 4 Zphvs � Z]\ � ����>y� � w
x-e�\_{*eq\ � ���">p��Z ��Z]gih ~ ^_e�a���eq\
� ����>p��� �-j�^&^_si`fkzo m�`rg�^�w	Z�aqaqeqcfeq\�Z�^_m�\l� �iZ�kle�hSe -/o
eq\n`f{Me�g�^nkzoy\_m	�/`bhve�h�si`r��sv�Vkl^nZ]^_`bk ^n`fa�k-hyZ]^nZmpgMoy`fmpgMoy\_mvhv� a ^_`fmpg | \nmp{ oy\nm]^nmpgv�Voy\nm]^_m�g+`fg�^neq\�Zpad^_`fmpgik�Z]g h+^nsy`fktcfZp`fh ^_sye�| m��ygihyZ]^_`fmpg | mp\adm�kl{*`ba-��Z]{*{�Z��V\nZ�u eq{*`fknk_`rm�gS{*mvhveqcbk �34�e�a�Z]�ik_e&oiZ]\_^_`badcfe&Z�aqaqeqcfeq\�Z�^_m�\nk � e�\_e&gym]^ o
m � e�\l�| �ycUe�gymp�y��sUw�^_sye�\_e � Zpk ZMcfZ�a���m]|[hyZ�^�Z `fg�^_syeF��eq\nu�sy`r��sv�Veqgye�\_��u�\_e��p`f{MeJZ]g h7Zpcrc�{*mvhveqcbk\_e�cr`fe�hJm�gJ^_sye!2ye�u�gi{*Zpgv��k_a�Z]cf`rgy�Hs/u/o
m]^_sie�k_`fk � hve�k_aq\_`7� e�hJ`rg {Mm�\_ethyed^nZp`rc�`fg ~ e�ad^_`fmpg�C � � �
^_me.-/^_e�gih�^nsye Z#��Zp`rcbZ?�icre�Zpaqaqeqcfeq\�Z�^nmp\ hiZ�^nZ?^_m&sy`f�psye�\ e�gyeq\n�p`fe�k�� � sye�kle�{*mvhveqcbk Zpcfk_mzZ�k_k_�y{*e�h^_syeSgympgv��hv`
�
\�Zpad^_`7�pe*`fgyeqcbZpkl^_`ba*oy\nm]^_m�gv�Voy\_mp^_m�g%aq\_m�k_k�k_e�ad^_`fmpg%^_m �
eSaqmpgikl^nZpg�^�w Z�� m��v^M��6{��Uw Z�^Hsy`f�psye�\Heqgye�\_��`re�kqw � sye�g�`fg�| Zpad^ `r^?`bkH�/gym � gS^nm*\_`bkle � `r^_s�eqgieq\n�pu��

x-eq^nZ]`fcfe�h%k ^n�ihv`fe�kJm]|
pp

Zpgih
p̄p

`fg�^_eq\�Zpad^_`fmpgikJZ]^Jaq{*k&e�gyeq\n�p`fe�k&Z?�
m	�pe����9�&e��9s Z#�peklsim � g ^nsiZ�^ ^_sye 2yequ/gy{�Zpgv�VknaqZpcr`fgy��s/u/o mp^_sye�kl`bk[`bktgymp^���Z]cf`fh�� ~ ^_`fcrc
{*m/hyeqcbkt�ik_e�h*`fg�Zpkl^_\nm]�oys/uvkl`baqZpc�aqmpg�^_e -/^&| m�\
π0 oy\_mvhv� a ^_`fmpg | \_m�{ oy\nm]^nmpgv�Voy\nm]^_m�gX`fg�^neq\�Zpad^_`fmpgikJZpknk_�y{*e 2iequ/gv�{�Z]g k_a�Z]cf`rgy�S^_m�sym�cfh �*� sy`bk � Z�k&gym]^ne�h �/u &�Zp{�Z]eMed^+Z]c � � �]���"6 � � � siequ Zpcfk_mSgymp^_e�h Z| e � m]^nsyeq\Mklsimp\_^l��admp{*`fgy��k�w�k_�ia�s Zpk�^_sye7�ikleSm]| ^_sye7admpg k ^�Z]g�^+gympgy�Vhv`
�	\nZ�a ^_`7�pe�`fgye�cfZ�k ^n`faoy\nm]^_m�gv�Voy\_mp^_m�g�aq\_m�k_kzkle�a ^n`rm�gXZ]gih�^nsye*hv` �	\�Zpa ^n`
��e+oy\nmvade�knk?gim]^F� e�`rgy�7`rg adcf�ihve�h��z��gQ^nsyehv`
�
\�Zpad^_`7�pe�`fg�^neq\�Zpad^_`fmpgUwLeq`r^_sye�\ m�\ � mp^_s mp|�^nsye�^ � mQoy\nm]^nmpgikJ^n\nZpgik_` ^n`rm�g ^nm Z]g e -yad`r^_e�hk ^�Z�^nepw � sy`ba�sS^nsyeqg�hve�a�Z�uvkt^nm*Z g/�iadcfeqm�g7Zpgih�oy`fmpg k ����giaqcr�ihy`rgy�M^nsye�Z?�
m	�pepw�^_sie&��Z]{*{�Z��\nZ�u klo
e�ad^_\n�y{ `fkSe.-vo e�a ^ne�h ^_m a�siZ]gy��e�`rg4^nsyeQ| m�crcfm � `rgi� {*Zpgygye�\�
 � �M^nsye hv`
�
\�Zpad^_`7�peoy\nm/aqe�knk Zphyhyk�e�` ^nsyeq\Hsy`f�psy��e�gyeq\n�pu�m�\�cfm � �Veqgye�\_��uM��Z]{*{�Z \�Z�uvkqw/hve�o e�gihv`fgy��mpg � sy`ba�s7mp|^_syeSoy\_mp^_m�gikJ`fk+e.-yad`r^_e�h�wLZpgih � �z^nsye �/`rm�cfZ]^_`fmpg%m]|Hk_a�Z]cf`rgi�XZ]gih Z�\n`fk_`rgi��`fgye�cfZ�k ^n`fa�aq\_m�k_kkle�a ^n`rm�g7`fgiad\ne�Z�klez^_sie�m	�peq\�Z]cfc	��Zp{M{�Z]��\�Z�u u/`feqcbh �
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Solid: Model A

Dash: Model B

o: Exp. Data

Dot-Dash: Model A Diff. only
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π0 (6,/�:96;0&)(6RK2M�=���!&)&Z&)2:�=*�(6�',�U 〈nπ0 〉σinel

UK�!�:�:����3/(6,01 *���*�./2d -�T3/2=9\��� �P�
C
 V�!2 2=*P��9 L � J � � � 
�L /S�T3/2:9^A � &)�'96(E3Q9E(6,/2 
�(6,0�:96;03/2:&8,/�',\C 3\(��%���!�=*�(6RK2B�!,03 3\(��%���!�=*�(6RK2
(6,T*�2����!�=*�(6�',�U �!,03  -�T3/2=9 � � 3/�!&)./243 96(6,02 
7(6&-*�.02:(+�-��2=��2=��2:,/�:2N -�T3/2:9 O�./2=��2Q]02=?\,/C
 V�!,�&)�4�!96(6,01V(6&�,/�!* RT(6�'9E��*�243�L�Y �/#%2���(E -2=,T*���9�30��*�� � �!#%2:, �:(+���:962:& 
 ����2������! �82=�� -2=�
� F4H � �!<�
�L^�M.02M -�T3\2:96&^����2 �:9624�
��96?B,0��*Z(6,-�!1���2:2: -2:,@*>O�(+*�.52��\#%2=��(6 -2:,@*���9/3/��*��$#%�!(6,T*�&
� ���$#\���!*��',� -�' -2:,@*��P�!�Z� � 2=O �$2	� L

j {*mvhveqc]| mp\�^nsyetoy\nm]^nmpgv�Voy\nm]^_m�gz`fg�^_e�\nZ�a ^_`fmpg � `r^_s�^nsye}Z?�
m	�peL| e�Z�^_�i\_e�k�m]|�^_sye}`rgye�cfZ�k ^n`fa`fg�^neq\�Zpad^_`fmpgS`fgiaqcr�ihye�h � Z�k oy\nmpo
m�k_e�h �/uG&�Zp{�Z]e&ed^-Z]c � � �p�p� 6 � ���V^ � Zpk oy\n`r{�Zp\_`fcru�Zp`r{*e�hZ�^�kl^_�ihvu/`fgy� ^_sye��JZ]cbZpad^_`baS\n`fhy�pe7Zpgih:aqmpgiaqeq\ngye�h oy\_mp^_m�g �/`rgyeq^_`baSe�gyeq\n�p`fe�k � eqcfc�Z�� m	��e� �&e����}�V^S`fk*gim]^SZpa�ad�y\�Z�^ne�gye�Zp\*^_syeQoy`fmpg oy\nmvhv�iad^_`fmpg ^_sy\ne�k_sym�cfh Zpk�k_eqe�g `fg 2L`r���y\ne
C<�f�pw � sye�\_e�^_sye

π0 `fgiadcf�ik_`
��eSad\nm�knk+k_e�ad^_`fmpgUw 〈nπ0〉σinel
w[`fk oycrmp^l^ne�h ��eq\�kl�ik+^_sye7oy\nm]^_m�gcbZ?�
mp\�Z�^_m�\_u*{*mp{*e�g�^n�y{:�}� mM`f{*oy\nm	�peJZpaqaq�y\�Zpadu*| m�\Hcrm � eq\ e�gyeq\n�p`fe�k�w�^_sye�oy\nm]^nmpgv�Voy\nm]^nmpg`fg�^neq\�Zpad^_`fmpgS{*mvhve�c
s Zpk=�
eqeqg�Zph � �ik ^ne�h � &�Zp{*Zpe-eq^HZpc �fwy�]���p� � � `r^_s7^_sye�Zphihv` ^n`rm�gSmp|�^ � m

�iZp\_u�mpg \ne�k_mpg Z]giaqe�k�w
∆(1232)

Zpgih \_e�k �l���p��� �.��� sye�^_e�\_{ � Z]\nupmpg \_e�klm�giZ]g ade}`bk��ik_e�h syeq\ne^_m \_e�oy\ne�k_eqg�^��
m]^_s7g/�iadcfeqm�g�\_e�klm�giZ]g ade�k � `bklm�kloy`fgX�	�]� �tZ]gih
∆
\ne�k_mpg Z]giaqe�k � `fk_m�k_oy`fgG/ �p� � �� sye

∆(1232)
\neqoy\ne�k_eqg�^nkMZ%oys/uvkl`baqZpc�\ne�k_mpg Z]giaqepw � `r^_s4Z {�Z�k_kMm]|M����/�� �Xe��F��a 2 Z]g h� `bh/^_s m]| Z�� m��v^ ���]� �Qe�����a 2 wUZ]g h�^_syeM\ne�k � �����p����\_e�oy\_e�kle�g�^nk-k_e ��eq\�Z]c \_e�klm�giZ]giaqe�k � `r^_s{�Zpknkle�kJZ]\nmp�ygih �����p�9�Qe��F�]a 2 ��� si`fk+Z�hyhv`r^_`fmpg%`rg ad\ne�Zpk_e�kz^nsye�Z#�pe�\nZp�pe

π0 { �ycr^_`foycr`bad`r^ u| mp\Hoi\_mp^_mpg�{*mp{*eqg�^�ZMZ�� m��v^-�'�&e��F��a��
� sye�{*mvhve�ct| mp\+^_sye�oi\_mp^_mpgy��oy\nm]^nmpg%`rg�^neq\�Zpa ^n`rm�g oy\_e�kle�g�^_e�h%sye�\_e�s Zpk��
eqe�g:hv`7��`bhve�h`fg�^nm | m��y\ hv` �	eq\neqg�^ oiZ]\_^nk ��gympgv��hv`
�
\�Zpad^_`7�pez`rg�^_e�\nZ�a ^n`rm�gUw�hy` �	\nZ�a ^n`
��e-`fg�^neq\�Zpad^_`fmpgUw/Z]gih�^_sye
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^ � m��iZ]\nupm�g&\ne�k_mpg Z]giaqe�k�w�aqmp\n\_e�klo
mpgihy`rgy��^nm?^_sie}`fg�^neq\�Zpad^_`fmpg�oy\nmvade�knk_e�k�{*eqg�^n`rm�gye�h+Z�� m	��e��� sye Ytu�^_sy`bZ | \�Z]{*e � mp\n� �,�pe�\nk_`fmpg5�<� � � ~ � )�kl^_\�Z]g h�eq^QZpc �fw-�]���y��Z ��| mp\Qkl`f{ �icfZ]^_`fmpgik�mp|siZphy\_m�gy`fa7`fg�^neq\�Zpad^_`fmpgik�wt`bk��ik_e�h:^_m kl`f{ �icfZ]^_e�^_syeQgimpgv��hv`
�
\�Zpad^_`7�peS`fg�^_e�\nZ�a ^_`fmpg Z�^�sy`f�psoy\nm]^_m�gS�/`fgyed^n`fa&eqgieq\n�p`fe�k�w�^nmp��ed^_sieq\ � `r^_s7^_sye+knaqZpcr`fgy�M{Mmvhve�cfk=�/uG4 Z�hvs � Zp\ eq^HZpc � �l���/�p� �Z]gih ~ ^neqoysye�gik � 4�Z�hvs � Zp\ � ���">y� �}Z�k oiZ]\�Z]{*ed^neq\n`���e�hG��u04 cbZ�^_^_gy`f�*ed^-Zpc � ���]�p��� � Z�^Hcfm �eqgye�\_��`re�k ���4sye�\_e�^nsye�^n\nZpgikl`r^_`fmpg `bk�^�Z]��eqg � `rcfc��
eSe -voycfZp`rgie�h cbZ�^_e�\��:�Qmvhve�cr`fgy�Xmp|�^nsyehv`
�
\�Zpad^_`7�pe�oy\nm/aqe�knkM`fk � Zpk_e�h mpg ^_sye�| m�\_{ �ycbZ ��`
��eqg `rg �&mp�icr`bZ]gym�k � ����>�/iw ���p� 6 � Z]gih
�&mp�ycf`bZ]gym�k � �Qm�g�^nZ]gisiZ � ���p��� � �J� sye �iZ]\nupm�gQ\_e�klm�giZ]g ade�k-siZ#�pe�� e�eqg {*mvhve�cre�hX�ygihyeq\^_sye+Z�k_k_�y{*ov^n`rm�g�mp|Lm�gyeJoy`fmpg�e.-ya�siZpgy�pe&{*m/hyeqc �}�}Z�a�s7mp| ^nsye�k_e�oiZ]\_^nk � `fcfc �
e+hve�knad\n`
�
e�h`rgQhveq^nZp`rc�`fg�^_syeJ| m�crcfm � `rgi�Mk_e�ad^_`fmpgik��

� ��� ��� � � � � � � 
 �&	�	�� 	 �&	 � � � � 	 � � ��� � � � � 	�	
� � �
� � ��� �
� ���

�}Z]\ncfu oy\nm]^nmpg�Z�aqade�cre�\nZ]^_m�\nk�wpk_�ia�s�Zpkt^_sye�4 e���Z�^_\nmpg�Z]^}^nsye � Z � \_e�giadeD4�eq\n�pe�cre�u �zZ�^_`fmpg Z]c
��Z�� m�\nZ]^_mp\nuQZ]gih ^nsye � m�k_{*m]^_\nmpg%Z�^J^_sieG4�\_m/mp�/siZ#��eqg �zZ�^n`rm�giZ]c � Z?�
mp\�Z�^_m�\_u�w � e�\_e�Z]cfc�ik_e�h+`fg �<-/e�h�^�Z]\n�ped^Le.-vo
eq\n`r{*eqg�^�k ��� syequ � eq\ne k_u/gia�sy\nm]^n\_m�gik	^_s Z�^tadm��ycfh Zpaqaqeqcfeq\�Z�^ne}oy\nm]�^_m�gik[^nm+cfZ�� m�\nZ]^_m�\_u+e�gyeq\n�p`fe�ktm]|UZ?�
mp�v^�6 �&e������ sye 4�e���Z]^_\nmpg � Zpktk_o e�ad`
� aqZpcrcfu*hve�k_`r��gye�h| mp\�^nsye-k_e�Z]\�a�s mp| ^nsye?Z]g�^n`roy\nm]^nmpgUw � sy`fa�s � Zpk[hv`bknadm	�pe�\_e�h � `r^_s�`r^t`rg���� 6�6 � � siZp{��
eq\ncfZp`rged^-Zpc �fw���� 6�6 �.���
�4` ^ns7^nsye�k_eJe�Zp\_cfu*{*Z�a�sy`fgye�k�w�^_syeJ^nm]^nZpc	oy\_mp^_m�gv��oi\_mp^_mpg7ad\nm�knk k_e�ad^_`fmpg � Zpk�{*e�Z�kl�i\_e�h�yo ^nm Z | e � �&e�� `fg:cbZ?�
mp\�Z�^_m�\_u eqgye�\_��u�� � sye�hyZ�^�ZX`fgihv`baqZ�^ne�h Z ^_mp^nZpc�aq\_m�k_k kle�a ^_`fmpgcre��pe�crcf`rgi�Xm?� ^_m Z admpg k ^�Z]g�^���Z]cf�ye�mp|-Z?�
mp�v^�C��Q{�� �X��g ^_sieScf`r��s�^ m]| ^_sy`bkMZpk_u�{*ov^nm]^n`fa

� e�siZ#�/`rm�\�wy^_sye s�u/o
m]^nsye�k_`fk-m]| 2ye�u/gy{�Z]gXknaqZ]cf`fgy� � Z�k?oy\nmpo
m�k_e�h � 2yequ/gy{�ZpgUw����p�p��� �H� syeadm�giade�ov^Hm]|32yequ/gy{�Zpg�knaqZpcr`fgy�*`fkHhy`fknad�iknk_e�h7`rg�^_sie�gye.-/^-k_e�a ^n`rm�g����gD���/�/�pw�^_sye7��g�^_eq\�k_e�a ^n`rgi� ~ ^_m�\nZp�pe��H`fgy��k	� � ~ � � � eq\ne �y�y`fc ^*Z�^ � � �D� ��� sy`bk � Zpk^_sye � mp\ncbh � k��i\�kl^?oy\_mp^_m�gv��oi\_mp^_mpg7admpcfcf`fhve�\H{�Zpa�sy`fgye�� �4`r^_s�^nsye�� ~ ��wv^nsye+ade�g�^_eq\_�Vm]| �V{*Z�k_keqgye�\_��u � Zpkz`fgiad\ne�Z�kle�h�^_m���/G�&e�� Z]gihX^_syeMoy\ne �/`fmp�ik_cru�Zpknk_�y{*e�hXZ�klu/{*ov^_mp^_`ba �
eqsiZ#�/`fmp\� Z�k*| mp�igih ^_m �
eX`fgiadm�\_\ne�ad^��O� syeQ^nm]^nZpc-ad\nm�knk�k_e�ad^_`fmpg � Z�k�gym cfmpgy��eq\Saqmpgikl^nZpg�^ �y�v^`rg ad\ne�Zpk_e�h7Zpk
σtot ∝ ln2 s

� C<�f� �
Z]gihS^_sie�\nZ]^_`fm �
ed^ � eqe�gS^nsye�eqcbZpkl^_`baJZ]gih7^nm]^nZpcUad\nm�knk kle�a ^_`fmpg k � Z�k�aqmpgikl^nZpg�^

σel

σtot
' 0.175

�,C � � �
`rg�^nsye�sy`f�psv�Veqgye�\_��u*\_e��p`f{Me � � Z]\ncfk_mpgUw�����>�� � �
�4` ^ns ^_sye � �}��� Z]g�^_`foy\nm]^_m�g aqmpcfcr`bhveq\�w�aqeqg�^_e�\l�Vm]| �V{�Zpknkze�gyeq\n�p`fe�k&\ne�Z�a�sye�h �p�p�:�&e��Z]gih sy`bk ^nmp\nu�\neqo
e�Z]^_e�hX`r^nk_eqcr| � � sye�Zpk_u/{Moy^_m]^n`fa adm�gihv`r^_`fmpgik&siZ�hQ^_m9�
eM��`
��eqgX�io%Zp��Z]`fg��� sye�\nZ]^_`fm mp|zeqcbZpkl^_`baS^_m ^_m]^�Z]c?aq\_m�k_kMkle�a ^n`rm�gikqw

σel/σtot
w � Z�k gim cfmpgy��eq\*adm�gik ^�Z]g�^'�y�v^`rg ad\ne�Zpk_e�h � `r^_s eqgye�\_��u���� sye

ln2 s
hveqo
eqg hveqgiaqe}mp|v^_sye ^_mp^nZ]c�ad\nm�knk�k_e�ad^_`fmpg � Zpk�aqmpg�� \_{*e�h�yo ^_m √

s = 900
�&e�� �t�V^�Z]cbklm � e�aqZp{MeXaqcre�Z]\M^_s Z�^*^_syeXhy` �	eq\neqgiaqe�`rg4ad\nm�knkMkle�a ^_`fmpg k
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ln (s)
L

�
ed^ � eqeqg4oi\_mp^_mpgy��oy\nm]^nmpg Z]gih oy\nm]^nmpgv��Z]g�^_`foy\nm]^nmpg Zpoyoy\nm�Z�a�sye�k �qe�\_m w�Z�k � Zpk�e -/o
e�ad^_e�h| \nmp{ {*mvhveqcbk��

� � � � � 
 
 � 	�
 � � � 	�	���
 � � 
 � � �
�����
� �
��gJ^_sietcfZ]^_e?���p��� � kqw 2iequ/gy{�Z]g �l�����p� � oy\nmpo
m�k_e�h&Z?knaqZpcr`fgy� s/u�o
m]^nsye�k_`bk�| mp\U^_syetsi`r��sv��e�gyeq\n�pu\neq�p`f{*e��3�&eqgye�\nZpcrcfupw�Z�k_a�Z]cf`rgy�JcbZ � `bktk_�ia�sM^_siZ]^ ZJadeq\_^nZp`rg'���iZpg�^n` ^ u mpgycfu hve�o e�gihyk}mpgM^_syeknaqZ]cf`fgy�'��Zp\_`bZ?�icre�m�\���Zp\_`bZ?�icre�k �t��g 2iequ/gy{�Z]gQknaqZpcr`fgy�iw � sy`fa�s � Zpk?k_�y���pe�kl^_e�h�^nm�sympcbh�| mp\gym�gv�Vhy` �	\nZ�a ^n`
��ez`fg�^_eq\�Zpad^_`fmpgik�Z�^Hsy`f�ps�eqgieq\n�p`fe�k � oy\nm]^nmpg7��`fgyeq^_`baze�gyeq\n�pu�Z�� m	��e ��� �&e�� � w^_sie+k_a�Z]cf`rgy�*cbZ � kl^nZ�^ne�k ^nsiZ�^ ^nsye�`rgB��Z]\n`bZ]g�^?ad\nm�knk�k_e�ad^_`fmpgik

E
d3σ

dp3
= f(pt, x

∗
‖)

�,C<� / �

hve�o e�gih*mpgycfu+m�g ^nsyeD2ye�u/gy{�Z]g�k_a�Z]cf`rgi����Zp\_`bZ?�ycfe
x∗
‖

� kl^nZ]\[`fgihv`baqZ]^_e�ktade�g�^neq\_��mp| ��{�Z�k_k ��Z]\n` �
Z?�icre�k �dwyhve.�igie�h�Zpk � YLe�\_c�wU�����#C �

x∗
‖ =

2p∗‖√
s

�,C<� C��
Z]g h+^nsye ^_\�Z]gik��pe�\nk_e}{*m�{Me�g�^_�y{

pt
� (-eq\nepw

p∗‖
`fk[^_sye {*mp{*eqg�^n�y{ aqmp{*o m�gyeqg�^[oiZp\nZpcrcfeqc�^_m

^_sie�\neqcbZ�^n`
��e}{*m]^n`rm�g��
ed^ � eqe�g ^�Z]\n�ped^�Z]gih oy\nm � e�a ^_`fcfe `fg+^nsyeHad{�k[Z]gih √
s
`fk ^nsye�^_m]^�Z]cvad{�keqgieq\n�pu�� � sye+o Z]\_^_mpg�{*mvhveqc;�/u92iequ/gy{�Z]g �l�����p� � Zpgih�` ^�k-e -�^neqgik_`fmpg�^_sye ��� Z]\n���VoiZp\l^nmpg{*mvhveqc�w � eq\ne-^nsyeF�i\�k ^?oys/uvk_`fa�Z]c	{*m/hyeqcbk��y�y`fc ^?�io m�g7^nsye 2ye�u/gy{�Z]gv��k_a�Z]cf`rgi� s/u/o mp^_sye�kl`bk��

�4`r^_s�^nsyezhveq^nZp`rcfe�h�kl^_�ihy`re�k}mp|
pp

Z]g h
p̄p

`fg�^neq\�Zpad^_`fmpgik Z]\nmp�ygih�����>p�J`r^��
e�a�Z]{*e-aqcre�Z]\^_s Z�^}^nsye�2iequ/gy{�Z]g�knaqZpcr`fgy�+s/u/o mp^_sye�kl`bk[`bktgymp^���Z]cf`bh � j?cfoy��Z]\�h*ed^ Zpc �fwi����>�/ �pj?cfgye�\}ed^�Z]c �rw���">?C"� 4�\ne�Z]�vkl^_m�gye}eq^[Zpc �fwv���">?C � � ~ ^n\_m�gy�&e �/`fhyeqgiaqe}| m�\�^_sye=�/`rm�cfZ]^_`fmpg m]| 2iequ/gy{�Z]g*k_a�Z]cf`rgi�
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aqZpg � e&kle�eqg�`fg*^_syez\nZpoy`fhy` ^ u*hv`bk ^n\_`7�y�v^n`rm�g

dN/dy
w � sye�\_e

N
`bk[^nsye-o Z]\_^_`badcfeH{ �ycr^_`foycf`faq` ^ uZ]gih

y
`bk�^_sie�\nZpoy`fhy` ^ uShye.�igye�h�Zpk

y = ln
E + p‖
E − p‖

� C<� 6 �
� syeq\ne

p‖
`fk ^_sye�cfmpgy��` ^n�ihv`fgiZ]c�{*mp{*eqg�^_�i{9� � sye:2ye�u/gy{�Z]g knaqZpcr`fgy�XcbZ � oy\ne�hv`ba ^�k+^nsye\nZpoy`bhv` ^ u7hveqgik_`r^ u

dN/dy
^_m�s Z#�peJZ]g�eqgye�\_��u���`fgihve�o e�gihveqg�^HoycbZ�^ne�Z]� � sy`ba�s7s ZpkHZ*cfeqgy�p^_s`rg ad\ne�Zpk_`fgy��crm���Z]\n`r^_sy{*`baqZ]cfcfu � ` ^ns eqgye�\_��upwLZpk+k_sym � g%`rg 2L`f�p�y\ne C<� ���7��g \_e�Z]cf` ^ u

dN/dyZ]cbklmM\n`fk_e�k cfmp��Z]\n` ^nsy{*`fa�Z]cfcru
dN

dy
∼ ln (s)

� C<� � �
� sy`bkHaqZ]� kle�k�^_sye�{ �yc ^n`roicr`bad`r^ u�^nm�`rgiaq\_e�Zpk_e&Z�k

ln2 (s)
Z]gih:2iequ/gy{�Z]g�k_a�Z]cf`rgi�M`bk=�/`rm�cfZ]^_e�h �

2L`r���y\_e�C<� /Sk_sym � k?e -/o
eq\n`f{Me�g�^nZ]cLhyZ�^�Z�| m�\-^nsye oik_eq� hvm]�V\nZpoy`bhv` ^ u�hv`bk ^n\_`7�y�v^n`rm�gik&Z�^ �
e�Zp{eqgye�\_��`re�k √
s = 53

� | \_m�{ ^_sye � ~ � adm�crcf`bhveq\ � w��]���yw 6?C���ZpgihX�p��� �&e�� {*e�Z�kl�i\_e�h:��u7^_sie
8-j�6 admpcfcbZ?�
mp\�Z�^_`fmpg � ` ^ns ^_sye � �}��� ~ Y ~ adm�crcf`bhveq\ � j?cfgyeq\�eq^SZ]c �rw?����>�� � �4� syeQhyZ]^nZadcfe�Zp\_cfu�klsim � ^_sie�`rgiaq\_e�Zpk_ez`fg�{ �ycr^_`foycf`faq` ^ u � ` ^ns�eqgye�\_��u��

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


� sye ^_m]^�Z]c�Z]gih eqcbZpkl^_`ba aq\_m�k_kzkle�a ^n`rm�gik?| m�\
pp

`fg�^_eq\�Zpad^_`fmpgikzsiZ#��e��
eqeqg%Zpa�ad�y\�Z�^neqcfu7{*e�Z]�kl�i\_e�h � `r^_s+Z�aqaqeqcfeq\�Z�^_m�\ �iZpk_e�h&e -/o
eq\n`f{Me�g�^nk � kle�e}adm�{Moi`rcbZ�^n`rm�g��/u�(-Z]��` � Z]\�Z�ed^ Zpc �fw��p�p��� � �
2L`r���y\_e C<� CSk_sym � kH^nsye e -vo e�\_`f{*eqg�^nZpcLhyZ]^nZSo m�`rg�^nk=e�| m�\-^nsye ^_m]^�Z]c�Z]gihX^_sye eqcbZpkl^_`ba aq\_m�k_kkle�a ^n`rm�gikz| mp\

pp
Zpk � eqcfc�Z�kz| mp\

p̄p
Z�^Jsy`f�ps%{Mm�{*eqg�^nZ<� � sye*hyZ�^�Z�adcfe�Z]\ncfu�k_sym � Z7cfmp��Z]�\_`r^_si{M`ba*\n`fk_e*m]|�^_sye*^nm]^nZpctZ]gih ^nsye�eqcbZpkl^_`ba*ad\nm�knk�kle�a ^_`fmpg k ��� sye'�i���y\ne*Zpcfk_mQklsim � k-^nsye{*m/hyeqc �y^�k�^_m*^nsyeJ^_mp^nZ]cUZpgih7eqcbZpkl^_`ba�ad\nm�knk�k_e�ad^_`fmpgik��ik_e�h�`fg�^_sy`bk � mp\n� �� sye�`rgieqcbZpkl^_`ba

pp
aq\_m�k_kHk_e�ad^_`fmpg�`fk�w��/uShve �igy`r^_`fmpgUwy��`
��eqg9�/u

σtot = σel + σinel
� C<� � �

� syeMeq{*oy`f\_`baqZpcL`fgye�cfZ�k ^n`fa ad\nm�knkzk_e�ad^_`fmpg `bkz^_sye�g%hye.�igye�h Z�k-^nsye*hv` �	eq\neqg ade � eq^ � e�eqgX^nsye{*m/hyeqc �y^�k�| mp\�^_syeJ^nm]^�Z]c�Z]gih7eqcbZpkl^_`baJad\nm�knk k_e�ad^_`fmpgik����t\n\_m�\nk}| mp\ ^nsyeJeq{*oy`f\_`baqZpc
`fgye�cfZ�k ^n`faad\nm�knk�kle�a ^_`fmpg*Z]\neHZ?�
mp�v^ �p���5| m�\[oy\nm]^_m�g �/`fgyed^n`fa e�gyeq\n�p`fe�k �
eqcfm � /��&e��DZpgih*Z?�
mp�v^H��� �Z?�
m	�pe�/ �&e����v� syez`rgye�cfZ�k ^n`fazad\nm�knk}k_e�ad^_`fmpg�`bkt^nsyeJkl�y{ mp|U^_syeJad\nm�knktk_e�ad^_`fmpgik m]|�^nsye-| m��y\adm�{Mo
mpgieqg�^nk
σinel = σnd + σdiff + σ∆(1232) + σres(1600)

� C<� > �
Z]gih ^_sie�eq{*oy`f\_`baqZpct`rgieqcbZpkl^_`baMaq\_m�k_kJk_e�ad^_`fmpg admpg k ^n\nZp`rgik&^nsye�gym�gv�Vhy` �	\nZ�a ^n`
��epwUhv`
�
\�Zpad^_`7�peZ]gih�\_e�klm�giZ]giaqe?adm�{Mo
mpgieqg�^nk��L� sieq\ne?`fk�Z]gS�ygiade�\l^�Z]`fg�^ u `fg�sym � ^_sie?^_mp^nZpc `fgyeqcbZpkl^_`ba?aq\_m�k_kkle�a ^n`rm�g klsimp�ycbh �
e�hv`fkl^_\n`7�y�v^_e�h �
ed^ � eqe�gX^_sie | m��y\�admp{*o
mpgye�g�^nk-| mp\

Tp < 20
�&e�� w �i�v^Zpk�cfmpgy�*Zpk�mpgie&{�Zp�pe�k k_�y\ne-^nsiZ�^ ^_siez^nm]^�Z]c�`fgyeqcbZpkl^_`bazaq\_m�k_k k_e�ad^_`fmpgS`bk gymp^ e -yadeqe�hve�h7Z]gih^_siZ]^J^_sye�\ne�k_�ycr^_`fgy�S^nm]^�Z]c[`fgiadcf�ik_`
��e*aq\_m�k_kJk_e�ad^_`fmpg | mp\�kle�adm�gihyZ]\nuQoiZp\l^n`faqcre�k&Zp�p\neqe�k � `r^_s

g B��#" $/�0��;:$>7 �?��� < �A�?� (�&6� �?.2$ �1&������ ��72< $>�����1�1��= =>�1&6�1� �1$/=5�1��&672� ���1$ � $����������2��$ �A�
.8�1�1"�� ���A" <292E ���2� E 96& $ ����%�%����A=>&678�?$>78�?�1"2��&��1��E .8�?;:�
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	 +k
���� Y��\#%2=��(6 -2:,@*��!9�#/&)2:;�3\�!���!#/(E3/(+* ? 3/(6&[*)��(6<0;\*�(6�',0&:U
(1/σNSD)dσ/dη

UM� ���
,0�!,/C &)(6,01'96253/(��%���!�=*�(6RK2 � ��� � 
 2:R'2:,@*�&$ -24��&);/��243N<@? *�.02��8A��V�=�'969E�!<%�!���
*�(6�', �
*8*�.02
cMY � ��C	� 2 �5�:�!969E(E3\2=�d���!� <%24�� 2=,02=��1!(E2=& √

s = 53, 200, 546
�!,�3VH � � �$2	� LT�M.02�30�
*��

#%�'(6,@*�&k� ��� √
s = 53

�$2	� ����2^�����' *�.02 � � � �=�'9696(X3\2=�4L^A�&�*�.02 �: -&k2:,/2=��1!?P(6&_(6,/�=��24�!&)2:3
*�.02  5;/96*�(6#/9E(6�:(+* ?-(6,0�=��24��&)2:& #/���!#%�!�)*�(6�',0�!9%*��

ln2 (s)
L^]_(E1!;/��2 *��!�K2:,-�X���' A 9E,/2=�M2�*��!9�L

� F4H � � 
�L
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e.-vo
eq\n`r{*eqg�^�Z]c�hyZ�^�Zyw	^_si`fk&�ygiaqeq\_^nZp`rg�^ uQhvm/e�kzgym]^�a�siZpgy�pe ^_sye�k_e�adm�gihyZp\_u�oiZ]\_^_`badcfe � ��-ve�k^_m�Z]g/uSk_`f�pgy`
� aqZpg�^HZp{*mp�yg�^��

� syeS^nm]^�Z]c Z]gih e�cfZ�k ^n`fa7ad\nm�knk k_e�ad^_`fmpgik Z]\neS�/gym � g ^_m \_`bk_e � `r^_s:`fgiaq\_e�Zpk_`rgy� oy\_mp^_m�g{*mp{*eqg�^_�i{ � �t���peq\_^Jed^�Z]c �rw����/�?6 � 4 Z]�vknZ�u7eq^JZpc �fw�����>"> �
j?{�Z]cbhv`�ed^+Z]c �fwL�����?> � �&��gX^nsyesy`f�psv�V{*mp{*eqg�^_�i{ \neq�p`fmpg�w/^_sye+\�Z�^n`rm
σel/σtot

`fkzZ]oyoy\nm#-v`r{�Z]^_eqcfu�adm�gikl^nZ]g�^-Zpgih7^_sye�^nm]^�Z]c`rgieqcbZpkl^_`ba+ad\nm�knk?k_e�a ^n`rm�gXZ]cbklm�`fgiaq\_e�Zpk_e�k�� � sie `fgiad\ne�Z�kle�`bkzk_siZp\_e�h0�/u7^_sye gympgy�Vhv`
�	\nZ�a ^_`7�peZ]gih�hv`
�
\�Zpad^_`7�pe�adm�{*o m�gyeqg�^nk��
� syeJ^_mp^nZ]cUhy` �	\nZ�a ^n`
��eJaq\_m�k_k k_e�ad^_`fmpg�`fk

σdiff = 2σsd + σdd
� C<� � �

� syeq\ne:k_`rgi�pcfed��hv` �	\�Zpa ^n`rm�gBaq\_m�k_k kle�a ^_`fmpgO| m�crcfm � k�^nsiZ�^%m]|G�&mp�ycf`bZ]gym�k � ����>�/���Z]gihB^nsyehvmp�<�ycreq�Vhy` �	\nZ�a ^n`rm�g aq\_m�k_k�k_e�ad^_`fmpg4`bk*^nZp�pe�g | \_m�{ j��	mpcbhve�\Sed^�Z]c � � �p�p�i� � � ` ^ns�Z k_�yov�oy\ne�knkl`fmpg | m�\ cfm � e�\ e�gyeq\n�p`fe�k Zpaqaqmp\�hv`fgy�Q^_m �&`
��eq\ngiZ]� h ed^�Z]c � �l���/��� �dw[ZpkMhve�knad\n`
�
e�h `rgkle�a ^n`rm�g0C � �<�
� syezaq\_m�k_k kle�a ^_`fmpg k[| mp\ ^_sie?^ � m �iZ]\nupm�g�\_e�klm�giZ]g ade�k[| mpcfcrm � ^_sie-{*mvhveqcf`rgi� m]| ~ ^_e�a���eq\

� ��������� w?�i�v^ � eq\neH{Mmvhv`
�ie�hM^_m+siZ#��eHcre�k_ktoy\_m�{*`rgye�g�^[^nZ]`fcbk[^_m � Z]\�h sy`r��syeq\}eqgye�\_��`re�kqwpk_`fgiade^_sye�hv`
�	\nZ�a ^_`fmpg�`fg�^neq\�Zpad^_`fmpgSoi\_mvade�k_k k_ed^�k `rgQZ�^Hoy\nm]^nmpg7��`fgyeq^_`baze�gyeq\n�pu�mp|LZ�� m��v^-� �&e�� �
4�ed| mp\ne�^nsye�^ � m��iZ]\nupm�g \_e�klm�giZ]g ade�k � eq\ne7Zphihve�h�wt^_sye�`fgyeqcbZpkl^_`ba�gym�gv��hv` �	\�Zpa ^n`
��e7aq\_m�k_kkle�a ^n`rm�g � ZpkHa�Z]cbad�ycbZ�^ne�h�| \nmp{ e����iZ]^_`fmpg9C<� �+Zpgih

σinel = σnd + σdiff
� C<�f��� �

�V^ � Zpk-^_sieqg Z�h � �ikl^_e�h � `r^_s
σ∆(1232)

Z]gih
σres(1600)

� sy`fcfe {�Z]�/`fgy�7k_�y\ne+^nsye ^nm]^�Z]c�eq{M�oy`f\_`baqZpc�`rgye�cfZ�k ^n`faJaq\_m�k_k k_e�a ^n`rm�g � Zpk gim]^He.-yade�e�hve�h �
�&`
��eqgQ`fg�e&�/k ��C<�f�p�pw<C<�f���vw�C �r� /*Z]gih9C<�f� C �
eqcfm � Z]\neJZpcr��e �y\�Z]`baz| mp\n{�k�| mp\H^nsye Z?�
m	�pe{*eqg�^_`fmpgye�h�ad\nm�knk�k_e�ad^_`fmpgik�w � sy`ba�sQZ]\ne�Z]cbklm�k_sym � g7`fg�2L`r���y\_e�C � C �t� sye+Z]cf�pe��y\�Z]`ba?| m�\_{�k� e�\_eJZ�^_^nZp`rgye�h9��uSoy`re�adeq� � `bkle��y^_^_`fgy��m]| ^_sye+aq\_m�k_k k_e�ad^_`fmpgik��

σpp
nd(x) =































0 pp < 1
a0(x/a1)

1.2(a3 + a4x
2 + a5x

3+
+a6 exp(−a7(x + a8)

2)) 1 ≤ pp ≤ 1.3
(b0|a2 − x| + b1|a1 − x|)/(a2 − a1) 1.3 ≤ pp ≤ 2.4
a3 + a4x

2 + a5x
3 + a6 exp(−a7(x + a8)

2) 2.4 ≤ pp ≤ 10
c0 + c1x + c2x

2 pp > 10

� C<�f�p� �

σpp
diff(x) =























0 pp < 2.25
√

(x − d0)/d1(d2 + d3 log(d4(x − 0.25))+
+d5x

2 − d6x
3) 2.25 ≤ pp ≤ 3.2

d2 + d3 log(d4(x − 0.25)) + d5x
2 − d6x

3 3.2 ≤ pp ≤ 100
e0 + e1x pp > 100

� C<�f��� �
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pp
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@;��
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 ��,�3 2:9E�!&[*�(6�
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�Uk�!&$��;0,/�=*�(6�',0&$�!� #/���!*��!,Q9X��<%�!���
*��!�)?  -�' -2:,@*�;/ U���,�3N�';\�8 -�T3/2=9
W0*�&_*��$*�./2: U
*��!*���9 � *�.0(6, &)�'96(E3�
Z�!,03B2:9E�!&[*�(6� � *�./(E,53/��*)C 3\�!*)C 30��&).0243 
�L>Y>�)���!�^<��
��&>.��4RK2
<%2:2:,G�' -(+*)*�243 ���!�-�=9X�
��(+* ?G(6, *�.02-W�1!;/��2'L � ,0�=9E;03/243 �
��2S��96&)�D*�.02 2��\#%2=��(6 -2:,@*��!9

p̄p*��!*���9 � W09E96243 &�
@;�����2=& 
8�!,�3 2:9E�!&[*�(6� � W�9696243Q*)��(X��,01!9E2=& 
������'&)& &)2:�=*�(6�',/&B�
*P.0(61'.D#/����*��',
 -�' -2:,@*��TL �M.02V*��!*��!9 (6,/2:9E�!&[*�(6� � *�./(E��� &)�!96(X3 
B(6&B*����K2:,G�!&B*�.02 3/(���2=��2:,/�:2 <%2=* Od2:2:,
*��!*���9%�!,0372:9E�!&[*�(6�$�=���!&)&M&)2:�=*�(6�!,0&M��,�37(6&M��96&)� *�./2 &);/ �!��*�.02 � �!;/�M�=�' -#%�',/2:,@*�&�._,/�',/C
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a b c d
a0 = 0.57 b0 = 11.34 c0 = 28.5 d0 = 0.3522
a1 = 0.1176 b1 = 23.72 c1 = −6.133 d0 = 0.1530
a2 = 0.3829 c2 = 1.464 d2 = 1.498
a3 = 23.10 d3 = 2.0
a4 = 6.454 d4 = 30.0
a5 = −5.764 d5 = 3.155
a6 = −23.63 d6 = 1.042
a7 = 94.75
a8 = 0.02667

e f g
e0 = 5.922 f0 = 0.08341 g0 = 0.005547
e1 = 1.632 f1 = 9.5 g1 = 4.5

f2 = −5.5 g2 = −7.0
f3 = 1.68 g3 = 2.1
f4 = 3134 g4 = 14089

σpp
∆(1232)(x) =























0 Ep < 1.4
f0E

10
p 1.4 ≤ Ep ≤ 1.6

f1 exp (−f2(Ep − f3)
2) 1.6 ≤ Ep ≤ 1.8

f4E
−10
p 1.8 ≤ Ep ≤ 10

0 Ep > 10

� C<�f��/ �

σpp
res(1600)(x) =























0 Ep < 1.6
g0E

14
p 1.6 ≤ Ep ≤ 1.9

g1 exp (−g2 ∗ (Ep − g3)
2) 1.9 ≤ Ep ≤ 2.3

g4E
−6
p 2.3 ≤ Ep ≤ 20

0 Ep > 20

� C<�f� C��

� ` ^ns
x = log(pp)

Z]gih7^nsye+oy\nm]^nmpg�{Mm�{*eqg�^_�y{�w
Ep

w `rg��ygi` ^�k?m]| �&e����
� sye+adm/e ��aq`re�g�^nkZ]\nezcf`bk ^ne�h�`rgQ�LZ?�ycfeFC<�f���

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


��g ^nsye����/��� � k�w ^nsye*o e�\l^n�y\%�iZ�^n`
��e ^nsyeqm�\_uQmp| ���iZ]g�^n�y{ a�sy\nmp{*mvhvu/giZ]{*`baqk � ��� x �JZ]\nm�k_eZpkL^nsye | �ygihyZp{*eqg�^nZpcv^_sye�mp\nu hve�k_aq\_`7�y`fgy�JsiZphv\nmpgi`fa `rg�^neq\�Zpa ^n`rm�gik[Z]g h \neqoycbZpaqe�h ^_sye ���iZp\_���oiZ]\_^_m�g+{*mvhveqc � k_eqe�w�e�� �<�fw�j-c ^�Z]\neqcfcr` � Y[Z]\n`bkl`�w�������� � � ��� x `bk�w � �ik ^[cf`r��e ���iZpg�^n�y{ eqcfe�ad^_\nm]�
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hvu/giZp{M`baqk � � �}x � w�Z*��Z]�y��eJ^_sye�mp\nu f `rg � si`fa�sQ`fg�^_eq\�Zpad^_`fmpgik-Z]\ne+{*e�hv`bZ�^ne�h:�/u7{�Z�k_k_cre�k_k��Zp�y�pe0� m�klm�gikMm]|Jkloy`fgv����aqmp�yoicr`fgy� ^_m adm�gikle�\���e�h a�s Z]\n�pe�k�� ��g ^_syeXa�Zpk_eSm]| � �}x w[^_sye��Zp�y�pe � m�klm�gS`bk�^_syeJoysim]^_m�g � sy`ba�s�admp�ioycre�k ^_mMeqcfe�a ^n\_`baJa�siZ]\n�pe"����g ��� xB^_sye�\_eJZ]\neJkle����eq\�Z]cL��Zp�y�pe � m�klm�gik�w���gim � g Zpk&�pcf�ym�gikqwUaqmp�yoicr`fgy��^nm�^_sye*adm�crm�\&a�siZp\_��e a�Z]\n\_`fe�h��/u��
m]^ns
���iZ]\n�vktZ]g h*�pcf�ympgik���� syeH^_sieqmp\nuMm]| ��� x � `fcrc
gymp^�� eze.-voycbZ]`fgye�hM`fg�| �y\_^_sye�\ hveq^nZp`rc syeq\nepw`fgik ^ne�Z�h�^_sie&\ne�Z�hveq\ `bk�\_eq| eq\n\_e�h�^_mMm]^nsyeq\ e -vaqeqcfcre�g�^ ^ne.-/^��
m/mp�vk mpgS^_sye�k_�1� � e�ad^�� k_eqepw/e"� � �rwxz`fknkle�\l^nmp\n`	ed^-Z]c �fw �]����/ ���&\neq`fgyeq\Heq^-Z]c �rwi�p�p��� � �
� 		��	�� � 

� � #��

� sye�Ytu�^_sy`bZ%kl`f{ �ycbZ�^n`rm�g | \�Z]{*e � mp\n� s Zpk � e�adm�{Me�Z � `bhve�kloy\ne�Z�h ^_m/m�c}| m�\ ^nsye�kl`f{ �ycbZ��^_`fmpg%m]| siZphv\nmpgi`fa `rg�^neq\�Zpa ^n`rm�gik&Z]gih%aqZpcfaq�ycfZ]^_`fmpg m]| aqmp{*oycfe.-��igiZpctk ^�Z�^ne�k��iZpk_e�h mpg ^_syeo
eq\_^_�y\%�iZ�^n`
��e ��� x9^nsyeqm�\_u"�M� sie � \nkl^+k ^neqoik&^nm � Zp\nhXk_�ia�s Z�| \�Z]{*e � m�\_� � Zpkz^nZp�peqg%`fg^_sie�cfZ]^_e����/��� � k�w � syeqgXj-gihveq\�knklm�g�Zpgih�admpcfcbZ?�
mp\�Z�^_m�\nk�Z�^H^nsye 8?gi`
��eq\�kl`r^ u�m]|3�U�igih9�y�y`fc ^Z%g/�y{*eq\n`fa�Z]cHkl`f{ �icfZ]^_`fmpg aqmvhveQZ]`f{Me�h Z]^
e+e−

admpcfcf`fhve�\*e.-vo e�\_`f{*eqg�^nk�w � si`fa�s � e�aqZp{Me�/gym � g ZpkJ^nsye �U�igih {*m/hyeqc � j?gihyeq\�k_k_mpg%ed^ Zpc �fwt�������iw[���">p� �Uj-gihve�\nknklm�gUw[������>�� �S� sye
�U�igih%{Mmvhve�c � Zpk&e.-/^_e�gihve�h ^nm

pp
Z]gih

pp̄
`fg�^neq\�Zpad^_`fmpgik�Z]^Jsi`r��s%e�gyeq\n�p`fe�k&\ne�k_�ycr^_`fgy��`rgYtu�^_si`fZ<�

��g ��� x w52yequ/gy{�Zpg knaqZ]cf`fgy� `bk��/`fmpcbZ�^ne�h `fg:siZp\nh oiZ]\_^_m�gv��o Z]\_^_mpg `fg�^_e�\nZ�a ^_`fmpg k Z]g h{�Z]g/u%m]^_sieq\ o Z]\_^_mpg hv`bZ]��\nZp{�kqw�kl� a�s Zpk�^nsyeS{ �ycr^_`foycre7`rg�^neq\�Zpa ^n`rm�g%^_eq\n{�k � � sye�cbZ�^_e�k ^
�pe�\nk_`fmpgik�m]|LYtu�^_sy`bZ*`fgiadcf�ihve+Zpcrc	^nsye�k_eJ| e�Z]^_�y\ne�k � ~ � )�kl^_\�Z]gih7ed^-Zpc �fwi�]���y��Z � �

��gD^nsy`bk � mp\n� Ytu�^_sy`bZ �,�pe�\nk_`fmpg��<� � � w � `r^_s5^_sie oiZp\nZp{*ed^_e�\�k_ed^�cbZ?�
eqcfe�h � ^_�igye%j 	
� 2L`feqcbh�wU�]����� � ~ � )�kl^_\�Z]gih
� ~ ��Zpgihyk�w	�p�p�?C � wv| \nmp{ ^nsye � x�2 admpcfcbZ?�
mp\�Z�^_`fmpgQZ]^ 2ye�\_{*`fcfZ��
� k_eqeMj?oyo
eqg hv` - 4 �-siZ�kD�
eqeqg �ik_e�hQ^nm7k_`r{ �ycbZ�^_e e ��eqg�^nk-| mp\z^_syeMgym�gv�Vhy` �	\nZ�a ^n`
��e+oiZ]\_^zmp|^_sieSoy\nm]^nmpgv�Voy\nm]^_m�g `rg�^_e�\nZ�a ^n`rm�g�� xz�ye�^nm `fgiZpa�ad�y\�Zpaqu m]| ��� x Z�^Mcrm � eq\ eqgye�\_��`re�k�^_si`fksiZ�h ^_m �
e�aqmp{*oycfeq{*eqg�^ne�h � `r^_s ^_sie�knaqZpcr`fgy� {Mmvhve�cfk �/u 4 Zphvs � Z]\Med^�Z]c � � ���/�p� �+Z]g h~ ^neqoysye�gik � 4 Z�hvs � Zp\ � ����>y� �L`rg�^_syezoiZ]\�Z]{*ed^n\_`ba�| mp\n{ ��u'4�cfZ]^l^ngy`r� ed^�Zpc � � �p�p��� �L`fg�^_syecfm � ��e�gyeq\n�puX\neq��`r{*e"�Xj?cf\_e�Zphvu Z�^ 6p� �&e�� ^nsyeS`fgiZ�aqad�i\nZ�adu `bk+gim]^_`bade�Z?�ycfeSZpgih � e�aqZp�iklee ��eqg�^nk Z]\neH�pe�gyeq\�Z�^ne�h | mp\ oy\_mp^_m�gM�/`fgyed^n`fa-eqgye�\_��`re�k[`fg�k ^neqoik m]| √

2
� k_eqe-k_e�ad^_`fmpgG61�r� � w�^_sye^_\�Z]g kl`r^_`fmpg9� eq^ � e�eqg�Ytu�^_sy`bZ�Z]g hS^nsye+knaqZ]cf`fgy� {*mvhve�cfkH`bk�^nZp�pe�g�Z]^D6���� � �&e����

��Z]^_e�u�e�Z]\M�]�p����ZQgye � ��eq\�kl`fmpg%m]|HYtu�^_si`fZ � Zpk+\_e�cre�Zpk_e�h ��j?{*mpgi�X{�Z]g/u a�siZpgy�pe�kqw^_si`fk[\neqcfe�Z�kle siZ�k5� e�eqgM| �y\_^_sye�\[^_�igye�h ^_mJ^nsyeHcbZ�^_e�k ^tZ#��Z]`fcbZ?�ycfe sy`r��sv�Veqgye�\_��u+hyZ�^�Z-| \nmp{ ^_sye
� x�2�adm�crcbZ?�
mp\�Z�^n`rm�g��+� sye�ad�i\_\neqg�^JoiZ]\�Z]{*ed^neq\Jkleq^��ikle�h �/uQ^nsye � x 2�admpcfcbZ?�
mp\�Z�^_`fmpg `fkcbZ?�
eqcfe�h ��^n�ygye�x �D� 	�� 2L`re�cfh�w
�]�p��� �.� Ytu�^nsy`fZ'��eq\�kl`fmpg7�1� C oy\nm	�/`fhye�k kl�<�y\_m��v^_`fgye�k}| m�\ ^_syek_eqcfe�a ^n`rm�g�m]| oiZ]\�Z]{*ed^neq\ kleq^nk�w � sy`fa�sSeqcf`r{*`bZ�^_ez^_siezgye�e�h�^_m*kleq^�oiZp\nZp{*ed^_e�\nk}`rg hv`
�/`bhv�iZpcrcfu��� syeS| mp\_^_\�Z]g:aqm/hye�| mp\ oy\nm]^_m�gv�Voy\_mp^_m�g%`fg�^_e�\nZ�a ^_`fmpg k � Zpk �yo
hiZ�^_e�h Z]g h adm�{Moi`rcfe�h � `r^_s
�pe�\nk_`fmpg �1� C<�X� sye0�pe�\nk_`rm�g �1� ��\_�igik � eq\ne�\_e�o e�Z�^ne�h � `r^_s ��eq\�kl`fmpg �<� CQ�ik_`fgy� �
m]^ns ^_syej Zpgih x �D�9oiZ]\�Z]{*ed^neq\+k_ed^�kJ| mp\ aqmp{*oiZp\_`bklm�g mp|�\ne�k_�ycr^nk��02imp�y\+e -/^_\�Z7\n�ygik�| mp\ � x�2eqgieq\n�p`fe�k � e�\_e�{�Zphve��ik_`rgy� � ^_�ygyeHx �D� 	 
�oy\nm]^nmpg+�/`fgyed^n`fa�eqgieq\n�p`fe�k

Tp = 724
w/�����?/yw/��C�C/�Z]g h��p�?C/� � e����

�H�yg k mp|1�pe�\nk_`rm�g+�1� C � `r^_sMoiZ]\�Z]{*eq^_eq\Lkleq^�j Z]\ne}aqmpgik_`fkl^_e�g�^ � `r^_s ^_sye�oy\ne �/`rm��ik \_e�kl�ycr^nkZpk e.-vo
e�a ^ne�h � Y�Zp\nZp{*ed^_e�\ k_ed^ x �D� � Zpk+\_�yg ^_mX`fgB�pe�kl^_`f��Z]^_e*^nsyeS`f{*oy\_m	��eq{*eqg�^�k�m	�pe�\
hA, ��;:$>< �1& � $>=��:j��?$ �?.�$> (�$/�A� j2�0$'�?.2$ �0 �;:;:$5�1�0 &�()98�:j�96$ ��7 $6���0����72=>$6E
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��^n�ygye&j 	H| mp\}^_syezsy`r��sye�kl^ � x�2%eqgye�\_��`re�k � �4sye�gSadm�{Mo Z]\n`rgy��\ne�k_�ycr^nk � ` ^ns�e.-vo
eq\n`r{*eqg�^�Z]chyZ�^�Z�`r^ � Zpkzgymp^_`bade�hX^_siZ]^z^nsye*x �D� \n�ygik&hv`bhXgymp^&\neqoy\nmvhv�iaqe � ~ � hyZ�^�Z �	| mp\&e.-yZp{Moicre^_sye*Z#�pe�\nZp�pe&^_\�Z]g k ��eq\�kle�{*mp{*e�g�^n�y{�w 〈pt〉
m]|}a�s Z]\n�pe�h�o Z]\_^_`badcfe�k � Z�k-Z?�
mp�y^&�1�f� �&e�����acfZp\_��eq\M^_s Z]g ^_siZ]^�m]|Je.-vo
eq\n`r{*eqg�^�Z]c?hyZ]^nZ1�4�V^ � Z�kMk_�y���pe�kl^_e�h ^nsiZ�^�^nsye aq�ycroi\_`r^�`fkM^nsyeoy\n`r{*mp\�hv`bZ]c

kT
oiZp\nZp{Meq^_e�\�w � sy`ba�s `bk�kleq^z^nm0�
e*`rg hveqo
eqgihyeqg�^�m]|�knaqZ]^l^neq\n`rgy��kl�<�ikluvkl^_e�{Z]gih�^_sye�aq{*k�e�gyeq\n�pu � �F� ~ � )�kl^_\�Z]gih��]�p�/�/w�oy\n`
��Z�^ne&aqmp{*{ �igy`fa�Z�^n`rm�gik �.� ��g � ^_�ygye�x �D� 	 woy\n`r{*mp\�hv`bZ]c

kT
`fkHk_ed^H^nm��1�r� �&e�� wiadm�{Mo Z]\ne�h�^nmQ��� � �&e�� `fg ��^n�ygye+j 	 �i� sie&o Z]\�Z]{*ed^neq\� Z�kJ{�Z]g/�iZ]cfcfu \ne�k_ed^J^_m �"� ���&e�� Zpgih | Z]`f\ Z]��\_e�eq{*eqg�^ � `r^_s � ~ � hyZ]^nZ � ZpkJ\ne�adm	��eq\ne�h �j-k}e.-vo e�a ^ne�h�w ��^n�ygye&x �D� 	?\_e�oy\_mvhv� ade�k � x 2 hyZ]^nZ��
ed^_^_eq\}^_siZpg�� ^_�ygyezj 	 ��� sye&Z#�peq\�Z]��e^_\�Z]gik��pe�\nk_e-{*m�{Me�g�^_�y{ � `rcfc��
e+hv`fknad� k_k_e�h7`rg�{*mp\neJhved^�Z]`fcUcfZ]^_e�\H`rg�^_si`fkHa�siZpov^_e�\��

� 		� 	 � � ��
 � % �  ,+ � 
 % �� "�0� 1 #���� ��� � �&#�� +-��� � # �� �� ���! ,+-��� � #�����1
��giadcf�ik_`
��eJoy\_mvhv� a ^_`fmpg�ad\nm�knk kle�a ^n`rm�gikqwv` � e��[`fg�^neq\�Zpad^_`fmpgik�mpg�^nsye&| mp\n{

p + p → π + X
�,C �r�#6 �

� syeq\ne
X

\_e�oy\ne�k_eqg�^nkzZ]g/u�\_e�Zpa�siZ��ycre k ^�Z�^_e�w	| mp\Jgye��v^_\�Z]c�Z]gih a�siZ]\n�pe�h�oy`fmpgik&`fg oy\nm]^nmpgv�oy\nm]^_m�gX`fg�^neq\�Zpad^_`fmpgik-siZ#�pe � e�eqg o Z]\�Z]{*ed^neq\n`���e�h:�/u 4�cfZ]^l^_gi`r�7ed^�Z]c � ���]���p� �.�&� siequQ�p`7�pe
� mp^_sS^_sye&eqgye�\_��u�hv` �	eq\neqg�^n`fZpc
aq\_m�k_k kle�a ^_`fmpg kqw

(dσ/dE)lab
w � klo
e�ad^_\�Z]c	hv`fkl^_\n`7�y�v^_`fmpg k � Z]gih^_sye+^_m]^�Z]cLad\nm�knk?kle�a ^n`rm�gikqw

σπ
w
`rgXZpcr��e �y\�Z]`baz| mp\n{ Z�k | �ygiad^_`fmpgikzm]|�^nsye+�/`rgied^_`ba+e�gyeq\n�puS`rg^_sye�cbZ?�%| \�Z]{*e�m]|�^_sie�`rg ad`bhveqg�^+oy\nm]^nmpgUw

Tp
w�Z]gih ^_sie���`fgyeq^_`ba*eqgye�\_��uXm]| ^_sie�oy\_mvhv� ade�hoy`fmpgUw

Tπ
w}Zpcfk_mX`fg ^_sie7cbZ?� | \�Z]{*e"� 2imp\*a�siZ]\n�pe�h oy`rm�gik�w�^_sye�u aqZ]cbad�icfZ]^_e�h%^nsye�klo
e�ad^_\�Z]chv`bk ^n\_`7�y�v^n`rm�gik'�/u:`fg�^neq��\nZ]^_`fgy� m	��eq\M^_sie �Ump\neqg�^ ��`fgB��Z]\n`fZpg�^�hv`
�	eq\neqg�^_`bZ]c?aq\_m�k_k*k_e�a ^n`rm�gik

� ��� x � ~ �[| \_m�{ 4 Zphys � Z]\[eq^ Z]c � �l������� �dw�Z]g h | m�\}gye��v^_\�Z]cioy`rm�gik�^nsyequM�ik_e�h�ad\nm�knk[k_e�a ^n`rm�gik| \_m�{ ~ ^_eqoisyeqgik � 4�Z�hvs � Zp\�� ����>y� � Zpk � eqcfc Z�kH^nsyeq`f\-m � gQaqZpcfaq�ycbZ�^_`fmpg�mp|L^nsye `fgB��Z]\n`fZpg�^ad\nm�knk kle�a ^_`fmpg � k_eqe�e&���iZ�^n`rm�g�� `fg94�cbZ�^l^ngy`f��ed^-Z]c �fwi�]�p��� �.�j �pe�\_u?`f{*o m�\l^�Z]g�^�Zpk_o
e�a ^ � sieqg��ik_`rgi� ^ � mHhv`
�
e�\_e�g�^�{*ed^_sim/hik	| mp\�^nsyetgym�gv��hv` �	\�Zpa ^n`
��ekl`f{ �icfZ]^_`fmpgikH`bkH^nsye�^n\nZpgikl`r^_`fmpg:�
ed^ � eqe�g�^_sye�{9� ~ `f{ �icfZ]^_`fmpgik � `r^_s Ytu�^_sy`bZ � eq\ne��ikle�h�Zpk�p�y`bhyZpgiadeJ| m�\?^_sie+oiZ]\�Z]{*eq^_\n`faJ{*mvhveqc ��2ym�\?^_sie aqZ�kle�mp|���Z]{*{�Z*\nZ�uvk�wv^ � m�hv` �	eq\neqg�^-o Z��\nZp{*ed^_e�\_` ��Z]^_`fmpgikHZp\_e �p`7�peqg�| m�\?^nsye k_o e�a ^_\�Z]cLhv`bk ^n\_`7�y�v^n`rm�g���(?e�\_e+^_sye mpgye � Zpk_e�h�mpg�^nsye~ ^_e�oysye�gik � 4 Z�hvs � Zp\�� ����>y� �=�U� x � ~ `bk?\ned| e�\_\ne�h�^nm7Zpk��pe�\nk_`rm�gQj Zpgih�^_syeMmpgie �iZpk_e�hmpg �U� x � ~ �/u 4�cfZ]^l^_gi`r�%ed^�Z]c � � �p�p�p���+Z�k���eq\�kl`fmpg 4��32L`r���y\ne0C � 6 klsym � k ^nsye7��Z]{*{�Z��\nZ�uXk_o
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��g Z]g `fgyeqcbZpkl^_`ba*oyo `fg�^neq\�Zpad^_`fmpg%`rgB�pm�c
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�i`rcf` ^ u ^_s Z�^Se�` ^nsyeq\�mp|J^_syeX`fgB�pm�c
��e�h oy\_mp^_m�gik�`bk�e.-yad`r^_e�h ^_mZ \ne�k_mpgiZpg�^Skl^nZ]^_e"� � sy`fkS\_e�klm�giZ]g�^Skl^nZ]^_e a�Z]g �
eXeq`r^_sye�\�Z g�� adcfeqmpg m�\

∆
\_e�klm�giZ]giaqepwadm�crcfe�ad^_`7��cfu-g Z]{*e�hF�iZp\_u�mpg&\_e�klm�giZ]g ade�k	`fgJ^_si`fk � m�\_� �U� sye}`rg�^_e�\nZ�a ^n`rm�g&`fgB�pm�c
��e�k	e.-ya�siZpgy�pem]| ��� Z]g�^_�y{ g��i{��
eq\�kHZ]gih�aqZpg0�
eJ{Mmvhve�cre�h��ikl`fgy�M^_sie&m�gyed�Voy`fmpg�e.-ya�siZpgy�pezs�u/o
m]^nsye�k_`fk��� sye {*m�kl^�oy\nmp{*`fgyeqg�^Smp|&^nsye�k_eX\ne�k_mpgiZpg�^Sk ^�Z�^_e�k�`bk�^_sie
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�
∆+ Z]gih

∆++
� e�aqZp�ikle m]|ia�siZp\_��e}adm�gik_eq\%��Z]^_`fmpg �dw�Z]gih�`r^[hve�a�Z�u/k oy\ne�hvm�{*`rgiZpg�^_cfu � �p��� �y\�Z]g a�sy`rgi�-\�Z�^_`fm��^_m&ZHg/�iadcfeqm�g Z]gih Z?oy`fmpg��L� sye}\ne�k � ���p��� �
\ne�k_mpgiZpgiadethve�aqZ�uvk�^nmzZHg/�iaqcre�mpg ZpgihJ^ � m?oy`fmpgik��� syeJZ#�peq\�Z]��e?oy`fmpg7{ �ycr^_`foycf`faq` ^ u�gie�Z]\ ^_sie&oi`rm�gSoy\nmvhv�ia ^n`rm�g�^nsy\_e�klsimpcbh�`bk `fgiaq\_e�Zpk_e�h � `r^_s^_sye+Z�hyhv`r^_`fmpg�m]|L^_sye�kleJ\ne�k_mpgiZpgiade�k ���g4�����]�yw ~ ^_e�a���eq\+oi\_m�o m�kle�h Z�{*mvhveqc�� ~ ^ne�a���eq\�wt���/��� �-| m�\+��Zp{M{�Z]��\�Z�u�oy\_mvhv� a ^_`fmpg^_sy\nmp�i�ps

π0 hve�a�Z�u/k `rg � sy`fa�s:oy`rm�gikMZ]\ne�oy\nm/hy�iade�h mpgycfu | \_m�{#^nsye�hve�a�Z�u mp|
∆(1232)| mp\�oy\nm]^_m�g��/`rgyeq^_`ba?e�gyeq\n�p`fe�k�� e�crm � �1� � �&e��OZ]g h�ZF�i\ne �iZpcrc
oy\nmvade�knk[| m�\ si`r��syeq\ eqgye�\_��`re�k �~ ^_e�oysye�gik � 4 Z�hvs � Zp\�� ����>y� � w mpgQ^nsye mp^_sye�\zsiZpgih�w	kl�i�p�pe�k ^ne�hQZ7k_a�Z]cf`rgy�S{Mmvhve�c ��4�m]^_sm]| ^_sye�kle*{*mvhveqcbk � e�\_e*a�sye�a��pe�h Z]��Z]`fgik ^Je.-vo
eq\n`r{*e�g�^�Z]c[hyZ]^nZ�mpg ^_sye

π0 �/`fgyed^n`faMeqgieq\n�puhv`bk ^n\_`7�y�v^n`rm�gik�`rg7^_sye�aq{*k=�/u�xzeq\n{*eq\ � ����>p��Z �.�Lxzeq\n{*eq\Hadm�giadcf�ihve�h�^nsiZ�^�^_sye�\ne�k_mpg Z]giaqeoy\nm/hy�ia ^n`rm�g�{Mmvhve�cp��Z#�pe3�
ed^l^neq\L\_e�oy\nm/hy�ia ^n`rm�g&mp|v^_sye hyZ�^�Z | mp\
Tp < 3

�&e�� Z]gihJoy\nmpo
m�k_e�hZ*admpgigye�ad^_e�h7{*mvhveqcUmp| ^nsyeJ^ � m<���g�^_sy`bk � mp\n�
w/^nsye a�Z]cbad�ycbZ�^n`rm�g7mp|;�ig Z]c�kl^nZ]^_e�kH| \_m�{ �iZp\_u�mpgS\ne�k_mpg Z]giaqe�k�`fkD�iZpk_e�h�mpg^_sye ~ ^ne�a��pe�\�{*mvhveqc/Z]g h�^_sie}mpgied�Voy`rm�g+e.-ya�siZpgy�pe}s�u/o
m]^nsye�k_`fk Zpknkl�i{Moy^_`fmpg��L� sye!2iequ/gy{�Z]ghv`bZ]�p\�Z]{�k Z]\neJklsym � g�`fg:2L`f�p�y\neFC<� �1�[� syeJe.-vo
e�ad^_e�h�oy`fmpg�{ �yc ^n`roicr`bad`r^ uS\�Z�^n`rm�k
n(π+) : n(π0) : n(π−)

| mp\
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 �1� >1
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Z]\netgymze.-vo
eq\n`r{*eqg�^�Z]c�hiZ�^nZ?mpg�^nsyet^ � m]�Voy`fmpg�`bklm�kloy`fg+Z#��Z]`fcfZ��ycfe�^_m���eq\n` | uz^_si`fk�Zpknk_�y{*ov^_`fmpg���V^ `fk�kle�eqg�^nsiZ�^
π+ `bkt| Z#��mp\ne�hMm	�pe�\

π0 Zpgih*^nsiZ�^ π− oy\nmvhv�ia ^n`rm�g�`bk kl^_\nmpgy��cru*k_�yoyoy\ne�knkle�h| mp\=�
m]^nsSm]|�^_sye�kleJk ^�Z�^ne�k��L��g7^_sie&k_`r{ �ycbZ�^_`fmpg kqw/oy`fmpgik�Z]\ne-oi\_mvhv�iaqe�h � ` ^ns
(θ∗, φ∗)
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sin θdθdφ
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��eJk_`f{M`fcbZ]\ \_e�kl�ic ^�k �

� ��� � ��� � 	 ���
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��� 	�� � � � 
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π0 { �yc ^n`roicr`bad`r^ upw 〈Nπ0〉 wysiZ�k!� e�eqg�aqZ]cbad�icfZ]^_e�hZ]gih*aqmp{*oiZ]\ne�h `r^ � ` ^ns�e.-vo
eq\n`r{*eqg�^�Z]cyhyZ]^nZ1��� syeH{ �yc ^n`roicr`bad`r^ u `bk[e&���i`
��Z]cfeqg�^[^nmJ^_syeH^nm]^�Z]c
π0 `rg adcf�ikl`7�pe�aq\_m�k_k k_e�a ^n`rm�gUwv` � e"��^_sye+aq\_m�k_k k_e�a ^n`rm�gS| m�\H^_sie&\ne�Z�a ^n`rm�g

p + p → π0 + X
�,C � �p� �

� syeq\ne
X
`bkHZ]g/u�\ne�Z�a�siZ?�icreJk ^�Z�^nepw��
e�aqZp�ik_ez^nsyeJ^ � m*Zp\_e�aqmpgygye�a ^ne�hS^_sy\nmp�y��s

〈Nπ0〉 =
σπ0

σpp
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�����	��� σπ0 ����� ��� ������� �!�#"%$&�(')�*�(+ � π0 $ � ������� � $,���(� "-��"%. σpp �(��� ���0/�� � ����"21 /)� � ��� "3$ � �����
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�����y.����O�[HZ� � π± ��"%. π0 9 � � ��' ��� .c���X� ���
� ~2� ��� √s = 53 j �lk��r� � /G�<�S� ��� ��4(;2z h � � � ��"%. DIA � ���w�W� U $<� �(�(� D � � �����(� ":��� √s = 540
j �lk�� RP��"�" �	�:� �J���T4#;=z h � U ;�z h � s � 4]�t" � 9:')�*�:"�� � � � � ���J� ��� � ~2��� � �:� pp $&���#�(��. �<�
��"%.K� � ��� �t� U � ���=� p̄p $<� �(�#��. �<�=�&x2/G�<� �#9 � "
�P����� ���E~I?=~ 42_ ���	��� � ��� ���#� N � �=.2�#7 �<��� ")$ � �DG� � ���<� "Y�("]� �)�q�<x2/%� $,� � .^.��(�*� � � D '2���(� ")�XH � � 9 pp � "). p̄p �("
� �<� � $&���(� ")�	4m_ � ��� �&x2/ �����(")�/ � � �O�\� H�� ��� .2�#7 �<��� ")$ � � D%� � �=�	� "m� ��� .����O� / � �("
���L��").:9K�I. � �2$&' � + � 4�_ ��� π0 � � ��")��+ �	� � �
9K� 9 � "
��'�9�.2���b� � � D '2���#��")��HZ� �(�(� � � �)�X�<x2/%� $,� � . �&x2/ ��" � "
���(� �uHZ� � 9�HZ� � pt < 1.5 j �lk0� $�4

�l"o��.�.2�#���(� "�;S� ���F� " �	��N�A . �	/%� "). � ")$ � ��Hw� ��� π0 �a+ �<� � N � � � � ")�*+ �<� � � 9q��9 � "
��'�9-;
〈pt〉 ;uH � � 9�� ��� 9K�I. � � � � � D%�	� "Y$&� 9 / � ��� . � �8� ���<xI/G�<� �(9 � "
�����L.������KH � � 9�� ~2���&x2/%�	� 1
�(9 � "
���	4Y�l"M� $	$ � � �<� ����� �m�<x2/%�	� �(9 � "
���J�8�K���q.��8�}$&')�8�q���Y9 � � ��' ��� π0 .2� ��� $,��� ACD '2�K� " �
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f YaO[`JQLKN_�OX_ f EaIL_�QL_�OCT\R�gH_UISRUQL_�I&hiM	_dM	GJOjQLYaMlknmoRUQSRpEH_�KNOjQLWqR>ILGrQLs[_�W&G	`P_dM	EaK\TNG]V^g�h
t QLGJ`vucGvIxwzy]{d|�}d~�RUO�Vom�GJILM	GvI�wzy]{�� ��g�~�R�O[VqQLsaG�TNKNO[GPW�R>ILG�QL_�QSRUT�w6W&_dTNK\V�~v��O[_dOF��VaK+�HISR�`JQLKNbcG
w(V[RUW&s[G]V[~v��VFK+�HISR�`JQLKNbcG�w(Va_UQ&�3VaR�W&saG]V�~v�

∆(1232)
w(VF_�Q&QLG]V[~�RUO�V�ILGPW]wzy ��}d}d~Xw(Va_�Q&��VF_�Q&�

V[RUW&sH~vk



� V ������������� ��� � �����	��
�� � ���$����
��>
����
�c�
	j� � ��
 ����
���� � 
�


0 0.5 1.0 1.5 2.0
0.01

0.1

1

10

100

pt

�������������

E
d

3
σ
/d

p3

���
� 
!" −

2

# 3$

%'&)(+*
π0

%'&)(+*
(π+ + π−)/2

,.-0/1*
(π+ + π−)/2

7980:�;�<>=32�?6@04�A B DaEHGvILK\M	GJOjQSRUTjK\Ojb�RUILK\R�O�Q�`JIL_�W&W�W&GP`vQLK\_�O
Ed3σ/dp3 RUQ�EaIL_jVFY[`JQLKN_�O	R�OF�5 TNG θcms = 90◦ RUO�VZgHGPR�M GPO[GvI 5 h √

s = 540 6 G.7 f _UI
(π+ +π−)/2

w98[TNT\GPVZQ&ILK\R�O 5 TNGPWS~R�O[V
π0 w98�TNTNG]V W�:jY[RUILGPWS~9M	G]R�W&YFILG]Vlg�hpQLsaG �<;)=r`P_dTNT\R�gH_UISRUQLKN_dO w

p̄p
`P_�T\TNK\VaGvIoGJDFEHGJILK+�

M	GPO�Q A�>xR�OaO[GJI�GJQ�R�T6kN�[yP{d�?=j��yP{d�?@d~�RUO�V gHGPR�M GPOaGJI 5 h √
s = 53 6 G.7 f _UI

(π++π−)/2w6_dEHGPO `PK+IL`PTNGPWS~�M	G]RUW&YaILG]V RUQ�QLs[GBA tDC w
pp

`P_�T\TNK\VaGvI AE; TNEHGJI�GJQ�R�T6kN��yP{c|?F�~�QL_ 5 GJQLsaGJIHG9K+QLsQLs[G
π0 KNOjb�RUILK\R�O�Q�`vIL_dW&WqW&GP`JQLKN_dOi`]R�TN`PYaT\RUQLG]V f IL_dMJIp_dO�QLG3KxRUILTN_lW&KNMZY[T\RUQLKN_dOaW�KNOiQLsaK\WGx_UILu R>Q

Tp = 181 L GM7 w √
s = 582 6 G.7Z��W&_dTNK\VrT\KNOaG>~ R�O�V Tp = 1.41 L GM7 w √

s = 51.56 GM7n�FV[R�W&saG]V	TNK\OaG>~vk L s[G ujK\OaujW�KNO	QLs[G T\KNOaGPW�RUILG�VaY[G9QL_qTNK\M	K+QLG]V	GPbdGPO�QxWzQSRUQLKNWzQLKN`PW9RUO�V8�OaKNQLG W&KONJG]Vlg[KNO[WPk
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7980:�;�<>= 2�?6@87$A ;�bcGJISR 5 G Q&ISR�OaW&bcGJILW&G M	_dM	GPO�QLY[Ml� 〈pt〉
� f _�I EFIL_jVaY[`vQLK\_�O _ f EaKN_dO[W9RUO�V

R�TNT�`Ss�RUI 5 G]ViE[RUI&QLKN`PTNGPW w
π± � K± R�O�V EaIL_UQL_dOaWS~ bcGJILW&Y[W QLs[G T\RUgH_�ISRUQL_UI&hXM	_�M	GPO�QLY[Mlk

moR>QSR EH_�KNOjQLW RUILG f _�I
π+ w6_dEHGPO Q&ILK\R�O 5 TNGPWS~v� π− w98[T\TNG]VCQ&ILK\R�O 5 TNGPWS~ RUO�V RUT\T�`Ss�R>I 5 G]VE�R>I&QLKN`PTNGPWrw98�TNTNG]V W�:�Y�RUILGJWS~ f IL_�M A tDC ��R�TNT `Ss�RUI 5 G]V E�RUI&QLKN`PTNGPW w98�TNTNG]V VaK\R�M	_�O�VaWS~ f IL_�M9);qyZR�O�V^R�TNT�`Ss�RUI 5 G]ViE[RUI&QLKN`PTNGPW	w98[T\TNG]V `PK+IL`PTNGPWS~ f IL_dM K�m;:�k
A tDC V[R>QSR R>ILG f IL_�M

pp`P_�T\TNK\VaGvI�GJDFEHGJILKNM	GPO�QLW9R�O[VlRUILGoQSRUucGPO f IL_dM C _�W&W&K�GJQ R�T6k�wzy]{c|�Fd~ R�O�V<9);nyoR�O�V K�m;:
V[R>QSRiR>ILG f IL_�M

p̄p
`P_�T\TNK\VaGvI GJDFEHGJILKNM	GPO�QLWrR�O[V R>ILGpQSR�udGPO f IL_dM ; gHGpGvQ R�T6k wzy]{��d�c~vk=�KNOaGPW�R>ILG f _�I

π0 w6W&_dTNK\V T\KNOaG>~v�$R�TNT�`Ss�R>I 5 G]V E�R>I&QLKN`PTNGPW w(VaR�W&s[GPVlT\KNOaG>~ RUO�V R�TNT�`Ss�R>I 5 G]VE�R>I&QLKN`PTNGPW f IL_dM?> hjQLs[K\RA@jk C w(Va_�Q&��VaR�W&s[GPV TNKNO[G>~ `]RUTN`PY[T\RUQLGPV f IL_�M QLsaG Ip_�OjQLG�KxR>ILTN_
W&KNM YaT"R>QLKN_dO[W9KNO QLsaKNW'G�_�ILuHk

$<� " �&x2/G� $&�[� � ��� 〈pt[π
0]〉 ' 〈pt[π

±]〉 �r� �(" �	�[� �Q���T4(;�z h � � � 4M5y� N ' ��� i 4(z � � � � � �m� ���
$<� �($<'��(��� � . 〈pt[π

0]〉 � ���[HZ'�")$,���#��"c��Hy� ���:/�� � ����"F9K��9 � "
��'�9 �#"-� ��� ��� D � � ����� ��A H � ��9 �
��� N � � ���<��� �#� �c�<x2/%�	� �(9 � "
��� ��.����O�:HZ� � π± 4�_ ��� $<� �($<'��(�����(� "F��H 〈pt〉 � ����.2� " �0� �#� � ��'2�
��" A 9q�2. � �\d)�*���(" N 4 � ������� � �0���T4 � z h � � ��� �b���#9[��� � .c� ���J�<��� � � � " 〈pt[π

±]〉 ��� D%� � D � '2�
z VCB ��"). 〈pt[π

0]〉 $	����$&'������ � . ���<��� �(� � �#� � �#"-� � �(� �<��� � � 9[� ��N �("�4� �q+ �<��AY� � N��o/�� ����� "�9K� 9 � "��O� �<xI/G�<� �(9 � "
�����P.������]���q�#" N � " �<� ���=�#�(9K�8� � .o���]� ���
�a+ �	� � N � � � ��"%�*+ �<� � � 9K��9 � "
��'�9 � Ht$ � � ��N�� . / � � ���($<� � �<; 〈pt[charged]〉 ; �����<��� $ � � ��N�� ./ � � ����$&� � ���#"%$&�('). � $ � � ��N � . / �(� "%�<;I$ � � ��N � .qfa� � ")�=��"). /)� � ��� "%�<4 �wN ���("�; � �#� � � '2�=d��*���#" N ;
〈pt[charged]〉 � ���w$<� �($<'��(��� � .FH � ��9EDc��"
� �GF � � �(� � + � "
�t.������}� ").]$<� 9 / � ��� . � �#� �]�<x 1/%�	� �(9 � "
��� �B.����O�F9 � � ��' ��� .Y���0� ��� � ~�� � "). D
A � ���}�t� z[��"%. F p 5�$<� �(�(� D � � �����(� ")�	4 H� �[$	��" DG�<� "6� �	� "o�("@5�� N ' ��� i 4(z � � ��� .2�#7 �<��� ")$ � ���K� "{� �)� � � . �<� ��HX�^H �	��/G�<� $ � "
��&x $ �	/ �w����+ �	��A[� � N��3� " �<��N � � �	4y_ �)� .��(��$ ���</ � ")$ A �("c�a+ �	� � N � � � � ")�*+ �<� � � 9K� 9 � "
��')9����I*JLK*M(N�O*PQO*R�STM(UVO1MLW�XZYA[\O*]-O

pp ^ K�_�_�R�`aN#bLO*SZ`TM(UVO1Mdc!egf�O*SZ`ihkj-lmO*b�N p̄p ^ K�_�_�R�`ZN�b\Non&p8N#b�R�q;N#S5M(]�r
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� � � � "-�#"c� ��� 5y� N ' ��� i 4(z � 4�_ ��� � N ���<� 9 � "
�w�(�W9:')$ �-DG� ��� �<�X� �#� � .������KH � � 9�� ���q�W� z
$&���#��� D � � �����#��"c��").F� ���GF p 5@.����O� / � �("��WHZ� � √s = 630 j �lk 4!_ ���:� � N���� �*�X.)����� / ���#"
�
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$<� ')� �:/�� � ����")�W� ���m� � � $,� � ��$<� �#� A $ � � ��N � .�4�1B� � $,� � ��$<� �#� A $ � � ��N � . / � � ����$&� � �w�("
� �	� ��$,� � �#� �
j0����� $&����$w9[� N " � ���($Wd � ��.��P��"%. /�� ������")�=9 � � ��' ��� .}���21�� � � � $	��"�"�� � DG� � ���*�2$&����� � . � �#� �
��" A � /G� $<�8d%$q��� ' � $ � 4W_ ���q/�� � ����"]� /G� $&� � '�9 � � �W��� D%� . �<� �(+ � .�;%')��')� �#� A H � ��9 � ��� � D 1
� �	� + � . N � 9q9[��1 � � A � /G� $&� � '�9-; ��� �($ �[���	g '�� ��� �L�8� �<� �����#+ � $<����$&')�(�����(� ")� ���)�<��� � " � �(" / '2�O�
� � �(� � /�� ����� "�� /%� $,� � �c��"%.n$&� 9 / � ��� �X� ���3��� �*')�8���#" NcN ��9K9[��1 � � A � /G� $,� � � � �#� � � ��� � D 1
� �	� + � .Q� " � 4� '�"�"��(" N Dc��"
� � F � � �#�0���#9J'��(�����(� ")�y�(" � + �	��A �#� �	� �����(� "q��HG��')$ � $<� �($<'��(�����(� ")�y���L9:')$ �
���I�3���(9 � $<� ")��'�9K�(" N 443t�a+I�#" N � / � � ��9 � � � �($:9q�2. � � ��� ��$ �^���</ ��� $ � �X�*�(9:')�(�����(� ")�0���#9q1/ �(�8d � �=� ��� $<� �($<'��(�����(� ")�	4�_��q9 �	� ��� ��� " �	� .��=��H�� "}�(9 /)� ��+ � .K9K�2. � �GHZ� ��/�� ����� "21 /�� ������"
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����� � ���I�&�F�S�J�m� ���L�m�����K����� �&�m�F�

_ ��� .��87 �<��� "
���������#")$<�#'%�*�(+ � $ � �
���m� � $&���(� "YHZ� �:� � $ � � � $<� ").�� ��A�/ � � ����$&� �[� ���m$<� �($<'������ � .
')���#" N � D ��+ � 9 � "����#��" � . � ���*��� N�� � 9[�<; ∆N/∆ log (E) ;%��").

∆σincl(E)

∆ log (E)
=

1

Npp

∆N

∆ log (E)
σpp

� � 4 � �

�����	��� E �(��� ��� � � $&��").�� ��A:/ � � ����$&� � ��� ��� � � " �<��N A ; Npp �(��� �)� "I'�9 DG�<� ��H /�� ����� "21 /�� ����� "
�("�� �<� � $&���(� " � + � "
���[���#9J'������ � . � � AI/ ��$<� �#� A � i�V V � + � "
�O�<; D '2�}HZ� �}?BA � � �(�����Q+ �	��A 1 � � N �
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��� � � "). σpp ���y� ��� $ � �
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$	����$&'������ � .['%�*�(" N:��g ')�����#��")� i 4#z�z ;i 4(z U ; i 4(z s ��"). i 4(z i 4e5y� N ' ��� � 4 U � � � � �}� ��� � D �O���(" � .��#")$<�#'%�*�(+ �YN � 9q9[��1 � � A $ � �
���
� � $,���#��")�JH � ��9 ")� "21l.2�#7 � � $&���(+ � ��").{.2�87 � � $,���#+ � ���#9J'��������(� "%�:HZ� � �cH �<� /�� ������"ofI�(" � ���($� " �	��N � � �<4

_ ��� .2�#7 �	��� "����(� ���(")$&�(')���#+ � $ � �
���P� � $&���(� ")�	; N �(+ � " DIAQ��g ')�����#��" � 4 � ; �=�	��� � �)� "Fd��*� � .
���0��":� � N��<D�� ����$LHZ� � 9 F (x) ; � �#� � x = log (E) ��"). E �("qj �lk 4�_ ��� .��87 �<��� "
�������
�(")$&�(')���#+ �
$ � �����P� � $,���(� "F���P��� f � "Q��� DG�

∆σincl(E)

∆ log (E)
= F (x)Fkl(x) � � 4 � �

�����<��� Fkl(x) ���y�t$&'2����7qHZ'�")$,���#��"m� � ���S� /�/)� � x �(9K��� � � At� "2HZ� � $ � �!� ����� " �	��N�A 1>9K� 9 � "
��'�9
$&��")� �	� +������(� "�4

_ ��� HZ� � 9 F (x) �(�S.��87 �<��� "
�SHZ� �S� � $ � ��HG� ��� $<� 9 / ��" � "
�O�<4y_ ��� "�� "�1>.2�#7 � ��$,���(+ � $ � �����
� � $,���#��" � � ��d���� � .Q���

Fnd(x) = a0 exp (−a1(x − a3 + a2(x − a3)
2)2) +

a4 exp (−a5(x − a8 + a6(x − a8)
2 + a7(x − a8)

3)2) � � 4 � �
� �8� � $&'2����7]HZ'�"%$,���(� "

Fkl,nd(x) =
1

(exp (Wnd,l(Lmin − x)) + 1)

1

(exp (Wnd,h(x − Lmax)) + 1)
� � 4 � �

3 �	��� Lmin ��"). Lmax � ��� � ��� �(� �=�	� � ").K' /�/G�<� fI�#" � 9[������$W$<'2��� 7F�(�(9q�#���P� "). Wnd,l ��").
Wnd,h � ��� � ���E� ��.I� � �	4�5)� �PN � 9q9[� � � A �=� ��� � � +a� �#' � �w� ���

Lmin = −2.6

Lmax = 0.96 log (Tp)

Wnd,l = 15

Wnd,h = 44

_�� D � � F 4(zE�*')9q9[� � �95 � ��� ��� +����(' � ��HZ� � � �)� � �X/ � � ��9 � � �<� ��HZ� � ���(�\� � $&��").�� ��AK/ � � ���($<� � �<4
_ ��� .2�#7 � � $&���(+ � $ � �����P� � $,���(� " � � ��d���� � .3���

Fdiff(x) = b0 exp (−b1((x − b2)/(x + b3(x − b2)))
2) +

b4 exp (−b5((x − b6)/(x + b7(x − b6)))
2) � � 4 h �

��").Q� �)�ED � ��A ��" ��� ��� ")� ")$ � $ � �����P� � $,���(� "%�����
F∆(x) = c0 exp (−c1((c − c2)/(1 + c3(x − c2) + c4(x − c2)

2))2) � � 4(z V �

��").
Fres(x) = d0 exp (−d1((c − d2)/(1 + d3(x − d2) + d4(x − d2)

2))2) � � 4(z z �
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∆ log (E) = 0.05
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�������7& � ����� � � � � � � � ��� � � � ��� 
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 ��������� �	� ' � ���9� � ���"��43� �B� �$���"� � �"��� � � � ��� � � � )G�%� �B� ) & � �(' )"���%���	���7� �=�B�N��� � ���5��4�� 
 ������� '
���(' ��� ��� � ��� � 4�)"� ��� - 4���� � ������� � �(' � � �64�)#� � ���:����� ���-)G��4 �=� ��� � �G���	)G� � � � � � � ���=�� � ���	� � � � �$��4
��)"�	� � �,�	) � 4����-� , ���
� � �1' � 4 �=� �
�%� � � ' � , ��4�)#� ��� - 43�$�9� �B� ��� � ��� ) � � ���"��� ���� ���:���6� �	� � 4��$� �3�<) � ����� & � ' ��� ��� � �G����)>� � � � � � $ �
� � � �<��� D � ��� �:��� � � ) F � ��4 � ��� D F �
' � �F���
�E��� �=' � � ���"��� ��� � ���:��� '+� �G����)>��� � � ' ���
� 1 
! 1 $ � ���.����4 � �	�%� ���6���"� 8 4 ��� � �"� ��� � )
�
	�	�� � � � � � � � � � ����� ��4 �:� � � ' � � , � ������� ' ���1� � � � �!�K���
�!
 ���:��� '=� � �B� �A���
�*�
� � �����.� � ������� '�
� � ��� ����� � , ���"�(����� � � � � ��� � � � 4�� � ' � � , � �:�N�=� � � ) ��� � ���:��� ' � $ �
� � D F � � � ��) � ��� �+� �+���
�
�$��4������"���=��� �B� � � �
�	��� ) l = 280◦, b = −32.9◦ ) �@� � � ��� �.� � ��)"�5� , � ����4
� 
 �+8 � ) , ��� � ���
�
18� ����� � D � )"� � �G� ��� � )"����� ��� � � ��� ���!�3� ���"�%� ���=� �	��� � �����?���B���
�*� 8 '�� � � �3��4�� 650′×550′ �$ �
� � ��� ���=�=� � ' ���&���
� D �N�=8 ' � �('K� � � ���
� 1 
! 1 $ � �"����)>� � ��� �B�%8 ��� ����� � D F �;� � � � �
) � � �����
� ��� , ��� � �60����.� � � � � � �!�9)"��� �B� ) & � �('5��� �$��� � �
4
� � �����84�� � �!�5� �������7& � �(' �%�����"��0 � � � ���3� �

!32�
32 4 � ��� � � 
�� � ? � ��A � 8;:�<
1 
! 1 $ � � � �$4
��� � ���
� � ����� ��� � ��� � 7 4 � �10��"�*���
�B�"�%� � ���	� D F � �3�10�� �
��� D ��� ��� ���
(1.9±0.4)×10−7 � �
�������3�A) � −2 � −1 ���6���"� 8 4 ��� �A�"� ��� � ) �
	�	"� � � � �B�����5��� � � � 1 
! 1 $) � � ��� �%� � # 1 
 � ) � D F � � �:� �$��� ��� � � � � � �%� & �$��4
�#)G� � �G���	)>� � ����' � ��� � 7 4 �=� ���10�� �
���TD ���
� , (14.2 ± 2.2) × 10−8 � �
�������3�&) � −2 � −1 � � � ���
�9� � ��)>����4 � � � �2� �1'��	� �:� '

dF

dE
∝ E−Γ � � � � �

���-R NQN#S O*] �dO*_ O ^ M(R ^�^ K&K�b�`aR�SVO1M(N#] �VM6O���N�S R b�K�q M(UaN�JLedX&e &1W���eLh�� n5M6b(O*PQO*_ O ^ M6R ^ jdO1M6O,KVO*]6N�r
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' � ��� � �1'��	� & �:� ' � � � � � Γ = 2.20± 0.20 � 3@� �$� �B� �I�G� ��� � ) �
	�	�	 � � $ �
� 1 
! 1 $ � ��� ���� , ����� � D F � �5���
�1'&� " � ��4���� � � 	 �

!32�
 2�
 � A � ��? ��=�?S< �%8(� C
$ �
� ��� �����"� � �"��� � � '!� �=�����"� D F � � �0���"�"�=',� �:� �.��4 ��� � �=� �2������� � ��� �B� )8� ' � ���%���"� � 3  �
� � � ) � �1����� � ����� �6��� � � F � � � $ �
��)"� � 4 � � � �"�3� � � ' � , 3  �) ���
�1'&� � � " � ��4���� � � �
�!) � � ����"�"���/��� ��� ��� � , ��� � ���
� � $ F ��� � � � 8 ��� ��� ) � ��4
��0�� ' � 
K�=� �"� ��� � )��
	�	�/!)������$# � � � $ �
�
3  � � � ���"�	�I���3� � ���
� � ��� �2����� )G�10��	� � �!� 6◦ × 6◦ ' � ��� 2′ × 2′ �
� � � � � � � �C� �&)"�"�%���	��� ����D���
� 1 
! 1 $ � ��) � � � ���J� , ���
� � D F � $ ���()"� � 4 � � � �	��� � � ' � � �!��� � � , ��� � � ��� � ����4��
1.2 × 1021 ) � −2 �
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B�C�7�D.D�EFC�=�G.G�@<H=B L 0����F����"$#&%I'J�J3�K�C 5 #�;<���L#M� 6 3��M3��=%-#M���!�8��+N� #���35%-��"�C���
;<�!+-"
6◦ × 6◦

35�O�P#�"Q�����8%-�!+-���P�.�P%-0���R 6 C R L �M�8��35%-#��.�SB L 0 �����.�8%-�.�F+-"T35+-�U)V�5+
(0, 2.0, 3.9, 5.8, 7.7, 9.7, 11.0) × 1020 ��� −2 B



	�/ ��� ������������� � �������	�������H��� � �	� � � �	�1�
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	 U��
�O�O��7>�����8��#&%('�� #�� %-� 5 +N35%-��� #��8%-����"$#&%(' �J3�K ��) 12CO(J = 1.0)
�!��#M"$"$#����

)�+-���:%-0���
<;�
 L R�
 "$� +-;.�!'*�5)>%-0 � = I K ? I #�N�� ���J�!%�35�
BMC =5G.G 7
H=B L 0 � �J35K�C 5 #�;<���
#�� 6 35�,35�!%-#������8��+N�F#��O35%-�!"�C����
;<�=+-" 6◦ × 6◦ 3��O��#�" �����8%-�!+-���J��� %-0 �2R 6 C R L ���8� 35%-#�����B
L 0��������8%-�.� +-" 3
+-� )V��+ (0, 1.5, 3.0, 6.0, 12.0)

� 6 �L1
"�B

� � � ��' �=� � �=' � )	)G� � ��� � ��� � � F � � � � � � � ��� � )G�	��� , � � � ��)G4 ��� �I� ' � ���%���	� � 3 2
� �

�?� � ��) � � ' & � �%��� ��� � ��� � � �����"��� � � '%) WCO ) ) � � ���J)G���%0��"����� � ��� 3 2
)G� � 4 � � � �"��� � � ' 4�� � �!������ X & , � )>����� � � 43�
� �I� �

X =
NH2

WCO

� � � � �

$ �
� X & , � )G����� , ���-����� � D F�' � � � � � �$4
��� � � ' ����� � � � $ 1 � ��� �%� ��� ��� XLMC '
(9 ± 4) × 1020 ) � −2 � 
 8 � ��� � −1 � D �65 4
�
���G� ��� � ) ������� � �

$ �
�(����� ��� )G� � 4 � � � �"�3� � � ' � , � ����������� � �C���
� � D F � �E�	�$� �=��� ��� � � '

Np = NHI + 2NH2

� � � # �
� � � �-�
����� � ��� � �-��� � �-�
�3� � �	)G��� � � ' 3 ��� � � � � �;����� 18� ����� � �K0 � ) � � � � '/) ����� � �%���	���$��� �N��� �
� � ��� 4 � )G���%� ��� ��� � ����4�� �
� B �
� �N� 4 � � $ � � � ���(' �
�������K����4
� , ���E���
� � D F �
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� � � �"�A���
� � ����4 ��� � � ���B��� � �A���
�()G�%� �B� ) & � �(' 7 4 �=� � � ��������� �
� ) ) ����� ��� - �	���	�%� ����� � �������7&� �(' 7 4 �C� ��� � 0��	� � '

dF

dE
=

∫

Ω

NpdΩ

∫

Tp

Jp(Tp)
dσ(Tp, E)

dE
dTp

� � � � �

'&�
�"��� Np � �,���
�9)"� � 4 � � � �"��� � � ' � , � ���������3� � 3  � � � 3 2
� ) Jp � �,���
�-)G�%� �B� ) & � �(' � � ��) &����4 � � � � , 4
��)G� � ���J� , ���
� � ��������� 8%� �
�"� � )5�"���"�<� ' Tp � � � dσ/dE � �8����� � ��) � 4�� � 0��@)G�������

�$��)>� � ��� � � , 4
��)G� � ���+� , ���
� � ��������� 86� ���G� � )��"�
�	�1� ' Tp � � � ���
�2� �%�2����& � �(' �"���"�<� ' E �
$ �
� � ��� � � , ���
�B� 8 '�� �%���3��� � ��� � �10��	� ) Ω ) � �*���
� 6◦ × 6◦ )G�10��	��� � � ' ���
� � �"�3� � � ' � � �
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�	�1� � ��� )
Tp )
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� ��� - �	���	��� �:��� � �������7&� �(' 7 4 �C� �@) ��� )G4 ��� ��� �C� � � � � ���"� � � � 0�� � ����)G����� � � � � �@�$� � �$��� � ' � ��� � ��� � ����� � � � � � � � � �������4
����� , �������
�9)G�%� �B� ) & � �(' 7 4 � '&� � )#� � � � ���$4 � � � ������� �5� �1',�"� �:� ' � � � ��������� 86� �
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�	�1� '
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$ �
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�B�����$4 � � � �!� � �%�2����& � �(' � � �	)>����4 � ' �N�:� ��� �=' � � � �	� � ��� ���
�
� � �	)G��� ���7� � � � � � , ���
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����� �
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! 1 $ � �%� 0��	� ' � �6���D���"�3� � � � 0 � � 'P� �3�10�� � , �"' 
(��� � � � ��� � �1' �, �"' �64
� � ��� �AD ��� �
��� � ���$��� � � � 4
�!� � � � F�� ��� �����I4 � & ��) � �����"� � �!��� ���(' � � �B� � � ���K���
�
� � �	)G����4 � ��$ �
��� � �	)G����4 � � �(���
�	�;���	) ��� )G4 ��� ��� �+� ���"� � � � 0�� � ' 4���� �N� ���
�B���	��4 � � � � � � � � � �
��� ��)#���	�!��� � ��� , ���
� 1 
! 1 $ �%�����"��0 � � � ��� � $ �
�	� �����C�
��� �����N�95	� � � ����)G�����$� � �%� ) n0 )
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.4��$��� � ��4�)#����� � �B�����C����� ���27 4 � ��� ��� ��� ��)#�
���!���
� 1 
! 1 $ �%�3�$�	��0 � � � ��� � $ �
�
�����$4 � � � �!������� �B���N�95	� � � ��� � � n0 = (15.6 ± 2.4) × 10−8 ) � −2 � −1 ��� −1 
(��� −1 � � � ���
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 � 4���� ��� � � ����4 � �;' � ��� " � 3 D � , 3◦ � $ �
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∫
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∫
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dθ � � � ���
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� �!� � ��� θ = 0◦ � �
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� � ��) ��� �	��� � ���������B� � �	)>����4 � � � 
 �
� $ ��� � $ �
�E� ���N�3� ���$4 �!� ���	���$� �, ��� �:� �1���"�*0 � �"' � �!� � �!� � ���;���	) � 4������ , ���
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�
� ���N� � � � ����4
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��~/|�i/i i/m#��n�j%|��Yi l)lFl)lFl)l)l�l)lFl)lFl)l)lFl)lFl)l�l)l)lFl)lFl)lFl)lFl)l)l �.�
p l z �Oh.~�h.��m�n/m�~�j � m#} j+�Y�Vo+�Yi/j%v�m ��h.���&h � ~�h�u ��~/|�i/i i!m?��n�j%|��Yi � |�~�gYh�~/u�|�� ~�m#i/| �

�Yh��Y�Vm?i l)lFl)lFl)lFl)lFl)l)l�l)lFl)lFl)l)lFl)lFl)l�l)l)lFl)lFl)lFl)lFl)l)l � �
p l p �Fh����&h � ~�h�u&i!q�m#�Vn/~��*� g
u q*~�|.n�|��Yi �Uj%n/t h�q3|X� m�~ � o+h�� i/q�m#��n�~/�Y� l)l)l �.�
p l � � o+m#�Vn/~�|���h.�Y} q�|�i/j�n�~/|��$i/q3m?��n�~�h�g
u q*~�|.n�|��Yi �Uj%n/t h�q3|X� m�~ � o+h�� i/q3m?��n�~/�*� �Xz
p l � �Oh.~�h.��m�n/m�~�j � m#} pt

}*j+i!n/~�j%gY��n/j+|���� |�~U�Y|�� � ~/m?i!|��Yh.�3�Vm � E = 1 ��m )'� l)l)l �Xs
p l s �Oh.~�h.��m�n/m�~�j � m#} pt

}*j+i!n/~�j%gY��n/j+|���� |�~U�Y|�� � ~/m?i!|��Yh.�3�Vm � E = 100 ��m ) � l)l � �
p l � �Oh.~�h.��m�n/m�~�j � m#} pt

}*j+i!n/~�j%gY��n/j+|���� |�~U�Y|�� � ~/m?i!|��Yh.�3�Vm � E = 1 �xm ) � l)l)l s��
p l+� � �Oh.~�h.��m�n/m�~�j � m#} pt

}*j+i!n/~�j%gY��n/j+|���� |�~ n�t*m)~�m#i/|��Yh��Y�VmF�V|���q�|��Ym���n�i lFl)l)l s �
p l+��� �Fh����&h � ~�h�u&i!q�m#�Vn/~�h � ~�|�� q*~/|�n/|�� q�m��Y��j%oxg3m?h.� l)l)lFl)lFl)lFl)lFl)l)l s��
� l+� � |���q3h.~�j+i/|�� | �7h�v�m�~�h.��m � � � � � }�j%{w�Yi!m)m#��j+i�i!j+|���i/q3m?��n/~�h��Uj�n�t���|�}�m#o s�p
� l � �Qj�{w�Yi/m)m���jdi/i/j%|�� ��|�}�m#oyi!q�m#�Vn/~�h g
u � h.�&h.m�mVnDh�o;l�l)lFl)lFl)lFl)lFl)l)l s �
� l � �\j+|���}�m?��h�u ��h.���&h � ~�h�u&i/q3m?��n/~�h���h.od�V�Yo+h.n/m#} �Uj%n/t �Fh.o+q*~�|�q lFl)lFl)l)l s��
� l z �\~�|.n�|���i!q�m#�Vn/~�h�|�g�n�h�j%�Ym#}$�Uj�n�t �Fh.o+q*~/|�q l)lFl)l�l)l)lFl)lFl)lFl)lFl)l)l s �� l p � o+m#�Vn/~�|���i!q�m#�Vn/~�h�|�g�n�h.j+�*m#} �Uj�n�t �Fh.o+q*~/|�q lFl)l�l)l)lFl)lFl)lFl)lFl)l)l � �
� l � �Fh����&h � ~�h�u&i!q�m#�Vn/~��*� j+� n�t*m)j+�*�*m�~��Fh.odh � u l)l�l)l)lFl)lFl)lFl)lFl)l)l � �
� l � �Fh����&h � ~�h�u&i!q�m#�Vn/~��*� j+� n�t*m��Fh.odh��Vn/jd��q*o+h��*m l�l)l)lFl)lFl)lFl)lFl)l)l � �
� l s �Fh����&h � ~�h�u&i!q�m#�Vn/~��*� j+� n�t*m)|��*n/m�~D�Fh�o+h � u l)l�l)l)lFl)lFl)lFl)lFl)l)l � z
� l � � � � � � j+�&h.��m�| �9n�t*m�� � � lFl)lFl)l)lFl)lFl)l�l)l)lFl)lFl)lFl)lFl)l)l � �
� l+� � ��� ��|�o+�*���$}�m#�Yi/j�nMu | �9n�t*m�� � � lFl)l)lFl)lFl)l�l)l)lFl)lFl)lFl)lFl)l)l � �
� l+��� )Om#o%|��Vj%nMu � j+��n/m#��~�hXn/m?}&j+��n�m��Yi/j%nMu �&h.q$|��6n/t*m�� � � l)l)lFl)lFl)lFl)lFl)l)l � s
� l+� � � i!n/j+�&hXn�m#}$��h����&h � ~�h�u�i/q�m#��n�~/�Y� � ~�|�� n�t*m�� � � l)lFl)lFl)lFl)lFl)l)l � ���
� l+� � �Fh����&h � ~�h�u&i!q�m#�Vn/~�h � ~�|�� h �Ph��*�*m?} qY~/|�n/|�� �MmVnDh.n�}�j�{wm�~�m���nDh��*��o+m#i�l)l � ���
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� l+� �
q�m#�Vj%�3�#hXn/j+|�� h��Y} q�m�~ � |�~��&h.�Y��mF|��7�F� �Q��� � � �O��v�i�l � � � � � l�l)lFl � �
z l+� � |
m�� �Vj+m���n�i0� |�~ n/t*m)j+�*m#o+h�iMn�j+�Fq*~�|.n�|�� � q*~�|.n�|�� ��~/|�i/i i/m#��n�j%|��Yi$lFl)l�l)lFl z��
� l+� �Dm��Y�*j%n/j+|��Yi�|��\�Fh.odh � u&~/m#��j+|��Yi l)lFl)lFl)l�l)l)lFl)lFl)lFl)l)lFl)l�l)lFl �*�
� l � � � � � � i/q3m?��n�~�h�j+��}*j�{wm�~�m���nU~/m#��j+|��Yi | �9n�t*m��Fh.odh � u lFl)l)lFl)l�l)lFl � p
��l+� �Oh.~�h.��mVn�m�~�i � |�~ n/t*m � j+��t*m#oxi/q3m?��n/~��*� l)l�l)l)lFl)lFl)lFl)l)lFl)l�l)lFl � ��p
� l%� �Oh.~�h.��mVn�m�~�i � |�~ n/t*m)�Y|�� � }�j%{�~�h��Vn/j+v�mF�V��n�|.{ � �*�3��n/j+|�� l)lFl)l)lFl)l�l)lFl � � �� l � �Oh.~�h.��mVn�m�~�i }*m#i��V~�j%g*j+�*����h�����h ~�h�u i!q�m#�Vn/~�h l)lFl)lFl)lFl)l)lFl)l�l)lFl � ���� l � �Oh.~�h.��mVn�m�~�i }*m#i��V~�j%g*j+�*��m�o+m#�Vn/~�|���i!q�m#�Vn/~�h l�l)l)lFl)lFl)lFl)l)lFl)l�l)lFl � � �� l z �Oh.~�h.��mVn�m�~�i }*m#i��V~�j%g*j+�*��q�|�i/j�n�~/|��$i/q3m?��n�~�h l�l)l)lFl)lFl)lFl)l)lFl)l�l)lFl � ���� l p �Oh.~�h.��mVn�m�~�i }*m#i��V~�j%g*j+�*��m�o+m#�Vn/~�|��$�*m��*n/~�j%�*|&i/q3m?��n�~�h lFl)lFl)l)lFl)l�l)lFl � ���� l � �Oh.~�h.��mVn�m�~�i }*m#i��V~�j%g*j+�*��m�o+m#�Vn/~�|���h.��n/j � �*m���n�~/j+�*|�i!q�m#�Vn/~�h l)l)lFl)l�l)lFl � �.z� l � �Oh.~�h.��mVn�m�~�i }*m#i��V~�j%g*j+�*�����Y|��$�*m���n�~/j+�*|&i/q3m?��n/~�h l)lFl)lFl)l)lFl)l�l)lFl � ��p� l s �Oh.~�h.��mVn�m�~�i }*m#i��V~�j%g*j+�*�����Y|���h.��n/j � �Ym���n�~/j+�*|&i!q�m#�Vn/~�h lFl)l)lFl)l�l)lFl � ���� l � �Oh.~�h.��mVn�m�~�i }*m#i��V~�j%g*j+�*��n/~�h.�3i!v�m�~�i!mQ��|���m���n/�*� }�jdiMn�~/j+g*��n�j%|��Yi l)l�l)lFl � ���
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� t*mFq*j+|�� }�m#�#h�u�i h�~/m
π0 → γγ (98.80%)

π+ → µ+ + νµ (99.99%) � ��l%�,�
π− → µ− + ν̄µ (99.99%)

� t*m#i/m h�~/m�h.o+oxnM� | � g�|
}*u�}*m#��h�u�iQh.�Y} n/t*m��
j%�*m#�&hXn/jd��i���h�� m?h�i/j%o+u g�m��B|�~ ��m#}�|���n#l)� t*m
vXh.o+�*mFj%� n/t*m)q3h.~�m���n/t*m?i!jdi j+i n�t*mFg*~�h.�Y��t*j+�*��~�h.n/j+| � |�~ n/tYh.nUqYh.~/n/jd�V�*odh.~ ��|�}�m�l\� tYm#i/mFh�~/m
n/t*m�}�|���j+�Yh���n&}�m?��h�u ��|
}*m#i�h.�Y} h.o+o |�n/t*m#~ ��|�}�m?i��#h.� i/h�� m�o+u g�m$�*m���o%m?��n/m?}�l ![� n�t*m
� |�o+o%|X�Uj+�*�$n/tYm"��j+�*m�n/jd��m��*m#~/��j%m?iQ| �Bn�t*m }�m?��h�u q*~�|�}��Y�Vn�iFj+� m?h���t |�� n/t*m }*m#��h�u�i��Uj+o%o\g�m
}�m�~�j+v�m#}yl

� t*m π0 }�m?��h�u�i j%��n/| nM� | ��h�����h ~�h�u�i#l ![��n/tYm q*j+|���~/m?iMn�� ~�h���m�kQ��|��Yi/m�~�vXhXn�j%|��
|���o%j+�*m#h�~���|���m���n/�*� ~/m ���Yj%~�m#i�n/t*m�q*tY|.n/|��Yi�g�m$m#��j�n/n/m#} j+� |�q*q3|�i!j%n/m }�j+~�m#��n�j%|��Yi�h.�Y}
�V|��Yi!m#~/vXh.n/j+|��$|��7m��*m#~/��u ��j+v�m?i E∗

γ = mπ0/2 l�� m#�#h.�Yi/m�n/t*m��*m���n�~�h�oyq*j+|���tYh�i�i!qYj%� � m�~�|Ykn/t*m h.�*���*o+h�~�}�jdiMn�~/j+g*��n�j%|�� �Uj%o+o�g�m jdi/|.n/~�|�qYj+��j+� i!qYt*m�~�j+�#h.o���|
|�~�}�j%�3hXn/m?i"� θ∗ k φ∗ �Fj%� n�t*m
q*j+|�� ~�m#i!n � ~�h���m�l<�7m�~ � |�~���j%�Y�$h$�y|�~/m#��n � n�~�h��Yi � |�~/�&h.n/j+|��.� ~�|�� n�t*m�~/m?iMn'� ~�h.��m�n�| n�t*m
o+h�g3|�~�h.n/|�~/u
� ~�h.��m&��j+v�m?i)h 	3hXn�m#�*m�~���u i!q�m#�Vn/~��*� �Uj%n/t ��h.���&h � ~�h�u�m#�*m�~���u Eγ

j+� n�t*m
~�h��*��m

Eπ

2
(1 + β) ≤ Eγ ≤ Eπ

2
(1 − β) � ��l � �

�Ut*m�~�m Eπ
jdiFn/t*m m��*m#~/��u |�� n/tYm&q*j%|�� j%� n�t*m odh.g�|�~�hXn/|�~/u
� ~�h.��m h��Y} β = v/c � |�~)n/tYm

q*j+|��yl
�DiFi!tY|X�U� j%� ��l+��k���tYh�~/��m#}�q*j+|��Yi�}�m?��h�u�j%��n�| h � �*|�� h.�Y} h ���Y|�� �*m#��n/~�j+�*|Yl �Di �

i!�Y��j+�*� h �Ym���o+j+��j+g*o%m$�*m#��n/~�j%�Y| �&h�i/i#k\j+� n/tYm$qYj%|�� ~�m#i!n � ~�h.��m��V|��Yi!m#~/vXh.n/j+|�� | �Qo+j%�*m?h.~
��|���m���n/�Y� ��j+v�m?i

p2
ν = p2

µ = T 2
µ + 2Tµmµ

����l � �
h.�Y}$�V|��Yi/m�~�v�h.n/j+|�� |��7m��*m#~/��u&��j+v�m#i

mπ = Eµ + pν
����l z �

� �.�



� �.z ����� �����
��� �	� � � �
��� ��
������ ���
������� ��
 �

h.�3} n�t*m�� j%n�� |�o+o%|X��iBn�tYhXn
Tµ = Eµ − mµ = (mπ − pν) − mµ

� ��l p �
� i/j+�*��m ���YhXn�j%|�� ��l p j+��m ���Yh.n/j+|��>��l � ��j%v�m#i

p2
ν = (mπ − mµ)2 + p2

ν − 2pν(mπ − mµ) + 2(mπ − mµ − pν)mµ
� ��l � �

h.�3} j%n�� |�o+o%|X��i n�tYhXn
2pν(mπ − mµ) + 2pνmµ = (mπ − mµ)2 + 2(mπ − mµ)mµ

� ��l � �
h.�3}

pν =
(mπ − mµ)2 + 2(mπ − mµ)mµ

2mπ
=

m2
π − m2

µ

2mπ

� ��l s �
� t*m���tYh�~/��m#})qYj%|��Yi\h.odi/|QtYh�v�m i/q*j+� � m�~�|Fh.�Y}�n/t*m�h��*���Yo+h�~7}*j+i!n/~�j%gY��n/j+|���|��3n/t*mU� �*|���h.�3}
�*m#��n/~�j%�Y| �Uj%o+oxg�m�jdi!|�n/~�|�q*jd��j%� i!q*tYm�~�j+�#h.oy�V|
|�~�}�j+�Yh.n/m#i � θ∗ k φ∗ ��k�j%��n�t*m�q*j+|�� ~�m#i!n�� ~�h.��m�l
�7m�~ � |�~���j%�*�)hF�y|�~/m#��n � n/~�h.�Yi � |�~��&hXn�j%|��ykX��j+v�m?ixn�t*mU���Y|���m��*m#~/��u�h.�Y}���|���m#��n��*� j+��n/t*m
odh.g�|�~�hXn/|�~/u�� ~�h.��m�l

� t*m����Y|�� j+iFj%n�i/m�o+�U�*�Yi!n�h�g*o%m&h��Y} �Uj%o+o�}�m?��h�u j+��n�| h.� m�o+m#�Vn/~�|�� |�~�h$q3|�i!j%n/~�|�� h.�3}
��|�~�mF�*m���n�~/j+�*|�i

µ+ → e+ + νe + ν̄µ

µ− → e− + ν̄e + νµ
� ��l � �

� t*m?i!mUh.~�mBn/t*~�m�m � g�|�}�u�}�m#�#h�u�i�k.h��Y}�n�t*mU}�m#�#h�u)q*~�|
}*�Y��n�iO}�|F�*|.nOtYh�v�m�� � m?}�m#�*m�~���j+m#i9g*��n�Uj+o%o � |�o%o+|X��i/|���m�i/q3m?��n�~/�*��lB��j%�Y��mFn/t*jdiUjdi�h�� m#h�� j%��n/m#~�h���n�j%|��$}�m?��h�u�k
n/t*jdi�i/q3m?��n/~��*� j+i
n/tYm � j+��tYm�oyi/q3m?��n/~��*� � ~/|�� ) � � n/t*m#|�~�u�l

�U����|�~�}�j+�*��n�|�n/t*m � jd��t*m#oxi!q�m#�Vn/~��*� � � |�����j%�Yi � � �Y�%��i!g3h.�*��k��#� s�� �
d2Γ

dxd cos (θ)
∝ FIS(x) + Pµ cos (θ)FAS(x) � ��l%� � �

�Ut*m#~/m x = Ee/Emax
e

k Pµ
jdi n/t*m)� �*|��$q�|�odh.~�j � hXn/j+|��xk
h��Y}

FIS(x) = x2(1 − x) +
2

9
ρ(4x3 − 3x2) + η

me

Emax
e

x(1 − x) � ��l%�����

FAS(x) =
1

3
ξx2

[

1 − x +
2

3
δ(4x − 3)

]

����l+� � �
�Ut*m#~/m ρ k η k δ h.�Y} ξ h�~/mDn/t*m � jd��t*m�o�qYh�~�h���m�n/m#~�iBh.�Y}�n�t*m�j+~ q*~�m#}�jd��n�m#}&vXh.o+�*m?iBh�i�� m�o+o�h�im � q�m�~�j%��m#��n�h.o+o%u ��m?h�i/�*~�m#} vXh�o%�*m?i�h.~�m�o%jdiMn�m#}$j+���6h.gYo%m ��l+��l

![��n/m#��~�hXn/j+�*��m ���Yh.n/j+|��>��l+� � |Xv�m#~ d cos (θ) � m���mVn
dΓ

dx
=

∫

d2Γ

dxd cos (θ)
d cos (θ) = 2FIS(x) � ��l%� � �

� t*m m#�*m�~���u h.�Y} }�j%~�m#�Vn/j+|�� |��Un�t*m m#o%m?��n�~/|�� j+� n�t*m � �*|�� ~�m#i!n � ~�h.��m ��h�� �*|X� g3m
��h�o+���*odhXn/m?} g
u&n�t*m � |�o+o+|X�Uj%�*�&h�o%��|�~�j�n�t*���
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�Oh.~�h.��mVn�m�~ ) � � q*~�m#}*j+�Vn/j+|�� �O� q�m�~�j%��m���n�h.o �Um � m�~�m��Y��m
ρ � l ��p � l �.p � s ± � l ������� �Dm#~/m#� � |.�!�#� � � �
η � l � � � l ����� ± � l ��� � � � �*~ �Xh�~�} mVn�h.oJl �!�#� s�p �
δ � l ��p � l ��z�s�� ± � l ������� ± � l �.���Xs � h.o ��mFmVn�h.oJl �!�#� �.s �
Pµξ ξ * ��l � ��l ����� � ± � l ����� � ± � l �.����� �Bm#o�n�~�h���j�mVnDh.oJl �M�?� s�� �
Pµ

ξδ
ρ ξδ/ρ * ��l � � l ��� ��s�� k � � * � ��� � |�}�jd}�j+|�m�nDh.oJl �M�?� s�� �

��l��Q~�h�� h)~�h.�Y}*|�� �
�*� g3m#~ x h�����|�~�}�j%�Y�Qn�| dΓ/dx lO� t*j+i���j+v�m?i7n/t*mDm�o+m#��n�~/|���m��*m#~/��un�t*~/|��*��t x = Ee/Emax
e

l ! ��n�t*m��*m���n�~/j+�*|$�&h�i�i!m?iQh�~/m��*m���o%m?��n�m#}�kwn�t*m���h � j%� �*�m#o%m?��n/~�|��$m��Ym�~���u�k Emax
e

kY��h�� g�mFn�h ��m#�$h�i
Emax

e ' mµ

2
� ��l%� z �

� l �Qi/i/�*��m θ = 0 j+i�j%� n/t*m)� �*|�� }�j+~�m#��n�j%|��yl
� l��\jd�%� θ h����V|�~�}*j%�*� n/| d2Γ/(dxd cos (θ)) �Uj%n/t x � ~�|�� h�g3|Xv�m�l
z l���h��Y}�|���o+u q*jd�%� φ |�� [0, 2π] l

����h.j+�ykyq�m�~ � |�~���j+�*� h��y|�~/m#��n � n/~�h.�Yi � |�~��&hXn/j+|�� ��j+v�m?iDn�t*m&m�o+m#�Vn/~�|�� m��*m#~/��u j%� n�t*m&o+h�g �
|�~�hXn�|�~�u�� ~�h.��m�l"! � |��*m�� h���n�i�n/|.�
�*|X� n�t*m h.�Y���*odh.~)}�jdiMn�~/j+g*��n�j%|��ykxj%n�jdiF�*m#�#�Vm?i/i�h.~�u�n/|
~/|�n�h.n/mQn/t*m���|�|�~�}*j%�Yh.n/m)i/u
i!n/m#� n/|�o+j%�Ym)�*q��Uj�n�t n�tYhXn�| �9n�t*m)q*j+|��yl
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 � ��� 	 � � � � � � � � 	 �����

![� n/tYm t*j+��t m��*m#~/��u ~�h.�Y��m�k�jJl m�lQq*~�|.n�|�� �
j+�*mVn�j+��m��*m#~/��j%m?i p�� l � ��m )�h��Y} h�g3|Xv�m�k�m�v�m���n�i
� |�~�n/tYm �*|�� � }�j�{w~�h���n�j%v�m qY~/|��Vm?i/iQ� m�~�m���m#�*m�~�hXn�m#} �Uj%n/t �\u�n/tYj+h$v�m#~�i/j+|�� � l � l�� t*m�i�h.��mqYh.~�h.��m�n/m�~&i/mVn h�i��3i!m?} g
u � h���h�m m�n h.oJl#� ������p ��� |�~��M��|�}�m#o ����k\j;l m�l n�tYhXn | � � ��r
�V|�o%odh.g�|�~�hXn�j%|����[n��*�*m ��� �Pr6j+m�od}�k ������� �w�,����i!n/~�h.�Y} � � �Xh.�3}*i�k ������z ��k�� h�iF�3i!m?} � |�~Qn�t*m
��|
}*m�oyj+� n�t*jdi n/t*m?i!jdi#l

� t*mB}�m �Ph.�*o%n6i/mVn��*q�� |�~xq*~�|.n�|�� � q*~�|.n/|��Qj+��n/m#~�h���n/j+|��F� h�i9i!m#o%m?��n/m?}Fg
uFi/mVn/n/j+�*� � � � � * �j%� � � � � � �
	#���)� � �U�wl � n�t*m�~FqYh�~�h���mVn/m#~�iQ�Yi/m#} h.~�m o+jdiMn�m#} g3m#o%|X�)l�r*|�~ �\u�n�t*j+h � l zqYh.~�h.��m�n/m�~�i6}�|
m#i6�*|.n7tYh�v�m�n�|Qg�mUi!m�n7�&h����3h.o+o%u�l � ��h.o+o�|��2����� � � � �!� ��� �6i!m�n�i7�*q��[n��*�*m���)h.�Y} ���F� � � � �M� ��z � i/mVn�i �*q��[n��*�*m � � �
��l
�Ph-� � �Yo�n�j%q*o+m�j+��n/m�~�h��Vn/j+|��yk � ��r��Mn/�Y�*m �����

� �*���(� s ��� * � � �*���(� s�� � * z�7�(� �(� s�� � * � l � �7�(� �(� s�� � * � l p�7�(� �(� s�z � * � l z �7�(� �(� s�p � * � l ��7�(� �(� s � � * � l � p �7�(� �(� ��� � * z l ��7�(� �(� s � � * � s���� l � �7�(� �(�P� � � * � l ��p
�P� �$rY|�~��VmFj%�3iMn�h.��nD}�m#�#h�u&|��O��tYh.~���m?} q*j+|��3i�k$�Xh.|��Yi#k � � o+|��*��iBh��Y}$���*|��Yi#�

� � ��! * ��� � � � �(� � ������ � � ��� � � � !�kx��� * �
� � � * ��� � � � �(� ��� ���� � � ��� � � � kx��� * �
� � � � * ��� � � � �(�M� ��� �� � � ��� � � � ��ky� * �
� � �	� * ��� � � � �(�M� � �� � � ��� � � � � ky�,� * �
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����� ���
	���
������������������������ �!
��"���#� $

���&% � �('���
�� ������� ������� ��� � � � ��� � �����*)+ #-, ��� %���#/. �"%�� �-��, � ��� % ��#��.�

�Oh.~/n/jd�Vo+m Lmin Lmax
a Wnd,l Wnd,h

γ
� � l � 0.96 log(Tp)

� p z�z
e−

� � l � 0.96 log(Tp) ��� z�p
e+ � � l � 0.94 log(Tp)

� p z��
νe

� � l � 0.98 log(Tp)
� p z��

ν̄e
� � l � 0.98 log(Tp)

� p z��
νµ

� � l � 0.94 log(Tp) ��� z�p
ν̄µ

� � l � 0.98 log(Tp)
� p z��

a �\~�|.n�|�����j+�*m�n/jd�Fm��*m#~/��u Tp
j+i j+� ��m )

���10 ����� �!
��"���#� $324���657	8�"9
��$:�<;=�(�>�?�=$�$A@B�C�D�����=	8$
� t*m�� |�o%o+|X�Uj%�Y�Fn�h.gYo%m?i\i!�Y���&h�~/j � m n�t*m�qYh�~�h���m�n/m#~�i a0, . . . , a8

k b0, . . . , b7
k c0, . . . , c4

h.�Y}
d0, . . . , d4

j+� m ���YhXn�j%|��Yi p l � k p l �*k p l%� � k p l+���(� |�~U��h�����h�~�h�u�i#k
m�o+m#��n�~/|��Yi#k�q�|�i/j%n/~�|��Yi#k νe
k

ν̄e
k νµ

h��Y} ν̄µ
l7�x|)m?h�i/m n/t*m��3i!mU| �3n�t*m#i/m�k
hFo%j+g*~�h.~�u�k &#��) "�)6,7��$6. k#j+��n/t*mQ� q*~/|���~�h.����j%�Y�

o+h��*���3h.��m6jdiy~�m#h�}*j%o+uDh�vXh.j+o+h�g*o+m7h.n ���	�	��

���%������� �'�	)�&�� �6��)�/��&E "�� ��� �'����!#/�$#*�� )�� �GF'��.���$	&'� l
����m � h���qYo%mFq*~�|���~�h�� �#h.od�V�*odhXn�j%�Y����h.���&h � ~�h�u&i/q3m?��n�~�h�jdiUh.odi!|�j+�Y�Vo+�Y}�m?}�l

� � �
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���&% � � ' �
	 � ������� ������� ��� + � � % � #�� #���
�
 � ��� �
����� �(' �)% � ��� � � ��� � � # � ������� ' � � �-���
��� � � 
 �

�����������������  "!����$#&% ���'��(*)
#,+,-��/. !�+,(0!1)�2,��!1��!�+435. +,����. -6��+,����718:9
y = log Tp ; . +4<=�?>$@

AB!�+DCFE,. G�@ H"��I&@KJ5@ L
a0

@�@�@�@�@�@M@
−0.51187(y + 3.3) + 7.6179(y + 3.3)2 − 2.1332(y + 3.3)3 + 0.22184(y + 3.3)4

a1

@�@�@�@�@�@M@
−1.2592 · 10−5 + 1.4439 · 10−5 exp (−0.29360(y + 3.4)) + 5.9363 · 10−5/(y + 4.1485)+

2.2640 · 10−6y − 3.3723 · 10−7y2

a2

@�@�@�@�@�@M@
−174.83 + 152.78 log (1.5682(y + 3.4)) − 808.74/(y + 4.6157)

a3

@�@�@�@�@�@M@
0.81177 + 0.56385y + 0.0040031y2 − 0.0057658y3 + 0.00012057y4

a4

@�@�@�@�@�@M@
0.68631(y + 3.32) + 10.145(y + 3.32)2 − 4.6176(y + 3.32)3 + 0.86824(y + 3.32)4+
−0.053741(y + 3.32)5

a5

@�@�@�@�@�@M@
9.0466 · 10−7 + 1.4539 · 10−6 log (0.015204(y + 3.4)) + 1.3253 · 10−4/(y + 4.7171)2+

−4.1228 · 10−7y + 2.2036 · 10−7y2

a6

@�@�@�@�@�@M@
−339.45 + 618.73 log (0.31595(y + 3.9)) + 250.20/(y + 4.4395)2

a7

@�@�@�@�@�@M@
−35.105 + 36.167y − 9.3575y2 + 0.33717y3

a8

@�@�@�@�@�@M@
0.17554 + 0.37300y − 0.014938y2 + 0.0032314y3 + 0.0025579y4

r(y)
@/@�@�@�@�@

3.05 exp (−107((y + 3.25)/(1 + 8.08(y + 3.25)))2) N Tp ≤ 1.95 O �?>P @ Q P N Tp > 1.95 O �?>
R6. GS����-��/. !�+TH&��I&@*J5@ U a

b0
@�@�@M@�@�@�@�@

60.142 tanh (−0.37555(y + 2.2)) − 5.9564(y + 0.59913)2 + 6.0162 · 10−3(y + 9.4773)4

b1
@�@�@M@�@�@�@�@

35.322 + 3.8026 tanh (−2.5979(y + 1.9)) − 2.1870 · 10−4(y + 369.13)2

b2
@�@�@M@�@�@�@�@

−15.732 − 0.082064 tanh (−1.9621(y + 2.1)) + 2.3355 · 10−4(y + 252.43)2

b3
@�@�@M@�@�@�@�@

−0.086827 + 0.37646 exp (−0.53053((y + 1.0444)/(1.0 + 0.27437(y + 1.0444)))2)
b4
@�@�@M@�@�@�@�@

2.5982 + 0.39131(y + 2.95)2 − 0.0049693(y + 2.95)4+
+0.94131 exp (−24.347(y + 2.45 − 0.19717(y + 2.45)2)2)

b5
@�@�@M@�@�@�@�@

0.11198 − 0.64582y + 0.16114y2+
+2.2853 exp (−0.0032432((y − 0.83562)/(1.0 + 0.33933(y − 0.83562)))2)

b6
@�@�@M@�@�@�@�@

1.7843 + 0.91914y + 0.050118y2 + 0.038096y3 − 0.027334y4 − 0.0035556y5+
+0.0025742y6

b7
@�@�@M@�@�@�@�@

−0.19870 − 0.071003y + 0.019328y2 − 0.28321 exp (−6.0516(y + 1.8441)2)

∆
9 P1V�W�V ; H&��I&@KJ5@ P Q

c0

@�@�@M@�@�@�@�@
2.4316 exp (−69.484((y + 3.1301)/(1.0 + 1.24921(y + 3.1301)))2) − 6.3003+
−9.5349/y + 0.38121y2

c1

@�@�@M@�@�@�@�@
56.872 + 40.627y + 7.7528y2

c2

@�@�@M@�@�@�@�@
−5.4918 − 6.7872 tanh (4.7128(y + 2.1)) + 0.68048y

c3

@�@�@M@�@�@�@�@
−0.36414 + 0.039777y

c4

@�@�@M@�@�@�@�@
−0.72807 − 0.48828y − 0.092876y2

����(X9 PXY Q�Q ; HT��I&@KJ5@ P�P
d0

@�@�@�@�@�@M@�@
3.2433 exp (−57.133((y + 2.9507)/(1.0 + 1.2912(y + 2.9507)))2) − 1.0640 − 0.43925y

d1

@�@�@�@�@�@M@�@
16.901 + 5.9539y − 2.1257y2 − 0.92057y3

d2

@�@�@�@�@�@M@�@
−6.6638 − 7.5010 tanh (30.322(y + 2.1)) + 0.54662y

d3

@�@�@�@�@�@M@�@
−1.50648 − 0.87211y − 0.17097y2

d4

@�@�@�@�@�@M@�@
0.42795 + 0.55136y + 0.20707y2 + 0.027552y3

a b0, . . . , b3 Z Q[)\!��
Tp < 5.52 O �?>
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���&%���� '���� �"��� ��� ��� ��� ��� + � � % � #�� #���
 ��� �)% � � �.� �(' � % � ��� � � � ��� � # � ��� ���$' � � �-�.�$��� � � 
 �

�����������������  "!���� #,% ���'��(0)
#,+,-��/. !�+,(*!1)�2,��!���!�+435. +&����. -'��+,����718 9
y = log Tp ; . + <=�?>$@

AB!�+DCFE,. G�@ H&��I&@KJ5@ L
a0

@�@�@�@�@M@�@
−0.018639(y + 3.3) + 2.4315(y + 3.3)2 − 0.57719(y + 3.3)3 + 0.063435(y + 3.3)4

a1

@�@�@�@�@M@�@
7.1827 · 10−6 − 3.5067 · 10−6y + 1.3264 · 10−6y2 − 3.3481 · 10−7y3 + 2.3551 · 10−8y4+

+3.4297 · 10−8y5

a2

@�@�@�@�@M@�@
563.91 − 362.18 log (2.7187(y + 3.4)) − 2.8924 · 104/(y + 7.9031)2

a3

@�@�@�@�@M@�@
0.52684 + 0.57717y + 0.0045336y2 − 0.0089066y3

a4

@�@�@�@�@M@�@
0.36108(y + 3.32) + 1.6963(y + 3.32)2 − 0.074456(y + 3.32)3 − 0.071455(y + 3.32)4+
+0.010473(y + 3.32)5

a5

@�@�@�@�@M@�@
9.7387 · 10−5 + 7.8573 · 10−5 log (0.0036055(y + 4.3)) + 0.00024660/(y + 4.9390)+
−3.8097 · 10−7y2

a6

@�@�@�@�@M@�@
−273.00 − 106.22 log (0.34100(y + 3.4)) + 89.037y − 12.546y2

a7

@�@�@�@�@M@�@
432.53 − 883.99 log (0.19737(y + 3.9)) − 4.1938 · 104/(y + 8.5518)2

a8

@�@�@�@�@M@�@
−0.12756 + 0.43478y − 0.0027797y2 − 0.0083074y3

r(y)
@/@�@�@�@M@

3.63 exp (−106((y + 3.26)/(1 + 9.21(y + 3.26)))2) − 0.182y − 0.175y2 N Tp ≤ 15.6 O �?>P @ Q P N Tp > 15.6 O �?>
R6. GT����-���. !�+TH"��I&@KJ�@ U

a

b0
@M@�@�@�@�@�@M@

0.20463 tanh (−6.2370(y + 2.2)) − 0.16362(y + 1.6878)2 + 3.5183 · 10−4(y + 9.6400)4

b1
@M@�@�@�@�@�@M@

1.6537 + 3.8530 exp (−3.2027((y + 2.0154)/(1.0 + 0.62779(y + 2.0154)))2)

b2
@M@�@�@�@�@�@M@

−10.722 − 0.082672 tanh (−1.8879(y + 2.1)) + 1.4895 · 10−4(y + 256.63)2

b3
@M@�@�@�@�@�@M@

−0.023752 − 0.51734 exp (−3.3087((y + 1.9877)/(1.0 + 0.40300(y + 1.9877)))2)

b4
@M@�@�@�@�@�@M@

0.94921 + 0.12280(y + 2.9)2 − 7.1585 · 10−4(y + 2.9)4 + 0.52130 log (y + 2.9)
b5
@M@�@�@�@�@�@M@

−4.2295 − 1.0025 tanh (9.0733(y + 1.9)) − 0.11452 ∗ (y − 62.382)
b6
@M@�@�@�@�@�@M@

1.4862 + 0.99544y − 0.042763y2 − 0.0040065y3 + 0.0057987y4

b7
@M@�@�@�@�@�@M@

6.2629 + 6.9517 tanh (−0.36480(y + 2.1)) − 0.026033 ∗ (y − 2.8542)

����(�9 PXY Q�Q ; HS��I&@ J5@ P�P
d0

@�@�@�@M@�@�@�@
0.37790 exp (−56.826((y + 2.9537)/(1.0 + 1.5221(y + 2.9537)))2) − 0.059458+
+0.0096583y2

d1

@�@�@�@M@�@�@�@
−5.5135 − 3.3988y

d2

@�@�@�@M@�@�@�@
−7.1209 − 7.1850 tanh (30.801(y + 2.1)) + 0.35108y

d3

@�@�@�@M@�@�@�@
−6.7841 − 4.8385y − 0.91523y2

d4

@�@�@�@M@�@�@�@
−134.03 − 139.63y − 48.316y2 − 5.5526y3

a b0, . . . , b3 Z Q )\!��
Tp < 5.52 O �?>
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���&%���� '���� �"��� ��� ��� ��� ��� + � � % � #�� #���
 ' � � # � � �.� �(' �)%�� ��� � � � � � � # � ������� ' � ���-�.� �!� � � 
 �

�����������������  "!����$#&% ���6��(0)
#,+,-��/. !�+,(0!1)�2,��!1��!�+ 35. +&����. -'��+,����718:9
y = log Tp ; . +4<=�?>$@

AB!�+DCFE,. G�@ H"��I&@ J5@ L
a0

@�@�@�@�@�@M@
−0.79606(y + 3.3) + 7.7496(y + 3.3)2 − 3.9326(y + 3.3)3 + 0.80202(y + 3.3)4+
−0.054994(y + 3.3)5

a1

@�@�@�@�@�@M@
6.7943 · 10−6 − 3.5345 · 10−6y + 6.0927 · 10−7y2 + 2.0219 · 10−7y3 + 5.1005 · 10−8y4+
−4.2622 · 10−8y5

a2

@�@�@�@�@�@M@
44.827 − 81.378 log (0.027733(y + 3.5)) − 1.3886 · 104/(y + 8.4417)

a3

@�@�@�@�@�@M@
0.52010 + 0.59336y + 0.012032y2 − 0.0064242y3

a4

@�@�@�@�@�@M@
2.1361(y + 3.32) + 1.8514(y + 3.32)2 − 0.47872(y + 3.32)3 + 0.0032043(y + 3.32)4+
+0.0082955(y + 3.32)5

a5

@�@�@�@�@�@M@
1.0845 · 10−6 + 1.4336 · 10−6 log (0.0077255(y + 4.3)) + 1.3018 · 10−4/(y + 4.8188)2+
+9.3601 · 10−8y

a6

@�@�@�@�@�@M@
−267.74 + 14.175 log (0.35391(y + 3.4)) + 64.669/(y − 7.7036)2

a7

@�@�@�@�@�@M@
138.26 − 539.84 log (0.12467(y + 3.9)) − 1.9869 · 104/(y + 7.6884)2 + 1.0675y2

a8

@�@�@�@�@�@M@
−0.14707 + 0.40135y + 0.0039899y2 − 0.0016602y3

r(y)
@/@�@�@�@�@

2.22 exp (−98.9((y + 3.25)/(1 + 10.4(y + 3.25)))2) N Tp ≤ 5.52 O �?>P @ Q N Tp > 5.52 O �?>
R6. GS����-��/. !�+TH&��I&@*J5@ U a

b0
@�@�@M@�@�@�@�@

29.192 tanh (−0.37879(y + 2.2)) − 3.2196(y + 0.67500)2 + 0.0036687(y + 9.0824)4

b1
@�@�@M@�@�@�@�@

−142.97 + 147.86 exp (−0.37194((y + 1.8781)/(1.0 + 3.8389(y + 1.8781)))2)
b2
@�@�@M@�@�@�@�@

−14.487 − 4.2223 tanh (−13.546(y + 2.2)) + 1.6988 · 10−4(y + 234.65)2

b3
@�@�@M@�@�@�@�@

−0.0036974 − 0.41976 exp (−6.1527((y + 1.8194)/(1.0 + 0.99946(y + 1.8194)))2)
b4
@�@�@M@�@�@�@�@

1.8108 + 0.18545(y + 2.9)2 − 0.0020049(y + 2.9)4+
+0.85084 exp (−14.987(x + 2.29 − 0.18967(x + 2.29)2)2)

b5
@�@�@M@�@�@�@�@

2.0404 − 0.51548 tanh (2.2758(y + 1.9)) − 0.035009/(y − 6.6555)
b6
@�@�@M@�@�@�@�@

1.5258 + 1.0132y − 0.064388y2 − 0.0040209y3 − 0.0082772y4

b7
@�@�@M@�@�@�@�@

3.0551 + 3.5240 tanh (−0.36739(y + 2.1)) − 0.13382 ∗ (y − 2.7718)

∆
9 P1V�W�V ; H"��I&@KJ5@ P Q

c0

@�@�@M@�@�@�@�@
2.9841 exp (−67.857((y + 3.1272)/(1.0 + 0.22831(y + 3.1272)))2) − 6.5855 − 9.6984/y+
+0.41256y2

c1

@�@�@M@�@�@�@�@
6.8276 + 5.2236y + 1.4630y2

c2

@�@�@M@�@�@�@�@
−6.0291 − 6.4581 tanh(5.0830(y + 2.1)) + 0.46352y

c3

@�@�@M@�@�@�@�@
0.59300 + 0.36093y

c4

@�@�@M@�@�@�@�@
0.77368 + 0.44776y + 0.056409y2

����(X9 PXY Q�Q ; HT��I&@KJ5@ P�P
d0

@�@�@�@�@�@M@�@
1.9186 exp (−56.544((y + 2.9485)/(1.0 + 1.2892(y + 2.9485)))2) − 0.23720 + 0.041315y2

d1

@�@�@�@�@�@M@�@
−4.9866 − 3.1435y

d2

@�@�@�@�@�@M@�@
−7.0550 − 7.2165 tanh(31.033(y + 2.1)) + 0.38541y

d3

@�@�@�@�@�@M@�@
−2.8915 − 2.1495y − 0.45006y2

d4

@�@�@�@�@�@M@�@
−1.2970 − 0.13947y − 0.41197y2 − 0.10641y3

a b0, . . . , b3 Z Q[)\!��
Tp < 11.05 O �?>



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

��� %�� �!' ��� � ������� ������� ��� + � � % � #\� #���
 �!�&� % � � �.� � ��� � � #M� � �(' �)%�� ��� � � � ��� � # � ��� ��� ' � � �-���
��� � � 
 �

�����������������  &!���� #,% ��� ��(B)\#&+,-���. !�+,(K!�)�2&��!���!�+435. +,���/. -6��+&����7�8:9
y = log Tp ; . + <��?>$@

A !�+,C
E&. G�@ H"��I&@*J�@ L
a0

@�@�@�@�@M@�@
0.0074087 + 2.9161(y + 3.31) + 0.99061(y + 3.31)2 − 0.28694(y + 3.31)3+
+0.038799(y + 3.31)4

a1

@�@�@�@�@M@�@
−3.2480 · 10−5 + 7.1944 · 10−5 exp (−0.21814(y + 3.4)) + 2.0467 · 10−5/(y + 4.1640)+

+5.6954 · 10−6y − 3.4105 · 10−7y2

a2

@�@�@�@�@M@�@
−230.50 + 58.802y − 9.9393y2 + 1.2473y3 − 0.26322y4

a3

@�@�@�@�@M@�@
0.45064 + 0.56930y + 0.012428y2 − 0.0070889y3

a4

@�@�@�@�@M@�@
−0.011883 + 1.7992(y + 3.32) + 3.5264(y + 3.32)2 − 1.7478(y + 3.32)3+
+0.32077(y + 3.32)4 − 0.017667(y + 3.32)5

a5

@�@�@�@�@M@�@
−1.6238 · 10−7 + 1.8116 · 10−6 exp (−0.30111(y + 3.4)) + 9.6112 · 10−5/(y + 4.8229)2

a6

@�@�@�@�@M@�@
−261.30 − 43.351 log (0.35298(y + 3.4)) + 70.925/(y − 8.7147)2

a7

@�@�@�@�@M@�@
184.45 − 1473.6/(y + 6.8788) − 4.0536y2

a8

@�@�@�@�@M@�@
−0.24019 + 0.38504y + 0.0096869y2 − 0.0015046y3

r(y)
@/@�@�@�@M@

0.329 exp (−247((y + 3.26)/(1 + 6.56(y + 3.26)))2) − 0.957y − 0.229y2 N Tp ≤ 7.81 O �?>P @ Q N Tp > 7.81 O �?>
R6. GS����-���. !�+SH&��I&@KJ5@ U a

b0
@M@�@�@�@�@�@M@

53.809 tanh (−0.41421(y + 2.2)) − 6.7538(y + 0.76010)2 + 0.0088080(y + 8.5075)4

b1
@M@�@�@�@�@�@M@

−50.211 + 55.131 exp (1.3651((y + 1.8901)/(1.0 + 4.4440(y + 1.8901)))2)

b2
@M@�@�@�@�@�@M@

−17.231 + 0.041100 tanh (7.9638(y + 1.9)) − 0.055449y + 2.5866 · 10−4(y + 250.68)2

b3
@M@�@�@�@�@�@M@

12.335 − 12.893 exp (−1.4412((y + 1.8998)/(1.0 + 5.5969(y + 1.8998)))2)
b4
@M@�@�@�@�@�@M@

1.3558 + 0.46601(y + 2.95) + 0.052978(y + 2.2)2+
+0.79575 exp (−5.4007(y + 2.2 + 4.6121(x + 2.2)2)2)

b5
@M@�@�@�@�@�@M@

1.8756 − 0.42169 tanh (1.6100(y + 1.9)) − 0.051026 ∗ (y − 3.9573)
b6
@M@�@�@�@�@�@M@

1.5016 + 1.0118y − 0.072787y2 − 0.0038858y3 + 0.0093650y4

b7
@M@�@�@�@�@�@M@

4.9735 + 5.5674 tanh (−0.36249(y + 2.1)) − 0.20660 ∗ (y − 2.8604)

∆
9 PXV�W�V ; H"��I&@KJ�@ P Q

c0

@�@M@�@�@�@�@M@
2.8290 exp (−71.339((y + 3.1282)/(1.0 + 0.48420(y + 3.1282)))2) − 9.6339 − 15.733/y+
+0.52413y2

c1

@�@M@�@�@�@�@M@
−24.571 − 15.831y − 2.1200y2

c2

@�@M@�@�@�@�@M@
−5.9593 − 6.4695 tanh (4.7225(y + 2.1)) + 0.50003y

c3

@�@M@�@�@�@�@M@
0.26022 + 0.24545y

c4

@�@M@�@�@�@�@M@
0.076498 + 0.061678y + 0.0040028y2

����(�9 P1Y Q�Q ; H"��I&@*J�@ P�P
d0

@�@�@�@M@�@�@�@
1.7951 exp (−57.260((y + 2.9509)/(1.0 + 1.4101(y + 2.9509)))2) − 0.58604 − 0.23868y

d1

@�@�@�@M@�@�@�@
−2.6395 − 1.5105y + 0.22174y2

d2

@�@�@�@M@�@�@�@
−7.0512 − 7.1970 tanh (31.074(y + 2.1)) + 0.39007y

d3

@�@�@�@M@�@�@�@
−1.4271 − 1.0399y − 0.24179y2

d4

@�@�@�@M@�@�@�@
0.74875 + 0.63616y + 0.17396y2 + 0.017636y3

a b0, . . . , b3 Z Q )\!��
Tp < 11.05 O �?>



� ��z ����� ��� � � ������� � 	 � � � � 	���
�� � �
����� � 	 � � � � � 	��

���&% � � ' ��� � ��� ��� ��� ��� ��� + � � % � #�� #���
��!�&� % � � �.� � � ��#-) � �!� � � #���� �(' �)% � ���$� � ��� � � # � �������
' � ���-�.� ��� � � 
 �

�����������������  "!����$#&% ���6��(B)\#,+&-���. !�+&(K!1) 2&��!1�/!�+ 35. +,����. -'��+&����718 9
y = log Tp ; . + <=�?>$@

A !�+,C
E,. G�@ H"��I&@ J5@ L
a0

@�@�@�@�@�@M@
0.0013113 + 0.36538(y + 3.31) + 1.5178(y + 3.31)2 − 0.20668(y + 3.31)3+
+0.024255(y + 3.31)4

a1

@�@�@�@�@�@M@
−4.7833 · 10−6 + 4.5837 · 10−5 exp (−0.42980(y + 3.4)) + 6.1559 · 10−6/(y + 4.1731)+
+1.1928 · 10−6y

a2

@�@�@�@�@�@M@
−245.22 + 73.223y − 19.652y2 + 0.083138y3 + 0.71561y4

a3

@�@�@�@�@�@M@
0.45232 + 0.52934y + 0.010078y2 − 0.0017092y3

a4

@�@�@�@�@�@M@
−0.0025734 + 0.38424(y + 3.32) + 1.5517(y + 3.32)2 + 0.17336(y + 3.32)3+
−0.17160(y + 3.32)4 + 0.021059(y + 3.32)5

a5

@�@�@�@�@�@M@
4.7673 · 10−5 + 5.4936 · 10−5 log (0.0067905(y + 4.3)) + 0.00020740/(y + 4.9772)

a6

@�@�@�@�@�@M@
−270.30 − 114.47 log (0.34352(y + 3.4)) + 80.085y − 7.9240y2

a7

@�@�@�@�@�@M@
3272.9 − 2.9161 · 105/(y + 87.847) − 6.2330y2

a8

@�@�@�@�@�@M@
−0.17787 + 0.36771y − 0.025397y2 + 0.0019238y3 + 0.0032725y4

r(y)
@/@�@�@�@�@

2.67 exp (−45.7((y + 3.27)/(1 + 6.59(y + 3.27)))2) − 0.301y − 0.208y2 N Tp ≤ 15.6 O �?>P @ Q N Tp > 15.6 O �?>
R6. GS����-���. !�+SH&��I&@KJ5@ U

a

b0
@�@�@M@�@�@�@�@

41.307 tanh (−0.37411(y + 2.2)) − 4.1223(y + 0.55505)2 + 0.0042652(y + 9.2685)4

b1
@�@�@M@�@�@�@�@

−132.50 + 142.12 exp (−8.0289((y + 1.9196)/(1.0 + 11.530(y + 1.9196)))2)

b2
@�@�@M@�@�@�@�@

−17.223 + 0.011285 tanh (−69.746(y + 1.9)) − 0.048233y + 2.5881 · 10−4(y + 250.77)2

b3
@�@�@M@�@�@�@�@

8.1991 − 9.6437 exp (−45.261((y + 1.9292)/(1.0 + 16.682(y + 1.9292)))2)
b4
@�@�@M@�@�@�@�@

0.55919 + 0.36647(y + 2.95)2 + 0.056194(y + 2.95)4+
+0.49957 exp (−5.5317(y + 2.2 + 0.43867(y + 2.2)2)2)

b5
@�@�@M@�@�@�@�@

1.2544 − 0.52362 tanh (2.7638(y + 1.9)) + 0.055837 ∗ (y − 17.638)
b6
@�@�@M@�@�@�@�@

1.4788 + 1.0278y − 0.092852y2 − 0.0062734y3 + 0.011920y4

b7 5.1651 + 5.7398 tanh (−0.37356(y + 2.1)) − 0.22234 ∗ (y − 2.7889)

����(�9 P1Y Q�Q ; H"��I&@ J5@ P�P
d0

@�@�@�@�@�@M@�@
0.36459 exp (−58.210((y + 2.9537)/(1.0 + 1.4320(y + 2.9537)))2) − 0.11283 − 0.046244y

d1

@�@�@�@�@�@M@�@
−9.5066 − 5.4655y − 0.31769y2

d2

@�@�@�@�@�@M@�@
−7.1831 − 7.1551 tanh(30.354(y + 2.1)) + 0.33757y

d3

@�@�@�@�@�@M@�@
2.7938 + 1.6992y + 0.20161y

d4

@�@�@�@�@�@M@�@
0.61878 + 0.62371y + 0.18913y2 + 0.019118y3

a b0, . . . , b3 Z Q[)\!��
Tp < 11.05 O �?>



� ��� � � � 	 � � � � � 	�� � � 	 � � 
���� � ��� � � 	���� ��� � 
�� � �
� � � ��p

��� %�� � ' ��� � ������� ������� ��� + � � % � #�� #���
 �9����� � ��� � � #���� �(' �)% � ���$� � � � � � # � �������
' � ���-�.�
��� � � 
 �

�����������������  "!���� #,% ���6��(B)\#&+,-���. !�+,(0!1)�2,��!���!�+�35. +&����. -'��+,����7�8:9
y = log Tp ; . +4<=�?>$@

A !�+DCFE,. G�@ HT��I&@ J5@ L
a0

@�@�@�@�@M@�@
−0.63611(y + 3.3) + 9.9015(y + 3.3)2 − 4.5897(y + 3.3)3 + 0.91778(y + 3.3)4+
−0.060724(y + 3.3)4

a1

@�@�@�@�@M@�@
6.8700 · 10−6 − 2.8245 · 10−6y + 7.6032 · 10−7y2 − 3.2953 · 10−7y3 + 7.4292 · 10−8y4

a2

@�@�@�@�@M@�@
−240.46 + 58.405y − 9.8556y2 + 3.1401y3 − 0.88932y4

a3

@�@�@�@�@M@�@
0.49935 + 0.60919y + 0.0024963y2 − 0.0099910y3

a4

@�@�@�@�@M@�@
2.5094(y + 3.32) + 4.1350(y + 3.32)2 − 0.89534(y + 3.32)3 − 0.0027577(y + 3.32)4+
+0.014511(y + 3.32)5

a5

@�@�@�@�@M@�@
8.2046 · 10−7 + 1.4085 · 10−6 log (0.016793(y + 4.3)) + 0.00013340/(y + 4.7136)2

a6

@�@�@�@�@M@�@
−267.55 − 0.21018 log (0.35217(y + 3.9)) + 69.586y − 9.9930y2

a7

@�@�@�@�@M@�@
2742.8 + 222.01 log (9.7401(y + 3.9)) − 4772.5/(y + 19.773) − 6.1001y2

a8

@�@�@�@�@M@�@
−0.11857 + 0.39072y − 0.037813y2 + 0.0022265y3 + 0.0046931y4

r(y)
@/@�@�@�@M@

2.23 exp (−93.4((y + 3.25)/(1 + 8.38(y + 3.25)))2) − 0.376y − 0.121y2 N Tp ≤ 15.6 O �?>P @ Q N Tp > 15.6 O �?>
R6. GT����-���. !�+TH&��I&@*J�@ U

a

b0
@M@�@�@�@�@�@M@

64.682 tanh (−0.34313(y + 2.2)) − 5.5955(y + 0.44754)2 + 0.0050117(y + 9.9165)4

b1
@M@�@�@�@�@�@M@

−7.6016 + 3.0427 · 104 exp (−1.0134 · 104((y + 2.3066)/(1.0 + 41.612(y + 2.3066)))2)
b2
@M@�@�@�@�@�@M@

−1.4978 − 0.58163 tanh (−0.36488(y + 1.9)) + 0.031825(y + 2.8097)+
+0.022796(y − 1.8861)2

b3
@M@�@�@�@�@�@M@

−0.0061483 − 65.799 exp (−4.8239((y + 3.8835)/(1.0 + 0.53343(y + 3.8835)))2)
b4
@M@�@�@�@�@�@M@

2.8009 + 0.35341(y + 2.95)2 − 0.0039779(y + 2.95)4+
+1.3012 exp (−10.592(y + 2.2 − 0.19149(y + 2.2)2)2)

b5
@M@�@�@�@�@�@M@

1.8016 − 0.69847 tanh (2.8627(y + 1.9)) − 0.015722 ∗ (y − 45.4)
b6
@M@�@�@�@�@�@M@

1.4617 + 1.0167y − 0.078617y2 − 0.0038336y3 + 0.010141y4

b7
@M@�@�@�@�@�@M@

3.5599 + 4.0041 tanh (−0.41889(y + 2.1)) − 0.18182 ∗ (y − 2.4209)

∆
9 PXV�W�V ; HT��I&@KJ5@ P Q

c0

@�@M@�@�@�@�@M@
3.6052 exp (−60.914((y + 3.1278)/(1.0 − 0.19497(y + 3.1278)))2) − 0.92514 + 2.1315/y+
+0.23548y2

c1

@�@M@�@�@�@�@M@
95.310 + 70.497y + 13.636y2

c2

@�@M@�@�@�@�@M@
−6.2158 − 6.2939 tanh(21.592(y + 2.1)) + 0.37440y

c3

@�@M@�@�@�@�@M@
2.7485 + 1.1692y

c4

@�@M@�@�@�@�@M@
−2.7568 − 1.8461y − 0.31376y2

����(�9 PXY Q�Q ; H"��I&@*J5@ P�P
d0

@�@�@�@M@�@�@�@
2.5489 exp (−58.488((y + 2.9509)/(1.0 + 1.3154(y + 2.9509)))2) − 0.83039 − 0.34412y

d1

@�@�@�@M@�@�@�@
88.173 + 65.148y + 12.585y2

d2

@�@�@�@M@�@�@�@
−7.0962 − 7.1690 tanh(30.890(y + 2.1)) + 0.38032y

d3

@�@�@�@M@�@�@�@
−4.1440 − 3.2717y − 0.70537y2

d4

@�@�@�@M@�@�@�@
2.2624 + 1.1806y − 0.0043450y2 − 0.043020y3

a b0, . . . , b3 Z Q )\!��
Tp < 11.05 O �?>



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

���&% � � ' ��� � ������� ������� ��� + � � % � #�� #���
 �9� �.� � � ��# ) � ��� � � #���� �(' �)%�� ��� � � � � � � # � �������
' � ���-�.� ��� � � 
 �

�����������������  &!���� #,% ���'��(0)\#&+,-���. !�+,(*!�)�2,��!���!�+ 35. +&����. -6��+,����7�8:9
y = log Tp ; . +4<=�?>$@

A !�+DC
E&. G=@ H"��I&@*J5@ L
a0

@�@�@�@�@�@M@
−1.5243(y + 3.3) + 10.107(y + 3.3)2 − 4.3126(y + 3.3)3 + 0.80081(y + 3.3)4+
−0.048724(y + 3.3)5

a1

@�@�@�@�@�@M@
−2.6297 · 10−5 + 9.3858 · 10−5 exp (−0.32384(y + 3.4)) + 7.7821 · 10−6/(y + 4.0560)+

+7.6149 · 10−6y − 8.4091 · 10−6y2

a2

@�@�@�@�@�@M@
−223.62 + 59.374y − 5.7356y2 + 1.9815y3 − 1.0478y4

a3

@�@�@�@�@�@M@
0.50807 + 0.60221y + 0.0034120y2 − 0.011139y3

a4

@�@�@�@�@�@M@
2.6483(y + 3.32) + 4.4585(y + 3.32)2 − 1.2744(y + 3.32)3 − 0.11659(y + 3.32)4+
+0.0030477(y + 3.32)5

a5

@�@�@�@�@�@M@
9.1101 · 10−7 + 1.3880 · 10−6 log (0.016998(y + 4.3))1.2744 · 10−4/(y + 4.7707)2

a6

@�@�@�@�@�@M@
−272.11 − 53.477 log (0.35531(y + 3.9)) + 56.041/(y − 6.0876)2

a7

@�@�@�@�@�@M@
6431.8 + 893.92 log (5.713 · 10−9(y + 3.9)) + 2103.6/(y + 5.6740) − 6.1125y2

a8

@�@�@�@�@�@M@
−0.11120 + 0.38144y − 0.040128y2 + 0.0047484y3 + 0.0054707y4

r(y)
@/@�@�@�@�@

2.56 exp (−107((y + 3.25)/(1 + 8.34(y + 3.25)))2) − 0.385y − 0.125y2 N Tp ≤ 15.6 O �?>P @ Q N Tp > 15.6 O �?>
R6. GS����-���. !�+TH&��I&@*J�@ U

a

b0
@�@�@M@�@�@�@�@

70.430 tanh (−0.35816(y + 2.2)) − 6.6796(y + 0.52273)2 + 0.0065659(y + 9.5266)4

b1
@�@�@M@�@�@�@�@

−8.1145 + 7686.0 exp (4.4046 · 104((y + 2.2190)/(1.0 + 81.105(y + 2.2190)))2)
b2
@�@�@M@�@�@�@�@

−1.3095 + 0.071270 tanh (−0.0075463(y + 1.9)) + 0.067759(y + 5.3433)+
−0.0044205(y − 1.8683)2

b3
@�@�@M@�@�@�@�@

0.082149 − 2190.1 exp (−533.75((y + 2.8363)/(1.0 + 7.0976(y + 2.8363)))2)
b4
@�@�@M@�@�@�@�@

2.7540 + 0.33859(y + 2.95)2 − 0.0034274(y + 2.95)4+
+1.1679 exp (−10.408(y + 2.2 − 0.18922(y + 2.2)2)2)

b5
@�@�@M@�@�@�@�@

2.1817 − 0.59584 tanh (2.7054(y + 1.9)) − 0.010909 ∗ (y − 14.9)
b6
@�@�@M@�@�@�@�@

1.4591 + 1.0275y − 0.074949y2 − 0.0060396y3 + 0.0097568y4

b7
@�@�@M@�@�@�@�@

3.7609 + 4.2843 tanh (−0.37148(y + 2.1)) − 0.16479 ∗ (y − 2.7653)

∆
9 PXV�W�V ; H&��I&@*J5@ P Q

c0

@�@�@M@�@�@�@�@
2.8262 exp (−62.894((y + 3.1250)/(1.0 − 0.47567(y + 3.1250)))2) + 5.6845 + 13.409/y+
−0.097296y2

c1

@�@�@M@�@�@�@�@
16.721 + 11.750y + 2.4637y2

c2

@�@�@M@�@�@�@�@
−6.0557 − 6.3378 tanh(21.984(y + 2.1)) + 0.43173y

c3

@�@�@M@�@�@�@�@
0.37009 + 0.27706y

c4

@�@�@M@�@�@�@�@
0.047507 + 0.061570y + 0.0070117y2

����(�9 P1Y Q�Q ; H"��I&@*J�@ P�P
d0

@�@�@�@�@�@M@�@
2.2400 exp (−57.159((y + 2.9492)/(1.0 + 1.2994(y + 2.9492)))2) − 0.66521 − 0.27554y

d1

@�@�@�@�@�@M@�@
−7.0650 − 4.2773y − 0.17648y2

d2

@�@�@�@�@�@M@�@
−7.0410 − 7.1977 tanh(31.095(y + 2.1)) + 0.40238y

d3

@�@�@�@�@�@M@�@
−1.2354 − 0.87581y − 0.208292

d4

@�@�@�@�@�@M@�@
−0.11395 + 0.34418y + 0.27103y2 + 0.050248y3

a b0, . . . , b3 Z Q[)\!��
Tp < 5.52 O �?>
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��� %�� ��' � � � ��� ��� ��� ��� ��� + � � % � #�� #���
 � ��� � � . � ��� �����.���!� �-� � + # � � � #\� � ��#��.� �
�����������������  &!���� #,% ���6��(B)\#&+,-���. !�+,(*!�)�2,��!���!�+�35. +,���/. - ��+,����7�8:9

y = log Tp ; . +4<=�?>
A !�+DC
����(�!�+&��+&-���H,��I&@ 9
J5@ V L ;

a10

@�@�@M@�@�@
0.043775 + 0.010271 exp(−0.55808y)

a11

@�@�@M@�@�@
0.8

a12

@�@�@M@�@�@
0.34223 + 0.027134y − 0.0089229y2 + 4.9996 × 10−4y3

a13

@�@�@M@�@�@
−0.20480 + 0.013372y + 0.13087 exp (0.0044021(y − 11.467)2)

a14

@�@�@M@�@�@
a1(x = −0.75)

∆(1232)
H"��I&@69
J�@ W�V ;

b10
@�@�@�@�@M@�@

18.712 + 18.030y + 5.8239y2 + 0.62728y3

b11
@�@�@�@�@M@�@

612.61 + 404.80y + 67.406y2

b12
@�@�@�@�@M@�@

98.639 + 96.741y + 31.597y2 + 3.4567y3

b13
@�@�@�@�@M@�@

−208.38 − 183.65y − 53.283y2 − 5.0470y3

b20
@�@�@�@�@M@�@

0.21977 + 0.064073x
b21

@�@�@�@�@M@�@
3.3187 × 103 + 3463.4y + 1.1982 × 103y2 + 136.71y3

b22
@�@�@�@�@M@�@

91.410 + 91.613y + 30.621y2 + 3.4296y3

b23
@�@�@�@�@M@�@

−521.40 − 529.06y − 178.49y2 − 19.975y3

����(�9 P1Y Q�Q ; HT��I&@ 9
J�@ W�W ;
c10

@�@�@�@�@�@M@
−1.5013 − 1.1281y − 0.19813y2

c11

@�@�@�@�@�@M@
−33.179 − 22.496y − 3.3108y2

c12

@�@�@�@�@�@M@
116.44 + 122.11y + 42.594y2 + 4.9609y3

c13

@�@�@�@�@�@M@
−545.77 − 574.80y − 201.25y2 − 23.400y3

c20

@�@�@�@�@�@M@
0.68849 + 0.36438y + 0.047958y2

c21

@�@�@�@�@�@M@
−1.6871 × 104 − 1.7412 × 104y − 5.9648 × 103y2 − 679.27y3

c22

@�@�@�@�@�@M@
−88.565 − 94.034y − 33.014y2 − 3.8205y3

c23

@�@�@�@�@�@M@
1.5141 × 103 + 1.5757 × 103y + 544.20y2 + 62.446y3


