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 Aö¨ïQèîëîñó÷�	;èðñòö¨ï-��ã�ä�åæoç`èðç�øvö¨ë
γp → pπ0 ç~ëìåSøvëìö � ü�ç� Cù�ö¨ë � ñ� c� Ó ¡%ÕTç~ï�æ�ý¹ä�ëîåcï�í Ó ¢�Õ��Zã�ä;åæoç`èðçGøvö¨ë
γp → π+n

ç~ëìå�øvëîö � üC lD�ä�åcëîíîö~ï Ó ¥TÕ�� ª ñóíìí
	 � Ó ¤TÕ��@ü�ç� k�ù�ö¨ë � ñ� c� Ó ¡TÕPç~ï�æ�ý'ä�ëìåAï�í Ó ¢�Õ���JTÿ1èðëîç� cèîåAæ�øvëîö �ÔÓ �TÕ��¸�e�f�G�e�G�G�e�G�e� Mh¦
�z�£¢ +'ñ"H$åcëîåAïQèîñ ç��z Aëîö~íîíbíìå$ cèîñóö¨ïLøvö~ë=èðä;å

γp→ π0p
ëìåCç� �èðñòö¨ï�iµ�òåcøjèTêoç~ï�å#�Öj=ç`ï�æ

γp → π+n
ëîåCç% cèðñòö¨ï�i3ëìñ��¨äQè	êoç`ï�å$�nj@ç`èkæ�ñ�H/åAëìåAïQèkê�ä�ö~èîö¨ï®� ç~÷¦åAï;åAë
�~ñóåAí

Eγ

ç~í�çdø�	�ï! �èðñóö~ïeö~øÇèîä�åI %� � �
ç~ï!���óå θ ��ã�ä�å¹æoç`èðç�ç~ëìå¹øvëîö � ü«ý	ü«þ Ó ¦TÕç~ï�æLú�ö¨ï�ï Ó §%Õ��x)Iåcå ª ñ���	�ëîå��z�d¡¹øvö¨ëPø�	�ë�èðä�åcëTï�ö~èðç`èðñòö¨ï-�ÒJTÿ1èðëðç% cèðåcæLøvëîö �×Ó �TÕ��EMl§
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�z�¶¥ +'ñ ç%�¨ëðç � íRøvö¨ëRèðä�å γp → γ′π0p
ñòïQèðåAëîç� cèîñóö¨ï¡ñóïªèðä;å«ï�å�ÿ1è���èîö%���òåCç~æ;ñóï!�ö¨ëîæ;åAëZö~øTèîä�å

χ
J ª ã½ Aç��� #	!� ç]èðñóö~ï�ê;ëîåAíìåAïQèðåcæ-��+'ö�	;÷!�óåcæ]�óñòï�åAí ëìåAê�ëìåAíîåcïQè

∆
ê�ëìö¨êoç��Qç]èðö¨ëìí$��JTÿ1èðëðç% cèðåcæ«øvëìö �5Ó ¨%Õ��¬�G�G�e�G�e�f�G�e�G�G�e�G�e�G�G�G� ���

�z� ¤ D�ëîåAæ;ñ� cèîñóö¨ï;í�ö~ø/èîä�å��¹ï;ñòèéç`ë��_ü�öIæ�å#� Ó �TÕ��Næ�åcí
 cëîñó÷+åAæ�ñóïE)1å$ cèîñóö¨ïP�z� �z���¹êz�ê/åcë
êoç~ï�å#���Tö�	;èU�¨ö~ñóï!�	ê�ä;ö~èðö¨ï�åAï;åAë
�%�_æ�åAê+åAï�æ;åAï! cå'ö~ø+èðä�å� cëîö¨íìíõíìå$ cèîñóö¨ï
dσ/dEc.m.

γ′
� 	!� èðñòê!�óñòåAæ¡÷}� Ec.m.

γ′

øvö¨ë
κ∆+ Ø ¡¥ç~ï�ægç`è<èîä�ëîåcå�æ�ñ"H$åcëîåAïQè÷/åAç � åAï�åcë
�¨ñòåAí$�Tã�ä�å�æoç~íìä�åAæu $	;ë��¨å ëìåAê�ëìåAíîåcïQèðí�èðä�å�ëìåAí�	!�òèîíbö~ø)èðä�åõèðëîåcåk��óåk�¨å$�»ç~ê;ê�ëîöCÿIñ � ç`èðñòö¨ï¦ç~ï�æ¦èðä;å�íìö��óñòæt #	�ë��~å�èîä�å�ëìåAí�	!�òèkö~øõèðä�åE	�ï�ñ èéç~ëX�

� ö1æ�å#���O+@ç`èéçdç~ëìå!øvëîö �³Ó M#Õ���sPö�ôõåAë
êoç~ï;å$���OD�ëîåcæ�ñ� �èðñóö~ï�ö`ø+èîä�å��`ç~ëîñóç`èðñòö¨ïö~ø
èðä�å_ê�ä;ö~èðö¨ï¦ç`í�� �P� åcèîë��«ô ñòèðä Ec.m.
γ′

ç`èkç��óç~÷+ö¨ëðç`èîö¨ë��høvëîç � å�÷/åAç �åAï�åcë
���¥ö~ø'¢�L�L6ü�å·����+¹ö~èîèîåAæm $	�ëX�¨åXíìä�ö�ô í_èîä�å<ëìåAí
	��òèLøvö¨ë
κ∆+ = 0

�íîö��òñóæ��òñóï�å'øvö~ë
κ∆+ = 3

��Jbÿ1èîëðç� �èðåAæ�øvëîö �ÔÓ �[Õ��«�G�G�G�G�e�G�e�G�G�e�G�f� �%¢
�z�¶¦ ã�ä�åLê�ëìåAæ�ñ� cèîñóö¨ï�í¹ö~øbèîä�å

χ
J ª ã¬èðä�åcö¨ë�� Ó ¨%Õ��/æ�åAí� Aëìñó÷+åAæ6ñóï1)Iå$ �èðñòö¨ï®�z�d¡���¹ê�ê+åAëZêoç~ï;å$���»èðä�åkëðç]èðñóö�ö~ø
γp → γ′π0p

èðö
γp → pπ0  cëîö¨íìí¹íìå$ �èðñóö~ï�í$�+@ç`èðç§ç`ëîåeøvëìö � Ó M$Õ��\ü«ñòæ�æ!�óå�êoç~ï�å#���eèîä�å��óñòï�åCç`ëX�Áê+ö��óç~ëîñòíðç`èîñóö¨ï6ê�ä;ö~èðö¨ïç~í�� �E� å�èðëX�	ö~ø1èðä�å γp→ γ′π0p

 cëîö¨íìíPíîå$ �èðñòö¨ï�íPæ�ñ�H/åAëìåAïQèðñóç��~ôf� ë$� èl�
Ec.m.

γ′ç~ï�æXèðä;å	ê�ñóö¨ïV �� � �
ç~ï����óå%�bã�ä�ådæoç`èðçLê/ö¨ñòïQè ç`è Ec.m.
γ′ = 0

 cö¨ëîëìåAíîê+ö¨ï�æ;íèðö¥èîä�å
γp → pπ0 ê�ä�ö~èîö¨ï�ç~íX� �P� åcèîë��¡ëîåcê/ö¨ë�èðåcæ¤ñóï Ó ¦R�%MhLTÕ��rs�öMôõåAëêoç~ï�å#���bèîä�åf Añóë� $	!�óç~ë
�"��ê/ö��óç~ëîñòíîåcæXê�ä�ö~èîö¨ï�ç~í�� �E� å�èðë��<ç~íZçLø�	�ï! cèîñóö¨ïXö`ø

Ec.m.
γ′

��JTÿIèîëðç� �èðåcæ«øvëîö �5Ó �TÕ��Ù�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�G�G�G� ��¥
¡���M JTÿ;ê+åAëìñ � åAïQèéç%�/íìåcèU	;êeøvö¨ë µ∆++

íìè
	�æ���÷����'ù�sPýe��F åAê;ëîö1æ!	! Aåcæ<øvëîö �«Ó M�M$ÕE¡zM
¡��¶� ù�ö � êoç~ëîñòíîö¨ïdö~ø � åAç~í
	;ëîåAæSç~ï�æG Cç%�� $	�� ç`èîåAæf Aëìö¨íîí-íîå# cèðñòö¨ï�í=ç~í-ç ø�	;ï! cèîñóö¨ïö~ø��mi3ç�j

αγ

ç`è
Eγ = 40

ü«å·� ç~ï�æ
Tπ+ = 269

ü«å·���õç~ï�æÚi3÷&j
Eγ

�çl�¨åAëîç��¨åcæGöh�¨åAëkê�ä�ö`èðö¨ït Aö�	;ïNèîåAëìí
G1 − G10

øvö¨ë
263

ü�å·�
π− i�	�ê�ê+åAëêoç~ï�å#�Öj!ç~ï;æ

269
ü«å·�

π+ i��óö�ôõåAë êoç~ï�å#�Öj���FZåcê�ëîö1æ!	! cåAæhøvëîö �¼Ó M�M$Õ��`�G�G� ¡�¡
¡�� ¡ ù�ö � êoç~ëîñòíîö¨ï�ö~ø � åAç~í
	�ëìåAæ�ç~ï�æ] Aç��� #	!� ç]èðåAæ�ëðç]èðñóö P1

ç~í¹ç_ø�	;ï! cèîñóö¨ï�ö~ø��
i4ç�j

αγ

ç`è
Eγ = 15−30

ü�å·��ç`ï�æCi3÷&j
Eγ

øvö¨ë�íîåk�¨åcëðç��)æ�ñ"H$åcëîåAïQè»ç~ï����óåcí$�çl�¨åAëîç��¨åcæ�öh�¨åcëZï;åAñ��~ä1÷+ö�	�ëìñóï!�_ê�ä;ö~èðö¨ï� cö�	�ïQèðåcëîí$��F åAê�ëìöIæ!	� AåAæhøvëîö �¼Ó M�M$Õ��f¡%¢
¡��d¢ ù�ö � êoç~ëîñòíîö¨ï�ö`ø � åCç~í�	�ëîåcæ�ç`ï�æÁ Cç��� $	!�óç`èðåcæ�ëðç`èîñóö¨í#�Ái4ç�j P2

ç`ï�æ�i3÷&j
P3

ç`í�çhø�	�ï! cèîñóö¨ï§ö~ø
Eγ

øvö¨ëdíìå#�¨åcëðç��õæ�ñ�H/åAëìåAïQè�ç~ï!���òåAí$�Tçl�¨åAëîç��¨åcæGöh�¨åAëï�åAñ��¨äN÷/ö�	�ëîñòï!�Rê�ä�ö~èîö¨ï^ Aö�	�ïQèîåAëîí#�|F åAê;ëîö1æ!	! Aåcæ�øvëìö �5Ó M�M$Õ��E�e�G�e�G�G�G� ¡�¥
¡��¶¥ ù�ö � êoç~ëîñòíîö¨ïeö~ø � åAç~í
	�ëìåAæ�ç~ï�æ� Aç��� #	!� ç`èîåAæ<ëîç`èðñòö¨í�i3ç�j R+

ç~ï;æti3÷&j
R−ç~íbçZø�	�ï! cèîñóö¨ïSö~ø

Eγ

øvö¨ë-íîå#�~åAëîç��;æ�ñ"H$åcëîåcïNèbç~ï!���òåAí#�¨çl�¨åcëðç��¨åcæRöh�¨åAëTï�åAñ��¨äz�÷/ö�	�ëîñòï!�Rê�ä�ö~èîö¨ï^ Aö�	�ïQèîåAëîí#�|F åAê;ëîö1æ!	! Aåcæ�øvëìö �¼Ó M�M$Õ����e�G�G�e�G�e�G�G�G� ¡�¤
¡�� ¤ ù�ö � êoç~ëîñòíîö¨ï\ö`ø π+p → π+pγ

 Aëìö¨íîí_íìå$ cèîñóö¨ïªñòïGèðä�å��óç~÷¥øvëðç � åXç`í_çø�	�ï! �èðñóö~ï�ö~ø
Eγ

øvö~ë
Tπ+ = 324

ü«å·�¸øvö¨ë ê�ä;ö~èðö¨ïC Aö�	;ïNèîåAëìí
G1

i�	�ê�ê+åAëêoç~ï�å#�Öj'ç`ï�æ
G13

iµ�òö�ô�åcë	êoç~ï�å#�ÖjZô ñ èðäg)�D/ý èîä�åAö~ë���÷��®s�ñòö�	6ç~ï�æt,'	;èîè
Ó Mh�TÕPç~ï�æ�æoç`èðçRê/ö¨ñòïQèðí!øvëîö �¼Ó M�M$Õ���F åAê;ëîö1æ!	! Aåcæ�øvëìö �5Ó M�M$Õ��E�e�G�e�G�G�G� ¡�¦

¡��¶¦
π+p → π+pγ

æ�ñ�H/åAëìåAïQèðñóç��� Aëîö~íîí	íîå# cèîñóö¨ï6ñòï�èðä�åa� ç~÷�øvëîç � åLç~í	ç�ø�	�ï! k�èðñòö¨ï«ö`ø
µ∆++

�+ç~í' Cç��� $	!�óç`èðåcæ«÷�� Ó Ml¡%Õ���ã�ä;å�ä�ö¨ëìñ��cö¨ïQèéç��{�òñóï�åcíZíìä�ö�ô³èðä�å
� åAç~í
	;ëîåAæ��óç~÷/ö~ëðç`èîö¨ë��u cëîö¨íìí�íîå$ �èðñòö¨ïhç~í!ëìåAê+ö¨ëìèîåAæhñóï Ó M�M$Õ/øvö¨ë$��i4ç�j
ê�ä�ö%�èðö¨ïg Aö�	;ïNèîåAëìí

G4

ç~ï�æ
G11

ç`è
Tπ =

��¨�§�ü«å·� øvö¨ë
Eγ =

¤�L�ü«å·� ç~ï;æ
¥�§6ü«å·�a�=ëìåAíìê/å# cèðñ"�¨å#�����Qi3÷&jdê�ä�ö~èîö¨ïÂ Aö�	�ïQèðåAë

G1

ç`è
Tπ =

��¤�¨�ü«å·���
��¨�§�ü«å·� ç~ï;æK¡��T¢�ü«å·��ô ñòèðä

Eγ =
¢�¡�ü«å·���Ò¥%§hü«å·� ç~ï�æg¤�¨hü«å·���ëîåcíîê+å$ cèîñ��~å$�����_FZåcê�ëîö1æ!	! cåAæ«øvëìö �5Ó M�M$Õ��K�G�G�e�G�e�f�G�e�G�G�e�G�e�G�G�G� ¡�§
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¡��d§ JTÿIê/åcëîñ � åAïQèðç��Iíìåcè
	�êLøvö¨ë µ∆++

íìè
	�æ���ç`èx)1þ�,?�ID_)Iþc�%FZåcê�ëîö1æ!	! cåAæLøvëìö �
Ó Ml¢�Õ��Ô�G�e�G�e�G�f�e�G�G�e�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e� ¡�¨

¡��d¨ ù�ö � êoç~ëìñóíîö~ï�÷+åcèÁôõåAåcï�@ù�s�ý³æoç`èðç]i� Añòë
 $�òåAíUjõô ñòèðäXèîä�å�)1þ�,¸�òö�ôµç~ï����óåæoç`èðç�íìåcèaivèîëîñóç~ï!���òåAícj��xF åAê�ëìöIæ!	� AåAæhøvëîö �5Ó M[¥TÕ��a�G�e�G�e�f�G�e�G�G�e�G�e� ¢�M
¡��"MhL�ù�ö � êoç~ëìñóíîö~ï�ö~ø+ç����"�Áç~ï!���òå_)Iþ�,Öæ�ñ"H$åcëîåcïNèîñ ç��} cëîö¨íìíbíîå# cèðñòö¨ïLô ñòèîä�æ�ñ"H$åcëîåcïNè

� öIæ�å#�óí#��)�D/ý�i3æoç`íîä&�`æ;ö~è�j��!J�J�+Ai3æoç~íìä�åAíUjk�)ü�þÁã�ivæ�ö~èðíUjk�xF åAê;ëîö1æ!	! Aåcæøvëîö �¼Ó Mh¥TÕ��Û�e�G�f�e�G�G�e�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e� ¢��
¡��"M�M\ú�ëìå � íîíìèîëðç~ä���	�ï!�dê+ö�� ç`ëîñóíìåAæz�lèéç~ë��¨åcèbç~í�� �E� å�èðëX�a�¨åcëîí�	�íõê;ä�ö~èðö~ï�åcï�åAë������ã�ä�åu $	;ë��¨åcí�ç`ëîåRê�ëìåAæ�ñ� cèðñòö¨ï�í'øvëìö � ü�þÁãÕèðä;åAö¨ëX��øvö¨ë	íìå#�¨åcëðç����`ç���	�åAí	ö`ø

µ∆++

��ô ñ èðähæoç`èðç_ê+ö¨ñòïNèîí!øvëîö �5Ó Ml¢%Õ���F åAê�ëìöIæ�	! Aåcæ�øvëìö �¼Ó Ml¢�Õ��=�G�e�G�e� ¢�¡
¡��"M[�Öã�ä�åLã-ýYD_)«å�ÿIê/åcëîñ � åAïQèðç��Píîåcè
	�ê6ç`è@ü«ý@ü«þc�/íìä�ö�ô ñóï!��èðä�åkíîñ ÿ�í � ç����òåAëã-ýYD_)�÷!�òöz c�NíZç~ï�æXèîä�åf� ç~ë��¨åAë!øvö¨ë�ô!ç`ëîæXô!ç%�����{�G�G�e�G�e�f�G�e�G�G�e�G�e� ¢�¢
¡��"Mh¡�ã�ä�å � ñòíîíìñóï!� � ç~íîí_ö~øZèðä;å (π0p)

íX�1íìèðå � ñóïGèðä;å^Noï�ç��!íìèðç`èðåhøvö¨ëLèÁôõöæ�ñ"H$åcëîåAïQèhê�ä;ö~èðö¨ï�÷/åAç � åcï�åAë��¨ñóåcí$�³ã�ä�å6ê+åCç��¡ï�åAç~ë�L��dL��7i � å·�f�T $Ü�j�ÜñóíRøvëìö � �
π0 ê�ëìöIæ�	! cèîñóö¨ï¡ç~ï�æ¡ñóíu #	;è�ç�ô�çl���»èðäoç`è�ç`èPL��dL�LWi � å·�f�T $Ü�j�Üíîä;öMô í�èîä�å'èðë�	�å

γ′π0p
ê�ëìöIæ!	� cèðñòö¨ï-�bã�ä;å@æ�ö~èìèðåAæhç`ï�æXæoç~íìä�åAæ��óñòï�åAíõç~ëìåèðä;åSëìåAíîê+å$ �èðñ"�¨åG�óñóï;åAíîä�ç~ê/åcí!øvëîö � ç � J�ýY,ZãÚ¡Ríîñ � 	!� ç`èîñóö¨ïZ��JTÿ1èðëðç% cèðåcæøvëîö �¼Ó M#Õ���G�e�G�f�e�G�G�e�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e� ¢�¥

¡��"Ml¢¤ã�ä�å�ëìåCç� �èðñòö¨ï� cëîö¨íìíeíìå$ cèîñóö¨ï¡øvö¨ë
γp → γ′pπ0 �!ç~í � åCç`í
	�ëìåAæ¤÷��ªèðä�åã-ýYD_)^²³ý��Rù�ö���� ç`÷/ö¨ëîç`èðñòö¨ï�í Ó M��UMh¤%Õ���ã�ä�å@èîä�ëîåcå��óñóï;åAí�ç~ëìå@ê�ëìåAæ�ñ� cèðñòö¨ï�íö~ø=èðä�åf Aëìö¨íîí íìå$ cèîñóö¨ï�÷oç~íìåAæ�ö¨ï�æ�ñ�H/åAëìåAïQè��`ç���	�åcí ö~ø

µ∆+

øvëìö �5Ó M[¦TÕ��¸�e� ¢�¤
¢!�"M ã�ä�ådå�ÿIê+åAëìñ � åAïQèéç��/íîå�èU	�ê-�;íîä�ö�ô ñóï��_èîä�ådü^q¬D»ù�íZç~ï�æ�D�þ�+¬ñóï;íîñóæ;å'èðä�åù�ë��1í�èéç��-ú!ç������;ç~ï�æhã=ýID_)^ Aöh�~åAëîñòï!�_èðä�ådæ�ö�ô ï�í�èðëîåAç � ëîå#�¨ñóö~ï-�1�G�e�G�e� ¥%L
¢!� � ã�ä�åhü�ý	ü«þ	ø3ç� cñ��óñ è����Píîä;öMô ñòï!�FTãZü�íVM�����ç~ï�æK¡Qilü«ý@ü«þ��Kú�jdô ä�ñ� éäôõåAëîå�ñòï�	�íìå!øvö¨ë=èîä�ñóí=å�ÿIê/åcëîñ � åcïNè$�~èðä;å��'ç~ë � ö~ï�ñ� �+'ö�	�÷��óå�)Iñòæ�åAæRü«ñ� cëîö%�èðö~ï�i��(+�)�ü=�kü«ý@ü«þ���ù�j��Mê!� ç~ï;ï�åAækèðöZëðç~ñòíîå�èðä�å
å#�óå$ �èðëìö¨ï�÷+åCç � åAï�åcë
���èðöKM��¶¥ � å·�a�Tç~ï;æGèðä�å�ý���å�ÿIê+åAëìñ � åAïQèéç��»äoç�����ô ä�åAëìå<èðä�å�å�ÿIê/åcëîñ � åcïNèèðö1ö��<ê�� ç� cå�� �G�f�e�G�G�e�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e� ¥RM
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�%�� Cç%�óñó÷;ëðç`èîñóö¨ï_øvö¨ë!ê�ä;ö~èðö¨ï;í�ç~ï�æXê�ëìö~èðö~ï�í$��s�åcøjèêoç~ï;å$���

π0 åAï�åcë
���m Aç��� #	!� ç`èîåAæªøvëîö � θp

ç~ï�æÖñóï! cö � ñóï!�6÷+åCç � åAï�åcë
���ê!�òö~èîèîåAæ�ç%�Qç~ñóï;íìè � åAç~í
	�ëìåAæ π0 åAï�åcë
����øvëîö � ,'ç~þ!ê�	!�óíìå�ä�åcñ��¨äQèui3ç����
π0�`ç~ëîñóç~÷!�òåAí	ç~ëìåLö¨÷;èðç~ñóï;åAæ�øvëîö � ëîå# Aö¨ï;íìèðë�	! cèîñóö¨ï6ö`øõèîä�å

π0 øvëîö � ñòèîí'èÁôõöæ�å# Cçl��ê;ä�ö~èðö~ï�ícj���F ñ��¨äQèPêoç~ï;å$���Pê�ëìö~èðö~ïSåcï�åAë����G Cç��� $	!�óç`èðåcækøvëìö � θp

ç~ï;æñóï� Aö � ñóï!�R÷+åCç � åAï;åAë
�%�hê!�óö~èìèðåcæ«ç%�Qç~ñóï;íìè � åCç~í�	�ëîåcæ«ê;ëîö~èîö¨ï«åcï�åAë������»� ¨�L
¥z�"Ml¢7D�ëîö~èîö¨ïªåAï�åcë
���Â Aö¨ëìëîå$ �èðñòö¨ï\øvö¨ë

30◦ < θp < 32◦
�Â�Zê�ê/åcëu�óåcøjèLêoç~ï�å#���

Dx�óö~èkíìä�ö�ô ñóï!� � åAç~í
	;ëîåAæ�ê�ëîö`èðö¨ï§åAï�åcë
���®�1ídèðäoç`èG Aç��� #	!� ç`èîåAæ6øvëîö � θpç~ï�æ
Eγ

���Zê�ê+åAëTëìñ��¨äQèTêoç~ï�å#��� � ëîç~ê�äLíìä�ö�ô ñóï!�YN;èbëîåcí
	!� èðíTøvö~ë � åCç~í�	�ëîåcæê�ëìö~èðö¨ï¦åcï�åAë����6ê�ëìöTSìå$ �èðñóö~ï�ídö~ø
èðä�åP��+�ê!�òö~èY�1ídê�ëîö~èîö¨ï¦åAï�åcë
���1 Cç��� $	z�
� ç]èðåAæ§øvëîö � θp

ç~ï�æ
Eγ

��s�ö�ôõåAë�ê�ç~ï�å$�òí$�Sý'íSç~÷/öh�~åeêoç~ï;å$�óí#�T÷!	IèLç`øjèîåAëê�ëìö~èðö¨ï�åAï�åcë
���P Aö~ëîëîå# cèîñóö¨ï�äoç~íõ÷/åcåAïXç~ê;ê!�óñòåAæ-�=þ�è| Aç~ï<÷+å¹íìåAåAï<èîäoç`è»èðä�åê�ëìö~èðö¨ï\åcï�åAë����Q cö¨ëîëìå$ cèîñóö¨ï\ñ � ê;ëîöh�¨åcí�èðä�åXê;ëîö~èîö¨ï\åAï�åcë
���¥æ�åcèîåAë � ñòïoçT�èðñòö¨ïhíîñ��¨ï�ñ�N! Cç~ïQèU�"���½�G�G�e�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e� ¨zM
¥z�"M[¥Öã�ä�åGNoëîí�è'åcñ��¨äQè

Ep(Eγθp)
í
�òñ� cåkê;ëîöTSìå# cèðñòö¨ï�í�øvö¨ë

30◦ < θp < 32◦
��ã�ä;å

Ep(Eγθp)
ëðç~ï��¨åeñòí�íîä;öMô ïªñòï¥èðä�åV	�ê�ê+åAëLëìñ��¨äQèLä�ç~ï�æÂ cö¨ëîï�åcëLö~ø åAç� éäê!�òö~èl� ª ñòèìèðñóï�� � ç%	�íîíìñ ç~ïRæ�ñòíìèîëîñó÷�	;èðñòö¨ï�íTèîö	åCç� éä�ê!�óö`è�ê�ëîö1æ!	! cåAæ�ç	ëîåAê;ëîåk�íîåcïQèéç`èîñ��¨å � åCç~í�	�ëîåcæ_åAï�åcë
�����`ç���	�å�øvö¨ëTåCç� éä_÷�ñòï-�¨ö¨ï!�"�Sø3ç`ñ��óñòï!�@ç]è�ä�ñ��~ä�åAë

Ep(Eγθp)
æ�	�å	èðöu�óö�ô9íìèéç]èðñóí�èðñ� Aí$� �f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e� ¨�¡

¥z�"Mh¤ ª ñòëîíìè�åAñ��¨äQè Ep(Eγθp)
í
�òñ� Aåhê�ëìöTSìå$ �èðñòö¨ï�í�øvö~ë

20◦ < θp < 22◦
��ã�ä;å

Ep(Eγθp)
ëðç~ï��¨åeñòí�íîä;öMô ïªñòï¥èðä�åV	�ê�ê+åAëLëìñ��¨äQèLä�ç~ï�æÂ cö¨ëîï�åcëLö~ø åAç� éäê!�òö~èl�	þ�è@ô�ç~í	ñ � ê+ö¨íîíìñó÷!�òå	èðöXê�ëìöIæ!	� Aå_çeëìåAê�ëìåAíîåcïQèéç`èîñ��¨å � åCç~í�	�ëîåcæ6åAïz�åAë������`ç���	;å'øvö¨ë�åCç% éä�ê!�òö~èl�×�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e� ¨%¢

¥z�"M[¦Öþ�����	�íìèîëðç`èîñóö¨ï�ö~ø�èðä;åuá�âpãY Cç��� $	!�óç`èðñòö¨ï-�O�¹ê�ê+åAë!ê�ç~ï�å$���båAï;äoç~ï! cåAæ�ãTç����¨åAëíîê+å$ �èðë�	 � íîä�ö�ô ñóï��¥ç��~ëîåAå � åcïQèe÷+åcèÁôõåAåcï¤æoç`èðç�iv÷!� ç% c�Q�óñóï;åhj�ç~ï;æ; Cç%�"� $	�� ç`èîñóö¨ï;i3÷!��	�åE�óñóï;åhjk��s�ö�ôõåAë�ê�ç~ï�å$���Lê+ö�� ç~ëìñóíîç`èðñòö¨ï6ö�	;èîê!	;è�øvëìö � á�âpã$�
F ñ��¨äQè êoç~ï;å$����ñòï�ê!	;è ê�ç~ëðç � åcèîåAëìí øvö~ë�êoç~ëìè ö`øx��	!�"�<æoç]èéç��{�G�e�G�G�e�G�e� ¨�¤



� uPt3t4t Å{Æ �$���[ÇOÈ Æ�É&Ê%Ë �c�

¥z��Ml§�ü«åCç`í
	�ëìåAæhê�ä�ö~èîö¨ïhç~íX� �E� åcèðëX��ö~ø γp→ pπ0 øvö¨ë θc.m.
p = 90◦ ± 5◦

ç~ï�æê�ä�ö~èîö¨ï¥÷+åCç � åAï�åcë
�¨ñòåAíkö~ø
400 ± 10

ü«å·�5iµ�òåcøjècjdç`ï�æ
420 ± 10

ü�å·�
i3ëìñ��¨äQè�j����f�G�e�G�G�e�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�G�G�G� ¨�¦

¥z��Ml¨?F¹ç`ï�æ�ö � í
	;÷;èðëîç� cèîåAæ¤êoç`ëðç?iv÷!� ç% c�W cëîö¨íìíîåcícjeç~ï;æ¤ê/åcëîê½i3÷!��	�å] cñóë
 #�óåcícjæoç`èðçGíîä�ö�ô ñóï��ªô ä���ö~ï!���� Aö�	;ïNèîíhö�	;èðíìñóæ�å�ö~øSèîä�å6íîä�ç~æ�åAæ�ç~ëìåCçGôõåAëîåñóï! #��	�æ;åAæ�ñóï¤èîä�å6ï�ö¨ë � ç%�óñóíîç`èðñòö¨ï¡ö~ødèðä�å γp → pπ0 æoç`èðç��Õã�ä;å¥ù!úç� $ cåAê;èðç~ï! cå�ñòíY�¨åAëX��óö�ô¸ç`è
φ = ±180◦

ç~ï�æ
φ = 0◦

�=ç`í� Cç~ï¦÷+å�íìåAåcï÷��Gèðä�åXæ;ñóê\ñóïGèîä�åXæoç`èðç6ç`èRèðä;åAíîåhê+ö¨ñóïQèîí$�®q¥åhç~ë�èðñ"N` Añóç����"�6øvö¨ë
 cå<èðä�åç� $ cåAê;èðç~ï! cå�èîö^�cåAëìöÂijøvö¨ë@èðä�å_ê!	;ëîê+ö¨íîåcíkö`øõèîä�å_ï�ö¨ë � ç��òñóíðç]èðñóö~ï&j ñòï6èðä�åæ�ö~èìèðåAæRëìå$�¨ñòö¨ï�í-èðö��¨ñ"�¨åõèîä�å ç� # AåAêIèéç~ï! cå ç
90◦
�Áí�� �E� å�èðëX�SñòïLö¨ëìæ�åAëTèîäoç`èèðä�åkç� # Aåcê;èéç~ï� AåG éäoç~ï!�¨åcí'çTH$å# cèZ÷/ö`èðähíðç � ê!�òåAí�å \ 	oç%�������Â�G�e�G�e�G�G�G� ¨�§

¤���M
Eγ′

æ;ñóíìèîëîñò÷!	;èðñòö¨ï�í!øvëìö � èðä;åkèÁôõö
p(γ, γ′π0p)

íîñ � 	!� ç`èîñóö¨ïXåk�¨åcïNèI�¨åAï;åAëX�ç`èðö~ëîí$��ã�ä�å<ëîåcæQ�óñòï�å_íîä�ö�ô íLèðä;å<æ�ñóí�èðëìñó÷!	;èîñóö¨ï¦øvëîö � �~ê�ê�ñnL~ç��bç~ï;æGèðä�å÷!��	;å��óñóï;å	íîä�ö�ô í èðä�åuM[��J
γ′

æ;åAê+åAï�æ�åcïQèI�¨ê;ê�ñnL~÷hæ�ñòíìèîëîñó÷�	;èðñòö¨ï-�Á�e�G�G�G�ÁMhL��
¤��¶� )Iñ � 	!� ç`èîåAæ«ã=ýID�)] #��	�í�èðåcë¹èðñ � åf�1í$�Y #��	�í�èðåcë'åAï;åAë
�%��ê!�òö~è¹íîä�ö�ô ñóï��<èðä�åñóæ�åcïQèðñ�N! Cç`èîñóö¨ïhö~øTê�ä�ö~èîö¨ï�íZç~ï�æ«ê�ëîö~èîö¨ï�í ñóïhèðä;åký� \ 	`FZö1ö~è'ç~ïoç��"�1íîñóí�ö`øíîñ � 	!� ç]èðåAæ γp→ γ′π0p

å#�~åAïQèðí#�¹�e�G�G�e�G�e�G�G�G�G�G�e�G�e�G�G�e�G�f�¬MlL�¡
¤�� ¡ ã�ä�å�ç~ï����óå»æ�ñ�H/åAëìåAï! cå!÷+åcèÁôõåAåAï_ê�ä;ö~èðö¨ï�êoç~ñóëìí=íìä�ö�ô ñóï!�@èîä�å�åkH$å# cè�ö`øoèðä�å

 $��	�íìèîåAëîñòï!�hç����¨ö¨ëîñ èðä � ö¨ï¦ê�ä;ö~èðö¨ï® #��	�í�èðåAë	æ;ñóíìèîëîñò÷!	;èðñòö¨ï�í#�kã�ä;åE cëîö¨íìíîåcííîä�ö�ô³èðä;åLæ�ñ�H/åAëìåAï! cåLñóï�ç~ï!���òå�÷+åcèÁôõåAåcï�ç%���Pê/ö~íîíîñò÷!�óåkêoç~ñòëîí¹ö~ø
ê�ä�ö~èîö¨ï�íëîå# Aö¨ï�í�èðë�	! cèîåAæ�	�íìñóï!� èðä�å»÷oç~íìñ� _ $��	�íìèîåAëîñòï!�¹ç����¨ö~ëîñòèîä � �Aô ä�ñ��òå�èðä�å_ Añòë
 $�òåAííîä�ö�ôµèîä�ådëîåcí
	!� è�øvö¨ë!èðä�ådñ èðåAëîç`èðñ"�¨å� #��	�í�èðåAëZç����¨ö¨ëìñòèðä � ���G�G�e�G�e�G�G�G�ÁMhL�¦
¤��d¢ ã�ä�å«ç~ï!���òåXæ�ñ�H/åAëìåAï! cå�÷+åcèÁôõåAåcï¤ê�ä�ö`èðö¨ï¡êoç~ñòëîíRíîä;öMô ñòï!�¦èðä�å�å#H/å$ �è�ö`øëîå \ 	;ñóëîñòï!�¦èðäoç`è_èîä�å�ç`ï!���óåXæ;ñ�H/åAëîåcï! Aå�÷+åcèÁôõåAåAïgç%���!ê�ä;ö~èðö¨ï;í � 	;íìè�÷/å�¨ëîåAç`èðåcë�èðä�ç~ï

30◦
èðöRåcï�í
	;ëîådï�öRê�íìå$	�æ�öT�Áíîê��óñòèX�Áö�HC Aö~ïNèðç � ñóïoç`èîñóö¨ïZ�=ã�ä�å÷!� ç% c��ê+ö¨ñóïQèðíTíîä�ö�ô?��	!����æoç`èéç'ô ñ èðä_ç����z #	;èðí
íîçh�~å�èðä�å�ö¨ï;å�	�ï�æ�åcë�íìèU	;æ����èðä�å	ëìåAæ^ Aëìö¨íîíìåAí íîä�ö�ôµç~ïoç��"�IíìåAæ��¨ê�ê;ñnL¨çLíìñ � 	!�óç`èðåcæXæoç`èðçRç~ï�æXèðä�å	÷���	�å Aëìö¨íîíìåAíZíîä�ö�ô³ç~ï�ç����1íîåcæC�~ê�ê�ñnL`÷�íìñ � 	�� ç`èîåAæXæoç`èðç��¹�G�e�G�G�e�G�e�G�G�G�ÁMhL�¦

¤��¶¥ ã�ä�å6èðñ � å«æ�ñ�H/åAëìåAï! cå6÷/å�èÁô�åcåAï�ê�ä�ö~èîö¨ïgêoç~ñóëìí<íîä;öMô ñòï!�Gèðä;å6å#H/å$ cèhö`øëîå \ 	;ñóëîñòï!��èîäoç`è�èðä�å � ç��¨ï;ñòèU	;æ�åhö~ø	èðä�å«èðñ � åhæ�ñ�H/åAëìåAï! cå�÷+åcèÁôõåAåAï�ç����ê�ä�ö~èîö¨ï�í � 	�íìè'÷/å��òåAíìí¹èðä�ç~ït¦�ï�í#�@ã�ä�ñóí¹ëîå � öh�¨åcí	å#�~åAïQèðí	äoçl�1ñóï��eøvö�	�ë $��	�íìèîåAëîí	æ�	�å�èðöXëîç~ï�æ�ö �  cö¨ñóï� Añóæ;åAïQè	å$�òå$ �èðëîö � ç��~ï�åcèîñ� k÷oç� c�}�¨ëîö�	�ï�æ¦ñóïã=ýID_)«åCç~ë����Xñòï�èîä�åSç~ïoç��"�Iíìñóí#�o÷!	;è¹äoç~í'�óñòèìèU�òå@å#H/å$ �è'ö¨ïhèðä;åGNoï�ç��På#�¨åcïQèíðç � ê!�òå���ã�ä;å�¨ëîåcåAï¤ê+ö¨ñóïQèîíeíîä;öMô èðä;å�èðñ � å�æ�ñ�H/åAëìåAï! cå�÷+åcèÁôõåAåAï�ç����ê/ö~íîíîñò÷!�óå�ê�ä�ö~èîö¨ï\êoç~ñòëîíRç]øjèðåAë�ö¨ï!���¦èîä�åXñóï�ñ èðñóç���êoç~ë�èðñ� #�óå�ñóæ�åcïNèîñ�N` Aç`èðñòö¨ïç~ï�æ¤ï}	 � ÷/åcëV $	IèXäoç~í�÷/åcåAï � ç~æ�å���ã�ä�åcëîå�ñòíeçK�óç~ë
�~å«ê+åCç��¡ç~ëìö�	�ï�æ�AåcëîöK cö¨ëîëìåAíìê/ö¨ï;æ�ñóï!�¦èðöt Aö~ñóï! cñóæ�åcïNè_ê;ä�ö~èðö~ï�í�ñòï\èðä�å�ù!ú ç~ï;æÖã-ýYD_)*�ã�ä�åY�òöMôÁ�òå#�~å$�-J»ü½÷oç% c�R�~ëîö�	�ï;æXñóïeã-ýYD_)�èîä�ëîö�	��¨ä�ö�	;èõèðä�å'ã�+	ù�èðñ � åô ñóï�æ;öMôm Aç~ïL÷+åõíìåAåcï-�bã�ä�å!÷�� ç� c�	ê+ö¨ñóïQèîíO cö¨ëîëìåAíîê+ö¨ï�æLèîö¹èîä�å�Noï�ç��Nå#�¨åcïQèíðç � ê!�òå�ô ñòèîä�ö�	;èbèîä�åZç~ê�ê!�òñ� Aç`èðñòö¨ï�ö~ø)èîä�å!èðñ � ñòï!�Y $	Ièl�Qíîä;öMô ñòï!�	èðäoç]è�èðä�å Aö¨ï;íìèéç`ïNè¹÷oç� c�}�¨ëìö�	�ï�æ�ñóí�åkH$å# cèîñ��¨å#���Xëìå � öh�¨åAæ«÷��<èðä�ådö~èîä�åAë� #	;èðí#���G�G�ÁMhL�§



Å{Æ �$���[Ç�È Æ�É&Ê�Ë �c� � t �

¤��d¤ ã�ä�å¹ê/ö��óç~ë
ç~ï!���óå ö~ø
γ′
ñóï_èðä�å'� ç`÷�øvëîç � å íìä�ö�ô ñóï!�kèðä�åZå#H/å$ �è!ö~ø/èðä�å' $	;èëîå \ 	�ñóëìñóï!��ç����bê�ä�ö~èîö¨ï�ç~ï!���òåAíd÷/åu�¨ëìåCç`èîåAë	èðä�ç~ï 8◦

ivñóï6èðä�åu�óç~÷6øvëðç � åhjö¨ï�èîä�å�ê+ö��óç~ë�ç~ï!���òå«ö~ø'èðä�å
γ′
�¬qgñ èðä�ö�	;è�èîä�ñóíE $	Ièl�

θγ′

æ�ñóíìê!� çl�1íeç`ï
	�ï�ê;ä}�1íìñ� Cç%��ê+åCç��¦÷+å$�óö�ô

8◦
ô ä�åAëìå�èîä�åeí � ç����
ç~ï!���òå�ëîç~ï�æ�ö � å$�óå# cèîëîö%�

� ç��¨ï�å�èðñ� �÷oç� c�}�¨ëìö�	�ï�æ\ñòï¥ã-ýYD_)¥æ�ö � ñóï�ç`èðåcíkèîä�åeëìåCç��»å#�~åAïQè_íðç � ê!�òå��ã�ä�åS÷!� ç� c�Xê+ö¨ñòïNèîí íîä�ö�ô���	!�"�hæoç`èéçRô ñòèîä�ç����- $	Ièðí'íîçl�¨åSèîä�å�ö~ï�åe	;ï�æ�åAëíìè
	�æ����õèðä;åXëîåAæm cëîö¨íìíîåAí_íìä�ö�ô ç~ïoç%���1íîåcæW�~ê�ê�ñnL~ç�íîñ � 	!� ç`èîåAæGæ�ç`èéç6ç~ï;æèðä;åk÷���	�åf Aëìö¨íîíìåAíZíîä�ö�ô³ç`ïoç����1íìåAæ��¨ê�ê�ñ�L~÷híîñ � 	!� ç]èðåAæXæ�ç`èéç�� �G�G�e�G�e�ÁMhL�¨
¤�� ¦ ã�ä�åRåcï�åAë�����ö`ø

γ′
ñóï�èîä�å� cåAïQèðëìåLö~ø � ç~íîí¹í��1íìèîå � �Çíîä�ö�ô ñòï!�<èðä�å�å#H/å$ cèö~ø ç^ $	;è�ëîå \ 	;ñóëîñòï!� Ec.m.

γ′ > 30
ü«å·�a�Tú|�óç� c�6ê+ö¨ñóïQèðídíìä�ö�ô¾��	����¦æoç`èðçô ñòèîä�ç����z $	;èîí»íîçl�¨å èðä�å�ö¨ï;å'	;ï�æ�åAë
í�èU	�æ����bã�ä�å ÷!�óç� c�Lê+ö¨ñóïQèðíTíîä�ö�ô¬��	!�"�æoç`èðç�ô ñòèîä6ç����Ò #	;èðí	íîçl�¨å�èîä�åLö¨ï�åa	�ï�æ�åcë@íìè
	�æ����/èðä�åLëìåAæ1 cëîö¨íìíîåcí	íîä�ö�ôç~ïoç%���1íîåcæ��¨ê�ê�ñ�L¨çZíìñ � 	�� ç`èîåAækæoç`èéç'ç~ï�æ�èîä�å�÷!��	�å| cëîö¨íìíîåcíbíîä�ö�ôÖç~ïoç%���1íîåcæ�¨ê�ê;ñnL~÷híîñ � 	!�óç`èðåcæXæoç`èéçz�C�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�ÁM�MlL

¤��d§ ã�ä�å � ö � åAïQèU	 � ÷oç%� ç~ï! cå�ñòïSÿ}�c�����Pç`ï�æ��k��æ�ñóëìå$ cèîñóö¨ï;í=ñòï�èðä�å|� ç~÷+ö¨ëðç]èðö¨ëX�í��1í�èðå � íìä�ö�ô ñóï!�Rèîä�å	å#H/å$ �è¹ö`ø-èîä�å � ñòíîíìñóï!� � ö � åAïQèU	 �  #	;èðíei�)1å$ cèîñóö¨ï
¤��£¢!�d§�jk��ã�ä�å	÷�� ç� c��ê/ö~ñóïQèðíõíîä�ö�ô½��	!����æoç`èðç�ô ñòèðä<ç����p $	;èîí�íðçl�¨å	èîä�å@ö¨ï�å
	�ï�æ;åAëZíìèU	;æ�����èîä�ådëîåAæ^ Aëìö¨íîíìåAíZíîä�ö�ôµç~ïoç��"�IíìåAæ^�¨ê�ê�ñ�L¨çLíîñ � 	!�óç`èðåcæXæoç`èéçç~ï�æGèîä�å<÷!��	�åV cëîö¨íìíîåcíRíîä�ö�ô ç~ïoç��"�1íîåAæQ�~ê�ê�ñnL`÷¥íîñ � 	!�óç`èðåcæ¥æoç`èðç���ã�ä;åíîñ � 	!�óç`èðñòö¨ïRëîåcí
	!� èðíõç��¨ëîåcå�ô�å#���oô ñòèîä_èîä�å � åAç~í
	�ëìåAæ�æ�ñóí�èðëîñò÷!	;èîñóö¨ï�í#�=ã�ä;åæ�ñòí
 AëìåAêoç`ï! #�Xñòï<èðä�å� cåAïQèðëìådö~ø=èîä�å��k��æ�ñóí�èðëìñó÷!	;èîñóö¨ï�íîä�ö�	!�óæh÷+å	ëîå � åAæ;ñóåAæ÷���ñóï! cö¨ëîê+ö¨ëðç]èðñóï��@èðä�å¹í
�óñ��¨äQè�èéç~ë��¨åcè � ñóíîç��óñ��¨ï � åAïQè'i ∼ MhL �P� jTñóïQèðödèðä;åíîñ � 	!�óç`èðñòö¨ï-� �G�f�e�G�G�e�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�ÁM�Mh�

¤��d¨ ã�ä�å�æ�ñ�H/åAëìåAï! cåh÷/å�èÁô�åcåAï�èîä�å � åAç~í
	�ëìåAæ¡åAï�åcë
���ªö`ø¹èîä�å π0 ç`ï�æ¡èîäoç`è Cç%�� $	�� ç`èîåAæE	�íîñòï!�
p(γ, π0p)

�Nñóï�å � ç`èîñ� cí�ñóï_èðä�å� AåcïQèðëîå¹ö~ø � ç~íìí
í��1íìèîå � �íîä;öMô ñòï!�ªèðä�åt $	;è�ëìå \ 	�ñóëìñóï!�Gèîä�å§æ�ñ�H/åAëìåAï! cå§÷+å®�óåcíîíXèðäoç`ïÁ����¥ªü«å·���� ëîåAåcï�ê+ö¨ñóïQèîí�íîä�ö�ô\æoç]èéç ÷/å�øvö¨ëîå
ç����� $	Ièðí=ç~ëîå � ç~æ�åbèðöZñ�����	�í�èðëîç`èðåO $�óåAç~ë
�"�èðä;å�ô ñóæ;èîä6ö~ø�èðä;å��Aåcëîö%�· AåAïQèîëîåAæ
γp → pπ0 å#�¨åcïQèðí$�kã�ä�åL÷�� ç� c��ê/ö~ñóïQèðííîä;öMôÔ��	!�"�\æoç`èðç§ô ñ èðäÖç����� #	;èðí�íðçl�¨å�èðä�å«ö¨ï�å^	�ï�æ�åcëeíìè
	�æ����!èðä�å�ëîåcæ

 Aëìö¨íîíìåAí@íìä�ö�ô³ç~ïoç%���1íîåcæ]�¨ê�ê;ñnL¨çRíîñ � 	!�óç`èðåcæ�æ�ç`èéç�ç~ï�æ�èðä�åd÷!��	�åe cëîö¨íìíîåcííîä;öMô�ç~ïoç��"�IíìåAæt�¨ê�ê�ñ�L~÷6íîñ � 	!�óç`èðåcæ6æoç`èéçz�Rý�í � ç����=åAï�äoç`ï! Aå � åcïNèe Cç`ï÷+åLíîåcåAï¦ç~ëìö�	�ï�æC�AåAëìöXñóï�èðä�åGNoïoç��-æoç`èðç��+èîä�ñóíZñóí¹ëîå � öh�¨åcæ�÷���ö�	�ëI #	;èl�ô ñòèîä�ö�	;èbíðç� cëîñ�N! Añóï��'èðö1öY� ç`ë
�¨å�ç'ê�ëîö~ê/ö¨ë�èðñòö¨ï�ö~ø+ö�	;ëONoïoç%�;å#�~åAïQè»íðç � ê!�òå��ã�ä�å��¨ê�ê;ñnL~÷Líìñ � 	�� ç`èîñóö¨ïkëîåcí
	!� èðí
ç��¨ëìåAå�ôõå$���;ô ñòèîä�èðä;å�Noïoç��Iæ�ñóí�èðëîñò÷!	;èîñóö¨ïç~ï�æhèðä;åAëîå�øvö¨ëîådñòí�	�íîåcæ«øvö¨ë!èîä�å�Noïoç��{ cëîö¨íìíZíìå$ �èðñóö~ï«ï�ö~ë � ç��óñòíðç`èîñóö¨ï-� �e�ÁM�Ml¡
¤��"MhL�ã�ä�å � ñóíìíîñóï�� � ç~íîí=å#�`ç���	�ç`èðåcæRç~íTèîä�å!æ�ñ"H$åcëîåAï� Aå!÷+åcèÁôõåAåcï�èîä�å!ñóï��`ç~ëìñ ç~ïQè

� ç~íîídö~ø»èðä�å π0 ç~ï�æ γ′ ç~ï�æ6èðä;å � ñóíìíîñòï!� � ç`íîí� Cç%�� $	�� ç`èîåAæ®	�íîñòï!�Xèðä�å÷+åCç � �=èðç~ë
�¨å�èLç`ï�æ¥ê�ëìö~èðö~ï7i�J \ 	oç`èîñóö¨ïK¤��d¤�jk�Xã�ä�å�÷!� ç% c�6ê/ö¨ñòïQèðíkíîä�ö�ô��	!�"�6æoç`èðçXô ñ èðä§ç����� $	Ièðídíðçl�¨å_èðä;å�ö~ï�åu	�ï�æ�åcëkí�èU	�æz���Pèðä�å_ëîåcæg cëîö¨íìíîåcííîä;öMô ç~ïoç��"�IíìåAæm�¨ê�ê;ñnL¨ç�íìñ � 	!�óç`èðåcæ\æoç`èðç§ç`ï�æ\èðä�åh÷!��	�å� Aëìö¨íîíìåAí�íîä�ö�ôç~ïoç%���1íîåcæC�¨ê;ê�ñnL~÷híìñ � 	!�óç`èðåcæXæoç`èðç��I�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�ÁM�M$¢
¤��"M�MGã�ä�å � ñóíîíìñóï!� � ç`íîí�ö~ø�èîä�å γ′ ��ç~í�æ;å#Noï�åcæhñóï�J \ 	oç`èðñòö¨ï�¤�� ¦z��ã�ä�å��¨ëìåAåcï Añòë
 #�óåAíSíîä�ö�ô�èðä;åeëîåcí
	!� èðíLö`ø!èðä�å�íîñ � 	!� ç]èðåAæ γp → pπ0π0 æoç`èðç��«ã�ä;å÷!�óç� c��ê+ö¨ñóïQèîíbíîä�ö�ô7��	!���Sæoç`èðç'ô ñòèðä_ç%���� #	;èðí�íîçl�¨å�èðä�å�ö~ï�å�	�ï�æ�åcë�íìè
	�æ����èðä;åkëìåAæ� Aëìö¨íîíìåAíZíîä�ö�ôµç~ïoç��"�IíìåAæ��¨ê�ê;ñnL¨ç�íìñ � 	�� ç`èîåAæXæoç`èðçRç~ï�æXèðä;åk÷���	�å Aëìö¨íîíìåAí¹íîä�ö�ô¬ç`ïoç����1íìåAæ^�¨ê�ê�ñ�L~÷híîñ � 	!� ç`èîåAæXæoç]èéç��»�G�e�f�G�e�G�G�e�G�e�ÁM�Mh¥



�Ç� Å{Æ �$���[ÇOÈ Æ�É&Ê%Ë �c�

¤���Mh�Öã�ä�åkñóï��`ç~ëîñóç~ïQè � ç~íìí¹ö`øTèðä;å π0 ç`øjèîåAëZç�����ö`èðä�åcë' #	;èðí¹äoçl�¨åk÷/åcåAï � ç~æ;å��íîä�ö�ô ñòï!�Öèîä�åtN�ïoç��dñóï��`ç~ëîñóç~ïQè � ç`íîí^�óñ � ñòèîí$��ã�ä�å
p(γ, π0π0p)

÷�ç� c���
�¨ëîö�	�ï�æ� Cç~ïX÷+å� $�òåCç~ë�����íîåcåAï�åAñ èðä�åcë!íîñòæ�å	ö~øPèðä�å@èîë
	�å'å#�¨åcïQè'ê+åCç��&��ã�ä�å÷!� ç% c��ê+ö¨ñóïQèðíTíîä�ö�ô?��	!����æoç`èéç'ô ñ èðä_ç����z #	;èðí
íîçh�~å�èðä�å�ö¨ï;å�	�ï�æ�åcë�íìèU	;æ����èðä�å	ëìåAæ^ Aëìö¨íîíìåAí íîä�ö�ôµç~ïoç��"�IíìåAæ��¨ê�ê;ñnL¨çLíìñ � 	!�óç`èðåcæXæoç`èðçRç~ï�æXèðä�å	÷���	�å Aëìö¨íîíìåAíkíîä�ö�ô�ç~ï�ç����1íîåcæg�~ê�ê�ñnL`÷§íìñ � 	�� ç`èîåAæ6æoç`èðç��Rã�ä�åu Aö~ëîëîå# cèîñóö¨ï¦øvö¨ëèðä�ñòí�÷oç� c�}�¨ëìö�	�ï�æ«ñóí�æ�ñòí
 $	;íîíîåcæ�ñòï])1å$ cèîñóö¨ï^¤�� ¥z� �f�G�e�G�G�e�G�e�G�G�G�ÁM�Ml¤

¤���Ml¡�ã�ä�åkñóï��`ç~ëîñóç~ïQè � ç~íìí¹ö`øTèðä;å π0 ç`øjèîåAëZç�����ö`èðä�åcë' #	;èðí¹äoçl�¨åk÷/åcåAï � ç~æ;å��íîä�ö�ô ñòï!�¹èîä�å�ç`ê�ê!�óñòåAæf $	Ièðí$�=ã�ä�å»÷!��	�å»ê+ö¨ñóïQèðí� cö¨ëîëìåAíîê+ö¨ï�ækèðö èðä�å»ëîåcí
	!� èðíøvëîö � èðä�å
p(γ, π0π0p)

íìñ � 	�� ç`èîñóö¨ï-�=èðä�åXëìåAæ\øvëîö � �¨ê�ê;ñnL~÷\íìñ � 	!�óç`èðñòö¨ïëîåcí
	!� èðí_ç~ï�æGèîä�å��¨ëìåAåAïªê+ö¨ñóïQèîíLíîä�ö�ô èðä�åXí�	 � ö`øZèîä�åeèÁôõö¦íîñ � 	!� ç`èîåAæ Aö¨ïQèîëîñó÷�	;èðñòö¨ï�í$�¬ã�ä;å�¨ëîåcåAï¤èðëîç� Aå � ç`è
 éä�åAí<èîä�å�÷!�óç� c�¡å�ÿIê/åcëîñ � åcïNèðç��æoç`èðç_ê+ö¨ñòïNèîí ç`è¹ç~ï�æ�ç~÷+öh�¨ådèðä�å	èðë�	�å
π0 ñóï��`ç~ëîñóç~ïQè � ç~íîí#�»�e�G�e�G�G�G�ÁM�Mh¦

¤���M$¢¤ã�ä�åkí
	�÷;èîëðç� �èðñòö¨ïhö~ø
p(γ, π0π0p)

÷oç% c�R�~ëîö�	�ï;æ�÷oç~íìåAæ�ö¨ïhèðä�å	ñòï}�`ç~ëìñ ç~ïQè
� ç`íîíhö~økèðä�å π0 ç`øjèðåcë�ç����¹ö~èðä�åcë� $	;èîí$� ã�ä�å§øvö�	�ëXêoç~ï�å#�óíhíîä;öMô½èðä�å
�`ç~ëîñóç`èðñòö¨ïÖñòï�÷oç% c�R�~ëîö�	�ï;æ¤ô ñòèðä�ñóï! cëîåCç`íîñóï��

Eγ

ñóïÁ¥%LGü«å·�'��ô ñóæ;å
Eγ÷�ñóï;í$�hã�ä�åe÷�� ç� c�6ê+ö¨ñóïQèîíSíìä�ö�ô èîä�å�ö¨ëîñ��¨ñóïoç%��	�ï�í�	�÷;èðëîç� cèîåAæ\æoç]èéç��-èðä�åëîåcæ\íîä�ö�ô íLèðä;å

p(γ, π0π0p)
 Aö¨ïQèîëîñó÷�	;èðñòö¨ï�èîö�÷/åeí
	�÷;èîëðç� �èðåcæÖç`ï�æGèðä�å÷!��	;å�íìä�ö�ô íSèðä;åPNoïoç%�»í�	�÷;èîëðç� �èðñóö~ï¥ëîåcí
	!� èl�<þ�èe Cç`ï¥÷+åeíîåcåAï¥èîäoç`èSö¨ï!�"�

� ñòï�ñ � ç��Mí
	;÷;èðëîç� cèîñóö¨ïdñóí�ëìå \ 	�ñòëîåAæSç`è Eγ < 450
ü�å·�¡ô ä;åAëîå�èîä�å
ê�ä�ö~èîö¨ïç~í�� �E� å�èðëìñóåAí ç`ï�æ µ∆+

ç`ëîå	å#�`ç���	oç`èîåAæ-� �G�e�G�e�f�G�e�G�G�e�G�e�G�G�G�ÁM�Ml§
¤���Mh¥Öã�ä�åG Aëîö~íîí íîå# cèðñòö¨ï�ö~ø

p(γ, π0π0p)
øvëîö �5Ó ��¡%Õ��°�G�G�G�G�e�G�e�G�G�e�G�f�¬M�Mh§

¤���Ml¤�ã�ä�åSç� $ cåAê;èðç~ï! Aåkö~ø
p(γ, π0π0p)

 Cç��� $	!�óç`èðåcæhøvëìö � èîä�ådíîñ � 	!� ç]èðñóö~ï-�¼�f�¬M�Mh¨
¤���Mh¦Öã�ä�åkå#H/å$ cèîñ��~åG cëîö¨íìí¹íìå$ �èðñóö~ï�æ�	�åkèîö

p(γ, π0π0p)
 cö¨ïQèéç � ñóï�ç`èðñòö¨ï-�Â�G�f�¬M�Mh¨

¤���Ml§�ã�ä�åG Aëîö~íîí íîå# cèðñòö¨ï�ö~ø
p(γ, π0p)

øvëîö �ÔÓ �%¡%Õ�� �G�G�G�G�G�e�G�e�G�G�e�G�f�¬Mh��L
¤���Ml¨�ã�ä�åSç� $ cåAê;èðç~ï! Aåkö~ø

p(γ, π0p)
 Aç��� #	!� ç`èîåAæXøvëîö � èðä;åkíìñ � 	�� ç`èîñóö¨ï-� �G�f�¬Mh�zM

¤��¶�%L�ã�ä�åkå#H/å$ cèîñ��~åG cëîö¨íìí¹íìå$ �èðñóö~ï�æ�	�åkèîö
p(γ, π0p)

 Aö~ïNèðç � ñóïoç`èîñóö¨ïZ�3�e�G�f�¬Mh�zM
¤��¶�RMGãTç%���¨åAëXí� Cç��òåAëìíKi�	�ê�ê+åAë��òåcøjè�j�� � 	!�òèîñóê!�òñóåAæÖ÷��¤èðä�å�èðç����¨ñòï!�\å#�E cñóåAï� #�iµ	�ê;ê/åcëZëìñ��¨äQècj��¨ñ��~å	èðä�ådï}	 � ÷+åAë�ö~ø=ê�ä�ö`èðö¨ï�í ñ � ê�ñòï!�¨ñòï!��ö¨ïhèðä;å@èéç~ë��¨åcèøvëîö � åCç� éä«ãTç%���¨åAë� éä�ç~ï�ï�å#�|i��óö�ôõåAë ä�ñóí�èðö��~ëðç � jk���f�G�e�G�G�e�G�e�G�G�G�ÁM[���
¤��¶���Öã�ä�åRèðö~èðç��bï}	 � ÷+åAëdö~ø»èéç%���¨åAæ¦ê�ä;ö~èðö¨ï;íkñòï¦åCç� éä Eγ

÷�ñòï¦øvö~ë	ç����T÷/åAç �èðñ � åcí$�Ô�f�G�e�G�G�e�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�G�G�G�ÁM[�%¡
¤��¶�%¡�ã�ä�å'èîö~èéç��)ï}	 � ÷+åAëõö~øPæ�å�èðå$ �èðåcæ p(γ, γ′π0p)

å#�¨åcïQèðí�ñóï�åCç� éä
Eγ

÷�ñòïeøvö¨ëç����$÷/åAç � èîñ � åAí$�º�e�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�G�G�G�ÁM[�T¢
¤��¶�T¢¤ã�ä�å�å#�E AñòåAï! k��ö`ø�èðä;å<ù!ú�ã-ýYD_)�íX�1íìèðå � øvö¨ë

p(γ, γ′π0p)
å#�~åAïQèðíLç~íkçø�	�ï! �èðñóö~ï�ö`ø

Eγ

�Ù�e�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�G�G�G�ÁM[�T¢
¤��¶��¥Öã�ä�å¹èîö~èéç%�+ï}	 � ÷/åcë�ö~ø p(γ, γ′π0p)

å#�¨åcïQèðí�ñóï�åCç� éä
Eγ

÷�ñòï�øvö¨ë»ç����)÷/åAç �èðñ � åcí$�Ô�f�G�e�G�G�e�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�G�G�G�ÁM[��¥
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¦z�"M ã�ä�å
p(γ, γ′π0p)

 Aëìö¨íîíZíîå# cèîñóö¨ï-�)÷+åcøvö¨ëìå
p(γ, π0p)

í
	�÷;èîëðç� �èðñòö¨ï-��øvö¨ë�èðä;ååAïQèîñóëîå�æoç`èéç@íìåcè$�Qñ�����	�íìèîëðç`èîñóï!��èîä�å � åcèðä;öIæ�í=ö~ø p(γ, π0π0p)
í
	�÷Ièðëðç% cèðñòö¨ï-�ã�ä�å@í \ 	oç~ëîå � ç~ë��~åcëîí�ëìåAê�ëìåAíìåAïQè!èðä;å'ëðçCô p(γ, γ′π0p)

 cëîö¨íìí�íîå# cèîñóö¨ï<÷+åk�øvö¨ëìå
p(γ, π0π0p)

í
	�÷Ièðëðç% cèðñòö¨ï-�Zèðä�å§ö¨ê+åAï¬ Añóë� $�òåAíhñóï�æ;ñ� Cç]èðå�èðä;åt cëîö¨íìííîå# cèîñóö¨ï�ç`øjèðåcë	í
	�÷Ièðëðç% cèðñòö¨ï®	�íîñòï!�Xèðä�å
p(γ, π0π0p)

 Aëìö¨íîídíìå$ cèîñóö¨ï � åCçT�í
	;ëîåAæ�ñóï Ó ��¡TÕ���ç`ï�æÖèîä�å�èîëîñóç~ï!���òåAíRëîåcê�ëîåcíîåcïNèeèðä�å^ Aëìö¨íîí�íîå$ �èðñòö¨ï¤ç`øjèîåAëí
	;÷;èðëîç� cèîñóö¨ï§÷��N�èîèîñóï!�XèðöXèîä�å
π0 ñòï}�`ç~ëìñ ç~ïQè � ç~íìíkæ;ñóíìèîëîñò÷!	;èðñòö¨ï-�Lã�ä;åí
	;÷;èðëîç� cèîñóö¨ï � å�èðä�ö1æ�í»ç��¨ëìåAå ô�å#���)ñóï_èðä�åZëîå#�¨ñóö~ï Eγ < 450

ü«å·��ô ä�åcëîå÷+ö~èðä�ê�ä�ö~èîö¨ï�ç~í�� �E� å�èðëìñóåAí ç`ï�æ µ∆+

ç`ëîå	å#�`ç���	oç`èîåAæ-���f�G�e�G�G�e�G�e�ÁM[�%§
¦z� � ã�ä�å

p(γ, π0p)
÷�ç� c�}�¨ëîö�	;ï�æÖí�	�÷;èîëðç� �èðñóö~ïªøvëìö � ö�	�ë

p(γ, γ′π0p)
 cëîö¨íìííîå# cèîñóö¨ïdæ�å�èðåAë � ñòïoç`èîñóö¨ï-� ª ñ����òåAæ( Añóë� $�òåAíPç~ï�æ@èîëîñóç~ï!���òåAíÇíìä�ö�ô�èîä�å p(γ, γ′π0p) Aëìö¨íîí�íîå$ �èðñòö¨ïGøvö¨ëdèðä�åeø�	����
æoç`èðç«íîå�èR÷+åcøvö¨ëìå<ç~ï�æGç`øjèðåcë

p(γ, π0p)
í
	�÷R�èðëîç� cèîñóö¨ïZ�IëìåAíîê+å$ �èðñ"�¨å$�"���oç`ï�æ<ö¨ê+åAï� cñóë
 #�óåcí�íîä;öMôgèîä�å

p(γ, π0p)
 Aö¨ïQèðç � �ñóï�ç`èðñòö¨ï� Cç��� $	!�óç`èðåcæ�ç~í�æ�åAí� Aëìñó÷+åAæ�ñòï^)Iå$ �èðñòö¨ï]¤z� ¤��«�G�e�f�G�e�G�G�e�G�e�ÁM[�%¨

¦z�d¡ ã�ä�å
p(γ, γ′π0p)

 cëîö¨íìí�íìå$ �èðñóö~ïªøvö~ëRåCç� éä¡ö~øZèðä�åh÷+åCç � èðñ � åAí#�m~@ê/åcï Añòë
 #�óåAí	íìä�ö�ô¸èîä�å
p(γ, γ′π0p)

 cëîö¨íìídíîå$ �èðñòö¨ï6øvö¨ë'èðä;åE��	!����÷/åAç � èîñ � å��N`���óåAæ¥í \ 	oç~ëìåAí_íîä�ö�ô èðäoç]èLøvëîö � )Iåcê;èðå � ÷+åAë$�xN`���óåcæÂ Añòë
 $�òåAíLíìä�ö�ô èîäoç`èøvëîö � �¨ç~ï}	oç~ë����1ç~ï�æ�èîëîñóç~ï!���òåAí�íîä;öMô�èðä�å' Aëìö¨íîí»íîå# cèðñòö¨ïE Cç��� $	!�óç`èðåcæ�øvëìö �èðä;åkåcïQèðñóëìådæoç`èéçRíìåcè øvëîö � ç����+èðä�ëìåAåd÷/åAç � èîñ � åAí� Aö � ÷�ñóï;åAæ-���G�G�e�G�e�ÁMh¡�L
¦z�£¢ ã�ä�å�Noï�ç��

p(γ, γ′π0p)
 cëîö¨íìíbíîå# cèðñòö¨ï-�=ã=ëìñ ç~ï!���óåAí-íîä;öMôªèîä�å� Aëìö¨íîíTíîå$ �èðñòö¨ïøvëîö � èîä�ñóí
ôõö¨ë
��ç~ï�æP Añóë� $�òåAí�íìä�ö�ô�èðäoç]è!æ�å�èðåAë � ñòï�åAæ�ñóï Ó ��¡TÕ��bã�ä;å@íîö��òñóæ�óñòï�å»íîä�ö�ô íbèðä;å!ê�ëîåcæ�ñ� �èðñòö¨ï�ö~øoèîä�å

χ
J ª ã � öIæ�å#� Ó ¨%Õ��Tã�ä�å χ J ª ã � öIæ;å$�ñóíe $	�ëìëîåcïNè
���g	�ï�æ�åcë
�¨ö~ñóï!��ø�	�ëìèîä�åAëLæ;å#�¨å#�óö¨ê � åcïNè$�bô ä�ñ� éä¥íîä�ö�	��óæG÷�ëìñóï!�èðä;å � öIæ;å$�~ê;ëîåAæ;ñ� cèîñóö¨ïf #�óö¨íìåAë�èðö�èðä;å � åCç`í
	�ëìåAæG Aëîö~íîíPíîå# cèðñòö¨ï-�=ã�ä�åxNoïoç��ëîåcí
	!� èðí'øvëìö � èðä;ñóí ô�ö¨ë��«ëìåAê�ëìåAíìåAïQèkçE�`ç~í�è@ñ � ê�ëìö[�~å � åAïQè@ñòï�í�èéç`èîñóíìèîñ� Aç��åAëìëîö¨ë öh�¨åcë�èðä�ådê�ëìå#�1ñóö�	;í � åCç`í
	�ëìå � åAïQèl� �e�G�G�e�G�e�f�G�e�G�G�e�G�e�ÁMh¡zM

¦z� ¥ ã�ä�å¹ï�ö¨ë � ç��òñóíîåcæE�1ñòå$�óæ_øvö¨ë p(γ, π0p)
øvëîö � èðä�ñòí»ôõö¨ë
�� cö � êoç~ëîåcæ�èîöSèðä;å Aëìö¨íîí-íîå# cèîñóö¨ï � åAç~í
	;ëîåAækñóï Ó �%¢�Õ*iví \ 	oç~ëìåAícjPç~ï�æ Ó ��¡%ÕpiÖN`���òåAæf Añòë
 $�òåAíUjk�-ã=ëìñ"�ç~ï!���óåAí-íîä;öMôªèîä�å��1ñóå#�óædøvëîö � èîä�å���	����dæoç`èðç¹íìåcèl�~ö¨ê/åcïa cñóë
 #�óåcí=íìä�ö�ô¡èîäoç`èøvëîö � èðä�åa)IåAêIèðå � ÷/åcë'æoç`èðç�íìåcèl��ýZøjèðåcëZèîä�åSíìñ � 	�� ç`èîñóö¨ïXñòí¹å�ÿIèîåAï�æ;åAæ�èðöñóï� $��	;æ�å@èðëìñ����¨åcë!å#H/å$ �èðí ô�ådå�ÿ;ê+å$ �è¹èîä�å��óö�ô

Eγ

æ�ñòí
 AëìåAêoç`ï! #�Xèîöu�`ç~ï;ñóíîä
i3íìåAåa)Iå$ �èðñòö¨ïC¦z��M�� ¡�j����G�e�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�ÁMh¡��

¦z�d¤ )R�1íìèîå � ç`èðñ� eèéç%���¨ñóï���å#�E cñóåAï� #�Gåcëîëìö¨ë�åk�~ç%��	oç`èîñóö¨ïZ�6ù�ëîö~íîíîåcíRíîä�ö�ô èðä�å
� ç]ÿIñ � 	 � ç~ï�æ � ñóï�ñ � 	 � ëìå$ Aö~ëîæ�åcækèðç����¨ñòï!�!å#�E cñóåAï� AñóåcíÇøvö¨ëÇåAç� éäe éä�ç~ïz�ï�å#�$ç~ï;æeèðä�å' Añòë
 #�óåAí»íîä;öMô�èîä�å � åCç`ï�èðç����¨ñòï!�Såk�E Añóåcï! #�_øvö¨ë»åCç% éä� éäoç~ïz�ï�å#��	�íîåcæ¦ñóï�èîä�å�Noïoç��O Aëìö¨íîí	íìå$ cèîñóö¨ï Aç��� #	!� ç]èðñóö~ï�í$�¹ã�ä�åRåAï�ä�ç~ï! Aå � åcïQèñóï¤èðç����¨ñòï!�¥åk�E Añóåcï! #�¤ç~ëîö�	�ï�æ7 éäoç~ï;ï�å$�f�%L�LGñóí�æ!	�å�èðö�èðä�å�øvö¨ë�ô!ç`ëîæz�ê+åCç��Nñóï���ö~ø!èîä�åV cö¨ä�åAëìåAïQèR÷�ëìå � íîí�èðëðç`ä!��	�ï��«ô ä�ñ� éäGëîåcí
	!� èðíLñòï¥ç�íìäoç~ëìêñóï� AëîåAç~íîådñòïhèðç����¨ñòï!�Rå#�E cñóåAï� #��ç`è�èîä�åf Aö¨ä�åcëîåcïNè¹åAæ��¨å��Y�f�G�e�G�G�e�G�e�ÁMh¡�¡
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¦z�¶¦ 	ñóï�å � ç`èîñ� �æ�ñòíìèîëîñó÷�	;èðñòö¨ï�í�ö~ø!N�ïoç��Níìèðç`èðå γ′ ñóïdèðä;å� cåAïQèðëìåk�Áö`øn� � ç~íîíPøvëðç � åøvö¨ë'èîä�åu��	!�"��æoç]èéçeíìåcèl�¹ê/ö�� ç~ë¹ç~ï!���òå�i�	�ê�ê+åAë	êoç~ï;å$�Öj��Çç��cñ � 	Ièðäoç��=ç~ï!���óåi � ñóæ�æ��óå!êoç`ï�å$�njbç~ï�æ�åAï�åcë
���Ci��óö�ô�åcë
êoç~ï�å#�Öjk�bú|� ç� c�a Aëîö~íîíîåcí� cö¨ëîëìåAíìê/ö¨ï;æèðö¦èðä�å�Noïoç%�'��	!���\æ�ç`èéç¦íîå�èl�!ëìåAæÖèîö§èîä�å^�¨ê�ê�ñ�L¨ç6íîñ � 	!� ç`èîåAæ\æoç]èéç¦íîåcèç~ï�æX÷!��	�å¹èîö�èðä;å@íîñ � 	!� ç]èðåAæP�¨ê�ê�ñ�L~÷<æoç]èéç�íìåcèl�
ã�ä�åI�¨ê�ê�ñ�L~÷<íîñ � 	!�óç`èðñòö¨ïëîåcí
	!� èðíõç��¨ëîåcå�ô�å#���oô ñòèîä�èîä�å¹ëìåCç��oæ�ç`èéç��Qô ñ èðä�ö¨ï!���Lí
�óñ��¨äQè
æ�ñóíîç��¨ëìåAå � åAïQèñóïLèîä�å
Eγ′

íîê+å$ cèîë
	 � �¨ô ä�ñ� éä�íìä�ö�	!�òæ_÷/å!ëìå � åAæ�ñòåAæ_÷���èîä�å ç~æTS�	�í�è � åAïQèðíèðöRèðä;åkíìñ � 	�� ç`èîñóö¨ï��òñóí�èðåAæhñòï^¦z��M�� ¡����G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�G�G�G�ÁMh¡�¤
¦z� § 	ñóï�å � ç`èîñ� =æ�ñóí�èðëîñò÷!	;èîñóö¨ï�í/ö~ø}Noïoç��~íìèéç]èðå π0 ñóï@èîä�åx AåcïNèîëîå��Áö~øn� � ç~íìíÇøvëðç � åøvö¨ë'èîä�åu��	!�"��æoç]èéçeíìåcèl�¹ê/ö�� ç~ë¹ç~ï!���òå�i�	�ê�ê+åAë	êoç~ï;å$�Öj��Çç��cñ � 	Ièðäoç��=ç~ï!���óåi � ñóæ�æ��óå@êoç`ï�å$�nj!ç~ï�æ�åAï�åcë
���gi��óö�ô�åcë êoç~ï�å#�Öjk� ª ö¨ë!ø�	;ëìèðä;åAëZï�ö~èéç]èðñóö~ïXíîåAå

ª ñ���	�ëîå�¦z�¶¦R��ã�ä�å��¨ê;ê�ñnL~÷¥íîñ � 	!� ç`èîñóö¨ï§ëîåcí
	!� èðíRç%�¨ëîåcå�ô ñòèîäGèðä�åeå�ÿIê/åcëX�ñ � åAïQèéç%�bæoç`èðç�÷+åcèìèðåAëdèðä�ç~ïg�~ê�ê�ñnL~ç���ã�ä;å�í��óñ��~äNèdæ;ñóíðç%�¨ëîåcå � åAïQèkñóï¦èðä�å
θπ0

ç`ï�æ
Eπ0

íîê+å$ cèîëðç�íìä�ö�	!�òæ<÷+å¹ëìå � åAæ�ñòåAæe÷���èðä�å¹ç~æTS�	;íìè � åAïQèîí�èðökèðä�åíîñ � 	!� ç]èðñóö~ï��óñòíìèðåcæXñóïC¦z�"M��d¡����e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�G�G�G�ÁMh¡�¦
¦z� ¨ 	ñóï�å � ç`èîñ� ¹æ�ñóí�èðëîñò÷!	;èîñóö¨ï�íõö~ø�Noïoç��$íìèéç]èðå	ê�ëìö~èðö¨ïhñòï<èðä�å� cåAïQèðëìåk�Áö`øn� � ç~íîíøvëðç � å	øvö¨ë èðä�å���	!���hæoç]èéç�íìåcè$�!ê/ö�� ç~ëZç~ï!���óåPiµ	�ê;ê/åcë'êoç~ï;å$�Öj��+ç��Añ � 	;èðä�ç��ç~ï!���òå�i � ñóæ;æ!�óåkêoç~ï�å#�Öj'ç`ï�æ6åAï�åcë
���Qiµ�òöMôõåAë	ê�ç~ï�å$�njk� ª ö¨ë¹ø�	;ëìèðä;åAë	ï�ö~èðçT�èðñòö¨ïRíîåcå ª ñ���	;ëîå�¦z� ¦z�=ýI�Qç~ñòï�èðä;å��¨ê�ê�ñ�L~÷Ríîñ � 	!� ç]èðñóö~ï�ëîåcí
	!� èðí
ç��~ëîåAåõô ñòèðäèðä�åkå�ÿIê+åAëìñ � åAïQèéç��Pæoç]èéç_÷/å�èîèðåcë¹èîäoç~ï^�¨ê�ê�ñ�L¨ç���ã�ä;å�æ�ñòíîêoç~ëìñòè��X÷+åcèÁôõåAåcïèðä�åRíìñ � 	�� ç`èîñóö¨ï�ëîåcí
	!� èðídç~ï�æ6å�ÿIê/åcëîñ � åAïQèðç��Tæoç]èéçXç`è��òö�ô θp

íìä�ö�	!�òæ6÷/åëîå � åcæ�ñóåcæ�÷��Xèîä�åkç~æTS�	�í�è � åAïQèðí�èðöRèîä�ådíîñ � 	!� ç`èîñóö¨ïV�óñóí�èðåcæXñóïC¦z�"M�� ¡z�»�G�ÁMh¡�§
¦z��MlL?F¹ç]èðñóöZö~ø` cëîö¨íìíTíìå$ cèîñóö¨ï;íTæ�åcëîñ��~åAæ�	;íîñóï��'å#�~åAïQè��¨åcï�åAëîç`èðö¨ë � öIæ�å#�óí��¨ê�ê;ñnL¨çç~ï�æÂ�~ê�ê�ñnL`÷-�«ã�ä;å��¨ê�ê�ñ�L¨çT��æ�åAëìñ��¨åcæK cëîö¨íìíLíîå# cèðñòö¨ïGñòíSæ�ñ"�1ñóæ�åcæ¥÷���èîäoç`èøvëîö � �¨ê;ê�ñnL~÷Z�bã�ä�å	æ�ñ"H$åcëîåAï� Aå@÷+åcèÁôõåAåcïhèîä�åY�¨ê;ê�ñnL¨çSç~ï�æ��¨ê;ê�ñnL~÷�íîñ � 	z�� ç`èîñóö¨ï � öIæ;å$�óí ñòí ø3ç`ë(�óç~ë
�¨åcë!èðäoç`ï«èðä;å�æ�ñ"H$åcëîåAï� Aåk÷/å�èÁô�åcåAï�èðä;åa�¨ê�ê;ñnL~÷íîñ � 	!� ç]èðåAæÖæoç`èðçGç~ï�æ¤èîä�å�å�ÿIê+åAëìñ � åAïQèéç��Zëîåcí
	!� èðí®i3ç~í� Aç~ï¤÷+å�íîåcåAïgñóï

ª ñ���	�ëîåcí�¦z� ¦z��¦R� §«ç~ï�æm¦z�d¨�j��=èðä}	�íSô�å<å�ÿIê/å# cèLèîä�åV	�ï� AåAë�èéç~ñòïQè��¥æ!	;å�èðöèðä�å�ñóï;ê!	;èE�¨åAï;åAëðç]èðåAæÖå#�~åAïQè<íìåcè�èðö¥÷+åhí � ç����òåAë�èîäoç~ï¡èðä�å�æ�å#�1ñóç`èðñòö¨ï�íö¨÷�íìåAë��~åAæ�ä;åAëîå%�Y�G�e�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�G�G�G�ÁMh¡�¨
¦z��M�Mªù�ö¨í

(2φ)
N;è»èîö	èðä�å

p(γ, γ′π0p)
ç��cñ � 	;èîäoç��Iæ�ñóí�èðëîñò÷!	;èîñóö¨ïLøvö¨ë
ç%��� θπ0

ç~ï�æ
Eγ′

	�íîñòï!�!�G��	!�"��æoç]èéçXíîå�èkô ñ èðät¡�¢�Lhü�å·�
< Eγ <

¢�¢�L�ü«å·�Ôiµ	�ê�ê+åAëêoç~ï�å#�Öjdç~ï�æm)1åAê;èîå � ÷+åAëLæ�ç`èéç�íîåcè�ô ñòèðäK¡�L�L�ü«å·� < Eγ <
¢�L�L�ü�å·�

iµ�òöMôõåAë êoç`ï�å$�njk��Dx�óö~èîí�íîä�ö�ô�íìèéç]èðñóí�èðñ� Cç��Çåcëîëìö¨ë�ö¨ï!�"��� �e�G�G�e�G�e�G�G�G�ÁMl¢�M
¦z��Mh�W�»ç~ëîñóç`èðñòö¨ï_ö~øPç~íX� �P� åcèîë��Rô ñòèîä Eγ′

øvö¨ë
p(γ, γ′π0p)

øvö¨ë»ç����
θπ0

ç~ï�æ
Eγ′	�íîñòï!�!����	!����æoç`èéç@íìåcè
ô ñòèîäE¡�¢�Lkü«å·�

< Eγ <
¢�¢�Ldü«å·�=i�	�ê�ê+åAë
êoç~ï�å#�Öjç~ï�æm)1åAê;èîå � ÷+åAëLæ�ç`èéç�íìåcèLô ñ èðäQ¡�L�L6ü«å·� < Eγ <

¢�L�L�ü�å·�Ýiµ�òöMôõåAëêoç~ï�å#�Öj��Tã�ä�å!ê+ö¨ñòïNèîíbç`è
Eγ′ = 0

ü«å·�gç`ëîå!æ�åcëîñ"�¨åAæLøvëìö � èðä�å�ç`ïoç����1íìñóí-ö~ø
p(γ, π0p)

ô ñòèîä�èîä�åZíðç � å� $	;èîí�ç~í p(γ, γ′π0p)
�xD=ö~ñóïQèðí»íîä�ö�ô�í�èéç`èîñóí�èðñ� Aç��åAëìëîö¨ëd÷oç~ëìí$�O�¨ëîåk�}��íîäoç`æ�åAæ�÷oç~ëîíkíîä;öMô¸èðä�å � ç%�¨ï�ñòè
	�æ�åRö~øõèðä�å�ç~÷;íîö���	;èðåí��1íìèîå � ç`èðñ� RåAëìëîö¨ë	ñòï§åAç� éä¦÷�ñóïZ�Lã�ä�å_í � ç����òåAë¹í��1íìèîå � ç`èðñ� �	�ï! Aåcëìèðç~ñóïQè��øvö¨ëG¡�L�L�ü«å·�

< Eγ <
¢�L�L�ü«å·� ñóídæ!	�å_èðöhèðä�åRø3ç� �èðö¨ëdö~ø ∼ MlL^�òöMôõåAë

p(γ, π0π0p)
 cö¨ïQèéç � ñóï�ç`èðñòö¨ï-�\ã�ä�å � ö1æ�å#�!ê�ëîåcæ�ñ� �èðñòö¨ï�í_ç~ëìå�íìä�ö�ô ï¤ñóï

ª ñ���	�ëîåG¦z�"Mh¡Løvö¨ë� cö � ê�ç~ëîñòíîö¨ï-�Ý�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�G�G�G�ÁMl¢��
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�¨å�è@åAï� $�óö~í
	�ëìåLç~ï�æ�ô ñòëîå
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ñóïeèîä�å@ëìåCç� �èðñóö~ï<ê�i
γ, π0 ê&jk�1ô ñòèîä<ï�ö��óñ � ñ èðí�ö¨ï
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ç`ï�æt¡�¢�L�ü«å·�
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¢�¢�Lhü«å·��øvö¨ë'ê/åcëîê+åAï�æ�ñ� $	!�óç~ë@ê+ö�� ç`ëîñóíîç`èðñòö¨ïö¨ëîñòåAïQèéç]èðñóö~ï1i��óåcøjècj�ç~ï�æ<êoç`ëðç����óå$�;ê/ö��óç~ëîñòíðç`èîñóö¨ïRö~ëîñóåcïQèéç`èîñóö¨ï]i3ëìñ��¨äQè�j��Tã�ä�åå#H/å$ �è¹ö`ø=èîä�å � å�èéç��Çê�� ç`èîå	÷/å�èÁô�åcåAï«èîä�åSù!ú�ä;å � ñóíîê;ä�åAëìåAí� Cç~ï�÷+åkíìåAåcïç`è
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ç~ï�æ ±180◦

�3�G�e�G�G�e�f�G�e�G�e�G�G�e�G�e�f�G�e�G�G�e�G�e�G�G�G�ÁM[¦%LùI�¶�Ôþ�����	�íìèîëðç`èîñóö¨ï¦ö~ø�ê�ä�ö~èîö¨ïGç~íX� �P� åcèîë��6øvö¨ëdê�i γ, π0 ê&j@ô ñòèîä¥ï�ö^�óñ � ñ èðí@ö¨ï
θp

ç~ï�æ�¡%¢�LLü«å·�
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¢�¢�L�ü«å·���1ý'ê;ê!���1ñóï���J \ 	oç`èðñòö¨ïhùI�"Mh¤Sèîö�èðä�åæ�ñóí�èðëìñó÷!	;èîñóö¨ï;í!ñ�����	�í�èðëðç]èðåAæeñóï ª ñ���	�ëîådùI�"Mf�¨ñ��~åAíZçRê�ëîö~ê/åcë
���eï�ö¨ë � ç��òñóíìåAæ
cos(2φ − φ0)

æ�ñòíìèðëìñó÷!	Ièðñóö~ï;i��óå�øjè�jk��ã=ö�èðä�ñòíSæ;ñóíìèîëîñò÷!	;èðñòö¨ï-�Çôõå<ç~ê;ê!���¦ç
N�èîèîñóï!�dø�	�ï! �èðñòö¨ï�èîöSæ;åcèðåcë � ñóï�å�èîä�å'ç � ê!�òñòè
	�æ�å A ö~ø$èîä�å¹ê;ä�ö~èðö~ï<ç~íX� � �� å�èðëX�hç~ï�æ φ0

ç~ï�æhèðöu éä�å# c�Xøvö¨ë ç~ï����¨åcëìèîñ� Cç%��ö�H$íìåcèeivëîñ��~äNècjk���e�G�G�G�ÁM[¦%L
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M��"M ã�ä�ådèðä�ëìåAåf�¨åcï�åAëîç`èðñòö¨ï�í�ö~ø � ç`èìèðåcë$�;ëìåAê�ëìöIæ�	! Aåcæ«øvëîö �5Ó ��¥TÕ��×�G�G�e�G�e� ¤
M�� � ã�ä�å øvö�	�ë�øvö¨ë� AåAí»ö~ø/ïoç`è
	�ëîåZç~ï�æ�èðä�åcñóë � åAæ�ñóç`èðñòï!�	êoç~ë�èðñ� $�óåcí$�=ã�ä�å(�~ëðçl�1ñ"�èðö~ï¤äoç~í<ï;ö~èV�~åcèX÷+åAåcï¤ö¨÷�íìåAë��~åAæ?�Lèîä�å]�òñóí�èðåAæ�ê�ëîö¨ê+åAë�èðñòåAí�ç~ëîå«÷oç~íîåcæö¨ï6èðä;åAö¨ëìåcèðñ� Cç��Tê�ëîåcæ�ñ� �èðñóö~ï-�Ew%ëIìîíÖï`ðTñ�òTïí�ócôcïRâ`õ�ô
á�ìÖìîö�õÖâl÷�â`õÖí�óuõÖâgø�á�âRòRócù

ó�úYócôkíÖûgü�ñ&óí�ðmíÖï`ó]ûkíµøUðTâRò^ýlðTøUôcótá�øUó®þVðTøUóíµöcÿpõ�ô
á�ìÖìîöQûhócókâ½á�í�ûhô
á�ì�ócû
∼ 10−15m
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����ê�ä��Iíìñ� cí_�óç~÷+ö¨ëðç`èîö¨ëîñòåAíO�óñ��`å�ù�J�F',e��q�åäoçl�¨åLç��óíìöeæ�ñòí
 Aöh�~åAëîåcæ6èðäoç`è$�/ô ñ èðä�ñòï�èîä�åLäoç~æ;ëîö¨ï�ø3ç � ñ������ � åAíìö¨ï�íY Aç~ï�÷+åa cëîåCç]èðåAæ¦ç`ï�ææ�åcíìèðëìöh�¨åAæ¥åCç~íìñ������Pê�ëîöh�1ñóæ�åcæ�ö~ï�å_äoç~íkí
	��E AñòåAïQèSåAï�åcë
�����=÷!	IèSèîä�å_ïR	 � ÷/åcëdö~ø!÷oç`ë��¨ö~ï�íñóïXèîä�å	ô�ö¨ë��óæ�ç~ê�ê+åCç`ëîí�èðö_÷+åG cö¨ï�í�èéç~ïQèl�
þÁï<èðä�åI Aö�	�ëìíîå@ö`øPí
 AñòåAïQèðñ"N` @ñòï}�~åAí�èðñ��¨ç`èðñòö¨ïeö~ø�èîä�å@ï}	! #�óå$	;í$� � ç~íîíìñ��~å$����æ�ñ"�¨åcëîíîå	í�èU	�æR�ñóåcídäoçl�¨åe÷+åAåcïK	�ï;æ�åAë�èéç��`åAï-�Xý!èSö¨ï�å�å�ÿ1èðëìå � å��=ç~ëîå_èðä;å�ä�åAçl�R�§ñòö¨ï¦íìèU	;æ�ñóåcí$�=ô ä;åAëîåc÷��í
 cñóåcïNèîñóí�èðí»äoçl�¨å'íìö�	!�¨äQè»èðöe AëîåAç`èðå¹ç~ï�æ�íìè
	�æ�� � ö~ëîå å�ÿIö~èîñ� ��Nä�åAçl�IñòåAëõç~ï�æ�æ�ñ��~åAëîíìå'ï}	! #�óåAñç~ï�æ¡ê�ëìö¨÷/åhèðä;å�ê;ëîö¨ê+åAë�èðñóåcí�ö`ø¹èîä�åAíìå] Aö � ê!�òå�ÿªåcïQèðñòèîñóåcí$�¡ý!è�èîä�å«ö`èðä�åcë�å�ÿ1èðëîå � å«ç~ëìåèðä;åSå�ÿ� cåAåcæ�ñóï!������ä�ñ��~ä«åcï�åAë�����ê�ç~ëìèîñ� $�òå	ê�ä��1íîñ� cí@íìè
	�æ�ñòåAí@ç]è¹ê�� ç� cåAíI�òñ��`å�ù�J�F',e�)ô ä�åAëìåí
 cñóåcïNèîñóí�èðídíìèîëîñ��~å�øvö~ë	å#�¨åcëX�·�¨ëîåAç`èðåcëe cåAïQèðëìåk�Áö`øn� � ç~íîíf Aö����óñòíîñòö¨ï�åcï�åAë��¨ñóåcíkèîö�ê;ëîö1æ!	! Aå_èðä;å
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ãTç`÷!�óå�M�� �z�
ã�ä�ådøvö�	�ë!øvö¨ë� Aåcí¹ö~ø=ïoç`è
	�ëîåkç~ï;æ�èîä�åAñòë � åAæ;ñ ç`èîñóï!�Lê�ç~ëìèîñ� $�òåAí#�»ã�ä;åe�¨ëîçl�Iñ èðö¨ïäoç~í�ï�ö`è��¨å�è ÷/åcåAï�ö¨÷�íîåcë��~åAæ���èðä�å��òñóí�èðåAæXê;ëîö¨ê+åAë�èðñóåcí�ç~ëìå	÷oç~íîåcæhö¨ïXèðä�åcö¨ëîå�èðñ� Aç��$ê;ëîåAæ;ñ� k�èðñòö¨ï-�^wTëIìîí�ï`ðTñ�òTïtí�ócôcïRâ`õ�ô
á�ìÖìîö^õÖâl÷�â`õÖí�óEõÖâWø�á�âRòRócùfó�úYócôkíÖûVü�ñ&óPí�ð]íÖï`ó�ûkíµøcðTâRòaýlðTøUôcóVá�øUó
þVðTøUó�íµö�ÿpõ�ô
á�ìÖìîöûhócókâ7á�í�ûhô
á�ì�ócû ∼ 10−15m

ü�ñ`ó�í�ð®í�ï`óôcðTì�ðTñRø���âZókñzíµø�á�ìZýlðTø�þEá�í�õ�ðTâÁð�ý
þEá�í�í�ókø �
ä�åCçl�1ñóåcëI�¨åcï�åAëîç`èðñòö¨ï�í¹ö~ø \ 	oç~ë
�«ç~ï�æ6í�èU	�æz�«èîä�åLå�ÿ1èîëîå � åAí	ö`ø
äoç~æ�ëìö¨ï�ñ� k÷+åAäoçl�1ñóö�	;ë$�$å�ÿ}�èðåcï�æ�ñóï��Zèîö¹åk�¨åAëTí � ç����òåAëÇæ�ñòíìèðç~ï! Aå»í
 Aç��óåcí$�=þÁï�èðä�å � ñóæ�æ!�òå�ö~ø;èîä�åAíìå����òñóåcí � åAæ;ñ�	 � �Áåcï�åAë����ö¨ë�äoç~æ;ëîö¨ï�ñ� 	ê�ä��1íîñ� cí'ç`ï�æhö�	�ë å�ÿIê+åAëîñ � åcïQèl�

�g	*� �z Ú � Ü&fhÚ
þÁï�íîñòæ�ådäoç~æ�ëìö¨ï�í#� \ 	oç`ë
�Ní@ç~ëìå	èðñ��~äNè
���e÷/ö�	;ï�æ«÷���çRøvö¨ë
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ç� éähäoç`íçkíìö�	�ë� Aå¹ç~ï�æ�ç � åAæ�ñóç`èðñòï!�	êoç~ë�èðñ� #�óå%�Òq�å'ç`ëîåZç����)çCô�ç~ëîåZö~øZ�¨ëðçl�1ñòè����1ä;öMôõå#�~åAë»èðä�ñòí»ê�� çl�1íçLï�å$���óñ��~ñó÷!�òå¹ëìö��óå@ö~ïhèîä�ådç`èîö � ñ� 'í� Cç��òå���ã�ä�ådï�å�ÿIè � ö¨íìè�ø3ç � ñ��óñóç~ë
ö~øPèðä�åcíîådñóí!èîä�å	å$�òå$ k�èðëìö � ç%�¨ï�åcèîñ� døvö¨ë
 cå��$èîä�åRíîö�	�ë
 cåRö~ø�ô ä�ñ� éä¦ñòí'å$�òå$ �èðëîñ� Cç��O éäoç~ë��¨å��dã�ä�åRå#�óå$ �èðëìö � ç%�¨ï�åcèîñ� øvö¨ë
 cåXñóí � åAæ�ñóç`èðåcæ\÷}�Q�1ñòëìèU	�ç��!ê�ä�ö`èðö¨ï�í��kèðñòï��Gêoç� c�`åcèîíeö~ø(�óñ��¨äQèLèðäoç]è�å�ÿIñóíìè�ö¨ï����G÷��÷/ö~ëîëîö�ô ñòï!�LåAï;åAë
�%�<øvëîö � èðä�å	ê�ç~ëìèîñ� $�òåAí�	;ê/ö¨ï<ô ä;ñ� éäXèðä�åk�hç� �èl��qgñòèîä�ö�	;è�èðä�åcíîå��1ñóëìè
	oç��
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ê�ä�ö`èðö¨ï�í� cö �E� 	�ï�ñ� Cç`èîñóï!��èðä�åLå�ÿIñóíìèîåAï! cå_ö~ø
èðä�åRê+ö¨íîñ èðñ"�¨å$�"�^ éäoç~ë
�~åAæ¦ï}	! $�òå$	�í#�Pèîä�å_ç~êz�ê�ëìöQç� éä�ñòï!�
α
êoç~ëìèîñ� #�óå�ôõö�	!�òæ�ï�ö`è
÷/å ëîåcê/å#���òåAæu	�ïQèðñ���ñòè
ç% cèU	�ç����"�Sèîö�	! éä�åcæ�èðä;åZí�	�ëìø3ç% AåZö~øèðä;åZï}	! #�óå#	�í$�Iç~ï�æ_ô�å'�Nï�ö�ô�èðä�ñòí�ñóí
ï�ö~è
èîä�å� Cç~íìå���Jx�óå# cèðëìö � ç��¨ï�å�èðñ� | éäoç~ë
�~å¹å�ÿ;ñòíìèîíõö¨ï����ñóïhèÁôõö�øvö¨ë � í#�õê+ö¨íîñ èðñ"�¨åSç~ï�æ�ï�å$�Qç]èðñ��~å���ã-ö � ç��~åkç~ï«å$�òå$ cèîëîñ� Cç������<ï;å$	;èîëðç��Pö¨÷RSìå# cè$�/ö¨ï;åíîñ � ê����_ëîå \ 	�ñóëìåAí�å \ 	oç��$ï}	 � ÷/åcëîí!ö~øPê+ö¨íìñòèðñ"�¨å¹ç~ï�æ<ï;å$�Qç`èîñ��~åY éäoç~ë��¨å���þ�è�ñóí!ç%�óíîöSê/ö~íîíîñò÷!�óåèðö_ö¨÷;íîåAëX�¨åSç~ï�ñóíîö�� ç`èîåAæXê+ö¨íîñ èðñ��~å	ö¨ë�ï�å#�Qç`èðñ"�¨åf éäoç~ë��¨å��
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 cå�ñòí( cö��óö�	;ëI éäoç~ë��¨å��¹ã�ä�åLí�èðëîö~ï!�eøvö¨ë� AåLñòíI¤�L�èðñ � åAííìèîëîö¨ï��¨åAë»èðäoç~ï�èðä�å¹å$�óå# cèîëîö � ç��¨ï�å�èðñ� ZëìåAê!	��óíîñòö¨ïe÷+åcèÁôõåAåcïXèÁô�ö�	;ê \ 	oç~ë
�Ní�ç]è!ç�æ;ñóíìèðç~ï! cåö~ø
3× 10−17 � ivèîä�å'	�ê \ 	oç~ë��Räoç~íõç~ïeå#�óå$ �èðëìö � ç%�¨ï�åcèîñ� � éäoç`ë
�¨å¹ö~ø +2
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jk��ã�ä;å¹åkH$å# cèðí�ö~ø
 Aö��óö�	�ëI éäoç~ë
�~å�ç`ëîå� Aö �P� 	;ï�ñ� Aç`èðåcæ6÷}� � åcæ�ñ ç`èîñóï!�eêoç~ëìèîñ� #�óåAí��Nï�ö�ô ï�ç~íf����	;ö¨ï�í$��~@ï!���
\ 	oç~ë��1í�ç~ï;æ¬����	�ö¨ï;í<ê/ö~íîíîåcí� Aö��òö�	�ë� éäoç`ë
�¨å¦ç~ï;æ�íìöªö¨ï!���¡èðä;å#�gç~ëìå6ç%H/å$ �èðåAæ�÷��¤èðä;åíìèîëîö¨ï��<øvö¨ë
 cå��Rù�ö��óö�	�ë( éäoç~ë��¨åRå�ÿIñóí�èðíkç~í�¡� cö��óö�	;ëîí	ç~ï;æ®¡Xç~ïQèðñ"�· Aö��òö�	�ëìí$�Çç`ï�æ6èðä�åRö¨ï����ô�çh�¡èðö�øvö¨ë �  Aö��óö�	�ë��Áï�å#	;èðëîç��Zö¨÷RSìå$ �èðí<ñòí�èîöÂ Aö � ÷�ñóï�å�èðä�å«èðä�ëìåAå1 cö��óö�	;ëîí$�!èîä�å«èîä�ëîåcåç~ïQèðñ �� cö��óö�	;ëîí$�Qö~ë�ç~ï��u cö��óö�	;ë
ô ñ èðä�ñòèðí»ç~ïQèîñ"�� cö��óö�	�ë$�-ã�ä�å'í�èðëìö¨ï!�Søvö~ë
 Aå¹ñóí
íîöSíìèîëîö¨ï!�kèðäoç]è
\ 	oç~ë��1í_ç`ëîå� Aö~ï�Noï�åcæªèîö�èðä�åcíîå� cö��óö�	;ëX�Áï;å$	;èîëðç��õç~ëîëîç~ï!�¨å � åcïQèðí$��øvö¨ë�å�ÿ;ç � ê!�óå%� \ 	oç~ë����ç~ïQèðñ \ 	oç~ë
�Rê�ç~ñóëìíIi � åcíîö¨ï;ícj�ç~ï�æ�èðä�ëìåAåk� \ 	oç~ë
�u cö � ÷�ñòïoç`èðñòö¨ï�í'iv÷oç~ë��~ö¨ï�íUjk�_~'èðä�åcë� Aö��òö�	�ëX�ï�å#	;èðëîç��� Aö � ÷�ñóïoç]èðñóö~ï�íRç~ëìå�ï;ö~è�ë
	!�òåAæªö�	;è�÷��\èðä�åXèîä�åAö¨ëX���õí
	! éä�ç`í_èîä�åXøvö�	�ë�� \ 	oç~ë��p�ö¨ï�å��Kç~ïQèîñ \ 	oç~ë��^ cö � ÷�ñòïoç`èîñóö¨ï^�Nï�ö�ô ï�ç`í¹èðä;åLê/åcïQèéç \ 	oç~ë��&�Ç÷!	;è$�Çç~íI�~åcè$�$èðä�åcëîåLä�ç~í'ï�ö`è÷+åAåAï^ Aö~ï! $��	�íîñ"�¨ådå�ÿIê+åAëîñ � åcïQèéç���ê�ëìöIö`ø=ö`ø=èîä�åAñòë�å�ÿIñóí�èðåAï� Aå Ó ¢�§TÕ��

�
	e� �� Ú���fXà�Ü�oXàcâ�� � Ü�á�Û����
�'ç`æ�ëîö¨ï;ñ�  íìèîë
	! �èU	�ëìå@ñóí
ï�ö�ôg÷+å$�óñòå#�~åAæ�èîö�÷+å¹ø3ç~ë � ö¨ëîå' Aö � ê!�òå�ÿRèîäoç~ï�èðä�åZèðä�ëìåAå \ 	oç`ë
�Níç~ï�æ \ 	�ç~ë
�a�@ç~ïQèðñ � \ 	oç~ë��� Aö � ÷;ñóïoç`èîñóö¨ï;í=æ�åcí
 cëîñó÷+åAæR÷��kèðä�å � å#��� � ç~ï � ö1æ�å#��� � å#��� � ç~ïZb íê�ëìö¨ê/ö~íîåAæ \ 	oç~ë�� Aö � ê/ö~ï�åAïQèðíkç~ëìå_ï�ö�ô ëîå�øvåAëìëîåAæ¦èðö«ç~í	èðä;å�v·�`ç��óåcï! Aå \ 	oç~ë��NíXyc�=ç~ï�æ§ñòèñóí�÷/å#�óñóåk�¨åcæ<èðäoç`è�èîä�åAíìåY�`ç��óåcï! Aå \ 	oç~ë��Ní¹ç`ëîå@í�	�ëîëìö�	�ï�æ�åcæ«÷��<ç_íìåCçRö~ø \ 	oç~ë����Áç~ïQèðñ \ 	�ç~ë
�êoç~ñòëîí	ê+ö¨ê�ê�ñòï!�Xñóï§ç~ï;æ�ö�	Ièdö~øõèîä�å��`ç� $	!	 � �Pç����bä�å#�óæ6èðö��~åcèðä;åAëd÷���èðä�åu cö��óö�	;ëX�� éä�ç~ë
�¨å Cç`ëîë��1ñòï!�!��å#�óå$ �èðëìñ� Cç%������ï�å#	;èðëîç���������	�ö~ï�í$�

þÁïg�~åAï�åcëðç����Çèðä�å_÷+åAíìèdô�çl�6èðöhæ�ñóí� Aöh�¨åcëdä�ö�ô�ç� Aö � ê!�òå�ÿ6åcïQèðñòè���ñóí� Aö~ï�íìèîë
	! �èðåAæZ�Tñóíèðö�æ�ñóí � ç~ïQè
�óå ñòè$�
ù|�óñòï�ñ� cñ ç~ï�í�ä�çh�~å��Qç~ñòï�åAæE�¨ö���	 � åcí�ö~ø-�1ï;öMô��òåAæ!�~å'øvëîö � èîä�å'ê�ëìöz cåAíìí�ö~øç�	;èîö¨ê�íX���I~	÷;íîåAëX�1ñóï!�eèîä�å�ï�ç`èU	�ëìå�ö~øTèðä�åe Aö¨ï�í�èðñ èU	�åcïNèîí(�õèðä�åcñóë � ç~íìí$�)èðä�åcñóëZíîäoç`ê/å%�/èðä;åô�çh��èðä�åk�� Aö¨ï;ï�å$ �è_���~ñ��¨åcí
ñóï;øvö¨ë � ç]èðñóö~ïLç~÷+ö�	;è�èîä�å çl�~ç`ñ�� ç`÷!�óå� Aö � ÷;ñóïoç`èîñóö¨ï;í$�~èîä�å��óñ � ñ èðíö~ø èðä;åVNoïoç��� Aö¨ï;íìèðë�	! cèîñóö¨ï¡ç~ï;æ\ñòèðíe�óñ��~å$�"�§÷/åcäoçl�Iñòö�	�ë#�¥ú��g�óö1ö��Nñóï���ç`è_ç�íìåcè_ö~ø's�å#�¨ö÷�ëìñ� c�Ní$�Iñòè»ñóí»ê/ö~íîíîñò÷!�óå èðöSê!� ç`ïeç~ï;æ<ê�ëîåcæ�ñ� �è � ç~ï��_ö~øÇèîä�å'ê+ö¨íìíîñó÷��óå�Noïoç��+íìèîë
	! �èU	�ëìåAí�ç`ï�æèðä;åAñóë�÷�	!����ê�ëîö¨ê+åAë�èðñòåAí$�
ã�ä�ñóí�ö¨ê;èîñóö¨ï¡ñóí�æ�åcï�ñóåcæÖèðä;å«äoç`æ�ëîö¨ï;ñ� �ê�ä��Iíìñ� cñóíìè$��þ�ø	ö¨ï�åhèðëìñóåcí�èîö¥ê!	!��� ç \ 	oç~ë����ç~ïQèðñ \ 	oç~ë
�§êoç~ñòë�i4ç � åAíìö¨ï&j�ç`êoç~ëìè$��ñòèRëìå \ 	�ñòëîåAíLèîëîå � åcï�æ�ö�	�íRåcï�åAë������õç~ï�æ\÷+åcøvö~ëîå<èðä;åê+ö¨ñóïQè�ô ä;åAëîåXèîä�å \ 	oç~ë��1íu cö�	!�óæ\÷+å� cö¨ï�íîñòæ�åAëìåAæªíîåcêoç~ëîç`èðå%�õç`ï�ö~èðä;åAë \ 	oç~ë����Áç~ïQèðñ \ 	�ç~ë
�êoç~ñòëõå � åcë
�¨åcí�øvëîö � èîä�åI�`ç� $	�	 � èîöLøvö¨ë � èÁôõöRï�åcô � åAíîö~ï�í$��ý \ 	oç`ë
��äoç~í!ï�åk�¨åcë�÷/åcåAïö¨÷�íìåAëX�¨åAæeñóï�ñóíîö�� ç`èîñóö¨ï^i3ç~ï�æ�èîä�åAëìå'ç`ëîåZíìèðëìö¨ï!�këîåAç~íîö¨ï;íõèðök÷+å$�óñòå#�~å èîäoç`è»ô�åZï�åk�¨åAë�íîäoç����Öjç~ï�æ¥íîö�ôõå<äoçl�¨åeï�å#�~åAëLäoç`æ¥èðä�å�ö¨ê�ê+ö¨ëìè
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ñòèLæ;åAí
 cëîñò÷/åcí$�
ëðç`èîä�åAëèðäoç`ïªèîä�åVv�ç~÷;íîö���	;èðå<èîë
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	oç`èîñóö¨ïXñòí � ö¨ëìå� Aö¨ëìëîå# cè èðäoç`ï«ç`ï�ö~èðä;åAë$�ã�ä�å	å#H/å$ �èðñ��~åGs-ç%�¨ëðç~ï��¨ñ ç~ï;í�ö~øPèðä;å'èÁô�ö � öIæ�å#�óí»èðäoç`è�ô ñ����+÷+å�	�íîåcæhèîöRå�ÿ1èðëîç� cè µ∆+øvëîö � ö�	�ë � åCç`í
	�ëìå � åAïQè@ö~ø γp → pπ0γ′

�$ç~ëìåe cö¨ï�í�èðë
	� cèðåcæ¦ñóï«èÁôõö<æ�ñ"H$åcëîåcïNè¹ô!çl�1í$�¹þÁï
)Iå$ �èðñòö¨ïQ�z� �hôõå�ô ñ����x�òöIö���ç`èSèîä�åV	;ï�ñòèðç~ë��¦åkH$å# cèðñ"�¨åVs-ç%�¨ëðç~ï��¨ñ ç~ï � öIæ�å#��ö~ø�+'ëìå$ éä�íìå$����»ç~ï�æ�åcëîäoç`å$�¨ä�åcïÁókíIá�ìî� Ó �z�$M[¦R�c¥�¨%ÕTô ä�ñ� éä§ñóí� cö¨ï�íìèîë
	! �èðåcæG÷��6å�ÿ1èðëîç� cèîñóï!�hèðä;åE cö�	�ê!�òñóï!� Aö¨ï;íìèéç`ïNèîí¹øvö¨ë åAç� éä�ñòï�æ�ñ��1ñòæ!	oç��Çí�èéç��~åSö¨ë��¨åcëìèîå�ÿ«ö~øbåAç� éä�æ�ñóç��¨ëîç � øvëìö � å�ÿIê+åAëîñ � åcïQèéç��æoç`èðç��hþÁïm)Iå$ �èðñòö¨ïQ�z�d¡��-ô�å<í�èU	�æz��èîä�å � öIæ;å$�
ö~ø�D=ç~í
 Aç���	;èîíðç�ç`ï�æK�»ç~ï�æ;åAëîä�ç~å$�¨ä;åAïGñòïô ä�ñ� éä«èðä�åLåkH$å# cèîñ��¨å�s-ç%�¨ëðç~ï��¨ñ ç~ï�ñóí øvö¨ë � åcæ�ö¨ï�èîä�å�÷oç`íîñóí¹ö~ø�èðä;åa	�ï�æ;åAë
�"�1ñóï!��í�� �P� åk�èðëìñóåAí»ö~øÒ©dù�+¬ç~ï;æ<å�ÿIê�ëìåAíîíìåAæ�ç~í�ç�í � ç����oí� Cç��òå'å�ÿ;ê�ç~ï�íîñòö¨ï<ñòïeêoç~ë�èðñ� $�óå � ç~íîíìåAí!ç`ï�æeèðä;åê�ëîö1æ!	! �èðñòö¨ï�ê�ä;ö~èðö¨ï � ö � åAïQèU	 �ÄÓ ¨%Õ��@þÁït)Iå# cèðñòö¨ï®�z�£¢eôõåLô ñ����Ò cö¨ï�íìñóæ�åcë	ç~ï�æ1 cö � êoç~ëîåèðä�åZê�ëìåAæ�ñ� cèðñòö¨ï�í
ö~øÇèîä�å � ö1æ�å$�òí»ç~ï�æ�èîä�åAñòë�ç%�¨ëîåcå � åAïQèõô ñ èðä�åCç� éäeö~èðä�åcë»øvö~ë»èîä�å¹å�ÿIê/åcëîñ"�
� åcïQèéç���ö~÷�íîåcë��`ç~÷!�òåAí�ö~ø/ñóïQèðåcëîåcíìèl�Nïoç � å#���kèðä�å ê�ä�ö`èðö¨ï�ç~íX� �E� åcèðëX�Rç~ï;æ_èîä�å æ�ñ�H/åAëìåAïQèðñóç�� Aëìö¨íîí íîå# cèîñóö¨ïhô ñòèîä�ëìåAíìê/å# cèZèðöRèðä�åf cåAïQèðëìåk�Áö`øn� � ç~íîí�ö�	IèU�¨ö¨ñòï!�Rê�ä�ö`èðö¨ï�åAï�åcë
�����
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ã�ä�å	÷oç~íìñóí!ö`ø�èðä�ñòí�	�ï�ñ èéç~ëX� � ö1æ�å$�+ô!ç~í�N�ëîíìè!ëîåAê+ö¨ë�èðåAæX÷��Xü�ç� éäoçl�`ç~ëîñóç~ï�ñ�� ª ç~åAíìí
�òåAë�ç~ï;æú|	! éä � ç~ï�ïXñòï1Mh¨�¨�¨ Ó ¥%§%Õ��;ç~ï�æXñòï�æ�åAê+åAï;æ�åAïQèU�"�<÷���+¹ëîå$ éä;íîå$�����»ç~ï�æ;åAëîä�ç~å$�¨ä;åAïÂókí�á�ì � ñòï��L�L�L Ó ¥�¨%Õ��ªý!è_èðä�ñòíRíìèéç%�¨åhñòèu Aö~ïNèðç~ñóï;åAæªö¨ï!�"�¥èðä;å ∆

�ÁëìåAíìö¨ïoç~ïQè � å# éäoç~ï�ñòí � íLøvö¨ëLèðä;å
γp → pπ0γ′

ê�ëîöR Aåcíîí$�eþ�èSô�ç~íSø�	;ëìèðä;åAëkæ�å#�~å$�óö~ê/åcæ¥÷��®�»ç~ï�æ�åcëîäoç~å#�¨ä�åcï\ç~ï�æg+'ëîå# éä�íîå#�ô ä�ö\ëîåcê/ö~ëìèðåcæ¤èðä�å�å�ÿ1èðåcï�íîñòö¨ï�ö~ødèðä�å«èðä�åcö¨ë��¡èðöGñòï! $��	�æ�å«ï�ö¨ïz��ëîåAíìö¨ïoç~ïQèXèîåAë � íeí�	! éäç~í�èîä�å�ñòï�ñòèîñ ç�� ç`ï�æ;Noïoç%�¹í�èéç`èîå] éäoç~ë��¨åAæ�ê�ç~ëìèîñ� $�òå«÷;ëîå � íîí�èðëîç~ä!��	;ï!�\ç~ï�æ¤ú�ö¨ëîïÖèðåAë � í
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ª ñ���	�ëîåP�z�"M�� ª åk�Iï � ç~ïK+'ñ ç%�¨ëðç � ëìåAê�ëìåAíìåAïQèéç`èîñóö¨ï¥ö~ø�åCç% éäGö~ø!èîä�åeê�ëìöz cåAíìíîåAí�ñóï! #��	�æ�åcæñóï Ó �TÕ���D
ëìöz cåAíìí�i3ç���j�ñóí�íìåAï�íìñòèîñ��¨å	èîö µ∆+

��JTÿIèîëðç� �èðåcæ«øvëîö �5Ó �TÕ��

ñóïQ��L�L�M Ó M[¦[Õ���þÁï�èðä�å��óç`èðåcíìè�ñ � ê!�óå � åcïNèðç`èðñòö¨ï¦÷��ªù�ä�ñóç~ï!�WókíGá�ì � Ó �TÕ��Tèðä;å � ö1æ�å#�õäoç`í÷+åAåAï6÷;ëîöQç~æ;åAï�åcæ¦èîö<ñóï� $��	;æ�åLëîå��Áí� Cç`èìèðåAëìñóï!��èðåAë � í@ç~ï�æ�èîä�åRêoç~ëîç����òå$�PëîåAç� cèîñóö¨ï1 éä�ç~ï�ï�å#�
γp → nπ+γ′

�¥þÁï¡èîä�ñóí � ö1æ�å$���bèðä�å γp → pπ0γ′
ê�ëîöR Aåcíîí�ñóíLæ;åAí
 cëîñò÷/åcæ�ç~íRèîä�åXí
	 �ö~ø'ç����õèðä�å�ê�ëîöR AåcíîíìåAíeñ�����	�íìèîëðç`èîåAæ\ñóï ª ñ���	�ëìå^�z��M��;~'ø¹èðä�åcíîå�ê�ëîöR Aåcíîíîåcí$�!ö~ï!���\ê;ëîöR AåAíìíi4ç���j�äoç`í<ç~ïgç � ê!�òñòèU	;æ�åhæ�åAê+åAï�æ�ç~ïQèhö¨ï µ∆+
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 Aëìñó÷�ñòï!�_èðä�åkëîåAç� cèîñóö¨ï γp →
πN
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γp → πN
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κN

�'èîä�åXç~ï�ö � ç��òö�	�í
� ç��¨ï�å�èðñ� � ö � åAïQèZö~øTèîä�å�ï}	! #�óåAö~ï&jZç`ï�æ] cö�	�ê!�òñóï!�E Aö¨ï;íìèéç`ïNèîí@ö¨÷;èðç~ñóï;åAæhøvëîö � �`ç~ëìñóö�	�íå�ÿIê+åAëìñ � åAïQèéç�� æoç]èéç¦íîåcèîí<å��£�!�¤èîä�å^�~å$ �èðö¨ë � åcíîö¨ïÖê�ä�ö~èîö¨ï; cö�	�ê!�òñóï!�¨í gρπγ

ç~ï;æ
gωπγôõåAëîåeå�ÿ1èðëîç� cèîåAæGøvëîö � èðä�å�ëðç~æ�ñóç`èðñ"�¨å_æ�å# Cçl�1í

ρ → γπ
ç~ï;æ

ω → γπ
�hã�ä�åeö¨ï!���6øvëìåAåêoç~ëîç � åcèðåcëîí»ñóïRèðä;å(Noïoç%� � ö1æ�å$��ôõåAëìå¹èðä;å¹äoç`æ�ëîö¨ï;ñ� ��¨å# cèðö~ë � åAíîö~ïP cö�	�ê!�òñóï!�G Aö¨ï;íìèéç`ïNèîíç~ï�æ�èîä�å

γN∆
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γp→ pπ0 ç~ï�æ γp→ nπ+ æoç]èéç��
þÁï�èîä�å � öIæ�å#���1èðä�å ∆(1232)

ñóí�æ�åcí
 cëîñó÷+åAæ�÷��hç� Aö � ê!�òå�ÿeê/ö��òå M∆ − i
2
Γ∆

èðöRèéç��`åç� # Aö�	�ïQè�ö`ø�èðä�å'Noï�ñòèîå
∆
ô ñóæ;èîä-�Nô ä�åAëìå	÷/ö~èîä

M∆
ç~ï�æ

Γ∆
ôõåAëìå@èéç��`åAï<øvëìö � èðä�å�D�+ �
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ü�å·���Pý�ú�ëîåcñòèX�·qgñ��~ï�åAë'è��1ê+å_ê�ëîö¨ê�ç��Qç`èîö¨ë'ô�ç~í
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∆
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γp→ γ′πN

ëìåCç� �èðñòö¨ï-�bã�ä�å � öIæ;å$�)ç��òíîökç~ê�ê!�òñóåcæê!	�ëìå$���Gê�íîå#	�æ�ö%���¨å$ �èðö¨ëP Aö�	;ê!�óñòï!��ñòï\èðä�å
πNN

ñóïQèîåAëðç% cèðñòö¨ïWsPç��¨ëðç`ï!�¨ñ ç`ï¡ñòïªö¨ëîæ�åcë�èîöëîå � ç~ñòï] cö¨ï�íîñòíìèîåAïQè	ô ñòèîä�èðä�åa�óåCç`æ�ñóï!�eö¨ëîæ�åcë@ö~ø� éä�ñòëðç��-ê+åAëìè
	�ëî÷�ç`èðñòö¨ï�èðä;åAö¨ëX���dã�ä�å�	�íìåö~ø¹ç6ú�ëîåcñòèX�·qgñ��~ï�åAëkè��Iê+åhåAï�åcë
���¥æ�åAê+åAï;æ�åAïQè�ô ñóæ;èîäªç~ï�æ\èðä�å�	;íîåhö~ø � ñ ÿIåAæ\ê�íìå$	�æ�öT��¨å# cèðö~ëbç~ï�æ�ê�íîå#	�æ�ö%��í
 Cç%� ç~ëO Aö�	�ê��óñóï��¹ñòïSèðä;å
πNN

ñóïQèîåAëðç% cèðñòö¨ï�sPç��~ëðç~ï!�~ñ ç~ïdô�ö�	!�óæSäoçl�¨åñ � ê�ëîöh�~åAæhèðä�åGN�è¹èîö�èîä�åSå�ÿIê/åcëîñ � åAïQèðç��Pæoç`èéçz�+åcíîê+å$ cñ ç������hç`è¹ä�ñ��¨ä�åAë ñòï! Aö � ñóï���ê;ä�ö~èðö~ïåAï�åcë
�¨ñòåAí#���¹ö�ôõå#�¨åcë$�Pç~í¹èðä�å � ç~ñòï�ê!	;ëîê+ö¨íîåLö`ø�èðä�ñòí γp → πN � öIæ�å#��ô!ç~í@èîöeê�ëìöh�Iñòæ�åç<÷oç~íìñóí'øvö¨ë¹èðä�å_ç~ï�ç����1íîñòí@ö~ø
èðä;å
γp → γ′πN

ñóïQèðåcëðç� �èðñóö~ï-�Çñòè¹ô!ç`íkæ;å$ Añòæ�åAæ6èîö<øvö¨ë � ç
� ö1æ�å#�1ô ñ èðä�èîä�å!øvåcôõåAí�è
êoç~ëðç � å�èðåAëìíbï�å# AåAíìíðç~ëX�Rèðö@ê;ëîöh�1ñóæ�å�çY�~öIö1æaN�èbèîö@èðä�å!ç~÷!	�ï�æ�ç~ïQè
γp→ πN

æ�ç`èéç��
ã�ä�ñóí íîñ � ê��óå � öIæ;å$�Çæ�åcí
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� ñóï�ñ � ç���í�	�÷�í�èðñòè
	;èðñòö¨ï-�dã�ä�å ª ñ���	�ëìå��z�"M}i4ç�jZæ�ñóç��¨ëðç � í( Cç~ï¦ç��òíîöX÷+åLæ�åcí
 Aëìñó÷+åAæ¦ñóï«èðä�ñòíô�çh���~ô ñòèîäkèîä�å�å�ÿz AåAêIèðñóö~ïLö~ø;èîä�å�æ;ñ ç��¨ëîç � i3ç���j��`ô ä�ñ� éä�äoç~í-èðä�å»ñóïQèîåAëðç% cèðñòö¨ïes-ç%�¨ëðç~ï��¨ñ ç~ïæ�åkNoï�åAæ«ñóï^J \ 	oç`èðñòö¨ïC�z�"M��
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�Áñòíîö¨÷�ç~ë�ê�ëîö~êoç��Qç`èîö¨ëîíGivï�ö~èZñóï� $��	;æ�ñóï!�Lèîä�å
O∆R

ê�ëîö¨êR�ç��Qç]èðö¨ë�èðåcë � ícj ç~ï�æ NO∆R

ñóí èðä�åkï}	 � ÷+åAë'ö`ø�æ�ëîåcíîíìåAæ O∆R
ê�ëîö~êoç��Qç`èîö¨ë èðåAë � í#��ã�ä�åèðåcë � nχPT

ñóí��¨ñ"�¨åAï�÷���J \ 	oç`èðñòö¨ïC�z�d¤��
nχPT = ΣiiVi + 4L−NN − 2Nπ,

i��R� ¤�j
ô ä�åcëîå

Vi

ñóí�èîä�å ïR	 � ÷/åcë
ö~øZ�~åAëìèîñ� cåAí
ô ñòèðä�æ�ñ � åcï�íîñòö¨ï i � L ñóí�èîä�å ïR	 � ÷/åcë
ö~ø-�òöIö¨ê;í$� Nπñóí»èðä�å	ï}	 � ÷/åcë!ö~ø-ê�ñóö~ï<ê�ëîö~êoç��Qç`èîö¨ëîí!ç~ï�æ NN

ñóí�èîä�å@ï}	 � ÷+åAë�ö`øPïR	� $�óåcö¨ïhê�ëîö~êoç��Qç`èîö¨ëîíñóï«èðä�åLæ;ñ ç��¨ëîç � ö~ø
ñòïNèîåAëìåAíìè$�	þÁï�èðä�åa�óö�ô�åcë � ö � åAïQèU	 � (p ∼ mπ)
ëîå#�¨ñóö~ï-�

n
ñóíI�~ñ��¨åcï÷��p�

n = 2nχPT −N∆,
i��R�¶¦�j

ô ä�åcëîå
N∆

ñóíõèîä�å'èîö~èéç��+ï}	 � ÷+åAë!ö`øTç%���oè��1ê/åcí�ö~ø ∆
ê�ëìö¨êoç��¨ç`èðö¨ë#�;ç`ï�æ

nχPT

ñòí|�¨ñ"�¨åcïX÷}�
J \ 	oç`èðñòö¨ïC�z� ¦z� ª ö¨ë!ø�	�ëìèîä�åAë æ�å�èéç~ñ��Çö~ø-èðä�å δ �Áå�ÿ;ê�ç~ï�íîñòö¨ïhíîåcå Ó ¤��z��¤�¡TÕ���¹íìñóï!�Xèðä;ñóí

δ
�Áå�ÿ;ê�ç~ï�íîñòö¨ï-��èðä;åRå#H/å$ cèîñ��~åPsPç��~ëðç~ï!�~ñ ç~ï�øvö~ë@èðä�å

γp → γ′π0p
ê�ëîöR Aåcíîíô�ç~í<øvö¨ë � 	!� ç`èîåAæÖñóï! #��	�æ�ñòï!��èîåAë � í�	;êgèîö\ç~ï�ægñòï! $��	�æ�ñóï���èðä;ö¨íîå6ç]èXï�å�ÿ1èXèîöQ�óåCç`æ�ñóï!�ö¨ëìæ�åAë�i3ç~ï�æGíìñóï!���óåV�òöIö~ê¥ê�ëìöz cåAíîíìåAíUjk�¦ã�ä�åXñóï� $��	;æ�åAæGæ;ñ ç��¨ëîç � í�ç~ëìåeíìä�ö�ô ï¡ñòï ª ñ���	�ëîå�z� ¥z��+'ñóç��¨ëîç � íY�z� ¥!i4ç�j��_i3÷&j@ç`ï�æ�iµ hj'ëìåAê�ëìåAíìåAïQèSèîä�å_ê�ëîöR AåcíîíìåAíkæ�åcèðç~ñ��òåAæ6ñóï®J \ 	oç`èîñóö¨ï;í�z�d§����z�d¨<ç~ï;æK�R��MhLeç~ï�æ6æ�ñóç��¨ëðç � í�i3æ&j���i3ålj'ç~ï�æWijøcj¹íìä�ö�ôÕèîä�åRíîñòï!���òåk���òöIö~êC cö¨ëîëìå$ cèîñóö¨ï;íèðä�ç`è�ç~ëìå@ñóï� $��	;æ�åAæ-�Iç��òö¨ï!�Sô ñ èðä<èîä�å@íìèîëðç~ñ��¨äQèîøvö¨ë�ô!ç`ëîæV�~åAëìèîñ� cåAí$�;ñóïeèîä�å@íîä�ç~æ�åAæX÷��óö¨÷�í�ö~ø

i4ç�jk�_i3÷`j@ç~ï�æ�iµ ljk�LþÁï¦ö�	�ë	íìñòè
	oç`èðñòö¨ï-�+èðä�åu�óö1ö¨ê�íZô�åu cö¨ï�íîñòæ�åAëkç~ëìåLèðä�ö~íîåLô ä�åcëîåRèðä�å
∆æ�å# Cçl�1í�èðöSçSï}	! #�óåAö~ïXç~ï�æ�ê�ñóö¨ïE Aö � ÷�ñóï�ç`èðñòö¨ïRô ä�ñ� éä�í
	�÷�íìå \ 	�åcïNè
���eëîå$ cö � ÷�ñòï�å èðödøvö¨ë �ç

∆
���òåCçl�1ñóï!�'èîä�å�N�ïoç��;í�èéç`èîå�	�ï! éä�ç~ï!�¨åcæ-�bþÁï��¨åcï�åAëîç����~ç�v��òöIö¨êRy
æ�åAí� Aëìñó÷+åAíbèðä;å!íîñ èU	oç`èîñóö¨ïñóï�ô ä�ñ� éäeêoç~ëìèîñ� #�óåAíõç~ê�ê+åCç`ë�i3÷���æ�å$ Açl�eö¨ë»êoç~ë�èðñ� $�óåI��ç~ïQèîñóêoç~ë�èðñ� $�óå�å � åcë
�¨åcï! Aå¹øvëîö � èðä;å

�`ç� $	�	 � jSç~ï�æ¡ç��òèîåAë�èîä�åXñóïQèîåAë � åAæ;ñ ç`èîåeêoç`èîäªö~ø èðä�åXæ�ñóç��¨ëîç � �T÷!	;è�ç~ëìå��¨ö¨ï�å®ivåAñ èðä�åcëæ!	�å¹èðö�ëìå$ cö � ÷�ñòïoç`èðñòö¨ï�ö¨ë!ç~ï;ï�ñóä�ñ�� ç`èîñóö¨ï`jk�¨÷+åcøvö¨ëìå¹èîä�å(Noï�ç��/í�èéç`èîå'ñòí�ëîåAç� éä�åcæ-� � ç��Nñóï!�Sç Aö � ê!�òåcèîå$���f #�óö¨íìåAæ� k�z #�óåõñóï�èîä�å!ê�ëìöz cåAíîíTæ�ñ ç��~ëðç � �Pã�ä�åAíìå� #�R $�òåAí�ê+ö¨íîåõê�ëîö¨÷��óå � íTñòï�èðä;å Cç%�� $	�� ç`èîñóö¨ïLö`ø$èðä;å�N�ïoç��)ñóïQèðåcëðç� �èðñòö¨ï_ç~í
èðä�åk�_ñóïQèðëìöIæ!	� Aå�ñóïzNoï�ñòèîå!èðåcë � í»ñòï�èîä�å å#H/å$ �èðñ��~åsPç��¨ëîç~ï!�¨ñóç~ï<ô ä�ñ� éä�äoçl�¨å	èîö�÷+å	æ�åCç%�òè�ô ñòèîäh÷}�Xèîä�ådê�ëîöR Aåcíîí ö~øTëîåAï;ö¨ë � ç��óñòíðç`èîñóö¨ïZ�ã�ä�ådø�	!���ÇåkH$å# cèîñ��¨åesPç��¨ëîç~ï!�¨ñóç~ïXñóíZç� Aö � ê!�òå�ÿhí�	 � öh�¨åcë � ç~ï��<èðåcë � í$�|~@ï!����èðä�ö¨íìåèðåcë � í�øvëîö � èîä�å�sPç��¨ëðç`ï!�¨ñ ç`ï¥ëîå#� ç`èîñóï!�«èðö�èðä;åXíîê�ñòïz��¡����z�bñóíìö¨íîê;ñóïQ¡����CNoå$�òæ\ö~ø èðä�å
∆ñóíìö¨÷oç~ë ç`ëîå	æ�å�èéç~ñ��óåAæhñòï�J \ 	oç]èðñóö~ï�í(�z� §z�&�z�d¨�ç`ï�æ1�R��MhLz�

L(1)
∆ = ψ̄µ(iγµναDα −M∆γ

µν)ψν

+
ihA

2fπM∆

{

N̄Taγ
µνλ(∂µψν)Dλπ

a +H.c.
}

,
i��R� §�j



¯)¯
���`å������ ËÌZc� ^Y�cçnå�� Æ �[�!�w� Æ �g�[Ç��Y�*�

γp→ pπ0γ′
^Y�kå ! � Æ �[�t���V�Y�p�Pa]å É �*�h� Æ,!VÍ(Æ ���[çµ�a®� º �c�p���[Ç��Y�*�

∆+

ª ñ���	�ëîåE�z� ¥z�G+'ñóç��¨ëðç � í@øvö¨ë	èîä�å γp → γ′π0p
ñóïQèðåcëðç� �èðñòö¨ï¦ñóï¦èðä�å_ï�å�ÿIèX��èîö%���òåCç~æ�ñòï!�hö¨ëX�æ�åAë'ö~ø�èðä�å

χ
J ª ã� Cç%�� $	�� ç`èîñóö¨ï�ê�ëîåcíîåcïNèîåAæ-�e+'ö�	;÷!�óåcæ�óñóï;åAí'ëìåAê�ëìåAíìåAïQè ∆

ê�ëìö¨êoç��¨ç`èðö¨ëìí$�
JTÿIèîëðç� �èðåcæ�øvëìö �¼Ó ¨%Õ��

L(2)
∆ =

ie(µ∆ − 1)

2M∆
ψ̄µψνF

µν

+
3iegM

2M(M +M∆)

{

N̄T3∂µψνF̃
µν +H.c.

}

− ehA

2fπM∆

{

N̄Taγ
µνλAµψν∂λπ

a +H.c.
}

,
i��R� ¨�j

L(3)
∆ =

−3egE

2M(M +M∆)

{

N̄T3γ5∂µψνF
µν +H.c.

}

,
i��z�"MhL�j

ô ä�åAëìå
N
ç~ï�æ

πa
ç~ëîåeèîä�åXï}	! $�òåAö¨ï¡ç~ï;æ\ê�ñóö¨ïÂN�å$�óæ;í^i

a = 1, 2, 3
j<u
M

ç~ï�æ
M∆

ç~ëîåèðä�å«ï}	! $�òåAö¨ï�ç`ï�æ
∆(1232) � ç~íîíìåAí#�ZëìåAíìê/å# cèðñ"�¨å#���Õu Dµ

ñóí_èðä�å] Aöh�`ç~ëîñóç~ïQèeæ�åcëîñ"�~ç]èðñ��~åLu
F µν

ñóíRèðä�å«å$�òå$ cèîëîö � ç��¨ï;åcèðñ� �Noå$�òæ�í�èðëîåcï!�~èîä�ç~ï�æ F̃ µν
ñ èðí_æ!	oç%�Au

Ta

ç~ëìå�èîä�å�ñòíîö¨íìê�ñóï
M[���SèîöP¡����Sèðëîç~ï�íîñ èðñòö¨ï � ç]èðëîñ� Aåcí�u H.c. íìèðç~ï�æ�í�øvö¨ëõèðä�åG�¹åcë � ñòèîñ ç~ï� cö¨ïTS�	!�¨ç`èðå%�oç~ï�æXèðä;å Aö�	;ê!�óñòï!� Aö¨ï;íìèéç`ïNèîí

fπ

�
gM

ç~ï�æ
gE

ç~ëìå
92.4

ü«å·���
2.94

ç~ï�æ −0.96
�õëîåAíìê/å# cèîñ��¨å#���

i3íìåAå Ó ¤��R��¤�¡%Õ�øvö¨ë�ø�	�ë�èðä�åcë¹æ�å�èéç~ñ��Öj��õã�ä�å χ D�ã¬êoç~ëðç � å�èðåAë hA

ñóí íìåcèl�p	�íìñóï!��ç�ëìåAíìö¨ïoç~ï! cåô ñóæ;èîä
Γ∆ ' 115

ü�å·���;èîöL÷/ådç`ëîö�	�ï;æ
2.85

�bã�ä}	�í�èîä�å@ö¨ï!�"�<ç`æTS�	�íìèðç~÷!�òå@êoç~ëîç � å�èðåcë�ñóïèðä�å¹ô ä�ö��óåYs-ç%�¨ëðç~ï��¨ñ ç~ï�ñóí
µ∆+

ô ä�ñ� éä�ç~ê;ê/åAç~ëîí!ñòï<èðä�å'êoç~ëìè!ö~øPèðä�å�sPç��~ëðç~ï!�~ñ ç~ï�íîä�ö�ô ïñóï]J \ 	oç]èðñóö~ït�z� ¨z�@ã�ä�ñóí'êoç~ëðç � å�èðåAë¹ö~ø�èðä;åLå#H/å$ �èðñ��~åusPç��¨ëðç`ï!�¨ñ ç`ï�ô ñ����-÷/åRç`æTS�	�íìèîåAæ�èîöNoï�æhèðä�åd÷+åAí�è'N;è�èðö_èðä�å	å�ÿ;ê+åAëìñ � åAïQèéç%��æoç`èéçz�ã�ä�å!å#H/å$ �èðñ"�¨å�sPç��¨ëîç~ï!�¨ñóç~ïSç~í�ç¹ô ä�ö��óå�ñòí-øvö~ë � 	!�óç`èðåcæLç~ï;æ�èðä�å�ê/ö�ôõåAë� cö�	�ïQèðñòï!�@ê+åAëX�øvö¨ë � åAæ�ñóï�èðåcë � íõö~ø δn
�Iä;öMôõå#�~åAë�ñòï�J \ 	oç`èðñòö¨ï�í|�z�d§��!�R� ¨Sç~ï�æ��z�"MhLdèðä�å¹ê/ö�ôõåAëîíõö~ø δ ç~ëîåëîåcê!� ç� cåAæ«÷}�hèîä�åLç~ê;ê�ëîö¨ê;ëîñ ç]èðådê�ä��1íîñ� Aç�� � ç~íìíîåcí'ñóï«ö¨ëîæ;åAë èðö�ø3ç% Añ��òñòèðç`èðåY	;ï�æ�åAëìíìèðç~ï�æ�ñòï!�ö~ø-èðä�ådê�ä��1íîñ� Cç���÷oç`íîñóí�ö`øTèðä;åesPç��~ëðç~ï!�~ñ ç~ï-�

d�	*� r á�oXÚ�Üµ{µÞTÚ�oXàcÛõßPà�á�âi��Ýkâio Ù½ÚÀ´6Ú âiohÚ âhÛ�Ú¸ágmhß  Ú
µ∆+l Ú��½fXÜ�ß

ã�ä�åkå�ÿIê/åcëîñ � åcïNè ô�ç~íZæ�åAíìñ��¨ï�åcæ«èîö � åCç~í�	�ëîå	èîä�ëîåcåSê�ä��1íîñ� Cç��Pö¨÷;íîåAëX�`ç~÷!�óåcí�ivæ�ñ�H/åAëìåAïQèðñóç�� Aëìö¨íîídíîå# cèîñóö¨ï-���òñóï�åAç~ë@ê+ö�� ç~ëìñóíìåAæ6ê�ä�ö`èðö¨ï§÷/åAç � ç`í�� �P� åcèîë��¦ç`ï�æ® Añóë� $	!�óç~ë
�"��ê+ö��óç~ëîñòíîåAæê�ä�ö~èîö¨ïL÷+åCç � ç~íX� �E� åcèðëX��j-ñóïSèÁô�ö� éäoç`ï�ï�å$�òí�i γp→ pπ0γ′
ç~ï�æ

γp→ nπ+γ′
j-ñóïLö¨ëìæ�åAëèðödê�ëìö[�1ñòæ�åZç~í
÷�ëîöQç`æeç~ï�å�ÿIê+åAëìñ � åAïQèéç��o÷�ç~íîñòíõç`í»ê+ö¨íìíîñó÷��óå!èðödèðåcíìè
èðä;å¹ê�ëìåAæ�ñ� cèîñ��¨å ê+ö�ô�åcë



Z[�Fß � a®�c���cç½~ Ë �&� Æ,! � Æ �h�!�(å%�Ø� Í �����c�Õ�!�c� ! �a�[Ç��Y�p�
µ∆+

^Y�c� Ê ç·� ¯ Ê

ö~ø»èðä�åcíîå�å#H/å$ �èðñ��~åVsPç��~ëðç~ï!�~ñ ç~ï � öIæ;å$�óí#�_ú�ö~èîä � öIæ;å$�óí@ç~ëîåRøvö¨ë � 	!� ç]èðåAæ�èîö«ä�çh�~å µ∆+ç~íZèðä�åcñóëZö¨ï!����ç`æTS�	�íìèðç~÷!�òåSêoç`ëðç � åcèîåAë$��q�å�ä�çh�~åLíìè
	�æ�ñòåAæ�èîä�åSèîö~èéç��� cëîö¨íìí'íîå# cèîñóö¨ï6ç`ï�æ�óñòï�åCç`ë
���Sê+ö�� ç~ëìñóíìåAæRê�ä�ö`èðö¨ï�ç~í�� �E� å�èðëX���Nç~ï�æE Aö���� ç`÷/ö¨ëîç`èðö~ëîí=ô ñ�����í�èU	�æz�Rèðä�å æ�ñ"H$åcëîåAïQèîñ ç�� Aëìö¨íîí�íîå# cèîñóö¨ï¡ç~ï�æW Añòë
 #	!� ç~ë�����ê/ö�� ç~ëìñóíîåcæªê�ä�ö~èîö¨ï¡ç~í�� �E� å�èðë��Gö~ø p(γ, γ′π0p)
ç~ï�æÖç����èðä;å

p(γ, γ′π+n)
ö~÷�íîåcë��`ç~÷!�òåAí$�Xã�ä;åeå�ÿ1èîëðç� �èðñóö~ï¥ö~ø

µ∆+

ô ñ����bèîä�åAï�÷/å�ñóï�æ;åAê+åAï�æ�åcïQèU���ê+åAëìøvö~ë � åAæhô ñòèðä�åCç% éä � öIæ�å#����÷����`ç~ëX�Iñòï!� µ∆+

èðöuNoï�æ«èîä�åk÷/åcíìè'N�è èðö_èðä�åkæoç`èðç�öh�¨åcëç����/íìñ ÿeå�ÿIê/åcëîñ � åcïNèðç��Çö¨÷;íîåAëX�`ç~÷!�óåcí$��þ�ø-èðä�å'íîñ ÿ<ö¨÷�íìåAë��`ç~÷��óåAí ç`ï�æ<èðä�å@èÁôõö � ö1æ�å#�óí!ç%�¨ëîåcåñóï_èðä;åAñóë�Noïoç%�/÷+åAí�è|N�è
µ∆+

�Nô ä�ñ��óå èðä�å � ö1æ�å#�óí»ê�ëîöh�1ñóæ�å¹çe�~öIö1æP cö¨ï�íìñóíìèîåAïQè�æ�åcí
 cëîñóêIèðñóö~ïö~ø
èðä;ö¨íîå_ö¨÷�íìåAëX�~ç`÷!�óåcí � ö¨ëìå�ôõåCç��}����æ�åAê+åAï�æ�ç~ïQèSö~ï µ∆+

�Çèðä;åAï¦ô�åRô ñ����=ä�çh�~å�çXø3ç`ñóë
�"�
� öIæ�å#�Çñóï;æ�åAê+åAï�æ;åAïQèZå�ÿ1èðëîç� cèîñóö¨ï�ö~ø-èðä�å � ç��¨ï�å�èðñ� � ö � åAïQè�ö`øTèðä;å ∆+ �~'ø!èðä�å�íîñ ÿ§ö¨÷�íîåcë��`ç~÷!�òåAí#�Tèðä�ö~íîå�ö~ø!èðä;å

γp → γ′π0p
 éäoç~ï�ï�å#��íìä�ö�ô ç�ø3ç~ëG�¨ëîåAç`èðåcëíîåcï�íîñ èðñ"�Iñ è��dèðö

µ∆+

èîäoç~ï�èîä�ö¨íìå�ö~øoèðä�å
γp→ γ′π+n

 éä�ç~ï�ï�å#���Q÷+å$ Cç%	�íîå�ö~øoèîä�å�ø3ç~ëO� ç~ë��¨åAëï�ö¨ïR�Áëîåcíîö¨ï�ç~ïQè�Noïoç��bí�èéç`èîåR÷�ëîå � íìíìèîëðç~ä!��	�ï!�� cö¨ïQèðëîñò÷!	;èîñóö¨ï�èîöXèðä�å� cëîö¨íìí	íîå$ �èðñòö¨ï¦ñóï�èðä;å éäoç~ë��¨åAæ§ê�ñòö¨ï® éäoç~ï�ï�å#�
æ!	�å_èðöXèðä�åu�òöMô¸ê�ñóö~ï � ç~íìí$�_ýI� èðä�ö�	��¨ä�èðä�ñòí	ô�ö�	��óæ®�óñ � ñ è'èðä;å�`ç���	;å�ö~ø»ç~ï6ñòï�æ�åcê/åcï�æ�åAïQè	å�ÿ1èðëðç% cèðñòö¨ï6ö~ø
µ∆+

øvëîö � èðä;å
γp → γ′π+n

 éä�ç~ï�ï�å#��ç��óö~ï�å��êoç~ëîç����òå$�-ç~ïoç%���1íîñòí@ö~ø
γp → γ′π+n

ê�ëîöh�1ñóæ;åAídç~ï6ñòï}�`ç���	oç~÷!�òåSèîåAíìèdö`ø»èîä�åRï�ö¨ïR�Áëîåcíîö¨ï�ç~ïQè
Noïoç%�-í�èéç`èîå�÷�ëìå � íîí�èðëðç`ä!��	�ï��P cö¨ïQèðëîñò÷!	;èîñóö¨ï�í�èîö�èðä;å�å#H/å$ �èðñ"�¨å�sPç��~ëðç~ï!�~ñ ç~ï-�Iô ä�ñ� éä�ôõåAëìåèðä;åG�òñ � ñòèîñóï!�dø3ç� cèîö¨ë�ñóïXèîä�ådå�ÿ1èðëîç� cèîñóö¨ïhö~ø µ∆++

ç~í æ�åAí� Aëîñò÷/åcæ«ñòï«ù�äoç~ê;èîåAë(¡��ã�ä�å¥ê;ëîåAæ;ñ� cèîñóö¨ï;íhøvö~ëhèîä�å¥å�ÿIê/åcëîñ � åAïQèðç��	ö¨÷�íìåAë��`ç~÷��óåAí�ç~ëîå§íîä;öMô ï�ñóï ª ñ���	;ëîåt�z�d¤ç~ï�æ?�z� ¦z�gã�ä�å�ê�ëìåAæ�ñ� cèîåAæ�èîö~èéç��� cëîö¨íìíeíîå# cèîñóö¨ï¤ö`ø@èðä�å
γp → γ′π0p

ëîåAç� cèîñóö¨ï¡íîä�ö�ô í
�óñ èîè
�óåhíîåcï�íîñ èðñ��1ñ è��Öèîö

µ∆+

�³ã�ä�å6ê�ëìåAæ�ñ� cèîåAæ�æ�ñ"H$åcëîåAïQèîñ ç��' Aëìö¨íîíXíìå$ cèîñóö¨ï¤ô ñ èðä�ëìåAíîê+å$ �èèðö
Ec.m.

γ′

íìä�ö�ô í�ç � ö¨ëìå�ê�ëìö¨ï�ö�	�ï� AåAægæ�åcê/åcï�æ�åcï! Aå§ö¨ï¤èðä;å � ç��~ï�åcèîñ� � ö � åAïQèXç`ï�æèðä;åXê�ëîåcæ�ñ� �èðåAæªíìåAï�íìñòèðñ"�1ñòè���ö~ø èðä�å<ê;ä�ö~èðö~ïÖç`í�� �P� åcèîë��?i'ç~í_ç�ø�	�ï� cèðñòö¨ï\ö~ø Ec.m.
γ′

jkèîö
µ∆+

�~ç`ëîñóåcí � ç~ë��~åcæ!���§÷+åcèÁôõåAåAïGèîä�å�èÁôõö � öIæ;å$�óídñòï§èîä�åAñòëe #	�ëîëìåAïQèLí�èéç`èîå��hã�ä�å � ö¨íìèê�ëìö � ñòíîñòï!�	ö¨÷�íìåAë��`ç~÷��óå ö~ø$ç�����ñòí
ê/åcëîäoç~ê;í
èîä�å' Añóë� $	!�óç~ë
�"��ê+ö��óç~ëîñòíîåAæRê;ä�ö~èðö~ïeç~íX� �P� åcèîë����ã�ä�ñòíRñóíLï�å# Aåcíîíðç`ëîñ��"�Â�cåAëîö6øvö¨ëLç����
èÁô�öT�Á÷+öIæ��¥ê�ëîöR AåcíîíìåAí$�»èðä}	�í_ö¨ï!�"��èîä�å
γ∆∆

�~åAëìèîå�ÿ*�ô ä�ñ� éäg Aç�	�íîåcíkèîä�å_æ�åAê+åAï;æ�åAï! cå�ö~ï
µ∆+

�� Cç~ï®�óåAç~æ6èðö�ç� Añóë� $	!�óç~ë
�"��ê/ö��óç~ëîñòíîåcæ6ê�ä�ö~èîö¨ïç~íX� �E� åcèðëX�����¹åAï� AåZç~ï��Lö¨÷;íîåAëX�¨åcæeç~íX� �P� åcèîë��Síîä�ö�	��óæR÷+å!íîñ � ê!�"�kê�ëîö¨ê+ö¨ë�èðñóö~ïoç��Nèðö@èðä;åç � ê!�óñ èU	�æ;å'ö~ø-èðä�å γ∆∆
�¨åcëìèîå�ÿ«ç~ï�æXèîä�åAëìåcøvö¨ëìåkèîö_èîä�å � ç%�¨ï�åcèîñ� � ö � åAïQè�ö~ø=èðä�å ∆+ �

ª ö¨ë@èðä�åRèîö~èéç��bç~ï�æ§æ�ñ�H/åAëìåAïQèðñóç��� cëîö¨íìíSíìå$ cèîñóö¨ï;ídô ä;ñ� éä¦ô�åcëîå�ê�ëîåk�Iñòö�	�í���� � åCç~í�	�ëîåcæô ñòèîäÂ�óö�ôõåAëSê�ëîå# Añóíìñóö¨ï¥ñóï Ó M$Õ��b÷+ö~èðä � ö1æ�å$�òíSíìä�ö�ô ëìåCç~íìö¨ïoç~÷��óå<ç%�¨ëîåcå � åAïQèl��Zö�ô�åk�¨åAë#�øvö¨ë
èðä�å'ö~èðä�åcëõèÁôõöLï�å�ô9ê+ö��óç~ëîñòíðç`èîñóö¨ï_ö¨÷�íìåAëX�~ç`÷!�óåcí$��ç`ï�æeèðä;åAñóë_�`ç~ëîñóç`èðñòö¨ïRô ñòèðäeö�	;èU�~ö¨ñóï!�ê�ä�ö`èðö¨ïªåAï;åAë
�%�\ç~ï�æ¡ç~ï����óåXç`ï�æªê�ñóö¨ïGèîä�åcèðçWi
Eγ′

�
θγ′

ç~ï;æ
θπ

jk��èðä;å � ö1æ�å$�òíLå�ÿIä�ñò÷�ñòèí
	;÷�íìèðç~ïQèðñ ç%�bæ�ñ�H/åAëìåAï! cåAí#�Lã�ä}	�í$��èðä;å � åAç~í
	�ëìå � åAïQèdö~ø»÷+ö~èðä¦ê�ä�ö`èðö¨ï¦ç~íX� �P� åcèîë��6ç`ï�æíîñòï!���òåk�Áíìê�ñóïeç~í�� �E� å�èðëX�eñòí!åAíìíîåAïQèîñ ç��$øvö~ë�èðä�å'ëîåAíìö���	Ièðñóö~ï<ö~øPèðä�å@ç � ÷�ñ���	�ñòèîñóåcíõñòïeèðä�å	å�ÿ}�ñóí�èðñòï!�Lèðä�åcö¨ë����õþÁï�å�ÿ1èîëîå � ñóí#�oñòø-ô�åkæ�ö�ï�ö~è¹ç� éä�ñòå#�~å�çRæ�åkNoï�ñòèîñ��~åkíìö���	Ièðñóö~ï<øvö¨ë µ∆+

�oö�	;ë
� åCç~í�	�ëîå � åcïNèSô ñ�����íîåAëX�¨åeèîö«ø�	�ë�èðä�åcë�ëìå#Noï�å�èðä�å � ö1æ�å#�óídö~ø!èîä�åeñòïNèîåAëîç� cèîñóö¨ï-�Pèðä;åAëîåc÷��ø3ç� cñ��óñ èéç`èîñóï!�Lèîä�åSø�	IèU	�ëìåLæ�åcèîåAë � ñòïoç`èðñòö¨ï�ö~ø µ∆+

ô ñ èðä«í
	��E AñòåAïQè	ê�ëìå$ cñóíîñòö¨ï�èîö<æ�ñ�H/åAëìåAïz�èðñóç`èðåd÷+åcèÁôõåAåcï�èðä�åf�`ç~ëîñòö�	�í \ 	oç~ë�� � ö1æ�å$�òí � åcïNèîñóö¨ï;åAæ�ñóï�ãTç~÷��óåEM�� ¡�ç~ï�æhèðöP Aö � ê!�òåcèðåö�	�ë��Nï�ö�ô��òåAæ!�¨åkö~ø-èðä�å
∆
ñóíîö~÷oç~ë$�



¯�Ñ
���`å������ ËÌZc� ^Y�cçnå�� Æ �[�!�w� Æ �g�[Ç��Y�*�

γp→ pπ0γ′
^Y�kå ! � Æ �[�t���V�Y�p�Pa]å É �*�h� Æ,!VÍ(Æ ���[çµ�a®� º �c�p���[Ç��Y�*�

∆+

ª ñ���	�ëîå��z� ¤z��D�ëîåAæ;ñ� cèîñóö¨ï;í	ö~øõèîä�åu�¹ï;ñòèéç`ë���ü«öIæ;å$� Ó �TÕ���æ;åAí
 cëîñò÷/åcæ�ñòït)Iå$ �èðñóö~ïK�R�¶�z�a�¹êz�ê/åcë_êoç~ï�å#����ö�	;èU�¨ö~ñóï!�¦ê�ä�ö`èðö¨ïÖåAï�åcë
���ªæ�åcê/åcï�æ�åcï! Aå�ö`ø@èðä�å^ Aëìö¨íîí�íîå# cèîñóö¨ï
dσ/dEc.m.

γ′� 	!� èðñóê��óñóåcæe÷�� Ec.m.
γ′

øvö¨ë
κ∆+ Ø ¡_ç~ï�æ�ç`è�èîä�ëîåcåkæ;ñ�H/åAëîåcïQè¹÷+åCç � åAï�åcë
�¨ñòåAí#��ã�ä�åSæ�ç~íîä�åcæ

 $	�ëX�¨å�ëîåAê;ëîåAíìåAïQèðíSèðä�å�ëîåcí
	!� èðíkö~ø!èðä;å�èîëîåAå����òå#�¨å#�»ç~ê�ê�ëìö�ÿIñ � ç`èîñóö¨ï§ç~ï;æ�èðä;å�íìö��óñòæt #	�ë��~åèðä�å�ëîåAí�	!�òèbö~øoèðä�å�	;ï�ñòèðç~ë�� � öIæ�å#���O+@ç`èðç	ç~ëîå�øvëìö �ÞÓ M$Õ���s�ö�ôõåAë�êoç~ï;å$���OD�ëîåcæ�ñ� �èðñóö~ïLö~øoèðä;å�`ç~ëîñóç`èðñòö¨ïLö~ø+èðä�å ê�ä;ö~èðö¨ï�ç~íX� �P� åcèîë��Lô ñ èðä Ec.m.
γ′

ç]è»çf�óç~÷+ö¨ëðç`èîö¨ë��køvëðç � å�÷+åCç � åAï�åcë
���ö~ø�¢�L�Lhü�å·���{+'ö`èîèðåcæ $	�ëX�¨å_íîä;öMô í	èîä�åLëîåcí
	!� è@øvö¨ë
κ∆+ = 0

�Çíìö��óñòæ1�óñòï�åSøvö~ë
κ∆+ = 3

�
JTÿIèîëðç� �èðåcæ�øvëìö �¼Ó �TÕ��



Z[�Fß � a®�c���cç½~ Ë �&� Æ,! � Æ �h�!�(å%�Ø� Í �����c�Õ�!�c� ! �a�[Ç��Y�p�
µ∆+

^Y�c� Ê ç·� ¯)Ò

ª ñ���	�ëîå^�R�¶¦z��ã�ä�å�ê�ëîåcæ�ñ� �èðñòö¨ï�í_ö~ø'èîä�å χ J ª ã èðä�åcö¨ë�� Ó ¨%Õ��!æ�åcí
 Aëìñó÷+åAæÖñóï�)Iå$ �èðñòö¨ï?�R� ¡���¹ê;ê/åcë�êoç~ï�å#���bèðä;åkëîç`èðñòöLö~ø
γp→ γ′π0p

èîö
γp→ pπ0  Aëîö~íîí íîå# cèðñòö¨ï�í#��+'ç`èéç_ç~ëìå@øvëîö �

Ó M$Õ��kü�ñóæ�æ!�òåLêoç~ï;å$����èîä�å��óñòï�åCç~ë��Áê+ö�� ç`ëîñóíîç`èðñòö¨ï<ê�ä;ö~èðö¨ï¦ç`í�� �P� åcèîë��«ö~ø
èðä�å γp → γ′π0p Aëìö¨íîídíìå$ cèîñóö¨ï;íkæ;ñ�H/åAëîåcïQèðñ ç%�=ôf� ë$� èl�
Ec.m.

γ′

ç~ï�æ6èðä;å�ê;ñóö¨ï %� � �Rç~ï!���óå��Sã�ä�å_æoç`èðçhê+ö¨ñòïNèç`è
Ec.m.

γ′ = 0
 cö¨ëîëìåAíìê/ö¨ï;æ�íZèîö�èîä�å

γp → pπ0 ê�ä;ö~èðö¨ï«ç~íX� �E� åcèðëX�Xëîåcê/ö~ëìèðåcæ«ñòï Ó ¦z�cMlL%Õ��s�ö�ô�åcëkê�ç~ï�å$���'èðä;åE cñóë� $	!�óç~ë
�"�«ê+ö��óç~ëîñòíîåAæ�ê�ä�ö~èîö¨ï§ç~í�� �E� å�èðë���ç~íkçeø�	�ï! �èðñóö~ï§ö`ø Ec.m.
γ′

�
JTÿ1èðëðç% cèðåcæ«øvëìö �5Ó �TÕ��



¯ À
���`å������ ËÌZc� ^Y�cçnå�� Æ �[�!�w� Æ �g�[Ç��Y�*�

γp→ pπ0γ′
^Y�kå ! � Æ �[�t���V�Y�p�Pa]å É �*�h� Æ,!VÍ(Æ ���[çµ�a®� º �c�p���[Ç��Y�*�

∆+



¯*¯

� � é��Û@^9�Ñ à

á Ñ^9ãâ Í 4�Ð¼B 4=Ñ^0

þ�èZñóí å�ÿ1èîëîå � å$�"�Xæ�ñ"�P #	!�òè�èîöeç% $ AåcíîíZèðä�å � ç��¨ï�å�èðñ� � ö � åAïQèðí�ö`øTèðä;åkíìä�ö¨ë�è����òñ��~åAæ � å � �÷+åAëîí
ö~ø)èîä�å ÷oç~ë��~ö¨ï_æ�å$ #	�ê!�òåcèl��ã�ä}	�í�èîä�åAëìå¹ç`ëîå�ö¨ï!�"��èîä�ëîåcåZê;ëîå#�1ñòö�	�í�ê!	�ëìê/ö~íîåk��æ�åAíìñ��¨ï;åAæ
� åCç~í�	�ëîå � åcïNèîí_ö~ø@ç`ï}�Gëîå$�òå#�`ç~ï! cåXèðö¦ö�	�ëRå�ÿ;ê+åAëìñ � åAïQèl�\ý(�òèîä�ö�	!�¨äGôõå�ç~ëîåXèîë��1ñóï!��èîö
� åCç~í�	�ëîå6èðä;å � ç��~ï�åcèîñ� � ö � åcïQèXö~økèðä�å ∆+ �'èîä�å6åCç~ë�����å�ÿIê/åcëîñ � åcïNèîíhæ�åAíìñ��¨ï�åcæ�èîö
� åCç~í�	�ëîå'èîä�å � ç��¨ï�å�èðñ� � ö � åcïQè�ö~øPèîä�å ∆++ ç~ëîå'ö~øPëîå#�óå#�`ç~ï� Aå	ç~íõèðä�åk�<÷+ö~èðäXñòï�íîê�ñòëîåcæèðä;å � å�èðä�ö1æR÷���ô ä�ñ� éä_ôõå ä�ö¨ê+å!èðödç� # Aåcíîí�èðä�å � ç��¨ï;åcèðñ� � ö � åcïQèbö~ø+èðä�å ∆+ ç~ï;æ_èîä�å#�ø3ç� cåAæ�íîñ � ñ��óç~ë»ê�ëîö¨÷��óå � í�ñóïXèîä�åkç~ïoç��"�Iíìñóí!ö`ø=èîä�å�Noïoç���æoç]èéç��ã-ôõö � åAç~í
	�ëìå � åAïQèðí�ä�çh�~åd÷/åcåAï � ç~æ;å'èðöRåcíìèéç`÷!�óñòíîä<èðä;å � ç��~ï�åcèîñ� � ö � åAïQè!ö~ø-èðä;å
∆++ ��ã�ä;å]Noëîí�è � åCç~í�	�ëîå � åcïNèe÷��?�'ù�sPý Ó M�M#Õ¹íìö�	!�¨äQèXö~ï!���ªèðö�åAí�èéç~÷!�òñóíìä�èðä�å«æ�ñòøn�øvåAëìåAïQèðñóç��| cëîö¨íìí_íîå$ �èðñòö¨ï�íLøvö¨ë�èîä�åXëîåAç� cèîñóö¨ï;í

π+p → π+pγ
ç~ï;æ

π−p → π−pγ
��ã�ä�åíîå# Aö¨ï;æeå�ÿIê+åAëìñ � åAïQèõç`è|)Iþ�,�i�)z éäQôõåAñ��cåAëìñóí
 éä;åAí!þÁï�í�èðñ èU	;è
ø���ë�,'	!�}�óåCç`ëìøvö¨ëìí
 éä}	�ï!�}j Ó Ml¢!��M[¥TÕ�óö1ö��`åAæ¡ç`è�÷/ö`èðä\èðä�åhæ�ñ"H$åcëîåcïNèîñ ç��| Aëîö~íîí�íîå$ �èðñòö¨ï¡ç~ï�æªèðä�åhê+ö�� ç~ëìñóíìåAæ\èéç~ë��¨åcè�ç`í�� �P� åk�èðëX�¥ö`ø

π+p → π+pγ
�§ú!ç~íîåcæªö¨ï¥èðä;åAíîåhëìåCç� �èðñóö~ï�í$�bèîä�å�DTç`ëìèðñ� $�òå�+@ç`èðç � ëìö�	�êGï;öMô

\ 	�ö~èîå6çg�`ç���	;å«øvö¨ë µ∆++

ö~øG¡�� ¦®�E¦R�¶¥
µN

Ó ¥��TÕ��µã�ä�å�óç~ë
�¨å^	�ï! cåAë�èéç~ñòïNè��ÖñóïÖèðä�å�å�ÿ}�èðëîç� cèîñóö¨ï�ö~ø�èðä;å � ç��¨ï�å�èðñ� �æ�ñòê/ö��òå � ö � åAïQèSö~ø�èðä�å ∆++ ç~ëîñòíîåAíkøvëîö � 	�ï� AåAë�èéç~ñòïQè��¥ñòïèðä;å<ëîåAç� cèîñóö¨ï � å$ éä�ç~ï�ñóí � ��ã�ä�å<íìèîëîåcï!�~èðä\ö`ø¹ëìåAíìö¨ïoç~ïQè ∆++ ê�ëìöIæ!	� cèðñòö¨ïGëìå$� ç]èðñ��~å�èîöï�ö¨ïR�Áëîåcíîö¨ï�ç~ïQèõê;ëîöR AåAíìíîåcí»ô ä�ñ� éä�ê;ëîö1æ!	! Aå�èîä�å íðç � å�Noïoç��;íìèéç]èðå�ô!ç`í»ê+ö1ö¨ë
�"�a�Nï�ö�ô ï<ç`ï�æ÷�ëìå � íîíìèîëðç~ä���	�ï!�køvëîö � èîä�å'ñòï�ñòèîñ ç���ç~ï�æVNoï�ç��/í�èéç`èîåI éäoç`ë
�¨åcæ<êoç~ë�èðñ� #�óåcí� Aç~ï � ñ � ñ� !èîä�å γëðç`æ�ñ ç`èîåAæXøvëîö � èðä;å
∆++ �ã�ä�å��'ù�s�ý

π−p → π−pγ
æoç`èðçC cö�	!�óæg Aö¨ï� AåAñ"�`ç~÷!���6ç��óíìö«÷+åV	�íìåAæ¥èîö�ç� # Aåcíîí�èîä�å

� ç��¨ï�å�èðñ� � ö � åcïNè'ö~ø
èðä�å ∆0 �e�¹ö�ôõå#�¨åcë$�=ç~í@èðä;å ∆0 ñòíY	�ï! éäoç`ë
�¨åcæ�ç`ï�æ¦íîöXæ�ö1åAí	ï�ö`èëðç`æ�ñ ç`èîå���èîä�å�æoç`èéç§ô�åcëîå�èðç��~åcï�èðög Aö � êoç~ëìå�ç~ï;æ? Aö¨ïQèîëðç~í�èeô ñòèîäÖèîä�å π+p → π+pγëîåAç� cèîñóö¨ïu éäoç`ï�ï�å$�oæ�ç`èéçdç~í»ç� éä�å$ c�_ö~ø+èðä;å�ëîåCç% cèðñòö¨ï � ö1æ�å#���-ý'ï�ç~æ�æ�ñ èðñóö~ïoç��z§�L�§ π−p→
π−pγ

å#�~åAïQèðí@ôõåAëìåRç~æ�æ�åcæ�èðö�èðä�åkô�ö~ë
�óæ�æoç`èéç�íîå�è@÷��hèðä�å�~ � ñ� cëîö¨ï�ù�ö���� ç~÷+ö¨ëðç]èðñóö~ïhç`èù�J�F(,Õñóï«èîä�åVMl¨�§�L�b í Ó ¤�¢!�X¤�¥TÕ-ñòï�êoç~ëîç����òå$��ô ñòèîä�ç~ï�å�ÿIê/åcëîñ � åcïNèðç��-íîåCç`ë
 éä�øvö¨ëZèðä�åSëðç~ëìåæ�å# Cçl�
π0 → e+e−

��qgñòèîä�ñóï«èðä�å��òñ � ñòèîåAæ�ê;ëîå$ cñóíìñóö¨ï�èîä�åAíìå_æoç`èéçeç��¨ëîåcåLô ñòèîä�èðä�å� cëîö¨íìííîå# cèîñóö¨ï � åAç~í
	;ëîå � åAïQèîí øvëìö � �'ù�s�ýa�
þÁï��L�L�¡_ç~ï«å�ÿIê/åcëîñ � åAïQè ô�ç~í¹ê+åAë�øvö¨ë � åAæh÷��Xèðä;åSýY��ù�ö���� ç`÷/ö¨ëîç`èðñòö¨ï<ö~øbü«ý@ü«þfi4ç]èü�ç~ñòï!��� � åcë � ç~ï���jf	�íìñóï!�«èðä�å�ã=ýID�)§æ�åcèîå$ cèîö¨ë Ó M$ÕYi3íìåAå�)1å$ cèîñóö¨ïK¢!�¶¥�jk�hã�ä�å<ç`ñ � ô�ç~íèðö � åCç~í�	�ëîåRèîä�å_æ�ñ�H/åAëìåAïQèðñóç��� Aëìö¨íîídíìå$ cèîñóö¨ï§ö~ø»èðä�å_ëìåCç� �èðñóö~ï γp → pπ0γ′

ñóï¦ö¨ëìæ�åAë@èîöåAí�èéç~÷��óñóíìä6èðä�å � ç%�¨ï�åcèîñ� � ö � åAïQèdö~ø�èîä�å ∆+ ��ã�ä;ñóíkå�ÿIê/åcëîñ � åcïNèf�1ñóå#�óæ�åcæ¥çhëîåcí
	!� èkö~ø
µ∆+ = (2.7+1.0

−1.3(stat.) ± 1.5(syst.) ± 3(theo.))µN

�§ã�ä�åhê�ëîåcíîåcïNè � åCç~í�	�ëîå � åcïQè_ö~øèðä;å�íðç � åkëîåAç� cèîñóö¨ï�ç`è	ü�ý	ü«þc�*	�íîñòï!�<ç�æ�åcèîå$ cèîö¨ë¹ô ñ èðä � 	! éä�÷+åcèìèðåAë'ç� $ cåAê;èðç~ï! cå��Çäoç`í



¯ É ���&å&����� Ëä} � ~ Ë � Ò[Æ � Ê ��å�� Ëw�
�1ñóå$�òæ�åAæÖç§ø3ç% cèðö~ë ∼ 50

ñ � ê�ëîöh�¨å � åcïQèeñòï� cö�	�ïQèðí#� ç~ï�æ¤ç`æ�æ�ñòèîñóö¨ï�ç����"��íìä�ö�	!�òæ�÷+åAï�åkN�èøvëîö � ÷+åcèîèîåAë � ç��¨ï�å�èðñ� � ö � åcïNè!å�ÿ1èðëîç� cèîñóö¨ïXæ!	;ådèîöRñ � ê�ëîöh�~å � åAïQèðí�ñòï<èðä�å � öIæ;å$��ç~ï;æèðä�å¹ñóï! #��	�íìñóö¨ï�ö~ø�ê�ç~ëðç����óå#�` éäoç~ï�ï�å#�óífi
γp→ nπ+γ′

j»ç~ï;æ � ö~ëîåZê�ä��Iíìñ� Aç��$ö¨÷;íîåAëX�`ç~÷!�óåcí�ñòïèðä�å�Noï�ç���ç~ïoç%���1íîñòí$�

x�	&� r Ú Ý
�\f<Þ=Ú�¶ Ú â_ß¡á
meß  Ú�r Ýä��âXÚ!ßPàcÛ³Ù½à&´6ákÜ�Ú�r ág¶ Ú âRß
á
m�ß  Ú

∆++

þÁïMh¨�¤�§z�Iñ è�ô�ç~í�Noëîí�è�í
	����¨åAí�èðåcæ«÷���Zö¨ï�æ�ëîç`è��R	!�<ç`ï�æ�D=ö¨ï;ö � ç`ëîå#��èðä�ç`è!èðä;å � ç%�¨ï�åcèîñ� 
� ö � åcïNèZö~ø�èîä�å ∆++  cö�	!�òæ�÷+å�æ�å�èðåAë � ñòï�åAæ«÷���ëîç~æ�ñ ç]èðñ��~å π+ ê�í� Cç`èìèðåAëìñóï!� Ó ¥zM#Õ��Zã�ä�ñóíô!ç`í!çSëìå#�~ö���	;èîñóö¨ï�ç~ë��_ñòæ�åCçSç~í$�R	�ïQèðñ��)èîäoç`è�ê/ö¨ñòïQèl�Nï�ö�å�ÿIê/åcëîñ � åAïQèðç��/ñòï;øvö¨ë � ç`èîñóö¨ïRö~ï�èðä;åå$�òå$ cèîëîö � ç��¨ï;åcèðñ� �øvö¨ë � ø3ç� �èðö¨ëìíkö`ø!ç~ï��¦ö~ø»èðä;å�÷�ç~ë��~ö¨ï�æ;å$ $	;ê!�óå�è�ijô ñòèðä6èîä�å_å�ÿz Aåcê;èðñòö¨ïö~ødèðä�å

Ω− jeäoç~æg÷/åcåAïgö¨÷;èðç~ñóï�ç~÷!�óå«æ!	�å�èîöªèîä�åAñòë<å�ÿ1èîëîå � å$�"��íìä�ö¨ë�è��óñòøvå�èðñ � åcí$�³ã�ä�ñóíí
	!���¨åAí�èðñóö~ï�øvö¨ë � åcæ«èîä�åSñòï�íîê;ñóëðç]èðñóö~ï<øvö¨ëZèÁôõöeæ;åAæ�ñ� Cç`èîåAæ�å�ÿ;ê+åAëìñ � åAïQèðí#�)ö¨ï�å�íìñóæ�åkíìè
	�æ��ç~ï�æ � ç~ï���� � ç~ï��Xç~ïoç%���1íîåcíZö`ø=èîä�ådëîåAí�	!�òèîñóï!�_æoç]èéçRíîå�èl�ý'í�èðä�å � åcèîä�öIæLô�ç~í
ø�	�ëìèîä�åAë�í�èU	�æ;ñóåAæ�ç~ï�æRèîä�å æ�åAí� Aëîñòê;èðñòö¨ï_ö~ø+èðä�å ëîåAç� cèîñóö¨ï_ê�ëìöz cåAíìíåAí�èéç~÷!�òñóíìä�åAæ�ç`ï�æ¤å�ÿ1èîåAï�æ�åcæ-�Zñòè�øvö¨ë � åAæ¡èðä�å�÷�ç~íîñòí�øvö¨ë�ê�ëîö~ê/ö¨íîç��óí�èðö�ñóï��¨åcíìèðñ��Qç`èîå«èðä;å
� ç%�¨ï�åcèîñ� � ö � åAïQè�ö`ø�èðä;å ∆+ ñóï�ç~ï¥ç~ïoç��òö��¨ö�	�í � ç~ï�ï�åcë$�Xã�ä}	�íLñ èkñóíkñ � ê/ö¨ë�èéç~ïQè	èîö	�ï�æ�åcëîí�èéç~ï�æ¦èðä;å

µ∆++

å�ÿIê/åcëîñ � åAïQèîí$�-ç~í@èðä;å#�6ç`ëîåLèðä;å_èîåAí�èðñóï����¨ëîö�	;ï�æ¦ö¨ï6ô ä�ñ� éä6èðä;åèðä�åcö¨ëîå�èðñ� Cç�� � ö1æ�å$�òí!ï�å$ cåAíìíðç~ëX��èîö_ñóïQèðåcëîê�ëìåcèZö�	�ë�å�ÿ;ê+åAëìñ � åAïQè ô�åcëîådøvö¨ë � åAæZ�
æ�çMè§çyè é�ê¥ë[ì�í[îbï§ðié_ñóòyô ô òyõ§î÷öøõªñóòyîVï§îbù¦ì§úgëcûVìýüÀõ§þwëøÿ ûVõ�ë[õ§î �����

� íÞõKê�òyñóï�ëcòyõ§î ïªî��³ëcûVì éµê9ë íÞï§ùÕëcò�õ§î õ§þ
µ∆++ã�ä�åAëìå�ç`ëîåXèÁô�ö§è��1ê/åcíeö~ø'ëðç~æ�ñóç`èðñ"�¨åXåk�¨åAïQèeñóï��¨ö��"�¨åcæ�ñóï\èîä�å«ëìåCç� �èðñòö¨ï

π±p → π±pγ
�å�ÿ1èðåcëîïoç%�@÷�ëîå � íìíìèîëðç~ä!��	�ï!�\ô ä�ñ� éä¬ cö � åAíXøvëîö � èðä;å6ñóï! cö � ñòï!�Gö¨ëXö�	;èU�¨ö~ñóï!�Â éä�ç~ë
�¨åcæêoç~ë�èðñ� #�óåcí$��ç`ï�æhñóïQèðåcëîïoç��$ëðç~æ�ñóç`èðñòö¨ï�ô ä;ñ� éä�ñóí� Aö�	�ê!�óåcæXèðöLèðä;åkñòïQèðåAëìïoç��Çí�èðë�	! cè
	�ëîådö~øPèðä;åëîåAç� cèîñóö¨ïXñ èðíîå#�òø��

sPö�ô íîä;öMôõåAæªèðä�ç`èl�bñòï¥èðä;åXç~÷�íìåAï! cå�ö`øZç�ëîåcíîö¨ïoç`ï! Aå%�»èîä�åVNoëìíìèLèÁôõö�èðåcë � íLö~ø�èðä;åíîåcëîñóåcí å�ÿIêoç~ï�íìñóö¨ï�ö~ø-èðä�ådæ�ñ"H$åcëîåcïNèîñ ç��/÷�ëîå � íìíìèîëðç~ä!��	�ï!�E Aëìö¨íîí íîå# cèîñóö¨ï-�
σ =

σ0

k
+ σ1 +O(k),

iµ¡��"M[j
 Cç~ïh÷+å� Cç��� $	!�óç`èðåcæXå�ÿ;ç� �èU����øvëîö � èðä;åkö~ïz� � ç~íîí�íîä�å#���Çå#� ç~í�èðñ� 'í
 Cç]èîèðåcëîñòï!�_ç � ê!�óñ èU	�æ�åcí�ñòïèðä�å��òñ � ñòèSö~øI�cåAëìö¥ê�ä�ö`èðö¨ïªåAï;åAë
�%�riµ�zj Ó ¤�¤TÕ��ªã�ä�å�Noëîí�èV cöIåk�E AñóåcïQèl� σ0

�_ Aö~ïNèðç~ñóï;í�ç%���å$�òå$ cèîëîñ� � 	��òèðñòê/ö��óåAí#�)ç~ï�æ�èîä�å�íìå$ cö¨ï�æ-� σ1

�/ñóï��¨ö����¨åcí¹èîä�å � ç��¨ï�å�èðñ� � 	��òèðñòê/ö��óåAí ç`í¹ôõå$���ç~í!èðä;åkå#�óå# cèðëìñ� � 	��òèðñòê/ö��óåAíõö~øTç����Çñòï��¨ö��"�¨åAæ�ê�ëìöz cåAíîíìåAí#�!ù!ç��� $	!�óç`èðñòö¨ï�í!ä�çh�~åS÷+åAåcï � ç~æ�å	�íîñòï!��èÁôõö�æ�ñ"H$åcëîåcïNè�ç`ê�ê�ëîöCÿIñ � ç`èîñóö¨ï�í#��JTÿ1èðåcëîïoç���J � ñóíìíîñóö~ïm+'ö � ñóïoç~ï� Aå®iµJ_J�+�j Ó ¤�¦TÕç~ï�æXèðä;åa)1ö~øjè'D�ä�ö~èðö~ï«ý¹ê�ê�ëîöCÿIñ � ç`èîñóö¨ïti�)�D/ýYj Ó M[�[Õ��J_J�+ ñóï��¨ö����¨åcíXö¨ï!�"��èðä;å1Noëîí�èXèðåAë � ö~økèðä;å®sPö�ô�å�ÿIêoç~ï;íîñóö~ï9ç`ï�æ�ç~íîí�	 � åcíXèðäoç`èèðä�å	÷;ëîå � íîí�èðëîç~ä!��	;ï!�u Aëîö~íîíZíîå$ �èðñòö¨ïhñóí�æ�ö � ñóï�ç`èðåcæX÷}�<å�ÿ1èðåcëîïoç���ëîç~æ�ñóç`èðñòö¨ï®ivèîäoç`è ö~ø-èðä;åñóï! cñóæ�åcïQè��`ö�	IèU�¨ö¨ñòï!�� éäoç~ë��¨åAæ¥êoç~ëìèîñ� #�óåAíUjk�Xã�ä�å�)�D/ý ç~íìí
	 � åAíkèðäoç`èkèðä;åeæ�åcí
 Aëìñóê;èîñóö¨ï§ñóí÷/åcíìè'�¨ñ"�¨åAï�	�íìñóï!��÷+ö~èðähö~ø-èðä�å�Noëìíìè èÁôõö�èîåAë � í ö~ø-èðä�åGs�ö�ôµíîåcëîñòåAí å�ÿIêoç~ï;íîñóö~ï-�J_J�+ äoç~í	èðä�å_÷+åAï�åkN�èkö~øõ÷/åcñóï!���Qç�	��¨å_ç~ï�ægs�ö¨ëîåcïNè
�_ñóï��`ç~ëîñóç~ïQèl�{ Aö � ê!	Ièéç`èîñóö¨ïoç%�����íîñ � ê!�òåbç~ï;æ�� ç� c�Nñóï���ñóïdç~æTS�	;íìèéç`÷!�óåbê�ç~ëðç � åcèîåAëìí$�-þ�ø!J�J�+¡ñòí�ç� # $	�ëîç`èðå%�Mèîä�å
÷�ëîå � íìíìèîëðç~ä!��	�ï!�



} ����� a®�kå%� Ê�Ë � º �U�p���[Ç��Y�p�Pa]å É �*�h� Æ,!bÍIÆ �x�hçµ�Va®� º �U�*�|�[Ç��Y�p�
∆++ ¯&±

 Aëìö¨íîíõíîå# cèðñòö¨ï�æ�åAê+åAï�æ;í!ñóï�çkí�èðëîç~ñ��¨äQèìøvö¨ëìô�ç~ëîæ�ô!çl��ö¨ï_èðä�åZå$�óç~íìèîñ�  í
 Aç`èîèîåAëìñóï!�e Aëîö~íîí»íîå$ ��èðñòö¨ï-�]�¹ö�ô�åk�¨åcë$�
èðä�åcëîå<ñòí�íîö � å<æ;ñóí
 #	�íîíìñóö¨ïGç~í�èðö«ô ä�ñ� éäÂ�`ç���	�åAíLö`ø s ijèðä�åeí \ 	oç~ëìåXö~øèðä;å<èðö~èðç��
πp

 cåAïQèðëìå�ö`ø � ç~íîíRåcï�åAë�����jk�õç~ï�æ t ivèðä;å�í \ 	oç~ëîåhö~ø èîä�åXøvö�	�ë � ö � åcïQèU	 �èðëîç~ï�í�øvåAëcj
èðö�	�íìå	ñóï<èðä;å'èðä�å	åk�`ç���	oç]èðñóö~ïeö~øPèðä;å@å$�óç~íìèîñ� Y cëîö¨íìí�íîå$ �èðñòö¨ï-�_~@ï�å@ê+ö¨íîíìñó÷�ñ��óñ è����
EED(s0, t0)

ñòí�èðöG	�íîå èðä�åZå$�óç~íìèîñ� �í� Cç`èìèðåAëìñóï!�e�óñ � ñ èl�Mô ä�åAëìå¹èðä;å¹ê�ä;ö~èðö¨ï�åAï;åAë
�%��ñòí��AåAëìöç~ï�æ�ä�åAï� Aå¹èîä�å � ö � åAïQè
	 � èðëîç~ï�í�øvåAëõç~ï�æ�èîö~èéç%�` AåAïQèîëîå'ö`ø � ç`íîí
åAï�åcë
����ç~ëìå'NIÿ;åcæ-��ý'ïR�ö~èîä�åAë@ö~ê;èðñòö¨ï�ñóí
EED(s̄, t̄)

�$ô ä�åAëìåLèðä�åLçh�~åAëîç��¨å��`ç���	;åAí@ö~ø � ö � åAïQèU	 � èîëðç~ï�í�øvåAë	ç`ï�æ
 AåcïQèðëîåkö~ø � ç`íîí�åAï;åAë
�%��ç~ëîå�	�íìåAæ-�+ç~í�øvö����óö�ô í$�

s̄ =
1

2

[

(P1 + P2)
2 + (P3 + P4)

2
]

,
i�¡z�¶��j

t̄ =
1

2

[

(P1 − P3)
2 + (P2 − P4)

2
]

,
i�¡z� ¡�j

ô ä�åcëîå
P1
ç`ï�æ

P2
ç~ëìå'èðä�å'ñóï! cñóæ�åcïNè�øvö�	�ëX� � ö � åcïNèðç��1ç~ï�æ P3

ç`ï�æ
P4
ç~ëìå'èðä;å	ö�	;èU�~ö¨ñóï!�øvö�	�ë�� � ö � åAïQèéç�ö`ø=èîä�ådê�ñóö¨ï�ç~ï;æ«ê�ëìö~èðö~ï-��ëîåcíîê+å$ �èðñ��~å$�"���ã�ä�å§ö¨ï!����ñóï�ê�	;èhëîå \ 	;ñóëîåcæ9÷��¤èîä�åtJ�J_+Ý Cç��� $	!�óç`èðñòö¨ï�í<ñòí<èðä�å¦å#� ç~í�èðñ� �í
 Cç]èîèðåcëîñòï!�

 Aëìö¨íîídíìå$ cèîñóö¨ïZ��ã-ö�ñ � ê;ëîöh�¨å� cö � ê�ç~ëîñòíîö¨ï�í¹èðö (πpγ)
æoç`èðç���ëðç]èðä�åcë@èðäoç~ï¦íìñ � ê!���^	�íìñóï!�èðä;åZê�	�÷!�óñòíîä�åcæ��~ç%��	�åcí$�Qèðä�å�å#� ç~í�èðñ� �í
 Cç]èîèðåcëîñòï!�f Aëîö~íîí
íîå# cèðñòö¨ïE	�íîåcæeñóïLèîä�å'J�J_+9ç~ïoç��"�1íîñóí

 Cç`ï«÷+ådå�ÿIê/åcëîñ � åcïNèðç����"� � åCç`í
	�ëìåAæhô ñòèðäXèîä�ådíðç � å	æ�åcèîå$ �èðö¨ëZíîå�èU	�ê-�
ã�ä�ñòí ëîåAæ�	! Aåcí¹èðä;åñóïc�`	�åAï� Aå6ö~økí��1í�èðå � ç`èîñ� �å�ÿ;ê+åAëìñ � åAïQèéç%�'åAëìëîö¨ëìíXö¨ï¤èðä;å6å�ÿ1èðëîç� cèîñóö¨ï�ö~ødèîä�å � ç��¨ï�å�èðñ� 
� ö � åcïQè!øvëîö � èðä�ådæoç`èðç��
ª ö¨ë{ Aö¨ï��~åAï�ñòåAï! cå��¨ñòïdèîä�å_�@ù�s�ý¡å�ÿIê/åcëîñ � åcïNè$�Mæ�åcèîå$ cèîö¨ë-ê/ö¨íìñòèîñóö¨ï�íxi3íîä;öMô ïSñóï ª ñ���	�ëîå¡��"M[j'ç~ï;æ � ö¨í�è	ö~èîä�åAë	ç`ï!���óåcí'ôõåAëîåRæ;åAí
 cëîñò÷/åcæ§ñòï¦ç~ï α � β �Çç~ï�æ d íîå�èdö~ø_ Aö1ö¨ëîæ�ñòïoç`èîåAí$�ô ä�åcëîå

α
ñòíSèðä;åXä�ö¨ëîñ��Aö¨ïQèðç��õê;ëîöTSìå# cèðñòö¨ï\ö~ø�èîä�åhç~ï!���òå � åCç~í�	�ëîåcæm $�óöR c�Qô ñóíìåeøvëîö � èðä;å÷+åCç � �òñóï�å%� β ñóíPèðä�åõç~ï!���òå
ö~ø�å#�óå#�`ç`èîñóö¨ï � åCç~í�	�ëîåcæa	�êQô�ç~ëîæ;íTøvëîö � èðä�å»ä�ö¨ëìñ��Aö~ïNèðç��Qê!�óç~ï�å��ç~ï�æhæ�ñóí!èîä�å	æ�ñóí�èéç~ï� Aå	øvëîö � èðä�å	øvëìö¨ïQè�ø3ç� Aådö~ø-èðä�å	æ;åcèðå# cèîö¨ë�èðöRèðä�åG���Iæ;ëîö��¨åcï�èðç~ë
�~åcèl�þÁï�ñ èðñ ç%�|J�J�+3 Cç��� $	!�óç`èðñòö¨ï�íSøvö~ëLê!� ç`ï�ï�ñóï���èðä�å��'ù�s�ý å�ÿIê/åcëîñ � åcïNèðç�� � åCç~í�	�ëîå � åcïQè_ö~ø

µ∆++

ç~íîí�	 � åAæ§ç<íîñ � ê!�òåa cö%�Áê!�óç~ïoç~ë�vKê+ö¨ñóïQèY�~åAö � åcèîë���yc�$ô ä;åAëîåRèîä�åuJ�J_+�èðä;åAö¨ëX��ô�ç~íå#�`ç���	oç`èîåAæ�ç]è'æ�ñ"H$åcëîåcïNè
Eγ

ô ñòèîä«èðä;å�ê�ñòö¨ï«í� Cç`èìèðåcëîñóï��<ç`è
α = 50.5◦

�/ç~ï�æ
β = 0◦

ç`ï�æèðä;åZê;ä�ö~èðö~ï�å � åcë
�¨ñòï!�	ñóïRèîä�å ä�ö¨ëîñ��Aö¨ïQèðç�� π ��ê�ëìåCç� �èðñòö¨ïRê!� ç`ï�å��bã�ä;åZê;ëîåAæ;ñ� cèîåAæ�å�ÿ1èðåcëîïoç%�÷�ëìå � íîíìèîëðç~ä���	�ï!�( Aëìö¨íîíbíìå$ �èðñóö~ï�ô!ç`íTèðä�åcïLê!�òö~èîèîåAæLç%�Qç~ñóï;íìè αγ

�-ã�ä�åAíìå�ê!�óö`èðí|i3íîåcå ª ñ���	�ëîå¡�� �!i4ç�j
jÇäoç~æ�ç'�¨åcë��Síîñ � ñ�� ç~ë/íîäoç~ê+åõøvö~ë � ö¨íìè-ö~ø;èðä�åõç~ïQèðñ� Añóê�ç`èðåcæSê�ä;ö~èðö¨ï�åAï�åcë
�¨ñòåAí$�=ã�ä�å#�ç����!ñóï�æ;ñ� Cç]èðåAæ¡ç6æ�åcåAê�å�ÿ1èðåAëìïoç�� ÷�ëìå � íîíìèîëðç~ä���	�ï!� � ñóï�ñ � 	 � ç`è�ç~ï¡ö�	;è
�¨ö¨ñóï��6ê�ä�ö~èîö¨ïç~ï!���óå<ö~ø
220◦

èðö6èðä�åXñòï! Añòæ�åAïQè_ê�ñòö¨ï\÷+åCç � æ�ñóëìå$ cèîñóö¨ïZ�¥ã�ä�ñòí � ñòï�ñ � 	 � ô�ç~í_æ!	�å<èîöæ�åcíìèðë�	! cèîñ��~åSñòïNèîåAë�øvåAëîåcï! Aåk÷+åcèÁôõåAåAï�èîä�ådê�ëîö`èðö¨ï«ç~ï�æ�ê�ñóö~ï�÷�ç� c�Qô!ç~ëìæ�í'÷;ëîå � íîí�èðëîç~ä!��	;ï!�ç � ê!�óñ èU	�æ;åAí�ç~ï;æ�ô�ç~í ï�ö~è�øvö�	;ï�æ�èîö_÷/ådíìèîëîö¨ï������eæ�åAê+åAï�æ;åAïQè'ö~ïC cö%�Áê!�óç~ïoç~ë|�¨åAö � åcèîë����ã�ä�åe�@ù�s�ý�²¿)Iþ�,¬å�ÿIê+åAëîñ � åcïQèðí ô�åcëîåkæ�åAíìñ��¨ï�åcæ�èîö�å�ÿIê!�óö¨ñ è�èðä�å � ñóï�ñ � 	 � ñóïXèðä;åå�ÿ1èîåAëîï�ç��!å � ñóíìíîñòö¨ïÂ Aëìö¨íîí_íìå$ cèîñóö¨ïGèîö¦ç� $ cåAíìí�èîä�å<ñóïQèîåAëîï�ç��!÷�ëìå � íîíìèîëðç~ä���	�ï!� cö¨ïQèðëìñó÷!	z�èðñòö¨ï�èðöXèîä�å_ö[�~åAëîç����
π+p → π+pγ

 Aëìö¨íîídíìå$ cèîñóö¨ïZ�LþÁï§èîä�åu Cç~íìå_ö~ø
π−p → π−pγ

��èîä�å÷oç� c�Qô�ç~ëîæ;íõê�ëìö~èðö~ï_ç~ï�æ_ê�ñóö~ïR÷�ëîå � íìíìèðëîç~ä!��	�ï!�dç~æ�æu cö¨ï�íìèîë
	! �èðñ"�¨å$�"�_ç`èbèîä�å�ê+ö¨ñóïQè�ö~ø+èðä;å
π+p→ π+pγ

J�J�+ � ñòï�ñ � 	 � ��ã�ä}	�í�÷��e Aö � êoç~ëìñóï!� èðä;å π+ ç~ï�æ π−  éäoç~ï;ï�å$�òí�ç`èbåAç� éäö~ø�èîä�å	íîå#�óå$ �èðåcæ�ñòï! Añòæ�åAïQè�ê;ñóö¨ï<åcï�åAë��¨ñóåcí!ñòèõô!ç`í�ê/ö¨íìíîñò÷!�óå'èîöLñóï��~åAíìèîñ��Qç]èðå��'i�M[j»èîä�å@å#H/å$ �èö~ø�èîä�å
∆(1232)

ëîåcíîö¨ï�ç~ï! AåRö~ï�èðä�åLæ;ñ�H/åAëîåcïQèðñ ç%�O cëîö¨íìí@íîå# cèðñòö¨ï-��i���j èîä�åRëðç`ï!�¨å�ö`ø
ê�ä�ö%�èðö~ï�åcï�åAë����Rô ä�ñ� éä�èðä�å íìö~øjè���ê�ä�ö~èîö¨ïeç`ê�ê�ëîöCÿIñ � ç`èîñóö¨ï� Aç~ï<ç`æ�å \ 	oç`èîå$�"�Ræ�åAí� Aëìñó÷+å��Zi�¡�jTèðä;åê+ö¨íîíìñó÷�ñ��óñòè��@ö~ø)æ�åcèîåAë � ñòï�ñóï!� èðä;å!å$�òå$ cèîëîö � ç��¨ï;åcèðñ� � 	!�òèîñóê+ö��óå � ö � åAïQèðí-ö~øoèðä;å ∆(1232)
�ç~ï�æWi�¢}jZèîä�åLö�H&� � ç~íîí¹íîä�å#���bê;ñóö¨ïz��ï}	! $�òåAö¨ï�ñòïQèðåAëîç� cèîñóö¨ï Ó ¤�§TÕ���qgä�åcïgZö¨ï�æ�ëîç`è��R	!��ç`ï�æ



Ê ° ���&å&����� Ëä} � ~ Ë � Ò[Æ � Ê ��å�� Ëw�
D=ö � ö¨ïoç`ëîå#��N�ëîíìè�í
	!���¨åAí�èðåAæ<èîä�å'ê+ö¨íìíîñó÷;ñ��óñ è��Lö~ø$èðä�å � ç��~ï�åcèîñ� � ö � åcïNèõæ�å�èðåAë � ñòïoç`èîñóö¨ï÷��«ëîç~æ�ñóç`èðñ"�¨ådê�ñóö~ïz�Áï}	! #�óåAö~ï�í
 Aç`èîèîåAëìñóï!�!�)èðä;å#��ê�ëîåcæ�ñ� �èðåcæ�èðäoç]è¹èîä�åAëìå�ô�ö�	!�óæ«÷/å�çP� ç`ë
�¨ååAï�ä�ç~ï! Aå � åcïQèLç~ëìö�	�ï�æ 60

ü«å·�a�Pæ!	�å_èðö�ñóïQèðåcëîïoç��T÷�ëîå � íìíìèðëîç~ä!��	�ï!�!�-ñóï6èðä;å�ö`èðä�åcëìô ñóíìåM[�
Eγ

�Áæ;åAê+åAï�æ�åcïQè
Eγ

íìê/å# cèðë�	 � ö~øõèðä�å�ëîåAç� cèîñóö¨ï6øvö¨ë	èðä;åAíîå�íîê+å$ cñ ç��x�Nñòï�å � ç`èðñ� � Aö¨ï;æ�ñ"�èðñòö¨ï�í Ó ¥zM$Õ���ã�ä�åkíîñ��cå	ö~ø-èðä�ñòí�÷!	 � êhôõö�	!�òæhëîå$�óç`èðå@èîöRèðä�å � ç��¨ï�å�èðñ� @æ�ñóê+ö��òå � ö � åcïNè!ö~øèðä�ådëìåAíîö~ïoç~ï! cå��

æ�çMè§ç	� 
 ûVì����� � � ìKï§ô��Ví[ì½ñóìKîÙë
þÁïmMh¨�¦��z�$ý'ë � ç~ï�Qçl�~å�çXê�ëìå$�òñ � ñóïoç~ëX�hëîåcê/ö¨ë�èdö¨ï6èðä�å�N�ëîíìèkå�ÿ;ê+åAëìñ � åAïQèéç%��ç`èîèîå � ê;è@èîö
\ 	oç~ïQèðñ øÖ�Lèðä�å � ç%�¨ï�åcèîñ� � ö � åAïQè»ö~ø$èîä�å ∆++ 	�íîñòï!�Sëîç~æ�ñóç`èðñ"�¨å ê�ñóö~ïz�Áê�ëìö~èðö~ï�í� Cç`èìèðåcëîñóï��ï�åCç`ë<èðä�å

∆(1232)
ëîåcíîö¨ï�ç~ï! Aå Ó ¤�¨%Õ��Zô ñ èðä�ç\ê�ñóö~ï�÷/åAç � åcï�åAë�����ö~øa��¨�¢¡ü�å·����ã�ä�åå�ÿIê+åAëîñ � åcïQèLç~ï;æGç~ïoç%���1íîñòídôõåAëìåeø�	!�����6æ�ñòí
 #	�íîíìåAæGñòï;Mh¨�¦�¥h÷��K)Iö¨÷+åAë�ókí�á�ì � Ó ¤�§%Õ � ã�ä;åå�ÿIê+åAëîñ � åcïQèTô�ç~íTèðä;åAïRå�ÿ1èîåAï�æ�åcæ�èîöY�óö1ö��dç`èTí
�òñ��¨äQèU�"�dæ�ñ�H/åAëìåAïQèx�Nñóï;å � ç`èðñ� õëìå$�¨ñòö¨ï�í$�]ô ñòèîäç~æ�æ�ñ èðñòö¨ïoç��¨÷+åCç � åAï�åcë
�¨ñòåAíTö`ø&��¤�¨'ü«å·��ç`ï�æ�¡��T¢@ü«å·�a�`ý¡ø�	!���Nç`ïoç����1íìñóíPö~ø�èîä�å�å�ÿIèîåAï�æ;åAææoç`èðç�íìåcèl�)ô ñòèîä�ç�í
	 �E� ç~ë��Xö`øbèðä�åkëîåcí
	!� èðí¹ç~ï�æ�ç~ïoç��"�IíìñóíZç`è'ç����Çèîä�ëîåcåS÷+åCç � åAï�åcë
�¨ñòåAí$�ô!ç`íZëìåAê+ö¨ëìèîåAæ�÷���,¹å�ø��~åAï;íEókí|á�ì � ñóï®Mh¨�¦�§ Ó M�M$Õ��ã�ä�å ñóï�ñ èðñ ç%�Iå�ÿ;ê+åAëìñ � åAïQè
ñóï��~åAíìèîñ��Qç]èðåAæRèîä�å ëîåCç% cèðñòö¨ï π+p→ π+pγ

ô ñòèîä�ç
π+ ÷+åCç �åAï�åcë
���¡ö~øe�%¨�¢\ü«å·�½ñóï¡èðä�å1�óç~÷+ö¨ëðç`èîö¨ë��¥øvëðç � å��gã�ä�å�í�	�÷�íìå \ 	�åAïQè�å�ÿIê+åAëìñ � åAïQè<äoç`æñ � ê�ëîöh�~åAæGê�ä;ö~èðö¨ï¥æ�åcèîå$ cèîñóö¨ïQ Aç~êoç~÷;ñ��óñ è��§ç~ï�æÂ	;íîåAæ π+ ÷/åAç � åcï�åAë��¨ñóåcíLö~ø(��¤�¨6ü«å·���

��¨�§_ü«å·�¸ç~ï�æ^¡��%§�ü�å·� èîö�å�ÿ1èðåAï;æ«èðä;åkí�èU	�æz�Xö~ø-èðä�ådö¨ëìñ��¨ñòïoç��$ëìåCç� �èðñòö¨ï-��þÁï�ç~æ�æ�ñ èðñòö¨ï-�èðä�åk�¦íìè
	�æ�ñóåcæ
π−p → π−pγ

ç`è
π− ÷/åAç � åAï;åAë
�~ñóåAíkö~ø���¤�¡«ü«å·���O��¨�§«ü�å·�Ëç~ï;æK¡�¡�Lü«å·���

ã�ä�å@å�ÿIê+åAëìñ � åAïQè�	�íìåAæXèðä;åY éäoç~ë��¨åAæXê�ñòö¨ïe÷+åCç � øvëìö � èðä�åeMh§�¢LñòïV #�R #�óö~èîëîö¨ïXç]è�èðä;å
sPç�ô ëìåAï! cå�úõåAë
�}�òå#�WsPç~÷+ö¨ëðç`èîö¨ë����Öã�ä;å«ê�ëìö~èðö~ïÖ÷+åCç � øvëìö � èîä�åC k�R $�óö`èðëîö~ï¡ô�ç~íE Aö¨ïz�
�¨åcëìèðåcæ�èîö«çXê�ñòö¨ï¦÷/åAç � 	�íìñóï!��çhê�ëîö1æ!	! �èðñòö¨ï6èéç~ë��¨åcèdö~ø�¢�§� � ö~ø ù�� Ü øvö¨ë π+ ö¨ë�Mh¥
 � èîä�ñ� c�RúõåAë��R���óñ�	 � øvö¨ë�èðä;å

π− �bã�ä�å'ê;ñóö¨ï�åAï�åcë
���Rô�ç~íõåAíìèðç~÷!�òñóíîä;åAæ_øvëîö � ëîç~ï!�¨å � åCçT�í
	�ëìå � åAïQèðíRñòïQ Aö¨ê;ê/åcëLô ñòèðäQ cö¨ëîëìå$ �èðñóö~ï�íLøvö¨ë � 	��òèðñòê!�óå_í� Cç`èìèðåAëìñóï!��ivö~ø èðä�å<ö~ëîæ�åcëRö~ø(¡� jk�
ã�ä�åG�óå#�~å$��ö~øTå$�òå$ cèîëîö¨ï^ Aö~ïNèðç � ñóïoç`èîñóö¨ïeñóïXèðä�ådê�ñòö¨ïh÷/åAç � ô�ç~í � åAç~í
	�ëìåAæ^	�íîñòï!��ç�Qç~í�ù�åAëìåAï!�`ö[�V Aö�	;ïNèîåAë#�»ã�ä;å � 	�ö~ï� Aö¨ïQèðç � ñòïoç`èîñóö¨ïRô�ç~í�å�ÿIèîëðç� �èðåcæX÷}�eçe cö � ÷�ñòïoç`èîñóö¨ïö~ø-èÁô�ö � å�èðä�ö1æ�í#�'iXM[j�ö¨ïR� � ö � åcïQèU	 �Þ� 	�ö¨ï� Aö~ïNèðç � ñóïoç`èîñóö¨ï�ô!ç~í å�ÿIèîëðç� �èðåcæ«øvëîö � èðä;åëðç~ï��¨åa #	�ë��~åAí$��i���j�èðä�åkøvëðç� �èðñóö~ï�ö~ø
ö�H&� � ö � åAïQèU	 �¾� 	�ö¨ï] Aö¨ïQèéç � ñòïoç`èðñòö¨ïhô!ç~íI Cç��� $	z�� ç`èîåAæ-�'ã�ä�å
π− ÷+åCç �  Aö � ê+ö¨íîñ èðñòö¨ï�ô�ç~í� éä�å# c�~åcæ§ô ñ èðä¦ç�,¹ç~þ� Aö�	�ïQèîåAëdç~ï�æ«øvö�	�ï�æ�èîöç��¨ëìåAå@ô ñòèîäXèðä�ådö~èîä�åAë ëîåcí
	!� èðí#�

ã=ö � ñòï�ñ � ñóíìå�èðä�å�åAï�åcë
���t�òö¨íîíkö~ø!èîä�åeëìå$ Aö~ñ��óñòï!�Xê�ëìö~èðö¨ï�ñóï§èðä�åP�óñ \ 	�ñòæt�'�1æ�ëîö��¨åAï-�èðä�åY¤��¶¥a � �òö¨ï!���òñ \ 	�ñóæV�'�1æ�ëìö��¨åAïXèðç~ë
�¨å�è!ô�ç~í ñóï! #�óñóï;åAæ<ç]è ç~ïhç~ï!���óå@ö~ø 20.5± 0.5◦
èîöèðä�åd÷+åCç � �òñóï�å%�õã�ä;åe�òñ \ 	�ñóæ^���Iæ;ëîö��¨åcï«ô�ç~íI cö¨ïQèéç~ñòï�åAæ�ñóï«çu #�R�óñòï�æ�ëîñ� Cç�� � �R� ç~ë��~åAíîíìå$���åAï! #�óö¨íìåAæRñòïLç~ï_ç���	 � ï�ñóíìåAæ � �z�óç~ë=ç~ï�æ� Aö~ëîë
	��Qç`èðåcæRç���	 � ñòï�ñ�	 � �)ç~í��p�Tã�ä�å!åAï;æ_ô�ç����óí-ö~øèðä�å!èðç~ë
�~åcè
÷+öMôõåAæZ� � ç��Nñóï!�¹èðä�å�èéç`ë
�¨å�è��óö¨ï!�~åAëTèîäoç~ïRèðä�å ö¨ëìñ��¨ñòïoç��1æ�åAíìñ��¨ï_íìê/å# Añ�N! Cç`èîñóö¨ï�íëîåcê/ö¨ë�èðåcæ�ñòï Ó ¤�§TÕ��ã�ä�åeå�ÿ;ê+åAëìñ � åAïQèéç%�x� çl�¨ö�	Iè�ñòíe�¨ñ"�¨åcï¥ñóï ª ñ���	�ëîåu¡z��M��XþÁï� Aö � ñóï!�hê�ñòö¨ï�ídô�åcëîå � ö¨ï;ñ"�èðö¨ëìåAæ¦÷��§çXä�öIæ;ö¨í
 cö¨ê/åRô ñ èðä6èÁô�öC� çl�¨åcëîí#�kö~ï�åRô ñòèðä6øvö�	;ëY�¨åAë�èðñ� Cç���í� AñóïQèîñ����óç`èðö~ë'íìèîëîñòê�í$�åCç� éägM��d¨P � ô ñòæ�å��+ç~ï;æ�ö¨ï�ådô ñòèîä�íìñ ÿhä�ö~ëîñ��cö¨ïQèéç���í�èðëìñóê�í#�/åAç� éä�z� ¥E � ô ñóæ�åViµ�óç~÷+å$���òåAæ

���d�½ëîåcíîê+å$ �èðñ��~å$�"�¤ñóï ª ñ���	;ëîåC¡���Mhjk�¬ã�ä�ñòí<ä�ö1æ�ö¨í
 cö¨ê+å�ô!ç~íeí
	�ëìëîö�	�ï;æ�åAæg÷���ç~ïgç`ïNèîñ"� Aö¨ñòï! Añòæ�åAï� AåI cö�	�ïQèðåcë
ĀH

ô ä�ñ� éä<ëîåcæ!	! AåcæX÷/åAç � äoç��òö�å#H/å$ �èðí#�»ã�ä;åAëîå¹ô!ç~í!ç��óíìö�ç�í � ç%���íîñòï!���óå] Aö�	�ïQèîåAëgi3ã'j<ê!�óç� Aåcæ�ñòï¤èðä�å¦÷+åCç � ø�	�ëìèîä�åAëXæ�ö�ô ï�í�èðëìåCç � èîö¡ê;ëîöh�1ñóæ�å�èîñ � ñóï!�



} ����� a®�kå%� Ê�Ë � º �U�p���[Ç��Y�p�Pa]å É �*�h� Æ,!bÍIÆ �x�hçµ�Va®� º �U�*�|�[Ç��Y�p�
∆++ Ê ®

ª ñ���	�ëîåY¡���M��xJTÿ;ê+åAëìñ � åAïQèéç%�Çíîå�èU	�êhøvö¨ë µ∆++

íìè
	�æ��X÷����'ù�s�ýa�`F åAê�ëìöIæ�	! Aåcæ�øvëìö �ÔÓ M�M$Õ

ñóïIøvö¨ë � ç`èðñòö¨ï-�D�ñóö¨ï�í@ôõåAëìå_æ�åcèîå$ cèîåAæ§ñóï§ç~ï¦ç~ëìëðçl��ö`øõèîä�ëîåcåRíîêoç~ë��1 éäoç � ÷/åcëîíEi3ê;ñóö¨ï éäoç � ÷/åcëîídþXjk�êoç~íìíîåcæ§èîä�ëîö�	��¨ä¥çXæ�ñòê/ö��óåfvÁê�ñ� �èU	�ëìåk�løvëðç � åky � ç��¨ï�å�èl�Pç~ï�æ6èîä�åAï§åAï! cö�	�ïQèðåcëîåcæGç~ï�ö`èðä�åcë� çl�~åAë�ö`ø!èðä�ëìåAå<íìêoç~ë��t éä�ç � ÷+åAëîí�i3ê�ñòö¨ïK éäoç � ÷/åcëîíSþîþXjk�Pøvö����óö�ô�åcæ¥÷���ç~ï\ç~ëìëðçl�§ö~ø!øvö�	;ëí
 cñóïQèðñ����óç`èðö¨ëìí�i3ê;ñóö¨ïG Aö�	;ïNèîåAëìícjk�Tã�ä�åõèÁôõö@íîê�ç~ë
�� éäoç � ÷/åcë��óçh�~åAëìíO�Qçl�~åõèðëîç� c�NíT÷+åcøvö¨ëìå�ç`ï�æç`øjèîåAëbèðä;å � ç��~ï�åcèîñ� |Noå#�óæ-�Qê;ëîöh�1ñóæ�ñòï!�	÷/åcï�æ�ç~ï!���òå�ç~ï�æ_ä�åcï! Aå � ö � åcïNè
	 � ñóï;øvö¨ë � ç]èðñóö~ï-�ç~ï�æLèîä�å!í� AñóïQèîñ����óç`èðñòö¨ïG Aö�	�ïQèîåAëîíx�¨çh�~å�êoç~ë�èðñ� #�óå»ñóæ�åcïQèðñ�N! Cç`èîñóö¨ï�	;íîñóï��'èðñ � å��Áö~øn�A�oñ��¨äQè$��ã�ä�åê�ñòö¨ï�æ�å�èðå$ �èðñòö¨ï6í��1íìèîå � ô�ç~í� cåAïQèðëìåAæ¦ö¨ï
α = 50.5◦

ç~ï;æ6äoç~æ§çeíîö��óñóæ�ç~ï!���òåa Aöh�~åAëðç%�¨åö~ø ∼ 120 � íîë#�D�ëîö~èîö¨ï�í'ôõåAëìåLèðëðç% c�~åAæ¦èðä;ëîö�	!�~ä�èðä�ëìåAå��óçh�~åAëìí@ö~ø
íîê�ç~ë
�C éäoç � ÷+åAëìí	ç~ï�æ�èîä�åAï6èðä;åAñóëåAï;åAë
�%�«ô�ç~í � åCç~í�	�ëîåcæ6ñóï6ç�ëðç~ï!�~åSèðå#�óåcí
 Aö~ê/å� cö � ê/ö¨íìåAæ�ö`ø�Mh¡eí
 cñóïQèðñ����óç`èðö¨ëìí ç~ëîëîç~ï!�¨åcæñóï�¤�ê�� ç~ï�åcí$��ã�ä�å�ê�ëîö~èîö¨ï¡åAï�åcë
���Öëîåcíîö���	;èðñòö¨ï\ô!ç~í ∼ ±10
ü«å·�½ç~ï�æÖèðä�å�æ�åcèîå$ �èðö¨ëí��1í�èðå �  Aöh�¨åcëîåAæ«ï�åCç`ë
���

1
íìë�ö~ø-íîö��òñóæXç~ï����óå%�Ièðä}	�í!èîä�å	ê�ëìö~èðö¨ïXæ;åcèðå# cèîñóö¨ïXæ�ñòæXï�ö~è��òñ � ñòèèðä;åkåk�¨åcïNè'ç� # AåAêIèéç~ï! cå�ç]è � ö¨í�è ê�ä�ö~èîö¨ï�åAï�åcë
�¨ñòåAí$�ã�ä�åLê�ä;ö~èðö¨ï;í'ô�åcëîåLæ;åcèðå# cèîåAæ¦ñóï�èðåAï�òåCç~æC��� ç`íîíI cö�	�ïQèðåcëîí@ñòï�èðä;åeNoëìíìè	å�ÿ;ê+åAëìñ � åAïz�èéç%�õëìö�	�ï�æÁi � Mk�cMhL�j��^,¹ñóï;å�ø�	�ë�èðä�åcëa�òåCç~æÂ��� ç~íìíSæ�å�èðå# cèðö~ëîí�ôõåAëìåhç~æ�æ�åcæGñóï§èðä�å<íìå$ cö¨ï�æëîö�	�ï�æ�ö~øbå�ÿ;ê+åAëìñ � åAïQèðí�èîöeç~æ;æ«ê�ä;ö~èðö¨ï�æ�å�èðå$ �èðñòö¨ï�ç]è � ö¨ëìå@øvö¨ëìô�ç~ëìæ�ç~ï!���óåAíGi � M�M#�cMh¨�jk�D�ä�ö~èîö¨ïhæ�åcèîå$ cèîö¨ëîí � M�� � ¢!� � ¦Lç~ï;æ � M�M#�UMl¢�ôõåAëìåkê+ö¨íìñòèðñòö¨ï�åcæXñóïz��ê!� ç~ï;å�i

β = 0◦
j��;èðä;åö~èîä�åAëìí¹ôõåAëîåLç~ëîëîç~ï!�¨åcæ�ç`è'�`ç~ëîñòö�	�í��~ç%��	�åcí'ö~ø�ï;å$�Qç`èîñ��~å

β
�/ç~íîñòæ�åkøvëìö � � Mh¦Rô ä�ñ� éä�ô�ç~íê+ö¨íîñ èðñóö~ï�åAæ�ç`è

β = 4◦
�«ã�ä;åeñóï;ñòèðñóç��TèîåAïGê�ä;ö~èðö¨ïK Aö�	�ïQèîåAëîíSô�åcëîå� cåAïQèðëìåAæªç~ëìö�	�ï�æ¥ç~ïç~ï!���óå�ö`ø

220◦
øvëìö � èðä�å�ö�	;èU�~ö¨ñóï!�¹ê�ñóö~ïL÷/åAç � æ�ñóëìå$ cèîñóö¨ïZ� 170◦

øvëîö � èîä�å!í
 Aç`èîèîåAëìåAæ_ê�ñóö~ïæ�ñòëîå$ �èðñòö¨ï-�bý(���$ö`ø-èîä�å	ê�ä�ö`èðö¨ïhæ�å�èðå$ �èðö¨ëìí � åAç~í
	�ëìåAæ®MhL� � ÷��MhL� � ÷��M[¥a � èðä�ñ� c�p�ù�äoç~ë��¨åAæ\ê�ç~ëìèîñ� $�òåAíkô�åcëîå��¨å�èðö1åAæª÷��\ç~ïQèðñ �� cö¨ñóï! cñóæ�åcï! AåP Aö�	;ïNèîåAëìí
ĀG

ê!�óç� Aåcæ\ñóï¥øvëìö¨ïQèö~ø
èðä;åRê�ä�ö~èîö¨ï® Aö�	�ïQèîåAëîí#�aqgñòèîä�èðä�å_å�ÿ� cåAê;èîñóö¨ï¦ö~ø � +�� ç~ï�æ � +�� �Çô ä�ñ� éä6ôõåAëîå_ê!�óç� Aåcæ



Ê ¯ ���&å&����� Ëä} � ~ Ë � Ò[Æ � Ê ��å�� Ëw�
÷/åcä�ñóï;æeèðä�å¹ê�ñóö~ïeæ�å�èðå$ �èðö¨ëìí$�;èîä�å'øvëìö¨ïQè�ø3ç� cåAí!ö~ø$èðä�å@ê;ä�ö~èðö~ï� Aö�	;ïNèîåAëìí!ô�åcëîå@ê+ö¨íîñ èðñòö¨ï�åAæ÷/å�èÁô�åcåAï1¥�¤� � ç~ï;æ]¤�¡� � øvëîö � èðä�åf cåAïQèðëìåSö~ø-èðä;ådèðç~ë
�~åcèl�
D
ëìñóö¨ëÇèîöZèîä�å��@ù�s�ýÖå�ÿIê/åcëîñ � åAïQè$�]èîä�å»ôõö¨ë��óækæoç`èéç íîå�è� cö¨ïQèéç~ñòï�åAæSö¨ï!�"��Mh¨�L�ëîåcê/ö~ëìèðåcæi

π
ê
γ
jSå#�~åAïQèðí#�Gã�ä�ñóí�å�ÿIê/åcëîñ � åcïNè � åAç~í
	�ëìåAæ¡ç~ï�æ¡ç� # Aåcê;èðåcæ¡öh�~åAëE§�L�L�L«å#�¨åcïQèðí$�¥ã�ä�åæoç`èðçXôõåAëìå�ç~ïoç��"�IíìåAæ¦èðöhê�ëìöIæ!	� Aå_æ�ñ�H/åAëìåAïQèðñóç��� cëîö¨íìíkíìå$ �èðñóö~ï�íPi ª ñ���	�ëîåu¡z�¶��j���íðç � ê!�òñóï!�ê�ä�ö~èîö¨ï¡ç~ï!���òåeøvëîö � 205◦

èîö
103◦

ç~ï;æ�ç`è
0◦
�
50◦

ç~ï�æ
320◦

ñòï
α
�
öh�¨åAë�ç

β
ëîç~ï!�¨åøvëîö � +9◦

èîö −36◦
ç~ï;æ�øvö¨ë'ê�ä;ö~èðö¨ï�åAï�åcë
�¨ñòåAí¹øvëìö � M[¥<ü«å·�¸èðö1Mh§�LXü«å·���/ã�ä�å� cëîö¨íìííîå# cèðñòö¨ï�íLö`ø íîñ � ê!�òå�å#� ç~í�èðñ� �í
 Aç`èîèîåAëîñòï!�mi π±p → π±p

jdô�åcëîåhç��òíîö � åCç`í
	�ëìåAæªñóïGö~ëîæ�åcëèðö® éä�å# c�ªøvö~ë�íX�1íìèðå � ç]èðñ� håkH$å# cèðí#��ã�ä�å � åCç~í�	�ëîåcæ�å$�óç~íìèîñ� Xí� Cç`èìèðåAëìñóï!�® cëîö¨íìí�íìå$ cèîñóö¨ï;íô�åcëîåY cö¨ï�íìñóíìèîåAïQèU�"�]MlL � ÷/å#�óö�ô�èðä;åY�óñ èðåAëîç`èU	;ëîå��`ç���	�åcí$�I÷!	;è�èîä�ñóíõæ�ñ�H/åAëìåAï! cå'ô�ç~í�ô ñòèîä�ñóïèðä�å¹åAí�èðñ � ç`èîåAæ<íX�Ií�èðå � ç`èîñ� (	�ï! Aåcëìèðç~ñóïQè�����ã-ö � ñòèðñ��Qç`èîå ç~ï��eíX�Ií�èðå � ç`èîñ� ¹å#H/å$ cèîí$��íìå#�~åAëðç%� Aëìö¨íîíbíìå$ �èðñóö~ïLëðç`èîñóö¨íPôõåAëîå� cö¨ï�íìñóæ�åcëîåAæ_ç`ï�æ� Aö � êoç~ëìåAæ�èîö'èðä;å!çl�`ç~ñ��óç~÷!�óå � öIæ;å$�óí#��FZç`èîñóö¨í
P1

�
P2

�oç~ï;æ
P3

ôõåAëìåSæ�åkNoï�åcæ�ç~í#�

P1 =
d5σ(π− at 263MeV )

d5σ(π+ at 269MeV )
,

i�¡z�d¢}j

P2 =
d5σ(π− at 298MeV )

d5σ(π+ at 298MeV )
,

i�¡z�¶¥�j

P3 =
d5σ(π− at 330MeV )

d5σ(π+ at 324MeV )
.

i�¡z� ¤�j
ã-ôõö@ø�	�ë�èðä�åcëbëðç`èîñóö¨í#�

R+

ç~ï;æ
R−

�~ôõåAëìå� Cç��� $	!�óç`èðåcæ�èðö	í�èU	�æ��Sèðä�å�ëîå$�óç`èðñòö¨ï�íìä�ñóêS÷/å�èÁô�åcåAïñóï! cñóæ�åcïQè ê�ñóö¨ïXåcï�åAë�����ç~ï�æhèðä;åG cëîö¨íìí íîå$ �èðñòö¨ï-�

R+ =
d5σ(π+ at 269MeV )

d5σ(π+ at 324MeV )
,

i�¡z�¶¦�j

R− =
d5σ(π− at 263MeV )

d5σ(π− at 330MeV )
.

i�¡z� §�j
ã�ä�åIJ�J�+º Aç��� #	!� ç`èîñóö¨ï�	;íîåAæ

s̄
ç~ï�æ

t̄
ç~í»æ�å#N�ï�åAæ�ñóïPJ \ 	oç]èðñóö~ï�í|¡z�¶�dç~ï�æP¡��d¡��
ü«ö¨ïQèîåù!ç~ë
�òö � åcèîä�öIæ;í�iµ�óç~÷+å$���òåAæ EED j ôõåAëìåLå � ê!�òö[�~åAæ�èîöXçl�¨åAëîç��¨å�èîä�å�J�J�+¿ Cç��� $	!�óç`èðñòö¨ï�íöh�¨åAë	èîä�å�Noï�ñ èðåLæ�å�èðå# cèðö~ëSç% $ Aåcê;èéç`ï! Aå�ëðç`èîä�åAë¹èðäoç~ï6èîä�å_ê�ëîåk�Iñòö�	�í���� � åAïQèîñóö¨ï�åcæCvKê+ö¨ñóïQè�¨åAö � å�èðë���yU�Tú�ö`èðäSèîä�å»å$� ç`íìèðñ� 
í
 Cç]èîèðåcëîñòï!�I cëîö¨íìíbíîå# cèðñòö¨ï � åCç`í
	�ëìåAæ�ñòïSèîä�å��'ù�sPý¡å�ÿIê+åAë��ñ � åAïQèl�Çç~ï�æ�èðä;å�ê;ëîå#�1ñòö�	�í
�"��ê�	�÷!�óñòíîä�åcæ�~ç%��	�åcí$�ÇôõåAëîåu	�íìåAæ§ñóï�èîä�åuJ�J_+A Cç%�� $	�� ç`èîñóö¨ï�í#�ã�ä�ö¨íìåkå � ê��óöh�1ñóï!�Lèîä�åG�@ù�s�ý³ëîåAí�	!�òè¹ç~ëìå�� ç~÷+å$���óåcæ EED∗ �ã�ä�å'J_J�+Á Cç��� $	!�óç`èðñòö¨ï�í=ëîåAê;ëîö1æ!	! Aåcæ�èîä�å� Aëìö¨íîí
íîå# cèîñóö¨ï�í�	�êRèîödèîä�å � ç]ÿIñ � 	 ��� åCçT�í
	�ëìåAæ�ê�ä�ö~èîö¨ïeåcï�åAë����CiXM[¥%L�ü«å·�9ñóï_èðä;å(�óç~÷�øvëîç � åhj�i3íìåAå ª ñ���	;ëîå�¡�� ��jk��Jx�~åAï<ñòï�èîä�åZëîåk��¨ñóö~ï�ö~ø+æ�åcíìèðë�	! cèîñ��~å�ñóïQèðåcëìøvåAëìåAï! cå!ô ä�åAëìå�ñóïQèðåcëîïoç%�;÷�ëìå � íîíìèîëðç~ä���	�ï!�'íîä�ö�	��óæRê!�óçh��ç � ö¨ëîåê�ëîö � ñòï�åAïQèdëîö��óå���èîä�åu Aëîö~íîíkíîå$ �èðñòö¨ï�ø3ç����óí@ö%H � ö¨ï;ö~èðö¨ï;ñ� Cç%�����hô ñ èðä¦ñóï! cëîåAç~íîñòï!�«ê;ä�ö~èðö~ïåAï�åcë
�����_�¹ö�ô�åk�¨åcë$�oèðä�åGJ�J�+� Aç��� #	!� ç]èðñóö~ï�í�íìä�ö�ô¬íîö � å	íîñ��¨ï�ñ"N` Cç~ïQè�æ;ñóíðç%�¨ëîåcå � åAïQè�ô ñòèîäèðä�åGDÖç~ï�æCF�ëðç`èîñóö¨íGiµJ \ 	�ç`èðñòö¨ï�í�¡��£¢�èîöE¡�� §_ç~ï;æ ª ñ���	�ëìåAí�¡��d¡RèðöE¡�� ¥�jk�ú!ç~íîñ� �)zD/ý³ Aç��� #	!� ç]èðñóö~ï�í$�=ç~í�æ;åcèéç`ñ��óåcæ�ñòï Ó ¤�§%Õ��TëìåAê�ëìöIæ!	� Aåeèîä�åeæoç]èéç«ö~ï!���6øvö¨ëdèðä;å�óö�ôõåAíìèZê�ä;ö~èðö¨ï«åAï�åcë
���h÷;ñóï®M[¥�ü«å·�

< Eγ <
¡�L�ü«å·�a�&qgä;åAëîå

Eγ >
¢�Leü�å·���oèðä�åe)�D+ýëîåcí
	!� èðí�æ�ö ï�ö~è-íìä�ö�ô\ç~ï��	æ�ñòêdñóï� Aëìö¨íîíPíìå$ cèîñóö¨ïkñóï@èîä�å
ëîå#�¨ñóö¨ï	ö`ø;æ�åcíìèîë
	! �èðñ��~åõñòïQèðåAë�øvåAëìåAï! cå

i
αγ = 220◦

jk���¹ö�ôõå#�~åAë$�/ç � ö1æ�ñ�N�åAæ^)�D+ý� Aç��� #	!� ç]èðñóö~ï<÷���s�ñóö�	�ç~ï�æC,(	Ièîè Ó M[�TÕ���ô ä�åAëìåèðä�å( Aö1å#�E AñòåAïQèðí�ö`ø
k−1 ç~ï�æ k0 ivñóïVJ \ 	oç]èðñóö~ï�¡��"M[jõç~ëìå@ñóï;æ�åAê+åAï�æ;åAïQè ö~ø k �Iëîåcê�ëîö1æ!	! cåAæ



} ����� a®�kå%� Ê�Ë � º �U�p���[Ç��Y�p�Pa]å É �*�h� Æ,!bÍIÆ �x�hçµ�Va®� º �U�*�|�[Ç��Y�p�
∆++ Ê)Ê

"�#�% "('L%
ª ñ���	�ëîåe¡�� �z�Zù�ö � êoç~ëìñóíîö~ï�ö~ø � åCç~í�	�ëîåcæ6ç~ï�æ Aç��� #	!� ç]èðåAæC Aëìö¨íîí@íìå$ �èðñóö~ï�í@ç~í@ç�ø�	�ï! �èðñóö~ïö~ø���i4ç�j

αγ

ç`è
Eγ = 40

ü«å·�gç~ï�æ
Tπ+ = 269

ü«å·�a�¨ç~ï�æ�i3÷&j
Eγ

�Qçl�¨åcëðç��¨åcæRöh�¨åAëTê�ä�ö~èîö¨ï
 Aö�	�ïQèðåAëìí

G1 −G10

øvö¨ë
263

ü«å·�
π− i�	�ê�ê+åAë!ê�ç~ï�å$�nj»ç`ï�æ 269

ü«å·�
π+ iµ�óö�ôõåAëõêoç~ï�å#�Öjk�F åAê�ëìöIæ!	� AåAæhøvëîö �¼Ó M�M$Õ��



Ê Ñ ���&å&����� Ëä} � ~ Ë � Ò[Æ � Ê ��å�� Ëw�

"�#�% "('L%
ª ñ���	�ëîå'¡��d¡���ù�ö � êoç`ëîñóíìö¨ï�ö~ø � åCç~í�	�ëîåcæXç~ï�æP Cç��� $	!�óç`èðåcæ�ëîç`èðñòö P1

ç~íõçkø�	�ï! �èðñòö¨ïeö~ø���i4ç�j
αγ

ç`è
Eγ = 15 − 30

ü«å·� ç~ï�æ�i3÷&j
Eγ

øvö¨ë	íîåk�¨åcëðç��
æ�ñ"H$åcëîåAïQèSç~ï!���óåAí#�Pçl�¨åAëîç��¨åcæ¥öh�¨åcëï�åAñ��¨äN÷/ö�	�ëîñòï!�Rê�ä�ö~èîö¨ï� Aö�	;ïNèîåAëìí$��FZåcê�ëîö1æ!	! cåAæ«øvëìö �5Ó M�M$Õ��



} ����� a®�kå%� Ê�Ë � º �U�p���[Ç��Y�p�Pa]å É �*�h� Æ,!bÍIÆ �x�hçµ�Va®� º �U�*�|�[Ç��Y�p�
∆++ Ê Ò

"�#�% "('L%
ª ñ���	�ëîåf¡z�d¢!�õù�ö � êoç~ëìñóíìö¨ïhö~ø � åCç~í�	�ëîåcæ�ç~ï;æC Aç��� #	!� ç`èîåAæhëðç]èðñóö~í$�(i4ç�j P2

ç~ï;æÂiv÷&j
P3

ç`íç�ø�	�ï� cèðñòö¨ï�ö~ø
Eγ

øvö¨ë¹íîå#�~åAëîç��bæ�ñ"H$åcëîåAïQè@ç~ï!���òåAí$�$çl�¨åAëîç��¨åcæ§öh�~åAë@ï�åcñ��¨äN÷+ö�	�ëìñóï!��ê�ä�ö~èîö¨ï
 Aö�	�ïQèðåAëìí$��FZåcê�ëîö1æ!	! cåAæhøvëîö �ÔÓ M�M$Õ��
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"�#�% "('L%
ª ñ���	�ëîåI¡��¶¥R�
ù�ö � êoç~ëîñòíîö¨ïXö`ø � åAç~í
	�ëìåAæ�ç~ï�æ� Aç��� #	!� ç`èîåAæ<ëîç`èðñòö¨í�i3ç�j R+

ç~ï;æti3÷&j
R−

ç~íç�ø�	�ï! �èðñòö¨ï�ö~ø
Eγ

øvö¨ë¹íîå#�~åAëîç��bæ�ñ"H$åcëîåAïQèdç`ï!���óåcí$�$çh�~åAëîç��¨åAæ6öh�~åAë	ï�åcñ��¨äN÷+ö�	�ëîñòï!�eê;ä�ö~èðö~ï
 Aö�	;ïNèîåAëìí$�_FZåcê�ëîö1æ!	! cåAæ�øvëîö �ÔÓ M�M#Õ��



} ����� a®�kå%� Ê�Ë � º �U�p���[Ç��Y�p�Pa]å É �*�h� Æ,!bÍIÆ �x�hçµ�Va®� º �U�*�|�[Ç��Y�p�
∆++ Ê ¯

ª ñ���	�ëîå1¡�� ¤z�ªù�ö � êoç~ëîñòíîö¨ï�ö`ø π+p → π+pγ
 Aëìö¨íîíhíìå$ cèîñóö¨ïgñòïgèîä�å� ç`÷gøvëîç � å6ç~íhçø�	�ï! �èðñòö¨ïeö~ø

Eγ

øvö¨ë
Tπ+ = 324

ü«å·�µøvö¨ë»ê�ä�ö`èðö¨ï� cö�	�ïQèðåcëîí
G1

iµ	�ê�ê+åAëõêoç~ï�å#�Öj
ç~ï�æ
G13iµ�òö�ô�åcëZê�ç~ï�å$�njõô ñòèîä1)�D+ý¬èðä�åcö¨ë��h÷��^s�ñóö�	�ç~ï;æ],'	;èîè Ó M[�TÕPç~ï;æ«æoç]èéç_ê/ö¨ñòïQèðí�øvëîö �ÔÓ M�M$Õ��F åAê�ëìöIæ!	� AåAæhøvëîö �¼Ó M�M$Õ��

èðä;å�æ�ç`èéç<ø3ç~ë	÷+åcèìèðåAë	èîäoç~ï¦èðä�åEJ�J�+Þ Cç%�� $	�� ç`èîñóö¨ï�í�i3íîåcå ª ñ���	�ëìå�¡��d¤�jk�Es�ñóö�	¦ç~ï�æg,(	;èìèê+ö¨íìè
	!� ç`èîåAæ_èðäoç]è�èðä�ñòí»ñòí
æ!	�å èðödö�H&�Áíîä;å$��� � ç~íìí»åkH$å# cèîíõ÷+åAñòï!�Sí � ç%����ç`ï�æ�èîäoç`è
ëðç`æ�ñ ç`èîñóö¨ïøvëîö � πp
ëîåcíîö¨ï�ç~ïQè¹í�èéç`èîåAíei3í�	! éä�ç`í èîä�å

∆++ j�ä�ç~í�ï�å$���óñ��~ñó÷!�òå'å#H/å$ �èl�DTç~í� $	oç%�¹ç`ï�æªãTç~ëìëðç� éä Ó Mh¡%Õ ç%�¨ëîåcåAæªô ñòèðäGèîä�ñóí#�
íìèéç]èðñóï��¦èîäoç`èRèîä�å ∆++ → ∆++γëîåAç� cèîñóö¨ïdæ�ö1åAíPï�ö`èPæ�ö � ñóïoç`èîåTèðä;å»÷;ëîå � íîí�èðëîç~ä!��	;ï!�¹ëìåCç� �èðñòö¨ï-�Pã�ä�å#� � ç~æ�å
ç� Cç%�� $	�� ç`èîñóö¨ïö~ø�èîä�å
µ∆++

 cö¨ïQèðëìñó÷!	;èîñóö¨ï¥ç`èRç«íîñóï����óå�ê�ä�ö~èîö¨ï\åAï;åAë
�%���bèðä�ç`è�ô ä�ñ� éäÂ�óåAçl�¨åAíLèîä�å
π+pNoïoç%�»í�èéç`èîå<ç`èkèðä;å�ê+åCç��¦ö~ø�èðä�å

∆++(1232)
ëìåAíîö~ïoç~ï! cå��hý!è�èîä�ñóíkíîê+å$ cñ�N` �ê/ö¨ñòïQèl�Pèðä�åç � ê!�óñ èU	�æ;ådøvö~ë¹èðä;å π+pγ

í�èéç`èîå� Cç`ï�÷/åa Aö¨ï�íìñóæ�åcëîåcæ�èðö<÷+åSèîä�åRç � ê!�óñ èU	�æ;ådøvö~ë π+p →
∆++γ � 	!� èðñòê!�óñòåAæh÷��«èîä�åLç � ê!�òñòèU	;æ�å	øvö¨ë ∆++ → π+p

ç`ï�æ6çeê�ëìö¨êoç��¨ç`èðö¨ëZëîå#� ç`èîåAæ�èðöèðä;åVNoï�ñ èðå
∆
ô ñòæ;èðä-��ã�ä�å<ñóï;ê!	;èLê�ç~ëðç � åcèîåAëìíSøvö¨ëkèðä�åP Cç��� $	!�óç`èðñòö¨ï§ôõåAëìå<èðä�åeå$�óå# cèîëîñ�  éäoç~ë��¨åAí»ç~ï;æ � ç��¨ï�å�èðñ� !æ�ñóê+ö��òå � ö � åcïNèîíbö~ø+èðä�å ê-� π+ �Nç~ï�æ ∆++ �Qö~ø/ô ä;ñ� éä�ö¨ï!��� µ∆++ñóí�	�ï��1ï;öMô ïZ���ZåAï! cå¹èîä�å

µ∆++

 Aö~ïNèîëîñò÷!	;èðñòö¨ï_èðödèðä�åZæ�ñ�H/åAëìåAïQèðñóç��` Aëìö¨íîíõíîå# cèðñòö¨ï � çl�_÷+åå�ÿIê�ëìåAíìíîåAæ�ç~íZç_íìåAëìñóåAí ñòï
µ∆++

�

d5σ

dΩπdΩγdEγ

= a+ bµ∆++ + cµ2
∆++,

i�¡z� ¨�j

ô ä�åcëîåeèîä�å� Aö1å#�E cñóåAïQèîí
a
�
b
ç~ï�æ

c
ç~ëîåV Cç��� $	!�óç~÷!�óå�ç~ï;æÂ Aö¨ïQèðç~ñóï�åcæGñóï Ó ¦�LTÕ��]D��òö~èðíSö~ø

� öIæ�å#�"�· Cç��� $	!�óç`èðåcæ d5σ/dΩπdΩγdEγ

�1í
µ∆++

ç~ëîåRê�ç~ëðç~÷+ö��òñ� kñóï¦ç~ê�ê+åCç`ëðç~ï! cå��Pç~ï;æ6÷}�æ�ëîç�ô ñòï!�«çC�óñòï�åu Aö¨ëìëîåcíîê+ö¨ï�æ�ñòï!�«èîö�èîä�å � åCç~í�	�ëîåcæK cëîö¨íìí�íîå# cèîñóö¨ï¥ç`èe�`ç~ëìñóö�	;íkæ;ñ�H/åAëîåcïQè



Ê)É ���&å&����� Ëä} � ~ Ë � Ò[Æ � Ê ��å�� Ëw�

"$#&% "(')%
ª ñ���	�ëîåf¡�� ¦z� π+p → π+pγ

æ�ñ"H$åcëîåAïQèîñ ç��{ cëîö¨íìí'íîå# cèîñóö¨ï«ñóï«èîä�åG� ç~÷høvëðç � åkç~í@çRø�	�ï! �èðñòö¨ïö~ø
µ∆++

�Nç~í� Cç��� $	!�óç`èðåcæL÷�� Ó Mh¡%Õ��Tã�ä�å�ä�ö~ëîñ��cö¨ïQèéç��z�óñòï�åAí=íîä�ö�ô¡èðä�å � åCç~í�	�ëîåcæ�� ç~÷+ö¨ëîç`èðö¨ëX� Aëìö¨íîí�íìå$ cèîñóö¨ï�ç~í�ëìåAê+ö¨ëìèîåAæ�ñóï Ó M�M$Õ/øvö¨ë$�'i3ç�jõê�ä�ö`èðö¨ï� Aö�	�ïQèðåAëìí G4

ç~ï�æ
G11

ç]è
Tπ =

��¨�§ü«å·�³øvö¨ë
Eγ =

¤�L�ü«å·�¸ç~ï�æ]¥�§eü�å·���oëîåcíîê+å$ �èðñ��~å$�"����iv÷&j!ê�ä�ö~èîö¨ï^ Aö�	�ïQèîåAë
G1

ç`è
Tπ =��¤�¨¡ü«å·�a�I�%¨�§�ü�å·�Åç~ï;æº¡��T¢¤ü«å·� ô ñ èðä

Eγ =
¢�¡�ü«å·�a�(¥�§�ü�å·�Åç~ï;æº¤�¨Öü«å·�a�ëîåcíîê+å$ cèîñ��~å$�����_FZåcê�ëîö1æ!	! cåAæhøvëîö �¼Ó M�M$Õ��

ñóï! cñóæ�åcïQèõê;ñóö¨ï�åAï�åcë
�¨ñòåAí�ç~ï�æeö�	;èU�¨ö~ñóï!�kê�ä�ö~èîö¨ï<ç`ï!���óåcí$�1çSíìåAëìñóåAí»ö~ø{�òñ � ñòèîíTøvö¨ë µ∆++

 Aç~ï÷/ådæ�åcëîñ"�¨åAæQi3íîåcå ª ñ���	�ëìåG¡��¶¦�jk��ã�ä;ñóíZê�ëîöR Aåcæ!	�ëîådô�ç~íI	�íìåAæ�èîö�ê;ëîö1æ!	! Aådèðä;åGNoï�ç��PëîåAí�	!�òè÷��1,Zåcø��~åcï�íVókí�á�ì � ö~ø (+4.7 < µ∆++ < 6.7)µN

�¹ã�ä�ñóí(�óñ � ñòè�ô�ç~í@æ;åAëîñ"�¨åcæ	�íîñòï!�eö¨ï����èðä�åE AöT�Áê!�óç~ïoç~ëf Aö�	�ïQèðåAëìí$�
ç~ídèðä;åAíîå�ô�åcëîå�èîä�åeö~ï!���® Aç~íîåcí� Cç��� $	!�óç`èðåcæ�÷��gDTç`í
 $	�ç��!ç~ï;æãTç`ëîëðç% éä-�ú��$�!��s�åAå<ç`ï�æQDTç`ñóí Ó ¦�LTÕõä�çh�~å<íîä;öMô ï�èðäoç`è$�T÷��Â)���iµ¤�jdíX� �P� åcèîë����-èðä�å � ç%�¨ï�åcèîñ� æ�ñóê+ö��òå � ö � åcïQè�ö~ø=ç~ï�� � å � ÷+åAë!ö`ø-èîä�åd÷oç~ëX�¨ö¨ïhæ�å# $	�ê!�òåcèZñóí�íîñ � ê!�"��èîä�ådê�ëîö`èðö¨ï � ç��%�ï�åcèîñ� � ö � åcïNè � 	!� èðñòê!�óñòåAæ_÷���èîä�å'÷oç`ë��¨ö~ï� éäoç~ë
�~å���ã�ä�å � ç��¨ï;ñòèU	;æ�å'ç`ï�æ<íîñ��¨ïeö`ø µ∆++ç~í!å�ÿIèîëðç� �èðåcæhøvëìö � èðä�åf�'ù�sPý�å�ÿIê/åcëîñ � åcïNè�ç~ëîå	ñòïXç��¨ëìåAå � åAïQè!ô ñ èðä<èîä�åf)��ai�¤�j � ö1æ�å$�ê�ëîåcæ�ñ� �èðñòö¨ï¦ö~ø
5.6µN

�Xã�ä�åPDTç~í� $	oç%��ç~ï;æ¥ã=ç~ëîëîç� éä � öIæ�å#��ï�å$���óå$ �èðåcæ�èÁôõö � çhSìö¨ë@ø3ç� k�èðö¨ëìí$��èðä�å«íîä�ö¨ë�èV�òñòøvå�èðñ � å<ö~ø'èðä�å ∆
��ç~ï�æ�èîä�å�ëðç~æ�ñóç`èðñòö¨ïªö~ø'èîä�å�ö�	;èU�¨ö~ñóï!�¦ê�ç~ï;æ

π
�ý'í èðä�åSöh�¨åAëîç����Pêoç`ëðç~÷+ö�� çLøvëìö � èðä�åe Cç��� $	!�óç`èðñòö¨ï�í!ô�ç~í \ 	�ñ èðåkíìèîåAåAêZ�/èðä;åAíîåSå#H/å$ �èðí¹ôõåAëìååAí�èðñ � ç`èîåAæ<èðö�äoçl�¨ådö¨ï����<ä�çh�~å�ç � ñóï�ñ � ç��)ñòï[�`	�åcï! Aådö¨ïhèðä�å�Noï�ç��Çæ�åcëîñ��~åAæC�óñ � ñòèîí$�

æ�çMè§ç,æ ü���� ��ÿ1ü�� � ìKï§ô��×íÞì½ñóìKîÙë
ã�ä�å � åCç`í
	�ëìå � åAïQè�ç`è�)Iþ�,ri�)z éäQôõåAñ��AåAëìñóí� éä�åAí
þÁï�í�èðñòè
	;è-ø���ë�,'	!�}�óåAç~ëìøvö¨ëìí
 éä}	�ï!�	ï;öMôWD_)Iþc�èðä�å�D=ç�	!�})R éä�åAëìëîåAëPþÁï�í�èðñ èU	;ècjZ Aöh�¨åcëîåAæk÷+ö~èðä	èðä;å�æ�ñ�H/åAëìåAïQèðñóç��� cëîö¨íìí�íîå$ �èðñòö¨ïPi

d5σ/dΩπdΩγdEγ

j
Ó Mh¥TÕbç`ï�æ�èðä�åRê+ö��óç~ëîñòíîåAæ�èéç~ë��¨åcè	ç~í�� �E� å�èðë�� Ó Ml¢�Õ=ö~ø
èðä�åLëìåCç� �èðñòö¨ï π+p → π+pγ

�dã�ä�åèéç~ë��¨åcèZç`í�� �P� åcèîë��i γ j!ñóí�æ�åkNoï�åcæ�ç~í#�

γ =
d5σ ↑ /dΩπdΩγdEγ − d5σ ↓ /dΩπdΩγdEγ

d5σ ↑ /dΩπdΩγdEγ + d5σ ↓ /dΩπdΩγdEγ

,

ô ä�åAëìå
d5σ ↑ /dΩπdΩγdEγ

ñòí!èðä�ådæ�ñ"H$åcëîåcïNèîñ ç��* Aëìö¨íîí íîå# cèîñóö¨ïXô ñòèîäXèðä�ådê�ëìö~èðö¨ïXíìê�ñóïhñòïö¨ï�åSêoç~ëìèîñ� #	!� ç~ëZê+ö�� ç~ëìñóíîç`èðñòö¨ïhíìèéç]èðåRç~ï;æ
d5σ ↓ /dΩπdΩγdEγ

ñóíZèðä�åLæ;ñ�H/åAëîåcïQèðñ ç%�O cëîö¨íìí



} ����� a®�kå%� Ê�Ë � º �U�p���[Ç��Y�p�Pa]å É �*�h� Æ,!bÍIÆ �x�hçµ�Va®� º �U�*�|�[Ç��Y�p�
∆++ Ê ±

ª ñ���	�ëîåe¡��d§��'JTÿ;ê+åAëìñ � åAïQèéç%�Tíîå�èU	�ê�øvö~ë µ∆++

íìè
	�æ���ç`èf)1þ�,¿��D_)Iþc�-F åAê�ëìöIæ�	! Aåcæ�øvëîö �
Ó Ml¢�Õ��

íîå# cèîñóö¨ïhøvö¨ë!èðä;å	ö¨ê�ê+ö¨íîñ èðå	ê�ëìö~èðö¨ï�íîê;ñóïhê/ö�� ç~ëìñóíðç]èðñóö~ïeíìèðç`èðå%�
þÁïhö¨ëîæ�åcë!èðö � åCç~í�	�ëîå	÷+ö~èîä�ö~÷�íîåcë��`ç~÷!�òåAí$�Ièðä�å	å�ÿ;ê+åAëìñ � åAïQè å � ê!�òö[�~åAæXèÁôõö�æ;ñ�H/åAëîåcïQèèéç`ë
�¨å�èðí$���óñ \ 	�ñòæ����Iæ;ëîö��¨åcï�øvö~ë�èðä�å'æ�ñ�H/åAëìåAïQèðñóç��Z cëîö¨íìíZíìå$ �èðñóö~ï-��ç~ï;æ«çLê+ö��óç~ëîñòíîåAæR�Áê�ëìö~èðö¨ïèéç`ë
�¨å�è'ö~ø=øvëîö��cåAï6ú�	;èéç~ï;ö��P÷/åAç~æ�í�i

C4H10O
j�èðö � åAç~í
	;ëîådèðä�åSê/ö�� ç~ëìñóíîåcæ�èðç~ë
�~åcè'ç~í�� � �

� åcèðëX����ã�ä�å	å�ÿIê/åcëîñ � åAïQèðç��$íìåcèU	;êhøvö~ë�èðä�å	ê+ö��óç~ëîñòíîåAæ�èéç~ë��¨åcè�ê�ç~ëìè�ö`ø�èðä�å	å�ÿ;ê+åAëìñ � åAïQè ñóííîä;öMô ï_ñòï ª ñ���	;ëîå�¡z� §���~'èðä�åcëbèðäoç~ïLèîä�å!èéç`ë
�¨å�èx éä�ö¨ñ� Aå��¨ç~ï�æRèðä�å!ø3ç% cèbèîäoç`èbèîä�å � ç��¨ï�å�èðñ� Noå#�óæ¥ö`ø!èðä�å�ê+ö�� ç~ëìñóíìåAæ¦èéç~ë��¨åcèS÷/åcïQè�èðä;å�ö�	IèU�¨ö¨ñòï!��ê�ñóö¨ï§÷+åCç � ÷��
7.8◦

�=èîä�å�æ;åcèðå# cèîö¨ëç~ëìëðç~ï!�~å � åAïQè'øvö¨ë¹èðä�å�èÁôõöXêoç~ë�èðí@ö`ø»èîä�åu)Iþ�,Õå�ÿIê/åcëîñ � åcïNè'ô!ç~í	ï;åCç~ë����«ñóæ�åcïNèîñ� Aç����¹ã�ä�åå�ÿIê+åAëìñ � åAïQèéç��-æ�åcíîñ��~ï«ô�ç~í@íîñ � ñ�� ç~ëõèðöeèîäoç`è¹ö~ø�èðä�åa�@ù�s�ý¸å�ÿIê/åcëîñ � åAïQè$�$íðçl�~å�èðäoç]è'èðä;å)Iþ�, å�ÿIê/åcëîñ � åAïQè� cöh�¨åAëìåAæÖç�ëðç`ï!�¨å<ö~ø ê;ñóö¨ï\ç`ï!���óåcí$��ä�ö��óæ�ñòï!��èîä�åXê�ä�ö`èðö¨ï\ç`ï!���óåP Aö¨ïR�íìèðç~ïQèl�-ô ä�ñ��òå_èîä�åP�@ù�s�ý å�ÿ;ê+åAëìñ � åAïQèSíìèU	;æ�ñóåcæGç«ëîç~ï!�¨å�ö~ø�ê�ä�ö~èîö¨ïGç~ï����óåcí�ç`èSç�N;ÿIåAæê�ñòö¨ï�ç~ï!���òå��
ã�ä�åu)Iþ�, � åAç~í
	�ëìå � åAïQèY	;íîåAæ§çV��¨�¨Xü«å·� π+ ÷+åCç � øvëîö � èîä�å�ê;ëîö~èîö¨ï1 #�R #�óö~èîëîö¨ï-�ý¹øjèîåAë_èðä�å«ñóï�íìåAë�èðñóö~ï�ö~ø� Aç~ëî÷+ö¨ï�ç~÷�íîö~ëî÷+åAëîí�ñóïQèðö§èðä�å�÷+åCç � ��èðä;å�÷+åCç � äoç~æ�ç

p/π+ Aö~ïNèîåAïQè�ö~ø
0.005/1

��ç`ï�æ¡ç � 	�ö¨ïQ cö¨ïQèðåAïQè]iµ Aç��� #	!� ç]èðåAæ¥÷}�ªü«ö¨ïQèðå�ù!ç~ë��óö � åcèîä�ö1æ�ícjö~ø
µ+/π+ ≈ 0.045/1

�	ã�ä�åE��¤XüC�(�Rñóï� Añóæ;åAïQè	÷+åCç � �/ô ä�ñ� éä¦äoç~æ¦çt�`	1ÿ6ö~ø
40 × 106

π+/
íîå# ��Çô�ç~í � ö~ï�ñòèîö¨ëîåcæ�÷��6çeèÁôõö%�Áí� AñóïQèîñ����óç`èðö~ë èîå$�òåAí
 cö¨ê+å^i���M_ç~ï�æt���eñòï ª ñ���	�ëîå�¡�� §�jô ä�ñ� éä�ô�ç~íe Aç��óñò÷�ëðç]èðåAæ¦ç%�Qç~ñóï;íìèdèðä�å_ñòïz�Á÷+åCç �  Aö�	;ïNèîåAëVi

π1

ñóï¦èðä�å_æ�ñóç��¨ëðç � j'ç]èe�òö�ô�åcë�`	IÿIåcí'ç~ï;æ�ç� # Aå#�óåAëîç`èðö~ë!øvëîå \ 	�åcï! AñòåAíZö~ø�L��¶¥%L�üC�(���{M�� L�ü]�'��ç~ï;æ]�R� L�ü]�'���
D�ñóö¨ï�í�ô�åcëîå6æ�å�èðå$ �èðåcæ9ñòï�èðä�å�ç~ï!��	!�óç~ëeëîç~ï!�¨å�ö~ø

55◦ ≤ θπ
lab ≤ 95◦

�³ã�ä�å6ê�ñóö~ïæ�å�èðå$ �èðö¨ëeç��Qç~ñòïªëîå$�òñóåcæÖö¨ï�çvÁê�ñ� �èU	�ëìåk��øvëîç � åkyXæ;ñóê+ö��óå � ç��¨ï�å�èivýYJ
ú ñòï ª ñ���	�ëìåC¡z� §�jô ñòèîä6èÁô�öhêoç~ñòëîí	ö~ø
ô ñòëîå� éäoç � ÷/åcëîí$�=ügM�ç~ï;æ¥ü]�Xê;ëîöh�1ñóæ�ñòï!�<èðä�åRèîëðç� c�Nñóï���÷+åcøvö~ëîåLèðä;å
� ç��¨ï�å�èl�+ç~ï�æ�ü]¡eç~ï;æ6üC¢eèîëðç� c�Nñòï!��èîä�å�ê;ñóö¨ï�å�ÿIñòèZøvëîö � èðä�å � ç��~ï�åcè$��)z AñòïQèðñ���� ç`èîö¨ë�Jñóæ;åAïQèðñ"NoåAæ�ê�ñóö~ï�í åAïQèðåcëîñóï���èîä�ådí��1íìèîå � �$ç~ï;æ«í� AñóïQèîñ����óç`èðö~ë�ê!�óç~ï�åAí ýÕç~ï�æ«ú�æ;å#Noï�åcæ�èðä;å



Ñ+° ���&å&����� Ëä} � ~ Ë � Ò[Æ � Ê ��å�� Ëw�
ê�ñóö~ï¥å�ÿIñ èSøvëìö � èðä�å�æ�åcèîå$ cèîö¨ëLíX�Ií�èðå � �]D�	��óíîåeä�åAñ��¨äQèLç~ï;æ¥èðñ � ñòï!�hñóï;øvö¨ë � ç]èðñóö~ï¦øvëìö �J9ç`ï�æ6ú�ô�ç~í	ëîå# Aö¨ëìæ�åAæ6øvö¨ë¹åCç� éä¦å#�~åAïQèl�dã�ñ � åSö~ø§�oñ��¨äQè'ñóï;øvö¨ë � ç]èðñóö~ïhøvëìö � ú¬ç~ï�æJô!ç`íY	�íîåcæ¦ñóï1 cö¨ïTS�	�ï! �èðñòö¨ï�ô ñòèîä�èðä�å�ê!	!�óíìåk��ä�åAñ��¨äQè@èðö<æ;ñóíìèîñóï!��	�ñóíìä�÷+åcèÁôõåAåAï§ê�ñòö¨ï�í	ç~ï;æê�ëîö`èðö¨ï�í#�xD�ñóö¨ï�èðëðç% c�1íõô�åcëîå � åCç~í�	�ëîåcæ<÷/å�øvö¨ëîå@ç~ï�æXç`øjèîåAë»èðä�å � ç��~ï�åcè$�1èîä�å@÷+åAï�æhç~ï����óåô!ç`íZñòï;øvåAëìëîåcæ«ç`ï�æ�èîä�åAëìåA÷��Xèðä;åkê;ñóö¨ï � ö � åcïQèéç�ôõåAëîåkå�ÿ1èîëðç� �èðåAæZ�D
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5.2
ü«å·�Õç`è
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ü«å·���o÷�	;è�èðä�åcëîåô!ç`í�ç~ï�ç~æ�æ;ñòèðñòö¨ïoç��

6.0
ü«å·��åcï�åAë����u�óö~íîí�	�ï! cåAëìèðç~ñóïQè��_æ!	;åZèîö�ç � ÷�ñ���	;ñòè��Sñóï_èðä�å�èéç`ë
�¨å�èñóïQèðåcëðç� �èðñòö¨ï�ê+ö¨ñóïQè	æ�	�ëîñòï!�eèðä;å��óñ \ 	�ñòæ1���Iæ;ëîö��¨åcï6èéç~ë��¨åcè	ë�	�ï�í#�Sã�ä�åRê;ëîö~èîö¨ï6æ�åcèîå$ �èðö¨ëìí Aöh�¨åcëîåcæ�í
	��E AñòåAïQèXíìö��óñòæ�ç~ï����óåXèðö�åAï�í�	�ëîå«èðäoç`è�èðä�åcñóë_ê�ä��1íîñ� Cç��¹å�ÿ1èðåcïNè<ö¨ï!���m�òñ � ñòèîåAæç� $ cåAê;èðç~ï! cåSñòï<èðä�ådä�ñ��¨ä�åAí�èZê�ä�ö~èîö¨ïhåAï�åcë
���h÷�ñòï�í$�Iô ä�åAëìåkèîä�ådê�ëîö~èîö¨ï�í�ôõåAïQè¹øvö~ëìô�ç~ëîæ-�ã�ä�åhê�ä�ö~èîö¨ï�íLôõåAëîå�æ�å�èðå$ �èðåcæÖñòïÖç`ïÖç`ëîëðçl�¥ö~øZíîñ ÿ1è�����øvö�	�ëu,'ç~þkivã��Öja cë��1íìèðç��óí#�õåAç� éä

� åAç~í
	;ëîñóï�� 63.5×63.5×400 �E�! iµ,'ç~þ+ö¨ïdæ�ñóç��¨ëðç � j���ã�ä�ñóí�,¹ç~þ$ç`ëîëðçl�¹ô!ç~íPíìä�ñóå#�óæ�åcæk÷��í
	! # Aåcíîíîñ"�¨å��óçh�~åAëìí!ö~ø{�òåCç~æ-�1÷+ö¨ëðç`èîåAæ<ê+ö��"�¨åcèîä��z�òåAï�å%�� Aç~æ � ñ�	 � ç~ï;æ � ö~ëîå'�óåCç`æiµ�óç~÷+å$���òåAæ)!jk�-þ�èLô�ç~íRç��òíîö�í�	�ëîëìö�	�ï�æ;åAæªö¨ï¥èîä�åeèðö~ê-�b÷+ö~èîèîö � ç~ï�æ\íîñòæ�åAí�÷}��ê!�óç~íìèîñ� eí� AñòïNèîñ���� ç`èîö¨ë
iµ�óç~÷/å#���òåAæeýZù�jõèîö��¨å�èðöE Aö¨í � ñ� 'ëðçl�1í$�»ý 1

 � �lèðä�ñ� c��ê�� ç~í�èðñ� 'í
 AñòïQèðñ���� ç`èîö¨ë�� çl�¨åcë�ñóï<øvëìö¨ïQèö~økèðä�åt Aö�	;ïNèîåAëìí^�~åcèðö1åAæº éäoç~ë
�~åAæ�êoç~ëìèîñ� #�óåAíhê�ëìöIæ�	! Aåcæ�ñóï�èîä�å§èðç~ë
�~åcèhëîå#�¨ñóö~ï-� ã�ä;åëîåcíîö���	;èðñòö¨ïXö~ø-èðä�åG,'ç`þ»ô�ç~í � åAç~í
	�ëìåAæhèðö_÷+å��

R(%FWHM) =
200

Eγ(MeV )
+ 8

øvö¨ë
Eγ > 10

ü«å·���Nã�ä�åZê�ä�ö`èðö¨ï�æ�åcèîå$ �èðö¨ë_ Aöh�¨åcëîåcæeèðä�å ëìå$�¨ñòö¨ï_ö~ø
θγ

lab = 119◦±10◦
�1ö~ïèðä�å�ö~ê�ê/ö~íîñòèîå�íîñòæ�å�ö~ø)èðä�å�èðç~ë
�¨å�è�øvëîö � èðä�å�ê;ñóö¨ïRæ�å�èðå# cèðö~ë»ñòï�çY Aö%��ê!� ç~ï�ç~ë�ç~ëìëðç~ï!�~å � åAïQèl�ã�ä�å��óñ \ 	;ñóæ����Iæ;ëîö��¨åcïRèéç~ë��¨åcèbô�ç~í� Aö~ïNèðç~ñóï;åAæRñóï_ç � �z�óç~ë� k�z�òñóï�æ;åAëbö~øp¢}¥ �E� æ�ñ ç � �åcèîåAë�ç~ï;ætM$¢�L �E� �òåAï!�~èîä<ô ñòèîäX÷/ö�ôõåAæ�åAï�æ�í#�
þ�è�ê�ëîåcíîåcïNèîåAæ�ç�èðä�ñ� c�1ï;åAíîí ö~ø ∼ 1

���% � 2èðöRèðä;åkñòï! Añòæ�åAïQè
π
÷+åCç � �;ô ñòèîä 75 µ � èîä�ñ� c� � �R� ç~ë�ô�ç����óí ç`è�èîä�åd÷/åAç � åAïQèîëðç~ï! cå�ç`ï�æå�ÿIñòèRç~ï�æ

135 µ � ô�ç����óíLåk�¨åAëX�Nô ä�åAëìå«å#�óíîå%�¥þ�èRô�ç~í� Aö1ö��òåAæGô ñòèîäQ�óñ \ 	;ñóæQ�Zå$�óñ�	 � ç~ï�æ
 Aö¨ïQèðç~ñóï�åcæhñóï�ç��~ç% $	!	 � �¨åAíìíîå#�-ô ñ èðä

500 µ � èðä�ñ� c� � �R� ç`ë�ô ñóï�æ;öMô í#�ã�ä�åLê+ö�� ç~ëìñóíìåAæ«èðç~ë
�~åcè'ô�ç~í	ç � ö¨ëìåa cö � ê��óñ� Aç`èðåcæ�ç`ê�êoç~ëîç`èU	�í#�@þ�èY cö¨ïQèéç~ñòï�åAæ 8
 � 3ö~ø�øvëîö��AåAï¡ú|	Ièéç~ï�ö���÷+åCç~æ�í#�
åCç� éä¬M#�X� �P� ñóïGæ;ñ ç � åcèîåAë$�bô ä;ñ� éä\ô�åcëîåXí�	�ëîëìö�	�ï�æ�åcæÖ÷��ç~ï�æg Aö1ö��óåcæ¥ñóït�óñ \ 	�ñóæ 3He

èîö1L�� ¥C��Pþ�è�ô�ç~íSæ��1ïoç � ñ� Cç%������ê/ö�� ç~ëìñóíîåcæ�ñòïGç]�z�¶¥hã=åcí
�óç
� ç%�¨ï�åcèîñ� ÒNoå$�òæ-�]ç� éä�ñóåk�1ñóï!��íìê�ñóïdê+ö�� ç~ëìñóíîç`èðñòö¨ï�í)ö~ø +58

� ç`ï�æ −47
� 	�íìñóï!�Zç~ê�ê;ëîö¨ê�ëìñ ç`èîå

� ñ� AëìöMô�çl�¨å!øvëìå \ 	�åAï� Añóåcí
ö~ø{¦%L��¶¥%§�L@ç~ï�æP¦�Lz�¶��L�L � �'���Qëîåcíîê+å$ �èðñ��~å$�"����þÁï_ö¨ëîæ;åAëbèðö� cö¨ëîëìå$ �èøvö¨ë�÷oç� c�}�¨ëìö�	�ï�æ�æ!	�ådèðö_èðä�åG Aö � ê!�òå�ÿXí�èðë�	! cè
	�ëîåSö~øTèîä�å	èéç~ë��¨åcè$�/ç_æ!	 �E� �<èðç~ë
�~åcè ô!ç`íç��óíìö�	�íìåAæ-�Lþ�èY Aö¨ïQèéç`ñóï�åcæg¨��hö~ø_ Aç~ëî÷+ö¨ï-��ç%�óíîöXñ �P� åAëìíîåcæ�ñóï�òñ \ 	�ñóæ]�¹å#�óñ�	 � �$ç~ï�æ6ô!ç`íö~èðä;åAëìô ñòíîåkñóæ�åcïQèðñ� Aç����"�� cö¨ï�íìèîë
	! �èðåcæ�èðö�èðä�åkëîåAç��Pê/ö��óç~ëîñòíîåcæhèðç~ë
�~åcèl� úõö~èðähèéç~ë��¨åcèîíZôõåAëìåä�ö�	�íìåAæ\ñòïGç] k�z�òñóï�æ;ëîñ� Aç��x Cçl�1ñòè����_��� �E� ñóï�æ�ñ ç � åcèîåAë#�=ô ñòèîäÂL��dL�¥ �E� èðä;ñ� c�® Aö¨ê;ê/åcëô!ç%���óí#�
qgä�åAïdèðä�å�N�ïoç��Qëîåcí
	!� èðíÇôõåAëìå�ç~ï�ç����1íîåcæ-�Míîö � åx Aö � êoç`ëîñóíìö¨ï@ô�ç~í � ç~æ;åbèðö�èðä�å��'ù�s�ýæoç`èðç��Tèðö] éä�å$ c�¥øvö~ë� Aö¨ï;íîñóí�èðåcï! #���g+(	�å<èðö�èîä�åXæ�ñ"H$åcëîåAïQè_ç`ï!��	!�óç~ëSëîç~ï!�¨åcí� Aöh�~åAëîåcæÖ÷��èðä�åLèÁôõö � åCç`í
	�ëìå � åAïQèðí#�-ö~ï!����ç�í � ç����Tíìå$� � åAïQèkö~øõåCç� éä§æoç`èðçhíìåcèe Aö�	��óæ¦÷/åRæ;ñóëîå# cè
��� Aö � êoç~ëìåAæ-��~	ï����Xèðä;åa�'ù�sPýÕæoç`èðç_ô ñ èðä�ç�íîñ � ñ�� ç~ëõê�ä�ö~èîö¨ï�å�ÿ;ñ è@ç`ï!���óå	èîö�èðä�ç`è'ö`øTèðä;å
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ª ñ���	�ëîå�¡�� ¨z��ù�ö � ê�ç~ëîñòíîö¨ï\÷+åcèÁôõåAåcï7�@ù�s�ý�æoç`èðç�i� Añòë
 $�òåAíUjSô ñòèðä\èîä�åC)Iþ�,3�óö�ôËç`ï!���óåæoç`èðçRíîåcèaijèðëîñóç~ï!���òåAíUjk�xF åAê�ëìöIæ�	! Aåcæ«øvëîö �5Ó M[¥TÕ��

)Iþ�,¸æ�ç`èéçeô�ç~íY	�íìåAæ-�{�òñ � ñòèîñóï!�Rñ è'èðö<èîä�åLëìåAí
	��òèðí¹øvëîö � ê�ä�ö~èîö¨ï1 cö�	�ïQèðåcë
G7
�	ã�ä�åE)1þ�,æoç`èðç Aöh�¨åcëîåAæ�ç�ø3ç~ë�� ç~ë��¨åAë�ëðç~ï!�~åXö~øZê�ñóö¨ï¡ç~ï����óåcí$�»ç~ï�æ¡íîö6ô�ç~í_íîê!�òñòèRñòïNèîö6èÁô�ö¦æoç`èðçíîå�èðí#�»èîä�ö¨íîå<ô ñ èðäQ�òöMôÛi

55◦ ≤ θπ ≤ 75◦
jSç~ï�æªä�ñ��~äÁi

75◦ ≤ θπ ≤ 95◦
jSê�ñòö¨ïªç~ï!���òå��ã�ä�å1�òö�ô�ê�ñóö¨ï¤ç~ï!���òå«æoç]èéç�ôõåAëìå6íìèðñ����Zç`è<ç¥ä�ñ��~ä�åAë�ëðç~ï!�~å�ö~ødê�ñòö¨ï¤ç`ï!���óåcí�èîäoç~ï¤èðä;å

�@ù�s�ý³æoç`èðç���÷!	IèZôõåAëìåe #�óö¨íìådåAï�ö�	��¨ä�èîö_÷/åAç~ë� Aö � êoç~ëìñóíîö~ï-��ú�ö~èîä«æ�ç`èéçRíîå�èðí øvö����òö�ô�åcæëîö�	!�¨ä!�"��èîä�å@íîç � å'íîäoç~ê+å���ç��òèîä�ö�	!�¨ä�èðä�åf)1þ�,�æoç`èðça�~ç%��	�åcí�ô�åcëîå@è��1ê�ñ� Cç������u� ç`ë
�¨åcëõèðä�ç~ïèðä;å��@ù�s�ýËëìåAí
	��òèðí�i3íîåcå ª ñ���	�ëîåV¡�� ¨�jk�6ã�ä�ñòí�ñóí�ñóï\ç��~ëîåAå � åcïQèLô ñòèîä¥èðä�åeå�ÿIê/å# cèðç`èðñòö¨ïèðä�ç`è_ Aëîö~íîí»íîå$ �èðñòö¨ï�ñòï! AëìåCç~íìåAí
ô ñòèîä�ñòï! AëìåCç~íìñóï!�kê�ñóö~ï�ç`ï!���óåGiµ�@ù�s�ý�ê�ñóö¨ï;í
ôõåAëìåI cåAïQèðëìåAæö¨ï
θπ = 52.5◦

��ô ä�åcëîåCç`í�)Iþ�, ê�ñòö¨ï�í�ôõåAëìå � åCç`í
	�ëìåAæªñóïGèîä�å��óö�ô��Kç~ï����óå�ëðç~ï!�~å<øvëîö �
55◦ ≤ θπ

lab ≤ 75◦
j��

ã�ä�åI)Iþ�,�æoç`èéç	ôõåAëîå' Aö � êoç`ëîåAæRèîöSö��òæE)�D/ý � öIæ�å#�óí Ó ¤�§%ÕOijèðäoç]è
ö~ø Ó M[�TÕ�ô�ç~í_ Aö � ê!	z�èéç]èðñóö~ïoç����"�SèîöIödæ�ñ"�E $	!� è�j�ç~ï�æ_øvö�	�ï�æZ�;ç~í
øvö¨ë�èðä;åI�'ù�sPý�æoç`èðç��Qèðök÷/å��¨åcë��E�¨ö1öIæ_øvö¨ë�èðä;å
�óö�ôõåAí�è�ê�ä�ö~èîö¨ïXåAï;åAë
�~ñóåAí�i

< 40
ü«å·��jk�;÷�	;è�ï�ö~è!ö�	;èðíìñóæ�å'ö~ø�èðäoç]è!ëîå#�¨ñóö~ï®i ª ñ���	�ëìåY¡��"MhL�j��ã�ä�å��òöMô��Áç~ï!���òåa cëîö¨íìíkíìå$ �èðñóö~ï¦ô�ç~í�	�ï;æ�åAëìåAíìèîñ � ç`èðåcæ¦÷}�®)�D/ýe��ç��òèîä�ö�	!�~ä�èðä�åRíìäoç~ê+å_ö~øèðä;å@æ�ñóí�èðëìñó÷!	;èîñóö¨ï_ô�ç~í� Aö¨ëìëîå# cè!èîö
Eγ ≈ 60

ü«å·��� ª ö~ëõèðä;å@ä�ñ��~ä�åAë�ç~ï!���òå'æoç`èðç�íîå�èl�&)zD/ýç��¨ëìåAåcæ�ô ñòèîä�èîä�å(Noëìíìèõæoç`èðçSê+ö¨ñóïQèõç~ï�æ�èðä�åcïeèU	�ëìï�åAæeíîäoç~ëìê!���u	;êNô�ç~ëìæ�í$�;ç�ô�çl��øvëìö � èðä;åæoç`èðç��
J�J_+ ñóï¬�¨åAï;åAëðç%�	ëîåAê;ëîö1æ!	! Aåcæ9èîä�å¦æoç`èéçª÷+åcèîèîåAëXèðä�ç~ï½)zD/ýa� ÷!	Iè�ø3ç`ñ��óåcægç`è�ä�ñ��~äê�ä�ö`èðö¨ï�åAï�åcë
����ç~ï;æ<ç`è_� ç`ë
�¨å ê�ñòö¨ïeç`ï!���óåcí$�bã�ä;åIJ�J�+º Aëìö¨íîíõíîå# cèðñòö¨ï�ç��¨ëîåcåAæ�ô�å#���&	�ê�èîö

Eγ ≈ 70
ü«å·�¬øvö¨ë��óç~ë
�~å'ê�ñòö¨ïhç~ï!���òåAí#�;÷!	;è�ç~÷/öh�~å@èðä�ñòí�J�J_+³ê�ëìåAæ�ñ� cèðñòö¨ï�í��òñóå ø3ç~ë�ç~÷+öh�¨åèðä;åkö~÷�íîåcë��¨åcæ

1/Eγ

æ�ëìö¨êz�Áö%H�� ª ö¨ë�èîä�åf�óö�ô��Kç`ï!���óå'æoç`èéçLíìåcè$�*J�J�+³æ�ñóæXø3ç~ñòë
���_ôõå$������÷!	Ièèðåcï�æ�åcæÖèðöt	�ï�æ;åAëîåcíìèîñ � ç`èðåXèðä;åC cëîö¨íìí�íìå$ cèîñóö¨ïÖñóï\èðä;å � ñóæ�æ��óå<ö~ø¹èðä�å�ê�ä�ö`èðö¨ï¡åAï�åcë
���ëðç`ï!�¨å��¸ã�ä�ñóí� Aö�	!�óæg÷+å6å#�1ñóæ�åcï! Aå¦øvö¨ë<ñòïQèðåAëìïoç��@í�èðë�	! cè
	�ëîå§ö¨ëXö�H&� � ç~íîí��Áíìä�å$���'å#H/å$ �èðí#�ô ä�ñ� éä�ç~ëìå	ï�ö~èZñóï� $��	;æ�åAæhñóïXèîä�åGJ_J�+³ê�ëîåcæ�ñ� �èðñòö¨ï�í$�
þÁïeç`æ�æ�ñòèîñóö¨ïLèîö	èðä�å()�D+ý9ç`ï�æEJ_J�+ � ö1æ�å$�òí� Aö~ï�íîñòæ�åAëìåAæ�÷}�E�'ù�s�ýa�1ü«þÁãÖê�ëîö1æ!	! cåAæç~ï¡ñóíìö¨÷oç~ë � öIæ�å#�!ô ä�ñ� éäªô�ç~íPN�èìèðåcæÖèðö§å�ÿIê+åAëìñ � åAïQèéç���ê;äoç~íîå�íîä;ñòøjèðí�ç~ï�æW Aö~ï�íîñòæ�åAëìåAæD

33

�z)
31

ç~ï;æVD
31

ëìåAíîö~ïoç~ï! cåAí Ó ¦zM$Õ��Tã�ä;ñóí�ü«þÁã � öIæ�å#�;ô�ç~í�	;íîåAæ�èðödå�ÿ1èðëîç� cè µ∆++

øvëîö �èðä;å�)Iþ�,³æoç`èðç�íìåcèl��ã�ä;å�J�J�+ � ö1æ�å#�Pç��¨ëîåcåAæ�ô ñòèðähèðä;åa� ç`ë
�¨ådç~ï����óådæoç`èðç�÷+åcèìèðåAë èðä�ç~ïèðä;ådü«þÁã � ö1æ�å$���Tã�ä}	�í�ö¨ï����_èðä�åI�óö�ô�ç~ï!���òå'æoç]èéç�íìåcè�ô�ç~í!å#�~åAïQèU	�ç����"�eñòï! $��	�æ�åAæXñòïeèðä;åü«þÁã|��÷oç~íîåcæ
µ∆++

 Aç��� #	!� ç`èîñóö¨ï;í$�-ã�ä�å¹ü«þÁã�ëìåAí
	��òè�øvëîö � èîä�å()Iþ�,¤æoç`èðç��1ñòå$�óæ;åAæ_ç	ëîåcí
	!� è



Ñ/¯ ���&å&����� Ëä} � ~ Ë � Ò[Æ � Ê ��å�� Ëw�

ª ñ���	�ëîåf¡��"MhL��õù�ö � êoç~ëìñóíìö¨ïhö~ø�ç����"�Áç~ï!���òå�)Iþ�,³æ�ñ�H/åAëìåAïQèðñóç��- cëîö¨íìí¹íìå$ cèîñóö¨ï�ô ñòèîä«æ�ñ"H$åcëîåcïNè
� ö1æ�å#�óí$�x)�D/ýÞi3æ�ç~íîä&�]æ�ö~è�j��&J�J_+Þi3æ�ç~íîä�åcícj��$ü�þÁãAi3æ�ö`èðícj���FZåcê�ëîö1æ!	! cåAæ�øvëîö �ÔÓ M[¥[Õ��

ö~ø
µ∆++ = (2.8 ± 0.5)µp

��ô ä�ñ� éä§ñóí	ñòï¦ç��¨ëîåcå � åAïQèdô ñòèîä¦èîä�å�ü«þÁã ëìåAí
	��òè	øvëîö � èðä;åAñóë
N�èðí�èîö_èîä�åG�@ù�s�ý³æoç`èðç_ö`ø

µ∆++ = (3.0 ± 0.5)µp

�
ã�ä�å� Aëìö¨íîí�íìå$ cèîñóö¨ï;í!øvëîö � èðä�å'ê/ö��óç~ëîñòíîåcæeèéç~ë��¨åcè � åAç~í
	�ëìå � åAïQèðí!ôõåAëìå� Aö � êoç~ëìåAæ<èîöèðä�ö~íîådøvëîö � lH2

èîöP éä�å# c�C cö¨ï�íìñóíìèîåAï! k���$ç~ï�æ«èîä�å#�hôõåAëìåSøvö�	�ï;æ«èðö�ç��¨ëìåAå%��ý'í ô ñòèðähèðä;å
 Aëìö¨íîí!íìå$ �èðñóö~ïXæoç`èéçz�1èîä�å	ç~íX� �E� åcèðëX�eëìåAí�	!�òèîíõôõåAëîå� cö � êoç~ëîåcæ<èðö�èîä�ådü«þÁã � öIæ;å$� Ó ¦zM#Õ��þ�èbô�ç~í�øvö�	�ï�æR÷���ü«þÁãªèðä�ç`è�èðä�å�å�ÿ1èðëðç% cèðåcæ � ç��~ï�åcèîñ� � ö � åAïQèbñòíbëîå#� ç`èîñ��¨å#���Sñóï�íìåAï�íìñòèîñ��¨åèðö6èðä;å�ö%Hp��íîä�å#��� � öIæ;å$�!íìå$�óå# cèîåAæªøvö¨ëLèðä�åhå�ÿIèîëðç~ê+ö��óç`èðñòö¨ïªç~ï�æªèðä}	�íRèðä;ñóíRô!ç`í�ç � ö¨ëîåëîå#�óñ ç`÷!�óå!ö~÷�íîåcë��`ç~÷!�òå øvëìö � ô ä�ñ� éä�èîöSå�ÿIèîëðç� �è

µ∆++

èðä�ç~ï�èîä�åZæ�ñ�H/åAëìåAïQèðñóç��! Aëìö¨íîíõíîå# cèðñòö¨ï-�
�¹ö�ôõå#�¨åcë$�$ç`è¹èîä�åkê/ö¨ñòïQè¹ö`ø�ê!	�÷!�òñ� Aç`èðñòö¨ïXö~øbèîä�å�)1þ�, æoç]èéç��)ö¨ï!�"�«ü«þÁã¬äoç~æ«ö�H/åAëîåcæ�ç~ï��ê�ëîåcæ�ñ� �èðñòö¨ïXö~ø-èðä�ådê+ö�� ç~ëìñóíìåAæ<èéç`ë
�¨å�èZç~í�� �E� å�èðë����
ª ñ���	;ëîå�¡��"M�M»íîä�ö�ô í=èîä�å»ê/ö��óç~ëîñòíîåcæz��èðç~ë
�¨å�èPç~íX� �E� åcèðëX�	æoç`èðç¹ê!�òö~èîèîåAækç��Qç`ñóï�í�è=ê;ä�ö~èðö~ïåAï�åcë
����ô ñòèîäW #	�ë��~åAí_øvö¨ëLæ�ñ"H$åcëîåcïNè��`ç���	�åAíRö`ø

µ∆
�Gý

χ2 � ñóï�ñ � ñòíðç`èîñóö¨ï6ô�ç~íu	�íîåcæ¡èîöæ�åcèîåAë � ñòï�å¹ô ä�ñ� éä��`ç���	�å¹ö~ø µ∆++

÷+åAí�è�N�è!èîä�å@æoç`èðç��bã�ä�å � ö1æ�å$�&N�èðí�÷/åcíìè�÷+å$�òöMô ≈ 70ü«å·���)ý!è'�óö�ô
Eγ

�oèîä�å � ö1æ�å$��ñòí��óåAíìí íîåAï;íîñòèîñ��~åkèîö µ∆++

ç~í ñòèZñóí ç`íîí
	 � åcæ�ñóïhèðä;åes�ö�ôèðä�åcö¨ëîå � èðä�ç`è�èðä�å� cëîö¨íìí»íìå$ �èðñóö~ï � 	;íìè_ Aö¨ï��~åAë
�~åZèîöMô�ç~ëìæ�í�èðäoç`è»ö~ø/å$�óç~íìèîñ� !í� Cç`èìèðåcëîñóï���ç~í
Eγ → 0

�bý!è�ä�ñ��¨ä
Eγ

�Nèðä�å¹åAï�åcë
����ö~øÇèîä�å'ê;ä�ö~èðö~ï<ñóíõç~ê�ê�ëìöQç� éä�ñòï!�Sèîä�å¹ô ñòæ;èðä�ö~øÇèîä�å
∆ç~ï�æ�íîö�èîä�å � öIæ�å#�)÷/å# Aö � åAí��óåAíìí!ç~ê;ê!�óñ� Cç~÷!�òå��-þÁï<èðä�å � ñòæ�æ!�òåZö`øÇèðä�å Eγ

ëðç~ï!�~å���ç`ëîö�	�ï;æèðä�å�ê/åAç��Sö`ø+èîä�å
∆
ëîåAíìö¨ïoç~ï� Aå��¨èîä�å � åCç~í�	�ëîå � åcïNèbñóí�ç`èTñòèîí � ö~íìèbíìåAï�íìñòèîñ��¨å%�bþ�è�ñòíbñóï�èîä�ñóíëîå#�¨ñóö¨ïdèðä�ç`èPèðä�å!ü«þÁã � öIæ�å#�N÷/åcíìè=ëîåAê;ëîö1æ!	! Aåcí=èîä�åõèîëîåAï;æ�ñóïkåAï;åAë
�%�Sæ;åAê+åAï�æ�åcï! Aå�íîä�ö�ô ï÷���èîä�å	æoç`èðç��bã�ä�åYNoï�ç��Çëîåcí
	!� è!å�ÿIèîëðç� �èðåcæ�øvëìö � èðä�å	ê+ö�� ç`ëîñóíìåAæ�èéç~ë��¨åcè ç`í�� �P� åcèîë���ô!ç`í

µ∆++ = 1.62 ± 0.18µp

��ã�ä�ñòí�æ�ö1åAí�ï�ö~èRç%�¨ëîåcåeô ñòèîä¥èðä�åV�@ù�s�ýËæoç]èéç��bö~ë�å#�~åAï\èðä;åç~ïoç��"�1íîñóí�ö~ø=èîä�åG)Iþ�,Ú Aëìö¨íîí íìå$ cèîñóö¨ïZ��þÁï�ç~ï�ç`èìèðå � ê;è�èðö_ëîåcíîö��"�¨å	èðä�ñòí�ç � ÷;ñ���	�ñ è����;ç_ï;åcôN�è�ô�ç~íRê+åAë�øvö¨ë � åAæGö~ïGèðä�å� cëîö¨íìíRíîå# cèðñòö¨ï\æoç`èðç«øvëîö � )1þ�,e�bã�ä�åeê�ä�ö~èîö¨ï\åAï�åcë
����ô!ç`í
�óñ � ñ èðåAæXèîö��óåcíîí'èîäoç~ï§�L<ü«å·�´ivô ä;åAëîåLèîä�å � ö1æ�å$�-íîä�ö�	!�óæ�÷+å � ö¨ëîåSëîå#�óñ ç`÷!�óålj ç`ï�æ�èðä;åê�ñóö~ï¦ç~ï!���òå�èðöh÷+åcèÁôõåAåAï

75◦
ç~ï�æ

95◦
��öh�¨åAë�� ç~ê;ê�ñóï!�<ô ñ èðä6èðä;åRëðç~ï!�~åRñóï6èðä�åRê+ö��óç~ëîñòíîåAæèéç~ë��¨åcèõêoç~ë�è�ö`øÇèðä�å¹å�ÿIê+åAëîñ � åcïQèl��ã�ä�ñòí_�1ñóå#�óæ�åcæXçSëìåAí�	!�òèõö~ø µ∆++ = 1.9± 0.3µp

�1ô ä�ñ� éä



} �DZ[� a®�kå%� Ê�Ë � º �U�p���[Ç��Y�p�Pa]å É �*�h� Æ,!bÍIÆ �x�hçµ�Va®� º �U�*�|�[Ç��Y�p�
∆+

æ Ð
p(γ, pπ0γ′) Ñ Ê

ª ñ���	�ëîå�¡���M�M��kú�ëîå � íìíìèðëîç~ä!��	�ï!�hê/ö�� ç~ëìñóíîåcæz��èðç~ë
�~åcè	ç`í�� �P� åcèîë��1�~åAëìí
	�íkê�ä�ö~èîö¨ï§åAï�åcë
�����ã�ä�å' $	�ëX�¨åcí�ç~ëìå ê�ëîåcæ�ñ� �èðñóö~ï�í�øvëîö � ü«þÁã�èðä;åAö¨ëX�Løvö¨ë
íîåk�¨åAëîç��`�`ç���	�åcí
ö~ø
µ∆++

�Nô ñ èðä_æoç`èðçê+ö¨ñóïQèðí!øvëìö �5Ó Ml¢�Õ���F åAê�ëìöIæ!	� AåAæ�øvëîö �ÔÓ M$¢�Õ��

ñóí� #�óö¨íìåAë!èîö�èîä�ådê/ö��óç~ëîñòíîåcæz��èðç~ë
�¨å�è�ç~íX� �P� åcèîë��V�`ç���	�å��
æ�çMè§ç#" ö ò�ô ù$�Vôcô ò�õªî õ§þ

µ∆++

éµê � ì�íÞòyñóìKîÙëcô
ã�ä�å6å�ÿ;ê+åAëìñ � åAïQèðíhæ�åcíîñ��¨ï�åAæ�èîö � åAç~í
	�ëìå µ∆++

í
	�H/åAëìåAægøvëîö � íîåk�¨åAëîç��@ôõåCç��Nï�åcíîíîåcí$�ã�ä�å�	�íìåZö`øÇç	äoç~æ;ëîö¨ï�ñ� �ê�ëîö~÷/åGijèðä�å
π+ j��Nç��òèîä�ö�	!�~äRê�ëîöh�1ñóæ�ñòï!�kç	ä�ñ��¨äRñòïQèðåAëîç� cèîñóö¨ï� cëîö¨íìííîå# cèîñóö¨ï-�]ñóïQèîëîö1æ!	! Aåcí � ö¨ëìå_ cö � ê!�óå�ÿ	ëîåAç� cèîñóö¨ï � å$ éäoç~ï;ñóí � í-ç~ï�æfNoïoç��Ní�èéç`èîåõñòïNèîåAëîç� cèîñóö¨ï�íèðä�ç~ï§èîä�å_íîñ � ê!�òåRå$�òå$ cèîëîö � ç��¨ï;åcèðñ� Lê�ëìö¨÷/åu	�íìåAæGñòï6èðä�ñòí@ô�ö¨ë��&�eã�ä�å_èðä�åcö¨ëîñòåAíf	�íìåAæ�èîöå�ÿ1èîëðç� �è

µ∆++

 cö¨ï�íîñòæ�åAëìåAæ¦ö¨ï!�"��ëìåAíîö~ïoç~ïQèkå#H/å$ cèîí$�-ç~ï�æ6èîä�åAëìåcøvö¨ëìåE cö�	!�òæ6ö¨ï!����ê�ëîöh�1ñóæ;å÷�ëìöQç~æE�óñ � ñòèîíTö¨ï µ∆++

� ª ñóïoç��������`èðä;å èîä�åAö~ëîñóåcí� AåAïQèîëîåAæeö¨ïeçdíîñòï!���òå�ö¨÷�íîåcë��`ç~÷!�òå��Qèðä�ç`è»ö~øèðä;å¹æ�ñ"H$åcëîåcïNèîñ ç��& cëîö¨íìí�íîå# cèîñóö¨ï-�Nô ñòèîä�ö~ï!���_ö¨ï;å'ç`èìèðå � ê;è»èðöSíìè
	�æ��_èðä�åZê+ö�� ç~ëìñóíìåAæz�lèéç~ë��¨åcèç~íX� �E� åcèðëX���;ô ä;ñ� éähô!ç~íZö¨ï!�"�� cö¨ï�íîñòæ�åAëìåAæ�ñóïhö¨ï�å	èîä�åAö¨ëìåcèîñ� Cç%� � ö1æ�å#���ã=öI�Qç~ñóïSç � ö¨ëîå»ê�ëìå$ Añòíîå_�~ç%��	�å
øvö¨ë µ∆+

èðä�ç~ïSèîäoç`èbö~÷;èéç~ñòï�åAækøvö¨ë
µ∆++

�`ôõå � 	�í�è�	�íìåç�÷+åcèìèðåcëI	�ï�æ;åAëîí�èðö1öIæ�å�ÿIê/åcëîñ � åcïNèðç��Pê�ëîö~÷/å%�*	�íìå � ö¨ëîåkæ�å#�~å$�òö¨ê/åcæ�èðä;åAö¨ëìåcèðñ� Cç�� � öIæ;å$�óíô ä�ñ� éä¡ñòï! Aö~ëîê+ö¨ëðç`èîå<ï�ö¨ïR�Áëîåcíîö¨ï�ç~ïQè_å#H/å$ cèîí$�õç~ï�æ\ôõå � 	�íìèRèîåAíìèRèîä�ö¨íìå � ö1æ�å$�òí�ô ñòèîäªçô ñóæ;åAë�ëðç`ï!�¨ådö~ø=å�ÿIê/åcëîñ � åcïNèðç����"�eö~÷�íîåcë��¨åcæ] cö¨ï�íìèîëðç~ñòïQèðí$�

xt	ed r Ú Ý
�½fXÞ=Ú�¶ Ú âRßÖá
meß  Ú�r Ýä�SâhÚ!ßPàcÛ Ù½à&´6ákÜ�Úór áO¶ Ú âRß
ágm¤ß  Ú

∆+ hÄ�
p(γ, pπ0γ ′)

ã�ä�åIN�ëîíìè�ç`èîèîå � ê;è�èîö � åAç~í
	;ëîå'èîä�å � ç��¨ï�å�èðñ� � ö � åcïQè�ö~ø�èîä�å ∆+ 	�íìñóï!��èîä�å@ëìåCç� �èðñóö~ï
γp → γ′pπ0 Ó M��kMl¤�����¡%ÕÇô�ç~í � ç~æ�åSç`è èðä;å � � ç~í��¨ö�ô�èéç%���¨åAæ«ê�ä�ö~èîö¨ï«ø3ç% Añ��òñòè��<ç`è'ü�ç~ñóï��÷+åcèÁôõåAåAïCMh¨�¨�¨	ç`ï�æP��L�L�M��-ã�ä�å � ç~ñóïLê;ëîöR AåAíìí
ö~ø$ñòïQèðåAëìåAí�è�ô!ç~í»ç��¨ç~ñóïLèîä�å�ëîåcíîö¨ïoç`ï! Aå æ�å��å�ÿz cñòèéç]èðñóö~ï�ê;ä�ö~èðö~ï-�Iê;ëîö1æ!	! Aåcæe÷��Rèðä;åZèÁôõö%�Áí�èðåcê<ê�ëîöR Aåcíîí

γp→ ∆+ → ∆+γ′ → pπ0γ′
�



Ñ)Ñ ���&å&����� Ëä} � ~ Ë � Ò[Æ � Ê ��å�� Ëw�

ª ñ���	�ëîåE¡��"M[�z�Lã�ä;åeã-ýYD_)�å�ÿIê+åAëìñ � åAïQèéç��»íîå�èU	�êGç`èRü�ý	ü«þc�=íîä�ö�ô ñóï��«èðä;åeíîñ ÿ�í � ç����òåAëã=ýID_)h÷!�òöz c�NíZç~ï�æXèîä�åf� ç~ë��¨åAë!øvö¨ë�ô!ç`ëîæXô!ç%�����

ç~í!èðä;ñóí�äoç~íZç~ï«ç � ê!�óñ èU	�æ;å'æ�åcê/åcï�æ�åAïQè'ö¨ï µ∆+

i3íîåcåLù�ä�ç~ê;èðåcë(��jk�
ã�ä�å	å�ÿIê+åAëîñ � åcïQè!ô!ç`í�ê/åcëìøvö¨ë � åcæ<ñóï<èîä�å@ý���ã=ç����~åAæ�D�ä�ö~èîö¨ï^�'ç����$ç`èõèðä�å	þÁï;íìèðñ èU	;èø���ë�	åAëìï�ê�ä��1íîñ��<ç`è'�~ö~äoç~ï�ï�åcí � 	IèðåAïN÷+åAë��u�¹ï�ñ"�¨åAëìíîñ è��<ñóïXü�ç~ñóï���� � åAë � ç~ï��E	�ï�æ;åAë!èðä;åç�	�íìê�ñ� cåAíkö~ø�èîä�åeýY��ç~ï;æ¥ã-ýYD_)g Aö���� ç`÷/ö¨ëîç`èðñòö¨ï�í#��ã�ä;å�å�ÿ;ê+åAëìñ � åAïQè � ç~æ;åE	;íîåeö`ø�èðä;ååAï�åcë
�����lèéç����~åAæ�÷�ëìå � íîí�èðëðç`ä!��	�ï��eê�ä�ö`èðö¨ï�÷+åCç � ê;ëîöh�1ñóæ�åcæ�÷��«èîä�å � � ç~í��¨ö�ô¬ã=ç����¨åcë¹ñòï

 Aö¨ï[S�	�ï! cèîñóö¨ï§ô ñòèîä�èðä;åeå$�òå$ �èðëîö~ï\ç� $ cå$�òåAëðç]èðö¨ë�ü«ý	ü�þVivíîåcå�)Iå$ �èðñòö¨ïK¢!� ��j	èðö�ê;ëîöh�1ñóæ�åeçê�ä�ö~èîö¨ïk÷/åAç � ö~ø;åAï�åcë
�¨ñòåAí-÷/å�èÁô�åcåAï 205
ü«å·�¤ç`ï�æ

820
ü«å·�Öô ñ èðäSç~ï�åcï�åAë����dëîåcíîö���	;èðñòö¨ïö~ø ∼ 2

ü«å·���;ã�ä�ñóí!ô�ç~í ñóï! cñóæ�åcïQè�ö¨ï�ç�MhL� � �óö¨ï!���!¡� � æ�ñ ç � åcèîåAë#���óñ \ 	�ñóæ����1æ�ëîö��~åAïèéç~ë��¨åcè$�
ã�ä�å@ê�ä�ö`èðö¨ï�í�ç~ï�æ<ê;ëîö~èîö¨ï�íõôõåAëìå	æ�åcèîå$ �èðåAæXñòïeèðä;å'ã-ýYD_)<ú!ç ª

2

ç~ëîëîçh�]ivíîåAå�)Iå$ �èðñóö~ï
¢!� ¥�jk�¨ô ä�ñ� éä�ô�ç~íõç~ëîëîç~ï!�¨åcæ�ñòï�çdíîåk�¨åcïz�Á÷!�òöz c���~åAö � åcèîë��_ç~í
íìåAåAïeñóï ª ñ���	�ëîå�¡��"M[�z�Tã�ä�åAëìåô�åcëîå¹íîñ ÿ�÷!�òöz c�Níõö~ø�¤�¢Sæ�åcèîå$ cèîö¨ë�å#�óå � åcïNèîí$�IåCç� éäXç`ëîëðç`ï!�¨åAæ�ñóïeç~ï�§S÷��P§ � ç`èðëìñ ÿ*�Nç~ï�æ<çíîñòï!���óå
øvö¨ë�ô!ç~ëìæ�ô�ç����R Aö¨ïQèðç~ñóï�ñòï!�aMl¡�§( cë��1íìèðç��óí�ç`ëîëðç`ï!�¨åAæ�ñóïLç`ï�M�M!÷��PMl¢@ëîå# cèðç~ï!���òå��Tã�ä;åí � ç����òåAë	÷!�òöz c�Níkô�åcëîåXç~ëìëðç~ï��¨åAæ�ñóïGç�ä�ö¨ëìñ��Aö~ïNèðç��
ê!� ç`ï�åeç`ëîö�	�ï;æ�èðä;å�èéç`ë
�¨å�èLç`è�ç~ï!���óåAíö~ø ±54◦

� ±103◦
��ç~ï�æ ±153◦

øvëìö � èðä�å«÷/åAç � �óñòï�å��»ô ñòèðä¡èðä�åcñóë_øvëîö¨ïQè�ø3ç� Aåcí
55
 �øvëîö � èîä�åY cåAïQèðëìå@ö~ø�èðä;å'èéç~ë��¨åcè$�bã�ä�åY�óç~ë
�~åAë
øvö¨ëìô�ç~ëîæ�ô!ç����+ô�ç~í

60
 � øvëìö � èðä�å( AåAïQèîëîåö~ø�èðä;åeèéç~ë��¨åcè$��ýI���õö`ø�èðä�å<ã-ýYD_)Gæ�å�èðå$ �èðö¨ë�å$�óå � åcïQèðí�ôõåAëìå<ø3ç� AåcæGô ñòèðäQ¥ �P� èîä�ñ� c�ê!� ç`íìèðñ� a�¨å�èðöC Aö�	�ïQèîåAëîíSç~ídæ�åcí
 Aëìñó÷+åAæ§ñóïg)Iå# cèðñòö¨ït¢!�¶¥R�¶�z�Rã�ä;å�ñòï�í
 cëîñó÷+åAæ® cñóë
 #�óåcí	íîä�ö�ô ïñóï ª ñ���	�ëîåG¡��"M[�Rñóï�æ�ñ� Cç`èîå	èðä�åSæ�ñ � åAï�íìñóö¨ï;íZö`øbèðä�åG Cç`ëî÷+ö¨ïz�·N�÷�ëîådô!ç%���óåcæ-�`�`ç� $	!	 � N!���óåcæ-�í
 Aç`èîèîåAëîñòï!�f éäoç � ÷+åAë�ô ä�ñ� éäeöR $ #	�ê�ñóåcæ�èîä�å íîêoç% AåZ÷/å�èÁô�åcåAïeèîä�å��óñ \ 	�ñòæu�'�1æ�ëìö��¨åAï�èéç~ë��¨åcè�¨åcíîíîå#��ç~ï;æ�èðä�åõã=ýID_)Sæ�åcèîå$ �èðö¨ë=÷!�óöR c�Ní$���òñ � ñòèðñòï!��	�ïQô�ç~ïQèðåcæRåAï�åcë
���e�óö¨íìíîåcíbç~ï�æSêoç~ë�èðñ� #�óåñóïQèðåcëðç� �èðñòö¨ï�í$�

ã=ýID�)«ô�ç~í(	�íîåcæ�èðö<æ�å�èðå# cèdç�����íîê+å$ cñóåAí'ö~ø�êoç~ë�èðñ� $�óå%� ã�ä�å
π0 ô�ç~í@æ;åcèðå# cèîåAæ1�1ñ ç�ñòèðíèÁô�ö�æ�å$ Açl�Öê;ä�ö~èðö~ï�í$�Öã�ä�å�ê�ëìöIæ�	! cèîñóö¨ïªê�ä�ö`èðö¨ï¡ô!ç~í�íîåcêoç~ëîç`èðåcæÖøvëîö � èðä�å

π0 æ�å$ Açh�
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∆+

æ Ð
p(γ, pπ0γ′) Ñ/Ò

ª ñ���	�ëîå|¡��"Mh¡��Pã�ä�å � ñóíîíìñóï!� � ç~íìíbö~øoèîä�å (π0p)
íX�Ií�èðå � ñóï�èîä�å|Noï�ç���íìèðç`èðåõøvö¨ë=èÁôõödæ�ñ�H/åAë��åAïQè�ê�ä�ö~èîö¨ï<÷+åCç � åAï;åAë
�~ñóåAí#��ã�ä�å@ê+åCç��_ï�åAç~ë�Lz� L��Pi � å·�f�% #Ü�jXÜ�ñóíõøvëìö � �

π0 ê�ëîö1æ!	! �èðñóö~ïç~ï�æSñóí� $	IèbçCô�çh���~èðä�ç`èbç]è�Lz� L�Lei � å·�f�T $ÜkjXÜ=íîä�ö�ô í-èðä�å»èðë
	;å
γ′π0p

ê;ëîö1æ!	! cèîñóö¨ïZ�=ã�ä�åõæ�ö~èX�èðåcæ�ç~ï;æ�æoç~íìä�åAæ]�óñóï;åAí¹ç~ëîådèðä�åkëîåcíîê+å$ �èðñ��~åa�òñóï�åcíîäoç~ê+åAí øvëîö � ç � J
ýI,¹ãÚ¡�íîñ � 	!� ç]èðñóö~ï-�JTÿ1èðëðç% cèðåcæ«øvëìö �5Ó M$Õ��

ê�ä�ö`èðö¨ï�íe÷}��ñóï��`ç~ëîñóç~ïQè � ç~íîíeç~ïoç��"�1íîñóí#�¬ã�ä�å�èÁôõö%�Áê�ä;ö~èðö¨ï7 cö � ÷�ñòïoç`èîñóö¨ïÖäoçl�Iñòï!�Gèðä;åñóï��`ç~ëìñ ç~ïQè � ç~íîí� $�òö¨íîåcíìè
èðödèðä;å èîë
	�å π0 � ç`íîí
ô�åcëîå¹ç~íîíìñ��¨ï�åcæ�èîöS÷+å�èðä�åZæ�å# Cçl��ê�ä�ö~èîö¨ï�í$�ç~ï�æ�èðä�å¹ëîå � ç~ñòï�ñóï��kö~ï�å¹ô�ç~í!ç`íîí
	 � åcæeèðöS÷/å'ç γ′ ��ã�ä�å¹ê�ëîö`èðö¨ï�í
ôõåAëîå'æ�åcèîå$ cèîåAæXñòï�èðä;åã-ýYD_)¥÷!�óöR c�NíLç~ï;æ\ñóæ�åcïNèîñ�NoåcæG÷��GçC Aö � ÷;ñóïoç`èîñóö¨ï§ö~ø�èîñ � åk�Áö`øn�*�oñ��¨äQèdç~ï�æ\ê!	��óíîå��Áíìäoç~ê+åç~ïoç%���1íîåcí$�ú!ç� c�}�¨ëìö�	�ï�æQ cö¨ïQèðëîñò÷!	;èîñóö¨ï�ídôõåAëîåV� ç~ë��¨å$�"�¦ëîå � öh�¨åcæG÷��K éä�å# c�Nñóï!��øvö¨ë � ö � åcïNè
	 � Aö~ï�íîåcë��`ç`èðñòö¨ï�ç~ï�æ¥åcï�åAë����§÷oç��óç~ï! Aå%�Tç`ï�æ¥ëìå$ Aö~ï�íìèîë
	! �èðñóï���ñóï��`ç~ëìñ ç~ïQè � ç`íîíîåcíkøvëìö � èðä;å
�Nñóï�å � ç]èðñ� Aç����"��öh�~åAëX��æ�åcèîåAë � ñòï�åAæ<æ�ç`èéç���ã�ä;åI� ç`ë
�¨åcíìèõ÷oç� c�}�¨ëîö�	�ï�æXê�ëìö¨÷!�óå �  Cç � å øvëîö �
γp → π0π0p

�=ç`ídèîä�å_íîö��òñóæ¦ç~ï����óå� cö[�~åAëìåAæ¥÷��6èîä�å_æ�åcèîå$ cèîö¨ë	ô!ç`íSö¨ï����
40%

ö`ø
4π

íîë#�ã�ä}	�í$�`øvëîå \ 	�åcïQèU�����¨ö¨ï�å»ö~ø�èîä�åõøvö�	�ë π0 æ�å# Cçl�kê�ä�ö~èîö¨ï�íTåcí
 Aç~ê/åcæLæ�å�èðå$ �èðñòö¨ï-�`èîä�åAëìåA÷��Sê�ëîö%�æ!	! cñóï!�<ô ä�ç`èkç~ê�ê+åCç~ëìåAæ�èîöX÷/å_çeèîä�ëîåcåk�Áê;ä�ö~èðö~ï-�Çíîñòï!���òåk�Áê;ëîö~èîö¨ï]Noïoç%�Tíìèðç`èðå%��ã�ä�ñòí'ô�ç~íöh�¨åcë
 Aö � å�÷��� cö¨ï�íìèîë
	! �èðñòï!��èðä�å�í \ 	�ç~ëîå
ö~øNèðä;å � ñóíìíîñòï!� � ç~íîí_i M2
x

jk�]ç~í�æ�åkNoï�åcæSñòïfJ \ 	oç[�èðñòö¨ï¡��"MhLeèîö�íìåAêoç`ëðç`èîåLèðä�å
γp → pπ0π0 å#�~åAïQèðíVivô ä;ñ� éä¦ê/åAç���ï;åCç~ë 0.018

i � å·���% 2 j 2 jç~ï�æhèðä;åkèîë
	�å
γp → pπ0γ′

å#�¨åcïQèðí$�+ô ä�ñ� éä«ê/åAç��Xç`è
0.00

i � å·�f�% 2 j 2 i3íîåcå ª ñ���	�ëìåf¡���Ml¡�jk�ã�ä�ñòíZñòí� Cç��� $	!�óç`èðåcæhç~í$�
M2

x = ((Eπ0 + Ep) − (Ebeam +mp))
2 − (( ~pπ0 + ~pp) − ( ~pbeam))2,

i�¡��"MhL�j
ô ä�åcëîå

Eπ0

�
Ep

ç~ï�æ
Ebeam

ç~ëìåSèðä;åkèîö~èéç��Påcï�åAë��¨ñóåcí'ö~øbèîä�å
π0 �pN�ïoç��Píìèðç`èðåSê�ëîö~èîö¨ï�ç`ï�æê�ä�ö`èðö¨ïª÷+åCç � ��ëîåcíîê+å$ cèîñ��~å$����� ~pπ0

�
~pp

ç~ï�æ
~pbeam

ç~ëîå<èîä�å � ö � åcïQèéç�ö~ø èîä�å π0 �xNoïoç��íìèðç`èðå�ê�ëîö~èîö¨ï6ç~ï;æ6ê�ä�ö~èîö¨ï�÷+åCç � �$ëìåAíîê+å$ �èðñ"�¨å$�"��ç`ï�æ mp

ñóí¹èîä�åLê�ëìö~èðö~ï�ëîåcíìè � ç~íîí#�	þÁïèðä;å�ä�ñ��¨ä�åAë-ê�ä�ö`èðö¨ïSåAï�åcë
���S÷�ñóï;í-ô ä�åcëîå�èîä�å�æ;ö�	�÷!�òå
π0 ê�ä�ö~èîö%�Áê�ëìöIæ�	! cèîñóö¨ïG Aëìö¨íîí=íîå$ �èðñòö¨ï÷+å$ Aö � åcí'�óç~ë
�~åY Aö � êoç~ëìåAæXèðöRèîäoç`è ö~ø pπ0γ

�Ièðä�ådåAæ��¨åAí ö~ø-èðä�å	èÁôõö�ê+åCç%�1í öh�¨åcë
�óç~êhæ!	�åèðöNoï;ñòèðåXæ;åcèðå# cèîö¨ë_ëîåAíìö���	Ièðñóö~ï-�¥ã-ö¦æ�åCç��!ô ñ èðä\èðä;ñóí$��èîä�åhå�ÿIê/åcëîñ � åcïNèRô�ç~í_íîñ � 	!�óç`èðåcæ	�íìñóï!� � åCç~ïQè'¡ Ó ¦��TÕPç~ï�æhèðä;å M2
x

æ�ñòíìèîëîñó÷�	;èðñòö¨ï<ëîå# Aö¨ï;íìèðë�	! cèîåAæ-�õã�ä�åf�óñòï�å@íîä�ç~ê/ådö~ø-èðä;åèÁôõöRê/åAç��Ní!ñóïeèîä�å@íìñ � 	!�óç`èðñòö¨ï�ëîåAê;ëîö1æ!	! Aåcæ� $�òö¨íîå#���_èðäoç]è!ö~øPèðä;å'æoç`èðç��Ièîä}	�í!èðä�å(�óåk�¨å$�$ö~ø Aö~ïNèðç � ñóïoç`èîñóö¨ïG Aö�	!�óæS÷/å!åcíìèîñ � ç`èðåcæSô ñòèîäLëîåAç~íîö~ïoç~÷!�òå| Aö~ï�Noæ�åcï! Aå!øvëìö � èðä�å!íìñ � 	�� ç`èîñóö¨ïç~ï�æ�í
	;÷;èðëîç� cèîåAæhøvëîö � èîä�å�Noïoç��$æoç`èéçRíìåcè�i3íîåcå ª ñ���	;ëîåf¡��"Mh¡�j��
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ª ñ���	�ëîå�¡��"Ml¢!�-ã�ä�å�ëîåAç� cèîñóö¨ï� cëîö¨íìí�íîå# cèðñòö¨ïLøvö¨ë γp→ γ′pπ0 �Nç~í � åAç~í
	�ëìåAæR÷���èîä�å�ã-ýYD_)² ýY�Xù�ö����óç~÷+ö¨ëðç`èîñóö¨ï;í Ó M��kMh¤%Õ��	ã�ä�åLèðä;ëîåAå��òñóï�åcí@ç~ëìåRê�ëîåcæ�ñ� �èðñòö¨ï�í'ö`ø»èîä�å� Aëìö¨íîí	íìå$ �èðñóö~ï÷oç~íìåAæ�ö¨ïhæ�ñ�H/åAëìåAïQè��~ç%��	�åcíZö`ø
µ∆+

øvëìö �5Ó M[¦TÕ��
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æ Ð
p(γ, pπ0γ′) Ñ-¯

ã�ä�å�Noïoç�� � åAç~í
	;ëîåAæm cëîö¨íìí�íìå$ �èðñóö~ï�í_ç~ëîåeíîä�ö�ô ï¡ñóï ª ñ���	�ëîåV¡��"Ml¢6ê!�óö`èîèðåcæªç��Qç~ñòï�íìè
ECM

γ′

ç~ï�æ
θCM

γ′

øvö~ë�íîåk�¨åcëðç��Z�`ç���	�åAí�ö~ø √
s
ijèðä�å'èîö~èéç%�

γp
 cåAïQèðëìå	ö~ø � ç`íîí�åcï�åAë�����jk�
ã�ä�å�óñòï�åAí=íîä�ö�ô ï�ö¨ïLèðä;å�ê!�óö~èbç~ëîå!èîä�åAö~ëîåcèîñ� Aç��;ê�ëìåAæ�ñ� cèîñóö¨ï�íTö~ø)èðä�å� cëîö¨íìí�íîå$ �èðñòö¨ïR÷��u+'ëîå# éä�íîå#�ç~ï�æ��»ç~ï;æ�åAëìäoç~å$�~ä�åAï Ó Mh¦TÕ�øvö¨ë�æ�ñ"H$åcëîåcïNèx�`ç���	�åAí�ö`ø/èîä�å � ç%�¨ï�åcèîñ� !æ;ñóê+ö��óå � ö � åAïQè�ö~ø+èðä;å

∆+ � þ�è' Cç~ï�÷/ådíìåAåAï�èðäoç]è�èðä�å � öIæ�å#�Çëîåcê�ëîö1æ!	! cåAí èðä�ådíìäoç~ê+åSö~ø-èðä;åkæ�ç`èéç����Zö�ô�åk�¨åAë#�$ç]èä�ñ��¨ä�åAë-�`ç���	�åAí�ö`ø √
s
�Mèîä�å � ö1æ�å#�¨öh�¨åAë��Áê�ëìåAæ�ñ� cèîíPèîä�å� Aëìö¨íîí-íîå# cèðñòö¨ï-�-ã�ä�ñóíÇô�ç~í=ç`èîèîëîñò÷!	;èðåcæèðökèðä�åI� ç� c�Rö~ø

πN
ëìåk�Áí� Cç`èìèðåcëîñóï��Sèðåcë � í�ñòï�èðä;å � öIæ�å#�oøvö¨ë γp→ pπ0 �1ô ä�ñ� éäeô�ç~í�� ç]èðåAëëîå � åcæ�ñóåcæ Ó �TÕ��bý'í�èîä�å¹íîç � åZöh�~åAëX��åAí�èðñ � ç`èîñóö¨ï_ñóí�ñòï�èîä�å � ö1æ�å#��øvö¨ë
÷/ö~èîä γp→ pπ0 ç`ï�æ

γp→ pπ0γ′
�;èðä;å@ëðç`èîñóöSö~ø�èðä�åI Aëîö~íîí�íîå# cèîñóö¨ï�í�ñóí|�òåAíìí!íîåcï�íîñ èðñ��~å@èðö�èîä�å � öIæ;å$���Iç~ï�æ�èðä�ñòííîä;öMôõåAæ«÷/å�èîèîåAëZç��¨ëìåAå � åAïQè èðö_ñ èl�þÁï¥èðä;ñóíkå�ÿIê/åcëîñ � åcïNè$�=èîä�å�ã-ýYD_)�æ;åcèðå# cèîö¨ë�íX�Ií�èðå �  Aöh�~åAëîåcæ\ö¨ï!�"�

40%
ö~øõèðä�å�ø�	!���íîö��óñóæ�ç~ï����óå%� ã�ä�å�æ�åcèîå$ �èðö¨ë�í��1íìèîå � ç��óíìöªí
	�H/åAëìåAæ�øvëìö � í��1í�èðå � ç`èîñ� §å#H/å$ cèîí«ô ä�ñ� éäöR $ $	;ëîëîåcæ_ç`è-èðä�å!åcæ!�¨åcíbö~øoåAç� éäRö~øoèðä;å�íîåcêoç~ëîç`èðå!æ;åcèðå# cèîö¨ëb÷!�òöz c�Ní$� � ç��Nñòï!�¹ñ èTæ;ñ��E $	!� è=èîöå�ÿ;ç� �èU�"�� Cç��� $	!�óç`èðå@èîä�åSæ;åcèðå# cèîö¨ë'ç% $ Aåcê;èéç`ï! Aå%��ã�ä�åAíìå�æ�ëîç�ô ÷�ç� c�Ní'èðö_èðä�åkå�ÿIê+åAëìñ � åAïQèéç��íîå�èU	�êE�óñ � ñ èðåcæSèðä;å¹ç% $ $	;ëðç� k�Rö~ø+èðä�å�Noï�ç�� � åAç~í
	;ëîå � åAïQè$�¨ô ä�ñ� éä�ç��óíìö	í
	�H/åAëìåAæ�øvëîö � �óö�ôíìèðç`èðñòíìèîñ� Aí#�/ô ñ èðä6ç~ê;ê�ëîöCÿIñ � ç`èðå#���C¥�L�L<ç� $ cåAê;èîåAæ¦å#�~åAïQèðí#�dý'íY Aç~ï6÷/å�íîåAåcï6øvëîö �´ª ñ���	�ëîå¡��"Ml¢!��èðä;åõëìåAí
	��òèðñòï!��	�ï! cåAëìèðç~ñóïQè��dñòïdèîä�å_ Aëîö~íîí-íîå$ �èðñòö¨ï � åCç`í
	�ëìå � åAïQèðí-ñóí�� ç`ë
�¨å%�`ç`ï�ækèîä}	�íèðä;åLå�ÿ1èðëîç� cèîåAæ � ç��¨ï�å�èðñ� Sæ�ñòê/ö��óå � ö � åAïQè¹äoç~æ6çP Aö¨ëìëîåAíìê/ö~ï�æ�ñóï������^� ç`ë
�¨åG	�ï! cåAëìèðç~ñóïQè����ã�ä�å�èîä�åAö~ëîåcèîñ� Aç���	�ï;æ�åAëìíìèéç`ï�æ�ñóï��hç~ï�æ6ñóïQèîåAëîê;ëîåcèðç`èðñòö¨ï�ö`ø�èðä�åLëìåCç� �èðñòö¨ï�ô�ç~ídç��óíìöXç`è@ç~ïñ �E� ç`èU	�ëìåLíìèðç��¨å%�-ëìåAí�	!�òèîñóï!�hñóï®�óç~ë
�¨å�	;ï! Aåcëìèéç`ñóïQèðñòåAíkç~ï�æ � ö1æ�å#��æ�åAê+åAï�æ;åAï! cñóåAíkñóï¦èðä;åå�ÿ1èîëðç� �èðñóö~ï«ö~ø=èðä�å � ç��¨ï�å�èðñ� 	æ�ñóê+ö��óå � ö � åAïQè�øvëîö � èðä�åkëîåAç� cèîñóö¨ï^ Aëìö¨íîíZíîå# cèîñóö¨ï-�õã�ä}	�íèðä;åfN�ïoç���å�ÿ1èîëðç� �èðåAæ��`ç���	;å@ô!ç~í
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�¨å�è!æ�ñóç � å�èðåcë�i3íìöç����!ê�ä�ö~èîö¨ï�í_ñóïªèðä;å�÷+åCç � êoç~íîíRèîä�ëîö�	��¨ä¡èîä�åhèéç~ë��¨åcècjk�¡ã=öt Aö¨ï;íìèðëîç~ñóï\èîä�å«ëîç~æ�ñ�	�í_ö~øèðä;å�÷+åCç � íìê/ö~è¹ö¨ï�èîä�ådèéç~ë��¨åcè$�+èîä�åSê;ä�ö~èðö~ï�÷/åAç � êoç~íìíîåcí'èðä�ëìö�	!�¨ä�çP�òåCç~æC Aö����óñ � ç`èîö¨ë÷+åcøvö¨ëìåe�òåCçl�1ñóï!�_èðä�åSãTç%���¨åAë � ç��¨ï�å�è'ëìåcèU	;ëîïC�~ö����&� ã�ä�ñòí(�¨ñ"�¨åcí@ç�ê;ä�ö~èðö~ï�÷+åCç � ëîç~æ�ñ�	;íö~ø ∼ �z� ¥ �P� �{�R�¶¥ � æ�ö�ô ï�íìèîëîåAç � ö~ø
èîä�åLëðç`æ�ñ ç`èîö¨ëaivèðä;åRå$�óå# cèîëîö¨ï6÷+åCç � íîê+ö~è	íìñ��cåLö¨ï
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Æ$º �U�p�·å%ç ��)�Ê�Æ � º �U�p�
èðä�å�ëðç~æ�ñóç`èðö~ë-ñòí�YfM �E� ñòïLæ�ñóç � å�èðåcëcjk�O+I	�ëìñóï!�'å�ÿIê/åcëîñ � åcïNèðç��1ë
	�ï�ï;ñóï!�!�`èðä�å!÷+åCç � íìê/ö~èíîäoç`ê/åõç~ï�ækñóïQèðåcï�íîñ è��dæ�ñóí�èðëìñó÷!	;èîñóö¨ï� Aç~ï�÷+å
ö¨÷�íìåAë��~åAæRñòïkëìåCç��Qèîñ � åx	�íîñòï!�'ç`ïSñòïz�Á÷+åCç � ù�íîþí
 cñóïQèðñ���� ç]èðö¨ë|�1ñòåcôõåAæ�÷���ç<ù�ù�+� Cç � åcëðç���ã�ä�å�ê/ö¨íìñòèîñóö¨ïhö~øbèîä�å�å#�óå# cèðëìö¨ï�÷+åCç � ö~ï«èðä;åëðç~æ;ñ ç`èîö¨ë�ô!ç~í@ç~æTS�	�í�èðåAæ6èîö<åAï�í�	�ëîåSèðäoç`è¹èðä�å�÷�ëîñ��¨äQèY Aö~ï�åLö~ø�øvö¨ë�ô!ç`ëîæ�÷�ëìå � íîí�èðëðç`ä!��	�ï��ô!ç`í' cåAïQèðëìåAæ«ö¨ï�èîä�å� Aö����óñ � ç]èðö¨ëõç]ÿIñóí#�ã�ä�å� Aö����óñ � ç`èîñóö¨ï§æ�ö1åAí_ê�ëîåk�¨åcïNèeíîö � åXö~øZèðä�åhê�ä;ö~èðö¨ï;í_èîäoç`è�äoçl�¨å�÷+åAåAï>* èéç����~åAæ-bøvëîö � ëìåCç� éä�ñòï!��èîä�å@å�ÿIê+åAëìñ � åAïQèéç��/ç~ëìåCç��bþÁïXö~ëîæ�åcë�èðö��Nï�ö�ô�ä�ö�ô � ç`ï}��ö~øÇèîä�å@ê�ä;ö~èðö¨ï;íèéç����¨åAæ_÷��_ç	êoç~ë�èðñ� #	!� ç`ëbãTç%���¨åAëx éä�ç~ï�ï�å#�oëîåCç% éä�èðä;å�å�ÿIê/åcëîñ � åcïNèðç��)ç~ëìåCç��¨ôõå ê/åcëìøvö¨ë � åcæèéç����¨ñóï!�Xåk�E Añóåcï! #� � åCç~í�	�ëîå � åcïQèðí$��ã�ä�ñóídñòíkæ;ö¨ï�åE	�íîñòï!���óö�ô�åcëS÷+åCç � ñóïQèðåcï�íîñ è��6èðäoç`ïï�ö¨ë � ç��=ë
	�ï;ï�ñóï!�Xñòï¦ö¨ëîæ�åcë	ï�ö~è	èîö�íîç`èU	;ëðç`èîå_èîä�å��óåAç~æ®��� ç`íîí	æ�å�èðå$ �èðö¨ë	ô ä�ñ� éä¦ñóí	æ�ëìñ��¨åcïñóïQèðö«èðä�å<÷+åCç � øvö¨ëkèðä�å � åCç`í
	�ëìå � åAïQèl�6ý!è��òö�ô ÷+åCç � ñòïNèîåAï�íìñòè����bèðä�ñòí�� ç~ë��¨åu�¨ö���	 � åù�åAëìåAï!�`ö[�eæ�åcèîå$ �èðö¨ë!ä�ç~í ∼ MhL�L � åk�P cñóåcï! #��øvö¨ë�ëìå$�¨ñòíìèðåcëîñòï!��åcï�åAë��¨åcèîñ� 'ê;ä�ö~èðö~ï�í$��þ�ø�èîä�åê�ä�ö~èîö¨ï�ídç~ëìå� Aö�	�ïQèðåAæ§ñóï cö¨ñóï� Añóæ;åAï! cåLô ñòèðä6èîä�åRå$�òå$ cèîëîö¨ï cö�	�ïQèðåcëîídö¨ï6èðä;åRãTç����¨åAë#�Pçëðç`èîñóö� Aç~ïh÷/ådæ�åkNoï�åAæZ� �
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ñóíkèðä�å<ï}	 � ÷/åcë�ö~ø ä�ñ èðíSñóï¥èîä�åV�òåCç~æÂ��� ç~íìí�æ�å�èðå$ �èðö¨ëa Aö¨ñòï! Añòæ�åAïQè�ô ñ èðäGä;ñòèðíñóï�ãTç%���¨åAë' éäoç~ï;ï�å$�=ï�ç~ï�æ
Nn

e

ñóí èðä�åkï}	 � ÷+åAë¹ö~ø� cö�	�ïQèðí@ñòï�èîä�åSøvöR Cç%��ê!� ç~ï;åSí� Cç��òåAëZö~ø éäoç~ï�ï;å$�)ï-�Tã�ä;ñóí
ëðç`èîñóöEi
εtagg

jTñóí��Nï�ö�ô ïeç~í�èîä�å�èéç����~ñóï!�	åk�P cñóåcï! #����ãTç����¨ñóï!�	åk�E Añóåcï! #�ñóí � åCç`í
	�ëìåAæRøvö¨ëbåAç� éä�ã=ç����~åAëx éäoç~ï;ï�å$�)ç~ï;æE	;íîåAæ_èðö	ï;ö¨ë � ç��óñòíîå»èðä�å� cö�	�ïQèðí
ñóïLèîä�å!øvöR Cç��ê!� ç`ï�åRå$�òå$ cèîëîö¨ï�í
 Aç��óåcëîí	èðö^�¨ñ��~å�èîä�å_ï}	 � ÷+åAëkö~ø!ê�ä;ö~èðö¨ï;íkøvëìö � åCç% éä¥ã=ç����¨åcëG éä�ç~ï�ï�å#�ëîåAç� éä�ñóï��_èîä�å	èéç~ë��¨åcè$�ý'í=èîä�å_�óåCç`æa���óç~íîíPæ�å�èðå$ �èðö¨ë-ô�ö�	!�óæS÷/å»æoç � ç��¨åcæ�÷��kë
	�ï�ï;ñóï!�¹ç`è=ï�ö¨ë � ç��Qå�ÿ;ê+åAëìñ � åAïz�èéç��;÷/åAç �  $	�ëìëîåcïNèîí$�1ô�å èéç��`å¹ñ è
ö�	;è»ö~ø/èðä�å ÷+åCç � ç~ï;æ � ö¨ï�ñ èðö¨ëTèîä�åZê�ä�ö~èîö¨ï�÷+åCç � ô ñòèîäç~ï¤ñòö¨ï�ñóíîç`èðñòö¨ïW éäoç � ÷+åAëeô ä;ñ� éä � åCç~í�	�ëîåcíeèðä�å�ö[�~åAëîç����¹÷�ëîå � íìíìèðëîç~ä!��	�ï!�1�`	1ÿ¤æ!	;ëîñóï��ï�ö¨ë � ç��/ë
	�ï;ï�ñóï!���
"×ç-�9ç#" ÿ_õ§ð�ïHíÞò�ô ìZ� ÿ ûbõ�ëcõ§î³ÿ íÞõ[�;�VùÕëcò�õ§î
þÁïRö¨ëîæ;åAëTèîö	ê�ëîö1æ!	! cå��óñóï;åCç~ë����dê+ö�� ç~ëìñóíìåAæ�ê;ä�ö~èðö~ï�íbøvëîö � èðä;å!å$�òå$ cèîëîö¨ïR÷+åCç � �¨ñ èbñòíbï�å$ cåAí��íðç~ëX��èîö�	�íîåZç� AëX�Ií�èéç����óñòï�å�ëîç~æ�ñ ç]èðö¨ë#�Òq�å�	�íîåcæeç ®N°)° æ�ñóç � ö¨ï�æLëîç~æ�ñ ç]èðö¨ë#�=ý¹í�å�ÿIê!� ç`ñóï�åcæñóïhý'ê;ê/åcï�æ�ñ ÿhúI��èðä�åf cë��1íìèðç�� � 	�í�è¹÷+åkç��óñ��¨ï�åcæXê�ëîå# Añóíìå$�"�Xñóïhö¨ëìæ�åAë�èðö�åAï;í
	�ëìåkèîäoç`è�èðä;å
Ó L����TÕõö¨ë Ó L�� 2̄ Õ|� ç`èìèðñ� AåP�~å$ �èðö¨ëRñòí� Aö¨ëìëîå# cèU�"�Gö¨ëìñóåcïNèðç`èðåcæGô ñòèîä\ëîåAíìê/å# cèRèîö�èðä�åXå#�óå$ �èðëìö¨ï÷/åAç � æ;ñóëîå# cèîñóö¨ï-�Zô ä�ñ��òå6ç��òíîöªåAï�í�	�ëîñòï!�\èðä�å¦ö~èîä�åAë��óç`èîèîñ� AåC�¨å$ �èðö¨ëìí�ç`ëîå � ç`ï�öIå#	��1ëîåcæ Cç~ëìåcø�	!�����eö�	;è¹ö~øTèîä�å�ç%���óö�ô�ç~÷!�òå\* � ö � åAïQèU	 � êoç~ï! Aç��~å%b Ó §�L���§�M$Õ���ã�ä;ñóíZñóí¹ç� éä�ñóåk�¨åcæ1	�íX�ñóï!�<ç�N��¨åk�Áç]ÿIñóí��¨ö~ï�ñóö � åcèîåAë#�/ô ñòèîä¦åCç� éä¦ö~ø
èðä;å�çMÿ;åcí	æ�ëîñ"�¨åcï�÷��1 cö � ê!	;èðåcë� Aö¨ïQèîëîö����óåAæ
� ö`èðö¨ëìí$�»ã�ä�åe�cåAëìöeê+ö¨ñóïQèZö~øTèîä�ådæ�ñ ç � ö¨ï;æ�ñòí� Aö¨ï�íìñóæ�åcëîåcæ«èðö�÷/å	ô ä�åcï�èðä;åkèîä�ëîåcåS÷oç`íîñóí�¨å# cèðö~ëîí$�

b1

�
b2

��ç`ï�æ
b3

ç~ëîå�êoç~ëîç����òå$��èîö�èîä�å«÷+åCç � �|�~åAë�èðñ� Aç��Zç~ï�æÖä�ö¨ëîñ��Aö¨ïQèðç��Zç]ÿIåAí$�ëîåcíîê+å$ cèîñ��~å$�����
ã�ä�å��¨ö¨ï�ñòö � åcèðåcë� Cç`ï�ëìö~èéç]èðå@ëìö�	�ï�æ�ç����/èðä;ëîåAå	ö`ø=èîä�ö¨íîådçMÿ;åcí ñóïXö¨ëìæ�åAë!èîöê/ö~íîñòèîñóö¨ïkèðä�å�æ;ñ ç � ö¨ï�æ-�-ý'íbôõå$���oç~í�ö¨ëìñóåcïNèðç`èðñòï!�¹èîä�å�æ�ñóç � ö~ï�æ-�~èîä�å��¨ö¨ï�ñòö � åcèðåcëTñòí�	�íîåcæèðöP éäoç~ï!�¨åSèðä�åSëðç~æ�ñóç`èðö~ë èîö<ö~èîä�åAë � ç]èðåAëìñ ç��òí í
	! éä¦ç~í¹ï�ñ� c�`å$�Tç~ï�æ�ñòëîö¨ï�ç~ï�æ�èîöeëîå � öh�~åç����1ëðç`æ�ñ ç`èîö¨ëîí=øvëîö � èðä�å�å#�óå$ �èðëìö¨ï_÷/åAç � êoç]èðä_æ!	�ëìñóï!�	ñòï�ñòèîñ ç��NíìèîåAåcëîñóï��kö`ø/èîä�å�÷/åAç � øvëìö �èðä�åLç� $ cå$�óåcëðç`èîö¨ë'ñòïQèðö�èîä�åRå�ÿIê+åAëìñ � åAïQèéç��-äoç�����ivíîåcå ª ñ���	�ëîåe¢!�¶¥�jk�@ã�ä�å��~ö¨ï�ñóö � å�èðåAë� Aç~ï
� öh�~åL÷/ö`èðä6ä�ö¨ëìñ��cö¨ïQèéç�������ç~ï�æ1�~åAë�èðñ� Aç����"���/ñóï6ç~æ;æ�ñòèîñóö¨ï�èðö<èðä;åLèðä�ëìåAå_ç]ÿIåAí	ö`ø
ëîö~èðç`èðñòö¨ï-�ñóïXö¨ëìæ�åAë�èîö�ç% éä�ñóåk�¨ådèðä�ñòí$�ã�ä�å'æ�ñóç � ö¨ï�æV cë��1íìèðç��+ñóíõç��óñ��¨ï�åAæE	�íìñóï!� � åcèîä�ö1æ�íõæ;åAí
 cëîñò÷/åcæXñóïeëìåcøvåcëîåAï� AåAí Ó §�M���§��[Õ��
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ª ñ���	�ëîåu¢!�d¤�� � ö¨ï�ñóö � å�èðåAëdý(�óñ��~ï � åcïQè�)R Cç~ïmF åAí�	!�òèîí$�Lèðä;åeê�ä�ö`èðö¨ïGåcï�åAë�����ñóíkê!�óö~èìèðåcæëðç~æ;ñ ç�������øvëîö � èðä;åe cåAïQèðëìåLö~øbèîä�å�ëìñóï!��ç~ï�æ�èîä�åLç%�Añ � 	;èðäoç%�Pç~ï!���òåSñòï�æ�ñ� Aç`èðåcí�èðä�å�ç~ï!��	z�� ç~ë	ê+ö¨íìñòèðñòö¨ï¦ç`èdô ä�ñ� éä�èðä;å�åcï�åAë����¦íîê+å$ �èðë
	 � ô�ç~íkíðç � ê!�òåAæ-�Ps�åcøjèkêoç~ï�å#���ký'ï�ñóï�ñ èðñ ç%��¨ö¨ï�ñòö � åcèðåcë�í� Cç~ï«íîä�ö�ô ñóï��eç~íX� �P� åcèîë����Iô ä�ñ� éä�ñóï�æ;ñ� Cç]èðåAí� cë��1íìèðç�� � ñóíðç%�óñ��~ï � åcïQèl�Tã�ä;åí
	�ê+åAëìñ � ê/ö~íîåAæ�òñóï�åcí@íîä;öMôÕèðä�å�N;èdëîåAí�	!�òèîí@ô ä�ñ� éä®�òöz Aç`èðå�èîä�åRê�ëìö¨ê/åcë	ç��òñ��¨ï � åAïQè'ê/ö¨íìñ"�èðñòö¨ï-��F ñ��~äNèõêoç~ï;å$���=ýº�¨ö~ï�ñóö � åcèîåAë
í
 Aç~ïXç`øjèîåAë
èðä�å¹æ�ñ ç � ö¨ï;æP cë��1íìèðç��$äoç`í�÷+åAåAï<ç��óñ��¨ï�åAæ	�íîñòï!�Sèîä�å'í� Cç~ïXëìåAí�	!�òèîí�íîä;öMô ïXö~ïeèðä�åI�óåcøjè$� ª ö�	�ë���øvö��òæ�íX� �P� åcèîë���ñóï�æ;ñ� Cç]èðåAí»í
	� $ Aåcíîí�ø�	!�ç��óñ��¨ï � åAïQèl�
ý íîåcëîñòåAí	ö~ø»í
 Aç~ï�ídç~ëìå�èéç%�~åAïZ�Pô ä;åAëîåRíìê/å# cèîëðçXö~ø»ãTç%���¨åAë'í
 Cç%�óåAëI Aö�	�ïQèîíSç`í	çeø�	�ï! �èðñóö~ïö~øSå$�óå# cèîëîö¨ï�åAï�åcë
���9ç~ëìå§ç� $ #	 � 	!�óç`èðåcæ�øvö¨ë�çªíîåcëîñóåcíhö~øLí � ç����	ç~ï!��	!� ç~ëXí�èðåcê�í�ö~økèðä;å AëX�Ií�èéç����Gã�ä�åhå$�òå$ �èðëîö~ïQvÁåAï�åcë
���¥íîê+å$ cèîëðçTyhç~ëîåXê!�òö~èîèîåAæ¡ç��Qç`ñóï�í�è_ç~ï!���òåXç~ï�æªèðä;åhøvö�	�ëX�øvö��óæ¥í�� �P� åcèîë��¥íîä�ö�ô íRô ä�åAëìå<èðä�å� #	�ë��~åAí�ö~ø � çMÿ;ñ � 	 � ñóïQèîåAï�íìñòè�� � åAå�è_ç`è Eγ = 0ü«å·� ç~íSèîä�å Ó L����TÕ»ç`ï�æ Ó L�� 2̄ Õ��óç`èîèîñ� cåu�~å$ �èðö¨ëìí�ô�åcëîå��"�1ñóï!�hêoç~ëîç����òå$�bèîö«èðä;å�÷+åCç � ç]ÿIñòí
i ª ñ���	�ëìå(¢!�d¤�j��bã�ä�åY�cåAëîöRê+ö¨ñòïNè�ö~ø�èðä;åI AëX�1íìèéç%�- Cç~ï�èðä�åcïX÷/å@ñòæ�åAïQèîñ�NoåcæXç~ï�æhç~ï��P AëX�Ií�èéç��ö¨ëîñòåAïQèéç]èðñóö~ï-��ç`ï�æ�ä�åcï! Aå�ç~ï��ªê/ö��óç~ëîñòíðç`èîñóö¨ï\åcæ!�¨å«åAï�åcë
������ Cç~ï¡èðä�åcï¤÷/å�ö¨÷;èðç~ñóï;åAæ�÷��í
	�ñ èéç~÷��óå@ëìö~èéç`èîñóö¨ï;í�ç~÷+ö�	;è�èðä;åkä;ö¨ëîñ��Aö¨ïQèéç%��ç~ï�æ��¨åcëìèðñ� Cç��PçMÿ;åcí$�ã�ä�å'ê�ä;ö~èðö¨ïe÷/åAç � ô!ç~í� Aö����óñ � ç`èîåAæRô ñòèîä<çG¢ �E�  Aö����óñ � ç`èîö¨ëTøvö¨ë
èðä�åY��	!���_å�ÿIê/åcëîñ"�
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C
C

C

F
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D

D

D

Multiplicity O/P

CATCH TDC

Cascade of 428F

outputs from CB
C

E

E
Thr=30mV

C
D

E

E

48, OR−16
outputs
from CB

50mV/hit (into 50   )

Amplitude

Timing

G

G Multiplicity >= 2

Multiplicity >= 3
L2 Input 6

L2 Input 5
H

TAPS forward wall
4 sectors

L1 Input 4
TAPS trigger

daisy−chain TAPS sector signals
50   termination removed

Transformer
Isolating

F

Veto

OUT

Internal (const)

H
114ns

114ns

CB Energy Sum
L1 Input 1

300ns

FIADC−64
(QDC)

J D

K

L

CATCH TDC

NIM
Particle ID
Detector

PID Trigger
H

H

192ns

192ns

H
61ns

H
61ns

H
61ns

H
61ns

SADC

B

16Σ A

add 48   −16Σ

G: Mz−KPh VUCAM CAMAC prescale
H: Bonn−KPh NIM switched delay

K: Mz−KPh NIM ECL−to−LVPECL
L: LeCroy 4516 CAMAC logic

J:  LeCroy 612 NIM  x10 amplifier

L1 Input 3

Thr=87mV

Thr=118mV

24 PMT.

672
CB

PMT

Thr=103mV
~40 MeV

Dual−Thresh Discr. 
Thr set via I2C
5 mV TDC ~ 2MeV 
50 mV OR ~ 20MeV

Discriminator OR outputs
also feed to CATCH scaler

16 chan A
8 chan B

J.R.M.Annand

Crystal Ball Trigger

A

B

Front End Electronics

50 ΩΩ

Internal
connect

16 channel OR

Ω

A: Uppsala 16 chan analogue fan out
B: Uppsala 16 chan discriminator I2C control

F: Phillips 756 NIM Logic

D: LeCroy 4413 16 chan CAMAC discriminator
E: LeCroy 621 NIM discriminator

300 ns

Theshold setting for Mu−Delta experiment
14th September. 2004

C: LeCroy 428F NIM analogue Fan In/Out
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oXi}oLm~�:�ª�}oXqIk�|sr�w¨w��nm~oX|s�}k����Ä�U�[�}o�¥;Ë;Ï>�uk���r��F�:�{�Lk�t\�}r�i©��w�r�k�i\k � w~�}o��}ru|s�Xm~r�t�r�i©��w~k�m3k�lnws�
q}lnw~|Xy�t!�:�no�r�i`�cÍ¨�}ru��ruq}|Ðß�Ö:ÝcË�hQ£Ù�uk��:ru�[l}i}r«wFy{q}msk���r��}oX|5w��}o;Æ�Çäw�k�w��:�©oLi}oXms�:��w�m~r�����oLmXy
z�r�w~�!��k�k���w�r�t�r�i}��¢��}lno�w�k,w��}o��uk�z+w��nm~oX|s�}k����!�}m~�:i}���H§���i}�@�cw~k:w����I�noXqIk�|~r«w�oX�!oXi}oLm~�:�
w��}msoX|s�}k��u�8k � ÊxÀv£6o-åÃrui@w~�}o,Æ�ms��|sw��:�DÇ��:�u��¢��}lno¹w~kvw~�}o¹�}ru�:�`w��}msoX|~�nk��u���}m���i}���H§N�

_�ÊuêLÊ¤-ËÊ¤- ÌwÍÏÎÑÐÆÒ�ÓËÔ,ÕOÖ
�[�}oÂ¥�Ï�ÆÎ|~r���i©�:�B�}m���i}��� � m~k�tçw��}oÂ|sq}�ur«w~w~oXm�z��:| � oX�@w~k��:i��:m~m~���!k � 0x���-���©�:i}i}oL�Ä|���t��
q}�ur�i}�@¥�Ï�Æ�|`¢#r«�QÈ�¥�ÏÂÆÑ®�À�Á�Àb0x� � m~k�tÞr«�-w~m�À:inru�X|%>¹t\�}¾¦ÔæÚn®L×7§Ó���[�}oX|so!¥�Ï�Æ�|,�Lk�ixw�rui{l��
k�l}|s����|~�:t�qn�uo�|~r���i©�:��|¹�:q}q}��ruoX�¼w�k8w��no�r�i}q}lnw~|ª��w,�8m���w~o�k � ÊxÀ6£º¾�Ò�y��:in�f�}lnÜBoXm¹w��no
�}ru�:r�w������©�¡w��n�S�[�}o�È�¥�ÏÂÆ�|5k:ÜBoXm�w��no�qIk�|s|~ru�nru�ur«wj�ck � msoF�:�nrui}�¹k�lnw5���u�}|~�:t�qn�uoX|¨qnm~k��}l}�XoL�
k���oXm¹�

2 µ
|�qIoXm~r�k��$yÄ�:���uk�z�rui}�vw��}oªm~oX�Lk�i}|Qw�m~ln�Lw�r�k�i¼k � w��no�Ë;�:h�q}l}��|~oÓ�j|~�}�:qBoL|X�,¥;|;w~�}o

� �:ms��o\��k:�ul}tvo�k � �©��w���zÐk�l}���f�©�F��o�k���oXms�ukx���}oX��w��}o�Ï[¥�Ä¦|Q��|sw�oLt6ySz�o�k�qnw�oL�¬w~kºl}|so
k�i`�Ikx�:ms�@ruixw�oL��m���w~ruk�i�k � w��no�|��:tvq}��oX|X�¨�[�no��Bk��:m~�}|��:m~o�qnm~k���m~�:tvt�oL��w�k�qnm~k��}l}�Xo;rui��
w�oL��m��:��|�k���oLm�w��}msoXo�z�r�i}�}k�z�|n(4�\�©��|~oX��rui}o�ruixw�oL��m����$k � |~�:t�qn�uoX|��Bo � k�m~o;w~�}o�|s�Xruixw~ru�u�u��w�r�k�i
q}l}��|~o:y��Â|~r���i©�:�nruixw�oL��m��:�nk � w~�}o�t!��rui��Ik��n�\k � w~�}o�|~�Lruixw�r��u� �¡w�ruk:iªq}l}��|~o�y���i}�!��ivr�ixw�oX�:m��:�
k � w��no\w��:r��Sk � w~�}o�|~r���i©�:���Â�[�}o\w�r�t�r�i}�vk � w��}o\|~�:tvq}�uoL|;w�k@r�i{w~oX��m~��w�o,ru|��noXm~r«��oL� � msk�t
w��}o�oÓpnqIoXmsrutvoXixw�����w�m~r�����oLmX�×Å�|so�k � w��}oL|~ovruixw�oL��m����u|Âm~oL�}l}�LoX�¬w~�}o���k���l}t�o�k � �©��w����x�
� � �:�Lw~k�m�k � ∼ 102 �:i}���:���uk�zÐoX���n��i©�:tvru�ªqBoL�}oX|Qw��:��|sl}�nw~m��:�Nw�ruk:i�¢#|~l}��w�m����Lw�r�k�i�k � w��no�©�:|soX�ur�i}o�ruixw�oL��m���� � m~k�tàw~�}o�|~ru�:i©�:�©ruixw~oX��m~�:�©qBoLm4oL��oLixwÓ§��:in�����}oL���{rui}�\oLi}�©�:in�XoXtvoXixw�k �
w��}oÂw��:ru�Bm~oX�:ruk�i � k�m^Øæq}r��uoN�-l}qL5}oNÜ$oL�Lw~|X�
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oX��oXtvoXixwF�¹�[�}o���ÏÂÆ�z��:|Â|sw��:msw~oX�¼�x���:i�r�i{w~oXmsi©�:�U�Lk�i}|Qw��:ixw � m����Lw�r�k�iº�nru|Q�
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q}l}��|~oº¢
τ ∼ 200
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Ï � l9dgfem6k�³�|�k�l9dgb�kaf i \�v�l � fefedgfemej i9r kcÏ�\ i \xÈ�k�l£�ckal i9r l9k�\�t`HoU¥�^&* � c�`7` i ^�`cbNb � fKd!¢^y\ i k�z@��d iBr�iBr k i ��`¹å�µºâRb�\�^ r dwfekaz iBr \ i ^a`cf i l{`cvek�³�|�k�l{dwbNk�f i \�vKl � fefKdwfemejc\�^�^ � b � vw\ i ¢dwfem�\�fetuz i `cl9dgfem i9r k-th\ i \K�Q� r kvÈ�`�l i \�fKt�Æ�`cf i l9`�v iBr l9ky\HtezQ|el9`%�7dwtKk-`cfevgdwfekx\�fh\�v!n7z9dwz
i `F\Hz9z9kaz9z�th\ i \p* � \�vwd i n'\Hfet}`cfevgdwfekxted�\�m�fe`cz i dw^ i `7`cvwz�oq`cl�\�f)n |el9`c�Kvwk�bNz�kafe^�` � f i k�l{k�tt � l{dwfemªl � fefedwfKme��� r k i ��`6åQµºâ�b�\H^ r dwfekaz�l � f¤\�f¨`�vwtekal���k�l{z9dw`�f¨`�o�¶�ÆWÄ%Å·� r dg^ r^�`cf i \�dwfez6^av�\�z{z9k�z iBr \ i ^a`cb�b � fedw^�\ i kF��d iBr ky\�^ r `Ho iBr kpb�\�f)n�k�vwka^ i l9`cfedg^�zNb�`7t � vgk�z
iBr \ i ^�`cbN|el{dwz9k iBr k�¶��-th\ i \�\H^n* � dwz{d i dw`cf�z{n7z i k�bp��� r dgz²dwz²\-^�`cbN|evwdg^y\ i k�t i \�z9§�t � k i `
iBr kxb�\HfPn r \Hl9tK��\�l9kSz i \Hfeth\�l{tez�dwfz9dgb � v i \�feka` � z�`c|skalB\ i dw`cf�(¸¢[Æ�¶Qµ¶�Æ_jÄÉ�¶ÂÈ7��Ç�Å�Èsj
Æ�¶���Æ�¾xj�\�fet�Ë�]£µ¨�

x×v9¹ } zFº�»�ºS¼ y¤½ ���x¾²¿ÁÀ ½¹Å ±�ÂF¿ ½Q» ± ºx¼ ²
¶_vgvK�J\�mcmckal�k�fekal9m�n6\Hfet i dwbNk²^y\Hvwdw�KlB\ i dw`cfez���k�l9k�|�k�l{oq`�l9bNk�t6�)n�^�`cvgvwk�\�m � kaz@dwf<>Qv�\�z{mc`%�\�fet i9r k i \�mcmcdgfemxk�=N^�dwkafe^an\�fh\�v!n7z9k�z���kal9k�|�k�l£oq`cl9bNk�t�)n�¶S�nËTdw§H`cv�\Hka�6`�oJµ \Hdwf}ÒªÔæÚ�Ú¡×W�
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É�dgm � l9k�Ö7�!0/(äÈ�|�k�^ i l � b dwfetKdw^y\ i dwfKm iBr ku�ev � kute` i9i k�t°EA|el{`cb�| i F'\�fet iBr kRl9kat´vgdwfekat
EAl9\�fete`�bQF_l9kamcdw`cfF`Ho i9r k���\�m�mck�l i dgb�k%Ç@c´z9|�k�^ i l � bp�

����¨���� Æ8��ºr»#¬�Ç ð�È C «�µ`��Â.«/¾N¬�º

¶_zaj�t � l{dwfem�fe`cl{b�\�vDk�³�|�k�l{dwbNk�f i \�vDl � fefedwfKmejsbN`cl{k iBr \�f'`cfekSk�vwka^ i l9`cf'dgz_tek i ka^ i katu�Pn
iBr k�Í r ` i `cfN��\Hmcmck�l�oq`cl�k�\�^ r k�³�|skal9dwbNk�f i \�v i l{dwmcm�k�l�jc��k�l9kn* � dgl9k�\Q�²\yn6`�ostedwz i dgfem � dgz r ¢dwfKm i9r kWE/l9k�\�v F²`cl E/|el9`�b�| i F�| r ` i `cfKz�¦ iBr `cz{k i9r \ i ^y\ � z{k i9r kTk��ckaf i²� fetekal�z iB� tKnKÉ�oql9`cb
iBr k2E/lB\�fKte`cbãF�k��ckaf i z�j�� r k�l9k iBr kF| r ` i `cf i \�mcmckat�dwz�fe` i�i9r kF`cfek i9r \ i ^y\ � z9kat iBr kka��k�f i `�o�dwf i kal9kaz i ���D`ptK` iBr dgz_��k6vg`�`c§p\ i_iBr k��J\�mcmckal���dwbNk�Ç%c©z9|�k�^ i l � b�¢ i9r \ i dwz
iBr k�|evw` i z r `%��dwfKm i9r k i dgb�dgfem�`�o�ka��k�l£nuz9dwfKmcvwkªÍ r ` i `cfR�J\�mcmckal r d i dgf}ka��k�l{nu^ r \�fefekavl9kav�\ i dg��k i ` i9r k�k�³�|skal9dwbNk�f i \�v i l{dwmcmckal�¦�É�dgm � l9kÐÖ���0)É��J] i ^y\Hf-�sk�z9kak�f i9r \ i�iBr dwzDz9|�k�^ i l � bdwz�^a`cb�|�`cz{k�tp`�o i ��`�|h\Hl i z&(�\Hf \�vgb�`�z i ;>\ i �e\�^1§Pmcl9` � fet'`�oJlB\�fKte`cbÊ^�`�dwfe^adwtekafe^�kaz�oq`cl
iBr k²� r `cvwk ∼ Ë ß:À�fez@��dwtKk�ka�ckaf i ��dgfete`%��\�fetN\�|el9`�b�| i |sk�\�§F¦qdwf i9r dwz@^�\�z9k�\ i ∼ ß:ÀQfezBÉ� r dg^ r dwz²l{k�v�\ i k�t i ` iBr kQk�³�|skal9dgb�kaf i \�v i l9dgmcmck�l�\�fet i9r k#EAl{ky\�vF�^�`cdgfe^�dgtek�f i | r ` i `cfKz���]�o��kx\Hz9z � b�k i9r \ i²i9r kQlB\�fKte`cb[�e\�^1§Pmcl9` � fet � fetekal i9r kQ|el{`cb�| i |sk�\�§�dgz²z9dgb�|Kvgn�\-^�`cf7¢
i dgf � \ i dg`cf�`Ho i9r k��h\H^1§7m�l9` � fKtp`�fFk�d i9r k�l�z9dwtKk�j���kQ^y\HfFl9k�^a`%�ck�l i9r k�E i l � k�F�^a`cdwfK^�dwtKk�fe^akl9kaz � v i z��)nFz9\�b�|KvwdwfKm-ka��k�f i z�oq`cl i ��`�l{k�mcdg`cfezn(�¦ Ë É iBr kQ|el9`cbN| i l{k�mcdg`cfF^�`cf i \�dwfedgfem iBr k|el{`cb�| i |sk�\�§ª\�fet iBr k�l9\�fete`cb[�h\�^1§Pmcl9` � fet � fKtek�l{feky\ i9r d i ¦Vdwvgv � z i l9\ i katF�Pn i9r k��ev � kte` i{i kat}l9k�m�dw`cf}dgf�É�dwm � l9k\Ö��!0cÉ�§�¦W��É iBr k�l9\�fete`�b��h\H^1§7m�l9` � fKt}¢�` � l�z9\�b�|KvwkSl{k�mcdg`cf}dwzz r `���f��Pn i9r k_l{k�t�vgdwfekat�\Hl9ky\�dwf�É�dwm � l9k�Ö���0K�UÌ¨k i9r k�f�z9^y\Hvwk iBr k�lB\�fKte`cbÌl9kamcdw`�f�z9\�b6¢
|evgk��)n iBr kQl{k�vw\ i d!�ckT��dgt iBr z�`�o iBr kQ|el{`cbN| i \�fetªl9\�fete`cbÍl9kamcdw`cfKz�¦�ÀK�ØÖSdwfF` � l²^y\Hz9k%É i `mcd!�ck � z�\�zB\�bN|evgk�k&* � dg�H\�vgk�f i�i `�� r \ i ��k_k�³�|ska^ i²i `c¸hfKt � fetekal i9r k_|Kl9`cbN| i |sk�\�§>��]/f
iBr kT|el{`�t � ^ i dw`cfN`�o�\�f)n6| r n7z9dg^y\�v�z9|�k�^ i l � bj7k��Îme�@|e\�l i dw^�vgk�k�fekal9m�n�j i9r dwz�z9^�\�vwkat�lB\Hfete`cbzB\Hb�|evgkTdgz�z � � i lB\�^ i k�toql{`cb iBr kT|el9`�b�| i l9kamcdw`�f�zB\Hb�|evgk i `Smcd!�ck � z�l{k�z � v i z�t � k i ` iBr k|el{`cb�| i | r ` i `cfez��
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É�dgm � l{k¹Ö��ÕÊ`(ÐÈ�|ska^ i l � bÔz r `%��dwfemN�J\�mcmckal i dwbNkQ\�vgdwmcfKb�kaf i oq`cl�\�vwvs`�o iBr kx� � v!nFth\ i \K�
����¨��	¨ ¼?¾£Ç�¾Nºr¿ ´¹��¸N¾ C µ`�Z«)¾N¬�ºÖÕ îÁ¸N¾N¿iº_Ç�ª ºT«
� r k i dwbNdwfem�^�\�vwdg�elB\ i dw`cfQoq`cl iBr k�v�\�tKtek�lDdwz�\Tz9dgb�|Kvwk�\�Ü�\�dwla�Uâ±\�^ r �J\�mcmckalJ��Ï�Æ�^ r \�fefekav
r \�zQ\ i dwbNkx^a`cf)�ckal9z9dg`cfu`�o ∼ × � ËyØ fez@1�^ r \�fKfek�v�¦q�h\�z9kat}`cfu\^y\Hvwdw�KlB\ i dw`cfpte`cfek-� r k�fiBr kQ�J\�mcm�k�l��²\Hz�Ùel9z i dgfez i \�vwvgk�t>É���] i dwz²tKk�z9dglB\��Kvwk iBr \ i \�vwv�`�o i9r kQ�J\�mcmckal�^ r \�fefekavwz�\�l9k\�vwdgmcfekatQz9` iBr \ iDi9r k�dgl�EA|el{`cbN| i F�|sk�\�§Pz�¦ iBr k�|�ky\H§�l9kav�\ i k�t i ` iBr k±k�³K|�k�l{dwbNk�f i \Hv i l{dwmcmckal1É`�^a^ � l{z_\ i�iBr k�zB\�bNk�|s`�dwf i dwfªky\�^ r ��ÏÂÆ i dgb�kQz{|ska^ i l � bp��� r k�^ r \�fKfek�vgz_\�l{k�\�vwdgmcfek�t�)nFÙ i9i dwfemN\<>�\ � z9z9dw\�fªtedwz i l{dw� �Ki dw`cf i ` i9r k�|el9`�b�| i |�ky\�§�`�o@k�\�^ r ^ r \Hfefek�v�¦q`c� i \Hdwfekatdwf\�vw`%�²¢�dwf i kafez9d i n i \�m�mcdwfemNk&=N^adwk�fK^anl � f i `�bNdwfedgb�dgz9k�l9\�fete`�bÚ^a`cdwfK^�dwtKk�fe^ak�z1É��T� r kb�k�\�f'`�o i9r dwz^>�\ � z9z9dw\�f}dwzTtek i k�l{b�dgfek�tu\�fKtu\^�`cfez i \�f iQi dwbNkx`:Üsz9k i \�|e|evgdwkat i `z r dgo i
iBr k�b�k�\�f«`�o�k�\�^ r ^ r \�fefekav i ` iBr kz9\�bNkF\�l9�Kd i l9\�l{n i dwbNk��'� r dwzSbNky\Hfez iBr \ i j@� r kaf\�fh\�v!n7z9dwfKm¥te\ i \Kj�\¥z{dwfemcvgk}z9k i `�o@EA|el{`cbN| i F}\�fetÁEAlB\Hfete`cbãF i dwbNk'��dwfete`%��zp^y\�f´�sk\�|e|evgdwkat i ` iBr kNk�f i dwl9k��J\�mcm�dwfem6È�|�k�^ i l9`�b�k i k�l�l9\ iBr kal iBr \Hf¨��k�dgfemªz9k�vgk�^ i k�t¨^ r \�fefKk�v!¢�)nP¢�^ r \�fefKk�vW�¶[z{dwfemcvgkN\�vwdgmcfebNk�f i ^y\�f«��k � z9k�t«oq`�lS\� r `cvwk�l � f«|�k�l{dw`7t�jJ\�zS^�\�f��skz9kak�f�dgf!ÉJdwm � l{k�Ö��ÕÊej)� r k�l{k i9r k i dwbNk�z9|�k�^ i l � bÛdgz�|evw` i9i kat�\Hm)\�dwfKz i �J\�mcmckal�^ r \Hfefek�vhoq`cl
iBr kNk�f i dwl9k� � vgnul � f¤te\ i \pz9k i �ª¶_v i9r ` � m r¤� z{dwfem iBr kNzB\�bNk\Hvwdwm�feb�kaf i oq`cl�\�f«k�f i dwl9k�sk�\�bÜ|skal9dw`7t�mcd!�ck�z6\ ��dgtek�l�|Kl9`cbN| i |�ky\�§ iBr \Hf i9r \ i `��ez9kal{�ckat�dgb�bNk�tedw\ i kavgnu\4o i k�l
iBr k�dgfed i d�\�vD\�vgdwmcfKb�kaf i j�`cfKk�^y\�fuz i dwvgv�z9kak iBr k�^avwky\HlQ|el9`cbN| i l{k�mcdg`cf ¢�\�l{` � fet¬ß × fez_¢� r dw^ r ^�\�f6�sk � z9kat6oq`�l@ky\�^ r ^ r \Hfefek�ve\�fet�dwz�z � =N^�dgk�f i oq`cl@` � l@| � l{|s`�z9k�za�@�J\�mcmckal i dgb�k\�vwdgmcfebNk�f i z���kal9k�|skal{oq`cl{b�katª�Pnâc��HÆ�`7tevwdgfem-oql9`�b iBr k�Å�fedg��k�l{z9d i n`�o >Qv�\Hz9mc`%�àÔ Ë%×�× ×W�

����¨��¤ñ Àâº#ªLµ`¿ ¶ ´¹��¸N¾ C µ`�Z«)¾N¬�º
� r k�k�fekal9m�nª`Ho iBr k i \�mcmckat| r ` i `�fez�dwz�^�`cbN|evgk i kavgn�tek�l{dg��k�toql{`cb i9r k�b�k�\�z � l{k�tpÙhfh\�vk�vgk�^ i l9`cfNk�fKk�l9mHn

Ee−
\�fet i9r k�dwfed i d�\HvKk�vgk�^ i l9`�f���ky\�bÌkafek�l{m�n

E0

\�z�mcdg��k�fNdwf�â�* � \ i dw`�f
Êe� Ë ��� r k�k�fKk�l9mHnu`�o i9r k�tKk�mcl9\�tek�t¨k�vgk�^ i l9`cf�¦ Ee−

É�dwz�tekal9d!�ck�t¨oql9`cb i9r kN|s`cz{d i dw`cfu\ i� r dw^ r d i dwbN|edwfKmck�z�`�f i9r k��J\�mcmckaln5Îz�oq`7^y\Hv�|evw\�fek��S�J`ª^y\Hvwdw�KlB\ i k iBr kN^a`cl9l{k�z{|s`cfKtek�fe^ak�sk i ��kak�f iBr dgzD|�`cz{d i dg`cf�\�fet iBr k�kavwka^ i l{`cf�k�fekal9m�n�j�lB\yn i lB\�^adwfem�dgfx\Hfxk&* � dg�H\�vwkaf iJ� fedgoq`cl{b
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Ùhkavwtdgz�|�k�l£oq`cl9bNk�t � z9dwfKm-\S^a`cb�| �Ki kal�|el{`cmclB\HbÛ^�\�vwvgk�tN��\Hm{Æ²\�vWj7`cl{dwmcdgfh\�vwv!nx��l{d i{i k�f��Pn]1�h¶_f i9r `cf)n�ÔØß�ÚKj Ë%×KË ×Þ���\Hm{Æ²\�v�\�|e|Kvwdwkaz�\�fpkn* � d!��\Hvwk�f i�� fKdgoq`cl{bÛÙhkavwtp^�`cfKz i l � ^ i k�t`cf iBr k��h\�z{dwz�`�o�\-Ùhk�vgtb�\�|Ob�k�\�z � l{k�t®\�vw`cfKm iBr kRb�\Hdwf¯��ky\�b i lB\�Û{ka^ i `cl{n��[� r dgz � fedgoq`cl{b Ùhkavwt°dwzªz9^�\�vwkat
\�^a^�`cl{tedwfem i ` i9r k±b�\Hmcfek i dw^@Ùhkavwt�bNky\�z � l9katx�)n iBr kÐË_µÏc«|el{`c�sk�� r dg^ r dgzß|skal9b�\�fekaf i vgn|�`cz9d i dw`�fek�tdgfez9dgtek i9r k��J\�mcmckal²b�\�mcfek i � Å�z9dwfKm6\-b�\�|�`�o iBr k�|�`cz{d i dg`cfez�\�fetª\�fem�vwk�z�`�o
iBr k²dwfetKdg�7dwt � \�v�z{^�dgf i dwvgv�\ i `cl9z�dwf i9r k�oq`7^y\�v�|ev�\Hfek�tek i ka^ i `�l±\�l9l9\%nF¦q� r dg^ r \�l9k�^�`cbN|evwk i kavgntek i k�l{b�dgfek�tª�)n i9r k�z i l � ^ i9� l9k�`�o iBr k�oq`7^y\Hv�|ev�\Hfek�tek i k�^ i `cl�oqlB\Hb�kyÉ�jK�J\�m{Æ²\Hv�oq`cvwvg`%��z�\
χ
¢/z�* � \�l9kat�b�dgfedwbNdwz9\ i dg`cfQl9` ��i dwfKk i `TÙhfet iBr k²tek�m�lB\�tekat�k�vgk�^ i l9`cfSk�fekal9m�n�� r dw^ r |e\�z9z{k�ztedgl9k�^ i v!n iBr l9` � m rªi9r k�^�kaf i l9k�`�oJky\�^ r ��\�m�mck�l�z{^�dwf i dwvwvw\ i `�l��
� r dwz�^y\Hvwdw�KlB\ i dw`cf�dgz�l{k�te`�fek�oq`�l�k�\�^ r dgfetedg�7dgt � \�ve��ky\Hb i dwbNk��J� r k�Ë�µÏc¯bNky\�z � l9k�¢bNk�f i z�\�l{kQb�`�fed i `cl9kat iBr l{` � m r ` �Ki ky\�^ r ��ky\�b i dwbNk i `�k�fez � l9k iBr \ i�iBr kal9k�dwz²fK`NtKl9dgo idwf i9r k���\�m�mck�l�^�\�vwdg�elB\ i dw`cf��

����¨��ß� ¼Æ�i¿�¿�¾Nºr¿�ÀFà Â�¾�ª º#Â�¶
� r k i \�mcmcdgfem_k�=N^�dwkafe^anSb�k�\�z � l9k�bNk�f i z�\�z�tKk�z9^al9dg�skat�dwf�È�ka^ i dw`cf\ÊK�á����0T��k�l{k�|skal{oq`cl{b�katth\�dgvgn i9r l9` � m r ` �Ki�iBr k²k�³�|skal9dwbNk�f i ��]/f6`cl9tKk�l i `Q\�^�^a` � f i oq`cl�\�^ i dg�H\ i dg`cf�j�� r dw^ r ^�\ � z9kaz\�� � dwvgt � |`�o��h\H^1§7m�l9` � fKt'lB\�tKd�\ i dw`cf�j>\ÆEA��ky\�bÊ`�Ü:F�bNky\�z � l9kab�kaf i �²\Hz_b�\�tek�`�o iBr k�h\�^1§Pmcl{` � fetp^�` � f i z�dwf iBr k��J\�mcm�k�l�È�^�\�vwkal9z���kaoq`cl{kx\Hfetp\Ho i kal�ky\�^ rªi \�m�mcdwfem�k�=N^�dwkafe^anbNky\�z � l9kab�kaf i ��\�z�b�\�tekH�¤] i ��\�z�z9`7`cf�l9k�\�vwdgz9k�t i9r \ i-i9r kFdwfKd i dw\�v�\�^ i dg�7d i n¨dwf i9r k�z{k�h\�^1§Pmcl{` � fet�b�k�\�z � l{k�bNk�f i z±oqk�vgv>\y�²\yn6�ckal{nNz{��d!o i vgn�\�fet�z{` i9r k_\H^ i d!�7d i n�bNky\�z � l9kat\Ho�¢
i kal iBr k i \�m�mcdwfem�k&=N^adwk�fK^an-bNky\Hz � l{k�bNk�f i ��\�z@|�k�l{oq`�l9bNk�tS��\�z�z9^�\�vwkat6\�^�^a`cl9tKdwfem i ` iBr kvwkafem i9r `�o iBr k i \HmcmcdwfKmNk�=N^�dwkafe^anpl � f i `�mcd!�ck iBr k��h\�^1§Pmcl{` � fet i ` i9r k�b�k�\�z � l{k�bNk�f i �� rP� z[â * � \ i dw`cf�Êe�á��^�` � vgt�bN`cl9kT\�^a^ � l9\ i kavgn6��k_l9kafetekal9k�tª\Hz�â * � \ i dg`cf8Ö�� Ë � r k�l9k Nn

bgdwz i9r k�f � b-��k�l�`�oJ�h\�^1§Pmcl9` � fetp^�` � f i zTdgfpz{^y\�vgk�l�fL(

εn
tagg =

Nn
γ

Nn
e −Nn

bg

.
¦	Ö7� Ë É

� r dwz i \�mcmcdgfemk�=�^adwkafe^an'��\�z�^y\Hvw^ � v�\ i k�t oq`clQk�\�^ r ^ r \�fefKk�v±\�fet}oq`cl_ky\�^ rui \�m�mcdwfemk&=N^adwk�fK^anRb�k�\�z � l9k�bNk�f i \ i k�³ i Ùevwk6�²\�zx^�l{ky\ i k�t¤^a`cf i \�dgfedwfKm \ªvw`7`c§ � | i \��evgk6`�o iBr k
i \HmcmcdwfKmFk&=N^�dgk�fe^�nR�H\�v � k�z��)nR¶S�3Ë�dw§�`�v�\�k��}`�o�µ\�dwf}Ò�ÔÕÚ�Ú�×Þ���D` � z9k iBr k i \HmcmcdwfKmpk�=�¢^�dgk�fe^�n}�H\�v � kazxdgf i9r dwz�th\ i \ \Hfh\�vgn7z{dwz�jß��k i `�`c§ iBr k�\y�ck�l9\�mck�`�o i9r k�z{k�bNky\�z � l9kab�kaf i zoq`cl�k�\�^ r ��ky\Hb i dgb�kHjK^ r \�fKfek�vâ¢/�)n)¢/^ r \�fKfek�vÞ�

� r dwzTb�k iBr `7t ^a` � vgt ��kSdwbN|el{`���k�t � |s`cf �Pn � z{dwfem iBr k i \�mcm�dwfemNk&=N^�dgk�fe^�n vg`�`�§ � |
i \H�evwkaz i `}fe`�l9b�\�vwdgz9k iBr kFth\ i \'`cf¥\�f�k��ck�f i ¢/�)n)¢/ka��k�f i �e\�z9dgz � z9dgfem iBr k i \�mcm�dwfem'k�=�¢^�dgk�fe^�n6b�k�\�z � l9k�bNk�f i z�b�\�tek�kad iBr k�l±z9dgtek�`�o i9r kTk��ckaf i dwfQ* � k�z i dg`cf���ã�`���ka��k�laj i \�m�mcdwfemk&=N^adwk�fK^an¨l9k�b�\�dgfek�t¨z i \H�evwk iBr l{` � m r ` �KiSi9r k�k�³�|skal9dwbNk�f i \�fet¤��\�z-z{dwbNdwv�\Hl_oq`cl��s` i9r|h\�l9\�vwvgk�v�\Hfet«|�k�l9|�k�fKtedw^ � v�\�l�| r ` i `cf¨�sk�\�bÁ|s`�v�\�l{dwzB\ i dw`�fezQ\�z�^y\�f¤�skNz9kak�f�dwf¬É�dgm � l9k
Ö��ØÖ���ã�k�fe^ak_��k�oqk�v i�i9r \ i�iBr k_\%��k�l9\�mck i \�mcmcdgfem�k&=N^�dgk�fe^�n���\�z�\�tKkn* � \ i k�¢ iBr kTkLÜsk�^ i `�o
iBr k�z{dwbN|evwd!Ùh^y\ i dw`�f�dwz²o � l iBr k�l�tedwz{^ � z{z9kat dwf6Æ r \H| i kal;ß7�
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Tagging efficiency variation with polarisation

É�dwm � l9k�Ö��ØÖ)(�� r k i \�mcmcdgfempk&=N^�dgk�fe^�n�\�zS\po � fe^ i dg`cf«`�o��J\�mcm�k�lS^ r \�fefekavWj@dgvwv � z i l9\ i dgfem
iBr kQ�H\�l{d�\ i dw`cf��d iBrªi dwbNk�\�fet|s`�v�\�l{dwzB\ i dw`�f`cl9dgk�f i \ i dw`�f��±� r kxz � tetekaf'^ r \�fKmckxdgf i \�mH¢mcdwfKm}k&=N^�dgk�fe^�n�feky\HlN^ r \�fefekav�� ×c× dwz�t � k i ` iBr k�Ï_dw\�b�`�fet�lB\�tKd�\ i `cl��¨¶_z�^�` r k�l{k�f i�el9kab�z{z i lB\ r v � fem«dgz�bN`cl{k z i l9`cfKmcvgn�oq`cl£�²\�l{t�¢/|�ky\H§�k�t i9r \�f¯fe`�l9b�\�v��el9kab�z{z i l9\ r v � femej\vw\�l9mckNdwfK^�l9k�\�z9k�dwf i \�mcmcdgfem k�=N^�dwkafe^an¨dwzx`c�ez{k�l{��k�t¥\ ixiBr k^a` r kal9k�f i katemcku¦qz9kak¶_|�¢|skafetedâ³�Ç�É��<�ßkao i |h\�fKk�v	(��J\�mcmcdgfemFk&=N^adwk�fK^anu�H\�l9dw\ i dg`cf iBr l9` � m r ` �Ki�iBr kNl � f¤|�k�l{dw`7t�jl9kat^al9`cz{z9k�z�z r `�� i \�mcm�dwfem-k�=N^�dwkafe^anFoq`�l ‖ l � f'� Ø Öc�F¦Vk�\�l9v!ndgf i9r k�k�³�|�k�l9dgb�kaf i \�v�l � f|skal9dg`�t>É�j@�ev � k^�l{`cz9z{k�z�oq`cl ‖ l � f 0È0�Ú Ø ¦Vvw\ i kdgf iBr kFl � f�|�k�l{dw`7t>Éx\�fKt¥�Kv�\�^1§R^�l{`cz9z{k�zz r `%� i9r k\y�ckalB\�m�k i \HmcmcdwfKmk�=�^adwkafe^anR�H\�v � kaz � z9k�t�dgf i9r dwz���`cl9§>� c�dgm r)i |h\Hfek�v�(Sl9kat^�l{`cz9z{k�z�z r `%� i \�mcmcdgfemFk&=N^�dgk�fe^�n}oq`cl ‖ l � f¤� Ø Öc�7jD�Kv � k�^al9`cz{z9k�z�oq`cl ⊥ l � f¤� Ø ÖO0p\Hfet�ev�\H^1§�^�l{`cz9z{k�zTz r `%� i9r k�\y�ck�l9\�mck i \�m�mcdwfemSk&=N^�dgk�fe^�nF��\Hv � kaz � z9k�tpdwf i9r dwz²��`cl9§>�
x×v£ä Àæå �6� ² » ¾�� À ½�ç ±aÂF¿ ½�» ± ºS¼ ²
����ñ���� è ��é£´?µ)¶W·'«/��¸N·
� r kFdwfKd i dw\�v r \�l{tK�²\Hl9kFm)\�dgf�\�vwdgmcfebNk�f i `�o iBr kpê²ë	��\�z6|skal{oq`cl{b�kat��Pn¤dwvgv � bNdwfh\ i dwfKmdwfetKdg�7dwt � \�v�^�l£n�z i \�vgzS��d i9r \�f ��ìBí ¶Tb214î1ë�kz{` � l9^akF\�fet«\�t¡Û � z i dwfKm iBr k�dwfeted!�7dwt � \Hv�|�`H¢
i kaf i dw`cbNk i k�l{zQ¦q� r dw^ r ^a`cf i l9`�v iBr k�ã�å�z � |e|KvgnKÉ�`�o i9r kÂÍ�µ�°�h\�z{k�z i `-|ev�\H^�k i9r k�ïe�Îï'0 Øµk-å

γ
¢/tKk�^y\yn�|�ky\H§-dwf i9r k�zB\�bNk�l9kamcdw`cf�`Ho i9r k�¶�ÏQê�z9|�k�^ i lB\K��� r dwz�|el{`%��dgtek�t�\Ql9` � m r\�vwdgmcfebNk�f iDi `�\�vgvw`%� iBr k�k�³K|�k�l{dwbNk�f i \Hv r \�l{tK��\�l9k iBr l9k�z r `cvgtez�¦q� r dg^ r \�l9k²dgf�b;å�É i `��skz9k i \ i \Tz{dwbNdwvw\�l�vwk��ckavPoq`�l�\�vgv)^�l£n�z i \�vgz��J� r dwzJ\�vwdgmcfebNk�f i dwzD|�k�l{oq`�l9bNk�tx\ i oV\HlDvg`%��kalJkafek�lA¢mcdwkaz i9r \�f i9r `cz{k_��k � z9kQdgf�` � l�k�³�|�k�l9dgb�kaf i ��� rP� z�je\�v i9r ` � m r z � =N^adwk�f i oq`�l iBr l9k�z r `cvgt\�vwdgmcfebNk�f i jK\6o � l iBr k�l�jhbN`cl{k�l{kaÙhfKk�t�j>^y\Hvwdw�KlB\ i dw`cf���\�zTl9kn* � dgl9katpoq`cl�l{ky\�^ i dw`�f�¢/|el{`�t � ^ i|h\�l i dw^avwkaz�� r dw^ rpr \y�ck�b � ^ rpr dgm r k�l�kafek�l{m�nc�

Ï � l9dgfem-k�³K|�k�l{dwbNk�f i \Hv�l � fefedwfKmeje\�fFdgfeted!��dgt � \�vsµk-å©|�k�l�^ r \�fefekav�^y\Hvwdw�KlB\ i dw`cf6�²\Hzoq`cl9bNk�t'oq`�l�ky\�^ r tek i k�^ i `cl�kavwk�bNk�f iQ� z9dwfKm i9r k�§Pdwfekab�\ i dw^�\�vwv!nª`%�ck�l{tek i k�l{b�dgfek�t
γp →

pπ0 l{ky\�^ i dw`�f��}� r kFbNky\�z � l9kat¥kafek�l{m�n«`Ho iBr k π0 tKk�^y\yn�| r ` i `�fezS��\�z�^�`cbN|h\�l{k�t i `iBr k�k�fKk�l9mHn^�\�vw^ � v�\ i k�tª`cf iBr k��h\�z{dwz�`�o i9r k�dwfe^a`cb�dgfem6| r ` i `cf ��ky\HbÊk�fekal9m�np\�fKt iBr k
π0 k�bNdwz{z9dg`cf�\�femcvgk}¦ θπ0

É��¤]/f�\ i n7|edw^�\�v�k��ck�f i j iBr kFk�fekal9m�n¤tek�|�`cz9d i kat¥�)n�\'| r ` i `�fdwz�z{|el9k�\�t'��k i ��k�k�f z9ka��k�l9\�vJfKk�dwm r ��` � l{dwfem6^al{n7z i \�vwz�� r dw^ r oq`cl9bÔ\ r d i EA^�v � z i k�lNF1��ÇQfKvgn^�v � z i k�l9z�dwfN� r dw^ r ß ×-ð `cl�b�`cl{kT`Ho iBr kT| r ` i `cf�kafek�l{m�nN�²\�z�tek�|�`cz{d i katdwf iBr kT^�kaf i lB\�v^�l£n�z i \�v7��kal9k � z9k�t�dgf iBr k�^y\Hvwdw�KlB\ i dw`cf��ß� r k²^y\�vgdw�el9\ i dg`cf�^�`cfKz i \Hf i ¦V`clJ^�`cf)�ckal9z{dw`cf�m)\Hdwf>É`�o iBr kª^�kaf i lB\Hv�^al{n7z i \�v²��\�z i9r k�f¥z9^�\�vwkat�\H^�^�`�l9tedgfem i ` iBr kªl9kaz � v i z6`�o iBr kp\�fe\�vgn7z9dgz��¶_z�\Ht¡Û � z i dwfem iBr k^�\�vwdg�elB\ i dw`�f¨^a`cfez i \�f i `�o�`cfek�^�l£n�z i \�v���dwvwv�^ r \�fKmck iBr kl9kaz � v i zSoq`cl
iBr kuz � l9l{` � fetedgfem�`cfekaz�j i9r dwzª^y\Hvwdw�KlB\ i dw`cf¬|el9`7^�kat � l9k r \�t i `���kud i kalB\ i k�t � f i dgv iBr k
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ò�dgm � l9kªÖ��æÝ/(�ê�l{n7z i \�v�ë²\�vwv�kavwk�bNk�f iTi dwbNkx\�vwdgmcfebNk�f i l9k�z � v i zToq`cl iBr kxk�f i dgl9k6� � vgnªth\ i \z9k i �

^y\Hvwdw�KlB\ i dw`cf«^a`cfez i \�f i z�^�`cf)��k�l9m�k�t��¯]/f iBr dgzN^�\�z9kªoq` � lNd i k�l9\ i dg`cfezS��k�l{koq` � fKt i `R��kfeka^�k�z{zB\�l£nc��� r k-^�\�vwdg�elB\ i dw`�f`�o i9r k6ê²ë®��\�z�|�k�l£oq`cl9bNk�t'�)n'�K��ë�l � tK�7dw§Foql{`cb~Å�ê��ß¶
\�fet µ¨�ËÅ�f)�ck�lsÒy\�m i `�o@µ \�dgf}ÒvÔ Ëy× ��j Ë%× 0¡×W�¶_z²k�³�|ev�\�dgfek�t�dwfó�k�^ i dw`�fïe�æÝK� Ë j i9r k i dwbNdwfem�`�oßk�\�^ r dwfetKdg�7dwt � \�vh^�l£n�z i \�vsz9dgmcfh\�vh��\�z\�vgz9`Sl{k�^a`cl9tekatF�)nF\�ê�¶���ê²ã®��Ï�ê_�©Ï � k i ` iBr k�fh\ i9� l9k�`Ho iBr kQê�¶���ê²ã���ÏQê�z�j i9r k�l{k��\�z-\ªÙK³�k�t«^ r \Hfefek�v i ` i dwbNk6^�`cf)��k�l9z{dw`cf¤`�o ∼ ËcË ßF|ezã1ª^ r \�fefKk�vW�pã�`���ka��k�laj i ` � z9kiBr kªê�l{n7z i \�v²ë�\�vwv i dgb�dgfempdwfKoq`cl{b�\ i dw`�f�j�d i ��\�z-tKk�z9dglB\��Kvwk i9r \ ixiBr kê²ë i dwbNkNz9dwm�fh\�vwz��k�l9k\�vgdwmcfekat����J`¤\�^ r dgka�ck iBr dwzvÏS��ôQlB\�b-�Kl9dw^ r `�oQµ \�dgf}Ò�Ô Ë%× ï:×�vw`7`c§Hk�t¬\ i6iBr k ê²ëi dgb�kSz9|�k�^ i lB\KjßÙ i{i kat¤\â>�\ � z9z{d�\�futedgz i l9dw� �Ki dg`cf i ` i9r k�bÖ^ r \�fefekav!¢/�)n)¢/^ r \�fefekav i `pÙefet
iBr k�b�k�\�f}��\Hv � k�\Hfet iBr kaf¨\H|e|evwdgk�tu\F^�`�fez i \�f i `�Ü�z{k iQi `Fk�\�^ r `�o i9r k�b�dwfetKdg�7dwt � \�vwv!n
i `6z r dgo i�i9r k�dgl i dwbNdwfKm-|sk�\�§ i `�\�^a`cb�bN`cfª\�l{�ed i lB\�l£n|�`cdwf i dgf iBr k i dgb�dgfem-z{|ska^ i l9\K�

òh`cl_bN`cl9k-\�^�^ � lB\ i k i dgb�dgfemej>`cfe^ak6\�vwvD`�o iBr k�dwfeted!�7dwt � \HvDkavwkab�kaf i zQ`�o�\z9dgfemcvgkStek�¢
i ka^ i `cl�\�l9k i dgb�k�¢A\�vgdwmcfKk�tS��d iBr ky\�^ r ` iBr kal�jPd i dgz±z9`cbNk i dwbNk�z���k�fek�Ùh^�dw\�v i `�o � l i9r k�l�\�vgdwmcf
iBr k�b `cf i9r ku�h\�z9dgzF`�oS\ i dwbNdwfem¨z � bpj � z � \�vgvgn�dwf¯^�`�b-�edwfe\ i dg`cf���d i9r¯iBr k�Í r ` i `cf�J\�mcmckal���� r k6k�vgk�^ i l9`�fedw^ i l9dwm�mck�l_� r dw^ r z i \Hl i z�1z i `c|ez�tek i k�^ i `cl i dgb�dgfem r \�z�\FÙefed i k
i dgb�dgfem���dwt i9r � r dw^ r mck i z�oq`�vwtekatdwf���d iBr�i9r k�tek i ka^ i `�l i dwbNk�za�@¶_z iBr k��J\�mcm�k�l i dwbNdwfemdwzxz i `c|e|�k�t��)n iBr k i l{dwmcmckal-\�fKt iBr kpê²ë i dwbNdwfempdwzSz i \Hl i kat��)n«d i j@�)n«z � b�bNdwfKm iBr ktek i k�^ i `cl i dwbNk�z²��k�l{k�bN`%�ck iBr dgz i l9dgmcmckal���dwt i9r \�fet\�l9k�\�vgdwmcfKdwfem-`�fevgn iBr k�dwfKtedg�7dwt � \�vtek i k�^ i `clJk�vgk�bNk�f i zajH��d i9r \�fx`%�ck�l9\�vwvPl{k�z9`�v �Ki dw`cf�tek i k�l{b�dgfek�tx�Pnx\�^�`cb-�Kdwfh\ i dw`cf�`�oK�s` i9rtek i k�^ i `cl{z��±� r dgz��²\Hz�te`cfek���d iBriBr k�ê²ë_jK��d iBriBr kQ\�vwdgmcfekat��\Hmcmck�l�|ev � z�ê²ë�k�vwkab�kaf i
i dgb�k�|evg` i9i k�t�oq`�l�ky\H^ r ê²ë�k�vwkab�kaf i \�fet iBr kafª\�vwdgmcfek�t��)n`ÏS�KôQlB\�b-�Kl9dw^ r dwf i9r k_z9\�bNk��\%np\Hz iBr k�z9dgfemcvgkQtek i k�^ i `cl i dgb�kaz¹Ô Ë%× ï:×WjKz9k�k�ò�dgm � l{kcÖ��ØÝF�

����ñ��	¨ ïâ� µ�«/¾NÂ�¸�ª�éb»rª ºT«)¾ 3 Â��Z«/¾N¬�ºÖõ ª�«)ª Â�«)¬ µ ´¹��¸N¾ C µ/� «)¾N¬�ºr·
ö�]A÷Ö^y\�vgdw�el9\ i dg`cf¥|el9`7^�kat � l9kaz��kal9k}tekaz9dgmcfek�tO\Hfet i kaz i k�tO�)n iBr k}\ �Ki9r `cl\Hfet iBr k�f^y\Hl9l9dgk�tª` �Ki �)nâc��>ê�`7tevwdgfem�`�oZ>�vw\�z9mc`%�ùø Ëy×c×Hú �
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ò�dwm � l9k'û�� ß�(¨¶Tü�dwb �KiBr \Hv_|�`cz9d i dw`�f�^y\Hvwdw�KlB\ i dw`cf¬`�o�ö�\�l i dg^�vwk ]/tek�f i d!Ùh^y\ i dw`�fO÷_k i k�^ i `cl��
�ßkao i |e\�fek�v�(�¶_üadwb �Ki9r \�vs\�femcvgk_`�oJê²ë�^av � z i kal9z�dwf�^�`cdgfe^�dgtek�fe^ak_��d i9r ö�]A÷~k�vwkab�kaf i z�oq`clka��k�f i z-��d iBr `cfKk r d i dwf¤ky\�^ r tek i ka^ i `�l��?c�dwm r)i |h\�fekav	(Nö�l9`4ý{ka^ i dg`cf«`�o�vgkao i |h\�fekav�oq`clö�]A÷�k�vwkab�kaf i × ��� r k�z i l{`cfemQ|�ky\�§�l9kaz � v i z�oql{`cbþ^ r \�l9m�k�t�|h\�l i dg^�vwkaz�¦qz � ^ r \�z@kavwka^ i l{`cfezBÉ|h\�z{z9dwfKmpoql{`cb iBr k i \�l9mck i j iBr l{` � m ruiBr k�ö�]A÷[\Hfet¤dgf i ` i9r k�ê²ëæ^�l{ky\ i dwfemp\pz9dwm�fh\�v@dgf�s` iBr tek i k�^ i `cl{z��	ÿ¨k � z9k i9r dwz i `�dwtekaf i dgoGn iBr k

φ
|�`cz{d i dg`cf�`�o�k�\�^ r ö�]A÷Ák�vgk�bNk�f i �� r k6��k�\�§�kal-|sk�\�§ ∼ 180◦

oql9`�b iBr kNz i l9`cfem�k�l�`cfekNl9k�z � v i z�oql{`cb�l9k�\�^ i dw`cfKz�kab�d i9i dwfem|h\�l i dw^avwkaz
180◦

\�|h\�l i dgf
φ
j�z � ^ r \�z�|�¦

γ, π+ f>É�j�� r kal9k iBr k-fek ��i lB\Hv�|h\�l i dg^�vwkxb�\H§�k�z�\tek i k�^ i \��evgk�z9dwm�fh\�v�dgf iBr kxê²ë_jh� ��i�i9r k�^ r \�l{mck�tp|h\�l i dw^avwk�z i `c|KzTdgf i9r k�ö�]A÷S�

�LÊ�JLÊ�6LÊ¤- ä^ì�áBÝ ë�Ýßì�ÔÁÎ�ÓËê¤Ý��,Ò�Ó/ë�Ýßì�Ô
� r k'ö�]A÷ |�`cz{d i dg`cf¥^y\�vgdw�el9\ i dg`cf�tek i k�l{b�dgfek�t iBr k \�ü�dgb �KiBr \�v�\�femcvgk¨¦

φ
É�`�oQk�\�^ r kavwk�¢b�kaf i j�l{k�vw\ i d!�ck i ` iBr k6ê�l{n7z i \�v�ë²\HvwvW�T� r dwz_dwz_fKk�^�kaz9z9\�l{n}dgf'`cl{tek�l i `vwdgfe§ iBr kSk�fekal9m�ntek�|�`cz{d i zQdgf iBr kNö�]A÷·��d iBr}iBr k�\H|e|el9`�|el9dw\ i k�^av � z i k�l{z�dwf iBr k�ê�l£n�z i \�v±ë�\�vwv��T\�]�^�l{n7zA¢

i \�vgz�\Hfet iBr kal9ka�Pn�oq`cl9b i9r k
∆ � 1 � |Kvw` i z i9r \ i |Kl9`%�7dwtek i9r k��h\Hz9dwz�oq`cl�^ r \�l9mckatF|h\�l i dw^avwkdwtekaf i dgÙe^y\ i dw`cfdgf iBr kxê�l{n7z i \�vDë²\�vgv�z£n�z i kab�

� r k�z{k
φ
|�`cz9d i dw`�fezT^�\�f'��kS^avwky\Hl9vgnpz{k�k�f}�)nvw`7`c§Pdwfem�\ i \�|evw` i `�o i9r k

φ
\�femcvgk�zT`�o

^�v � z i k�l9z�tek i k�^ i katFdwf iBr k�ê�l{n7z i \�v�ë�\�vwve�7z i9r k�dwtekaf i d i n6`�o�\�f)n�ö±]A÷´k�vwkab�kaf i�i9r \ i Ùhl9kazdwf«^a`cdwfK^�dwtKk�fe^aku¦Vz{k�kªò�dgm � l9kû����«¦Vvgkao i É{É�� ÿ¨kª\�|e|Kvwdwkat¤^ �Ki z i `}th\ i \ i `}tedgz9|evw\%nR`cfKvgnka��k�f i z���d iBr \�z9dwfKmcvwk r d i dwf iBr k-ö±]A÷Ì\Hfet}\�z{dwfem�vwk�^�v � z i kal_dgf iBr kSë²\�vgvW��¶To i k�l_tK`cdwfem
iBr dgz�j�d i ��\�z�|s`�z9z9dg�evwk i `tKdwz9^ak�l{f¤�)nukan�k i9r k�te\�l9§Hk�l�l9k�m�dw`cfez�`�o iBr k r dgz i `cmclB\Hbj�\�fKt
� z9k i9r dwz�\�z�\-Ùhl{z i \�|e|el{`y³Kdgb�\ i dw`�f`�o�ö�]A÷©k�vgk�bNk�f i |s`�z9d i dw`cf��

�J`�dwbN|el9`%�ck iBr kS\�^a^ � l9\�^anp`�o iBr dgzT|el{`�^ak�t � l9k-\Hfet b�\�§�k iBr kxl{k�z � v i zTb�`�l9k�l9ka|el9`H¢t � ^adw�evgk�js��kS��l{` i k6\2c�Ç�Ç��©b�\�^�l{`�� r dw^ r'i \�§�kazQ|el9`�ý{k�^ i dw`cfKz�`�o iBr dwz���÷ r dwz i `cmcl9\�boq`cl_k�\�^ r ö±]A÷Ìkavwk�bNk�f i \Hfet}Ù i z�\k>�\ � z{z9d�\Hf}tedwz i l9dg� �Ki dw`cf \�l9` � fet iBr k r dwm r kaz i |�`cdwf idwf i9r k�l9kaz � v i dwfKm Ë ÷Ìz9|�k�^ i lB\¨¦Vz{k�kNò�dwm � l9k6û7���u¦Vl{dwm r)i É9É���� r k6b�\�^�l{` iBr kafRÙhvgvwzQ\ r dwz£¢
i `cm�lB\�b	��d iBr�i9r k_bNky\Hf`�oßk�\�^ r `�o i9r k i ��k�f i n)¢�oq` � l²Ù i z�\�fet�Ù i z²\Sz i l9\�dwm r)i vwdgfek i `-d i j^�`cfKz i l9\�dwfKdwfem iBr k�m�lB\�tedgk�f i±i `�l9ka|el9kaz9k�f i \�^avwky\Hl9vgn-tekaÙhfKk�t Ë û�tekamcl9kak_^ r \Hfemck��sk i ��kak�fky\�^ r fek�dgm r �s` � l9dwfKmx|h\Hdwl�`�o�ö�]A÷�k�vgk�bNk�f i za�±ò>l{`cb iBr k_l9kaz � v i z�`�o iBr dwz�z i l9\�dwm rPi vwdgfek�Ù i j
iBr k�bNky\�f

φ
|�`cz9d i dg`cfF`�oJky\�^ r dwfetKdg�7dwt � \�v�kavwk�bNk�f i dgz�^y\�vg^ � vw\ i kat��

� r dwz²|Kl9`7^�k�t � l9k_��\�z�^�\�l9l{dwk�t�` �Ki oq`�l iBr k��skamcdwfKfedwfemKj�bNdwtetKvwkT\�fetkafetª`�o�ky\�^ r k�³P¢|skal9dgb�kaf i \�v)l � fS|�k�l9dg`�t�dgfS`cl{tek�l i `�k�fez � l9k iBr \ i�i9r k�tek i ka^ i `�lJ|�`cz9d i dg`cfezD\�l9k�\�^a^ � l9\ i kavgn§Pfe`%��f \ i \�vgv i dwbNk�z��
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Energy deposit in PID element 20 / MeV
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ò�dgm � l{k�û�� Ø ( � fek�l{m�nª^y\�vgdw�el9\ i dg`cf�`Ho@öJ\�l i dw^�vgkQ]/tek�f i dgÙh^�\ i dg`cfp÷_k i k�^ i `cl��

�LÊ�J Ê�6LÊ�6 è%Ô�à$Ò�Þ�� Î�ÓËê¤Ý��,Ò�Ó/ë�Ýßì�Ô
÷ � l{dwfem i9r kFtek�z{dwmcf¥\�fKt¥^a`cfez i l � ^ i dg`cf�`�o iBr kªö�]A÷Sj i9r kªk�fekal9m�n�l{k�z{`cv �Ki dw`cf«��\�zN\�f�¢
i dg^�dg|h\ i kat i `¥�skubN`�tekaz i \�z iBr kRvw`�femej i9r dwf�j_vw`%� tek�fez{d i n�jQ|ev�\�z i dg^}z9^�dgf i dwvgv�\ i `cl9z�te`fe` i \��ez9`�l9�«�ckal{n¤b � ^ r k�fekal9m�n«\�fet i9r k�l{kaoq`cl{k|el9`7t � ^akFl9kav�\ i dg�ckavgn}oqk��[z{^�dwf i dwvwvw\ i dg`cf| r ` i `cfeza��ãT`%��k��ckalxd i ��\�zQb�`�l9k i9r \�fu\�tKkn* � \ i k i `Fk�fe\��evwkxz9ka|h\�lB\ i dw`�f}`�o±b�dgfedwb � bdw`�fedwz{dwfem�|h\�l i dw^avwk�zajß^ r \�l{mck�tu|edg`cfez�jß|Kl9` i `cfez�\�fetu`7^�^�\�z9dg`cfh\�vJtek �Ki k�l{`cfez���]/fu`cl{tek�l i `oV\�^adwvwd i \ i k i9r dwz�dgtek�f i d!Ùh^y\ i dw`�f\Hfetb�\�§Hk�d i ky\�z{dwkal i `6teky\�v���d iBrªiBr k�z{b�\�vgv�|�k�l9^ak�f i \Hmck`�o�^y\�z{k�z±� r k�l{k_\�|h\�l i dw^avwk i lB\y�ckal9z9kaz i9r k�ý{`�dwf6�sk i ��kak�f i ��`SfKk�dwm r ��` � l{dwfem�z{^�dwf i dwvwvw\ i `�l9z¦Þ\HfetR��k r \%��k i `z � b iBr kNk�fKk�l9mHnutek�|�`cz9d i zBÉ�j���k�\�vwdgmcfek�t i9r kN` �Ki | �Ki `Ho²dwfKtedg�7dwt � \�vö�]A÷Ûkavwkab�kaf i z�jDm � dgtek�tu�)n iBr k�µp`cf i k�ê²\�l9vg`Fb�`7tek�v�`�o i9r k�ê²ë©� r dw^ r mcdg��k�z�k�fekal9m�nvw`�z9z�tedgz i l{dw� ��i dw`�fez�oq`cl²�H\�l{dw` � z�|e\�l i dw^�vgk�za�

]�o���k i \�§Hk i9r k
∆ � 1 � |evw` i zQ\�fKt¨vg`�`c§\ i \F|el{`4ý{k�^ i dw`�fR`Ho�k��ck�f i zx� r dg^ r tKk�|�`cz9d i��k i ��k�k�fp0)�Qµk��´\�fet�ï Ø µpk��Odwf iBr k_ê�l£n7z i \Hv>ë²\�vwv�¦ � É�j���k�^�\�f6z9k�k i ��`xz{k�|h\HlB\ i k ∆ �|�ky\�§Pzn(@\�vg`���k�l�k�fKk�l9mHn6|sk�\�§p¦Þ\�l{` � fet × �Îï-µpk���É@t � k i `�^ r \�l{mck�t�|edw`cfKz�\Hfet\�z9ka^�`cfet�jr dgm r k�l_k�fekal9m�n�jß|sk�\�§ \H|e|sk�\�l9dgfemF\�l{` � fetR�7�!0ªµk��·t � k i `F|el{` i `�fez6¦Vz{k�k6ò�dgm � l{k�û�� Ø É��ÿ¨k i `7`c§S|el{`4ý{k�^ i dg`cfez�z � ^ r \�z i9r dwz@oql{`cbæk�\�^ r ö±]A÷Ok�vgk�bNk�f i

∆ � 1 � |evg` i \�fet6`cfKk²oql9`cbiBr kNz{dwb � v�\ i dw`cf}l{k�z � v i za�Nÿ¨k6Ù i9i k�t¨\Ï>�\ � z{z9d�\Hf¨tedgz i l9dw� �Ki dg`cf i `pky\�^ r `�o iBr kNk�fekal9m�n|�ky\�§Pz�dwf iBr k�z{dwb � vw\ i katª|el9`4ý{ka^ i dw`cfp\�fetªoq` � fKt i9r \ i�iBr kal9k��²\HzT\6ted���kal9k�fK^�k�`�o Ë ��� Ë �µk��ùdwf kafek�l{m�n�sk i ��kak�f iBr kxb�k�\�fezT`�o iBr k i ��`�tedwz i l9dg� �Ki dw`cfeza��ÿ¤k iBr kaf}|skal{oq`cl{b�kat
iBr kzB\�bNk�Ù i{i dgfem}|el9`7^�kat � l{kF`cf�ky\�^ r `�o i9r k i ��k�f i n)¢�oq` � l6kavwk�bNk�f i |Kl9`4ý{ka^ i dg`cfez�\Hfet^y\Hvw^ � v�\ i k�tR\pfKka�Ìkafek�l{m�nu^y\�vgdw�el9\ i dg`cfRµk��%1H¶�÷Qêþ^ r \�fefekav�oV\H^ i `�l�oq`�lQky\�^ r k�vwkab�kaf i
� z{dwfem � * � \ i dg`cfû��Y��j

c′ = c
msim.

p −msim.
π

mmeas.
p −mmeas.

π

,
¦Wû7�á�cÉ

� r kal9k
c′
dwz iBr k-fKka�	µk��@1H^ r \�fefekav@oV\�^ i `cl�js^ iBr kS`cvwt'`�fek�j

msim.
p

\�fet
msim.

π

\�l{k iBr kbNky\�f¨`�o iBr k�|el{` i `cf«\�fet¤|Kdw`cf >�\ � z9z9dw\�f¨Ù i z i ` iBr k�z9dgb � vw\ i kat¨th\ i \KjJl9k�z{|ska^ i dg�ckavgn�j\�fet
mmeas.

p

\�fKt
mmeas.

π

\�l9k iBr kpbNky\�z � l9kat�|el{` i `cf�\�fet¥|edw`�f¬tedgz i l9dw� �Ki dg`cf�b�k�\�fez��� r dgzxbNk i9r `�tu��\�zSz£��dgo i jDz � ^�^�kaz9z£o � v�\�fet¨l9ka|el9`7t � ^adw�evgk�\Hfet¤z{`��\�zS\Hte`c| i k�t�\�z iBr kz i \�feth\Hl9tp^y\�vgdw�el9\ i dg`cf�|el{`�^ak�t � l9k��
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� r dwzQbNk i9r `�t r \�z��skak�fR\�|e|evgdwkat i `pö�]A÷Ûth\ i \�oql9`�bÖ\�vgv���ky\�b i dwbNk�z_dwf}`cl{tek�l i `k�fez � l9kS\�^�^ � lB\ i k�|h\�l i dw^avwk�dwtekaf i dgÙe^y\ i dw`cf���¶þz9k�vgk�^ i dw`�f`�o Ë%× `�lTz{`�th\ i \6Ùevwk�zS¦Þ\Hl9` � fKtoq` � l r ` � l9z�`�o²te\ i \)É�dgzx\Hfh\�vgn7z{k�t¨oq`�l i9r k6�skamcdwfKfedwfemKjDbNdwtKtevwk�\Hfet¤kafet¤`�o�ky\�^ r th\ i \l � f���] i�r \Hz���k�kafoq` � fet iBr \ i jeoq`cl iBr kxbN`cz i |e\�l i j iBr k�^y\Hvwdw�KlB\ i dw`cfl{k�b�\�dwfKz�z i \H�evwk i `
iBr k�`cl{tek�l�`Ho ∼ ËSð oq`cl�\�mcdg��k�fp^�`cf i dwf � ` � z�l � f|�k�l{dw`7t��

ãT`%��k��ckal�j iBr dwz�|el9`7^�kat � l{k�dwz�vgdwbNd i kat}�)n iBr k�l9kn* � dgl9kab�kaf i�iBr \ i�iBr kal9k���kN|el9`c|�k�lz9ka|h\�lB\ i dw`�fp��k i ��k�kaf'|el{` i `cfKzT\Hfet|Kdw`cfeza��� r dwz r \�z�fe` i l{k�b�\�dwfekat iBr k�^y\Hz9k iBr l{` � m r ¢` �KiTiBr kxvwdgoqk i dgb�k�`�o i9r k-tek i ka^ i `�l��Q� r kal9kS��k�l{k�|el9`c�Kvwk�bNz���d iBriBr k-vgd�* � dgt ã�n�tKl9`cmckaf
i \�l{mck i \�fKt¤d i ��\�zStKdwz9bN` � f i k�tR�sk i ��kak�f iBr k�Ùhl{z i \�fet¤z{k�^a`cfet«��ky\�b i dwbNk�zQoq`cl iBr kk�³�|�k�l9dgb�kaf i `�o�dwf i kal9kaz i ��¶TzTz{|h\�^�kxdwz�z9`�vwdwbNd i k�tFdgfez9dgtek i9r kSê�l{n7z i \�v�ë�\�vwvÞj iBr k i \�l{mck itedwz{b�` � f i |el9`7^�kat � l{k��²\�z�ted =N^ � v i \�fetªl9kaz � v i katpdgf i ��`N`�o iBr k i ��kaf i n)¢Woq` � lTö±]A÷~kavwk�¢b�kaf i z±z � z i \�dgfedwfKm�te\�b�\Hmck i ` iBr k�vwdgm r)i m � dgtek�¢/ö�µ�uý{`cdgf�� r dw^ r�r \�z±z9k��ck�l{k�v!n�\���ka^ i kat
iBr kadwlQvgdwm r)i ` ��i | �Ki ��¶Tz�\pl{k�z � v i j i9r k�z{k i ��`kavwk�bNk�f i z�fK`vg`cfemckalQ|el9`7t � ^ak�z � =N^�dwkaf ivwdgm r)i@i `xtedwz{^�k�l{f���k i ��k�kaf|edw`�fez�\�fet�|Kl9` i `cfez�\�fet iBrP� z i9r dwz±^�\�vwdg�elB\ i dw`cfSb�k iBr `7t�tK`�kazfe` i \H|e|evgn i ` i9r k�bp��� r kQ|el{k�z{k�f i z{`cv ��i dw`�fdwz²z{dwbN|evgn i `6\�vwdgmcf i9r k � |e|�k�l�katemckQ`�o iBr kz9bNky\�l{k�t i l9d�\Hfem � vw\�l�z r \�|�k�`cf i9r k

∆ � 1 � |Kvw` i ��d iBr'i9r k � |K|skal�k�tem�k�`�o iBr k-\�vwdgmcfek�t\�fet«^avwk�\�l
∆ � 1 � |evw` i z��'� r dwzSdgz-\ r dwm r v!nudwfh\H^�^ � lB\ i kF\�fet � fel9kavwd�\H�evwkNb�k iBr `7t�\�fKt

iBrP� z i9r k-z{k�vwka^ i dw`cf}`�o±|Kdw`cfez_\�fet}|el{` i `�fez6¦Þ\Hz�tek�z{^�l{dw��k�t}dwf}ó�k�^ i dw`�fRû��!0��!0)É�oql9`cbÚ\�f)n
dwfKoq`�l9b�\ i dg`cfdgf)�c`cv!��dgfem i9r k6th\�b�\�mck�t k�vwkab�kaf i zQdwzQfK` i l9ka^�`cbNbNk�fetekat��-ã�`%��k��ck�l iBr kl9kab�\�dgfedwfKm_tek i k�^ i `cl�kavwkab�kaf i z�^�`cf i dwf � k�t i `Q|�k�l£oq`cl9bþ��kavwv � f i dwv iBr k�teka^�`cbNbNdwz9z{dw`cfKdwfem`�o iBr kQÙhl{z i | r \�z{k�`�o�ê²ë�Ã�µp¶Qµ]²k�³�|skal9dwbNk�f i z��

�LÊ�JLÊ�6LÊ�J ÙUÝ��|àíÎ�ÓËê�Ý��,ÒYÓ)ë�Ý¤ì�Ô
��dwbNdwfemT^y\�vgdw�el9\ i dg`cf-`�o i9r k�ö±]A÷Odwz�z{dwbN|evwd!Ùhk�tS�Pn iBr k � z{kT`Ho�ê�¶���ê²ãO��÷Qê�z±oq`cl�� r dg^ rb�`�l9kª^�`cbN|evgk i kª`c|�k�l9\ i dg`cfh\�v�tek i \�dwv�dgz�mcd!�ckaf�dwf�ó�ka^ i dg`cf¥ïe����� Ë ��� r k�z{k'��÷Qê�z r \%��k\ÙK³�k�t�^ r \Hfefek�v i ` i dgb�kN^�`�fP��k�l{z9dw`�f��¨¶Tz�\�vgv�`�o i9r kFö�]A÷Êz9dwm�fh\�vwz�|h\�z{z iBr l{` � m r \Hfdwtekaf i dw^�\�vßk�vgk�^ i l9`�fedw^�z9k iB� |'\�fet iBr kx| � vwz{k�z�oql9`cb[|ev�\�z i dg^�z{^�dgf i dwvgv�\ i `cl9z�\Hl9k��ck�l£npz r \�l{|¦ r \y�7dwfKm«\�f¬dwf i l{dwfez{dw^ i dwbNdwfKm}l9k�z{`cv ��i dw`�f�`�o ∼ × �Yû¨fezBÉ i9r kan¬\�l{k�ckal{n¬ky\�z£n i `«\�vgdwmcfdwfuz9`Ho i �²\�l{kN\�fet¨\2EAö±]A÷ i l{dwmcm�k�l�FF¦Þ\Hf Ç%cù`�o²\�vwv i ��kaf i n)¢Woq` � lxö±]A÷Ûk�vgk�bNk�f i zBÉ r \�z�\òJÿ°ã�µÖ`�oJ`cfev!n ∼ 06fez��¶_z i9r kQ^�`cf)��k�l9z{dw`cfoV\H^ i `�l²dwz�z i \Hfeth\�l{t�jh\�vgv i9r \ i²r \�z i `���kQ\�^ r dwka��k�t i `�|Kl9`7t � ^�k�\
i dgb�k�¢A\�vgdwmcfekatFtek i k�^ i `clTz9dwm�fh\�v�dwz i `�`c� i \Hdwf iBr kx^ � l{l9k�f i |�`cz{d i dg`cfª`�o iBr k i dwbNdwfem6|�ky\�§`�o�ky\H^ r kavwk�bNk�f i ¦q�)n¤Ù i{i dwfKmu\?>�\ � z9z9dw\�f�tedgz i l{dw� ��i dw`�f i ` i9r k i dgb�k�z9|�k�^ i l � bÉ-\�fKtz r d!o i d i�� z9dwfKmNz{`�o i ��\�l9k�`��sz9k i z i ` iBr k�tekaz9dgl9k�tpvw`7^y\ i dw`�fFdwf i dgb�kH�

¶_z�tKk�z9^al9dg�skat-\���`%�ck�j�d i dwzDz9`cbNk i dwbNk�z���k�fek�Ùh^�dw\�v i `To � l iBr k�lJ\�vwdgmcf�tek i k�^ i `cl�kavwkab�kaf i
i dgb�kaz�`cf i9r kQ�h\�z{dwz²`�oJ\ i dwbNdwfemxz � bÍdwfF^�`�b-�edwfe\ i dg`cf���d iBriBr kQö r ` i `�fp�J\�mcm�k�l���� r k��\Hmcmck�l i dwbNdwfemdwz�z i `c|e|�k�t¥�)n iBr k i l9dgmcmck�l-\�fet iBr kªö�]A÷ i dwbNdwfemdwz�z i \�l i k�t¥�)n iBr k
i l{dwmcmckal�j�z{`«��kuz � b�bNk�t i9r k}tek i k�^ i `cl i dwbNk�z i `�l9kab�`%��k iBr k'ÙhfKd i k i l9dgmcmckal i dwbNdwfem��dwt i9r \�fKtu\�vwdgmcfek�tpky\H^ r `�o iBr kxk�vgk�bNk�f i z��e\�z9kat}`cf iBr dwz i dwbNdwfem6z � b�_ãT`%��ka�ckal�j�oq`cl
iBr kSö�]A÷Sj���kSoq` � fet iBr \ iTiBr dgz_z � b�bNk�t i dwbNkx\�vwdgmcfebNk�f i b�\�tKkx�ckal{nvwd i9i vgk�ted �sk�l{k�fe^ak
i ` i9r kr* � \Hvwd i nN`�o i9r k_Ùhfe\�vsl{k�z � v i \Hfette` � �evwkat iBr kTvwk�fKm iBr `Ho i dwbNk�l9kn* � dgl9katoq`cl�k�\�^ r^y\�vgdw�el9\ i dg`cf���� rP� zJ��k�tek�^adwtekat i `_\�te`c| i `cfev!n iBr k�dwf i k�l9fe\�v7\�vwdgmcfebNk�f i \�z iBr k�z i \�feth\�l{t
i dgb�k�^�\�vwdg�elB\ i dw`�f�bNk iBr `�t��
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ò�dgm � l9k�û��!�/(
∆ � 1 � ö�vw` i oq`clS\�vwv�ö�]A÷Êk�vwkab�kaf i zSz r `%��dwfem i9r k|edg`cf«^ �Ki ¦Þë�v � kp��dgfek%É\�fet i9r kQ|el{` i `cfF^ �Ki ¦¤c�kat �ßdgfek%É�oq`�l²\�vgv�ö�]A÷©z9^�dgf i dwvgv�\ i `cl9z�\�fKt\Hvwv�ê²ëO^av � z i kal²k�fekal9m�nteka|s`cz{d i z#"Tû6µk��Sj � z9dgfem iBr k ØcØ 0��á�cû6µk��þ��ky\�bÔ\�fetªvwd�* � dwtªã�n7tel{`cmckaf i \�l9mck i �

����ñ��¤ñ ïâ� µ�«/¾NÂ�¸�ª�éb»rª ºT«)¾ 3 Â��Z«/¾N¬�º
òhl9`cb iBr k�|Kvw` i z r `%��fdgfpò�dwm � l9k�û��!��d i ^�\�fª�skQz{k�kaf iBr \ i�iBr kal9k�dwz²\6^avwk�\�l�z9ka|h\�lB\ i dw`�f`�oJ|el9` i `cfez�\�fKt|edg`cfez�dgf i9r k�ö�]A÷S�>�J`6^�`�fP��k�l iTi9r dwz�dwf i `�^�`7tek�\�fet � z9k�d i²i `�dgtek�f i dgoGn|h\�l i dg^�vwkaz@`cfN\�f6ka��k�f i ¢��)nP¢�ka��k�f i �h\�z{dwz@��k�^ � l{l9k�f i vgn6\�|K|evgn iBr k�cWÇ@Ç��·&%$u5�.GINvwdg�elB\�l£n
&1;'&��K;�E�(7,*) +�o � fe^ i dw`cfø!�,� ú i `�\_|h\HdwlD`�o>|s`�vgn7mc`cfezDdwvgv � z i l9\ i katxdgf�ò�dwm � l9k�û��!�K�J]�o i9r k � j∆ �^�`�b-�edwfe\ i dg`cf}dwzQdgfez9dgtek iBr k6|el{` i `cfR|�`cvgn7mc`cf�j���kNz9k ixi9r k�oq` � l£¢W�cka^ i `�lx` ��i | �Ki �)n iBr kê�l{n7z i \�v7ë²\�vgvP\�|e|h\HlB\ i9� z�^�v�\Hz9z i ` r \y�ck�\�§PdwfKk i dg^±k�fekal9m�n�tek�Ùhfekat-�)n iBr k�k�fekal9m�n�tKk�|�`cz9d idwf i9r k6ê²ë-�_\H]T^al{n7z i \�vwzajß\�fR\�femcvgk-\�zQtKdw^ i \ i kat}�)n iBr kNµpÿ°ö�ê�z�¦q`cl i9r kNê²ë~dwf iBr k^y\Hz9k�� r k�l{k i9r k�l{k�dgz�fe`�^a`cl9l{k�z{|s`cfKtedwfem i lB\�^1§FdgfKoq`cl9b�\ i dw`cf�oql{`cb i9r k���dwl9kQ^ r \�b-��k�l9zBÉ\�fetp\-b�\�z9z�`�o
�È0 Ø µk��S�h]�o i9r k � j∆ � ^a`cb-�edgfh\ i dw`cf�vwdwkaz²dwfKz9dwtKk iBr kQ|Kdw`cf^ �Ki je��kQz9k i
iBr k�oq` � l£¢W�ck�^ i `cl�` �Ki | �Ki z9dgb�dgv�\�l{vgn�jH� ��i�i9r dwz i dwbNk�\�|e|ev!n�dgfem�\�b�\�z{z�`Ho Ë 0.��µk�� i ` iBr k|h\�l i dg^�vwkH�

] i dgz�|�`cz9z{dw�evgk i `Stek�ÙhfekQ\xz9dwfKmcvwk�|h\�dgl�`Hoß^ �Ki z iBr \ i \Hl9k � z9k�t�oq`cl²\�vgv>ö�]A÷�k�vwkab�kaf i z�j� �Ki oq`cl�\Hfh\�vgn7z{dwfem�l9ky\HvJth\ i \Kj���k-tKkaÙhfek6\�|el9` i `cf}\�fKt'|edw`�f ^ ��i oq`cl_k�\�^ r dwfKtedg�7dwt � \�vö�]A÷Ûkavwkab�kaf i `�f i9r k6�h\�z{dwzQ`�o�ky\H^ r � j∆ � |Kvw` i �S� r dgz�\�vwvg`���z � z i ` i \�§HkN\�tK�H\�f i \�m�k`�o iBr k}fh\�l9l{`%��l{dwtem�k�zFdwf iBr k}tek i ka^ i `�lFk�vwkab�kaf i z��d i9r �sk i9i k�lFl9kaz9`cv �Ki dg`cf�j���d i9r ` �Ki
iBr l9`%��dwfem�\y��\yn�th\ i \�oql{`cb i9r k�k�vgk�bNk�f i z���d iBr |�`�`cl{k�l�l{k�z{`cv �Ki dw`cf � fefek�^ak�z{zB\�l{dwvgn��J]/f iBr k^y\Hz9kQ`�oDz9dgb � vw\ i katth\ i \Kj�� r kal9k iBr k�|skal{oq`cl{b�\Hfe^�k�`HoJk��ckal{nªö�]A÷©k�vwkab�kaf i dwz²dgtek�f i dw^y\HvWj��k�tKkaÙhfekx\�z9dgfemcvwkQ|e\�dwl²`Ho�^ �Ki z iBr \ i \�|e|evgdwk�z�k&* � \�vwv!n���k�vgv i `N\�vwv�ö�]A÷æk�vgk�bNk�f i za�

����ñ��ß� / Èr¸�«)¾�0 A ¾4µ/ª ï¡µ`¬�1U¬ µ�«/¾N¬�ºr��¸p´32#��Ç C ªLµ`·
� r k_µpÿ°ö�ê r \�fetKvwdwfKm�^a`�tKk���\�z�\�t4ý � z i kat�oql9`cbùd i z�`�l9dwm�dwfh\�vKòh`cl i lB\�f6oq`cl9b�\ i@i `-ê¥�Pn
�-�.�ßdgz9dwfF`Ho�]4�#c�j�µ`�z9^�`%�©\Hfet iBr kaf \�te\�| i kat i `6¶�^65 � c�`�` i ^a`cb�|e\ i dg�evwk�ê����©�Pn�K�¶_fKfh\�fet��-ós�ßó7^ r7� b�\�f¬ø Ë%× û ú z � �Kz9k65 � kaf i vgnu|�k�l£oq`cl9bNk�tu\Hvwv@\Hvwdwm�feb�kaf i \�fKtRk�=N^�dwkafe^anbNky\�z � l9kab�kaf i z�dwfª^�`cvgv�\���`cl9\ i dg`cf���d iBr öJ�>öDk�tel{`cfedß`�o�]4�_ò7��jhö�\y�7d�\K�
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]/f i l9dgfez9dg^�\Hfem � vw\�lQl9kaz9`cv �Ki dg`cfez���k�l9k�tek i k�l{b�dgfek�tR�)n¤\Hfh\�vgn7z{dwfemª^�`�z9bNdw^�lB\ynuth\ i \Kj� r k�l{k iBr k�|h\�z{zB\�m�k�`HoJb � `cfez iBr l9` � m rªi9r k�µpÿ°ö�ê�z�^�l9k�\ i kQoq` � l�dwf i kal9z9ka^ i dw`cfª|�`cdwf i z¦Þ\¤z{dwmcfe\�vT^�\ � z{k�tO�)n i9r k i l9\�^1§¥b�kak i dgfem�\¤z{dwfem�vwk��dgl9k^ r \�b-��k�lBÉ�\�fet i ��` i l9\�^1§Pz¦V|h\Hdwl9z�`�oDdwf i k�l9z{k�^ i dw`�f|s`�dwf i z�� r dw^ r ^�\�fF�sk_vwdwfK§�k�t i `-tek�Ùhfek�\Svgdwfek�`cl i lB\�^1§ iBr l9` � m r
iBr kxtek i k�^ i `cl{z�j�`cfKk-dwfky\�^ r µpÿ°ö�ê�É���� r k�z{k i ��` i lB\H^1§7zQz r ` � vgt'��kS^�`�vwvwdgfeky\HlT\Hz iBr k^�`cz{b�dg^Fb � `cfKz i lB\y�ckav�dgf�\uz i lB\�dgm r)i vwdwfKk��¥� r k ted���kal9kafe^�kpdwf¥\�fem�vwkª�sk i ��kak�f i9r k�z{k
i ��` i lB\�^1§PzQmcd!�ckaz�\

φ
l9kaz9`cv �Ki dg`cf `Ho

1.33◦
\�fetu\

θ
l{k�z{`cv �Ki dw`cf `�o

1.88◦
��� r k-^a`cz9bNdw^b � `cfKz���k�l{k�\�vwz{` � z{k�t i `�z i9� tKn iBr kxk&=N^�dgk�fe^�n `Ho iBr kx^ r \�b-��k�l{z�j��)npvw`7`c§PdwfKm�\ i�iBr kf � b-��k�l�`�oDka��k�f i z r \y�7dwfem i ��`6dwf i kalB\�^ i dw`�fF|s`cdgf i z²dgfF�s` i9r ^ r \�b-��k�l{z�tedg�7dwtKk�tª�)n iBr kf � b-��k�l@`�o>k��ckaf i z r \y��dgfem i ��`�dgf i k�l9\�^ i dw`cfx|s`�dwf i z@dgf-`cfek�^ r \�b-��k�la�@� r dwz�m)\y�ck�\ i lB\�^1§l9ka^�`cfez i l � ^ i dw`cfªk&=N^adwk�fK^anª`�o

81.2%
oq`cl�b�dgfedwb � b·dw`cfedgz9dgfem-|h\�l i dg^�vwkaz��ö±l{` i `�f¤k&=N^adwk�fK^�dwkazx��k�l{k\�^a^�k�z{z9kat��Pn � z{dwfem iBr kN§Pdwfekab�\ i dw^�\�vwv!n `%��k�l9tKk i kal9bNdwfekatl9k�\�^ i dw`cf

γp→ pπ0 \�z�\-z{` � l{^�k�`�o i \�mcmckat|el9` i `cfeza� � �ck�f i z���d iBr�i9r l9kakQ^�v � z i k�l9zajK`cfKk`�o±� r dw^ r ��\�zQdwtKk�f i d!Ùhk�tR\�z�\|el{` i `�f}�Pn iBr k
∆E/E

|evw` i z�j�\�fet i ��`ª`�o±� r dg^ r ��kal9kfek ��i lB\HvWj���k�l{k�\�fh\�v!n�z{k�t��±� r `�z9kQ� r dw^ rªr \Ht\�ted���kal9kafe^�k�dwf
φ
`�o

180◦ ± 15◦
�sk i ��kak�f

iBr k�l{k�^�`�fez i l � ^ i k�t�|edw`�f�\Hfet i9r k�dwtekaf i dgÙek�t6|el9` i `cf�j7\�fKt6� r k�l9k iBr k�dgf)��\Hl9d�\Hf i b�\�z{z�`�o
iBr k i ��`�fKk �Ki lB\�v�^�v � z i k�l{z���\�z�tek i k�l{b�dgfek�t i `N�sk

135 ± 20
µk��Sje��kal9k � z9k�t i `N\�z{z9k�z

iBr k�k&=N^�dgk�fe^�n¤`�o i9r kªµpÿ°ö�ê	|el9` i `cf i lB\�^1§Rl9ka^�`cfez i l � ^ i dw`cf��}� r dwzxn7dgk�vwtKk�t�\ i lB\�^1§l9ka^�`cfez i l � ^ i dw`cfªk&=N^adwk�fK^anª`�o
89.7%

oq`cl�|el9` i `cfez��e\�z9kat `cf iBr kS� � vgnFth\ i \K�ê r \�l9m�k�t¤|Kdw`cf¨k&=N^�dgk�fe^adwk�z���k�l9k i k�z i kat � z9dgfem iBr k�l9ky\H^ i dg`cf
γp → nπ± � � �ckaf i z��kal9k6dwtKk�f i d!Ùhk�t}�)n}vg`�`c§Pdgfem�oq`cl i ��`ª^�v � z i k�l9z�dgf iBr kNê²ë_j�`cfek-��d i9r \F^�`cl{l9k�z{|s`�fetedwfKmö�]A÷ r d i dgfetedw^�\ i dgfem i9r \ i d i �²\Hz\

π± � Ç�fevgn¬ka��k�f i zp� r k�l{k iBr k}^ r \Hl9mckat°^av � z i kaldwf)�c`�vg�ckatS`cfKvgn�`cfek�^�l£n�z i \�vK\�fet iBr k�ted �sk�l{k�fe^ak�dwf
φ
��k i ��k�kaf iBr k i ��`�tKk i ka^ i k�t�^�v � z i k�l{z�²\Hz

180◦ ± 15◦
��kal9kN\�^a^�k�| i k�t��N¶TfR\�teted i dw`�fh\�v�^a`cfez i lB\Hdwf i j i9r \ iQiBr kNfKk �Ki l9`cf

θ
�sk

vwkaz9z i9r \�f
60◦

j��²\�z�\H|e|evwdgk�t i `Fvwdgb�d i �h\�^1§Pmcl9` � fet��x� r dwz�mc\%��kN\�fRµpÿ°ö�ê©k�=N^�dwkafe^anoq`cl±|edw`�f i l9\�^1§�l9ka^�`cfKz i l � ^ i dw`cf�`�o
79.3%

��� r dwz�ted �sk�l{k�fe^ak_dgf�|el{` i `�fGF�|Kdw`cfNk&=N^�dgk�fe^�n
dwzxt � k i ` i9r k r dgm r k�lx|el9` i `cf�dg`cfedwz9\ i dg`cf¤tKk�fez{d i n¤� r dw^ r |el{`�t � ^�k�zN\'bN`cl9k�z i l9`cfem�vgndw`cfKdwz9kat i l9\�dwvsdwf iBr kxµpÿ°ö�ê´mc\�z��

x×v�u y|{~}�� À ½�ç ±�ÂF¿ ½Q» ± ºx¼ ²
���¤����� ��� µ`¾AÈ�Ç �<¸AÈr¬ µ`¾N»rª Àâº#ªLµ`¿ ¶ ´¹��¸N¾ C µ`�Z«)¾N¬�º
� r k��J¶_ö�ópë²\�l{d � b[ò�v � `�l9dwtKkQk�vwkab�kaf i z���kal9kx^y\�vgdw�el9\ i katFdwf i ��`�z i \Hmck�za��� r k�^�l£n�z i \�v|skatek�z i \�v�¦Vüak�l{`-k�fekal9m�nKÉ�^ r \�fefekavwz���k�l{k�tek i k�l{b�dgfek�t��Pn�`c�ez{k�l£��dgfem i9r k�z i l9`�femS|�ky\�§6dgf
iBr k�vw`%��k�z i kafek�l{m�n6l9kamcdw`cfN`�o iBr k�¶�÷Qê�z{|ska^ i lB\K��� r k�^ r \�fKfek�v>��d i9r�iBr k r dgm r kaz i �H\�v � k�sk�oq`cl9k i9r k�Ùhl9z i tek�^al9ky\Hz9k���\�z�tek i k�l{b�dgfek�t i `ª��k iBr k6|�k�tekaz i \Hv±�H\�v � k���� r dwzQfh\�l{l9`%�|sk�\�§��²\�z�t � k i ` iBr k²�D¶�ö�óS|�k�tekaz i \�ve| � vgz9kal�� r dw^ r oq`�l9^�kat6\_l9k�\�te` ��i `�o�\�vgv i9r k²�D¶�ö�ó¶�÷Qê�z�`cfe^ak�|skal�z9k�^a`cfet�j i `N`�� i \�dgf iBr dgz�ü�k�l{`�kafek�l{m�nFteka|s`�z9d i |�k�tekaz i \�v��H\�v � kH�� r k¤dgfetedg�7dgt � \�vQ^al{n7z i \�v�µk��HFH^ r \�fKfek�v�oV\�^ i `cl9zp��kal9k�\�vgdwmcfKk�t°�Pn°z iB� tKn7dgfem iBr kk�fekal9m�n�tKdwz i l9dg� �Ki dg`cf�oq`cl9bNk�t¬�)n iBr k|h\�z9z9\�mckp`�oQ^a`cz9bNdw^ªb � `�fez i9r l9` � m r¬i9r kp^�l{n7zA¢
i \�vgz � z9dgfemp^�`cz{b�dg^Nte\ i \ iBr \ i ��\�z i \�§Hk�f«��` iBr ��kaoq`cl{k�\Hfet«\Ho i k�l�ky\H^ r k�³�|�k�l9dgb�kaf i \�vl � f���� r kS^ r \�fKfek�vâ¢/z9|e\�^�k i `Fµk��ù^�`cf)��k�l9z{dw`cf'oV\H^ i `�l9z���kal9k-tek i kal9bNdwfekat k�vgk�bNk�f i ¢��)nP¢k�vgk�bNk�f i �PnFÙ i9i dgfem�\p>�\ � z{z9d�\Hf|ev � z�k�³�|s`�fek�f i dw\�v�tedwz i l{dw� �Ki dw`cf i ` i9r k r dwm r kal�k�fekal9m�n¦Þ\���`%�ck�|skatek�z i \�v�É�l{k�mcdg`cfp`�o i9r kS¶_÷Qê®z9|�k�^ i lB\�\�z�z r `%��f'dgf'ò�dgm � l9k�û7� Ë%× �²� r kSbNky\Hf`�o iBr kk>�\ � z9z{d�\�f«tKdwz i l9dg� �Ki dg`cf¤mc\%��k iBr k�^ r \�fefekav�� r kal9k iBr kGI,�����'µk��¡b � `cf«|�ky\�§
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ò�dgm � l9kRû7� Ë%×ML � r k¨�J¶_ö�ó´ë²\cò
2

k�fKk�l9mHnO^y\�vgdw�el9\ i dg`cf����ßkao i |h\�fekav L �J¶_ö�óOk�fekal9m�n
z9|�k�^ i l � b�z r `%��dwfem�|skatek�z i \�vJ|sk�\�§p\�fet'^a`cz9bNdw^�b � `cfk�fekal9m�nteka|s`cz{d i �rc�dwm r)i |h\�fKk�v L�D¶�ö�ók�fKk�l9mHnªz9|�k�^ i l � b¡z r `%��dwfem�k�³�|s`�fek�f i dw\�vJ� >�\ � z9z{d�\�fptedwz i l{dw� �Ki dw`cfFÙ iT� z{k�t i ``c� i \�dwf i9r k�^�`cz{b�dg^Qb � `cfª|�ky\�§�|s`cz{d i dw`cfFdgfp^ r \�fefekavDz{|h\�^ak�� � ³ i lB\�^ i katoql9`�bÖøÄ� Ë�ú �

v�\yn�je� r dw^ r ¦qdwfp^�`cbS�edwfh\ i dw`�f��d iBrpiBr k�ü�kal9`H¢�k�fekal9m�nª^ r \�fefekavGÉ�^�`cbN|evwk i kavgnFtek i kal9bNdwfekaz
iBr kNµk��NFH^ r \�fefekav�^a`cf)�ckal9z9dg`cf���� r dgzQ|h\�l i `�o iBr k6^y\Hvwdw�KlB\ i dw`cfp�²\�z�|�k�l£oq`cl9bNk�t}�)nuë_�ë�`cdgvwvw\ i oql{`cbÔë�\�z9kav�oq`�l�\�vwvs`�o i9r k��J¶_ö�óp¶�÷�ê�zSøÄ� Ë�ú �¶_z iBr k�^�l{n7z i \�v�l9k�z{|s`�fez9k i ` | r ` i `cfKzSted���kal9z�z9`cbNka� r \ i oql9`�b iBr kadwl�l9k�z{|s`�fez9k i `^�`�z9bNdw^Fb � `�fez�j iBr kª^�`�z9bNdw^F^y\Hvwdw�KlB\ i dw`cf�\Hvwdwm�fez iBr k^al{n7z i \�v�` �Ki | �Ki zaj�� �Ki te`7k�z6fe` i^�`�b�|evgk i k�vgnNtek i kal9bNdwfek i9r k�µk��OFS^ r \Hfefek�vß^a`cf)�ckal9z9dg`cfªoq`cl�| r ` i `cfKz��±¶To i k�l i9r kQ^�l£n�zA¢
i \Hvwz���k�l{kT\Hvwdwm�fek�t���k�dwtKk�f i d!Ùhk�t i9r k

γp→ pπ0 l9k�\�^ i dw`cf6\Hfet6|evw` i{i kat iBr k π0 dgfP�H\�l{d�\�f ib�\�z9z�oq`cl i9r k�^�\�z9k_��d iBr `cfek
π0 tek�^�\%n�| r ` i `cfdgf��D¶�ö�ó\�fet`�fek_dgf iBr k�ê�l{n7z i \�v�ë�\�vwv¦Þ\4o i k�l iBr k�ê²ë«\�vgdwmcfebNk�f i \�fetS^y\�vgdw�el9\ i dg`cf>É���ÿ¨k i9r k�f-\�t4ý � z i k�t i9r k

π0 dwf)�H\�l9dw\�f i b�\�z{z�)nªz9dgb�|ev!n�b � v i dw|ev!n�dgfem i9r k�dwfeted!�7dwt � \Hv�ë²\còÚ��tKk i ka^ i k�t'kafek�l{mcdwkaz��)np\-oV\�^ i `cl�^�vg`cz9k i `
Ë � f i dwv iBr kxbNky\�z � l9kat π0 dwf)�H\�l9dw\�f i b�\�z{z_\�m�l9k�kat ��d i9rpi9r k-ö±÷%>ù�H\�v � k���� r dgzToV\�^ i `cl��\�z²tek i k�l{b�dgfek�t i `-��k Ë � Ë%× oq`cl iBr k�� � vgn�th\ i \�j Ë � ËcË oq`�l�ó�ka| i kab-�skal�\�fet Ë � Ë ïSoq`�l iBr k�c\�f � \�l£nFth\ i \K�

���¤���	¨ ��� µ`¾AÈ�Ç �p¸AÈr¬ µ`¾N»#ª ¼?¾£Ç�ªú´¹��¸N¾ C µ/� «)¾N¬�º
� r k i dwbNk�ted �sk�l{k�fe^ak_��k i ��k�kafFky\�^ r ë²\�ò

2

^al{n7z i \�v�\HfetF\xz{dwfem�vwk�ö r ` i `�f��\Hmcmck�l�^ r \�f7¢fekav_�²\Hzp|Kvw` i{i k�t�oq`�lF\�vwv r d i zFdwf i9r kuë²\cò
2

� � \�^ r `�o iBr kRû Ëy× z9|�k�^ i lB\��²\HzªÙ i9i kat��d i9r \Q>�\ � z9z{d�\�ftKdwz i l9dg� �Ki dg`cf i `�tek i k�l9bNdwfKk�d i z�bNky\�f�je\�fetª\�fF`��sz9k i \�|e|evgdwkat i `�| ��i
iBr k i dwbNdwfKm�|�ky\�§PzQoq`cl�k�\�^ r tKk i ka^ i `clQk�vgk�bNk�f i \ i \�fR\�l{�ed i lB\�l£n ^a`cbNb�`cf i dwbNk���� r dgz^y\Hvwdw�KlB\ i dw`cf���\�z�|�k�l{oq`�l9bNk�tª�)nªò���t�k r l�`�o@ë�\�z9kav�ø Ë%× � ú �

���¤���¤ñ ¼ÆîÁï|ð ©Ïª�«)¬ ´¹�i¸N¾ C µ/�Z«/¾N¬�ºr·
� r k�J¶_ö�ó��ck i `«kavwk�bNk�f i z�\�l{kªl9ky\Ht�` �Ki `cf�\R�edgfh\�l£n��h\�z{dwz�¢ r d i `clNfe` i ¢xdwf i `¨\|h\ i{i kal9f � fed i �²¶_z iBr kal9k�dwz�fe` i dwbNdwfem�`cl�k�fKk�l9mHndgfKoq`cl{b�\ i dw`cf�tek�l{dg�ckat oql9`�b iBr k��ck i `tek i k�^ i `cl{z�jhd i �²\Hz�z � =N^�dgk�f iTi `�z9dgb�|ev!n\Ht4ý � z i�i9r k�dgl r dwm r �c`cv i \�mckQz � |e|ev!nz{` i9r \ i�iBr kk�fKk�l9mHn}tek�|�`cz{d i `�o�\bNdwfedgb � bÊdg`cfedwz{dwfem�|h\�l i dw^avwkSdgzQ\���`%�ck iBr l{k�z r `cvwtu\Hfet iBr k6ö�µ�
EAte\�l9§�^ � l{l9k�f i F�dwz���k�vw`%���
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ò�dwm � l9k_û�� ËcË.L ö � vgz9k�z r \�|�k�\�fh\�v!n�z{dwz�`�oDë²\cò 2

^al{n7z i \�v�` ��i | �Ki ���ßkao i |e\�fek�v L iBr k_k�fekal9m�ntek�|�`cz{d i dgf iBr kz r `�l i m)\ i k¶_÷Qê	dwz-|evg` i9i k�t�\Hm)\�dwfKz iSi9r \ i dwf i9r kvw`�fem'm)\ i k��?c�dwm r)i|h\�fekav L iBr kFdwfKoq`cl{b�\ i dw`�fRdgz-^�`�fP��k�l i k�t i `}|s`cvw\�l�^�`7`cl9tedgfh\ i k�z i9r k�f�|el{`4ý{k�^ i kat¥dgf iBr kz9vgdw^�kaz�dwfetedg^y\ i k�tp�)n iBr k�l9kat vwdgfek�z�`cf iBr k�n)¢A\�³Kdgz i `�\Hvwvw`%�´z9kavwk�^ i dg`cf�� � ³ i l9\�^ i k�t oql{`cbøY��� ú �
���¤���ß� ¼ÆîÁï|ðéïk� µ)«)¾NÂ�¸Nª�éÈ»#ª ºT«)¾ 3 Â��Z«)¾N¬�º
� r k�|h\�l i dw^avwk�dgtek�f i dgÙh^�\ i dg`cfFdwfª�D¶�ö�ópdgz�\�^ r dwk��ckat �)nF^�`�b-�edwfKdwfem�| � vwz9k�z r \�|�kx\Hfh\�vgn)¢z9dgz�oql9`cb iBr k6ë²\�ò

2

��d iBr}i9r k6z9dwm�fh\�vwzToql9`cb iBr k���k i `ptek i k�^ i `cl{z���� r k6�ck i `ptek i k�^ i `cl{zz9dgb�|ev!n�dwfetedg^y\ i k�� r k iBr kal iBr k�^a`cl9l{k�z9|�`cfetKdwfem�|h\�l i dg^�vwk��²\Hz�^ r \�l9m�k�t ¦Vk��Îme�Jted �sk�l{k�f i dw\ i ¢dwfem���k i ��k�kaf'|el{` i `cfKzT\HfetfKk �Ki l9`cfezBÉ���� r k�| � vwz{k�¢�z r \�|�k�\�fh\�v!n7z9dwz�dgz�|s`cz{z9dg�evwk�\�z�k�\�^ rë²\cò
2

z9dwm�fh\�v�dwz²l{k�^�`�l9tekatF�Pn�b�`�l9k i9r \�fF`cfKk�¶�÷QêO\�fet i9r k�z{kQ¶�÷Qê�z r \%��k i ��`6ted���kal£¢k�f i dwf i kamclB\ i dw`cf i dwbNk�zx¦Vm)\ i kQ��dwt i9r z1É L ¢ iBr kxz r `cl i m)\ i kQoq`clPI × fKz�\�fet iBr kSvw`�fem6m)\ i koq`cl��
µ
z��TÇ�fe^�k i9r k�k�fKk�l9mHnFtek�|�`cz{d i z�dwfF��` iBr `�o i9r k�z{kQm)\ i kaz r \�tF��k�kafp^�\�vwdg�elB\ i k�t�jeós�

� � mck�l i \Hfet2c��)>�l{k�mc`cl�`�o >�dgk�z9z{k�f^�\�vwdg�elB\ i k�t iBr k_| � vgz9k�z r \H|skTl9k�z{|s`�fez9kT`�o iBr k�ë²\cò
2z9^adwf i dgvwv�\ i `cl i `6ted���kal9k�f i d�\ i kQ�sk i ��kak�f'| r ` i `cfKzT\Hfetª|el9` i `cfez�ø Ë%× ��j Ë%×�ØHú �� r k�| � vwz{kNz r \�|�k6l9k�z{|s`�fez9kN^y\�fR��kNz{k�kaf¤dwf iBr kNvgkao i |h\Hfek�v�`�o�ò�dgm � l9kNû7� ËcË � ESG¦ i9r k�k�fKk�l9mHn�bNky\�z � l9katF�)n iBr k�z r `�l i m)\ i k_¶_÷Qê�É²\�fet

ELG

¦ iBr k_k�fekal9m�n�l9k�m�dwz i k�l{k�tdgf
iBr k�vg`cfem�m)\ i kQ¶�÷Qê�É²��k�l9k i9r k�f i lB\Hfez{oq`cl{b�kat � z9dgfem iBr kQoq`cvgvw`%��dwfemSk65 � \ i dw`cfez L ¢

R =
√

E2
SG + E2

LG

¦Wû7��I)É

φ = arctan

(

ESG

ELG

)

180◦

π

¦Wû7�ÄïPÉ
i `Q|el{`�t � ^�k iBr k�|Kvw` i z r `%��f�`cf i9r k�l9dwm rPi@r \�fet6z9dgtek�`�o�ò�dwm � l9k�û�� ËcË �J� r dwz�|Kvw` i dgz iBr kafz9vgdw^�kat � |ª\�^a^�`cl{tedwfKm i ` i9r kQl9katFvwdwfKk�z�z r `%��fª`cf iBr k�n�\4³�dwz i `-|el{`�t � ^�k�\-z{k�l9dgk�z²`Ho Ë t|evw` i z�\�z�dwvgv � z i l9\ i kat}dwfRò�dwm � l9k6û7� Ë �7�N� r k�z9k�|evw` i z�\�l{k i9r k�fuÙ i{i k�tu��d i9r \â>�\ � z{z9d�\Hftedwz i l{dw� �Ki dw`cf i `¨ÙhfKt iBr kbNky\�f¬\�fet¥��dwt i9r `Ho iBr kp| r ` i `cf¥tedwz i l{dw� �Ki dw`cf��¬¶Ú^ �Ki dwz
iBr kaf¤z{k i \ i�iBr kNtedwz i \�fK^�k6`�oQI

σ
oql9`�b iBr kNbNky\�fR`�o i9r kNtedwz i l9dg� �Ki dw`cfu\�z�dwvgv � z i l9\ i kat��¶_f)n iBr dgfem}^�l{ky\ i dwfem'\'z9dwm�fh\�v±� r dw^ r vwdgk�z i ` iBr kvwk�o i `�o iBr dwz-^ �Ki dwzxtek�kab�kat i `}�sk\|el9` i `cf¬¦V`�lQfek �Ki l9`cfRdgo iBr k�l9k6dgzQfe`^a`cl9l{k�z{|s`cfKtedwfemF��k i ` r d i É�j�\�f)n iBr dwfem i ` iBr kNl{dwm r)i`�o i9r dwzTdwz�tek�kab�katu\�| r ` i `cf�¦q`clTkavwka^ i l{`cf¢�\�m)\�dgfteka|skafetedgfem`cf � r k iBr k�l iBr k�l9kxdwz_\^�`cl{l9kaz9|�`cfetedgfem��ck i ` r d i É��
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ò�dgm � l9k-û�� Ë � LP� ³K|Kv�\�fh\ i dw`�f `�o iBr kSÙ i9i dwfem�|el9`7^�kat � l9k-\�|e|evgdwk�t i ` i9r k�ë²\cò 2

| � vwz{k�z i `z9ka|h\�l9\ i k iBr k�|el9` i `cf-\HfetS| r ` i `cfx|sk�\�§Pz��@� r k�v�\Hl9mck±|�ky\�§�l9kaz � v i zDoql9`cb~| r ` i `cfxk�fekal9m�nteka|s`cz{d i z�j iBr k�z{b�\Hvwvwkal�|�ky\�§�`cf iBr k�vwk�o i l9kaz � v i z�oql9`cbÍ|el9` i `cfeza� � ³ i lB\�^ i k�tpoql9`cb øY��� ú �
xQvIx À ½�çaº ¿Ú±n� ¾ » ¾²¿ À çTS ² » ¾²¿:± ¼ � {¡ç � º ¿:± »,z �
¶_z�bNk�f i dg`cfek�tudgf¨��` iBruiBr k�ê�l£n7z i \Hv�ë�\�vwv�\Hfet¤�D¶�ö�óR^�\�vwdg�elB\ i dw`�f'z9ka^ i dg`cfezaj�\ªz9dgfemcvwk|h\�l i dg^�vwk�te`7k�z�fK` i dgf mckafek�l9\�v�teka|s`�z9d i k�fekal9m�ndwf'\�z9dgfemcvwk�tek i k�^ i `cl_^�l{n7z i \�vÞ��]/fez i ky\�t�j\}z9dgfemcvwk�|h\�l i dw^avwkF^�l{ky\ i k�zN\}z r `%��k�l iBr \ i z{|el9k�\�tez iBr kpkafek�l{m�n�teka|s`cz{d i `%�ckal6z9ka��k�l9\�vfekadwm r ��` � l9dgfem�^�l{n7z i \�vgz���� rP� z±\�b�k iBr `7tS`Hohvwdgfe§Pdwfem i `cm�k iBr k�lDtek i k�^ i `cl@kavwk�bNk�f i k�fekal9m�nteka|s`cz{d i z� r dw^ r l9kaz � v i oql9`�b i9r k}zB\�bNk}z r `���k�l¨¦V\�fet r kafe^�k iBr k}zB\�bNk'|h\�l i dg^�vwkyÉ�dwzl9kT5 � dwl{k�t��

�J`QtK` iBr dgz�j i9r k²tek i k�^ i `cl�z{k i9� |-Ùhvwkaz�oq`cl@��` i9rSiBr k�ê²ëU�T\�]�^�l£n�z i \�vgz�\�fet i9r k²�D¶�ö�óë²\cò
2

^�l£n7z i \Hvwz_^a`cf i \�dgf \Nvwdgz i `�o i9r k%E/feky\Hl9k�z i fekadwm r ��` � l{z�F1j i9r \ i dwzT\�vwdgz i oq`cl�ky\H^ r `�o
iBr kxtek i ka^ i `�l_k�vgk�bNk�f i z�� r dg^ r tek i \�dwvgz iBr k i ��kavg��kª¦Vz{d!³eÉ�z � l9l{` � fetKdwfem�^�l{n7z i \�vgz�oq`cl iBr kê²ëÍ¦V�D¶�ö�óeÉQtek i k�^ i `cl�k�vwkab�kaf i ��ÿ r k�f¤\�fR¶�^65 � c�`�` i tek i ka^ i `�lx^av�\�z{z�|Kl9`7^�k�z{z9kaz iBr k\�l{lB\ynR`�o�tek i k�^ i `clxk�vgk�bNk�f i kafek�l{m�n¤tKk�|�`cz9d i z�jJd i b�\H§�k�zS\ i kab�|�`cl9\�l{nu^a`c|)nc� ] i�iBr k�fz9^�\�fez iBr l9` � m rªi9r k�\�l9l9\yn`�oJk�fekal9m�ntek�|�`cz9d i z i `6Ùefet i9r kQb�\4³�dwb � bÛk�fKk�l9mHnFtek�|�`cz{d i �� r k^�l{n7z i \�v�dwf¥� r dw^ r¥iBr \ i k�fKk�l9mHn�teka|s`�z9d i `7^�^ � l9z�dgzN\�z9z � b�kat i `¨�sk iBr kp^�kaf i lB\Hv^�l£n7z i \Hvsdgf�\�^�v � z i kal���� r kTl9kab�\�dgfedwfKmQk�fekal9m�n�tek�|�`cz{d i z�dwf iBr k�\�l{lB\ynN\�l9k iBr k�fz{^y\�fefKk�t
i `QÙhfKt�d!o�\HfPn-`�o iBr kab	`�^a^ � l{l9kat�dgf�\Qfekadwm r ��` � l{dwfem�^al{n7z i \�v i ` iBr k�^�v � z i kal±^�k�f i l9k���¶Tvwvk�fKk�l9mHnSteka|s`�z9d i zJdgfSfekadwm r ��` � l{dwfemT^�l{n7z i \�vgz@\�l{k²\�tetKk�t i ` iBr k�^�kaf i lB\HvK^�l£n7z i \HvKk�fKk�l9mHn i `oq`cl{b iBr k�^�v � z i k�l�k�fKk�l9mHncjs\�fet iBr k�^�v � z i k�l�\�femcvgkQdwz�tek i k�l{b�dgfek�tp�)np\�f √

E
¢W��kadwm r)i kat\y�ckalB\�mckS`�o iBr kS|�`cz9d i dw`�fp��k�^ i `cl9z_`�o±\�vgv i9r kS^a`cf i l{dw� �Ki dwfem�^�l£n�z i \�vgz��rÇ�fe^�k i9r kS^av � z i kaldwz�tekaÙefek�t�j>\Hvwv>`�o iBr kQk�fekal9m�n�tek�|�`cz{d i z�dwf)�c`cv!�ckatFdwf i9r \ i ^av � z i k�l�\�l9k_tek�vgk i katoql9`cb iBr k^�`�|Pn `�o iBr k�k�fekal9m�n tek�|�`cz9d i \�l{lB\yncj�\z9ky\Hl9^ r �skamcdwfKz_oq`cl i9r k�fek�³ i b�\4³�dgb � b¡k�fekal9m�n

teka|s`cz{d i dwf iBr k�\�l9l9\%n�j@\�fKt�\fek��Û^�v � z i kalSdgzx|el{`�^ak�z{z9k�t�� � r dgzS|el{`�^ak�t � l{k�^a`cf i dwf � kaz
� f i dgv iBr kN|el{k�¢/z{k i b�\�³Kdgb � bÖf � bS�skalx`�o�^�v � z i k�l9z�dwz�l{ky\�^ r katO¦VtKk i kal9bNdwfekatRoql{`cb iBr kz9k iB� | i k�³ i Ùhvgk�z1É�j�`cl � f i dwv iBr kal9k6\�l{k-fe`Fkafek�l{m�n tKk�|�`cz9d i z�vw\�l9mckxk�fe` � m r'i `FbNk�k i�iBr kz9`Ho i �²\�l{kQ^�v � z i k�l²^ak�f i l{kQk�fekal9m�n iBr l{k�z r `cvwtR¦V\�m)\�dgf�l9k�\�tFdwf�oql9`cb iBr kQz9k i9� | i k�³ i Ùhvwkaz1É��

] i �²\Hz6oq` � fet iBr \ i�i9r dwzS|el9`7^�kaz9zV5 � d i kF`Ho i k�f�vgk�t i `}oV\�vgz9kF^av � z i k�l{z6�skadwfem'oq` � fet^�kaf i l9kat¨`�f i9r k�fek�³ i fek�\�l9kaz i fekadwm r ��` � l{zQ`�o�l9ky\Hv@`cfekaz��-�D`ªz9`cv!�ck iBr dwz�|el{`c�evgk�bÖ\Hfet
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Measured pion energy / MeV
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Relationship between measured and calculated pion energy

Measured proton energy / MeV
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Relationship between measured and calculated proton energy

ò�dwm � l9k-û�� Ë I L � r k�l9k�z � v i `�o iBr k�kafek�l{m�n'^�\�vwdg�elB\ i dw`�fpoq`cl_| r ` i `cfezQ\�fKt}|el9` i `cfeza�U�ßkao i|h\�fekav L π0 kafek�l{m�n}^�\�vw^ � v�\ i k�t}oql9`�b θp

\�fetudwfe^a`cbNdwfem��ky\Hb k�fKk�l9mHn}|evw` i9i katR\�m)\�dgfez ib�k�\�z � l9k�t
π0 kafek�l{m�n�oql9`cbX�_\H]x| � vwz9k r kadwm r)i ¦V\�vwv

π0 ��\Hl9d�\H�evwkaz-\�l{kp`�� i \�dgfek�t«oql{`cbl9ka^�`cfez i l � ^ i dw`cfN`�o iBr k
π0 oql9`cbùd i z i ��`�tek�^�\%nN| r ` i `cfKz1É��Zc�dgm r)i |h\�fekav L |el9` i `cfNk�fekal9m�n^y\�vg^ � vw\ i kat'oql9`cb

θp

\Hfet¨dgfe^�`�b�dgfem��ky\�b�k�fekal9m�n}|Kvw` i{i k�tR\�mc\�dwfez i bNky\�z � l9kat¨|el{` i `�fk�fekal9m�n��
EAbN`c| � |�F iBr dgzßb�dgz9z{k�t�k�fekal9m�n�j i9r k±^�v � z i k�l�\�vgmc`cl9d iBr b¯��\�z�k�³ i kafetekat i `�z{ky\�l{^ rxiBr l9` � m r
iBr kxfek�³ i ¢/fekadwm r ��` � l9z_`�o±fek�³ i ¢/fekadwm r ��` � l9z � f i dgvJd i l � fez�` ��i `�o±fekadwm r ��` � l{dwfem�k�fekal9m�ntek�|�`cz{d i zS`cl-k�³�^ak�k�tKz�\'|el{k�¢�tek i k�l9bNdwfKk�tO¦Goql9`cb iBr kFz{k i9� |�Ùhvwkaz1ÉSb�\4³�dwb � b�tKdwz i \�fe^akoql9`cb iBr kT^�k�f i lB\�v�^�v � z i k�l�^�l{n7z i \�vÞ��� r dwz�\�vwbN`cz i ^�`cbN|evwk i kavgn�l{k�bN`���k�z iBr k�oV\�vwz{k�^av � z i kaloq`cl9b�\ i dw`cf�jK� �Ki tK`�kaz_dwfK^�l9k�\�z9k iBr kx|s`�z9z9dg�edwvgd i n iBr \ iTi ��`�^�v � z i kal9zTfeky\�l i `�ky\�^ r ` i9r k�lb�\yn��sk�\�l i dgÙe^�d�\Hvwvgn6bNk�l{mck�tªdgf i `6`cfek��

x×v� } ¿ º�»�ºx¼ ®°¼ ¾²¿:� � À º ¿D¿�¾�� » ± ºx¼
]/f�òJdwm � l{kpû�� Ë Iu��kpz r `%� i9r kl{k�z � v i `�o i kaz i dgfem iBr kp^y\�vgdw�el9\ i dg`cfezx�Pn¥\Hfh\�vgn7z{dwfem iBr k§Pdwfekab�\ i dw^�\�vwv!n�`%�ck�l{tek i k�l{b�dgfek�t

γp→ pπ0 l{ky\�^ i dw`�f���ÿ¨kQ^y\�fª^y\Hvw^ � v�\ i k iBr kQk�³�|ska^ i k�t�H\�v � kaz6`�o i9r k
π0 \�fet¬|el9` i `cf¬§7dgfek i dw^ªk�fKk�l9m�dwk�z � z{dwfem iBr kpdwfK^�`cbNdwfemu��ky\�b kafek�l{m�ncj

§Pfe`%��f°|Kl9` i `cf i \Hl9mck i b�\Hz9zF\�fKt iBr k}|�`cvw\�l�\Hfemcvwk`�o iBr k'Ùhfh\�vT|el9` i `cf i lB\�ý{ka^ i `�l{nc�ö�vw` i{i dwfKm i9r k'^�\�vw^ � v�\ i k�t¥��\Hv � kaz�`�o i9r k�z{k'`c�ez{k�l£��\H�evwkaz\�m)\Hdwfez i�i9r `cz9kb�k�\�z � l9k�t¯�)n| � vgz9k r k�dgm r)i l9ka��ky\�vgz�\�|el{`c�evwkab��òh`cl iBr k
π0 k�fekal9m�n�j7� r dg^ r dgz�kaf i dwl{k�v!n�l9ka^�`cfez i l � ^ i k�toql9`cb iBr k�tek�^�\%n'| r ` i `cfuk�fekal9mcdgk�z�j���k�Ùhfetuk�³�^ak�vwvgk�f i \�mcl{k�k�bNk�f i ��k i ��k�kaf¤bNky\�z � l9kat\�fetFk�³K|�k�^ i katp�H\�v � k�za�±ò>`�l iBr kQ|el9` i `cf�j7��k�ÙhfKt i9r \ i \ i vw`%�Ok�fKk�l9m�dwk�z�¦qvwkaz9z iBr \�f ∼ Øc×µk���É iBr kTb�k�\�z � l9k�tFkafek�l{m�nNdwz�b�\�l{§�katevgn6z{b�\�vgvwkal i9r \�f i9r \ i � r dw^ r ��k�^�\�vw^ � v�\ i k��J¶ i

r dwm r k�lx|el9` i `cf«kafek�l{mcdwkaz�j���kÙefet iBr \ i-iBr k�b�k�\�z � l{k�t�|el{` i `cf¤k�fekal9m�n¤dwz-bN`cl9k iBr \Hf
iBr \ i � r dw^ r ��k�^�\�vw^ � v�\ i k��� r dwz�| r kafe`cbNk�fe`cf ^y\�f�sk�k�³�|evw\�dwfekat �)n i ��`�ted �sk�l{k�f i kY��ka^ i z���¶ i vg`���k�fekal9mcdgk�z�j
iBr k6|el{` i `�fez�vw`cz{k�\Fvw\�l9mck�|Kl9`c|�`cl i dw`cf}`Ho iBr k�dwlQkafek�l{m�n}� r dgvwk i l9\y�ck�vgvwdgfem iBr l{` � m ruiBr k\�dwl�\�fKt�` iBr kalSb�\ i kal9dw\�vwz���k i ��k�k�f i9r k i \Hl9mck i ^ak�vwv�\�fet i9r k�tKk i ka^ i `cl-z{n7z i k�bÁ¢ i9r7� z
iBr kStek i k�^ i `cl9z�l{k�^�`�l9t}vwkaz9z i9r \�f iBr k�^y\�vg^ � vw\ i kat'|el9` i `cf}kafek�l{m�nc��¶ i�r dwm r k�lTk�fekal9mcdgk�z�j
iBr ku|el{` i `�fezª\�|e|�ky\�l i `¥tKk�|�`cz9d ipi `�`�b � ^ r kafek�l{m�n¯dwf i9r kutek i k�^ i `cl9z\�zª��` iBr¯iBr kê�l{n7z i \�v�ë�\�vwv�\�fet��J¶_ö�ó�\Hl9k ^�\�vwdg�elB\ i k�t � z9dgfem¤| r ` i `�fez��~ö r ` i `cfez�^�l{ky\ i k}\¤v�\Hl9mckk�vgk�^ i l9`cb�\�mcfKk i dg^_z r `%��kal�jhteka|s`cz{d i dwfem�kafek�l{m�n i9r l9` � m r ` �Ki \-vw\�l9m�k�^�v � z i k�l�`�oD^�l£n7z i \Hvwz�j��d i9r \�tetKd i dg`cfh\�v�kafek�l{m�n¨vw`cz{z9k�zS�sk i ��kak�f�^�l£n�z i \�vgz��'� r dwz@E/z r `%��k�l-vg`cz9zNF�dwz�dwbN|evwdg^�d i vgn
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ò�dgm � l9kQû�� Ë ï L ö�l9` i `cfªk�fekal9m�n�^�`cl{l9ka^ i dg`cfFoq`cl 30◦ < θp < 32◦
��ÅT|K|skal�vgkao i |h\�fekav L ö�vw` iz r `���dgfem-bNky\�z � l9katF|el9` i `cfkafek�l{m�nN��z iBr \ i ^y\�vg^ � vw\ i kat�oql{`cb
θp

\Hfet
Eγ

� ÅT|e|�k�l�l9dwm rPi|h\�fKk�v L >QlB\�| r z r `%��dwfem_Ù i l{k�z � v i zDoq`cl�b�k�\�z � l9k�tS|el9` i `cfSkafek�l{m�n�|el9`�ý{k�^ i dw`cfKzJ`�o iBr k²��÷|evg` i �7z�|el{` i `cfNk�fKk�l9mHn�^�\�vw^ � v�\ i k�t�oql{`cb
θp

\�fKt
Eγ

���ß`���k�l�|h\�fKk�vwz L ¶_z�\���`%�ck�|h\�fekavwz�j� �Ki \Ho i k�lN|el9` i `cf�kafek�l{m�n¬^�`cl{l9k�^ i dg`cf r \Hz���k�kaf¯\�|e|evgdwkat��¯] i ^�\�f���kz{k�kaf iBr \ iNiBr k|el{` i `cf�k�fekal9m�n�^�`cl{l9k�^ i dg`cfdwbN|el{`���k�z iBr k�|Kl9` i `cfk�fKk�l9mHntek i k�l{b�dgfh\ i dw`cfNz9dgmcfedgÙe^y\�f i v!nc�

^�`�l9l9ka^ i k�t� r kaf��kQ\H|e|evgn i9r k_kafek�l{m�n�z9^y\HvwdwfKmxoV\�^ i `cl{z i `xz r d!o i�i9r k
π0 dwf)�H\�l9dw\�f i b�\�z{z|�ky\�§ i ` iBr k�ö�÷^>þ�H\�v � k�\Ho i kal iBr kQ| r ` i `�fp^�\�vwdg�elB\ i dw`�f�`�o i9r kQtek i k�^ i `cl{z���¶_z�|el{` i `cfKzmckafek�l9\�vwv!n}tek�|�`cz{d i kafek�l{m�nRdwf¨`cfevgnu`�fek�`cl i ��`}^�l{n7z i \�vgz�j i9r k�l{kdwz�vwkaz9z%EAz r `���k�lSvw`cz{z�F\�fet�z9` i9r k_kafek�l{m�nNz9^y\HvwdwfKmxoV\�^ i `cl�`%�ck�lA¢/^a`cl9l{k�^ i z�jeb�\�§PdwfKm i9r k�E/b�k�\�z � l{k�t)F�kafek�l{m�n i `7`

r dgm r �] i dwzª|s`�z9z9dg�evwk i `¬^a`cl9l{k�^ i oq`clF��` i9r `�o iBr kaz9kRkT�sk�^ i z z{k�|h\HlB\ i k�vgn��PnOz{dwb � v�\ i dwfem
iBr kx|el{` i `�f k�fKk�l9mHnvg`cz9z{k�z_\�fet'\H|e|evgn7dgfem i9r dwz�^�`�l9l9ka^ i dw`cf i ` iBr kxl9ky\HvDte\ i \ i `N^�`cl{l9k�^ i
iBr kNvg`%�ùkafek�l{m�n}|�`cl i dw`cfu`�o iBr k6|el{` i `�fRkafek�l{m�n}z{|ska^ i l � bÁ\�fet iBr k�fR^y\�vgdw�el9\ i dgfem iBr k|el{` i `cfpl9kaz9|�`cfez{kS`�o i9r k i ��`�^y\�vg`cl9dgb�k i k�l{z���ãT`%��k��ckal�j�d!o���kS\Hz9z � b�k iBr \ i�i9r kx|Kl9` i `cf^y\Hvwdw�KlB\ i dw`cfp��dwvwvJ�sk6dgz9`cbN`cl9| r dw^�\�vwv!nFl9kav�\ i k�t i ` iBr kN| r ` i `�fR^�\�vwdg�elB\ i dw`�f�¦qoq`�l�\ªm�dg�ckaf|�`cdwf i

θ
\�fet

φ
^a`cb-�edgfh\ i dw`cf>É�jß��k^�\�f¤��`cl9§u` ��i \p��\yn i ` b�\�| i9r k�l{k�z � v i zS`�o i9r k| r ` i `cf�¢�^y\�vgdw�el9\ i dg`cfu�h\�z{k�t«kafek�l{m�n«bNky\�z � l9kab�kaf iSi ` iBr k�\�^ i9� \�v�|el9` i `cf«kafek�l{m�n«\Hfet^�`�l9l9ka^ i oq`cl���` iBr kY��ka^ i z�z9dgb � v i \�feka` � z{vgnc�ÿ¤kª\Hz9z � b�kat i9r \ i \�vgv�kafek�l{m�n«^a`cl9l{k�^ i dw`cfKz-��kal9kªdwfetKk�|�k�fetekaf i `Ho i9r kª\�üadwb �Ki9r \�v\�fem�vwkS¦

φ
É�\�z i9r k_tek i ka^ i `�l²z{n7z i k�bÍdwz²\Hü�dwb �KiBr \Hvwvgn-z{n7b�bNk i l9dg^�j7� �Ki �H\�l{dwkat���d i9r |s`�v�\�l\�fem�vwkS¦
θ
É_¦Vt � k i `-tedgz9^al9k i k�^�`�b�|�`cfekaf i z²z � ^ r \Hz²tek i k�^ i `cl²l{ky\�tK` �Ki kavwka^ i l{`cfedg^�z�� r dg^ r\*�sk�^ i�iBr kQkafek�l{m�nvg`cz9z{k�z1É�j>\�fetF|el{` i `�fpkafek�l{m�nc��ÿ¨kQb�\Htek�|evg` i z²`HoJbNky\Hz � l{k�tp\�m)\�dgfez i^y\Hvw^ � v�\ i k�tN|el9` i `cf�kafek�l{m�nNoq`cl

0◦
i `

160◦
dwf
θp

j�dgf��tek�mcl{k�k�¢���dwtKk
θp

�edgfez�¦qz9kak�ò�dgm � l9kû�� Ë ïej���ã�óKÉ���ÿ¨k i9r k�f i `7`c§ |Kl9`4ý{ka^ i dg`cfez�`�o iBr kaz9kN|evw` i zQdwf Ë%× µk���¢���dgtek6^y\�vg^ � vw\ i katk�fKk�l9mHnFz9vgdw^�kaz���� r kaz9k�|el9`�ý{k�^ i dw`cfKz���k�l{k�ky\�^ r Ù i9i k�tª��d i9r \×>�\ � z{z9d�\HfFtedwz i l9dg� �Ki dw`cf i `tek i k�l{b�dgfek iBr k�bNky\�z � l9kat kafek�l{m�nFoq`cl�ky\�^ r ^y\�vg^ � vw\ i katªk�fekal9m�nª�edgf¨¦Vz9kak-ò�dgm � l{k�û�� Ë ûcÉ��
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� r dwzF��\�zpz � =N^�dgk�f i i `¬m�dg�ckR\�mc`7`�t°l9ka|el9kaz9k�f i \ i dg`cf®`�o iBr kul{k�v�\ i dw`�fez r dg|O�sk i ��kak�fb�k�\�z � l9k�t\�fet^�\�vw^ � v�\ i k�t�|el9` i `cfkafek�l{m�nc��� r k_b�k�\�f`�oßk�\�^ r >�\ � z9z{d�\�f�tedwz i l9dg� �Ki dw`cf�²\HzTl{k�^�`�l9tekat dwfp\ i k�³ i Ùhvgk�jK��d iBrªiBr k�b�k�\�fF�H\�v � k�`�oJky\H^ r `�o iBr k�^y\�vg^ � vw\ i katªk�fekal9m�n�edwfKz�\Hfet i9r k�dgl�^a`cl9l{k�z9|�`cfetKk�fe^ak i `
θp

��� rP� z i `¨tek i kal9bNdwfek iBr kp^�`�l9l9ka^ i k�t�|el{` i `�fk�fekal9m�n�� r k�l{kR��k¨§Pfe`%� iBr kRb�k�\�z � l9k�t°k�fKk�l9mHncj
Ep

jT��kRÙel9z i |edg^1§ iBr kR^a`cl9l{k�^ i dw`�f�H\�v � kaz�oql9`�b i9r k�\�|e|el{`c|el{d�\ i k
θp

�edwf�j iBr kafF��k�z9k�\�l9^ rªiBr l9` � m riBr kQbNky\�z � l9katªk�fekal9m�nzB\�bN|evgk�z i `TÙefet iBr k i ��`�b�k�\�z � l9k�tSk�fekal9m�n��H\�v � kaz�j
E1

\Hfet
E2

^�vg`cz9kaz iDi `
Ep

z � ^ r-iBr \ i
E1 < Ep < E2

��ÿ¤k i9r k�fu^�\�vw^ � v�\ i k i9r k�^�`cl{l9ka^ i kat
Ecorr.

p

� z{dwfem i9r k i ��`p^�\�vw^ � v�\ i k�tk�fekal9m�n���\Hv � kaz
Ec

1

\�fKt
Ec

2

¦V^a`cl9l{k�z{|s`cfKtedwfem i `�bNky\�z � l9katkafek�l{m�nªzB\Hb�|evgk�z
E1

\�fKt
E2l9kaz9|�k�^ i dg��k�vgnKÉ�\�z�z r `���fdwf � 5 � \ i dw`cf û��Yû��

Ecorr.
p = Ec

1 + (Ec
2 − Ec

1)
(Ep − E1)

(E2 − E1)
.

¦Wû7�áûcÉ

� r dwz-��`cl9§Hk�t���kavwv�oq`�l
2◦ < θp < 10◦

\�fet
24◦ < θp < 66◦

j±� �Ki ��k i ��k�kaf
10◦\�fet

24◦
i9r kSµpÿ°ö�ê©\Hfet'ö�]A÷ùkavwk�^ i l{`cfedw^azT^�\ � z{k�t}\�üadwb ��iBr \�vgvgn\�z{n7bNb�k i l9dg^�k�fekal9m�nvw`cz{z9kaz i9r \ i l{k�z � v i kat�dgf¬\}vw\�l9mck�H\�l{d�\ i dw`cf¤dwf�b�k�\�z � l9k�t¥|el{` i `cf¥k�fKk�l9mHn���d iBr dwf iBr kzB\�bNkF^y\Hvw^ � v�\ i k�t�|el{` i `cf�kafek�l{m�n�\�fet

θp

�edwf´¦qz9k�kpò�dgm � l{kªû�� Ë �)É��¤¶ i θp > 66◦
j±��k

oq` � fet iBr \ i�iBr kal9k���kal9k�dwfez � =N^�dwkaf i z i \ i dwz i dw^az i `Foq`cl9bÖ\p|el{` i `�f¨kafek�l{m�nu^�`cl{l9ka^ i dg`cf�j\�fet�\�z
θp

dgfe^�l{ky\�z{k�t«oql{`cb
24◦

i `
66◦

��koq` � fet iBr kk�fekal9m�n¤lB\�fKmck`%�ckal-� r dw^ r ��k^�` � vwtFoq`cl9b � v�\ i k�\�fpk�fKk�l9mHnF^�`cl{l9ka^ i dg`cfptek�^al9ky\Hz9k�t�j�t � k i `NtedwbNdwfedgz r dgfemSz i \ i dwz i dw^az��
� r dwzDk�fekal9m�n�^a`cl9l{k�^ i dw`cf��²\Hz@\�vgz9`�tek i k�l9bNdwfKk�t � z9dgfem i ��`H¢/��`7tKn��el9k�\�§ � |-th\ i \�oql{`cb

iBr k±vgd]5 � dwt�÷_k �Ki kal9d � b i \�l{mck i�i9r \ i �²\Hz i \H§�k�fxdwf�k�³�|�k�l9dgb�kaf i \�v)l � fezDdwf i kal9z9|�k�l{z9katS��d i9r
iBr k

µ∆+

k�³K|�k�l{dwbNk�f i ��] i z r ` � vwt r \y��k�\�vwvg`���k�t � z i `-\�^�^ak�z9z�\xv�\�l{mck�l�lB\�fem�k_`�o�|el{` i `�fk�fekal9mcdgk�z�\�fet|s`�v�\�l�\�fKmcvwkaz�t � k i ` i9r k�ted �sk�l{k�f i l{ky\�^ i dg`cf§Pdgfek�b�\ i dg^�za��ã�`���ka��k�laj iBr k`%�ck�l9\�vwv�z i \ i dgz i dg^�z�oql9`cb iBr kaz9kFl � fez-��k�l9kª|�`�`�l9k�laj@b�\�§Pdwfemu� × µk��T¢W��dwtekF^�\�vw^ � v�\ i k�tk�fekal9m�n¬z9vgdw^ak�zfeka^�kaz9zB\Hl{nc�þ¶_z iBr k
θp

\�fKt
Ep

tedgz i l{dw� ��i dw`�fezNoq`�l�` � l�l9ky\H^ i dg`cf���ky\�lb�`�l9k_l{k�z{k�b-�evw\�fe^ak i ` i9r `cz{k�`�o
γp→ pπ0 i9r \�f γd→ pn

j���kQz9kavwk�^ i kat i9r k���k i{i k�l
Epl9kaz9`cv �Ki dg`cfxdgfS|el{kaoqkal9k�fK^�k i `_k�³ i k�fetekat

Ep

\�fKt
θp

lB\Hfemck²\Hfetx��k�\�|e|Kvwdwkat i9r k
γp→ pπ0^�`cl{l9ka^ i dg`cf}dwf}` � l�Ùhfh\�v�th\ i \F\Hfh\�vgn7z{dwz��x� r \ i z9\�dwt�j iBr k6^�`�l9l9ka^ i dw`cf'oV\�^ i `cl{z�oql9`cb iBr kvwd 5 � dwtF÷_k �Ki kal9d � b[th\ i \p¦q� r kal9k iBr k�l9k���\�z�z � =�^adwkaf i th\ i \ i `-oq`cl{b i9r kQzB\�bNk
Ep

\�fKt
θp

�edwfezBÉ²\�mcl{k�k�tF��k�l{n���kavwv���d iBriBr `cz9k���k�`c� i \Hdwfekatoql9`cb iBr kQvgd]5 � dgtFã�n7tel{`cmck�fªth\ i \K�

x×v'^ _ ¾ » ¾²¿Z� ± ¼ª½�» ± ºS¼ º � »,z ¾ _ ¾W��¿J¾�¾ º �a`¹± ¼ ¾ ½ ¿ } zFº�»�ºS¼
}Oº�ç�½ ¿:±&² ½�» ± ºx¼

� r ku�el9kab�z{z i lB\ r v � fem�z9|�k�^ i l � b oql9`�b \�^�l£n�z i \�vgvwdgfek'lB\Hted�\ i `cl�dgzF^�`cbN|�`cz9kat°`Ho i ��`|h\�l i z L ¢@\�fdwfK^�` r kal9kaf i |h\�l i ¦Vt � k i `xv�\ i{i dw^ak��7dg�elB\ i dw`cfKz±¢ σincoh.

É�\�fetF\x^�` r kal9kaf i |h\�l it � k i ` i9r k�ted �slB\�^ i d!�ckQkT�sk�^ i `�o i9r k�^�l£n�z i \�v�vw\ i9i dw^�k�¢
σcoh

¦ � 5 � \ i dw`�f û7���)É L
σ = σcoh. + σincoh..

¦Wû7���)É
� r k�tKk�mcl{k�k�`�ohvwdgfeky\Hlß|s`cvw\�l9dgzB\ i dw`cfN¦

P
Éß\ i \�f)n�|s`�dwf i dwf iBr k��el9kab�z{z i l9\ r v � fem�z9|�k�^ i l � b^y\�f �skxtek i k�l9bNdwfKk�t oql{`cb iBr kxlB\ i dw`�`Ho�dwf i kafez9d i dgk�z_tKk�z9^al9dg�skat}dwf � 5 � \ i dw`cf}û����6� r k�l{k

Icoh.

dgz iBr kQdwf i kafez9d i n�l{k�z � v i dgfemSoql{`cb
σcoh.

\�fKt
Iincoh.

dwz i9r kQdwf i kafez9d i n�l{k�z � v i dwfemSoql{`cb
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ò�dgm � l9k�û�� Ë û L � r k�Ùhl{z i k�dgm r)i Ep(Eγθp)

z9vgdw^�k�|Kl9`4ý{ka^ i dg`cfez�oq`cl
30◦ < θp < 32◦

�x� r k
Ep(Eγθp)

lB\�fKmckFdwz-z r `%��f�dgf iBr k � |K|skal�l9dwm rPi-r \�fet¥^�`cl{fek�l�`HoTk�\�^ r |evw` i �¤òJd i9i dwfem
h \ � z9z{d�\�fRtedgz i l{dw� ��i dw`�fez i `pky\H^ r |evg` i |el9`7t � ^ak�t¤\pl{k�|el{k�z9kaf i \ i dg�ck�b�k�\�z � l9k�t¨k�fekal9m�n�H\�v � k�oq`cl�ky\�^ r �edgf�je`cfev!n�oV\�dgvwdgfem�\ i�r dgm r kal

Ep(Eγθp)
t � k i `6vw`%�®z i \ i dwz i dw^az��
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ò�dwm � l9k û�� Ë � L ò�dwl{z i kadwm r)i Ep(Eγθp)

z{vwdg^�k |Kl9`4ý{ka^ i dg`cfez�oq`�l
20◦ < θp < 22◦

�þ� r k
Ep(Eγθp)

l9\�femckªdwz6z r `%��f�dwf iBr k � |e|�k�lNl9dgm r)i6r \�fet¬^�`cl{fek�lN`�o_ky\�^ r |Kvw` i �¬] i �²\HzdwbN|s`�z9z9dg�evwk i `6|el{`�t � ^�k�\�l9k�|Kl9k�z{k�f i \ i dg��kSbNky\�z � l9katkafek�l{m�n�H\�v � k�oq`cl�ky\H^ r |evg` i �
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γp→ pπ0 Ý��

σincoh. L
P =

Icoh.

Iincoh + Icoh.

.
¦Wû7���cÉ

� rP� z���k�^�\�fª^y\�vg^ � vw\ i k iBr kQtekamcl9kak�`�oDvwdwfKky\�l�|s`cvw\�l9dgzB\ i dw`cfN�)nFz9ka|h\�l9\ i dgfem�` �Ki²i9r kQ^�`4¢
r kal9k�f i \�fet6dgfe^�` r k�l9kaf i |e\�l i z�`�o i9r k��el{k�bNz9z i lB\ r v � fem�z{|ska^ i l � bp��òh`cl�\Qb�`�l9k²tek i \�dgvwkattekaz9^�l{dw| i dw`cfª`�oJ^�` r k�l{k�f i �Kl9k�bNz9z i l9\ r v � fem6|el9`7t � ^ i dw`�fpz{k�k�¶_|K|skafeted!³ªë_��J`S^y\�vg^ � vw\ i k iBr k_tekamcl9kak_`�oßvgdwfek�\�l±| r ` i `cf|�`cv�\Hl9dwz9\ i dg`cf�j���k � z9k i9r k_|el{`cmcl9\�bÚ5���M
� r dg^ r dwzTtedwz{^ � z{z9k�tubN`cl9k�o � vgvgnFdgf�ø Ø ï ú �_(_��M-^y\�vg^ � vw\ i kaz i9r kStKk�mcl{k�k-`�o±vgdwfek�\�l�|s`�v�\�l{d!¢zB\ i dw`�fF\�fet i9r k�z r \�|sk_`�o iBr k�l{k�z � v i dwfem-kaf r \�fK^�k�tª�J\�mcmckal²z9|�k�^ i l � b í \Hfh\�vgn i dw^y\Hvwvgn-`cf
iBr k��e\�z9dgz�`�o�z{ka��k�lB\Hvsdgfe| �Ki z�¦Vz9kak�f�dwf iBr k�z{dwteka�h\�l�`�o�ò�dwm � l9k�û�� Ë �cÉ�jc� r dw^ r l9kav�\ i k i ` iBr kk�vgk�^ i l9`�f ��ky\�b¡|h\�l9\�bNk i kal9zaj�| r ` i `�f'�sk�\�bÊ^�`�vwvwdgb�\ i dw`�f|h\�l9\�b�k i kal9zT\�fet i9r k-\ i `cbNdw^f � b-��k�l{z�`Ho i9r k6lB\�tedw\ i `�l9z�dgfP��`cvg��k�t��-ÿ¨k�§Pfe`%�	oql9`�b � 5 � \ i dg`cf¨û���� i9r \ i d!o i9r k5���M^y\Hvw^ � v�\ i dw`cfR\�^a^ � l9\ i kavgnRl9ka|el9`7t � ^ak�z i9r kk�³�|�k�l{dwbNk�f i \�v�k�f r \�fe^ak�t��J\�mcmckalSz9|�k�^ i l � bj
iBr k�f¤d i ��dwvwv@\�^�^ � lB\ i k�v!nutek�t � ^�k i9r kNtek�mcl{k�kN`�o²vgdwfek�\�lQ|�`cv�\�l{dwz9\ i dg`cf}\�zx\po � fK^ i dg`cfR`�o| r ` i `cfuk�fKk�l9mHn�ø Ø ï ú �x¶_z�^y\HfR��k�z9kak�f¨dwf iBr k � |e|�k�l�dwb�\�mckxdwfuò�dgm � l9k�û�� Ë ��j iBr k�^�\�v!¢^ � v�\ i k�tªk�f r \�fe^�kat �J\�mcmckal�z9|�k�^ i l � bÁ¦V�ev � kQvwdgfek%É�b�\ i ^ r k�z i9r k�l9ky\Hv�th\ i \¦q�ev�\H^1§�vwdgfek%É�ckal{nN��kavwvÞ�@� r k_vg`%��kal�z9|�k�^ i l � bÍdgfò�dgm � l{k�û�� Ë ��z r `%��z i9r k_l{k�z � v i dgfemStKk�mcl{k�k_`Ho�vwdwfKky\�l|�`cv�\�l{dwz9\ i dg`cf��� r k�5���M�^�\�vw^ � v�\ i dw`cf�` �Ki | �Ki z�z{ka�ckalB\�v i \��evwkaz²��d i9riBr k�tekamcl9kak�`HoJvgdwfek�\�l²|�`cv�\Hl9dwz9\4¢
i dg`cfª\�z�\-o � fe^ i dg`cfF`�o i \�mcm�k�tF| r ` i `cfªk�fKk�l9mHnR¦Vdgf ∼ Ë µk���¢���dwtKkQ�edwfezBÉ�oq`cl�\�z9kal9dgk�z�`�oted���kal9k�f i |�`cv�\Hl9dwz9\ i dg`cfpk�temckaz�¦Vz9kak6¶_|e|�k�fetKd!³Rë�É��S]/f iBr k6o ��iB� l{k�j iBr k�z9k���dgvwv���k � z{k�t\�z�vg`�`�§ � | i \H�evwkazT� r dg^ r'iBr k-te\ i \F\�fe\�vgn7z9dgz���dgvwv � z{k i `k�³ i lB\�^ i�iBr k-tek�m�l9k�k�`Ho±vwdwfKky\�l|�`cv�\�l{dwz9\ i dg`cfoq`clQk�\�^ r | r ` i `cf � z9dgfemªvwdwfKky\�l�dgf i k�l{|s`�v�\ i dw`cf'`�f i9r k6�h\�z{dwzQ`�o iBr k6bN`cz il9ka^�kaf i k�temck|s`�z9d i dw`cf®¦q� r dw^ r dwzNl9katek i k�l{b�dgfek�t�k��ckal{n Ë%×c×c× ka�ckaf i z1É\Hfet iBr k k�³K\�^ i| r ` i `cfªk�fKk�l9mHnc��¶ i |Kl9k�z{k�f i j i9r dwz²o � vgv�o � fe^ i dg`cfh\�vgd i nNdwz�z i dwvgv � fetKk�l�teka��k�vg`c|ebNk�f i ��J`�|el{`%��dgteku\«tekamcl9kak}`�o�vwdwfKky\�l�|s`cvw\�l9dgzB\ i dw`cf�oq`cl i9r dwzª\Hfh\�vgn7z{dwz�j���k i `7`c§ i9r k�z{k|�`cv�\�l{dwz9\ i dg`cf i \��Kvwk�zaj)\�fetx^�`cbS�edwfekat iBr k�b©dwfxz � ^ r \���\yn-\Hz i `�\�mcl9kak���d iBrxi9r k²\y��k�lB\Hmckk�tKmck�|�`cz{d i dg`cfu`%�ck�l�ky\H^ r `�o iBr kNth\ i \pl � fez�jJ|el9`7t � ^adwfem\ r dwz i `cmcl9\�bÖdgfetedw^�\ i dgfem iBr ktekamcl9kakS`�o±vgdwfek�\�l�|s`cvw\�l9dgzB\ i dw`cfFdgf k�\�^ r `�o i9r k Ë µpk��T¢���dgtek�| r ` i `cf'k�fKk�l9mHn �edgfez���ÿ¨kiBr k�f¤fK`cl9b�\�vwdgz9kat¤\�vgv@`�o i9r k6Ùhfh\�v±| r ` i `cf¤\�z{n7bNb�k i l9dgk�z��)n i \�§Pdwfem iBr k�z{|ska^ i l � bÜ`�o
| r ` i `cfª��ky\�bÔkafek�l{mcdwkaz�oq`cl�ky\�^ rpr dgz i `�mclB\�bpjKb � v i dw|ev!n�dgfemSk�\�^ r | r ` i `�fp��ky\HbÔk�fekal9m�n
^ r \�fKfek�v��)n iBr k¨\�|e|el{`c|el{d�\ i k}tek�mcl{k�kR`�o-vgdwfek�\�lF|�`cv�\�l{dwz9\ i dg`cf¯\�fet iBr k�f i \�§Pdwfem iBr k\y�ckalB\�mck}|�`cvw\�l9dgzB\ i dw`cf i `���k iBr k dwf i kamclB\�vT`�o iBr k}|�`cvw\�l9dgzB\ i dw`cf�¢W��kadwm r)i k�t r dwz i `cmcl9\�bted!��dgtek�t��)n iBr k i ` i \�v�f � b-��k�l�`�o�dwfK^�`cbNdwfemT| r ` i `cfeza��ÿ¤k i9r k�f � z{k�t iBr dgz i `QfK`cl9b�\�vwdgz9k
iBr k�| r ` i `�f\Hz{n7b�bNk i l9dgk�z�\�z�tek i \�dgvwk�tFdgfª¶_|e|�k�fetKd!³ê_�

xQvRr }azFº�»�ºS¼ { ² � � � ¾ » ¿ � º �
γp→ pπ0

ÿ r kaf���kF|evw\�fefekat�\�fet i kaz i k�t�` � l-z{k i9� |�oq`cl iBr kdwfed i dw\�v�th\ i \4¢ i \�§Pdwfem'l � f«oq`cl iBr dgzk�³�|�k�l{dwbNk�f i j�d i �²\�z�\Hf i dw^adw|h\ i k�t i9r \ ißiBr k�^�`cvgv�\���`clB\ i dw`�f���` � vgt���k@bNky\�z � l9dgfem���` iBrQiBr k| r ` i `cfu\�z£n7b�bNk i l{n\�fet i9r kSÙe��k�¢�oq`�vwt}ted���kal9k�f i d�\�v�^�l{`cz9zQz{k�^ i dw`�f}`�o iBr k
γp → γ′Nπl9k�\�^ i dw`cfKzpdgfO`cl9tekal i `¬\�^�^ak�z9z

µ∆+

�·] i ��\�zvw\ i kalF|s`�z iB� v�\ i k�t iBr \ iFi9r kR^�dwl{^ � vw\�l9v!n
s4tvuxwyuZz�{Yu�|4w'}�~p{��Y�Twy�J�E��wR|����E�������p�������Z���7{���zZ�Y�E�Yux~M{Y�Y�YwR�M��|y{Y�!wR�J�Y�p~\�7������wR|4�E���Z����w'{Y�E�Z��wR}

� �!�Ez�{v|y�E�A����{Y�!���!u�w<��{T}A��{��E�T�J}A�   ��}Aw'}7�6�
�Ez�w���{���w��E�*w'|��E���Z���Z���C}Z��|4w'}7������uZ��{Yu�{����Y���ZzZ�T���,��{Y}A��{����Y�'����E��{������NuZ�Y���Q{������EwR}N�E��z�{   w�{e��{T��wR�!��uZw����
�' Y �¡�~%zZ�����EzZ� � �
�EzZw¢|y�YzZwR�EwRuT�7�Z��wy�Q��������{YzZ�!��uZ����wR{Y£A�  wR�E�¢|y�!w'{����!�T¡
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ò�dwm � l9k-û�� Ë � L ]/vgv � z i lB\ i dw`�f `�o iBr kp5���M�^�\�vw^ � v�\ i dw`�f��@ÅT|e|�k�lQ|e\�fek�v L kaf r \�fe^ak�tR��\Hmcmck�lz9|�k�^ i l � b�z r `%��dgfem�\�mcl9kak�bNk�f i �sk i ��kak�fxth\ i \�¦q�ev�\�^1§Tvwdgfek%É�\Hfet�^y\�vg^ � vw\ i dg`cf6¦V�Kv � k�vgdwfekyÉ��
�ß`���k�l�|h\�fKk�v L |s`�v�\�l{dwzB\ i dw`�f'` �Ki | �Ki oql9`cb 5���M��§¦�dgm r)i |h\�fekav L dwfe| ��i |h\HlB\�bNk i k�l9zQoq`cl|h\�l i `�o�� � vgnte\ i \K�
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γp→ pπ0 Ý�¥
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 10 MeV±) at 420 0π,γPhoton Asymmetry of p(

ò�dgm � l9kSû�� Ë%ØpL µk�\�z � l9k�t}| r ` i `�f}\�z{n7bNb�k i l£n`Ho γp → pπ0 oq`cl θc.m.
p = 90◦ ± 5◦

\Hfet
| r ` i `cfª��ky\�bÔkafek�l{mcdwkaz�`�o

400 ± 10
µpk��Ê¦qvwkao i É�\�fet

420 ± 10
µk��[¦Vl{dwm r)i É��

|�`cv�\�l{dwz{k�t¤| r ` i `�f�\�z{n7bNb�k i l9dgk�zx`�o iBr kaz9kF^ r \�fKfek�vgz-��` � vwt«z r `%�[mcl{ky\ i k�l-z{k�fez{d i dg�7d i n
i ` iBr k-µ ÷Qµ i9r \�f i9r kS` iBr kal i ��``c�ez{k�l{�H\��Kvwk�z_\�fet i9rP� z_d i ��\�z_tKk�^�dgtek�t i `�l � f iBr kk�³�|�k�l{dwbNk�f i ��d iBr ��` iBr vgdwfek�\�l9v!nu\�fet�^adwl{^ � vw\�l9v!nu|s`cvw\�l9dgz9kat¤| r ` i `cfezSz9dwb � v i \�fek�` � z9v!nc��D`�\�^ r dwka��k iBr dgz���k � z9kat \6vw`cfKmcd i9� tedwfe\�vwv!n�|s`�v�\�l{dwz9katªk�vwka^ i l9`cfª��ky\�bÔdgfª^�`cb-�Kdwfh\ i dw`cf��d i9r iBr kStedw\�b�`�fet l9\�ted�\ i `cla�T� r dgz_bNky\�f iTiBr \ i j�\ i_r dwm r | r ` i `cf'kafek�l{m�n�¦V\���`���k iBr k^�` r k�l{k�f i |�ky\�§�É�� r k�l{k i9r kN| r ` i `cfez���` � vwt¤fK`cl9b�\�vwv!n ��k � fe|�`cv�\�l{dwz{k�t�j iBr k�| r ` i `cfKz��k�l9k¨^�dgl9^ � v�\�l{vgn�|�`cvw\�l9dgz9k�tæ¦qt � k i ` i9r kRvw`cfem�d iB� tedwfh\Hvwvgn¥|�`cv�\Hl9dwz{k�tOk�vgk�^ i l9`�f®��ky\�b�É�j\�vgvw`%��dwfem iBr k�bNky\�z � l9kab�kaf i `�oJ^�dgl9^ � v�\�l{vgnN|�`cv�\�l{dwz{k�tª| r ` i `cfª�sk�\�bÊ\�z£n7b�bNk i l9dwkaz��

� r k�l{k}�²\�zFz{`cbNk}^�`cfe^ak�l{f i9r \ ii9r dwzF^a`cb-�edgfh\ i dw`cf¬`�o�^�l{n7z i \�vgvwdwfKk lB\Hted�\ i `cl\Hfet|�`cv�\�l{dwz{k�t}k�vgk�^ i l9`�fR��ky\Hb ��` � vwtRdwf i kalB\�^ i dwfuz � ^ r \�²\ynR\�z i `p\*��ka^ i�iBr kNtKk�mcl{k�kN`�ovwdgfeky\Hl_|�`cv�\�l{dwz9\ i dg`cf `clQ^ r \�femck iBr k�`cl9dgk�f i \ i dw`cf}`Ho i9r k6|s`�v�\�l{dwzB\ i dw`�f |evw\�fek��x]/f¨`�l9tekal
i ` i k�z i oq`cl iBr dwz²kY��ka^ i jhd i ��\�z�tek�^adwtekat i `N\�fh\�v!n7z9k i9r k���kavwvâ¢/z i9� tedgk�tFl9k�\�^ i dw`cfF^ r \�fefekav
γp → π0p

�	� r dwzª^ r \Hfefek�v�k�³ r dw�ed i zª\«oV\�dwl{vgn¥v�\Hl9mck'| r ` i `�f®\�z£n7b�bNk i l{n i9r \ i ��\�zky\Hz9dwv!n�`c�ez{k�l{�H\��Kvwk � z9dwfKm¤` � lNï
π
tKk i ka^ i `cl�z{k iB� |��´ÿ¨k |evw\�fefekat i `¨^ r k�^1§ iBr \ i�iBr kb�\�mcfed iB� tek�`�o iBr k�^�`�z%¦W�

φ
É�z i l � ^ i9� l9k iBr \ i ��kS`c�Kz9k�l£�ckat}tedwtfe` i \�v i k�l���d i9r kavwk�^ i l{`cf��ky\�b	|�`cvw\�l9dgzB\ i dw`cf�\Hfet i9r \ i±iBr k�l9k���\�z±fe`xz£n7z i kab�\ i dw^�^ r \Hfemck�dwf iBr k�| r \Hz9k�`cl±vwdwfKky\�l`��sz9k i `�o iBr k�^�`czy¦W�

φ
É�tedgz i l{dw� ��i dw`�f���¶Tvwz9`Kje\�z iBr kQ| r ` i `cf\�z{n7bNb�k i l{n�`�o i9r dwz²^ r \�fefekav

r \�tx�skak�fx|el9k���dg` � z{vgn�bNky\�z � l9katøÄ�Hï ú j4��k�^a`cb�|e\�l9kat i9r k�b�\�mcfKd iB� tek±`�o i9r k�\Hz{n7b�bNk i l{ni ` iBr k�§Pfe`%��f-�H\�v � kaz i `_^ r k�^1§xoq`�lJ\HfPn�z£n�z i kab�\ i dw^�k�l{l9`clDdwf iBr k�feka��tKk i ka^ i dw`cfxz{n7z i k�bp�
òh`cl i9r kSÙhl{z iQi kaz i z�j���k�vw`7`c§�kat}\ i�i9r k-| r ` i `cfu\Hz{n7b�bNk i l{nªoq`cl

γp → pπ0 dwf i ��`dwfK^�`cbNdwfemQ| r ` i `�f�kafek�l{m�n6�edwfKz�j
410±10

µk��®\�fet
420±10

µk��°oq`cl
θπ0 = 90◦±5◦

�
ÿ¨k�oq` � fet i9r k�z{kxk��ckaf i z_�)npz9kavwk�^ i dgfem6`cfevgnka�ckaf i zT��d iBrªiBr l{k�k�tek i k�^ i k�t ^�v � z i kal9za��ÿ¨k
iBr k�fFz9kavwka^ i kat iBr k_�skaz i

π0 ^y\�fetKdwth\ i k�z��Pn�l9ka^�`cfez i l � ^ i dwfem i9r k π0 \�fetF|el{` i `cf�dwf�k�\�^ r`�o iBr k iBr l{k�kF|�`cz9z{dw�evgk�^�`�b-�edwfe\ i dg`cfez��}ÿ¨kF^ r `cz{k iBr kF^a`cb-�edgfh\ i dg`cf¨� r dw^ r m)\y�ck iBr kted���kal9k�fK^�k�dwf
φ
��k i ��k�k�f iBr k�|el{` i `�f�\Hfet6|edw`cf6bN`cbNk�f iB� bæ^�vg`cz9kaz i±i ` Ë%Øc× tKk�mcl{k�k�z_¦Þ\Hzd i z r ` � vgt���k�j7t � k i `x^�`cfez{k�l£��\ i dw`�f�`�o�b�`cbNk�f i9� bÉ@\Hfet�|evw\�^�kat�\�^ �Ki `cf

π0 dgfP�H\�l{d�\�f ib�\�z9z6`�oT�sk i ��kak�f ËcË ûuµk�� \�fet Ë ûcû}µk��S�T�ß`7`c§Pdwfemu\ iNi9r kª|el9` i `cf�bNdwz9z{dwfem}b�\�z{zz9|�k�^ i l9\Kj���k}zB\y� \«^�vgky\�l�\�fet¯^�vgky\�f¯|�ky\H§�\�l{` � fet«��I Ø µk��Ádgfetedw^�\ i dgfem i9r \ i�iBr dgzbNk iBr `�t«`Ho_\Hfh\�vgn7z{dwzx��\�z�z �p¬ ^�dwkaf i vgn¤mc`7`�t i `}mcdg��k � z6\ ��k�l{n¤^�vgky\�f�k��ck�f i zB\Hb�|evgk��ÿ¨kS\�vgz9`�z9k�vgk�^ i k�t `cf'\
θπ0

`Ho��sk i ��kak�f
85◦

\�fet
95◦

dgf i9r kS^ak�f i l{k-`�o�b�\�z{zToql9\�b�k�dgf`cl{tek�l i `Sb�\ i ^ r�iBr kT^�`cfKted i dw`cfez±`�o i9r k_|Kl9ka�7dg` � z9v!n6b�k�\�z � l9k�tª\Hz{n7b�bNk i l{n���d iBr � r dg^ r��k���\�f i kat i `�^a`cb�|e\�l9kH�
ÿ¤k�|Kvw` i{i k�t

φπ0

\Hm)\�dwfKz i dgfe^�`�b�dgfem � γ

z9ka|h\�l9\ i kavgn oq`�l_k�dgm r)i ^y\ i k�m�`cl9dgk�z�`�o±k��ckaf i j
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ò�dwm � l9kuû7� Ë � L ¦T\Hfete`cb z � � i lB\�^ i k�t°|h\�l9\°¦V�evw\�^1§�^�l{`cz9z{k�zBÉp\�fKt°|�k�l{|	¦q�ev � k}^�dwl{^�vgk�z1Éth\ i \pz r `%��dwfem � r n¨`cfev!n}^�` � f i z-` �Ki z9dgtek�`Ho iBr k�z r \Htek�t�\Hl9ky\ª��kal9kdgfe^�v � tekat¤dwf iBr kfe`cl{b�\�vgdwz9\ i dg`cf¤`�o iBr k
γp → pπ0 th\ i \K�¥� r k ê²ëÍ\�^a^�ka| i \�fK^�k dgz-�ckal{n¥vw`%�[\ i

φ =
±180◦

\Hfet
φ = 0◦

j�\�z�^y\Hf«�sk�z9kak�f«�)n iBr kNtedw|¨dwf iBr k�th\ i \\ i�iBr kaz9k|�`cdwf i z��ÿ¨k\�l i dgÙh^ad�\�vgvgnpoq`cl9^ak iBr k\�^a^�k�| i \�fe^ak i `'üak�l{`�¦qoq`cl iBr k�| � l{|s`cz{k�z-`Ho iBr kfK`cl9b�\�vwdgzB\ i dw`cfhÉdwf iBr ktK` i9i k�t«l{k�mcdg`cfez i `'mcd!�ck i9r k\�^a^�ka| i \�fK^�kª\
90◦
¢/z£n�bNbNk i l£nRdwf«`cl{tek�l iBr \ iSiBr k\�^�^ak�| i \�fe^akx^ r \Hfemck�z�\*�sk�^ i �s` i9r z9\�bN|evwkaz�k65 � \�vgvgnc�

tedg�7dgtedwfem iBr kabÁ\�^�^a`cl9tedgfem i `F� r k iBr kal iBr kan'��k�l{kâØÄ|el9`�b�| i6 `clÆØÄlB\�fetK`cb  \�fet ØY|h\HlB\ `cl^ØÄ|skal9|  \�fKtp� r k iBr kal i9r k��sk�\�bÔ|�`cv�\�l{dwz9\ i dg`cf��ed i ¢�|h\ i9i k�l{f¤¦G� r dw^ r ^�`�l9l9kaz9|�`cfetekat i `
iBr k�kavwk�^ i l{`cfª�sk�\�bÔ|�`cv�\�l{dwz9\ i dg`cf>É±��\�z Ë `cl�����ÿ¤k i9r k�f i `7`c§z{vwdw^ak�z�`�o iBr k�z9k�|evg` i z�dgf� × µk�� � γ

�edgfez�\�fetª|�k�l{oq`�l9bNk�tªlB\�fKte`cbÔz � � i l9\�^ i dw`cfKz�\�z�\�|e|el{`c|el9dw\ i kH�
�J`�^�\�vw^ � v�\ i k�\S| r ` i `�fª\�z{n7bNb�k i l{n�^�`�l9l9ka^ i vgncjKd i dgz�feka^�kaz9zB\Hl{n i `Sk�fez � l9k iBr \ i `cfKk

r \�z�kT5 � dg�H\�vwkaf i vgn�z9dgü�katz9\�b�|Kvwk�z�`�o�|e\�lB\�\�fKtp|�k�l{|k��ckaf i z_\Hfet iBr \ i�i9r kan r \y�ck�k65 � \�v|s`�v�\�l{dwzB\ i dw`�f��Sã�`%��k��ck�laj�dgf¨\H^ r dwk���dgfem iBr dgzQfe`cl{b�\�vgdwz9\ i dg`cf��k r \y�ck i ` i \�§Hk�\H^�^�` � f i`�o iBr k-oV\�^ i�iBr \ iQi9r k�l{k6dwzQdwbN|�k�l{oqka^ i \Hü�dwb �KiBr \Hv@z{n7bNb�k i l{n dwf iBr k�ê�l£n7z i \Hv±ë²\�vwvÞ�S¶Tz
iBr kal9k�\Hl9k i ��`Fb�k i \�vJ|ev�\ i k�zT�sk i ��kak�f iBr k r k�bNdwz{| r k�l{k�zQ`�o i9r k6ë²\�vgv²¦q�sk i ��kak�f

0◦
\�fKt

±180◦
dgf
φ
É�jc\ i

0◦
\Hfet ±180◦

iBr k�\�^�^ak�| i \�fe^�k�oq`clJ|Kl9` i `cfezJoV\Hvwvwz�tel9\�b�\ i dg^y\�vgvgnc��¶_z i9r dwzkT�sk�^ i�r \�z
180◦

z{n7bNb�k i l£ncjKd i \*�sk�^ i z�`cfKk�`�o iBr k i ��`�|�`cv�\Hl9dwz9\ i dg`cfN`cl9dgk�f i \ i dw`cfKz�bN`cl9ktelB\Hb�\ i dw^�\�vwv!n iBr \�f i9r k�` iBr kal�\�z�^y\�fp��kQz9k�kaf dgfòJdwm � l{k�û�� Ë �K��� rP� z�d i ��` � vgtªfe` i �sk\�^�^ � lB\ i k i `�z{dwbN|evgnTfe`cl{b�\�vgdwz{k iBr k r dwz i `cmcl9\�b�z��Pn�tedg�7dwtKdwfem i9r l9` � m r �Pn iBr k±dwf i k�mcl9\ i kat
i ` i \�v_f � bS�skalp`HoS^a` � f i zpdwf¯k�\�^ r �·]/f´`�l9tekal i ` r \�fetevgk iBr dgzª\�^�^ak�| i \�fe^ak¨|el{`c�evgk�b|el9`�|skal9vgn�j���k�tek�^adwtekat i `m�dg�ck i9r k6fe`cl9b�\�vgdwzB\ i dw`�f}\�^�^ak�| i \�fe^ak�\ªz i l � ^ iB� l{k i9r \ i �²\Hz
90◦
¢�z{n7bNb�k i l9dg^_\HfetFz9`-��` � vgtª\*��ka^ i ��` i9r |s`cvw\�l9dgzB\ i dw`cfKz�kT5 � \�vwv!nc�@� r dwz²��\�z�\�^ r dgka��k�t�)n'dwm�fe`cl9dgfem i9r k6\�fem � v�\�l�l9\�femckazQ`�o

0 ± 6◦
j ±90 ± 6◦

\�fKt ±180 ± 6◦
dÞ�ÄkH�Sdwfu`cl{tek�l

i `�^�\�vw^ � v�\ i k iBr k�fK`cl9b�\�vwdgzB\ i dw`cf6oV\�^ i `cl{z�jK��k�z9dwbN|ev!n�dgf i k�mcl9\ i kat iBr k r dgz i `cmclB\Hb�z�oql{`cb
−174◦

i ` −96◦
j −84◦

i ` −6◦
j
6◦
i `

84◦
\�fKt

96◦
i `

174◦
��¶To i k�l�tedg�7dgtedwfem iBr l9` � m r

�)n i9r k�fe`cl{b�\Hvwdwz9\ i dg`cf-oV\�^ i `claj���k�^y\�vg^ � vw\ i kat iBr k�\�z£n�bNbNk i l£n}¦
Σ
É�\�z

Σ =
Nπ0‖−Nπ0⊥

Nπ0‖+Nπ0⊥

�
� r dwz_l9k�z � v i zQdwf}\tKdwz i l9dg� �Ki dg`cf'|el{`c|�`cl i dw`cfh\Hv i `

cos(2φ)
��d iBr \�fu\�bN|evgd iB� tek i9r \ i dgz

iBr k_|el9`7t � ^ i `�o iBr k�tek�m�l9k�k_`�oDvwdwfKky\�l�|s`�v�\�l{dwzB\ i dw`�f�\Hfet iBr k_b�\�m�fed i9� tek�`�o iBr k�| r ` i `�f\�z{n7bNb�k i l£nO¦Vz{k�kª¶_|K|skafeted!³�ê·oq`clSb�`cl{ktek i \�dgvwz-`cf¥\�z£n7b�bNk i l{n«^�\�vw^ � v�\ i dw`�fez1É��¨¶Tz
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γp→ pπ0 Ý>Ý

Eγ

ë�ky\�b�öJ`�v Çe�sz9k i ¶Tb�|evgd i9� tek¦ ð É
ö r \�z9k¦VtekamPÉ Σ¦q� r dwz²ÿ¨`cl{§KÉ

ï ×c× Ë −0.000 ± 0.003 15.77 ± 0.47 −0.32 ± 0.84 0.584 ± 0.017ï ×c× � −0.003 ± 0.003 17.06 ± 0.47 −0.40 ± 0.77 0.632 ± 0.017ï)� × Ë −0.036 ± 0.004 20.37 ± 0.51 −0.96 ± 0.73 0.647 ± 0.016ï)� × � −0.005 ± 0.004 19.58 ± 0.51 −0.83 ± 0.71 0.622 ± 0.016

�J\��evgk�û�� Ë.L � r k�l9k�z � v i z�`�o i9r k�dwfed i dw\�vs��ky\Hb[|�`cv�\�l{dwz9\ i dg`cf^ r ka^1§��

iBr dwz��²\�zx`cfev!nR\|el{k�vwdgb�dgfh\�l£n ^ r ka^1§«\�fKt iBr k�z9`Ho i �²\�l{k�l{k65 � dwl{k�t i ` ^�\�vw^ � v�\ i k6vwdwfKky\�l|�`cv�\�l{dwz9\ i dg`cf«`cf¬\�f�k��ckaf i ¢/�)n)¢/k��ck�f i �h\Hz9dwz���\�z�fK` i \%�H\�dgv�\��KvwkF\ i6i9r k i dwbNkF`�o i9r k�z{k^y\Hvw^ � v�\ i dw`cfezaj���k � z9k�t¬\�f¥\y�ckalB\�mckª|�`cv�\Hl9dwz9\ i dg`cfR^y\�vg^ � vw\ i kat«oql9`cb iBr kR5���Mª\�fh\�v!n i dw^�el{k�bNz9z i lB\ r v � femS^�`7tek_� r dg^ r m)\y�ck � z²\�fF\y�ckalB\�mckQtKk�mcl{k�k�`�o�vgdwfek�\�l�|s`cvw\�l9dgzB\ i dw`cf6`�oJ���
ð \ i ï ×c× µk��æ\�fetaI Ë �Yû ð \ i ïP� × µk��S�� r k�l{k�z � v i z¦qz r `%��f�dwfR�J\��evwk�û�� Ë ÉQ\�l9kNdwfRl9k�\�z9`�fh\��evgk�\�m�l9k�kab�kaf i ��d iBr¨i9r kN|el9k�¢�7dw` � zTbNky\�z � l9kab�kaf i �)nâ�ßk � §Hk�v�øY�Hï ú dwfª� r dw^ rpiBr kx\��ez{`cv �Ki kx| r ` i `�f \�z£n7b�bNk i l{nF��\�z^y\Hvw^ � v�\ i k�t i `6��k

0.592± 0.036
\ i ï ×c× µk��æ\�fKt

0.591 ± 0.033
\ i ïP� × µpk��-�h] i ^y\Hf\�vgz9`��sk�z9kak�f i9r \ i�iBr k�k�vgk�^ i l9`cf��sk�\�bÌ|�`cv�\�l{dwz9\ i dg`cf�te`7k�z�fe` i \�|e|�ky\�l i ` r \y�ck_\*��ka^ i k�t

iBr k-tek�m�l9k�k�`Ho�vgdwfek�\�l�|s`cvw\�l9dgzB\ i dw`cf\�tK��k�l{z9k�v!n}\�zajß\�v iBr ` � m r iBr k�\�bN|evwd iB� tek�l9kaz � v i zQdgf
iBr kSï ×c× µk��	�Kdwf'\Hl9kSfK` i dgf |�k�l£oqk�^ i \�mcl9kak�bNk�f i j iBr kanted �sk�l�dwf iBr kx`c|e|�`cz9d i k�tedwl{k�^�¢
i dg`cf i ` iBr `cz9k�dgf i9r k�ïP� × µk����edgf���¶_vgz9`ej7��` iBr�i9r k_`*��z{k i \�fKt iBr k_| r \�z{k�z9kak�b i `-��k\�vgb�`cz i ^�`�fez9dgz i kaf i ��d iBr ü�kal9`6oq`cl�\�vgv�`�o iBr k�\���`%�ck�^y\�z{k�za�ãT`%��ka�ckal�j iBr kaz9k�l9kaz � v i z�z r ` � vgtp��k�\�^�^ak�| i k�tp`cfev!n���d i9r ^y\�l{k��±� r k�fe`cl{b�\Hvwdwz9\ i dg`cft � k i ` iBr kxtek�mcl{k�kx`�o�vwdgfeky\Hl�| r ` i `�f'|s`�v�\�l{dwzB\ i dw`�fFdwzT\%��k�l9\�mck�t `���k�l i9r kxo � vwvD� × µk����dwt iBr `�o�ky\H^ r k�fKk�l9mHn¨�Kdwf¨\�fet¨��\�z�fe` i |skal{oq`cl{b�kat¨�J\�mcm�k�l�^ r \�fefKk�v!¢��)nP¢�^ r \�fefKk�v²\Hz` � l

γp→ pπ0γ′
l9k�z � v i z���kal9k��¶_v iBr ` � m r'iBr k6|el{ka�7dw` � zQl9kaz � v i z�\�|e|�ky\Hl9k�tu|el{`cbNdwz9dgfemejsd i ��\�z�tek�^adwtekat i `ªk�³ i kafet

iBr kQz iB� tKn�o � l iBr kal�dwf i `�l{k�mcdg`cfez²`HoJvg`%��kal²|s`�v�\�l{dwzB\ i dw`�f��J� r k�|�`cvw\�l9dgzB\ i dw`cfNk�tem�kQdwf iBr kth\ i \ � fetekalNz iB� t�n«�²\Hz�\ i ïcï × µk��-j i9r kFtekamcl9kak`�o�vgdwfek�\�l-|�`cv�\�l{dwz9\ i dg`cf¤tel{`c|ez iBr ko � l iBr kal iBr \ i `�fek�b�`%��k�zQoql9`cb iBr dwz��H\�v � k���] i �²\�zQoqkav i�i9r \ iQiBr k�tedwz{^�l9ka|h\�fe^�nu\ i ï ×�×µk��SjKz r ` � vwt�d i �skTl9k�\�vWjP��` � vwt���`cl{z9k�f i9r k�vg`���k�l iBr kTtek�m�l9k�k_`�oß| r ` i `cf|�`cvw\�l9dgzB\ i dw`cf��k�^y\Hb�kH�±ó�` i9r k�z iB� tKn6�²\�z�k�³ i kafetekat i `xk�fe^a`cb�|e\�z9z
Eγ

oql9`cb®I ×c× µpk�� i `�ïP� × µk��S�� r kxtek�mcl{k�kx`�o�vwdgfeky\Hl�|s`cvw\�l9dgzB\ i dw`cfFdgz�\�vwbN`cz i dgtek�f i dg^y\�v�oq`�lT��` iBr �sk�\�bÊ|�`cv�\�l{dwz9\ i dg`cfez\�fet�jT\Hz��ku\�l{k'`cfev!n¥^�`cfe^ak�l{fek�tO��d i9r�iBr ku\Hmcl9kak�bNk�f i `�o i9r k}l9kaz � v i zl9\ iBr kal iBr \�f
iBr k�dwl-\��ez9`�v �Ki k��H\�v � kHj iBr kFl{k�z � v i zp¦Vz � b�b�\�l9dgz9kat«dwf��J\��evgkªû��Y�cÉS\�l{kFfe` i fe`�l9b�\�vwdgz9k�t�)n iBr kutekamcl9kak¨`HoSvgdwfek�\�l|�`cv�\�l{dwz9\ i dg`cf��ù� r k�z9k¨l9kaz � v i zªdwfetKdw^y\ i k'�ckal{nO^avwky\Hl9vgn iBr \ i^ r \�fKmcdwfem iBr k-kavwka^ i l{`cf}��ky\�b¡|�`cv�\�l{dwz9\ i dg`cf r \�z�fe`z£n7z i kab�\ i dw^SkT�sk�^ i `cf iBr kS| r ` i `cf\�z£n�bNbNk i l£n¯`�o iBr k

γp → pπ0 l9k�\�^ i dw`cfO^ r \�fKfek�v�\�fet iBrP� zp`cf iBr kubNky\�z � l9kab�kaf i`�oQ| r ` i `�f�\�z£n�bNbNk i l{dwkazNdgf�mckafek�l9\�vW��ãTk�fK^�k�j i9r kkavwka^ i l{`cf���ky\Hb |�`cvw\�l9dgzB\ i dw`cf r \Hz��k�k�fpfekamcvwka^ i katªdwf iBr kx\Hfh\�vgn7z{dwz²`�o i9r k�vwdwfKky\�l{vgnN|s`�v�\�l{dwz9kat| r ` i `cfp\�z£n�bNbNk i l£n`�o iBr k|�¦
γ, γ′π0 |>É²^ r \Hfefek�vÞ�
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Eγ

ë�ky\Hb�öD`cv Ç��sz9k i ¶Tb�|Kvwd i9� tek¦ ð É
ö r \�z{k¦VtKk�mPÉ

I ×c× Ë 0.003 ± 0.004 3.05 ± 0.52 −8.42 ± 5.01I ×c× �
0.003 ± 0.004 2.95 ± 0.54 1.82 ± 5.03I)� × Ë 0.002 ± 0.002 5.58 ± 0.35 1.06 ± 1.78I)� × �
0.001 ± 0.002 5.88 ± 0.36 −0.02 ± 1.69I�ï × Ë 0.000 ± 0.003 8.40 ± 0.37 0.45 ± 1.24I�ï × �
0.000 ± 0.003 7.85 ± 0.37 −0.55 ± 1.33I.� × Ë −0.003 ± 0.002 10.65 ± 0.34 −1.52 ± 0.91I.� × � −0.003 ± 0.002 10.98 ± 0.34 −1.66 ± 0.88I Øc× Ë −0.002 ± 0.003 14.18 ± 0.39 0.75 ± 0.78I Øc× � −0.001 ± 0.003 13.66 ± 0.39 −0.52 ± 0.81ï ×c× Ë −0.000 ± 0.003 15.77 ± 0.47 −0.32 ± 0.84ï ×c× � −0.003 ± 0.003 17.06 ± 0.47 −0.40 ± 0.77ïP� × Ë −0.036 ± 0.004 20.37 ± 0.51 −0.96 ± 0.73ïP� × � −0.005 ± 0.004 19.58 ± 0.51 −0.83 ± 0.71

��\��Kvwkxû��Y� L � r k�l9kaz � v i z�`�o iBr k�k�³ i k�fetekat'��ky\�bÍ|s`cvw\�l9dgzB\ i dw`cf�^ r k�^1§>�
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<v�� � ±&� SFç�½Q» ± ºx¼
]/fN`cl9tekal i `x|Kl9`c|�k�l{vgn6\�fe\�vgn7z9k i9r k

γp→ pπ0γ′
th\ i \�\�fet�\�z{z9k�z{z²z � ^ r k�z{z9kaf i d�\�v i9r dwfem�z\�z i9r k��h\�^1§Pmcl{` � fetu^a`cf i l9dg� �Ki dw`cfez i ` i9r k�b�k�\�z � l9k�bNk�f i \Hfet iBr k�\H^�^�ka| i \Hfe^�k6`�o iBr ktek i k�^ i `cl�z£n�z i kabj>`cfek�fekak�tezT\�z9dgb � v�\ i dw`�f�`�o iBr kQk�³K|�k�l{dwbNk�f i �

ÿ r k�f i9r k�ê²ëWÃ�µ¶�µ]�z{k�l9dgk�z@`Hosk�³�|skal9dwbNk�f i z@�skam)\�f�jc\�z iBr kal9k���\�z±\�|el{k�¢�k�³�dwz i dwfKm
h � ¶e�T�·I¨ø��c�7j Ë%× �Kj ËcË%×Hú µ`�f i kªê²\�l{vw`p|h\�^1§4\�mck'¦10�M�;�EGL�É�j@\Hfet�\�z iBr kê�l{n7z i \�v²ë�\�vwv��\�z±�Pn�oV\Hl iBr k�bN`cz i mcka`cbNk i l{dw^�\�vwv!nx^a`cbN|evwk�³�`�os` � l±tek i k�^ i `cl±z£n�z i kab�zaj�d i b�\�tKk�z9k�fKz9k
i `�z{dwbN|evgnx� � dgvwt6`cf iBr k�k�³Kdgz i dwfem h � ¶e�T�lIF0�M�;�EGL	|e\�^1§4\�mck��Jÿ¤k�\�tetKk�t iBr kTµpÿ°ö�ê�z\�fet i9r kuö�]A÷ i ` iBr k'z9dgb � v�\ i k�t�tek i k�^ i `clFmcka`cb�k i l£ncj�\�fet¯^a`cvwvgky\�m � k�z�oql{`cb Å�ê��ß¶
\�tetKk�tp�J¶_ö�ó��

�J`�l � f i9r k-z{dwb � vw\ i dg`cf�je`�fek-z � |e|evwdgk�z iBr kS|el9`cm�lB\�bÔ��d iBr \6Ùhvwkx`�o�|el{k�¢/m�k�fekalB\ i k�tka��k�f i z�^�`cf i \�dwfedgfemQ|h\�l i dg^�vwk i lB\�ý{ka^ i `cl9dgk�z�jPdgtek�f i d i dgk�z�\�fKt�kafek�l{mcdwkaz�\Hfet�l{ky\�^ i dg`cf��ck�l i k�³vw`7^y\ i dw`�f��¬� r k z9dgb � vw\ i dg`cf iBr kaf�|el{`�^ak�z9z{k�z iBr dgzNÙhvgk�j�ka�ckaf i ¢/�)n)¢/k��ckaf i j i lB\�^1§PdwfKm iBr kdwfKtedg�7dwt � \�v_|e\�l i dw^�vgk�z i9r l9` � m rOiBr kutek i k�^ i `clªz£n�z i kab \�fet°b�`cfKd i `�l9dwfKm iBr kRtKk i ka^ i `cll9kaz9|�`cfez{k��±] i |Kl9`7t � ^�kaz�\�fFãTëWÇ@ÇQô®oq`cl9b�\ i ` �Ki | �Ki f i9� |evwkT^�`cf i \�dwfedgfem iBr kTdwtekaf i d i dwk�z`�o iBr kªz i l � ^1§�tek i k�^ i `cl6k�vgk�bNk�f i zaj iBr kpz{dwüakp`Ho i9r kªk�fekal9m�n�tKk�|�`cz9d i \�fet®¦qoq`cl��D¶�ö�ó\�vg`cfek%É iBr k i dgb�kQ`Ho i9r k�k�fekal9m�nFtKk�|�`cz9d i �

³�������� Àkó�ª ºi«¹¸Áª ºrªLµ/� «)¾N¬�º
�D`�\�^a^ � l9\ i kavgnFmc\ � mck iBr kS\�^a^�ka| i \�fK^�kS`Ho iBr k�tKk i ka^ i `clTz£n7z i kabÊoq`cl�\N|h\Hl i dg^ � vw\�l²l{ky\�^�¢
i dg`cf'd i dwz�dgb�|�`cl i \�f i�i ` r \y�ckN\mckafek�l9\ i katuka�ckaf i z{k i � r dg^ r b�\ i ^ r k�z i9r k�§Pdwfekab�\ i dw^tedgz i l{dw� ��i dw`�fez�`�o iBr k6�H\�l9dg` � zQ|h\�l i dg^�vwkazQdwf)�c`�vg�ckat���¶ i |el{k�z{k�f i j iBr kal9kNdwz�fe`\%�H\�dgv�\��Kvwk
� |�¢ i `H¢�th\ i k�k��ckaf i mck�fekalB\ i `cl�oq`clTkad i9r k�l�`�o�` � l i ��`�bN`�tKk�vwza�²]/fez i ky\Ht'��k � z9kat«L�0W�7,��� r dg^ r dgz iBr k�fek���ka��k�f i m�k�fekalB\ i `cl�|el9`7t � ^ak�t�Pnª�K��¦��>µR�h¶_fefh\Hfet��

ÿ¤kpb�\�tekFz9dgb�|Kvwk � fed!oq`cl9b | r \�z{kz{|h\�^aktedgz i l9dw� �Ki dg`cfez�`�oT�s` iBr
γp → pπ0 \Hfet

γp → pπ0π0 l{ky\�^ i dw`�fez i ` i k�z i-iBr k�h\�^1§Pmcl{` � fet�z � |e|el9kaz9z{dw`cf�`�o�` � l-\�fh\Hvgn7z9dgz��'ÿ¨k\�vgz9` b�\�tek i ��`}ted �sk�l{k�f i z{dwb � vw\ i kat¤th\ i \z{k i z-oq`cl i9r k
γp → pπ0γ′

|el{`�^ak�z9za�}ë�` i9rth\ i \}z9k i z�\H|e|evwdgk�t¥\ºI ×c× µk�� i `¤û ×c× µk��Údgfe^�`cbNdwfKm'| r ` i `cf¥�sk�\�b ��d i9r \ Ë F � ¢i n7|skptedgz i l{dw� ��i dw`�f��«� r kp|el9`7t � ^ i dg`cf�`�o i9r kªth\ i \uz9k i zNted �sk�l{k�t¥`cfev!n«dwf i9r k^ r `cdw^ak`�o i9r k|el{`�t � ^ i dw`cf¨| r ` i `cf¤kafek�l{m�n¤tKdwz i l9dg� �Ki dg`cf��ª� r kNÙhl9z i j�mc|e|Kd × \KjDz9dgb � vw\ i kat iBr k
∆
i `

∆
teka^y\yncj�|Kl9`7t � ^�dgfemF\�f

Eγ′

tedwz i l{dw� �Ki dw`cfp� r dw^ r l9k�z � v i k�t'oql{`cb iBr k i lB\�fKz9d i dw`cf
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ò�dwm � l9k��K� Ë.L Eγ′

tKdwz i l9dg� �Ki dg`cfez�oql{`cb iBr k i ��`
p(γ, γ′π0p)

z{dwb � vw\ i dg`cfQka��k�f i m�k�fekalB\ i `cl9za�� r k�l{k�t-vgdwfek±z r `%��z iBr k�tedwz i l{dw� �Ki dw`cf�oql9`�b~mc|e|ed × \KjH\�fet i9r k��ev � k�vwdwfKk�z r `%��z iBr k Ë F � γ′tek�|�k�fKtek�f i mc|e|ed × �ªtedwz i l9dg� �Ki dw`cf��

��d i9r dwf iBr kTë�l9k�d i ¢WÿOdwmcfekal@��dwt i9r `�o i9r k
∆
�@� r kTz{k�^�`�fet�j7§7fK`���f\�z±mc|e|ed × ��jP\�|e|KvwdwkatN\

1/Eγ′

�el{k�bNz9z i lB\ r v � fem4¢ i n7|sk±tedgz i l9dw� �Ki dg`cf i ` iBr k�` �Ki mc`cdgfem�| r ` i `cf�k�fekal9m�n�¦Vz{k�k�ò�dwm � l9k
�K� Ë É��Û� r k�z{k i ��`�ted���kal9kaf i

Eγ′

tedwz i l9dg� �Ki dw`cfezª\���ka^ ipiBr kuz r \�|skR`�o iBr kRz9dgb � v�\ i k�tth\ i \¨\�fe\�vgn7z9dgz6l9k�z � v i zq5 � d i kªb�\�l9§Hk�tev!n�dwf�z9`cbNkp^y\�z{k�z�j�z{`¨��kp��dgvwv²z r `%�¡�s` iBr z{k i z`�o±z9dgb � vw\ i kat'th\ i \|s`cdgf i z�\Hvw`cfem�z9dwtKkS` � l_k�³�|skal9dgb�kaf i \�v�l{k�z � v i z���¶_vwv�oq` � l_ka�ckaf i Ùevwk�z^�`cf i \�dwfekatp\�l9` � fet
3 × 106 k��ckaf i z��

³������	¨ îÁºr��¸4¶W·�¾�·£¬�¾ ðW¾£Ç~Èr¸N�Z«)ª » õ �Z«)� ðWª�«)·
�J`�\�fh\�v!n7z9k iBr k¨z9dwb � v�\ i k�t°th\ i \KjQky\�^ r `�o iBr k¤¶�^65 � ¦�`7` i tKk i ka^ i `cl ^av�\�z{z9k�z r \�z \
¦�k�\�th÷_ka^�`7tek�tß¦WÉNo � fK^ i dg`cf�j�� r dw^ r�i l9\�fez{v�\ i k�z iBr k'z{dwb � v�\ i dw`cf�` �Ki | �Ki f i9� |evgk�¦Þ\4o i k�l^�`cf)��k�l9z{dw`cf i `a¦WÇ@Ç��æoq`cl{b�\ i ÉTdgf i ` iBr k6zB\Hb�k6k�fKk�l9mHnR\�fet i dgb�k6\�l{lB\yn7z iBr \ i ��` � vgt�sk_^�`cfez i l � ^ i k�toql{`cb iBr kQ| � vwz9k r k�dwm rPi z�dwf i9r kQ| r n7z9dw^�\�vßtek i k�^ i `cl�¶_÷Qê�z�\�fetª��÷Qê�za�òhl9`cb iBr \ i |�`cdgf i `cf�j iBr kªz9dgb � vw\ i kat�th\ i \}dgz i l9k�\ i kat¬dgf iBr kªz9\�b�kªb�\�fefekal6\�z iBr kl9kam � v�\Hl²k�³�|�k�l9dgb�kaf i \�vßth\ i \-��d i9r \-oqk���k�³�^ak�| i dw`cfeza�

� r k¨kafek�l{m�nOteka|s`cz{d i l9ka^�`cl{tek�t´�)n iBr kuz9dgb � vw\ i dg`cf¯dwzFk�³e\H^ i jQz{`¥��kRz9bNky\�l iBr kk�fekal9m�n-tek�|�`cz9d i dwf i9r k�dwfetKdg�7dwt � \�v�^�\�vw`�l9dwbNk i k�lJk�vwkab�kaf i z±\�^a^�`cl{tedwfem i ` iBr k�l9kaz9`cv �Ki dg`cfezl9ka|s`cl i kat�dwf~ø Ø û ú ¦qoq`�l iBr kuê�l{n7z i \�vQë²\HvwvGÉ�\�fKt©ø ØcØ4ú ¦Goq`cl��D¶�ö�óeÉN� r k�fOl9k�\�tedwfKm iBr kz9dgb � v�\ i k�t6th\ i \�dwf i `�¶�^65 � ¦�`�` i oq`cl�\�fe\�vgn7z9dgz��J� r dwz±��`�l9§Pz�oV\�dgl9v!nS��k�vwv�\�fKt i9r k���dgt iBr z`�o iBr kQ�H\�l9dg` � z²kafek�l{m�nªtedgz i l{dw� ��i dw`�fez�\�mcl{k�kQ��d i9rFiBr `cz{k�`c�ez9kal{��k�t dgf iBr k�k�³�|�k�l{dwbNk�f i �
ãT`%��k��ckal�j i9r k6z9dgb � v�\ i dw`�f'te`7k�z�z � �sk�lQoql{`cb z{`cb�k6vgdwbNd i \ i dw`�fez���÷ � k i ` i9r k6z9|h\4¢

i dw\�v�^�`cfez i l9\�dwf i zT`�o±vw`7^y\ i dwfKm i9r k-ö�]A÷·\�fetuµªÿ°ö�ê�zQdgfez9dgtek i9r k�ê�l£n7z i \Hv�ë²\�vgvWj>d i �²\Hzfek�^ak�z{zB\�l£n i ` r \%��k iBr k�kavwka^ i l{`cfedg^�z�oq`cl��s` iBr tek i k�^ i `cl{z²oq`cl{��\�l{tF`�o iBr k i \�l9m�k i jK\�fFdwb�¢|s`�l i \Hf i l9kamcdw`cf�t � k i ` iBr kToq`cl{��\�l9tF��`7`cz i |el9`%�7dwtekatF�)n i9r k���ky\�bÛb�`�b�kaf i9� bp�@� r dwz\*�sk�^ i z iBr k�l{k�mcdg`cfu\�l{` � fet
10◦ < θ < 20◦

�xÿ¨k i l9dgk�t i `Fl{kT¿hka^ i�iBr dwz�dgf iBr k�z{dwb � vw\4¢
i dg`cf}mck�`�b�k i l{n�j r `%��k��ckal iBr kNkavwka^ i l{`cfedg^�z�\�l{kN^a`cbN|evwk�³u\�l{lB\�fem�k�bNk�f i zQ`�o�^y\H|h\�^�d i `cl{z�jl9kaz9dwz i `cl{z6\�fet¥^ r dw|Kz6\�fet¥d i ��` � vgt¥��kªdwbN|elB\H^ i dg^y\�v i `ubN`�tKk�v�|Kl9k�^adwz{k�vgn iBr k�H\�l{dw` � z
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ò�dgm � l9kÂ���á� L ó7dwb � vw\ i kat��J¶_ö�ó�^�v � z i k�l i dgb�k��7za��^�v � z i k�l6k�fKk�l9mHn�|evw` i z r `%��dwfem iBr kdwtKk�f i d!Ùh^y\ i dw`cf�`�o>| r ` i `cfKz�\�fet-|Kl9` i `cfez�dgf iBr k�¶�^65 � ¦�`7` i \�fh\Hvgn7z9dgzJ`�o>z{dwb � v�\ i k�t
γp→

γ′π0p
k��ckaf i z��

^�`�b�|�`cfekaf i z���]/fez i k�\�t�j���kQ\�|K|el9`y³�dwb�\ i k iBr k_k�vgk�^ i l9`�fedw^az�dgf iBr k_z9dgb � vw\ i dg`cf6mck�`cbNk i l{n��d i9r \ Ë b�b�¢ i9r dw^1§�^y\�l{te�s`c\�l9t i9� ��k���� r dwz�^�`%�ckal9z i9r kS^a`cl9l{k�^ i l9kamcdw`cf�j�� �Ki�r \Hz�\�oV\�lbN`cl9k � fed!oq`cl9b�kY��ka^ i `cf i9r k�kafek�l{m�nRtek�|�`cz9d i z�oq`cl�^ r \�l9m�k�t«|h\Hl i dg^�vgk�z�dwf iBr \ i l9kamcdw`�f
iBr \�f iBr k�| r n7z9dg^y\�v�tek i k�^ i `cl�kavwk�^ i l{`cfedw^az��

¶_z i9r k�z9dgb � v�\ i dw`�f |el{`�t � ^�k�z�`cfKvgn \z9dwfKmcvwk-l{k�^a`cl9tekatuk�fekal9m�n'oq`�l�ky\�^ r �D¶�ö�ó'k�v!¢k�bNk�f i \�fKt¥tK`�kaz�fe` i ^�`�fez9dgtek�l�| � vwz9koq`�l9bpj�d i dgz�fe` i |�`cz{z9dw�Kvwk i `R|�k�l£oq`cl9bÜ|h\�l i dg^�vwkdwtKk�f i d!Ùh^y\ i dw`cf`cf iBr kS�h\�z9dgzQ`�o±| � vgz9k�z r \�|�k6\�fh\�v!n�z{dwza��]/fKz i k�\�t�j���k �Ki dgvwdgz9k i9r k-z{dwb � ¢v�\ i k�t r d i²i dwbNdwfem�`�oD�D¶�ö�ósje��ky\�l{dwfemSdwfFbNdwfet iBr \ i �J¶_ö�óFdwz�z �p¬ ^adwk�f i vgn�oV\Hl�oql9`cb iBr k
i \Hl9mck i�i `�\�vwvg`%��|h\�l i dg^�vwk�dwtKk�f i d!Ùh^y\ i dw`cfN�)n i dwbNk�¢�`�o�¢�¿hdgm r)i ��� r k�l{k�^a`cfez i l � ^ i katp^av � z i kal
i dgb�k��7zQ^�v � z i kalQk�fekal9m�n'|evw` i ¦Þò�dgm � l{kÃ�K�Y�cÉ r \Hz�\z i l9\�dwm rPi l9dwtKmckSoq`cl�| r ` i `�fezN¦q� r dg^ r
r \y�ckN^�`�fez i \�f i ��k�vg`�^ad i nKÉ��-¶T�s`%��k i9r dwzQz i lB\Hdwm r)i | r ` i `cfRl9dgtemckHj���k6`c�ez{k�l£�ck�\ª^ � l{��k�tl9dgtemck�^�`cl{l9kaz9|�`cfetedgfem i `fK`cf�¢/l{k�vw\ i d!��dgz i dw^Qtek i k�^ i katR|Kl9` i `cfez��Tÿ¤k � z9k i9r dwz i `b�\�§�kS\�ckal{n ^�vwk�\�fu\�fetuk ¬ ^adwkaf i |el9` i `cf}z9kavwka^ i dg`cf}�)n'dgtek�f i d!oGn7dwfemF\HfPn|h\�l i dg^�vwk�� r dw^ rur \HzQ\^�v � z i k�l i dwbNk�mcl9k�\ i kal iBr \�f Ø fez�\�z�\�|el{` i `cf���]/f i9r k r \�fetevgdwfemS`�o�l{ky\�vßte\ i \Kj���k � z{k�t| � vgz9kxz r \�|�k-\Hfh\�vgn7z{dwz i `�dgtek�f i dgoGnª|h\�l i dg^�vwkaz�dwf �D¶�ö�ósj � fKoq`cl iB� fe\ i kavgncj i9r dwzTdwz�oV\�lTvgk�z{zk ¬ ^adwk�f i�iBr \�f i9r k�dwtek�\�vwdgz9katFz9dwb � v�\ i k�t i dwbNk�¢/`Ho�¢�¿hdgm r)i \�fe\�vgn7z9dgz��

� r k_ê�l{n7z i \�v�ë²\�vwvKk�vwkab�kaf i z±dwf iBr k�z{dwb � v�\ i dw`cf-tK`�fK` i z i `�l9k�\ r d i�i dgb�kHjc`cfev!n�\ r d ik�fKk�l9mHnc�±ãTkafe^�k iBr k � z{k_`�o iBr k i dgb�k�l{k�vw\ i dg`cfez r dw|���k i ��k�k�f r d i z i `Sdgtek�f i d!oGn-^a`cdwfe^adwtekaf i| r ` i `cfez�dgz�fe` i |�`cz9z{dw�evgk�oq`cl�z9dgb � v�\ i k�tFte\ i \K�
¶_vgv i ��k�f i n)¢�oq` � lQz{^�dgf i dwvgv�\ i `cl9z�`�o iBr kSz9dwb � v�\ i k�t}öJ\�l i dw^avwkS]/tKk�f i d!Ùh^y\ i dw`cfu÷Tk i ka^ i `cl��k r \y�ck�dwtKk�f i dg^y\�vgvgnc��]/f i9r k�^y\�z{kx`�o iBr kxl{ky\�v�tKk i ka^ i `cl�j iBr k�l9k���\�z�\�vg��\yn�z�z9`�b�kQz{vwdwm rPi�H\�l9dw\ i dg`cfoql{`cbÚk�vwkab�kaf iQi `Fk�vgk�bNk�f i j�\Hfet iBr kal9k-��k�l9k i ��`ªtek i k�^ i `cl�k�vgk�bNk�f i z�� r dg^ r

r \�t¨|s`7`cl{k�l�vwdgm r)i ^�`cvgvwk�^ i dg`cf�j�\�fet iBr k�l9k�oq`cl9k�|s`7`cl{k�l�k�fekal9m�nul{k�z{`cv �Ki dw`cf¨\�fetR|h\�l i dg^�vwkdwtKk�f i d!Ùh^y\ i dw`cf_k ¬ ^�dgk�fe^�nc��� r k�z9k�k�vgk�bNk�f i zß��k�l{k�te\�b�\Hmck�tQt � l9dwfKm i9r k i \Hl9mck i tedwz{b�` � f i\�zQtekaz9^al9dw��k�tRdwfRó7k�^ i dw`cf¨û��!IK�Y���ãÇ_��k�lB\HvwvWj iBr k6z9dgb � vw\ i kat}ö�]A÷Ûb�\yn'��k�z9vwdgm r)i v!n bN`cl9kk ¬ ^adwk�f i²i9r \�f i9r k_| r n7z{dw^y\Hv�tek i k�^ i `cla�±¶_vwz{`ej7l � fez�`�^a^ � l{l9dgfem�\Ho i k�l iBr k�te\�b�\Hmck i ` iBr kö�]A÷ i `7`c§6|ev�\H^�k�|el9`7t � ^ak�z{n7z i k�b�\ i dg^y\�vgvgn6vg`���k�l�^�l{`cz9z²z{k�^ i dw`�fez�l{k�z � v i dgfemxoql{`cbÛ\Stel{`c|
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dwf�ö�]A÷®k ¬ ^�dgk�fe^�n�� r dw^ r dgz�fK` i l{kT¿hka^ i k�tFdwf iBr k_z9dgb � vw\ i dg`cfez���� r dgz�tel{`c|�dgf�k ¬ ^�dwkafe^andwz�vgk�z9z iBr \�f�û ð ¦Þ\�z{z � bNdwfKm¤\ r \�v!��dgfem}`�o_k ¬ ^�dgk�fe^�n¬dgf�ky\�^ r `�o i9r k i ��`Rk�vwkab�kaf i z L
0.5× 2

24

É@\�fet���dwvgvK��k�^�`cl{l9k�^ i kat��)n6\�|K|evgn7dwfKmQb�k�\�z � l{k�tNtek i k�^ i `cl±k�vgk�bNk�f i l9kaz9`cv �Ki dg`cfez\�fet�k ¬ ^�dgk�fe^adwk�z���d i9r dwf iBr kTz9dwb � v�\ i dw`cf�jc� �Ki �²\�z�fe` i \�^ r dgka�ckatFt � l{dwfem iBr dgz���`cl9§6t � k
i ` i dgb�k_^�`cfez i l9\�dwf i za�

§Ä9¹ À ºx¼ÆÅ ¾ ¼6» ± ºS¼ ²

¶_z���k r \y�ckx|skal{oq`cl{b�kat'\�oV\�dwl{vgn^a`cbN|evwk�³\�fh\�v!n�z{dwz�dwf)��`cvg�7dwfKmNz{ka��k�lB\Hv�z i \�mckaz_`�o�§7dgfek�¢b�\ i dw^�^ �Ki z í jc��k�oqk�v i d i ��\�z�\�tK�7dgzB\��evgk i `Qz iB� t�n iBr k�kY��ka^ i `�o�ky\H^ r ^ �Ki dwfKtek�|�k�fetKk�f i `�o
iBr k�` i9r k�l{z����D` iBr dwz±k�fet�je\Ho i k�l�tekaÙhfKdwfemx` � l�Ùhfh\�vs\�fh\Hvgn7z9dgz�j)��kTl9k�¢A\�fh\Hvgn7z9kat iBr kTth\ i \Kjz{n7z i k�b�\ i dg^y\�vgvgn6l{k�bN`��7dgfem-`cfek_^ �Ki \ i \ i dgb�k i `�`��ez9kal{�ckQd i z�kT�sk�^ i ��ÿ r k�fF��kQtedwz{^ � z{zky\�^ r ^ ��i j iBr k�|evg` i z±z r `���fN��dwvgvel9ka|el9kaz9k�f i�iBr k�l9kaz � v i z±`�o�\�f�\Hfh\�vgn7z{dwz@� r kal9k�ka�ckal{nN^ ��i¦Wó�ka^ i dw`cfª�K�ÎïPÉ�dgz�\�|e|evgdwk�tFz9\y�ck iBr k�^ ��i�� fetekal�dgf)�ck�z i dgm)\ i dg`cf��@� r k�l9ka�)np��k�\�l9k�\H�evwk i `z9kak-k�³K\�^ i vgnp� r \ i_iBr \ i ^ �Ki l9k�bN`%�ckaz�jßdwf i kal9bNz�`�o±z9dgmcfh\�vJ\�fet iBr k-�e\�^1§Pmcl9` � fet � |s`�f� r dw^ rNiBr k�z9dgmcfh\�v>z{d i za�@� r kT^�`cbN|h\�l{dwz9`�fN`Hoßz9dgb � v�\ i k�t i `Sk�³�|�k�l{dwbNk�f i \�vhte\ i \�l9k65 � dgl9kaz
iBr \ iNi9r kpz9dwb � v�\ i k�t�th\ i \ � fetek�l{mc`¯¦V\�z�oV\�lN\�zN|s`cz{z9dg�evwkyÉ i9r kpzB\�bNkp\�fh\�v!n�z{dwzN\�z iBr kl9k�\�v>th\ i \��@� r k�l{kaoq`cl{k�j7oq`cl±ky\�^ r te\ i \x\�fh\�v!n�z{dwzT¦q��d iBr ted �sk�l{k�f i ^ �Ki z�`cbNd i9i k�t>ÉJ��k r \%��kl � f iBr k-z{dwb � v�\ i dw`cfp\�fh\Hvgn7z9dgz_dwfk�³K\�^ i vgn iBr k-zB\�bNkx��\ync��ó � �ez9kT5 � k�f i |evw` i z_^a`cbN|h\�l9kk�³�|�k�l9dgb�kaf i \�v���d iBr k65 � d!�H\�vwkaf i z{dwb � v�\ i k�tªtedwz i l{dw� �Ki dw`cfKz��

ãTk�l{ky\Ho i k�laj i9r kF�ev�\H^1§«^�l{`cz9z{k�z6z r `%��f¬`cf¥\�vwv�th\ i \'|Kvw` i z�l9k�|Kl9k�z{k�f iNiBr kqÇ/`cfekF^ ��il9kab�`%�ckatMÈ_k�³�|skal9dgb�kaf i \�v�th\ i \-z9k i zaj iBr k�l{k�tª^�l{`cz9z{k�z�l9ka|el9kaz9kaf i�i9r kQk65 � d!��\Hvwk�f i l{k�z � v i zoql9`cb iBr k�mc|e|Kd × \²mckafek�l9\ i katSz{dwb � vw\ i katQth\ i \T\�fKt i9r k±�ev � k±^al9`cz{z9k�zDl9ka|el9kaz9kaf iJiBr \ i oql{`cbiBr kQm�|e|ed × �Fz9dwb � v�\ i k�tFth\ i \K��� r k�dgfe^�`cbNdwfKmS| r ` i `cfªk�fKk�l9mHnFdwz�\�v!�²\yn7zQ5 � ` i k�tpdwf iBr kv�\��¨oqlB\�bNk�j±\�vgv�` i9r k�lx��\Hl9d�\H�evwkaz-\�l{kFdwf iBr kF^�k�f i l9kª`�o�b�\Hz9zSoql9\�b�k � fevwkaz9z�` i9r k�l£��dwz{kz i \ i kat��±� r k�k�bN|evw`%nckatz£n7b-�s`�vwz�\�l{k�k�³�|ev�\�dgfek�tªdgfp�J\��evgkN�K� Ë �

ó7n7b-��`cv µk�\�fedwfKm
Eγ

dwfK^�`cbNdwfemS| r ` i `cfªk�fekal9m�n
Eγ′

|el{`�t � ^ i dg`cfª| r ` i `cfpk�fekal9m�n
Eπ0 π0 §Pdwfek i dw^_k�fekal9m�n
Ep

|Kl9` i `cfª§7dgfek i dw^Qkafek�l{m�n
θγ′

|s`cvw\�l�\�fKmcvwkQ`�oJ|el{`�t � ^ i dg`cfª| r ` i `cf
θπ0

|�`cv�\�l²\�femcvgkQ`�o
π0

θp

|�`cvw\�l�\�fem�vwkQ`�oJ|el9` i `cf
φγ′

\�üadwb �Ki9r \�femcvgk�`�oJ|el9`7t � ^ i dw`�fp| r ` i `�f
φπ0

\Hü�dwb �KiBr \�fKmcvwkQ`�o
π0

φp

\�ü�dgb �Ki9r \Hfemcvwk_`�o�|Kl9` i `cf
��\H�evwkG��� Ë.L ê�`�fP��k�f i dg`cfh\�v�z£n7b-�s`�vwz��¤¶_vwv��H\�v � kaz6\�l9kp\�z�bNky\Hz � l{k�t¥dwf iBr kp^ak�f i l{kª`�ob�\Hz9z²oqlB\Hb�kHjezB\y�ck�oq`cl

Eγ

� r dw^ r dwz�\�v!�²\yn7z�l9k�|�`cl i k�t\�z�bNky\�z � l9katdgf i9r k�v�\��oql9\�bNk��
s�tÂÉE|4�A��Ê:���%�EzZw��Ewy��wR|4�E���Yu����j}Z{���{���z�{��v��wRw4��|4wR����{���u���z6�A�E��|R{��,|4���!�Ewy����{Z¡
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� r kal9k«\Hl9k i ��`¬b�\�dgfOl9ky\H^ i dg`cfezª� r dw^ r ^y\�f´|el9`7t � ^ak¨�e\�^1§Pmcl9` � fet i `¬`c�ez{^ � l{k iBr k
p(γ, γ′π0p)

z9dgmcfh\�v L p(γ, π0p)
\Hfet

p(γ, π0π0p)
��¶_vwv�th\ i \-^ �Ki z�tek�z{^�l{dw��k�t r k�l{k�dgf��kal9ktekaz9dwm�fek�t i `Fl{k�bN`%�ck i9r k�z{kN�e\�^1§Pmcl9` � fetuka�ckaf i z�jDvwk�\y��dgfem`cfKvgn

p(γ, γ′π0p)
k��ckaf i z�oq`�l

iBr k�Ùefh\�vßka�H\�v � \ i dw`cf`Ho�^al9`cz{zTz{k�^ i dw`cfp\�fKt| r ` i `cf\�z£n�bNbNk i l£nc�
³���ñ���� ����ÂpÐW¿ µ`¬±È#ºr» õOÈ#ª «)¬

γp→ pπ0

]�o>|�k�l{oqka^ i vgnxtek i k�^ i k�t�j i9r k
γp→ pπ0 l9ky\H^ i dg`cf-|el{`�t � ^�kaz�\ i ��`4¢/| r ` i `cf�j�z9dwfKmcvwk�¢/|el{` i `cfÙhfh\Hv�z i \ i k-� r dw^ r ^�` � vwt}��k-k�l9\�tedw^�\ i kat'oql9`cbÚ` � l_th\ i \z{k i �)n i9r k�z9dgb�|Kvwk�z i `�o�^ �Ki za�

ÅTf�oq`cl i9� fh\ i k�vgn�j�` � l_tek i k�^ i `cl{z�\�l9kSfe` i |�k�l£oqk�^ i \�fet�j�\�z iBr k
γp → pπ0 ^al9`cz{zQz9k�^ i dg`cf|�ky\�§Pz�\ i ∼ I Ë%Ø µ �'��d iBr dgf}` � l�l{k�mcdg`cf}`�o�dwf i kal9kaz i øÄ��I ú � r dwvwk iBr k γp → pπ0γ′

^al9`cz{z
z9ka^ i dw`cfFdgz�oq` � l�`cl9tKk�l9z�`Ho�b�\�m�fed i9� tek_z{b�\Hvwvwkal�øY��I ú j�ka�ckafp\-z9b�\�vwv>|el{`c|s`�l i dg`cf`�o γp→
pπ0 k��ck�f i z l9kaz9kab-�evwdgfem�` � lFtKk�z9dgl9kat°Ùhfe\�vQz i \ i k}^�\�f´z{dwmcfKdgÙh^�\�f i vgn�\*�sk�^ i ` � lÙhfh\�vl9kaz � v i �� r dwz�l{ky\�^ i dw`�fb�\ynbNdwbNdw^_` � l iBr l{k�k�¢�| r ` i `cf�jhz{dwfemcvgk�¢�|el9` i `cfFÙhfh\�vßz i \ i k�t � k i `N\oV\�dgv � l{k_`�o iBr k�^av � z i kal�l9k�^a`cfez i l � ^ i dg`cf�jK� r k�l9ka�)nkafek�l{m�ntKk�|�`cz9d i z�vwk�o i \ i²i9r k�k�temckaz�`�o\Sl{k�^�`�fez i l � ^ i k�tª^av � z i k�l�oql9`cbÛ\Sz{dwfem�vwk�| r ` i `cfF\�l{k_dwf i k�l9|Kl9k i k�tª\�z�\Sz9ka^�`cfKtª\�t4ý9\�^ak�f i^�v � z i k�lJ�Pn i9r k�l{k�^�`�fez i l � ^ i dw`�f�\�vwm�`cl9d iBr b·¦ r k�l{ky\Ho i k�lJl9kaoqkal9l{k�t i `Q\�z%ÇA|ez{k � te`4¢/z9|Kvwd i ¢/`��
È1j
z9kak�ó�k�^ i dg`cfNû��YûToq`cl�\�tekaz9^�l{dw| i dw`cfS`�o iBr k�^av � z i k�l{dwfem�\�vwmc`�l9d i9r bNz1É���¶Tv i kal9fh\ i dg��k�v!nS\�l{ky\�vz9|Kvwd i ¢/`��Jjc� r kal9k i9r k � µ z r `���k�l�^y\ � z{k�tF�)n�`cfek_| r ` i `�f�|el{`�t � ^�k�z²\xz9ka^�`cfKtFz9k�|e\�lB\ i k^�v � z i k�l�^y\HfpbNdwbNdw^ iBr kQÙhfe\�vßz i \ i k�`�o

p(γ, γ′π0p)
�

³���ñ��	¨ ����ÂpÐW¿ µ`¬±È#ºr» õOÈ#ª «)¬
γp→ pπ0π0

� r kal9kF\�l{k i ��` ��\%n7z�dgf¨� r dg^ r¤iBr k
γp → pπ0π0 l9ky\H^ i dg`cf¤^�\�f«kaf i k�l-` � lSth\ i \z{k i �� r k�Ùhl{z i dgz²z9dgb�|ev!n iBr \ i `cfek�`�o i9r k�oq` � l

π0 tek�^�\%n| r ` i `cfez²mc`7k�z � fetek i k�^ i k�tp�)n` � ltek i k�^ i `clNz{n7z i k�b \Hfet i9r k�l{k��)n¥|el9`7t � ^ak�z�\�f¬\�|e|h\�l{k�f i6iBr l{k�k�¢/| r ` i `cf¥z9dgfemcvwkF|Kl9` i `cfÙhfh\HvDz i \ i k��²� r kSz9ka^�`cfKt'dwz iBr \ i ` � lT^av � z i kal�ÙhfKtedwfem�\�vgmc`cl9d iBr b·oq`cl iBr k�^y\Hvw`cl{dwbNk i kal9zb�\%n_b�kal9mck i ��`�`�o i9r k
π0 tek�^�\%n)¢�| r ` i `cfxz r `%��kal9zJdwf i `�\�z9dgfemcvwk�^�v � z i kal�dwfQ` � lD\�fe\�vgn7z9dgz�j\�m)\HdwfF|el{`�t � ^�dwfKmN` � l iBr l{k�k�¢/| r ` i `cfpz9dgfemcvwk_|el9` i `cfªÙhfh\�v�z i \ i k���J`Ntek�\�v���d i9r \6bNdwz9z{k�tª| r ` i `cf�je��k�z9dwbN|ev!n\�|K|evgn�^ �Ki zT`cfªbNdwz{z9dwfKm�k�fekal9m�n�j�b�\�z{z\�fet}bN`cbNk�f iB� b�Qÿ¨k�^y\�fuky\Hz9dwv!npz9k�|e\�lB\ i k6` �Ki k��ck�f i z���d iBr \bNdwz9z{dwfem�|h\�l i dw^avwk-\Hfet

� z{k²z9dgb � v�\ i dw`�f i `�^�`�l9l9ka^ i oq`�l iBr k²l9kab�\�dgfedwfKm�^a`cf i \�bNdwfe\ i dg`cf�oql{`cb©` � lJth\ i \Tz9k i �@� r dgz��\�z�\²oV\�lßbN`cl{k�z{dwmcfKdgÙh^�\�f i ^y\ � z{k±`�oe�h\H^1§7m�l9` � fKtSdwf i9r k±|edw`cfKk�k�l{dwfem
µ∆+

bNky\�z � l9kab�kaf i
� z{dwfemF�D¶�ö�ó�ø Ëaú t � k i ` iBr k�l9k�vw\ i d!�ckavgnpz9b�\�vwvDz9`�vwdwt \�femcvgk-^�`%��k�l9kat¨�)n iBr kadwl_tKk i ka^ i `clz{n7z i k�bp�uÿOd iBr \�vwbN`cz i

4π
^a`%�ck�l9\�mckHj i9r kF|�`cz9z{dw�edgvwd i n'`�o � fetek i k�^ i kat¬| r ` i `cfKz-dwzSoV\Hlvw`%��k�l�dwfF` � lTê²ëQFH�D¶�ö�óªtKk i ka^ i `clTz{k i9� |��� r k�\�l i dgÙe^�d�\HvsbNk�l{mcdwfemx`�oD^�v � z i k�l9z�dgz²\SoV\�l�b�`cl{k�dwfKz9dwtKdw` � z�|el{`c�evwkab��� r kQk�fekal9m�n`�o iBr k i ��`¬| r ` i `�fezl{k�b�\�dwfKz���d i9r dwf iBr kRtKk i ka^ i `clªz{n7z i k�b \�fet iBr kR\�fKmcvwk'`Ho iBr kbNk�l9m�k�tR^�v � z i kalxdgzS\ª^�`�b-�edwfe\ i dg`cf}`�o i9r k i ��` l{ky\�v±^av � z i k�lx\�fem�vwk�za��� rP� zaj�\�v i9r ` � m r

iBr kN|�`cz{d i dg`cf'dgzQz9`cbNka� r \ i z{b�k�\�l9kat�jß��k6^�\�fefe` i l{k�bN`���k iBr k6^�`�f i \�bNdwfh\ i dw`cf | � l9kavgn�)nuvw`7`c§Pdwfemp\ i bNdwz{z9dwfKmpkafek�l{m�ncjJb�`�b�kaf i9� b�`cl�b�\�z9z�tedwz i l{dw� �Ki dw`cfKz�\�z i9r k�z{k�\Hl9k�\�vwvz i dwvgv�^�kaf i l9kat¨`�f i9r k�^�`�l9l9ka^ i |�`cz9d i dw`�f�j i9r kanu\Hl9k�bNk�l9kavgn z9vwdgm r)i v!np��dgtek�la�-]/fez i ky\HtR��kvw`7`c§Hk�tN\ i b�k iBr `7tez i `�m)\ � mck iBr k�vwk��ckav�`Ho�^a`cf i \�bNdwfh\ i dw`�f6\�fetN^�`cl{l9k�^ i oq`cl±d i j i9r dwz@��dgvwv��k�tKdwz9^ � z9z{k�tdwfó�k�^ i dg`cfª�K�áû7�
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§Ä�Ñ _ ½�»D½ À S» ²
³��¤����� éÈºr¾�«)¾N��¸kð�ª ¸�ª Â.«)¾�¬�º
ÿ¤kx�skamcdwfp�)n z{k�vgk�^ i dwfem�ka��k�f i z���d iBr \ i ` i \�v�`�o@oq` � l�tek i k�^ i kat}^�v � z i kal9za�Tÿ¨kStekab�\�fKt
iBr \ i `cfKkT`�o iBr kaz9k_oq` � l�|h\Hl i dg^�vgk�z r \�z��skak�fdgtek�f i d!Ùhk�t�\�z²\�|el9` i `cf�\�fet i9r k_l{k�b�\�dwfKdwfem
iBr l{k�k�\�z�| r ` i `cfeza�

³��¤���	¨ ´¹¸£È#·$«)ªLµ/¾�º#¿ îÁ¸N¿i¬ µ/¾4«M2_Ç �iº#»Ñï�2r¬Z«)¬iº~îÁº#¿i¸Nª ·
ó�`cbNk�`Ho�` � l��edwm�mck�z i �h\H^1§7m�l9` � fKt«^�`cf i \�b�dgfh\ i dw`cful9kaz � v i z�oql9`cbÁ\�bS�edwm � d i dgk�zQdgf¤` � l^�v � z i k�lFdwtKk�f i d!Ùh^y\ i dw`cfO\Hvwmc`cl{d i9r b�©]�ox` � lFb�\�dwf�^�`cfe^ak�l{f®dwz iBr kR\�l i dgÙe^�d�\HvTbNk�l{mcdwfem`�o�fek�dgm r �s` � l9dwfKmF^�v � z i kal9zaj���k � z9k6` � lQdgfed i d�\�vJ\�vgmc`cl9d iBr bÊoq`clQ^av � z i kal�tKk i kal9bNdwfh\ i dw`�f�jvw`7`c§Pdwfem�`cfev!nx\ i@iBr k²feky\Hl9k�z i fek�dgm r �s` � l9z@`Ho iBr k²^ak�f i l9\�ve^av � z i k�l�^�l{n7z i \�v�¦ iBr \ i ��d i9rSiBr k
r dwm r k�z i kafek�l{m�nKÉ���]�o@��k-\Hl9k�b�`�l9k�^�`cfK^�k�l{fek�t}�)n i9r kx^al9k�\ i dg`cf`Ho�k�³ i l9\NoV\�vgz9k�^�v � z i k�l{z\ i�iBr kTk�temckaz�`�o i9r k_l{ky\�v>`cfKk�z�¦q|ez9k � te`H¢�z9|evgd i ¢�`���ÉJ��k�d i k�l9\ i k�` �Ki ��\�l9tKz²vw`7`c§Pdwfem�\ i�iBr kfek�dgm r �s` � l9z�`�o iBr k�fKk�dwm r ��` � l{z�\�fetªz9`N`cf��

�J`�`c�ez{k�l£�ck iBr k±kT�sk�^ i `�o iBr k±^�v � z i k�l{dwfem�\�vgmc`cl{d iBr bj���k�vw`7`c§�\ ißiBr k�\Hfemcvwk�ted �sk�l{k�fe^ak�sk i ��kak�f�k�\�^ r `�o i9r k�|�`cz{z9dw�Kvwk±^�`cbS�edwfh\ i dw`�fez�`�o i ��`�`�o i9r k i9r l9kak�| r ` i `cfKz�dwfx` � lDka��k�f izB\�bN|evgk���¶_z�^y\Hf¨��k6z9k�kaf¤dgf¤ò�dgm � l{kÆ�K��I�j i9r k6�h\�z{dw^�j�fek�\�l9kaz i fek�dgm r �s` � l9zajD^av � z i kal9dwfKm\�vwm�`cl9d iBr b´vwky\Htez i `�\Tvw\�l9m�k�|�ky\�§�\ i vw`%�¥\�fKm � v�\HlDtKd �sk�l9kafe^�k�� r k�l{k�\_z{dwfemcvgk±^�v � z i kal r \Hz�skak�f-dgf i k�l{|el9k i kat�\�z i ��`Q\Ht4ý{`cdwfKdwfem�^�v � z i k�l9zajH� r dgvwk iBr k�d i k�lB\ i dg��k±^�v � z i kal9dgfem�\�vgmc`cl{d iBr bvwk�\�tez i `N\�l9kat � ^ i dw`�fdgf i9r k�f � b-��k�l�`�o�ka�ckaf i z���d iBr z9b�\�vgv�\�fem � v�\�l�ted �sk�l{k�fe^ak�z��
�J`Rl9kat � ^�k iBr dwz�|ez{k � te`4¢/z9|Kvwd i ¢/`���\�fet iBr kal9ka�Pn�l{k�t � ^�k iBr k

γp → pπ0 ^�`�f i \�bNd!¢fh\ i dw`cfª� r dw^ r l9k�z � v i z�oql{`cb iBr k�z9| � l9dg` � z_tKk i ka^ i dw`cf`�o±\�f'k�³ i lB\N^�v � z i k�l�j���kxtek�^adwtekat
i ` � z{k i9r k6d i kalB\ i dg��k�^�v � z i kal�\�vwmc`�l9d i9r bp�S¶_v iBr ` � m r}iBr dgz�dwfe^al9ky\Hz9k�z i9r k�vgdw§Hk�vwd r `7`�t`�ob�kal9mcdgfempfek�dgm r �s` � l9dwfKml{ky\�v�^�v � z i k�l9zaj�\�fet iBr kal9k��)n¤dwf i l{`�t � ^�dwfKmbN`cl9k

γp → pπ0π0�h\�^1§Pmcl{` � fet}dgf i `` � lTth\ i \z9k i j�d i ��\�zQtek�^adwtekat iBr \ i l9kat � ^adwfem i9r k
γp → pπ0 �e\�^1§c¢mcl9` � fet ��\�z�\ r dgm r k�lT|el9dg`cl9d i n\�z iBr k-^�l{`cz9zQz{k�^ i dw`cf'oq`�l

γp → pπ0 dwz_z9ka��k�l9\�v@`cl{tek�l{z`�o�b�\Hmcfed i9� tekvw\�l9m�k�l i9r \�f iBr \ i `�o
γp → pπ0π0 �«¶Tvwz9`Kj i9r kF|ez{k � te`4¢/z9|Kvwd i ¢/`��sz-^�\�f

b�\H§�k�l{ky\�v�oq` � lA¢/^�v � z i k�l
γp → γ′pπ0 k��ckaf i zN\�|e|�ky\�l i ` r \y�ckÙK�ckF`cl-bN`cl{k�^�v � z i k�l{z\�fet iBr k�l9ka�)n6�sk�l{kAý{k�^ i kat��)n�` � l±\Hfh\�vgn7z{dwz�jc��`cl{z9k�fKdwfem iBr k�z i \ i dwz i dw^az�`�o iBr k²Ùhfe\�vhka��k�f izB\�bN|evgk��

ã_\y�7dwfem�teka^�dwtKk�t i `�\�te`c| i�iBr k�d i k�l9\ i d!�ck²^av � z i k�l{dwfem�\�vgmc`cl{d iBr bþdgf�`cl9tKk�l±fe` i�i `�vg`cz9kka��k�f i zaj���kFo � l iBr kal6l9k�t � ^�kat iBr kp^ r \�fe^�kp`�o
γp → π0p

kaf i k�l{dwfemu` � l6th\ i \}z9k i t � k
i `}|ez{k � tK`Rz{|evwd i ¢�`����)n¤|ev�\�^adwfem vwdwbNd i zx`�f iBr kª\�vgvw`%��k�t�\�fem � v�\�lxted �sk�l{k�fe^akª�sk i ��kak�f| r ` i `cfu|h\�dgl9z��6ÿ¨kN`�fevgn'\�^�^ak�| i k�t«k��ck�f i z iBr \ i�r \�t¨\�f¤\Hfem � vw\�l�ted���kal9k�fK^�kN�sk i ��kak�f\�vwvh|�`cz{z9dw�Kvwk�| r ` i `cf|h\�dgl9z�`�oßmcl{ky\ i k�l i9r \�f i9r dwl i n6tek�m�l9k�kaz�¦Vz{k�kQò�dgm � l{k����ÄïPÉ���ÿOd i9r ` �Ki
iBr dgz�^ �Ki j i9r kªz9dgb � v�\ i dw`�f«z r `%��z iBr \ i

γp → π0p
l{ky\�^ i dw`�f¥^a`cf i \�bNdwfe\ i dg`cf«dwz i9r l9kak

i dgb�kaz²b�`�l9kQvwdg§�kavgn i `Nk�f i kal�` � l²Ùhfh\�vßte\ i \�z9k i �

³��¤���¤ñ Æ8ª�Ç�¬�ó:��¸ã¬�¾2¼ÆîÁï|ðé����ÂpÐW¿ µ/¬�È#ºr»
¶_z iBr k�^ak�f i l9\�v��D¶�ö�ó�kavwk�bNk�f i z�z � � i kafetp\�fF\�fem�vwk�`�o�`cfev!n

2◦
oql9`cb i9r k_^ak�f i l{kQ`�o iBr k

i \�l{mck i \�vw`�fem iBr kF�sk�\�b vgdwfekHj iBr kan�\Hl9k�ckal{n¤^�vw`�z9k i ` iBr kF| r ` i `cf���ky\Hb�u� r kal9kFdwz\z � �Kz i \Hf i d�\�v�lB\�fetK`cb��e\�^1§Pmcl9` � fet¨`Ho�kavwka^ i l{`cfezQ\Hfetu| r ` i `cfezQ|el{`�t � ^�k�tu�)nu\ i `cbNdw^
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ò�dgm � l9kÒ�K�!I L � r k6\�femcvgkSted���kal9kafe^�k-��k i ��k�kaf¨| r ` i `�f}|h\�dwl{z_z r `%��dwfem i9r k-kT�sk�^ i `�o iBr k^�v � z i k�l{dwfemx\�vwm�`cl9d iBr bþ`cf�| r ` i `�f�^�v � z i k�l�tedwz i l{dw� �Ki dw`cfKz��D� r k_^al9`cz{z9k�z�z r `%� i9r kTtKd �sk�l£¢k�fK^�k�dwfª\�fem�vwkQ��k i ��k�k�f'\�vwvs|s`cz{z9dg�evwkQ|h\Hdwl9z�`Ho�| r ` i `cfKz�l{k�^a`cfez i l � ^ i kat � z{dwfem iBr k��e\�z9dg^^�v � z i k�l{dwfem¨\�vwm�`cl9d iBr bpj�� r dwvgk i9r kp^�dwl{^�vgk�zNz r `%� iBr kl{k�z � v i oq`cl iBr kd i kalB\ i dg��kp^av � z i kal\�vgmc`cl9d iBr bp�
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ò�dgm � l9kÃ�K�Äï L � r kN\�femcvgk�ted �sk�l{k�fe^akN��k i ��k�kaf¤| r ` i `cfR|h\�dgl9zQz r `%��dwfem iBr kNkY��ka^ i `�o�l9k�¢
5 � dwl{dwfem i9r \ i�iBr kT\�femcvgk�ted �sk�l{k�fe^ak_��k i ��k�k�fª\Hvwve| r ` i `cfKz�b � z i ��k�mcl9k�\ i kal i9r \�f

30◦
i `k�fKz � l{kxfe`�|ez9k � te`H¢�z9|evgd i ¢/`�� ^�`cf i \Hb�dgfh\ i dg`cf���� r k��evw\�^1§F|s`�dwf i z�z r `%�æ� � vgnFte\ i \-��d i9r\�vgve^ �Ki z�z9\y�ck iBr k�`cfek � fetKk�l�z iB� tKncj iBr k�l{k�t�^al9`cz{z9kaz�z r `%�°\�fh\�v!n�z{k�tNmc|e|ed × \�z9dgb � vw\ i katth\ i \6\�fet iBr k��ev � kQ^�l{`cz9z{k�z�z r `%�©\�fe\�vgn7z9katm�|e|ed × �Fz9dwb � v�\ i k�tFth\ i \K�
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ò�dwm � l9k��K�áû L � r k i dwbNk�tKd �sk�l9kafe^�k���k i ��k�kaf�| r ` i `�f�|h\�dwl{z�z r `%��dwfem i9r k�kT�sk�^ i `�o>l9kT5 � dwl£¢dwfem i9r \ iQi9r k�b�\Hmcfed i9� tek-`Ho i9r k i dwbNk-ted���kal9kafe^�k6��k i ��k�k�f¤\�vwvJ| r ` i `cfez�b � z i �sk�vgk�z{z
iBr \HfU�feza�� r dwzSl{k�bN`%�ck�zSka�ckaf i z r \y�7dwfemoq` � l�^�v � z i kal9zxt � k i ` lB\Hfete`cbÁ^�`�dwfe^adwtekaf ik�vgk�^ i l9`cb�\�mcfKk i dg^��h\�^1§Pmcl{` � fet«dgf¨�D¶�ö�ó¨k�\�l9v!n}dwf iBr k�\�fe\�vgn7z9dgz�jD� �Kixr \�zxvwd i{i vgk-kT�sk�^ i`cf iBr k_Ùhfh\�v�ka�ckaf i z9\�bN|evwkH�@� r kQmcl{k�k�fF|�`cdgf i z²z r `�� iBr k i dwbNk_tKd �sk�l9kafe^�kQ��k i ��k�kaf \Hvwv|s`�z9z9dg�evwk�| r ` i `cf|e\�dwl{z²\Ho i k�l�`�fevgn iBr k_dwfKd i dw\�vh|h\�l i dg^�vwk�dwtKk�f i d!Ùh^y\ i dw`cf�\�fetFf � bS�skal�^ ��i
r \�z���k�k�f¨b�\Htek��N� r k�l{k�dgz�\pvw\�l9m�k�|sk�\�§u\�l9` � fetRü�k�l{`^a`cl9l{k�z{|s`cfKtedwfem i `p^�`�dwfe^adwtekaf i| r ` i `cfez�dwf iBr k�ê²ë®\Hfet�D¶�ö�ós��� r kxvw`%��vgka�ckav � µÁ�h\�^1§Pmcl{` � fet'dgf�D¶�ö�ó iBr l{` � m r ¢` �Ki²i9r k���÷Qê i dgb�k���dwfetK`��´^y\HfF�skQz{k�k�f���� r kQ�ev�\�^1§N|�`cdwf i z�^�`cl{l9k�z{|s`�fet i ` iBr k�Ùhfh\�vka��k�f i zB\�bN|evgk���d iBr ` ��iJi9r k�\�|e|Kvwdw^�\ i dg`cf�`�o iBr k i dgb�dgfem�^ �Ki jcz r `%��dgfem iBr \ i�i9r k²^�`�fez i \�f i�h\�^1§Pmcl{` � fetpdwz�kY��ka^ i d!�ckavgnFl{k�bN`���k�t�Pn iBr k�` i9r k�l�^ ��i z��

dwf i kalB\�^ i dg`cfez±`�o i9r k_| r ` i `�f���ky\�b	��d iBr�i9r k i \�l{mck i \�fet�z � l{l9` � fKtedwfemxb�\ i k�l{d�\�vgz��D� r dwz�h\�^1§Pmcl{` � fetpdwz�z i l9`�femcvgn�oq`cl{��\�l{t|�ky\�§Hk�t \�fetªz i l9dw§Hk�z iBr k�dgfefek�l�kavwkab�kaf i z�`�o��D¶�ö�ós�
¶_v i9r ` � m r iBr kaz9k�k��ck�f i z�b�\yn ��k-l{k�bN`���k�t}oql9`�b�` � lQ\�fh\�v!n7z9dwzT�)n'` i9r k�l�^ �Ki zN¦qz9kakò�dwm � l9k��K�YûcÉ�j4d i dwz � z{kao � v i `Tl9k�bN`%�ck iBr kabþk�\�l9v!n�dwf�` � lJ\�fh\�v!n7z9dwzD�)n�vw`7`c§Pdwfem�\ iDiBr k i dgb�kted �sk�l{k�fe^ak-��k i ��k�k�fRky\H^ r |�`cz{z9dw�KvwkS| r ` i `�f}|h\�dwlaj i9r k�l{k��)n}dgfe^�l{ky\�z{dwfem i9r k-z{|skak�t}��d i9r� r dw^ r6iBr kTth\ i \Qdwz±|el{`�^ak�z9z{k�t��@ÿ¨k�vw`7`c|�`%�ck�l�\�vgv iBr l{k�k�|s`�z9z9dg�evwk�| r ` i `�f�^a`cb-�edgfh\ i dg`cfez\�fet¥l9kab�`%�ck\�f)n�ka��k�f i z�oql9`cb ` � l6zB\�bN|evwk i9r \ iNr \y�ck\R| r ` i `�f�|h\�dgl-��d i9r \ i dgb�kted �sk�l{k�fe^ak�`�o�m�l9ky\ i k�l i9r \�f��-fez��
ãT`%��k��ckal�je\4o i k�l i9r k i dwbNdwfKm�dwz�^ �Ki jPz9`�b�k�^�`�dwfe^adwtekaf i kavwka^ i l{`cb�\�mcfek i dw^��e\�^1§Pmcl9` � fetl9kab�\�dgfez@��d i9r dwf i9r k Ë ï�fez£¢W��dwtek���dwfKte`%����] i ^�\�fN�sk�z9kak�fdgfNò�dwm � l9k¢�K�!� iBr \ i j7\Ho i kal�\Hvwv` iBr k�l_^ �Ki zaj�d!o@��kSte`fe` i k�³�|evgdw^�d i v!nFl9kab�`%�ck iBr dgz � µ �h\�^1§Pmcl{` � fet�j�d i ��` � vwt'l{k�b�\�dwfdwfR` � l�ka��k�f i zB\Hb�|evgk��� rP� z���k�\�l9k6oq`cl{^�k�t i `ptek�b�\�fet iBr \ i \�vgv�| r ` i `cfezF¦q�s` iBr

π0tek�^�\yn�| r ` i `�fez²\�fKt iBr k
γ′
É r \y�ck_\x|�`cv�\�l�\�fKmcvwk�`�oßm�l9ky\ i k�l iBr \�f

8◦
dwf iBr k�v�\���`cl9\ i `cl£noqlB\�bNk-�

³��¤���ß� éÈ»rª ºi«/¾�ÓrÂ��Z«)¾�¬�º ¬�¾
π0

¶To i k�l�l{k�bN`��7dgfem iBr k�vw\�l9m�k@k�vgk�^ i l9`cb�\�mcfKk i dg^��h\H^1§7m�l9` � fKtez�j���k±`cfK^�k±\�m)\HdwfQvw`7`c| i9r l9` � m r\�vwvD|�`cz9z{dw�evgkS^�`�b-�edwfe\ i dg`cfez_`Ho i ��`F`�o iBr k iBr l{k�k�| r ` i `cfeza��ÿ¨k�vw`7`c§p\ i�i9r k-dgfP�H\�l{d�\�f i
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ò�dgm � l9kÒ�K�!� L � r k�|�`cvw\�l_\HfemcvwkS`�o γ′ dwf iBr k-v�\��'oql9\�bNkSz r `���dgfem iBr k�kT�sk�^ i `Ho i9r k�^ ��il9kT5 � dwl{dwfem}\Hvwv�| r ` i `cf¥\�femcvgk�z-��kmcl{ky\ i k�l iBr \�f
8◦
¦Vdgf iBr kFvw\��¤oql9\�b�kyÉx`cf i9r kF|s`�v�\�l\�fem�vwk�`�o i9r k

γ′
��ÿOd i9r ` �Ki±iBr dwz�^ �Ki j

θγ′

tedgz9|evw\%n7z�\�f � fe| r n7z9dw^�\�v�|sk�\�§��skavw`%�
8◦
� r k�l{k

iBr k_z9b�\�vgv>\�femcvgkTl9\�fete`cb·kavwk�^ i l{`cb�\Hmcfek i dw^��h\�^1§Pmcl{` � fetFdgf��D¶�ö�ó�te`�b�dgfh\ i kaz i9r k_l{ky\�vka��k�f i z9\�bN|evwkH��� r k��evw\�^1§F|s`�dwf i z�z r `��©� � vgnFte\ i \���d i9r \�vgvß^ �Ki zTz9\y�ck i9r k�`cfek � fetekalz i9� tKn�j i9r k�l9kat^al9`cz{z9k�zTz r `%�©\Hfh\�vgn7z{k�tpmc|e|ed × \�z9dwb � v�\ i k�tFth\ i \6\�fet iBr k��ev � kQ^�l{`cz9z{k�zz r `��~\�fh\�v!n�z{k�tªmc|e|Kd × �ªz9dgb � vw\ i katFth\ i \��

b�\�z9z�`�o�k�\�^ r `�o i9r kS|�`cz9z{dw�evgk�| r ` i `cf'|h\�dgl9zT\�fet \�z9z{dwmcf iBr kx|h\�dwl���d i9ri9r kSdgfP�H\�l{d�\�f ib�\�z9z�^�vg`cz9kaz i�i ` iBr \ i `Ho i9r k�\H^�^�ka| i kat
π0 b�\Hz9z�¦ Ë IHïe���.���.�pµk�� øYûc� ú É i `p��k i9r k π0teka^y\yn�| r ` i `cfeza�@� r k

π0 oq` � l£¢���k�^ i `cl@dgz@tek�Ùhfek�tNz9dgb�|Kvgnx\�z iBr k�z � bæ`�o iBr k i ��`�| r ` i `cfoq` � l���k�^ i `cl{z�jß��k6te`ªfe` i |skal{oq`cl{bÖ\�f)n}b�\�z9z_^�`cl{l9k�^ i dg`cfez�`cl�` i9r k�lQz � ^ r \Hv i kalB\ i dw`cfKz��� r k iBr dwl9tª| r ` i `cfpdwz i9r k�fpdwtKk�f i d!Ùhk�tp\�z iBr k
γ′
�

³��¤���	� ï¡µ`¬Z«)¬iºÑÀkºrªLµ/¿ ¶ ´¹¬ µ/µ`ª Â.«)¾�¬�º
¶_z���kxl{k65 � dwl{k iBr k��skaz i |s`�z9z9dg�evwkQkafek�l{m�nªl9kaz9`cv �Ki dg`cfªdwfp`cl9tKk�l i `Nb�dgfedwbNdwz{k i9r kx�e\�^1§c¢mcl{` � fet^�`cf i l{dw� ��i dw`�f i `�` � l�Ùhfh\�vDka��k�f i zB\Hb�|evgk�jh��k iBr k�fu\�|e|Kvgn iBr kS|el{` i `cfk�fekal9m�n^�`�l9l9ka^ i dw`cf¨\�zStKk�z9^al9dg�skat¤dwf¤ó�ka^ i dg`cf�û7��� i ` iBr kNk�³�|�k�l9dgb�kaf i \�v±th\ i \K��ÿ¨k�l{kAý{k�^ i \HfPn
Ç � fe^�`cl{l9ka^ i \H�evwk�È�k��ckaf i z±dwf-`cl{tek�l i `Qkafez � l{k�^�`cfKz9dwz i kafe^anSdwf-l{k�z9`�v �Ki dw`cf iBr l{` � m r ` �Ki ` � lÙhfh\Hvßka�ckaf i z9\�b�|Kvwk��

÷ � k i ` i dgb�k�^a`cfez i lB\�dgf i z�j�d i �²\Hz²fe` i |s`cz{z9dg�evwk i `x^�`cfez i l � ^ i \x|el9` i `cfkafek�l{m�n�^a`cl£¢l9ka^ i dw`cfªoql9`cb[z9dwb � v�\ i k�t
p(γ, π0p)

k��ck�f i z i `�\�|e|ev!n i ` iBr kxz{dwb � vw\ i katªth\ i \���]/fez i ky\Ht�j��k � z9katO\¨|el{` i `�f�^�`cl{l9ka^ i dg`cf�^a`cfez i l � ^ i katO�Pn¬÷S� h vw\�ü�dgk�lpø ËcËcË�ú �O� r dwz�^�`cl{l9k�^ i dg`cfi \H�evwkF��\�zNoq`�l9bNk�t¥�Pn¥^�\�vw^ � v�\ i dwfem i9r k\%��k�l9\�mck tKd �sk�l9kafe^�kp��k i ��k�k�f i9r kpdwfe| ��i \Hfetl9kamcdwz i kal9k�tRk�fKk�l9mHnRoq`�l�\�f¤dgfe| �Ki�� fKdgoq`cl{bÖ| r \�z{k�z{|h\�^ak�tedgz i l9dw� �Ki dg`cfu`�o�|Kl9` i `cfez�dwfR\z9kal9dgk�z�`�oTk�fekal9m�n�\�fet�\�fem�vwk�edgfez��¤¶_z6÷S� h v�\Hü�dwkal  z-^�`�l9l9ka^ i dw`cf�^a`���k�l{z�\'vw\�l9mckal-k�f7¢k�l{m�n\�fet}\Hfemcvwk�l9\�femck iBr \�f iBr kxk�³�|skal9dgb�kaf i \�v�|el9` i `cfk�fekal9m�n^�`cl{l9ka^ i dg`cf�j>��k i l£n i `b�\ i ^ rNiBr k�k�³�|�k�l9dgb�kaf i \�v�^�`cl{l9ka^ i dg`cf�\�^�^ak�| i \�fe^�k_�PnNl{kAý{k�^ i dgfemSz{dwb � vw\ i kat�k��ckaf i z���d i9r
10◦ < θlab

p < 26◦
`cl
θlab

p > 66◦
�
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ò�dwm � l9k#�K��� L � r k-kafek�l{m�n`�o γ′ dwf iBr kS^�k�f i l9k-`�o@b�\�z{z_z£n�z i kabj�z r `%��dwfem iBr kxkT�sk�^ i `�o\�^ ��i l9kT5 � dwl{dwfem
Ec.m.

γ′ > 30
µk��S��ë�vw\�^1§ª|s`�dwf i zTz r `%�	� � vgnpth\ i \���d i9r \�vgvD^ �Ki z_zB\y�ck

iBr kQ`�fek � fetekal�z i9� tKnc��� r kQ�evw\�^1§�|�`cdgf i z²z r `��~� � vgn�th\ i \S��d iBr \�vgvs^ �Ki z�z9\%��k iBr kQ`cfKk
� fetekalQz i9� tKncj i9r k-l9katu^�l9`�z9z9kazxz r `%�	\Hfh\�vgn7z{k�tumc|e|ed × \�z{dwb � vw\ i kat'th\ i \F\�fet iBr k��ev � k^�l{`cz9z{k�z�z r `%�~\Hfh\�vgn7z{k�tpmc|e|ed × �ªz9dwb � v�\ i k�tFth\ i \K�

³��¤���¤³ ��ª ��Ç ÀkºrªLµ/¿�¶
¶_z²��k�\�l9kQdgf i k�l{k�z i k�tªdwf

γp→ γ′pπ0 ka�ckaf i z iBr \ i |Kl9`7^�k�katF��dw\ ∆(1232)
|el9`7t � ^ i dw`�f�j

iBr kal9k�dwz�vwd i{i vgkN|�`cdgf i dwf¨z i9� tKn7dwfem ka�ckaf i z-��d i9r \ | r ` i `�f«k�fekal9m�n¨��k�vw`%� i9r \ i `�o iBr k
∆(1232)

|el{`�t � ^ i dg`cf i9r l9kaz r `�vwt��@¶Tvwz{`ej i `-\�vgvw`%� i9r k
∆ → ∆γ

i l9\�fez9d i dg`cf�j)��kTl9kT5 � dwl9kb�`�l9k iBr \�f i9r k i9r l9kaz r `cvgt�k�fekal9m�n�j)z9`���k²z9k i ` � lJvw`%��kal@��ky\�bþk�fekal9m�nx��` � feth\Hl{nS\ i I ×�×µk��-�s¶ iQr dgm r k�l���ky\�bÚk�fekal9mcdgk�zaj
γp → pπ0π0 �skamcdwfez i `tK`cb�dgfh\ i kx|el{`�^ak�katedwfem�z�j�z{`��k�vwdgb�d i�i9r k��sk�\�bÊk�fKk�l9mHn i `6�sk���k�vw`%��û ×c× µk��-�h� rP� z�oq`cl�` � l i ` i \�vß^al9`cz{zTz{k�^ i dw`�fth\ i \p��k\�fh\Hvgn7z9kNka��k�f i z-��d iBr \p| r ` i `cf«��ky\�b�kafek�l{m�n¨�sk i ��kak�fÔI ×c× µk��Ê\Hfet�û ×�×µk��-�

�J`6z9kak�| r ` i `cfp\�z{n7bNb�k i l9dgk�zajK��k�l{k65 � dwl{k i `6vw`7`c§�\ i th\ i \-oql9`cb[\�| r ` i `cfªk�fekal9m�nlB\�fKmckF��d iBr \¨l{ky\�z{`cfh\��evgkªtek�mcl{k�k`�oQvwdgfeky\Hl�| r ` i `cf�|�`cv�\Hl9dwz9\ i dg`cf���� rP� z�j�� r kaf���k|el9`7t � ^ak | r ` i `cf�\�z{n7bNb�k i l9dgk�zaj���k'\�fh\�v!n�z{kte\ i \¨��d iBr \¤| r ` i `cf���ky\Hb kafek�l{m�n¬`�o
�sk i ��kak�f3I�ï × µk��·\�fKt'ïcï × µpk��	oq`cl iBr k6� � vgnp�sk�\�b i dgb�k�¦q� r kal9k i9r k-|�`cv�\Hl9dwz9\ i dg`cfk�tem�kp��\�z ∼ ïcï × µk��QÉ�\�fet¬�sk i ��kak�f«I ×�× µk�� \�fet�ï ×c× µpk�� oq`cl iBr k}ó�ka| i kab-�skal�sk�\�b i dwbNk6¦q� r k�l9k iBr k�|�`cvw\�l9dgzB\ i dw`cf�k�temckQ��\�z ∼ ï ×c× µk���É��

³��¤����Õ Æ8ª ��¸pð�1r¸�¾�«,0'òUÖÜÆþª�Ç�¬,óÚ��¸
�J`Fl{k�t � ^�k iBr k�l9dwz{§`Ho

γp → pπ0 k��ckaf i zQ� r dw^ ru� fetKk�l9m�`Fl9ky\Hv@z9|evgd i ¢/`��Rk�f i k�l9dgfemF` � lka��k�f i zB\�bN|evwkHj���kQz9k i \-vg`%��kal��s` � fetF`cf iBr k�\H^�^�ka| i \H�evwk
γ′
k�fKk�l9mHn`�o
I × µk��©� r kafka�H\�v � \ i kat�dgf i9r k_^ak�f i l{k_`�oßb�\�z{z�oql9\�b�k�`�o i9r k�dwfed i d�\Hve| r ` i `cf\Hfet i \Hl9mck i ¦qz9kakQò�dwm � l9k

�K���cÉ��æ� r dwzª\�vgz9`�\�vgvw`%��z � z i `�^�`cbN|h\�l{k}tedwl{k�^ i vgn¥��d i9rOi9r k}|el{ka�7dw` � zpl{k�z � v i `�oSµ¨�ôT` i9� vwvw\Kj�\�z�\�vwvs`�o i9r k�^�l{`cz9z�z9ka^ i dg`cfez�l9ka|s`�l i katdgfuø Ëaú \�l9k�oq`cl Ec.m.
γ′ > 30

µk��-�
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³��¤����× / ¬�Ç�ª ºi«KÈ_Ç ´¹¬�º#·)ªLµ)ó:�Z«)¾N¬iº
]�o�` � l r n7|s` iBr kaz9dwzSdwz�^�`cl{l9k�^ i j�\�fet i9r k�k��ckaf i6� fetek�lxz i9� tKnRdwzx\

γp → γ′pπ0 k��ckaf i j� r kaf��kQvg`�`c§6\ i�iBr k�b�`�b�kaf i9� b·�h\�vw\�fe^�kTdwf�³sj7n\�fKtFü_^�`7`cl{tedwfh\ i k�z�dwfetKk�|�k�fetekaf i vgn¦VtKkaÙhfekatFdwf � 5 � \ i dw`cfKz��K� Ë i `��K�!I)É�jP��k_z r ` � vwtz{k�k h \ � z9z{d�\�f�tedwz i l{dw� �Ki dw`cfKz±� r dw^ r \�l{kz{n7bNb�k i l{dw^y\Hv�\�l{` � fetpü�kal9`ej>\�z�dgvwv � z i l9\ i katdwfpò�dgm � l{kH�K� Ø �

pmiss
x =pxπ0 + pxγ′ + pxp − pxγ

¦E��� Ë É
pmiss

y =pyπ0 + pyγ′ + pyp − pyγ

¦E���á�cÉ
pmiss

z =pzπ0 + pzγ′ + pzp − pzγ

¦E����I)É
ÿ¨k�\H|e|evgn_^ �Ki z i `�l9k�bN`%�ck iBr k±oqk��«k��ck�f i z�dwf i9r k i \�dgvwz�`Ho iBr k h \ � z{z9dw\�f�tedwz i l9dg� �Ki dw`cfez�`�o¢/ï)ûxµk��

< pmiss.
x <

ïPû�µk��SjP¢�ï × µpk�� < pmiss.
y <

ï × µk���\�fet�¢y�cû�µk�� < pmiss.
z <�cû6µk��S��� r k

pmiss.
z

tedwz i l{dw� �Ki dw`cfFdgz�fe` i ^�kaf i l9kat `cfpü�kal9`ejh��kx��k�vgdwk��ck iBr dwz i `6��k�t � k
i `N\�z9vgdwm r)i�i \�l9mck i F-tek i k�^ i `cl�b�dgzB\�vgdwmcfKb�kaf i `�o iBr k�`cl{tek�l�`�o Ë%× bNbp�

³��¤����Ø Æ8ª�Ç�¬�ó:��¸Æ¬�¾
γp→ pπ0 Ù ¶ ïí¾�¬�º~ÀkºrªLµ`¿ ¶

¶_z iBr k^�l{`cz9zz{k�^ i dw`�f�oq`cl
γp → pπ0 dwzNv�\�l{mck�j�l9k�vw\ i d!�ck i ` iBr \ i `�oQ` � l�|el{`�^ak�z9z�`�odwf i k�l9kaz i j7��kTfKk�k�t i `��sk��ckal{nNz i l9dwfKmck�f i dwfN` � l�^�l{d i kal9dw\Qoq`�l i9r k�l9kAý{ka^ i dw`cfN`�o

γp→ pπ0ka��k�f i za� Ç�fek��²\yn¤��kF^y\Hf�te` iBr dgzSdgz i ` � z9k iBr k§Pdwfekab�\ i dw^N`%�ck�lA¢/tek i kal9bNdwfh\ i dw`cf¤`�o
γp→ pπ0 i ` i k�z i±i9r k π0 §PdwfKk i dg^�k�fekal9m�n��@]�o���k�b�\�§Hk iBr k�\�z{z � bN| i dg`cf iBr \ i�iBr k�ka��k�f i� fetKk�l�z i9� tKnudwz

γp → pπ0 j���kN^y\�fR^y\�vg^ � vw\ i k iBr kN\�f i dg^�dg|h\ i kat π0 kafek�l{m�n � z{dwfem iBr kk65 � \ i dw`�fez L ¢
Eπ0 =

(s+m2
π0 −m2

p)

2 ×√
s

,
¦E���ÄïPÉ

s = 2Eγmp +m2
p,

¦E���áûcÉ
� r kal9k

mπ0

\�fet
mp

\�l9k iBr kxb�\�z{z9kaz_`�o i9r k
π0 \�fet'|el{` i `�f�jsl{k�z{|ska^ i d!�ckavgncj Eπ0

dgz iBr k^y\Hvw^ � v�\ i k�tN§7dgfek i dw^�k�fekal9m�n�`�o i9r k
π0 dwf iBr kT^�kaf i l9k�`Hoßb�\Hz9z�oql9\�bNk�j7\�fet s ¦ iBr kTz'5 � \�l{k`�o iBr k i ` i \�v�^ak�f i l{kx`Ho@b�\�z9z²oql9\�b�kQkafek�l{m�nKÉ�dgz�\�z�tekaÙhfKk�t dgf � 5 � \ i dw`�f��K�YûS� r k�l{k

Eγdwz i9r k�| r ` i `cfª�sk�\�bÔkafek�l{m�nªdwf iBr kQv�\���`clB\ i `cl£n�oql9\�b�kH�]�os��k�vw`7`c§�\ i�iBr k�ted �sk�l{k�fe^ak��sk i ��kak�f
Eπ0

^�\�vw^ � v�\ i k�t � z{dwfem i9r k���ky\�bæk�fekal9m�n6\Hfet
|h\�l i dg^�vwk�b�\�z9z{k�z²\Hfet iBr kTb�k�\�z � l9k�t

Eπ0

j7��k�z9kak iBr kTl9kaz � v i z²tedgz9|evw\ynck�t�dwfòJdwm � l{ke�����K�
� r k�mcl9kak�f¤|�`cdgf i z�z r `%� iBr k�th\ i \ r \�vgo�¢W�²\yn i9r l9` � m r ` � lS\Hfh\�vgn7z{dwz i `pdwvgv � z i lB\ i k iBr kz r \�|skN`�o iBr k

γp → pπ0 ^a`cf i \�bNdwfh\ i dw`�f'|sk�\�§>�ë�n'tek�b�\�fetedgfem iBr \ i�i9r k6ted �sk�l{k�fe^ak��k i ��k�k�f iBr k²b�k�\�z � l9k�t
π0 kafek�l{m�n�\Hfet iBr \ i ^y\Hvw^ � v�\ i k�t-`cf i9r k²�h\Hz9dwz�`�o iBr k γp→ pπ0r n7|s` i9r k�z{dwz��sk�vgk�z{z i9r \�f}¢£�cûªµk��·��k�l{k�t � ^�k iBr k6|el{`c�h\��edgvwd i n`Ho

γp → pπ0 ka�ckaf i zk�f i k�l9dgfem�` � l
γp→ γ′pπ0 ka��k�f i z9\�b�|Kvwk��)n�l9kab�`%�7dwfem i9r k�z{b�\Hvwvckaf r \�fe^ak�bNk�f i \�l9` � fetü�kal9` iBr \ i ^y\�fªz i dwvgv���kQz9kak�fpdwfF` � l�te\ i \-z{k i ¦V�evw\�^1§�|�`cdgf i z1É�\4o i k�l�\Hvwv�` iBr kal�^ �Ki z r \%��k��k�k�fp|�k�l{oq`�l9bNk�t��

³��¤�����vÚ éÈº�óÚ� µ`¾N��ºT«Û/ ��·�·�õ ¾4Ö�ªLµ`ª º#Â�ª
]�o i9r k k��ck�f iª� fKtek�l�z iB� tKn�dgz�\

p(γ, γ′π0p)
ka��k�f i j iBr kaf�ka�H\�v � \ i dwfem iBr k ted���kal9k�fK^�k��k i ��k�k�f iBr k i ` i \�vKdgfP�H\�l{d�\�f i b�\�z{z�`�o iBr k

π0 \�fet γ′ \�fet iBr k�b�dgz9z9dgfem�b�\�z9z�^y\�vg^ � vw\ i kat
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Missing momentum (Y)
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ò�dwm � l9kÒ�K� ØML � r k�bN`cbNk�f iB� b��h\Hv�\�fe^akSdgf ³7¢Bj�n)¢�\�fet}ü�¢/tedgl9ka^ i dg`cfezTdwf iBr k-v�\���`cl9\ i `cl£nz{n7z i k�b z r `%��dwfKm iBr kkY��ka^ i `Ho iBr kbNdwz{z9dgfem bN`cbNk�f iB� bÁ^ �Ki zª¦Þó�k�^ i dg`cfU�K�Îïe� Ø É��'� r k�ev�\H^1§�|�`cdgf i zJz r `%�¯� � vgn�th\ i \T��d i9r \�vgv7^ �Ki z�zB\y�ck i9r k�`cfKk � fetKk�l@z iB� tKn�j iBr k�l9kat�^�l9`�z9z9kazz r `%�®\�fh\�v!n7z9k�tªmc|K|ed × \xz9dwb � v�\ i k�tte\ i \�\�fKt i9r kQ�ev � k�^�l{`cz9z{k�z�z r `���\�fh\�v!n7z9k�tªmc|K|ed × �z9dgb � v�\ i k�t¨th\ i \K�'� r kFz{dwb � vw\ i dg`cfRl9k�z � v i z�\�mcl{k�k���k�vgv���d iBr¤i9r kbNky\�z � l9kat�tedwz i l9dg� � ¢
i dg`cfez���� r kxtKdwz9^al9ka|h\�fe^�nFdwf iBr k�^ak�f i l{kx`Ho i9r k�ü�¢/tKdwz i l9dg� �Ki dg`cfz r ` � vgtp��k�l9kab�katedwkatp�)ndwfe^a`cl9|�`cl9\ i dgfem iBr k�z{vwdgm r)i²i \�l{mck i bNdwz9\�vwdgmcfebNk�f i ¦ ∼ Ë%× bNbÉ�dwf i ` iBr k�z{dwb � v�\ i dw`cf��
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ò�dgm � l9kÏ�K�!� L � r kxted �sk�l{k�fe^ak-�sk i ��kak�f iBr kSbNky\�z � l9kat}k�fekal9m�n`�o i9r k π0 \Hfet iBr \ i ^�\�v!¢^ � v�\ i k�t � z{dwfem
p(γ, π0p)

§7dgfek�b�\ i dw^�z�dwf iBr kQ^�k�f i l9k�`�oDb�\�z{z�z{n7z i k�bpjhz r `%��dgfem iBr k�^ �Kil9kT5 � dwl{dwfem iBr k�tKd �sk�l9kafe^�k���k�vgk�z{z i9r \�fF¢£�cû6µk��S� h l{k�k�f|s`�dwf i z�z r `%�~th\ i \N��kaoq`cl{k�\�vwv^ ��i z�\�l9k�b�\�tek i `�dwvgv � z i lB\ i k²^avwky\Hl9vgn iBr k���dwt i9r `Ho iBr k�üak�l{`H¢/^ak�f i l{k�t
γp→ pπ0 ka��k�f i za�� r k��ev�\H^1§|s`�dwf i z�z r `��æ� � vgnFth\ i \-��d i9r \�vgv�^ ��i z�zB\y�ck iBr k�`cfek � fetKk�l�z iB� tKncj iBr k�l9kat^�l{`cz9z{k�z�z r `��®\�fh\Hvgn7z9katpm�|e|ed × \Sz9dgb � v�\ i k�t�th\ i \�\Hfet iBr kQ�Kv � k�^al9`cz{z9kaz�z r `%�~\�fe\�vgn7z9katmc|e|Kd × ��z9dgb � vw\ i kat�th\ i \��¬¶¡z9b�\�vgv�k�f r \�fe^ak�bNk�f i ^�\�f¬��kªz9kak�f�\Hl9` � fKt¬üak�l9`Rdwf iBr kÙhfh\HvDte\ i \Kj i9r dwz�dwz�l9kab�`%��k�t'�)nª` � l�^ ��i j>��d iBr ` �Ki zB\�^al9d!Ùh^�dgfem i `�`Nv�\Hl9mck�\�|Kl9`c|�`cl i dw`cf`�o�` � l�Ùhfh\Hvsk��ck�f i z9\�b�|Kvwk���� r k�mc|e|Kd × �z{dwb � v�\ i dw`cf6l9kaz � v i z�\Hmcl9kakT��k�vwv>��d i9r�iBr k_Ùhfh\�vtedgz i l{dw� ��i dw`�fF\�fet iBr kal9k�oq`cl9k�dwz � z9k�tpoq`cl iBr k�Ùefh\�vß^�l{`cz9z�z{k�^ i dw`cfpfe`cl{b�\Hvwdwz9\ i dg`cf��
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2Mass difference / MeV/c
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ò�dwm � l9kH��� Ë%×ML � r kxbNdwz{z9dwfKm�b�\�z{z�ka�H\�v � \ i kat \�z i9r k�ted �sk�l{k�fe^akx��k i ��k�kaf iBr k�dgfP�H\�l{d�\�f ib�\Hz9z�`�o iBr k
π0 \Hfet γ′ \�fKt iBr k�b�dgz9z{dwfempb�\Hz9z�^y\�vg^ � vw\ i kat � z{dwfem iBr k��sk�\�bj i \�l{mck i\�fet}|el{` i `�f�¦ � 5 � \ i dg`cfº�K�!�)É���� r k6�ev�\H^1§|�`cdwf i z�z r `%�Ì� � vgn th\ i \���d iBr \�vgv�^ �Ki zQz9\%��k

iBr kN`cfek � fetekalSz iB� tKn�j i9r k�l{k�t«^al9`cz{z9k�zSz r `%�Û\�fh\Hvgn7z9kat¤mc|e|Kd × \ªz9dgb � v�\ i k�tRth\ i \ \�fKtiBr k��ev � kQ^�l{`cz9z{k�z�z r `%�©\Hfh\�vgn7z{k�tpmc|e|ed × �Fz9dgb � v�\ i k�tFte\ i \K�
� z9dgfem¦V��ky\�bÔ� i \Hl9mck i ¢�` �Ki m�`cdwfem�|Kl9` i `cf>É²\�z�tek�Ùhfek�t�)n � 5 � \ i dg`cfª�K���

∆M =
√

(Eγ′ + Eπ0)2 − (pγ′ + pπ0)2 −
√

((Eγ + Epi
) − Ep)2 − (pγ − pp)2,¦E�����)É

� r k�l{k
Eγ

j
Epi

j
Eγ′

j
Eπ0

\�fKt
Ep

\�l9k iBr k i ` i \�v�kafek�l{mcdwkazS`�o iBr k�dwfe^a`cb�dgfemª| r ` i `cf�j
i \�l{mck i |el9` i `cf�j±` �Ki mc`cdgfem}| r ` i `cf�j

π0 \�fet�Ùhfh\Hv²|el9` i `cf�l9kaz9|�k�^ i dg��k�v!n�§²\�fet pγ

j
pγ′

j
pπ0

\�fet
pp

\�l{k iBr k6bN`cb�kaf iB� b iBr l{k�k�¢W�cka^ i `�l9zS`Ho i9r k6�sk�\�bjß` �Ki mc`�dwfemF| r ` i `cf�j
π0\�fetF` ��i mc`cdgfem-|el{` i `�fFl9k�z{|ska^ i dg�ckavgn�jhz r ` � vwtFmcd!�ckQ\-tedgz i l9dw� �Ki dg`cf^�kaf i l9kat`�fFü�k�l{`e�@ÿ¨k\�|e|evgdwkat iBr k�vwdgb�d i ¢�ï × µk�� < ∆M <

ï × µk��[¦ÞòJdwm � l{kN�K� Ë%× É��
³��¤�����i� / ¾N·�·)¾Nº#¿®/ �i·�·ô¬�¾<«M2rª

γ ′

M2
miss.(π

0p) = ((Eγ + Epi
) − (Eπ0 + Ep))

2 − (pγ − (pp + pπ0))2 ¦E�����cÉ
� r k'zR5 � \�l9k'`Ho iBr kb�dgz9z9dgfem¤b�\�z{z�tek�Ùhfek�t¯dgf � 5 � \ i dg`cfÛ������¦G� r k�l{k iBr k'z{n7b-��`cvwz^y\�l{l{n i9r kTz9\�bNkTbNky\�fKdwfem�\�z�dwf � 5 � \ i dg`cfÜ�K�!�)É@z r ` � vwt��sk iBr kTzR5 � \�l9kT`�o iBr kTdgfP�H\�l{d�\�f ib�\Hz9z�`�o i9r kx|Kl9`7t � ^ i dw`cfp| r ` i `cf\�fet \�zTz � ^ r z r ` � vwtªoq`cl{b¡\N|�ky\�§F^ak�f i l{k�t}`cfpü�kal9`e�¶_f)n

γp → pπ0π0 ka��k�f i z�kaf i k�l{dwfem i9r k�ka��k�f i zB\�bN|evgkSt � k i `F\bNdwz9z{k�t}| r ` i `cf�¦ iBr k�edwm�mck�z i �h\�^1§Pmcl9` � fet�^a`cf i l{dw� �Ki dw`cf�dgf iBr kp|el9k��7dw` � z6k�³K|�k�l{dwbNk�f i ÉS��dgvwv�oq`�l9b \}|�ky\�§
^�kaf i l9kat�\�l9` � fet × � ×KË%Ø ¦ h k��NFH^ 2 É 2 ¦ m2

π0

� ¶TzS^y\Hf«�sk�z9kak�f�oql9`cbÁòJdwm � l{k§��� ËcË j iBr k^�`cf i l9dw� �Ki dg`cf�\Hl9` � fKt × � ×KË%Ø ¦ h k��HFH^ 2 É 2 dgz�z9b�\�vgvWj)� �Ki fe`cf�¢�fek�m�vwdwm�dw�evgk�j)\�fKt\�z�z � ^ r ��kdwbN|s`�z9k iBr k�vgdwbNd i�i9r \ i ¢ × � ×KË ¦ h k��HFH^ 2 É 2 < M2
miss(π

0p) < × � ×KË ¦ h k��NF4^ 2 É 2 i `-l9kab�`%��kiBr k�bNdwz{z9dwfKm-| r ` i `cf
p(γ, π0π0p)

�h\H^1§7m�l9` � fKt��¶_zD^y\�fS\�vwz{`���k�z9k�kafSoql9`�b iBr k�mcl{k�k�fSz9dwb � v�\ i k�t
p(γ, π0π0p)

tedwz i l9dg� �Ki dw`cf�dwfxò�dgm � l9k
�K� ËcË j���k r \y�ckT\�bN`cl{k²dwfez{dwtedg` � z@|Kl9`c�evgk�bÔ¦Þ\�z�|el{ka�7dw` � z9v!n-k�³�|evw\�dwfKk�t6dwfNó�ka^ i dw`cfV�K�!IK�Y�cÉ��
� r kQb�\�ý{`cl9d i n�`Ho i9r k

p(γ, π0π0p)
^�`cf i \�b�dgfh\ i dw`cf�k�f i kal9dwfKmN` � l�ka��k�f i zB\�bN|evwk_l9k�z � v i z
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2)2Missing mass squared / (GeV/c
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ò�dgm � l9kÏ�K� ËcË.L � r k-bNdwz{z9dwfKm�b�\�z9z�`Ho iBr k γ′ j�\�z�tek�ÙhfekatRdgf � 5 � \ i dg`cf��K�����Q� r k�m�l9k�kaf^�dgl9^avwk�z�z r `%� i9r k�l9kaz � v i z�`�o iBr k�z{dwb � v�\ i k�t
γp→ pπ0π0 th\ i \K�@� r k��evw\�^1§S|�`cdgf i z�z r `%�� � v!nte\ i \���d iBr \Hvwv�^ �Ki z�zB\y��k iBr kx`cfek � fKtek�l�z iB� t�ncj i9r k-l9kat'^�l{`cz9z{k�zQz r `%�	\�fe\�vgn7z9kat

mc|e|Kd × \_z{dwb � v�\ i k�t�th\ i \Q\�fet iBr k��Kv � k²^al9`cz{z9kaz�z r `%�¯\�fh\Hvgn7z9katNm�|e|ed × ��z9dwb � v�\ i k�t-te\ i \K�

oql9`�b \Hl i d!Ùh^�dw\�v±^�v � z i k�l-bNk�l{mcdwfemKjJ� r dg^ r |ev�\�^ak�z iBr k
p(γ, π0π0p)

�e\�^1§Pmcl9` � fet�dwf i9r kzB\Hb�kQl{k�mcdg`cfª`�o i9r k
M2

miss.(π
0p)

tedgz i l{dw� ��i dw`�fª\�z iBr k i l � k
p(γ, γ′π0p)

k��ck�f i z��

³��¤�����Ú¨ éÈº�óÚ� µ`¾N��ºT«Û/ ��·�·ô¬�¾<«M2rª
π0

¶O^ �Ki `cf iBr k�dwf)�H\�l{d�\�f i b�\�z9z±`�o iBr k�l9ka^�`cfez i l � ^ i k�t
π0 z9kak�bNz�`cfKk�`Ho iBr kTbN`cz i z{dwbN|evwk\�fet r kafe^�k�`cfek�`Ho i9r k²Ùhl9z i ^ �Ki z±��k�z r ` � vwt6|�k�l{oq`�l9bù`�fN` � l�th\ i \K�@ã�`���ka��k�laj�oql9`�b iBr kz9dgb � vw\ i dg`cf�l9kaz � v i z±oq`cl

p(γ, π0π0p)
j�d i dgz�`��P�7dg` � z iBr \ i ��k_^y\Hfefe` i�i ` i \�vwv!n-l{k�bN`���k i9r k

p(γ, π0π0p)
^a`cf i \�bNdwfe\ i dg`cf�t � k i `S^av � z i kal�bNk�l{mcdwfemQoql{`cbÌ` � l�th\ i \�z{k i �)nN§Pdwfekab�\ i dw^^ ��i z�\�vg`cfek��Q¶�o i kal�k�³K\�bNdwfh\ i dw`�f�j���k-oq` � fKt iBr \ i `cfev!n i9r k-dwf)�H\�l{d�\�f i b�\�z{z�`�o iBr k

π0��\�z�z9kafez9d i dg��k�k�fK` � m rFi `Sz r `%� iBr k�l{k�z � v i z�`�o iBr dgz
p(γ, π0π0p)

^�`�f i \�bNdwfh\ i dw`cfNk�d iBr kalz9dgtek�`�o iBr k�l{ky\�v�th\ i \F|�ky\�§'\Ho i kalQ\�vwv iBr k6` i9r k�lQ^ �Ki z r \HtR��k�kaf¤\H|e|evwdgk�t i ` i9r k�th\ i \\�z�^y\�fF��k�z9kak�fFdgfFò�dwm � l9k��K� Ë ���@� rP� z²��kQ\�|e|Kvwdwkat i9r dwz�^ �Ki²i `-` � l�th\ i \Sv�\�z i j7dwf`�l9tekaliBr \ i ��kFb�dgm r)i-� z{kª\ Ù i�i ` i9r k�h\�^1§Pmcl{` � fet¥k�d iBr kal-z9dgtek`�o i9r kF|sk�\�§ i `}k�z i \��evgdwz r
iBr kS�h\�^1§Pmcl{` � fet � fetek�l{feky\ iBr d i ���J`�l9k�bN`%�ck iBr kx�h\�^1§Pmcl9` � fet iBr \ i ^avwk�\�l9v!nªte`�kaz_fe` i��k�vw`�fem i ` i9r k}ka��k�f i zB\�bN|evwkHj���ku\�|e|KvwdwkatO\«^ �Ki `Ho ±20

µpk��Ák�d i9r k�lFz{dwtek `�o i9r k\�^a^�k�| i k�t
π0 b�\�z{z��

qÄÝ ¹
π0 å ½ �7Î<��¿ ºÒSª¼ � �qS Â » ¿ ½ � » ± ºx¼

�D`�l9kab�`%��k i9r k
p(γ, π0π0p)

�h\�^1§Pmcl{` � fet~\4o i k�lp\�vgv iBr kR§Pdwfekab�\ i dw^}^ �Ki z r \�t°�skak�f\�|e|Kvwdwkat i ` iBr k±th\ i \Kj%��k�^ r `�z9k i `T\�|e|ev!n i ��`_ted���kal9k�f i bNk iBr `�tezaj�tek�z{^�l9dg�skatSdgfSó7k�^ i dw`cfKz
�K�Yû�� Ë \�fetª�K�Yû��á�7��� r dwz�\�vgvw`%��k�t � z i `N^ r k�^1§ iBr kQ^�`cfez{dwz i k�fK^anª`�o iBr k�Ùhfh\�v

γp→ γ′π0p^�l{`cz9z�z{k�^ i dw`cf��
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2Invariant mass / MeV/c
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ò�dwm � l9k���� Ë � L � r kNdgf)��\Hl9d�\Hf i b�\�z{zQ`�o i9r k π0 \4o i k�l�\Hvwv@` i9r k�l�^ �Ki z r \y�ckN�skak�fRb�\Htek�jz r `%��dgfem iBr k@Ùhfe\�vcdwf)�H\�l{d�\�f i b�\�z9zßvgdwbNd i z���� r k
p(γ, π0π0p)

�h\�^1§Pmcl{` � fet�^y\Hf���k±^�vgky\�l{vgnz9kak�fªk�d iBr kal�z9dgtek�`�o i9r k i l � k�k��ck�f i |�ky\�§>��� r kQ�evw\�^1§N|s`cdgf i z�z r `%�~� � vgn�th\ i \���d iBr \Hvwv^ �Ki zxz9\y�ck i9r k�`�fek � fetek�lxz i9� tKncj iBr k�l9kat¤^�l{`cz9z{k�z-z r `%�·\�fh\Hvgn7z9kat«mc|e|ed × \Fz9dgb � v�\ i k�tth\ i \�\�fet iBr kx�ev � k�^�l{`cz9z{k�z�z r `%�æ\�fh\�v!n�z{k�t'm�|e|ed × � z9dgb � vw\ i katth\ i \K��� r kS^a`cl9l{k�^ i dw`�foq`cl iBr dwz��h\�^1§Pmcl{` � fetpdwz�tKdwz9^ � z9z{k�t'dgfpó�k�^ i dg`cf����áû��
³��������

π0
éÈº�óÚ� µ`¾N��ºT«Û/ ��·�·,0Y����·)ª » ð²È Ù «�µ/�iÂ.«)¾�¬�º

¶_z�^�\�fu�skSz9k�kaf¨dgfuò�dwm � l9kÒ�K� Ë ��j iBr k�l9k�dgz�\tedgz i l9dw� �Ki dg`cf'k�d iBr kal�z9dgtek-`�o i9r k π0 |�ky\�§� r dw^ r l9kaz � v i zQoql9`cb i9r k
p(γ, π0π0p)

^a`cf i \�bNdwfh\ i dw`�f��6� r k�z r \�|�k�`�o iBr k r dgm r b�\�z{z
i \�dgv@dwzQ��k�l{nuz{dwbNdwvw\�l i ` i9r k�z r \�|�k�`Ho iBr k

π0 dwf)�H\�l{d�\�f i b�\�z9z�tedwz i l{dw� �Ki dw`cf}|Kl9`7t � ^�kat�)n iBr kªz9dgb � vw\ i kat
p(γ, π0π0p)

ka��k�f i z'¦Þò�dgm � l9kª�K� Ë I)É��¬� r ktedgz i l9dw� �Ki dg`cf�`�o�m�|e|ed × \\�fetFmc|K|ed × �Fk��ckaf i zTdgfªò�dwm � l9ke�K� Ë �Sz � mcm�k�z i z iBr \ i�iBr kQl{ky\�v p(γ, γ′π0p)
ka��k�f i z�te`6fe` i^�`cf i l9dw� �Ki k6z9dgmcfed!Ùh^y\�f i vgn}\H�s`%�ckN\�fRdwf)�H\�l{d�\�f i b�\�z9z�`�o Ë ûcûpµk��-jD\�fKt¨z{` i9r k6ka�ckaf i z\���`���k Ë ûcûªµk��·z r ` � vgtR��k�|el{k�te`cbNdwfe\ i kavgnt � k i ` i9r k

p(γ, π0π0p)
^a`cf i \�bNdwfe\ i dg`cf��ÿ¤k�Ù i{i k�t iBr kxdwf)�H\�l9dw\�f i b�\�z{z_tedgz i l9dw� �Ki dg`cfFoql9`cb i9r k

p(γ, π0π0p)
z9dwb � v�\ i dw`cf i ` i9r kth\ i \��)n'z9^�\�vwdgfem i9r k

p(γ, π0π0p) π0 dwf)�H\�l9dw\�f i b�\�z{z�tedwz i l{dw� �Ki dw`cf i ` r \y��k iBr k�z9\�b�kdwf i kamclB\Hv�\Hz iBr \ i `�o i9r k²th\ i \T��k i ��k�kaf Ë ûcû�µk��¯\�fet Ë%Ø�× µk��S��� r k²z{^y\�vgk�t�z{dwb � vw\ i dg`cfl9kaz � v i �²\�z i9r k�fz � � i lB\�^ i katpoql{`cb iBr k�te\ i \ i `6^a`cl9l{k�^ i�i9r k�f � b-�skal�`�o�k��ckaf i z��� r k�z � bÔ`Ho�z{dwb � vw\ i kat
p(γ, π0π0p)

\Hfet
p(γ, γ′π0p)

ka��k�f i zTb�\ i ^ r k�z i9r kQth\ i \6dgfò�dwm � l9kq�K� Ë I�ckal{n¨��kavwv���` i9r \ i \�fKt�\��s`%��k iBr k i l � k π0 dwf)�H\�l9dw\�f i b�\�z{z��}¶ i vg`���k�lb�\Hz9z9kaz�j�d i ^y\�f�skxz9kak�f i9r \ i�iBr kal9kSdgz_\Nz9vgdwm r)i k�f r \Hfe^�kab�kaf i dwf iBr kxth\ i \6l9kav�\ i dg��k i `
iBr k�z{dwb � vw\ i dg`cf��±� r dgz���kS\Hz9z � b�k�dwz�t � k i `�\N^a`cb-�edgfh\ i dw`cfF`�o

p(γ, π0p)
^�`cf i \�b�dgfh\4¢

i dg`cfR\�fet i9r k�z{dwbN|evwk�bN`7tek�v � z{k�t i ` z{dwb � vw\ i k i9r k
p(γ, γ′π0p)

ka��k�f i tedgz i l{dw� ��i dw`�fez��ãT`%��ka�ckal�j iBr ktedwz{^�l{k�|h\�fK^an«dgzSl{k�v�\ i dg��k�v!n¨z{b�\Hvwv±dwfez{dwtek iBr k�dwf)�H\�l9dw\�f i b�\�z9zx^ �KiSiBr \ i��ku\H|e|evgn�� ÅTfKoq`�l iB� fh\ i kavgn�j i9r k}\�^a^�ka| i \�fK^�k}`�o
p(γ, π0p)

ka�ckaf i zªdwz�z9`�vw`%� iBr \ i d idwzTdwbN|elB\�^ i dg^y\�v i `F|Kl9`7t � ^�k6\�z �p¬ ^�dgk�f i v!n'vw\�l9mckxz9dgb � v�\ i k�t ka�ckaf i z9\�bN|evwk i `F|�k�l{oq`�l9b\}z9`cvgk�vgn)¢�z9dwb � v�\ i dw`cf7¢/�h\�z{k�tRz � � i lB\H^ i dg`cf���d iBr dwf iBr k i dwbNk^�`�fez i lB\�dgf i z6`�o i9r dwz-��`cl{§��òhl9`cbÊòJdwm � l{kÒ��� Ë ïKj�d i ^y\�f'��kSz{k�kaf iBr \ i_iBr kxvgka�ckavJ`Ho��h\�^1§Pmcl{` � fet}dgfe^�l{ky\�z{k�zT��d iBr dwf�¢^�l{ky\�z{dwfemª��ky\�bÖkafek�l{m�ncj���d i9r ��k�l£nuvwd i{i vgk-�h\�^1§Pmcl{` � fetR�skavw`%�	ï)û × µk��Í� r dw^ r dwz iBr kl9kamcdw`cfF`Ho�dgf i k�l{k�z i �
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Sum of simulated data

ò�dgm � l9kÆ��� Ë I L � r k�dgf)��\Hl9d�\Hf i b�\�z{z�`�o i9r k π0 \Ho i kalx\Hvwv�` iBr kal�^ �Ki z r \y�ckN��k�k�fRb�\�tek�jz r `���dgfem iBr kp\�|K|evwdgk�t�^ ��i z���� r k�ev � kF|�`cdwf i zS^�`cl{l9k�z{|s`�fet i ` iBr kªl9kaz � v i z�oql9`�b iBr k
p(γ, π0π0p)

z{dwb � v�\ i dw`cf�j iBr k¨l{k�t´oql{`cb mc|K|ed × �°z9dgb � vw\ i dg`cf¯l9kaz � v i z\�fet iBr k¨mcl9kak�f|�`cdwf i z�z r `%� iBr k�z � bù`�o i9r k i ��`�z{dwb � vw\ i kat-^�`�f i l9dg� �Ki dg`cfeza��� r k�mcl{k�kaf i lB\�^ak²b�\ i ^ r kaz
iBr k��Kv�\�^1§�k�³�|skal9dgb�kaf i \�vßth\ i \�|s`cdgf i z�\ i \�fKt \���`%�ck iBr k i l � k

π0 dwf)�H\�l{d�\�f i b�\�z9za�
³������	¨

p(γ, π0π0p)
´?µ`¬�·�·ÁðWª Â�«)¾N¬�º¢0O�¹��·)ª »øð�È Ù «�µ`��Â�«)¾N¬�º

òhl9`cb iBr k6z9dgb � vw\ i kat
p(γ, π0π0p)

ka��k�f i zaj���kN^y\Hf¤^y\Hvw^ � v�\ i k iBr k6lB\ i kN`�o�\�^a^�ka| i \�fK^�koq`cl iBr kaz9k�ka�ckaf i z�dwf iBr k�zB\�bNk6�²\yn¨\�zxoq`�lx` � lxtekaz9dgl9k�t¤l9ky\H^ i dg`cf��Fÿ¨k�^�\�f iBr k�f � z{k
iBr dwz i `�fe`�l9b�\�vwdgz9k i9r ku^�l{`cz9zªz9ka^ i dw`cf°b�k�\�z � l9k�t°dwf©øÄ��I ú j i `�|el9`7t � ^ak i9r kukT�sk�^ i dg��k^�`�f i \�bNdwfh\ i dw`cf ^�l9`�z9z�z9ka^ i dg`cfRt � k i `

p(γ, π0π0p)
�Nò�dgl9z i j���k�|evg` i9i k�t iBr kNbNky\Hz � l{k�t

p(γ, π0π0p)
^�l9`�z9z�z9k�^ i dg`cf«¦

σi
dwfª| r ` i `cfªk�fekal9m�nª�Kdwf

i
É�j>\y��k�lB\Hmck�t`���k�l iBr k�z9\�b�k

Eγ�edgfez�\�z�` � l²Ùhfh\Hvß^�l9`�z9z�z9k�^ i dg`cf«¦qz9kakSò�dgm � l{kN�K� Ë ûcÉ��@ÿ¨k i9r k�fp|evg` i9i k�t iBr kx\�^a^�k�| i \�fe^ak`�o
p(γ, π0π0p)

k��ckaf i zN¦
εi
p(γ,pπ0π0)

dwf�edwf dGÉ��Pn i \H§7dgfem i9r k i9r kSf � b-��k�l_`�o�z9dgb � vw\ i kat
p(γ, π0π0p)

ka��k�f i z�z � l£�7dg�7dwfem6\Hvwv�`Ho i9r kQ^ ��i z�dwfFk�\�^ r
Eγ

�edwf¨¦
N i

s

oq`cl²�edgfFdGÉ�ted!�7dwtekat
�)n iBr k i ` i \�vhf � bS�skal�`Ho�z9dgb � vw\ i katNk��ckaf i z�oql{`cb iBr \ i

Eγ

�edwf ¦
N i

e

dgf6�edwf6dGÉ�¦ � 5 � \ i dg`cf
�K� Ø jhò�dgm � l{kN�K� Ë �)É��

N i
s

N i
e

= εip(γ,pπ0π0)

¦E��� Ø É

σi
c = σiεip(γ,pπ0π0).

¦E�����)É
¶_|K|evgn7dwfKm � 5 � \ i dg`cfÂ�K�!�Smcd!�ck�z iBr k_vwka��k�vs`�o�^�`cf i \�b�dgfh\ i dw`cfNdwf` � l�th\ i \Sz{k i ¦

σi
c

dgf�edgf
dGÉ�j i `���kQz � � i lB\H^ i katoql{`cb i9r kQÙhfh\�v

p(γ, γ′pπ0)
^al9`cz{z�z9k�^ i dg`cf«¦Vò�dwm � l9kH��� Ë ��É��

qÄ�
p(γ, π0p)

å ½ �7Î×��¿ ºÏSp¼ � �§S Â » ¿ ½ � » ± ºx¼
ÅTfKvwdw§Hk iBr k

p(γ, π0π0p)
�e\�^1§Pmcl9` � fetuz � � i lB\�^ i dg`cf�jß`cfev!n'\ i dwf)n oql9\�^ i dw`cf `�o

p(γ, π0p)ka��k�f i zª|h\Hz9zª\�vgvT`�o i9r k'^ �Ki zª\�z�tek�z{^�l9dg�skatOdwfOó�ka^ i dw`cfÞ���Äï°¦��,�¨ka��k�f i zFoql{`cb \
3 ×

106 dgfe| �Ki ka��k�f i z9k i É��þãT`%��ka��k�l�jTt � k i ` iBr k'oV\H^ i�i9r \ ii9r k
p(γ, π0p)

i ` i \�v�^�l9`�z9z
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ò�dwm � l9kÆ�K� Ë ï L � r k�z � � i lB\�^ i dg`cf¨`Ho p(γ, π0π0p)
�e\�^1§Pmcl9` � fet«�h\�z{k�t«`�f i9r k�dgf)��\Hl9d�\Hf ib�\Hz9z_`Ho iBr k

π0 \Ho i kalQ\�vgvD` iBr kal_^ ��i z��Q� r k-oq` � l_|e\�fek�vgz_z r `%� i9r kS�H\�l9dw\ i dg`cfpdwf �e\�^1§c¢mcl9` � fet ��d iBr dwfK^�l9k�\�z9dgfem
Eγ

dwfuû × µk��T¢W��dwtek Eγ

�edgfez��Q� r k-�ev�\H^1§|�`cdwf i z_z r `�� iBr k`cl9dgmcdwfe\�v � fKz � � i lB\�^ i katth\ i \Kj i9r k�l9k�t�z r `%��z iBr k
p(γ, π0π0p)

^a`cf i l9dg� �Ki dw`cf i `��sk�z � ��¢
i l9\�^ i k�t\�fet iBr k��ev � k�z r `%��z i9r k�Ùhfh\�vßz � � i l9\�^ i dw`cfpl9kaz � v i ��] i ^y\�f�sk�z9kak�f iBr \ i `cfKvgnb�dgfedwb�\�v7z � � i lB\H^ i dg`cf�dgz�l{k65 � dgl9k�t�\ i

Eγ < 450
µpk��®� r kal9k i9r k�| r ` i `cf\�z£n7b�bNk i l9dwkaz\�fet

µ∆+

\�l{k�k��H\�v � \ i k�t��
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ò�dwm � l9kH�K� Ë û L � r k�^al9`cz{zTz{k�^ i dw`�fp`Ho p(γ, π0π0p)
oql9`cbÖøY��I ú �



¢,>¢,>
p(γ, π0p)

Ë ; ¤yÌ,Í)Ò�¥JB�@�½G¼�BhÅKÐVÒ ; ¤%ÐED�¥Z@ [�[�Ý
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òJdwm � l{kH�K� Ë � L � r k�\�^a^�ka| i \�fK^�k�`�o p(γ, π0π0p)
^y\Hvw^ � v�\ i k�tFoql9`cb iBr k�z{dwb � vw\ i dg`cf��
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òJdwm � l{kH�K� Ë � L � r k�kY��ka^ i d!�ck�^�l{`cz9z�z9ka^ i dg`cfªt � k i `
p(γ, π0π0p)

^�`cf i \�b�dgfh\ i dw`cf��
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ò�dwm � l9kH��� Ë%ØML � r kx^al9`cz{z�z9k�^ i dg`cf`Ho p(γ, π0p)
oql9`cb øY��I ú �

z9ka^ i dg`cfSdgzJz{ka��k�lB\HvK`cl{tek�l{zJ`�oeb�\�m�fed i9� tek±v�\�l{mck�l i9r \�f i9r \ i `�o
p(γ, π0π0p)

j iBr k�l9kaz � v i dwfKm^�`cf i \�b�dgfh\ i dw`cf}��\�z-^�`�b�|h\HlB\��evgk6dwf¤b�\�mcfKd iB� tek i ` iBr \ i `Ho
p(γ, π0π0p)

�pÿ¨k�oq` � fetfe`Nz9dwfKmcvwk��H\�l{d�\��evgk iBr \ i ��` � vgt'\�vgvw`%� � z i `�^avwk�\�fevgn�z9ka|h\�lB\ i kx\�fet mc\ � mck iBr kxvgka�ckav�`�o
iBr k

p(γ, π0p)
^�`cf i \Hb�dgfh\ i dg`cfN\�z i9r k

π0 dgf)��\Hl9d�\Hf i b�\�z9z�tedwtNoq`cl p(γ, π0π0p)
��]/fKz i k�\�t��k6oq`cl{b�kat¤\�f¨k�z i dwb�\ i kN`Ho iBr k

p(γ, π0p)
^a`cf i \�bNdwfh\ i dw`�f � z9dgfem i9r k

p(γ, π0p)
^al9`cz{z

z9ka^ i dg`cf�bNky\Hz � l{k�tdgf'øÄ��I ú dwf�^�`cb-�Kdwfh\ i dw`cf���d iBr�i9r k_k��ck�f i \H^�^�ka| i \Hfe^�k�vgka��k�v�`c� i \Hdwfekatoql9`cb iBr k�z{dwb � vw\ i dg`cf�j�\�z²oq`cl
p(γ, π0π0p)

dwfó�ka^ i dg`cfª�K�Yû��á�7�
ò�dwl{z i jh��kS^�\�vw^ � v�\ i k�t iBr kxb�k�\�f�H\�v � k�`�o i9r kS^al9`cz{z_z9ka^ i dw`cfpoql9`cbÁøÄ��I ú oq`cl�ky\�^ r `�o` � l�Ùhfh\Hv

p(γ, γ′π0p)
^�l{`cz9z�z9k�^ i dg`cf

Eγ

�edgfez�jPz r `���f�dwf�ò�dwm � l9k¢�K� Ë%Ø ��ÿ¨k iBr kaf���`cl9§Hk�t` �Ki�iBr k�oqlB\�^ i dg`cf�`Ho
p(γ, π0p)

ka�ckaf i z�z � l{�7dg�7dwfKm-\�vgvh`�o�` � l
p(γ, γ′π0p)

ka�ckaf i z9kavwk�^ i dg`cf^ �Ki zToq`cl�ky\H^ r
Eγ

�Kdwf�¦Vò�dwm � l9kÏ�K� Ë �)É�j � z{dwfem iBr k 3 × 106 ka�ckaf iQ� fed!oq`cl9bÊ| r \�z9k-z{|h\�^ak�h\�z{k�t
p(γ, π0p)

z9dgb � v�\ i k�t¬th\ i \¨z9k i �©ë�n¥b � v i dg|evgn7dgfem iBr kaz9k i ��` r dwz i `cmcl9\�bNz�j���koq` � fetR` � l�Ùhfh\Hv
p(γ, π0p)

^a`cf i \�bNdwfe\ i dg`cf i `�sk�\�z�z r `%��f«dgf¤ò�dgm � l{kq���á� × ��� r dgzxdgzoV\�l�z{b�\Hvwvwkal i9r \�f iBr k
p(γ, π0π0p)

^�`cf i \Hb�dgfh\ i dg`cf\ i�r dwm r
Eγ

je� �Ki |el{`��7dgtek�z�\ ∼ Ë%×)ð^�`cl{l9ka^ i dg`cf i ` iBr k�^al9`cz{z�z9k�^ i dg`cfdgf iBr k�vw`%��k�z i
Eγ

�edwf��

§Ä'^ À©¿ º ²�² � ¾�� » ± ºx¼
� r k i ` i \�v>^al9`cz{z�z9k�^ i dg`cf`�oD\Sl{ky\�^ i dg`cf�dgz iBr k�|el9`��h\��edgvwd i n iBr \ i j�m�dg�ckafª\Sz9dgfemcvgkT|el{` i `�f\�fet}\z{dwfem�vwk�| r ` i `cf�j i9r k-l9k�\�^ i dw`cf � fetekal�z i9� tKn ��` � vgt i \H§�k�|evw\�^�kH��] i dwzTk�³�|el{k�z9z{k�tdwf i k�l{b�z�`Ho�\�fu\�l9k�\Kj � z � \�vgvgndwf'�e\�l9fez � �Q�J`F|Kl9`7t � ^�k6\�l9ky\H^ i dg`cf}^�l{`cz9zQz{k�^ i dw`�f�j�`cfKkz9dgb�|ev!n r \�z i `Q^�\�vw^ � v�\ i k iBr k�f � bS�skal�`�o�k��ckaf i z i9r \ i `7^�^ � l9l{k�tNdwf iBr k�k�³�|skal9dgb�kaf i \�fKttedg�7dgtek iBr \ i f � bS�skalD�)n i9r k±|el9`7t � ^ i `Ho iBr k�f � bS�skalD`Hoe|el{` i `cfKzJ\Hfetx| r ` i `�fezD\%�H\�dgv�\��Kvwk
i ` iBr k�l{ky\�^ i dg`cf��@]/fp` � l�^y\Hz9k�j i9r k � 5 � \ i dg`cf i \�§Hk�z iBr kQoq`cl{b[mcd!�ck�fpdwf � 5 � \ i dw`cfa��� Ë �

σ =
Nevents

Sεtagg.(Γπ0/Γπ0→γγ)ρtargetεCBTAPS

¦E�K� Ë%× É
ß���|4�Qß

= 1 × 1024
��{���u��
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ò�dwm � l9kH�K� Ë � L � r kx\H^�^�ka| i \Hfe^�k�`�o p(γ, π0p)
^y\�vg^ � vw\ i katoql9`cb iBr k�z9dgb � vw\ i dg`cf��
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ò�dwm � l9kH�K�Y� ×pL � r kxkY��ka^ i d!�ck�^�l{`cz9z�z9ka^ i dw`cfªt � k i `
p(γ, π0p)

^�`cf i \Hb�dgfh\ i dg`cf��
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ò�dwm � l9k��K�Y� Ë.L �J\�mcm�k�l²z{^y\�vgk�l9z�¦ � |K|skal²vwk�o i É�j7b � v i dg|evwdgk�t6�)n i9r k i \HmcmcdwfKmxk ¬ ^adwkafe^an}¦ � |�¢|skal�l9dgm r)i É�mcd!�ck i9r kQf � b-��k�l�`�oJ| r ` i `cfez�dgb�|edgfemcdgfemS`cf i9r k i \�l{mck i oql9`cbÍky\�^ r ��\Hmcmck�l^ r \�fefKk�v�¦Vvg`%��kal r dwz i `cmcl9\�bÉ��

ÿ¤kQ^�\�vw^ � v�\ i k i9r k�f � b-�skal�`�oJ| r ` i `cfez�\y�H\�dwvw\��evwk i ` iBr kQl9ky\H^ i dg`cfª�)nFb � v i dw|Kvgn7dwfem iBr k
i ` i \�vhf � b-��k�l�`�oß^�` � f i z²dgf iBr k_�J\�mcmckal�z{^y\�vgk�l9z�¦

S
É��Pn i9r k i \�mcmcdgfemxk ¬ ^�dwkafe^an'¦

εtagg.

É��
� r kf � b-��k�l�`Ho�|el9` i `cfez-dgz-mcd!�ck�f��)n iBr k i \�l9m�k i \Hl9ky\Hv�tekafez9d i nO¦

ρtarget

É�j�k�³�|el{k�z9z{k�t
\�zSf � ^avwkad�|�k�l-�h\Hl9f��'ÿ¨k iBr k�f�z9^�\�vwk iBr kf � bS�skal-`�o�tek i k�^ i kat¥k��ckaf i zN\�^�^a`cl9tedgfem i `
iBr ktek i k�^ i `cl�k ¬ ^�dgk�fe^�n~¦

εCBTAPS

ÉN\�fKt iBr k�elB\Hfe^ r dwfKm¤lB\ i dw`uoq`cl
π0 → γγ

teka^y\yn
¦
(Γπ0/Γπ0→γγ) = 0.98798

øÄûc� ú É i `Smcd!�ck iBr k i ` i \�v>f � b-��k�l�`�o π0 |el9`7t � ^adwfem�l9k�\�^ i dw`cfez`�oJdwf i kal9k�z i�iBr \ i `7^�^ � l9l{k�t���J`}^�\�vw^ � v�\ i k i9r k i ` i \�v�^al9`cz{z�z9ka^ i dg`cf�k�³�|�k�l{dwbNk�f i \�vgvgn�j�\�z6\ o � fe^ i dg`cf«`�o iBr kFdwf�¢^�`cbNdwfKmN��ky\HbÔk�fekal9m�n�j���k r \%��k i `�^�\�vw^ � v�\ i k � 5 � \ i dw`�f���� Ë oq`cl�ky\�^ r Eγ

�Kdwf���ò�dwl{z i v!n��k�b�\�§HkF\ r dgz i `�mclB\�bÁ`�o i9r k�J\�mcmckal-z9^�\�vwkal-^�` � f i z-oq`clxky\�^ r �J\�mcmckalS^ r \�fKfek�v�\�fKt
iBr k�bNky\Hf i \�mcm�dwfemFk ¬ ^adwkafe^an¥¦Þó�k�^ i dg`cfRû��Y���Äï)ÉToq`cl�ky\H^ r ^ r \Hfefek�v±\HzQz r `%��f¤dgfuò�dwm � l9k
�K�Y� Ë �±� r k�|el9`7t � ^ i `Ho iBr k�z9k i ��` r dgz i `cmclB\Hb�z�¦V\�vwz{`Nz r `%��f dgf ò�dgm � l{kN�K�á� Ë É�mcdg��k�z iBr kf � b-��k�l�`Ho�| r ` i `cfez²dgb�|edgfemcdgfem�`cf iBr k i \Hl9mck i dwf�^�`cdgfe^�dgtek�fe^akT��d iBr�i9r k�k�vgk�^ i l9`�f r d i z�j��\Hmcmck�l�^ r \�fefekavß�Pnª�J\�mcm�k�l�^ r \�fKfek�vÞ�@ÿ¤k iBr k�fpz � b i9r k�f � b-��k�l�`�oJ| r ` i `cfez�dwfªk�\�^ r| r ` i `cf¤kafek�l{m�n¨�edwf¤\�zSz r `%��f«dwf¤ò�dwm � l9kq�K�á��� � z{dwfem iBr k�v�\�tetKk�l�k�fekal9m�n¨^y\�vgdw�el9\ i dg`cf\�z�tekaz9^�l{dw��k�tpdwfpó�ka^ i dw`cfû��Y���!I i `6mcdg��k iBr k�^�`�l9l9kaz9|�`cfetekafe^�k���k i ��k�k�f��\Hmcmck�l�^ r \�fefekavf � b-��k�l�\�fetpdwfK^�dwtKk�f i | r ` i `cfpk�fekal9m�n���J`ªtek i k�l{b�dgfek i9r k�f � b-��k�lQ`�o�|el{` i `cfKzQdwf iBr k i \�l{mck i j���k � z{k iBr k�§Pfe`%��f i \�l{mck i
i kab�|�k�l9\ iB� l{kN¦W� Ë ô�É²\�fetp|el9kaz9z � l9k¦ Ë%×cØ�× bNdwvgvwdg�h\�l1É i `Nm�dg�ck � z iBr k i \�l9m�k i tekafez9d i nª`�o� × �YûcûT§Pm?FHb 3 ø Ë � ú �@� r k i \Hl9mck i vwkafem iBr ��\�z�oq` � fKt i `Q�sk 47.6±0.3

b�bæ�)n�\�^�`�b-�edwfe\4¢
i dg`cf�`Ho�àT¢�lB\yn7dwfem iBr k i \Hl9mck i \�|K|h\�lB\ iB� z±� r k�f�^�`cvgt\�fet�z i9� tKn7dwfem iBr kTtekaoq`�l9b�\ i dg`cf6`�o
iBr k�dwfKz9dwtKk���dwfete`%�Û¦G� r dw^ r ^y\�fKfe` i �sk�z9kak�f'`cf iBr k�³P¢/l9\yneÉ � fetKk�l�^�`7`cvwdgfem6�sk�oq`cl9k iBr k
i \�l{mck i ��\�z�dwfez i \�vgvwk�t��Dÿ¨k i9r k�f�tedg�7dgtek iBr k�|el9`7t � ^ i `Ho iBr kTtekafez9d i nN\�fet i \�l{mck i vwkafem i9r�)n iBr k�§Pfe`%��fb�\Hz9z�`�oß\ r n7tel{`cmckaf\ i `cbÚ¦

1.67×10−27 §PmPÉ i `�mcdg��k � z�\ i \�l{mck i \�l{ky\�v
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ò�dgm � l9k§�K�Y�c� L � r k i ` i \�v�f � b-�skal-`�o i \�mcmckat�| r ` i `cfez�dwf¤ky\�^ r Eγ

�edwf«oq`clS\�vwv���ky\�b
i dgb�kaz��
tekafez9d i nF`�o × �á� ×c× ��ï6f � ^�vgk�d�¦q|el9` i `cfezBÉ�|skal��e\�l9f���J`}^�\�vw^ � v�\ i k iBr k�f � b-�skal-`�o�k��ck�f i z�j���kF��k�m�dwf¤�)n¤b�\�§Pdgfem \ r dwz i `cmcl9\�bÁ`�o iBr k
i ` i \�v�f � b-��k�lx`�o²tKk i ka^ i k�t«k��ck�f i z�`�o²dgf i k�l{k�z i oq`cl�ky\�^ r

Eγ

�edwf¤\�zxz r `%��f«dwf¨ò�dgm � l9k
�K�Y��IK��¶Tz iBr kxtek i ka^ i `�l_z{n7z i k�bÚdwz�fe` i Ë%×c×cð k ¬ ^�dgk�f i j>��kSb � z i z9^�\�vwk iBr kSf � b-��k�lT`�otek i k�^ i kat}ka�ckaf i zQ�)n i9r kSk ¬ ^�dwkafe^an`�o i9r kStek i ka^ i `�l_z{n7z i k�b i `�mck iTiBr k i ` i \�vJf � bS�skal`�o±k��ck�f i zx`�o±dgf i k�l{k�z i�iBr \ i `�^a^ � l{l9katRt � l9dgfem iBr k-k�³�|�k�l9dgb�kaf i ���J`F^�\�vw^ � v�\ i k i9r dwzajs��kz9dgb�|KvgntKdg�7dwtek i9r k�f � b-�skal�`�o@z{dwb � vw\ i kat

p(γ, γ′π0p)
ka��k�f i zTdwfpky\�^ r

Eγ

�edwfª|h\�z{z9dgfem
\�vgv�`�o�` � l�\�fh\�v!n7z9dwzN^ ��i z�)n iBr kf � b-��k�l�`HoQka��k�f i zFdgf iBr \ i

Eγ

�edgf�dwf iBr kdwfed i dw\�vmckafek�l9\ i katk��ck�f i ÙhvwkHjemcdg�7dgfem iBr k�k ¬ ^adwkafe^an¨¦
εCBTAPS

É�\Hz�z r `%��f dgfpò�dwm � l9kN�K�Y�Hïe���D`
mck iJi9r k i ` i \�vPf � b-��k�lD`�ohk��ckaf i z@� r dw^ r `�^a^ � l{l9k�tx��k�b � z i \�vwz{`Tz{^y\�vgk��)n iBr k��el9\�fe^ r dgfemlB\ i dw`�oq`cl

π0 → γγ
teka^y\ynu¦

(Γπ0/Γπ0→γγ) = 0.98798
øÄûc� ú É�\�z�fe` i \�vwv>`�o i9r k_|Kl9`7t � ^�kat

π0 z���dwvgv�teka^y\ynR�)n iBr k π0 → γγ
l9` �Ki k iBr \ i ` � l�\�fh\Hvgn7z9dgzQz9k�vgk�^ i z���� r dwz i9r k�f¨mcdg��k�z

� z iBr k i ` i \�vßf � b-��k�l�`�o�k��ckaf i z iBr \ i `�^a^ � l{l9k�tt � l{dwfemN` � l�k�³�|�k�l9dgb�kaf i j�\�z�z r `%��f'dgfò�dgm � l9k��K�á��û��
�J`�`�� i \�dgf iBr k i ` i \�v�^al9`cz{z�z9k�^ i dg`cf�j���k�tedg�7dgtek i9r kQf � b-��k�l²`�oDtek i ka^ i katk��ckaf i z��Pn

iBr k i \�l{mck i \Hl9ky\Hv�tekafez9d i nR¦Vz{^y\�vgdwfem�òJdwm � l{k��K�Y�cûS�)n Ë F × �Y� ×c× ��ï)É�j�\�fetFted!��dgtek i9r kQl9kaz � v i�)n iBr kNf � b-��k�l�`�o²| r ` i `�fezxdgb�|Kdwfemcdgfem`cf iBr k i \�l9mck i ¦Þò�dgm � l9kÆ���á�c��É
Eγ

�KdwfR�Pn
Eγ�edgf�j i `6mcd!�ck iBr k�l{k�z � v i z²� r dw^ r \�l9kQ|el{k�z{k�f i kat}\�fetªtedgz9^ � z9z9kat'dwfpê r \�| i kal��7�

qÄRr }âáFº�»�ºS¼ { ² � � � ¾ » ¿ �
� r kF| r ` i `cf�\Hz{n7b�bNk i l9dgk�z-\Hfet�\�z9z{`�^ad�\ i k�t�kal9l9`�l9zS��k�l{kF^y\�vg^ � vw\ i kat�\�z-tekaz9^al9dw��k�t�dgf¶_|K|skafeted!³}ê_��ÿ¨k-`cfev!n^�\�vw^ � v�\ i k�t \�z{n7bNb�k i l{dwk�z�oq`cl i9r k6� � v!n'\Hfetuó�ka| i kab-�skal�th\ i \z9k i zN\�z i9r kp�c\�f � \�l£n«z9k i �²\Hz6oV\Hl-z9b�\�vwvgk�laj r \�t�\}z9vgdwm r)i vgnRted �sk�l{k�f i �J\�mcmckal-k�fekal9m�n^y\Hvwdw�KlB\ i dw`cfN\�fet\S|s`�v�\�l{dwzB\ i dw`�fNkatemck ∼ Ë%× µk��~vw`%��k�l iBr \�f iBr k�ó7k�| i k�b-��k�l²te\ i \�z9k i �� rP� z_^a`cb-�edgfedwfKm iBr kx�c\�f � \�l£nªth\ i \6��d iBrªiBr \ i oql{`cbÊó�ka| i kab-��k�l���` � vwt r \y�ckS^�\ � z{k�t\�f'dgfe^�l{ky\�z{kSdgf z{n7z i k�b�\ i dw^Skal9l{`cl_mcl{ky\ i k�l iBr \Hf iBr kxtek�^al9k�\�z9k�dgf z i \ i dgz i dw^y\HvDkal9l{`clTt � k
i ` i9r k�v�\�l{mck�l²k��ckaf i zB\�bN|evgk��
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ò�dwm � l9kÏ�K�Y��I L � r k i ` i \HvJf � b-��k�lT`�o±tek i k�^ i kat p(γ, γ′π0p)
k��ck�f i zQdwf'k�\�^ r

Eγ

�edgfoq`cl
\�vwvs�sk�\�b i dwbNk�z��
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ò�dwm � l9kG���á�Hï L � r kªk ¬ ^�dgk�fe^�n�`�o iBr kê²ë��D¶�ö�ó�z{n7z i k�b oq`cl
p(γ, γ′π0p)

ka��k�f i z�\�z6\o � fe^ i dw`�fp`Ho
Eγ

�
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ò�dgm � l9k#�K�Y�cû L � r k i ` i \�v�f � b-��k�l�`�o p(γ, γ′π0p)
k��ck�f i zQdwf k�\�^ r

Eγ

�edwfpoq`clT\�vwv���ky\�b
i dgb�kaz��

¶_z�z{k�k�fNdwf-ò�dwm � l9kQ�K� Ë ïejH�ck�l£n�vwd i9i vwk p(γ, π0π0p)
^�`cf i \Hb�dgfh\ i dg`cfSdgz@`c�ez{k�l£�ck�tN��k�vw`%�\�fFdgfe^�dgtek�f i | r ` i `�fFk�fekal9m�n�`�o�ïPû × µpk��-�e�D`�|skal{oq`cl{b[\�o � vwv

p(γ, π0π0p)
z � � i lB\H^ i dg`cf`cf6ky\H^ r `Ho i9r k

Eγ

j
Eγ′

\�fKt
φπ0

�edgfez�l9kT5 � dwl{k�t�oq`cl@` � l±\�z{n7bNb�k i l{nS^y\�vg^ � vw\ i dg`cfx��` � vgt
r \y�ck_l9k65 � dgl9katF\�oV\�l�v�\Hl9mckal�k��ckaf i z9\�bN|evwk iBr \�f���\�z�oqk�\�z9dg�evwk�t � l{dwfem iBr k i dwbNk�z9^�\�vwkT`�o
iBr k²|el9kaz9kaf i |el{`4ý{k�^ i �@]/fKz i k�\�t�j)��k�l9k�v!nS`�f iBr k²oV\�^ i@iBr \ i �)nSÙ i9i dgfem i ` iBr k

π0 dgfP�H\�l{d�\�f ib�\�z9z�tedgz i l9dw� �Ki dg`cf�jH��k�k�z i dwb�\ i k iBr k�vgka�ckave`�o
p(γ, π0π0p)

^�`cf i \Hb�dgfh\ i dg`cf i `Q�sk����!�.I ðoq`cl iBr k�� � v!n�th\ i \�z{k i ¦q� r kal9k���k_\�fh\�v!n7z9k
Eγ

oql9`cbåI�ï × µk�� i `xï�ï × µpk���É�j7\�fKt × �Y� ðoq`cl iBr k6ó7k�| i k�b-��k�lQth\ i \}¦G� r k�l{k-��k6\�fe\�vgn7z9k
Eγ

oql9`�bæI ×c× µk�� i `ï ×c× µk��QÉ��s� r kkT�sk�^ i `�o i9r dwz�^a`cf i \�bNdwfe\ i dg`cf��dwvgv���k�tKdwz9^ � z9z{k�tb�`cl{k�o � vwv!n�dgfpê r \�| i k�le���

qÄRç {�¼ª½�ç�� ² ±n² º �
p(γ, π0p)

]/f�`�l9tekal i ` i kaz i oq`clN�H\�l{dw` � zNz£n7z i kab�\ i dw^pkT�sk�^ i zF\Hfet i `¤|el{`��7dgtek \R^�l{`cz9z�^ r k�^1§¬`�o` � l
p(γ, γ′π0p)

\Hfh\�vgn7z{dwz�js��k6\�vgz9`Fk�³e\Hb�dgfek�t
p(γ, π0p)

oq`cl i9r k�zB\�bNk-th\ i \z9k i ��� r k\�fh\Hvgn7z9dgz6��\�zNz9dgb�|evgk��¥ÿ¤kpz9kavwk�^ i kat�ka��k�f i z���d iBr�iBr l{k�kp^�v � z i k�l9za��ÿ¤k iBr k�f�vg`�`�|skat
iBr l9` � m r \�vgv iBr l{k�k�|s`cz{z9dg�evwk�^�`cbS�edwfh\ i dw`�fezß`�oe|e\�l i dw^�vgk�z i `Tl9ka^�`cfez i l � ^ i \

π0 \�fetS|Kl9` i `cf|h\�dgl���ÿ¤k�z9kavwk�^ i kat iBr k²^a`cb-�edgfh\ i dw`cf�� r dw^ r m)\y�ck i9r k�\�üadwb �Ki9r \�v7\�fem�vwk��sk i ��kak�f iBr k
π0\�fetx|el9` i `cf�^�vg`cz9kaz iDi `

180◦
\�fetSl{k65 � dgl9k�t iBr \ iJi9r k i ��`_|e\�l i dw^�vgk�zß� r dg^ r l9ka^�`cfKz i l � ^ i k�t

iBr k���k�z i
π0 �s` iBr ��k�dgtek�f i d!Ùhk�t«\�zS| r ` i `cfKz�� ÿ¨k i9r k�f�^ �Ki `cf�\l9k�^a`cfez i l � ^ i kat π0dwf)�H\�l{d�\�f i b�\�z9z��sk i ��kak�f ËcË ûxµk���\�fet Ë ûcûxµk���\Hfet\ π0 bNdwz{z9dwfKm�b�\�z{z�`�o��sk i ��kak�f

Ø � Ø �á�6µk��æ\�fetª�,� Ø �á�6µk��S�ÿ¤k�Ùel9z i \�fe\�vgn7z9kat iBr kQz{k i `�oJ\�vwvska��k�f i z�� r dw^ r |h\�z{z9kat i9r k�\���`���k��h\�z9dg^Q^ �Ki z���ÿ¨k
iBr k�f�vg`�`�§�k�t�\ i�iBr l{k�k�`%�ck�l{v�\�|K|edwfem�z � �ez9k i z²`�o iBr k�z9kavwka^ i katth\ i \ L ¦ Ë É�ka�ckaf i z²dgfN� r dg^ riBr k_|el{` i `cf r \�t��k�kafdwtKk�f i d!Ùhk�tF\Hz²\x|Kl9` i `cf��)n iBr kTtek i k�^ i `cl�|e\�l i dw^�vgkTdgtek�f i dgÙh^�\ i dg`cfL§¦W��É_ka�ckaf i zxoq`�l�� r dw^ r d i ��\�zx|�`cz{z9dw�Kvwk i `p\�|K|evgn i9r k6|el9` i `cfRk�fekal9m�nu^a`cl9l{k�^ i dw`�fL§�\Hfet¦EIcÉ�k��ckaf i zQdwfª� r dw^ r �s` iBri9r k�|el9`c|�k�l�|el{` i `cfdwtekaf i dgÙe^y\ i dw`cfp\�fet iBr k�|el{` i `cfk�fekal9m�n^�`�l9l9ka^ i dw`cf r \�t¯��k�k�f�b�\�tKk��~ó � �ez9k i ¦EIcÉ r \�t�|h\�z9z{k�t¯^a`cfeted i dw`�fez�^avw`cz{k�z ii ` iBr `cz{kl9kT5 � dwl{k�t¯`�o�` � l

p(γ, γ′π0p)
th\ i \¤z9k i j�z9`�z r ` � vwt�|el9`%�7dwtek'\¤mc`7`�t i k�z i dwfKm«mcl9` � fet
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oq`cl�` � l
p(γ, γ′π0p)

\�fh\�v!n7z9dwza��ó � �ez{k i z6¦ Ë É�\�fet�¦W�cÉ�\�fet iBr kx`���k�l9\�vwv�th\ i \�z{k i ��dgvwv���k\�fh\�v!n7z9k�t i ` i k�z i ` � l r n7|s` i9r k�z{k�z�`cf iBr k�|�`cz{z9dw�Kvwk²^�\ � z9kaz�`Ho�\HfPn-`c�ez9kal{��k�t�z£n7z i kab�\ i dw^kT�sk�^ i jh� �Ki�i9r dwz²��\�z�fe` i |�`cz9z{dw�evgk���d iBr dwf iBr k i dwbNk�^�`�fez i lB\�dgf i z�`�o i9r dwz²��`cl{§��ÿ¤kª|el{`�t � ^�k�t¬\}fe`cl{b�\�vgdwz{k�t«k�³K^ad i \ i dg`cf«o � fe^ i dw`�f�oq`�l�z � �ez{k i ¦EI)Éx� r dw^ r ��dwvwv��sktedwz{^ � z{z9kat dwfê r \H| i kale�7�
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��������������	���������! ���"$#�����% %&�"����'#��)(*��+,���-��$"$�%��#��.����"/�����]50&��$1+��$%"� ���23��+)�'�,45�6(*7��%�� %98
(*��+;:=<>�?#*2��/(*�'����+@#�&� !A6��(*-B�$���$���C�(ED�7�-'�*FHG;�������$�I+������� �D��'����+J�����H�%#*�/(*-K"$ %#��
%�$"$�%��#��MLN#� 

γp→ γ′π0p
(*��+.(C��#� �D?(E-������+?OP�'��-�+QLN#* 

γp→ π0p
&�%�'����R�50&6(E���'#��.:�FTSVU

W  ���X�/(E�%��+.2Y�$-�#V<ZLN#� [��(*%�\#*L] %��LN�� �����"$�V^ L
σ =

Nevents

Sεtagg.(Γπ0/Γπ0→γγ)ρtargetεCBTAPS

.

Õ5_�`B_X` aCbKcedBf?gJh�bBiPikj[lnm3ceopbBqrb�¾
γp→ γ ′π0p

s[���H��#*��(*-B"� %#*%t���"�����#*�;#*L
p(γ, γ′π0p)

<u(*vLN#�&���+;&�%�'���,�%����DH�$�%��#P+;+��$%"� ���23��+I�'�
w �$"$���'#��x:�FzyeF9s[���

p(γ, π0π0p)
26(*"/{0�� �#�&���+J%&�2��� %(*"$�%��#��)DH�$�%��#P+�9+��$%"� ���23��+x�'� w ��"}|

���'#��	:�F~8[<5�$ %�[(E7�7�-��'��+�F������]����&� ��>yeF'S*�E�T���']"$-���(E ��%�6(E����������<5#1D�������#P+��#*L
p(γ, π0π0p)26(*"/{0�� �#�&���+.%&�2��� %(*"$�%��#��.7� %#P+�&�"$�!��#*��(*-

p(γ, γ′π0p)
"� %#*%�%��"����'#���[���6(���(*�� %�$�\&�7M��#

(* �#�&���+.�08*U��,���CF3�123#V���\���6(��173#��������������\��<5#�"�#� � %�$"$���'#��. %���&�-'�%�+��'���$ %���EF[��#V<>�$�*�� 
�����1 %�$����#*�?&�7?�%#t�08EUC�,�����'��%���1DH#�X�5�'D�73#� ���(*���BLN#� >23#*�%�

µ∆+

���P�� %(*"$�%��#��M(E��+?�����
(*"$"�&� %(*"$O�#*L�#�&� vA6�6(*->7���#*�%#���(*XOPD�DH�$�% �O@ %�$%&�-T����K�#)������+��'�*�� �������"$�M2Y��O�#���+I�����'
73#���������[��#*��#*L]�� %��(E��"�#���"��� ����'�=�%����u<>#� �{3F

�19�%���
π0 �����E(* %��(*���!D�(*%p|�26(*���+J%&�2��� %(*"$�%��#�� W w ��"�����#*�J:�F~8PF'S�^�7� %#P+�&�"$��\%D�(*-�-'�� 
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p(γ, π0p)
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75 deg.

105 deg

2.1mm

13.1mm

12.6mm

2mm

Cross−Sectional View of Scintillator

End View of Scintillator Barrel

99.7mm

95.7mm

100.6mm

Design for Particle ID Detector Scintillator
E. Downie, J. R. M. Annand, D. Watts

12.6mm

13.1mm

13.1mmView of Individual Scintillator

314.9mm

11/06/03

Scintillator material : EJ204
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42

Rear View

9.7 9.7

9.7

9.7

Left View Right View

8

Front View

Top View

Bottom View

Light Guides For Particle Identification Detector

13.358
2 2

12.35

10

10

12.35
1

242 4

10 10
5

13.35

5

5

3
2

2
3

9.7

1.8 1.85

0.85

01/07/03
All measurements in millimetres.

5

E. Downie, J. R. M. Annand, D. Watts

Light Guide Material: Perspex or UVT
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Front View of Support Ring

Side View of Support Ring

Support Ring
Cross−Section of Dotted magenta line indicates

15 deg. 12.6

45.85

47.85

48.26
2

slice shown in cross−sectional view.

107 101 95.7
53.5

91.7107

33

33

9

9

3

101

3 3

27/06/03

Upstream End Support for Particle ID Detector (1/2)
E. Downie, J. R. M. Annand, D. Watts

All measurements are in millimetres unless otherwise stated.
Support Ring Material: Aluminium

27/06/03

Upstream End Support for Particle ID Detector (2/2)
E. Downie, J. R. M. Annand, D. Watts

All measurements are in millimetres unless otherwise stated.

45.85

53.5

50.5

Rear View of Support Ring
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55

77.5

110

Support Tube for Particle ID Detector
E. Downie, J. R. M. Annand, D. Watts
23/06/03

Front View of Tube Side View of Tube

54.55

0.45

All measurements are in millimetres unless otherwise stated.

Tube material: Brass

������&� %�!�tF�Ë�¸Bþ5 %(*%[�%&�2Y�!LN#� [&�7���% %��(ED %&�7�73#� X�� �������-'#e"�(E���'#���F

1

2

Front View of Ring

1

2

Cross−sectional View of Ring

Top View of Ring

5
5 10

Dotted red line indicates slice
shown in cross−sectional view03/04/03

E. Downie, J. R. M. Annand, D. Watts

Size of screws has been exaggerated for illustrative clarity.

Aluminium Support Ring for Particle ID Detector

All measurements are in millimetres unless otherwise stated.

15 deg

41.3548.85

55.35

15 deg

41.3548.85

55.35
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≥ ql ≥ qmin

l = δ +
q2
t

2E0
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Θγ = mc2/E0
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�����H����"�#����$ %�$�0�	2� ���DH%��% �(*��-�&�������<����'-���-'��(��P�����=�����H"�#*���� ������C2� ���DH%X�� �(E��-�&����,#���-'O
%-'��������-TO; ���+�&�"���+��5�����$ %�$20O��'��"� ���(*������x�����, ���-�(����'�*�M"�#����� %�$���?"$#����� %�'2�&��%��#���(*��+������
+����* %���	#*L������$"$�%�'���	-��'����(* �73#�-�(E %��%(E���'#���F�s[����������DH73#� ���(*���[LN#� [�����	D���(*%&� ���DH������#*L
7���#*�%#��)(E�OPD�DH�$�% %�'���<����� ��	�����\÷p¹0&6(E-��'��O?LÂ(*"$�%#� Xøv�'��+6(E��(H��(*{0�����H���7� %#*7Y#� X���'#��6(*-��%#
�����\�¹P&�(* %�\#*L������\+��$�� %�$�	#EL�73#�-�(E %��%(E���'#���F

� &� ������� \+��$��(*��-'!#*L������H"�(*-'"�&�-�(E���'#��)#*L>�����H+��$�� %�$�H#ELu-��'����(E 97Y#*-�(* ����(�����#*�)"�(*��2Y�
LN#�&���+=�'� w ��"$�%��#��,8eFzyeF
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σpol(φ) = σ0(1 + PA cos(2φ− φ0)),
W 41FTS�^
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PA
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cos(2φ− φ0)
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σ0(1 +PA cos(2φ−φ0))
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��#Q�%���C7���#*��#��J23��(*Dr(��e��9(*��+x76(* %(*-�-'��-���#Q�%���Cì6#P#� 1#*LB�%�������e73�� %�'D��$���/(*-]�6(*-�-�^�(E��+
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cos(2φ)
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180◦
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φ0
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σ⊥
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σ‖
LN#� [73�� �7�(*��+,76(E �(� %�$%73��"$�%�'�*��-'O�^�(*�¸

σ⊥(φ) =σ0(1 + P⊥A cos(2φ− φ0)),
W 41Fz��^

σ‖(φ) =σ0(1 − P‖A cos(2φ− φ0)).
W 41F�¢�^
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=
n0(φ)

N0
γN

0
p εo(φ)ω0
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=

(
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N⊥

p

�
N

‖
p

#� 
N0

p

^�(*��+C�����u#V�*�� �(E-�-�+��$���$"$�%#� 
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(

N0

N0
pN

0
γ ε0
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���e73�� ���DH�����/(*-Y%����&�7��e�����9+��$���$"$�%#� [(*"$"���7e�/(*��"$�\��u(E-�DH#���>��+��$������"�(*-Y(*��+M"�(E�M2Y�9D�(*+��
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=
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=
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Nγ

LN �#�D�RK¹0&6(E�%��#����41Fzy�(*��+�41Fzë�F�án��(��P������¸
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n⊥(φ)
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)
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n0(φ)
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(1 + P⊥A cos(2φ− φ0)),
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=
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 = A cos(2φ− φ0).
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G;�\"$#�����% %&�"��������
cos(2φ)
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φπ0
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Σ(φ) = A cos(2φ− φ0) + c
W 41F'S�ë�^
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�6(����JLN#�&���+

c
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φ0

�'=(�"�#���X�/(*���. %�$-�(E�%��+ ��#������
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&�����%����7 W
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γ, γ′π0 7 ^[ %��(E"$���'#�� ^u��#HA�� φ0
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7 W
γ, π0 7 ^!D���(*%&� %��DH�����%C %�$"�#� �+���+I�'�;s](*2�-'�Q8eFz�M��(���� φ0 = 0.5625◦
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cos(2φ)
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p(γ, γ′π0p)
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,
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) .
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E =
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N⊥

,
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H =
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A cos(φ− φ0) = y
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y =
(cE − cH)

(E + γH)
,
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∆(y)2 =
(H + γH)2(∆(E))2c2 + (E + γE)2(∆(H))2c2

(E + γH)4
.
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8 � ö ý-þ:øÏÿvÿç�H���xú��Yøt� ø��
p(γ, γ ′π0p)

Eγ

ï��,���
σ(Eγ)

ï��02
∆(σ)

��/(�����X���'"�(*-�ï��02
312.5 ± 12.5

¢�Ë�FÊ� �PFzË
337.5 ± 12.5

��¢�F�: �PFz:
362.5 ± 12.5

��ë�Fz8 �PF��
387.5 ± 12.5

8E��F�U �PFzU
412.5 ± 12.5

8*Ë�F�ë �PF'S
437.5 ± 12.5

:�:�F�U �PFz¢
462.5 ± 12.5

:�8eF�U �PFzë
487.5 ± 12.5

:�8eF�ë ¢eF��
s](*2�-��HÍtFTS�¸vs]#E�/(*-K"$ %#��t%�$"$�%��#��@#*L

p(γ, γ′π0p)
LN#� 

Ec.m.
γ′ > 30

�,���C��26(E%��+�#����%���
�����%�� %�!+�(E�/(�%�����6�OPX����D�(E�%��"\�� � %#� [�'[����%��D�(E���$+M��#�2Y� ±14.5%

F

8 ��� ��� ø#úvø	� � ÿ��Î� � ��ú\þ�� ø��
p(γ, γ ′π0p)

Eγ

ï��,���
Σ(Eγ) ∆(Σ)

��/(�����X���'"�(*-
∆(Σ)

�OP��%��D�(E���'"
350 ± 50

U�Fz8�yeS U�F�U�Ë�y U�F�U�¢�U
390 ± 50

U�FÊ��U*� U�F�U�ë�y U�F�U����
s](*2�-'�\ÍtFz�e¸Bs[���	7���#*��#*�,(E�OPD�DH�$�% �OM#EL

p(γ, γ′π0p)
LN#� 

Ec.m.
γ > 30

�,���tF



£)�û $ ¨�¨�ª ³Yö °ba.®C�Á §ÂÏ ¶ ª/±1Ø ´�µ ª/± ²*¶ ©Â±

Eγ′

ï��,���
Σ(Eγ′) ∆(Σ)

���(E���'��%��"�(E-
∆(Σ)

�OPX����D�(E�%��"
0

UeF~8*ëE� U�F�U�U�S U�F�U����
40 ± 10

U�F�:���� UeF'S�8EU U�FzUE��¢
62.5 ± 12.5

U�FÊ�08*Ë U�F'SV8*: U�F�U�¢�S
87.5 ± 12.5

U�Fz�*ë�8 U�F~�PSV: U�F�U�¢��
115 ± 15

U�F�¢�8*¢ UeF~��yEU U�F'S*S�8
165 ± 35

|pUeFzU�ëE� UeFz¢�S�Ë U�F'SVy*:
s�(E2�-��!Í	Fz¢�¸Ks[���!7���#*�%#��.(*�OPDHD����� �O�#*L

p(γ, γ′π0p)
LN#� [¢*��U��.���

< Eγ <
����U��,���t�

26(*���+¾#*�¯�����)È*&�-TO�+6(E��(@��$��F s[���, ����&�-'�HLN#� 
Eγ′ = 0

�,���r��H+��� ��'�*��+¯LN �#�DÛ�%���
(*�6(*-TOP%��5#*L

p(γ, π0p)
<��'���M�%���\�(*DH�

Eγ

 �(*�����v(*
p(γ, γ′π0p)

F

Eγ′

ï��,���
Σ(Eγ′) ∆(Σ)

���(E���'��%��"�(E-
∆(Σ)

�OPX����D�(E�%��"
0

UeF~8*¢E� U�F�U�U�S U�F�U�¢�U
40 ± 10

U�Fzy*Ë�¢ UeF'SV¢*Ë U�FzUE�08
62.5 ± 12.5

U�Fz8*:�¢ U�F'S�:�ë U�F�U�¢�U
87.5 ± 12.5

U�Fz���*U U�F~�*yE� U�F�U�SV:
140 ± 40

U�FTSV:*� UeFz¢*��ë U�FzU��*¢
s�(E2�-��!Í	F���¸Ks[���!7���#*�%#��.(*�OPDHD����� �O�#*L

p(γ, γ′π0p)
LN#� [¢�U�U��.���

< Eγ <
��U�U��,���t�

26(*���+?#*������� w �$7����$DC23�� �+6(E�/(\%����FKs[���� %�$%&�-T��LN#* 
Eγ′ = 0

�,���Å��B+��$ %�'�*��+?LN �#�DÕ�%���
(*�6(*-TOP%��5#*L

p(γ, π0p)
<��'���M�%���\�(*DH�

Eγ

 �(*�����v(*
p(γ, γ′π0p)

F
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γp → π0γ′p

(*��+Ô�����JD�(*���������'"xD�#�DH�����=#*L	�����
∆+  ���%#*�6(*��"$�*FÚ�
ÒBÓ¯ÔEÕ{Ö�,/G

×�CEØ¯Õ{CEÙÛÚwCEDyD+CEÇ�Ô�� ë�Ë��6�*U�U��eF
»z��¼\GîF�45����(*�����*�@F���(*��+��$ %�6(E�������$��� w F]Ü>(*�����E(E��+vÍtFVÍ1 ���"/�����-½F������T�/(* XO1DH#e+���-*LN#� 

�%���
γp→ γπ0p

 ���(*"����'#��M(*��+������9D�(*�����$���'"�+���73#�-���D�#*D��$�0�5#*Ln�����
∆+

W S��*¢���^�F
�
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s!F�ÿB�'����-'-��·��È�FP�1�� %��������\F�þ5�$"/{ �3È�F)�\F������6(*��+��Â�\F��tF�45 �(�<[LN#� �+��6È�F�ÍtF�à!��-'-��'�*�
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"$ %#��!%��"����'#���1LN#� 1 �	� 2 �	��(*��+ 3 ���	LN %#�Dr�*U�UH��#=ë�U�UQ�,���CF-�
ÒBÓ�ÔEÕ{Ö�,/G�×�CEØ¯Õ{CEÙ
Ý�� 8E¢�¸���Sk�P��Ë��YSVË�Ë�:eF

»Ê�*¼tÈ�FK���� %�$���� w FK�1-'�%���$ %�½�KÈ�F
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26(E"/���� $�¾�\F�þ5��"/{ �)41F�þ5 �(*+e��{*�E�,�	F�þ5 �(E�������$ %�·�á£	F�Í1�$�� �(E��+��*�Á£	F�+�üz��#�%�E�
�vFeÍ�&����E� w FB^!#e�$ ��%�*�eÿ]FJ^\ %(*2�D�(�Oe $�0à�Fe��(*���������È�FP�1(* �D�������eÍtF���#��Q�1(* � �(*"/���
w Fe�1(E%����(V<5(��es!F���(*%�$��(�<u(���R[Fe�����'+���à�FP���$-�2��'�����P�	Fe��#*-'��#P�$���PáBF0�E(*�Q��#e#* %��|
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�\F�à�#���+� %(E���'�$�3��à�F]à�#��%�$ ����KÈ�F�à! %�'D�DH�� $�]��F�á�(*������þ1F]á�(*����#VO��â�vF�án��&�{E��-·�
�tFBá��'%�'���Bs!F���(E���&�+6(��uÈ�F�41F��,"¯^!��#* %���E�>�	F��,���'�� ��>ÍtF>�,�$�����E�>GîF��,��O��� $�
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γp → Nπ
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R���ï���S! %(E���'#t�'�?�����¡£ → ∆
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p(γ, p)π0 F±�
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%"�(E�%�%�� �������(E��+¾������D�(*����������"
DH#�D��$���[#*L������

∆++ FFï¡ðPÖEG¥C�,/Ç��
ÒBÓ�ÔEÕ{ÖxÔ¡ñ[�nSV¢*��¸TSV¢�¢[� S���U��3SVË�y*ëeF
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(*��+J�����
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áKFY�E(*�JRK-�Dt2������\F�ÿ�Fn�1(E+�+�#P"/{3��óCFY������ �(ED,� w F�áe¡�&����*LN�$-'����È�F��5F�án#�&�+��E��È�F�ÿ]F
ÿ]�$ % �#�&�+���È�F����'��+�-'2Y�$ %���$ �� ÍtF����$��{*�$ �����F w "/�6(�(*+���ÍtF �/F w #�23�� $�Y(E��+)ÿ�F3s� %&)ò�-½F
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ÒBÓ¯ÔEÕ{Ö�,/G
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»ÌSV:E¼	��F5à�#*�%&�-�-�(�Fô��(*�*���$�%��"�DH#�DH������#*L9�����
∆+(1232)

 ���%#*�6(*��"$�*Fæ�æÇ�È�ô/Ç�CxÔxÔ%Õ�.
�:,/Ç�D�Õ{ÖEG¥Cõ,/.�ÊZï¡ðPÖEG¥C�,/Ç��àÒBÓ¯ÔEÕ{ÖxÔ�� 8*Ue¸~�*Ë�8h�e¢�U�¢e�6�*U�U*¢�F
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∆+(1232)

LN %#�DÇ�����
γp→γπ0p

 %��(*"$�%��#���F}�
ÒBÓ¯ÔEÕ{Ö�,/Gâ×ACEØ¯Õ{CEÙöÝ���:*� W :�^�¸�U�:�8*�*U��e�
�*U*U�S�F
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-�(*2Y#* �(E�%��#����P����X���'�%&��[L��� �à!�� ���7���OP%��{ �������T���$ %%�T��O=#*L���(*�����*�3�*U�UE��F
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α
|v(*��+

β
|\76(* X����"$-��$C2�O�D?(��%���$ �(*��+������

X�� %&�"$��&� %�v#*L]�%���v(E��#*D,F��
ÒBÕ�GIHwüî,¯ôûH��3�eS�¸�:�:�Ëe��SVË�S*S�F
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