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Abstract: 

 
The ALICE experiment at LHC will detect and identify prompt photons and light neutral-
mesons with the PHOS detector and, subject to approval, with the EMCal detector.  Charged 
particles will be detected and identified by the central tracking system.  The possibility to tag 
jets with photons is examined.  Methods to identify prompt photons and prompt photon-jet 
events, and distinguish them against the background of decay photons, are discussed. 
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ÄÆÅ3ÇPÈBÉ�ÇPÈËÊ

ÌbÍ:ÎCÏ=Ð�ÑËÒ�ÓeÎCÔ´ÐKÍ Õ

Ö ×�ØKÙ Í:ÎHÚ�Ô´Û7ÒËÜ·Ý�Î=Ô·Ð:Í�ÝsÍËÑÞÑ Ù Î Ù ÓeÎ=Ô·ÐKÍßÛFÝhÔ�ÍßÏ Ù ÓUÐKÍ�Ú]ÎCÏ£Ò�ÓeÎ=Ô·ÐKÍáà Ù Ý�Î=ÒËÏ Ù Ú â
ã O ã ä¸å�æ Vbzb}gVXç�V å�æ VXfvèléêVXT�}{Y½aMfZY½}gVXW O²O_O²O_O²O²O_O²O_OëO²O_O²O²O_O²O_O²O²O_OëO ì

Õ í Ù ÚXî�ÐKÍËÚ Ù ÐJà
ÎCï Ù Ñ Ù Î Ù ÓeÎCÐJÏ£Ú ð
ñ O ã ò thRe}gRUTóçhVb}gVXzb}gRUfgWb\ ò ^�ôëyóYeT�ç ä©õ Q�Y½aÆO²O²O_O²O_OëO²O_O²O²O_O²O_O²O²O_OëO ö
ñ O ñ QStsY½fgdUVbç æ Y½fv}ZèºzXaºVuçhVb}gVXzb}gRUfÀO²O_OëO²O_O²O_O²O²O_O²O_OëO²O_O²O²O_O²O_O²O²O_OëO ö

â ÷²Ï£ÐKÛFîBÎøî�ïËÐsÎCÐKÍùÔ´Ñ Ù Í:Î=Ôûú¸ÓUÝ�Î=Ô·Ð:Í�üHÔ·ÎCïý÷_þ ÿ � �
� O ã y�t�R���VXf
WgthY æ V²YeThYea��5WgèºWX\Jy�y	� OëO²O_O²O_O²O²O_O²O_OëO²O_O²O²O_O²O_O²O²O_OëO 

� O ñ � WvRUacY½}gèlRUTÂzb|�}
éHV]}ZthR5ç O_O²O²O_OëO²O_O²O_O²O²O_O²O_OëO²O_O²O²O_O²O_O²O²O_OëO ã�

� O ñ O ã � WgRUalY½}ZèºRUTÂzX|�}�éêVb}gthR5ç���è }Zt æ Yef&}ZèºzXalV
pT

}gthfgVbWgthRUaºç�� � Q õ�� O²O_OëO ã��
� O ñ O ñ � WgRUalY½}ZèºRUTuzX|�}�éêVb}gthR5ç���è }Ztu}ZR½}{Yea

pT

Wg|�é èlTëzXReThV�}ZthfvVXWgt�RUalç�� � Q õ y �-ã ö
� O ñ O � QSRUé æ YefgèºWgRUT��KVb}���VXVbT }Zt�Vë}���R � Q õ éêVb}Zt�R�çhW O²O²O_O²O_O²O²O_OëO ñ ì

� O � � èºTsYea æ Yefv}gèlzXaºVW æ VXz]}Zfv|hé O²O²O_OëO²O_O²O_O²O²O_O²O_OëO²O_O²O²O_O²O_O²O²O_OëO ñ 
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�
γ �f� Ù ÎÁÔ´Ñ Ù Í:ÎCÔ·ú¸ÓUÝ�Î=Ô·ÐKÍ â��
� O ã ��W æ VXzb}gW�RS�

γ ��� V]}�WvVXaºVXzb}gèlRUT�W O_OëO²O_O²O²O_O²O_O²O²O²O²O²O_O²O_O²O²O_O²O_OëO �Uñ
� O ñ `�V]}ZVbzb}ZèºRUTóRK�

π0
YeW�aºV�YeçhèºThd æ Yef&}ZèºzXalVbW O_O²O²O_O²O_OëO²O_O²O²O_O²O_O²O²O_OëO �2�

� O � jeV]}�fvVXzbRUThWv}gfg|hz]}ZèºRUT-O_O²O_O²O²O_OëO²O_O²O_O²O²O_O²O_OëO²O_O²O²O_O²O_O²O²O_OëO � ì
� O � jeV]}�WvVXaºVXzb}gèlRUT V��HzbèlVbThzG�óYeT�ç zbRUT�}{YeéêèlTsY£}ZèlReT O²O_OëO²O_O²O²O_O²O_O²O²O_OëO � ö
� O ì

γ �E� Vb}�zXRefgfgVbacY½}gèlRUT�W O_O²O²O_O²O_OëO²O_O²O²O_O²O_O²O²O²O²O²O_O²O_O²O²O_O²O_OëO �K�
� ÐKÍ�Ó�Ü´ÒËÚ�Ô´ÐKÍ ���
� � Ï=Ð:ÚXÚêÚ Ù ÓeÎCÔ´ÐKÍËÚ ���

� ÇøÈZ��Å>�����©Èw�bÅ_Ç
  thV V å�æ VXfvèléêVXT�}{Y½a�Wv}g|hçQ��RK�
tsY½çhfgRUT � V]}ZWêY½}>¡B^Q¢��èlaºa æ alY� Y�zXVbT!}gfZYeaÀfvRUalV èlT-|hThçhVbf �W&}{YeThç�èlThd
}ZthV æ fgR æ VXf&}ZèºVXW¸RS�h}ZthVV£!|sYefO¤²dUaº|hRUT æ acYeWvé Y¥�H¦ëN òV� �·RUfvéHVbç3èlT_|haº}gfZY � fgVbacY½}gèºw5èlW&}ZèlzT!|hzbalVX|�W � T!|hzbalVb|hW�zXRealalèºWgèºRUThW@§ ãC¨ O�^�YeçhfvRUT � V]}ZWSYefgV
dUVXT�VXfZY£}ZVXç��=�HtsYeç�fgRUThèºm�Y½}gèlRUTøRK��Y-©sTsY½a �W&}{Y½}gV æ Yef&}ZRUTqWvthR�SVbf�RUfgèºdUèlTsY£}ZVXçª�6�qthèºdUt3}ZfgYeThW&wUVXfvWgV�éêRUéHVbT�}Z|héh�

pT

��æ Yef&}ZRUThW¸Wgz�Y£}g}ZVbfgVbç
èºT æ fgèºé Y½ft� æ Yefv}gRUThèºz3zXRealalèºWgèºRUThW
èlT�wURUa w5èlThd YÁtsY½fgç æ VXfv}g|hfO�hY½}Zè wUVPWgzXYealV��

Q � ΛQCD, T
\

��thVbfgV
T
èlW�}gthV�èºThèº}gècYea!}ZVbé æ VXfgY½}Z|�fgV�RK�"}gthV
éHVbçhèl|hé«�·RUfgéêVXçêèlTP}gthV�t�V�Y�w=� � èlRUTêzXRealalèºWgèºRUT � O��WÀV�Yefva��ÂY½W
èºT ã 
Uö ñ \sj�O�`3O¬ � RUft¤eVXTóWg|�dUdUVXW&}ZVbç®§ ñ)¨ }ZthY½} æ Yef&}ZRUThW æ fvR æ YedUY½}ZèºThd3}Zt�fgRU|hdet YT!|hzbalV�Y½f²éêVXç�èl|hé¯��èºala�Wv|Q°"Vbf3Y½TFVXT�VXfgdS� alRUWvW-��thReWgVêé YedeThèº}g|hçhVøèlWëWv}gfgRUT�dUa�� ç�V æ VXThçhVbT�}

RUT7}ZthVêzXRealRUfëz{tsYefvdUV ç�VXThWvèº}��7RK�S}gthVH}gfZY�wUVbfgWvVXç éêVXçhèº|héóO   thV éêVXç�èl|hé èºThçh|hzbVXç éêR5ç �èE©sz�Y½}gèlRUT V å�æ VXfgèºVXThzbVXç±�6�F}gthV æ Yef&}ZRUT®��èºala~�:VÂfvVG²sVbzb}gVXç-èlTF}gthV æ fvR æ Vbfv}gèlVXW3RK�À}ZthV³©hTsYea
W&}{Y½}gV � Vb}�RK�©tsYeçhfvRUThWXO � T æ Yefv}gèlzX|�acYefb\J}gthVPVXT�VXfgdS� aºRUWgWRS��}ZthV æ Yefv}gRUT´��èlaºa�WvthR�Æ| æ èlT YéêR�ç�è�©szXY½}ZèºRUTÁRK��}ZthV²VXThVbfgdK�óW æ Vbzb}Zfv|hé RK��}ZthV � Vb}�tsYeçhfvRUThWb\J}gthV²WgRêz�YeaºalVXç � V]}^£!|hVbThz{thèlT�dV�°"Vbzb}�OÀy�|hz{t YeT VG°:VXz]}�tsY½W�èºThçhVXVbç´�KVXVbT�R2�hWvVXfvweVXçµ§ ��¶	·)¨ èlTózXVXT�}gfZYeaA��| � ��|ózXRUaºalèºWgèlReThWÀY½}√

sNN = 130
YeThç ñK�K� NëV.o¢�=� w½YefgèºRU|hW¹¸
^ � Q%V å�æ VXfvèléêVXT�}ZWèºT éHVXYeWg|�fgVXéêVXT�}gWRK�©thèldet

pT

z{tsYefgdeVXç YeThçHThVX|�}ZfZY½a:tsY½çhfgRUT�W��
pT ∼ 2− 15

NuV.o�º
c
� \P��thèºz{tÂYefvVY½} æ fgVbWgVbT!}S}ZthV�RUTha��

R2��WgVXf&w½YK�halV½\K}gRUdUV]}ZthVbf»��è }Zt�tsY½çhfgRUT � Vb}^�sYezg¤ � }gR � �sY½zg¤ózbRUfgfvVXalY½}ZèºRUThW-§½¼ ¨ \��èº}gthèlTófgVXYez{t´�·RUf}gthV�W&}Z|hçQ� RK� æ Yef&}ZRUT�WSèlT�}gVXfZY½zb}ZèºThd¥��è }Zt ç�VXzXReTQ©sThVbçóéHY½}v}ZVXfbOX��W�Y3é Y£}g}ZVbfSRK�Z�´Y½zb}�\=�5èlVbalçhW
RK��èlThzbal|hWvèºwUV_z{tsYefvdUVXç tsY½çhfgRUT�WYeThç

πo
éêVXWgReThWYefvV3Wv| æhæ fvVXWgWvVXç¾�6��YeW�éq|hz{t YeWY>�´Yez]}ZRUf

RK� � � ì�\"èºThçhV æ VbThçhVXT�}²RK��}Zt�V pT

weY½al|hV½\MzXRUé æ YefvVXç�}gR�¿6¿�YeT�ç æ VXfvè æ t�VXfZY½a%��| � ��|��5èºVXalç�WX\æ fvR æ VXfgaE�ÁWvz�YeaºVXçMO
  thVÀ�¹¡ � Q ä V å�æ VXfvèléêVXT�}4��èlaºa¸V å }gVXThç Wg|hz{t Wv}g|hçhèlVbW²Y½}ëthèldethVXf √

s
OÀ¬SVXzXYe|hWgVêRK�©}ZthV

thèºdUthVbfzXfvRUWgWëWgVbzb}gèlRUThW¹�·RefutsYefgç æ fvR�zbVXWvWgVXWb\ � V]}ZW¹��èºala%�KVøYK�h|�ThçsYeT�}ZaE� æ fvR�ç�|hzXVbçFY½}4¡Ë^�Q�
105 � Vb}gWw��è }Zt pT > 100

NuV.o�º
c
æ VbfZ�UV�Y½f � VXTsYS�halèºThdÀèlThzbal|hWvèºweV�YeThç²V å zXaº|hWgè wUV � Vb}BéêV�YeWv|hfgV �éêVXT�}ZWbO � T æ Yef&}ZèºzX|halYefX\ � Vb}�}gR æ RealRUdK�/� � Vb}�WvtsY æ Ve\ � Vb}VÁ�ÂOÃKÄ�ÅÇÆPÈe\)�·fZYedUéêVXT�}ZY½}ZèºRUT¥�·|hThz]}ZèºRUTMOXObO ���èºala��KV3éêV�YeWv|hfgVbç }gR Wv}g|hçQ� }Zt�V3fgVbçhèlW&}ZfvèÉ�h|�}gèlRUT RK�¸}ZthV_VXThVbfgdK�óRK��}ZthV � Vb}
}ZfZY�weVXfgWvèlThdH}ZthVéêVXçhèº|héÊ§�ö ¨ O©y�|hz{tóWv}g|hçhèºVXWÀfgVG£!|hèlfvV}ZthVëèlç�VXT�}ZèE©sz�Y½}gèlRUT RK� � Vb}ZW�Y½ThçÂ}ZthVuéêV�YeWv|hfgVbéHVbT�}�\JYeWYezbzX|hfgY½}ZVba��²YeW æ RUWgWvèÉ�haºVe\eRS��}Zt�V æ Yef&}ZRUT_RUf � Vb}�VXThVbfgdK�e\UèlçhVXYealaE�¹�KVG�·RUfvV�YeT�çqYS�û}gVXfA£5|�VXThz{thèºThdhO�-wUVbft�3Y½}g}gfZYez]}ZèºweVSéêVb}gthR�ç²}ZR æ Vbft�·RUfvé }ZthVbWgV�W&}Z|hçhèºVXW�èlWB}ZR�}ZYed � V]}ZW%��è }Zt æ fgRUé æ } æ thRe}gRUThWVbéHè }g}ZVbç èlT�}gthVPR æhæ RUWgè }ZVqç�èlfgVbzb}gèlRUT�}gRÁ}ZthV � V]}ëçhèlfvVXzb}gèlRUT"O   thVøçhReéHèºTsYeT�} æ fvR�zbVXWgWvVXW4�·RUfWv|hz{t V]wUVXT�}gWÀYefgV

g + q → γ + q
��QSReé æ }gRUT � YeThç

q + q̄ → γ +g
��Y½ThThèlt�èlacY£}ZèlReT � \½Yeaº}gthRU|hdet

fvVXzXVbT�}SW&}Z|hçhèºVXWË§Ì
 ¨ WgthR�1}gtsY½}5�:VbalR�Þì � NuV.o�º
c
��fgVXéêWgW&}ZfgYethal|�Thd_zbRUT�}ZfvèÉ�h|�}gV�WgèldeThè�©szXYeT�}ZaE�

}gRø}gthV æ thR½}ZRUT W æ VXz]}Zfv|hé O ò thRe}gRUThW�VXéêVXfvdUVëYeaºéHRUW&}�|hThYeaº}gVXfgVbçÍ�·fgRUé }ZthVëçhVbThWgV²éHVbçhèl|�é
YeT�ç æ fvR=w5èºçhV3YêéHVXYeWg|�fgVXéêVXT�}�RK��}gthV_RefgèldeèlTsYea"VXThVbfgdK�óRK��}ZthV æ Yefv}gRUT VbéHè }g}gVXçóèlT }ZthV_R æ �

ñ



`�V]}ZVbzb}ZRef |η| φmin φmaxò ^�ô²y � O ã=ñ ñUñK�SÎ �UñK�SÎ
ä�õ Q�Yea � O½¼ ·2� Î ã ö � Î
  ò Q � O½¼ � Î �K·2� Î

  YK�haºV ã2Ï YJn\ _N=nw]@Ð@IÀ<C&=:À[A,³ X<CBÑ<�DgDg$'R6(z<C&=Dg$g9�Ò%YX�=$ÓR6�)�29�.;D�<CB�YJn\ 
η
<�DgDg$'R6(z<C&=Dg$Ë.;9JBE<C*���$'*

(|η| < 0.9)
N=Ô6|6(~Õ%$Ó9�$'B;$gD'(J(��6.;95B;+�Õ\$'*V7�<CB8|=$m(�+-$'&=9�|6*�$Ó<¹��+K+S:Ö(�*z<�Dz×¥Ø-<C(�Dz�6.8&6�=Ò

æ RUWgè }ZVqç�èlfgVbzb}gèlRUTMOqôT7ReThVPtsYeThç"\B}gthèlW�zXRUèºThzXèºçhVXThzbVq}ZVbz{thThèÉ£!|hVÀ��èlaºa¸thVba æ }gRóaºR�zXYealèºmXV²}ZthV
� V]}©YeThçøRUTq}Zt�V
R½}ZthVbf�tsYeThçêYeaºalR��W�}gR-��|hèlaºç3}ZthV æ Y½fv}ZReTÖ�·fZYedUéêVXT�}ZY½}ZèºRUT¥�·|hThz]}ZèºRUTÖ��èº}gthRU|�}}gthVPThVXVbç }ZRÂfgVbzXRUT�Wv}Zfv|hzb}ë}gthV � Vb}uVbThVXfvdK���·fvRUé�}gthVPçhV]}ZVXz]}ZVbç tsY½çhfgRUT�WXO õ VXçhèº|hé,V�°"Vbzb}ZW��èºalaJ}ZthVbT��KVuèlç�VXT�}ZèE©sVXçÂ}Zt�fgRU|hdetÂéHR5çhè�©hz�Y½}gèlRUThW�RK�B}ZthV¹�·fgYedUéêVXT�}{Y£}ZèlReT/�·|hThz]}ZèºRUTM\hè�O�V½O�}ZthV
fvVXçhèºWv}ZfvèÉ�h|�}ZèlReTÁRK�¸}gthV � Vb}
VbThVXfvdK� fZY½}gthVXf�}gtsYeT��6�Âèº}gWÀfgVXç�|hzb}gèlRUTMO� TÙ�¹¡ � Q ä \ æ thRe}ZReThW>��èºalaV�:V çhV]}ZVXz]}ZVbç"�6� ò ^�ôëyy§ ã�S¨ ��t�èlz{tßVbTsYK�haºVXWP}ZR7éêV�YeWv|hfgV
��è }Zt-thèldet æ fgVXzbèlWvèlRUT�}Zt�VXèlf � � éêRUéHVbT�}Z|héó\�thR�SV]wUVXfb\�RUThaE�®��èº}gtáY7aºèléêèº}ZVbç YezbzXV æ }{YeT�zXVeO  thVuèºçhVXT�}gè�©szXY½}ZèºRUT æ R���VXfÀRS� æ fgRUé æ } æ t�Re}ZRUT�W�Y½}ÀalR�

pT

èlW�aºèléêèº}gVXç��6�H}ZthV4�sY½zg¤5defgRU|hT�ç
zbfgV�Y£}ZVXçÍ�6�HçhVXzXY�� æ thR½}ZRUThW¹�´éHYeèlT�a��U\

π0 → γ + γ
� OX��}ÀthèºdUthVbf

pT ,
��t�VXfgV�}ZthV

γ/π0
fZY½}gèlR

èºThzXfvV�YeWvVXWX\�}ZthVuéêVXfvdUèlThd3RK�B}ZthVuçhVbz�Y�� æ thRe}ZReThWÀèlT�}ZRøYqWvèlThdealVWvthR�SVbf
éêèléêèlzg¤!èºThd3YqWvèlThdealV
æ t�Re}ZRUT alèléêèº}gW�}ZthV�èlçhVbT!}gè�©szXY½}ZèºRUT RS� æ fgRUé æ } æ thRe}gRUThWbO   thVuèlçhVbT�}Zè�©hz�Y½}gèlRUTêRK� æ thR½}ZRUT �E� Vb}V]wUVXT�}gWÀèlT��^¡ � Q ä èºW�R æ }ZèléHYeaÚ�·RUf æ thRe}gRUThW5��èº}Zt VXThVbfgdK�HacYefvdUVXf�}gtsYeT ñK� NëV.o3O	¬�VXalR�ù}gthèlW
w½Yeaº|hVe\5çhVXzXY��ÂYeThç æ fgRUé æ } æ thRe}gRUThWSzXYeThThR½}@�:V�VG�êzXèºVXT�}ZaE� ç�èlWv}gèlThde|hèlWvthVXçHRUT YeTÁV]wUVXT�}Ó�6�
V]wUVXT�}5�sYeWvèlWbO � Tq}Zt�V æ fgVbWgVXT�}©ThRe}gVe\2��VÀçhèlWvzX|hWvW�}ZthVm�·VXYeWgè��hèlaºèº}��ëRK�JèºçhVXT�}gè��Ç�5èlThd æ fgRUé æ } æ thR �}gRUThW�YeThç æ thRe}ZReT ��� V]}SV]wUVXT�}gW�èlTÀ¿6¿ YeThç t�V�Y�w=� � èlRUTHzXRUaºalèºWgèlReThW�YeThçê}ZthV æ ReWgWgè��hèlaºèº}��_}ZR3dUYeèlTw½Yeaº|sYK�haºV_èºTQ�·RUfgéHY½}gèlRUT RUT éêVXçhèº|hé éHR5çhèE©sz�Y½}gèlRUTóRK��tsY½fgç æ Y½fv}ZReT æ fgR æ VXf&}ZèºVXWXO � èlfvWv}�\��SV
æ fvVXWvVXT�}PéêVb}Zt�R�çhWë}ZR èlçhVbT�}Zè��Ç� æ thRe}ZReThWÍ� æ fgRUé æ }_RUf²çhVXzXY� � YeThçF}gR çhèºWgzXfvèléêèlTsY£}ZVq}Zt�VXé
�·fvRUé�z{tsYefvdUVXçùtsY½çhfgRUT�WXO `�VXzXY� æ thR½}ZRUThW YefgV��·|hfv}gthVXfHèlçhVbT�}Zè�©hVXç"�6�áWgthR��VXfÁ}gR æ RealRUdK�
YeThYea��5WgèºWÀYeThçÂèºWgRUalY½}ZèºRUT zbfgè }ZVXfvècY�OXÛ�V å }X\Q�SVëçhèºWgzb|hWgW
YeTóYeaºdURUfgè }ZthéÃ}gRPèlçhVbT�}Zè��Ç� æ thR½}ZRUT �E� Vb}V]wUVXT�}gWYeThç }ZRêfgVbzXRUT�Wv}Zfv|hzb}
}Zt�V²thYeçhfgReT � V]}»�·VXY½}Z|�fgVXWbO � T }ZthV²fgVbzXRUT�Wv}Zfv|hzb}gèlRUT æ fvR�zbVXçh|hfvVe\}���R V å�æ VbfgèléêVXT�}ZYeaÀzXRUT	©sdU|hfgY½}ZèºRUThWêYefgV zbRUThWgèºçhVXfvVXç Ï è � ReTha��Fz{tsYefgdeVXç æ Yefv}gèlzXaºVXWøYefvV çhV �}gVXzb}gVXçêèlTP}Zt�V»�^¡ � Q ä zXVXT�}gfZYeah}gfZYezg¤!èlT�d_Wz��W&}ZVbé YeThçêèlè � èlTøYeçhç�èº}ZèºRUTPThVb|�}ZfgYea æ Yef&}ZèlzbalVbW�YefgV
çhV]}ZVbzb}ZVbç´�6� YeTóVXaºVXz]}ZfgReé YedeThVb}gèlzzXYealRUfvèléêVb}gVXfOÜ]O

�Ý�·RUf&}ZthzbRUéêèlThd æ Y æ VXf%��èºala!çhèlWvzX|hWvW�}ZthVÀRK�hWgVbfvw½YK�haºVXW¸}gRuèlçhVbT!}gè��Ç�_YeThçøY½TsYea��5mbV�éHVbçhèl|�é
éêR�ç�è�©szXY½}ZèºRUTMO

Þ ßáà É�ÇøÈ ÊZ�Gâ ��ãGäuÈw�bÅ_Ç ä_Ç�� � É�ÈBÉÓ�©Èw�bÅ_Ç â ä��XÇ �¸ÉÓ�SÅ_Ç ÊMÈZ�X���5å
Èw�bÅ_Ç æ£ÉÓäëÈA�³��É�Ê

ò fgReé æ } æ thRe}ZReThW3Y½fgVøçhVb}gVXz]}ZVXçç�=� ò ^�ô²yè��thVXfvV�YeW_z{tsYefvdUVXç æ Yefv}gèlzbalVXWuW&}ZfvV�YeéêèlThdÍ�·fvRUé
� V]}ZW©YefgV�çhV]}ZVbzb}ZVbç��6�P}Zt�V»�^¡ � Q ä zXVXT�}gfZYeas}ZfgYezg¤!èlThd²Wt�5W&}ZVXéó\   ò Q�\�Y½ThçHT�VX|�}gfZYea � Vb} æ Y½fv}Zè �zbalVXWSèlT }gthVVXaºVXz]}ZfgReé YedeThVb}gèlz�zXYealRefgèléêVb}gVXf ä©õ Q�Yea~�·è��BY�w½YeèlalYK�haºV � O   thVëYezbzXV æ }{YeThzbVXW�RK�ËYeaºa
}gthVëçhVb}gVXzb}gRUfgW�èºT!weRUaºweVXç YefgVëfvV æ RUfv}gVXçóèlT   YK�MO ã YeThçÂ}ZthVbèlfÀaºR�zXY½}ZèºRUT æ èºzb}Z|�fgVXçóèlT � èºdhO ã O

� RUf¸V]wUVbT!}�deVXThVbfZY½}gèlRUTM\)�SVÀzbRUThWvèlçhVbf æ fgReé æ } æ thRe}gRUT æ fvR�ç�|hzb}gèlRUTqèºT3}Zt�V�alVXYeçhèlT�d�RUfvçhVXf
é �J���g¢(����ªb���]¬]�=�&���¤¢�¢&��� ª]��� �S�&���v�"�£���g«´�v�b����§À£�£¡C�&��¡C� «�¢*½«�«���ªb��� �����=�~ê¸±-ë½ì�ìzíl¼

�



RK�Ë}Zt�V3y!}{YeThçhYefgç õ R5çhVXa�O   thV²çhRUéêèlTsYeT�} æ Yefv}gRUT � aºVbweVXaMWv|Ú� æ fvR�zbVXWgWvVXWzbRUT�}ZfvèÉ�h|�}gèlThdøY½fgV
g + q → γ + q,
q + q̄ → γ + g.

� ã��
  thVbWgV æ fgR5zXVXWvWgVbWm�SVbfgVWvèléq|halY½}ZVbç��6�ø}ZthV�VbwUVbT�}ÀdUVXT�VXfZY£}ZRUf ò n   ^ � � · O ñK�K� § ã=ñ \ ã�S¨ èlTÀ¿6¿
zbRUalaºèlWgèºRUThW�Y½} √

s = 5.5
  V.o3O   thV�çhVG�´Ye|�aº} æ Yefv}gRUT ç�èlWv}gfgè��h|�}ZèºRUT��·|hThz]}ZèlReTM\hN�¸Moî
 � ¡µ§ ãC�K¨ \

�SYeW�|hWvVXçMO�y5èlThzbVS}ZthV æ fgR5çh|hzb}gèlRUT3zXfgReWgW�WgVbzb}gèlRUThW�ç�fgR æ weVXft�Ö£5|�èlzg¤!a��-��èº}gt
pT

\UVbweVXT�}ZW~��VXfgV
WgYeé æ alVXç èºT 〈pT 〉 ï ��èlThWª��YS�:RU|�} ã�� \ �K�2� VbwUVbT�}ZW æ VXfÓ�hèºT �¹Ï [20, 40]

\
[40, 60]

\
[60, 80]

\JYeT�ç
[80, 100]

NëV.o4º
c
O   RHRK��}{YeèºTÂ}ZthVëzXReT!}gèlT!|hRU|�W�çhèE°"VbfgVbT!}gècYea"zXfgReWgW�WvVXz]}ZèlReThW�R=weVXf
}ZthV4��thRUaºV

pT � fZYeT�dUVe\©}ZthVbWgV´�·RU|�fHWgYeé æ alVXWÀ��VXfgV zXRUé¥�hèlThVbçð��è }Ztð��VXèºdUt�}ZWHzXRUfvfgVXW æ ReThçhèlT�dF}ZR }ZthVbèlfzbfgRUWvW�WgVbzb}ZèºRUThWSYeW�z�Y½alzX|�acY½}gVXç��6� ò n   ^ � �_O   RqVXT�fgèlz{tÁ}gthV�WgYeé æ alVÓ��èº}gtÁVbweVXT�}ZWÀçhV]}ZVbzb}ZVbç
èºT ò ^�ôëy:\Q��VufgVXW&}Zfvèlzb}�èºTÁ}ZthVuV]wUVbT!}
dUVbThVXfgY½}ZèºRUTM\�}gthV æ fvRUé æ } æ thR½}ZRUT æ WvVX|hçhRefZY æ èºçhèº}�� èlT
}gthV�V]wUVXT�}ÀzbVXT�}ZVbf � RK� � éHYeWgW�Wt�5Wv}gVXé }ZR |ηγ| < 0.2

\�YeThçÁzbRUThWgèºçhVXfvèlThd²}ZthV»�·RUalaºR��èlThd²YeThde|hacYef
Y æ VXf&}Z|hfvV

200◦ < φγ < 340◦
O   thVHWgRUaºèlç YeThdUaºVêzbRUT�}{YeèºThèlT�dó}gthVHdeVXThVbfZY½}gVXç æ Y½fv}ZèºzXaºVXWëèlW

}ZYK¤eVbTêWvalèºdUt�}Za��4��èºçhVXf�}ZtsYeTP}gthV�çhV]}ZVXz]}ZRUf�Y½zXzXV æ }{Y½ThzXVÀ}ZRëY�weRUèlç æ RUWgWvèÉ�haºV_�KRU|hThçhYeft�3VG°:VXzb}gWXO
� fgReé ThR� RUTM\%��V/��èºala�fgV��·VXf_}gR Wv|hz{tµ¤!èlThç RS�ÀVbweVXT�}ZWøYeW

γ �j� V]}�O�ñFV æ Vbft�·RUfvéHVbç YeaºWgR Y�·V��
γ ��� V]}�Wvèléq|�acY½}gèlRUThW\��èº}ZtêéêRUThR � VXThVbfgdUV]}Zèlz æ thRe}ZReThW¹� ∆E = 0.1

NuV.o � RK��ì�\ ã� \ ñK� \ �6� \
·2� Y½Thç7ö � NëV.o3\:}ZRÂ}gVXWv}_Y½}thèldUt�VXfuWv}ZY½}ZèºWv}gèlzXW�}ZthV � V]}ëfgVXzbRUThW&}Zfg|�zb}ZèºRUT7z�Y æ YS�hèlaºèº}��óRK�©RU|hfYeaºdURUfvèº}Zt�éò��è }ZtÍ��VXala�ç�VG©sThVbç � V]}�VXThVbfgdUèºVXWª�´WvVXV3y�VXz½O � O �2� O��W�}gthVG�ÂYefgVuWvèldUThèE©sz�Y½T!}SWgRU|�fgzXVbW�RS�\�hYezg¤!dUfgRU|�ThçM\stsYefvçó¦²Q�`

2 → 2
Wg|Ú� æ fgR5zXVbWgWgVbW�èºT

}gthVëalV�Y½çhèlThd æ ¦²Q�` RUfvçhVXf@��VXfgV_YeaºWgRPzXReThWgèºçhVXfvVXçM\
q + q → g + g,
q + q′ → q + q′,
q + q̄ → q + q̄,
q + g → q + g,
g + g → g + g,
g + g → q + q′.

� ñ2�

  thVbWgVWv|Ú� æ fvR�zbVXWvWgVXWÀzbRUT�}ZfvèÉ�h|�}gV�}gR_}Zt�V^�sYezg¤!dUfvRU|hThç Y½W�tsY½fgç��·fgYedUéêVXT�}{Y½}gèlRUT
π0 � éHVbWgRUT�WXO  thVbèlfÀçhVbz�Y�� æ t�Re}ZRUT�W�YefgVuçhV]}ZVbzb}ZVbç èºT ò ^�ôëyóYeW�YPWvèlThdUaºVVXaºVXz]}ZfgReé YedeThVb}gèlz�WvthR�SVbf�Y½ThçM\

thVbThzXV½\uéHèºéHèºz æ fvRUé æ } æ thRe}gRUThWXO   thVXfvV èºWóYealWvR-}gthV¾�hfgVbéHWvWv}ZfgYethaº|hThd æ fgR5zXVbWgW }ZRÙ�:V
zbRUThWgèºçhVXfvVXç-YeWª�sYezg¤!dUfvRU|hThç-zXReT!}gfgè��h|�}ZèºRUTMO   R Wvèléq|�acY½}gVHY zXRUT�}ZèºT!|hRU|hW

pT � W æ VXz]}Zfv|hé RS�
π0 � éêVXWgReThW¹�·fgRUé ñK� }ZR ã�2� NuV.o�º c \���VêdeVXThVbfZY½}gVXç7tsYefgç�¦ëQ�` æ fgR5zXVbWgWgVbW3èºT VXèldet!}���èlThWRK� ã�� NëV.o4º

c
èºTß}ZthV 〈pT 〉

fZY½ThdUV´�·fvRUé �K� }ZR ã�2� NëV.o4º
c
Y½ThçùèlTÝ�·Re|hfÁéêRUfgVó�hèlThW RK�

ì � NëV.o4ºô�èlT }gthV 〈pT 〉
fgYeThdUVË�·fgRUé ã�2� }gR �2�2� NëV.o4ºôÖ��YK�KRU|�} ã ì � \ �2�2� V]wUVbT!}gW æ Vbfm�hèlT � O

  thV��·|haºa
pT

W æ VXz]}Zfg|�é èlW}Zt�VêzbRUéÖ�hèºTsY½}gèlRUT�RS��}gthVXWvVHV]wUVXT�}_WZYeé æ aºVXW¹��VXèldet!}gVXç¾�6��}ZthVbèlf
zbRUfgfvVXW æ RUThç�èlThdøzXfvRUWgW�WvVXzb}gèlRUT�WXO   thVëdUVbThVXfgY½}ZèºRUT RK�ËtsYefgç´¦ëQ�` æ fgR5zXVbWgWgVbW»�SYeW�fgVbWv}gfgèlz]}ZVbç
èºT æ fgR5zXVbWgW²zXVXT�}gVXf � RK� � éHYeWvWuWt�5Wv}gVXé }ZR |yparton| < 0.2

YeT�ç7èºT }ZthVøVbweVXT�}_zXVXT�}gVXf � RK� � éHYeWvWWz��W&}ZVbé }gR |ηjet| < 0.15
\m��è }ZthRe|�}ÁY½T=�ýYembèléq|�}Ztßaºèléêèº}ZY½}ZèºRUTMO � Tß}ZthV � Vb} ��� Vb}Hz�Y½WgVe\@��VThVbVXçhVbçó}gRêY æhæ aE�ÂYqéêRUfgVuWvVbwUVbfgV²fgVbWv}Zfvèlz]}ZèlReTÂèlTÂfZY æ èlçhè }��H}gtsYeT èlTÂ}gthV

γ ��� V]}�z�YeWvV-�KVXzXYe|hWvVRK�B}gthVuWgéHYeala ò ^ôëyÂYezXzbV æ }ZYeThzbVe\h}Zt�V4�sYezg¤!dUfgRe|hThç Wv}ZY½}ZèºWv}ZèºzXW�èºW�alR�á��èº}gtÍ��èlçhVbf�fZY æ èlçhè }��
fgYeThdUVbWXO � fgRUé ThR� RUTÍ��V-��èºala"fvVG�·Vbf�}gRøWg|hz{tó¤5èºThç RK��V]wUVbT!}gW�Y½W � V]} �E� Vb}�O  R�Wgèºéq|halY½}ZV�VbweVXT�}ZW¸zXRUfvfgVXW æ ReThçhèlT�d�}ZR ò � � ò �qzbRUalaºèlWgèºRUThWõ��V�tsY�weV�YeWvWg|héêVXç3}gtsY½}¸Y ò � �ò � zXRUaºalèºWgèlReT èlWSVC£!|hèºw½YeaºVXT�}�}gRHYª¿6¿�zXRUaºalèºWgèlReT æ aº|hW�YqthVXYCw=� � èºRUT |hThçhVbfgaE��èºThdPVbweVXT�}�O   t!|hWX\ö �B�&��� 〈pT 〉

���*¥¨�v��«���ª����£�����.���£«�¹]�v��«��¸�Sªb���&�X��=�ßª�¥h���=���£���.¡
2 → 2

«�=µ=�=��ªC¢*�g«�«��v«M� ����=�v����¢*�&�X���&��®
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� èºdU|hfgV ã2Ï ¡BY�eRU|�}
RK�Ëw½YefgèºRU|hW@�¹¡ � Q ä çhV]}ZVbzb}ZRefgWXO
QSRUalaºèlWgèºRUT L �´zbéÀ÷¨i�W�÷c[ �   èºéHV>�·W � QSVXT�}ZfgYealè }��ø�Hù �

fC 〈TAA〉C (mb−1)¿6¿
1030 107

ò � � ò � 0.5 1027 106

ò � � ò � ì � O � ì ñS· O �
ò � � ò � ã�� � O ã ñS� O ñ
ò � � ò � õ èlT�èléq|hés�hèlYeW ã ì5O¤ìeö

  YK�haºV ñPÏ UX$�<CØyB8|6Ø4.8&=+9�.8(��ª<C&=:ª*�|6&6&6.8&6�»(�.8Ø�$5}f+�*w(��=$VWVú��L %[�$O02RQ$'*�.8Ø�$'&S(%:2|6*�.8&6�¹<Ó9�(z<C&=:=<C*�:
��$�<C*%+C}*�|6&6&6.8&6��<C(Xú]@ _Ò)?A<CB8|=$g9X+C}(��=$V&)|=D'B;$�<C*~+�7�$'*�BE<CR¥}f|6&=D'(�.;+�&=9J<C*�$5(z<C×�$'&¥}f*�+�Ø � æhæ VXThçhè å
� RK�Vû8ü aGýjÒ

¿6¿FzXRUaºalèºWgèlReThW�deVXThVbfZY½}gVXç¾�=� ò n   ^ � �_\��SVbfgVøéHVbfgdUVbçè��èº}Zt t�V�Y�w=� � èlRUT V]wUVXT�}gW æ fvR�ç�|hzXVbç�6�Á}gthV3^ � j � ÛN ã O �2· § ã ì ¨ V]wUVXT�}�dUVXThVbfZY½}gRUf@�·RUf ò � � ò � zXRUaºalèlWvèlRUT�W�Y½} √sNN = 5.5A
  V.o

YeT�çóèºé æ Yezb} æ YefZYeéêVb}gVXfvW
b < 2

�·é O
  thVÂY½èlé RK��Re|hf_èºT�wUVXW&}Zèºd�Y½}ZèºRUT7èlWë}ZR�çhV]wUVbalR æ Y½T�YealdeRUfgè }Zthé z�Y æ YS�halVêRK��èlç�VXT�}ZèE�Ç��èºThd

æ fvRUé æ } æ t�Re}ZRUT�W�YeThç
γ ��� V]}�VbweVXT�}ZW�YeThç RK�ËéêèlThèºéHèºmXèºThduéHèºWgèºçhVXT�}ZèE©sVXç � Vb} �E� Vb}ÀV]wUVbT!}gWÖ�·WgVbVy�VbzeO � O �=� O   thVXfvVFYefvV fgVXYeauçhèlWvzXfvV æ YeT�zXèlVbW��:V]}��SVbVXT V]wUVXT�} dUVXT�VXfZY£}ZRUfvWX\ ò n   ^ � � �Ç�SV

|hWvVXç � \�^ ä ¸Zñ � N Y½Thç³ÛË¡�ô z�YeaºzX|halY½}ZèºRUThWXO � Tø}ZthV æ fgVbWgVbT!}SWv}ZY½}ZV�RK�õ¤5T�R���aºVXçhdeVe\!}ZthVbfgV�YefgV
ThRÂç�VG©sThè }Zè wUVøYefvdU|héêVXT�}ZWuèºT��´YCweRUfuRK�©RUThVPRS��}gthVXWvVêdeVXThVbfZY½}gRUfgWbO � T Wg|hz{t7zXèºfgzb|héHW&}{YeT�zXVXW
��V²YeWgWv|héHVu}gtsY½} ò n   ^ � � zXYeT t�VXa æ |hW�}ZRøçhVbéHReThWv}gfZY½}gV}ZthVuw½Yealèºçhèº}��HRK��RU|hf�Y æ�æ fgR�Y½z{tMO

þ~ÿzþ 6�� �_��)K	������ � �_�M�h$&�Ã����	����ø����	���#
  thV

pT

çhèlW&}ZfvèÉ�h|�}gèlRUT�WqR2��}ZYeèlThVbçµ�·fgRUé Wgèlé3|hacY½}gèlRUT�WqYefvVóT�RUfgéHYealèºmXVbçF}ZR }Zt�VóT!|hé¥�:VbfêRS�
V]wUVXT�}gWêV å�æ Vbzb}ZVbç-èlT�Y�W&}{YeThçhYefgç®�eV�YefPRK��fv|hThThèºThd Y½}�¡Ë^�Q �´WgVbV   YS�MO ñ2� O���WÖ��VÂtsY�wUV
Wvèléq|halY½}ZVbç çhè�°:VXfvVXT�}

pT
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