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¢Â©¯¬®Ñ�Ñ�¨2©�¯ÿ�¯¢�¨]Ã ¤#©�¨Åª~¨2�¦]©¯¬®Ôn¨]ªP¬®²>ª~¨2¢Â¤#¬®» ´ Æ\¬bí � ëÉ=�ì ¦ ¬®�ª~¨]ª£¬®¦Y¤Á¢Â¨]ª>¢Â±û¢Â§~¨ õ ¨2©¯¢Â¨%��-�²~ª~¬¼²~Ñ
¤#»®Ñ#±�©�¬Í¢Â§~Ã ª~¨ õ ¨2»®±�½n¨]ª�¸Ð±�©:¢Â§~¨£�Dú��G�¶Õ�±�©¯ÙÚ¤#©�ªH �»®±#Ô�¤#» ï ©�¤#¦¥À ï ©¯¬®Ñ�Ñ�¨2©]Ø�ÙJ§~¬®¦¥§W¬¼U¢Â§£¨�¢Â¨2¦¥§ºð
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D∗
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Û ²H¢�§~¬®Ú�¨]¦ñ¢Â¬¼±�²H¤N¯¡~Ã>Ã�¤#©°ÿ�±#¸b¢�§~¨�¢Â§~¨2±�©�¨ñ¢Â¬®¦]¤#»8¤�²~ª\½~§~¨]²£±�ÃP¨2²~±�»¼±�Ñ�¬®¦]¤#»i¢�¨]¦¥§~²£¬®óq¡~¨]J¡~¯¨]ª
¸Ð±�©á¢Â§~¨Hª~¨2�¦]©¯¬®½£¢�¬®±�² ±#¸�§~¨Y¤ õ ÿ ó�¡~¤#©�À ½~©¯±ºª£¡~¦2¢�¬®±�² ¤�¢N¢Â§£¨Xù¶únüOý-¦]±#»®»®¬¼ª~¨]©F¬®Nª~¬®¯¦]¡~¯�¨2ª8´
Õ5¬®©¯¯¢�¤�Ô~©�¬¼¨2¸J¬¼²q¢�©�±�ª~¡~¦ñ¢Â¬®±#²�¬®²�¢�±�¢Â§~¨W¹�¢¥¤#²£ª�¤#©�ª ×H±ºª~¨2»Ú±#¸J¨2»®¨2ÃP¨2²q¢Â¤#©¯ÿ'½�¤#©°¢Â¬¼¦]»®¨>½~§�ÿ��¬¼¦]
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D∗
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ùûúsüOý ¬®þÑ�¬ õ ¨2²8´

ð�ñ�ò óqôRõ*öG÷�øUù�úEõ~û�÷£ô õ~÷ üRõ�ý£ôUøUýPö,ø þ ÷�øªÿ��

ï §~¨�¹�¢¥¤#²£ª�¤#©�ª�×�±�ª~¨]»`�S.q2 ��� Æ�Ø�����±#¸U¨]»¼¨]Ã>¨]²�¢¥¤#©°ÿ�½�¤#©°¢Â¬¼¦]»®¨F½~§�ÿº¯¬®¦2 ¬¼¶¤Hóq¡�¤#²�¢�¡~Ã -�¨]»¼ª
¢Â§~¨2±�©¯ÿ#ØÚÙJ§~¬¼¦¥§ø�¡£¦]¦]¨2�°¸Ð¡~»®»Íÿ
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½�¤#©°¢Â¬®¦2»®¨2
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Â¤#Ã>¨Úóq¡�¤�²q¢�¡~Ã ¯¢¥¤Á¢Â¨vÔ�ÿû¢ ÙÚ±$±#©5Ã>±�©�¨�¸Ð¨]©¯ÃP¬¼±�²~]´ Û ²�¦2±�²�¢Â©Â¤�¯¢c¢�±�¸Ð¨]©¯ÃP¬¼±�²~]ØÁÔn±��±�²£;¤#©�¨U¬®²ºð
¢Â¨2Ñ�¨]©;¯½~¬®²á½�¤�©¯¢Â¬¼¦]»¼¨];¤#²£ªá¦Y¤#²N�§~¤#©�¨v¢�§~¨þÂ¤#Ã>¨þóq¡�¤#²�¢Â¡£Ã ¯¢Â¤�¢Â¨þ¯¬®Ã�¡£»¼¢¥¤�²~¨]±�¡£�»¼ÿ#´5Õ�¨2©�Ã>¬®±�²~
¬®²�¢Â¨2©Â¤#¦ñ¢ÚÔ�ÿN¢Â§£¨�¨%�£¦¥§~¤#²~Ñ�¨$±�¸Á-�¨]»¼ª�óq¡�¤#²�¢Â¤T� õ ¬¼©¯¢Â¡~¤#»sÑ�¤#¡~Ñ�¨JÔn±��±#²~ � ÙJ§~¬®¦¥§Pª~¨2¢�¨]©�Ã>¬®²£¨Å¢�§~¨½~©�±#½i¨2©¯¢Â¬¼¨]J±#¸D¢Â§~¨¶¬¼²q¢�¨]©�¤#¦2¢�¬®±�²8´
Û ² ¢�§~¨�.�2FØÚÃP¤�¢�¢�¨]©á¬®N¦2±�²~¯¢�©�¡~¦ñ¢Â¨2ªø¸Ð©�±�Ã ¸Ð¨]©�Ã>¬®±#²~�ÙJ§~¬®¦¥§ ¤#©¯¨�¯½~»®¬Í¢N¬®²�¢Â±�¢ ÙU±�Ñ�©¯±�¡~½~2³
»®¨2½£¢Â±�²£�� ¤#²~ª'¤#²�¢Â¬¼»®¨2½£¢Â±�²£ � ¤#²£ª'óq¡�¤#©¯Àq��p¤#²~ª ¤#²�¢Â¬¼óq¡�¤#©�Àq � ´�BO¨]½£¢�±�²~û¤#$ÙU¨]»®»�¤��ó�¡~¤#©�Àq
¤#©�¨:ª~¬ õ ¬¼ª~¨]ªû¬®²�¢�±Å¢�§~©�¨2¨ÚÑ�¨2²~¨]©�¤�¢Â¬¼±�²~]´ ï §~¨:»®¨2½£¢Â±�²F¤#²~ªûóq¡�¤#©�À¶Ñ�¨2²~¨]©�¤�¢Â¬¼±�²~D¤#©¯¨U©¯¨]½~©¯¨]�¨2²�¢Â¨]ª¬®² ï ¤#Ô~»®¨N��´¼Æ�´
ï §~¨\.q2 ª£¨]�¦2©�¬¼Ôi¨2Ú¢Â§~¨�¨��º½n¨]©�¬¼ÃP¨2²�¢¥¤#»n©�¨2�¡~»Í¢ÂÚÔ�ÿP¡~�¬¼²~ÑF¢�§~©�¨2¨�¸Ð¡~²~ª~¤#ÃP¨2²�¢¥¤#»n¬®²�¢Â¨2©Â¤#¦ñ¢Â¬¼±�²~]³
¨]»¼¨]¦2¢�©�±�ÃP¤#Ñ�²£¨2¢Â¬¼¦#Ø�ÙU¨Y¤#À�¤#²~ª�°¢Â©¯±�²~Ñ~´ ï §~¨�¨2»®¨]¦ñ¢Â©¯±�Ã�¤�Ñ�²~¨2¢�¬®¦¶¬®²�¢�¨]©Â¤�¦2¢Â¬¼±�²�¬¼�ª£¨]�¦2©�¬¼Ôi¨2ª�Ôqÿ
Quantum Electro

ð
Dynamics

� � ú�6 � ´ Quantum Chromo
ð
Dynamics

� � #*6 � ¬®W¤¢Â§~¨2±�©¯ÿ>±#¸i¢Â§~¨�¯¢�©�±�²~Ñ ¬®²�¢Â¨2©Â¤#¦ñ¢Â¬¼±�²8´5µ�»®»~¢�§~©�¨2¨�¬®²�¢�¨]©Â¤�¦2¢Â¬¼±�²~:¤#©¯¨�¯¡~ÃPÃP¤#©¯¬®�¨2ªP¬¼² ï ¤#Ô~»¼¨"��´��º´
Ç
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Æ � � ��$!��("& 1��","�2& 34�5��6 78���� "��,

9 ��:;�� "��7 (
e
νe

) (
µ
νµ

) (
τ
ντ

) −1
0

yes
no

yes
yes

no
no<>=��"��6;7 (

up (u)
down (d)

) (
charm (c)
strange (s)

) (
top (t)

beauty (b)

)
+2/3
−1/3

yes
yes

yes
yes

yes
yes

? í~éG��= rA@pj%BDC )��FEG=���H��"1D���I����$J:��������K(0$!��7L�!�	��)��NMPOQ���+H���)����!�R(*)��"��,/��7A����H	�!�/�����*�"(0���! "��7�&
-.�I�������/(S���! "� TL I78 /� #U$'& (*)�����,"� V��"7�7 C4W :��!(���$ XY��$!������H	,"�� "=�:(0 /=�:�$!�Z��,

#%$!��(0���� "1���,/���0���!( :�)� ��� "�
γ [ [ 10−2 SU(2)L × U(1)Y\ �5��6

W± ] Z0 ±1 ] [ ^/[ & _ ]a`�b &dce���.f 10−6 SU(2)L × U(1)YgI���� "��, ^ ,/$Z=� /��7 g [ [ b SU(3)C

? í~éG�p= rA@ rABhC )���EG=��+H���1N���I�*��$AEG "�*(0�57e�!�i��)��jMPOk����Hl��)����Z��:��� /:+���8���Z�57�&im4 /=�:�$!�Z��,I7N������,"�!n"���i�����������, W 7�(��"$Z�� �E b ���.fe&

 ¶©�¤ õ ¬Í¢¥¤�¢�¬®±�²�¬®�²~±#¢û¬¼²~¦]±�©¯½i±#©Â¤�¢�¨]ª�¬®²�¢�±\¢�§~¨ª.q2z¢Â§~¨2±�©¯ÿ#´ ï §£¨P¨%�£¦¥§~¤#²~Ñ�¨2ª�Ôn±��±�²£û±�¸U¢�§~¨
¬®²�¢Â¨2©Â¤#¦ñ¢Â¬¼±�²~J¤#©¯¨ûª£¨]�¦2©�¬¼Ôi¨2ª�Ô�ÿ�¢�§~¨¶Ñ�©�±�¡£½�°¢Â©�¡£¦2¢Â¡£©�¨¶±#¸D¢Â§~¨ ¹�¢Â¤#²~ª�¤#©¯ª�×H±ºª~¨2»ò³

SU(3)C × SU(2)L × U(1)Y .

ï §~¨¶ÙÚ¨]¤#À\¤#²~ª\¨]»¼¨]¦ñ¢Â©�±#Ã�¤#Ñ#²~¨2¢�¬®¦$¬¼²q¢�¨]©�¤#¦2¢�¬®±�²~J¤�©�¨�¡~²~¬�-�¨]ªH¬®²W¢�§~¨¶Ñ�¤#¡~Ñ�¨�Ñ#©�±�¡~½k³

SU(2)L × U(1)Y ,

ÙJ§~¨]©¯¨
U(n)

ª~¨2²~±#¢�¨]5¢�§~¨ÚÑ�©¯±�¡~½�±�¸s¤#»®»q¡~²£¬¼¢¥¤�©¯ÿ
n×n ÃP¤�¢Â©¯¬®¦]¨2D¤#²~ª SU(n)

¬¼D¢�§~¨vÑ�©¯±�¡~½F±�¸
¤#»®»q¡~²£¬¼¢¥¤�©¯ÿûÃ�¤Á¢Â©�¬¼¦]¨2DÙJ¬Í¢Â§Fª£¨2¢Â¨2©�Ã>¬®²�¤�²q¢ÚÆ�´ ï §£¨v½~§~±#¢�±�²�¬¼3ÃP¤#�¯»®¨2�]Ø�ÙJ§~¨]©¯¨Y¤#c¢�§~¨ÚÔn±��±#²~
±#¸Ú¢�§~¨áÙÚ¨]¤#ÀX¬®²�¢Â¨2©Â¤#¦ñ¢Â¬¼±�²C�

W± +
Z0 � ¤#¦]óq¡~¬¼©�¨NÃ�¤���¨2û¢�§~©�±#¡~Ñ�§ spontaneous symmetry

breaking
ØOÙJ§~¨2©�¨á¢Â§£¨>ÃP¤#¯�¨]�±�¸ÚÔn±��±#²~¶¤#²~ªX¸Ð¨]©¯ÃP¬¼±�²~$¤�©�¨á¦]©¯¨Y¤�¢�¨]ª Ô�ÿ�¢Â§~¨N¬¼²q¢�¨]©�¤#¦2¢�¬®±�²

ÙJ¬¼¢�§�¢Â§~¨ �¦]¤#»ö¤#©
Higgs field

ØiÃP¨2ª~¬ö¤�¢�¨]ª�ÔqÿH¢Â§£¨
Higgs

Ôi±#�±�²8´ ï §~¨áÓÅ¬®Ñ�Ñ�ÅÔn±��±�²�½~©�¨að
ª~¬®¦ñ¢Â¨2ªPÔ�ÿ�¢�§~¨P.q2&§~¤#�²~±#¢�Ôn¨]¨]²>ª~¬¼�¦]± õ ¨]©�¨2ªPÿ#¨2¢YØqÔ~¡º¢U¬Í¢;¬®;¨%�º½i¨2¦2¢Â¨2ªP¢�±ûÔn¨þ±�Ô~¯¨]© õ ¨]ª��±�±�²¤�¸Ü¢Â¨2©v¢Â§~¨¶°¢¥¤#©°¢�±�¸3¢�§~¨¶²~¨2Ù

pp
¦]±�»¼»®¬®ª£¨]©`¥,Ä�# ¤Á¢P�$úsü~�;´

ï §~¨�¯¢�©�±�²£Ñ ¬®²�¢Â¨2©Â¤#¦ñ¢Â¬®±#²8ØvÙJ§~¬®¦¥§&Ã>¨]ª~¬®¤�¢Â¨2P¸Ð±�©¯¦]¨2�Ôi¨ñ¢ ÙÚ¨2¨]²!óq¡�¤#©�Àq\¤#²£ª�Ñ�»®¡~±#²~]ØJ¬®�¤#²
¨��£¤#¦ñ¢

SU(3)C
Ñ�¤�¡~Ñ�¨�°ÿ�ÃPÃ>¨2¢�©¯ÿ�´ ï §£¨W±º¦ñ¢Â¨2¢�±#¸JÃ�¤���»¼¨]¯�Ñ�»®¡£±�²~F¦]¤#©�©°ÿ�¬®²~Ñ�¢�§~¨�¦2±�»®±�¡£©
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ï §~¨�Ã>±�ª~¨]»~ª£¨]�¦2©�¬¼Ôi¨2U¢Â§£¨Å½£©�±#¢�±�²�¤#:¤¶¦]±�Ã>½n±�¡~²~ª>±�Ô?»¯¨2¦2¢:ÙJ§~¬®¦¥§P¦]±�²�¢¥¤�¬®²~�¢Â§~©¯¨]¨

valenceóq¡�¤#©�Àq[�
uud � ¤#²~ª sea óq¡�¤�©�Àq]´ ï §£¨Uóq¡�¤#©¯Àqc¤#©¯¨U¦2±�²~�¬¼ª~¨]©¯¨]ªF¤#3óq¡�¤��¬Íðò¸Ð©�¨2¨:¬¼²û¢�§~¨ infinite

momentum frame
ØºÙJ§~¨2©�¨

Q2 →∞ Ô~¡£¢vÙJ¬Í¢Â§Y-~²~¬¼¢�¨
x
´ Û ²�¢�§~¬®:¸Ð©Â¤#Ã>¨Å¢�§~¨�½~¤#©¯¢�±�²~v¤�©�¨

¦]±�²£�¬®ª£¨]©�¨2ªá¢Â±$Ôn¨vÃP¤#�¯»®¨]¯]Øq¤#»¼»�¢�©Â¤#²£ õ ¨2©�¯¨ÅÃ>±�Ã>¨]²�¢¥¤�¤#©�¨Ú²~¨]Ñ�»¼¬®Ñ�¬¼Ô~»®¨:¤#²£ª�¢Â§~¨v¬¼²�¢Â¨]©�¤#¦2¢�¬®±�²£Ôi¨ñ¢ ÙÚ¨2¨]²�¢�§~¨¶½�¤#©°¢Â±�²~þ¦]¤#²HÔi¨¶¬®Ñ#²~±�©�¨2ª\ª~¡~¨�¢Â±á¢Â§£¨£BO±�©¯¨]²�¢ÂÎ�¢�¬®Ã>¨�ª~¬®»®¤�¢¥¤�¢�¬®±�²k´
ï §~¨ûÑ�¨]²~¨2©Â¤#»8¸Ð±#©�Ã ±�¸3¢�§~¨¶¨]»®¨2¦2¢�©�±�²ºð|½~©�±�¢Â±�²\¦]©¯±��J¯¨]¦2¢�¬®±�²H¦Y¤�²�Ôn¨$ÙJ©�¬Í¢�¢Â¨2²�¤�]³

d2σ

dxdy
∼ LµνW

µν,
�©�º´V� �

ÙJ§~¨]©¯¨
Lµν

¤#²£ª
W µν

¤#©¯¨F»®¨2½£¢Â±#²~¬®¦F¤#²~ª�§�¤#ª£©�±�²~¬¼¦F¢Â¨2²~�±#©� � ÆI�c©¯¨]�½n¨]¦ñ¢Â¬ õ ¨]»Íÿ�´ ï §~¨á»¼¨]½£¢�±�²¤#²~ª §�¤#ª~©¯±�² õ ¨2©¯¢Â¬¼¦]¨2P¤�©�¨\¦Y¤#»¼¦]¡~»®¤�¢Â¨2ª �¨2½�¤#©Â¤Á¢Â¨]»Íÿ ª~¡~¨W¢�±X¢�§~¨W�½~¤#¦]¨að »®¬¼À#¨\²�¤�¢�¡~©�¨W±�¸�¢�§~¨�¦]¤�¢�¢�¨]©�¬¼²~ÑW½~©¯±º¦2¨]�2´ ï §~¨�»®¨2½£¢Â±#²~¬®¦ õ ¨]©°¢Â¨%��¬®�¨ õ ¤#»®¡~¤�¢Â¨2ª�Ô�ÿ � úq6�´ ï §~¨á§�¤#ª£©�±�²~¬¼¦ ¢�¨]²~¯±�©
¬®²~¦2»®¡~ª£¨]N¢Â§~¨H²~±�²ºð|½i¨2©¯¢�¡~©�Ô�¤Á¢Â¬ õ ¨�°¢Â©¯¡~¦2¢�¡~©�¨�±#¸$¢Â§£¨�½~©¯±#¢Â±#²8´ Û ² ¢�§~¨ � Å�20½~¬¼¦2¢Â¡£©�¨#ØU¢Â§~¬¼
¯¢�©�¡~¦ñ¢Â¡~©¯¨'±#¸û¢Â§£¨ ½£©�±#¢�±�²&¦Y¤#²!Ôi¨�¨%�º½~©�¨2��¨2ª�¬®²�¢�§~¨XÃP¨2²q¢�¬®±�²£¨]ª&»®¬¼ÃP¬Í¢�±#¸ »ö¤�©�Ñ�¨

Q2
¤#

structure functions F1(x)
¤#²~ª

F2(x)
Ø�ÙJ§£¬®¦¥§Nª~±¶²~±#¢;ª£¨]½n¨]²~ª>±�²á¢Â§~¨

Q2
�¦Y¤�»®¨Z�

scaling
invariance � ´ Û ²�¢Â§~¨ � Å�2FØ£¢�§~¨$¯¢�©�¡~¦ñ¢Â¡~©¯¨$¸Ð¡~²~¦ñ¢Â¬®±#²~þ¤#©¯¨$©�¨2»ö¤�¢�¨]ª�¢Â± ¢Â§~¨

parton density
functions fq(x)

��Ã[67¼º � Ø8ÙJ§~¬¼¦¥§�ª~¨]¯¦]©�¬¼Ôi¨�¢�§~¨�½~©¯±�Ô�¤#Ô£¬®»®¬Í¢ ÿ\±#¸:-�²~ª£¬®²~Ñ\¤�½�¤�©¯¢Â±#²
q
ÙJ¬Í¢Â§

¢Â§~¨ ÃP±#ÃP¨2²q¢�¡~Ã ¸Ð©�¤#¦2¢�¬®±�²
x
¬®²\¢Â§~¨û½~©¯±#¢Â±�²k´ Û ¸c¢Â§~¨ ½�¤#©°¢Â±�²

q
�
q̄ � ¬¼�¤>óq¡�¤#©�ÀÈ�p¤#²�¢Â¬®óq¡�¤�©�À �ÙJ¬¼¢�§H¦¥§~¤#©�Ñ�¨

eq
Øº¢Â§~¨2²H¢�§~¨¶¯¢Â©¯¡~¦2¢�¡~©�¨¶¸Ð¡~²~¦ñ¢Â¬¼±�²~J¦Y¤#²\Ôn¨¶¨��º½~©�¨2�¯¨]ª�¤#2³

F2(x) = 2xF1(x) =
∑

q

e2
qx(fq(x) + fq̄(x)).

�©�º´�� �
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Õ�±�©O¡~²~½n±�»ö¤�©�¬®¯¨]ª�Ôn¨Y¤#Ã>]Ø�¢�§~¨
ep

�N#áª~¬ �i¨]©¯¨]²�¢Â¬®¤#»#¦2©�±�¯D¯¨]¦ñ¢Â¬®±#² ¬¼²$¢Â¨]©¯ÃPO±�¸º¢�§~¨]¯¨:°¢Â©¯¡~¦2¢�¡~©�¨
¸Ð¡~²~¦ñ¢Â¬®±#²~J¬®þÑ�¬ õ ¨]²\Ô�ÿn³

d2σ

dxdQ2
=

4πα2
em

xQ4

[
(1− y)F2(x) +

1

2
y22xF1(x)

]
,

� ��´¼Æ�È �
ÙJ§~¨]©¯¨

αem
¬¼�¢�§~¨�-~²~¨�°¢Â©¯¡~¦2¢�¡~©�¨�¦]±�²~°¢¥¤#²�¢]´ ï §~¨�ª£¨]½n¨]²~ª~¨2²~¦]¨�±#¸8¢Â§£¨�¦2©�±�¯U¯¨]¦2¢�¬®±�²P±�²

Q2¦Y¤#²HÔn¨û¦2»®¨]¤#©�»Íÿ�¯¨]¨]²k´
ï §~¨W¯¢�©�¡~¦ñ¢Â¡~©¯¨�¸Ð¡~²~¦ñ¢Â¬®±#²~F¦]¤#²~²~±#¢�Ôi¨�¦]¤#»®¦2¡~»ö¤Á¢Â¨]ª'¸Ð©�±�ÃÍ-�©¯¯¢á½~©¯¬®²~¦2¬®½~»¼¨] Ô~¡£¢á§�¤ õ ¨�¢Â±�Ôn¨¨���¢Â©�¤#¦2¢�¨]ª&¸Ð©�±�Ã ¨��º½n¨]©�¬¼ÃP¨2²�¢¥¤#»�ÃP¨]¤#�¡~©¯¨]Ã>¨]²�¢Â2´zµ�»Í¢Â§~±#¡~Ñ�§÷¢Â§£¨ � Å�2 ¯¢¥¤Á¢Â¨]\¬¼²~ª~¨]½n¨]²�ð
ª~¨]²£¦]¨û±#¸b¢Â§~¨¶¯¢�©�¡~¦ñ¢Â¡~©¯¨�¸Ð¡~²~¦2¢�¬®±�²£v¸Ð©�±�Ã ¢Â§~¨¶�¦]¤#»®¨

Q2
¤#²~ª\ª~¨]½n¨]²£ª~¨]²~¦2¨ ±�¸3¢�§~¨�¸Ð¡~²~¦2¢�¬®±�²£

±�²�¢Â§~¨N¯¦Y¤#»¼¬®²~Ñ õ ¤#©¯¬ö¤#Ô~»¼¨ x Øb¬¼¢�Ùv¤#¶±�Ô£�¨]© õ ¨2ª'¢Â§~¤�¢�¢Â§~¨á¦2©�±�¯¶�¨]¦ñ¢Â¬¼±�²'ª£¨ õ ¬ö¤�¢�¨]$¸Ð©¯±�ÃB¢�§~¨
½~©�¨2ª~¬®¦ñ¢Â¬¼±�²�±#¸5¢Â§~¨�Ã>±�ª~¨]»3�

scaling violation � ÙJ¬Í¢Â§�¬¼²~¦]©¯¨Y¤#¯¬®²~Ñ Q2
´ ï ±�¨��º½~»®¤#¬®²H¢Â§~¨ ¨��qð

¬®°¢Â¬®²£Ñ ¯¦Y¤#»¼¬®²~Ñ õ ¬®±�»®¤�¢Â¬¼±�²8Ø#¢�§~¨�¬¼²�¢Â¨]©�¤#¦2¢�¬®±�²>Ôn¨2¢ ÙU¨]¨]²Wóq¡�¤�©�ÀqÚª~¨2�¦2©�¬®Ôn¨]ª�Ôqÿ � #*6X¯§~±�¡~»¼ª�Ôn¨
¢¥¤#À�¨]²X¬®²�¢�±\¤#¦]¦2±�¡~²�¢û¤#²~ª�¢�§~¨áª~¨]½n¨]²£ª~¨]²~¦2¨P±#²�¢Â§~¨�¯¦Y¤#»¼¨

Q2
§�¤��¢Â±WÔn¨á¬®²�¢Â©¯±ºª£¡~¦]¨2ª8´ûÕs±#©

¢Â§~¨F�¦Y¤Á¢�¢Â¨2©�¬¼²~Ñ õ ¬ö¤P»®±�²~Ñ#¬¼¢Â¡£ª~¬®²�¤�»®»¼ÿP½n±�»ö¤#©¯¬®¯¨]ªHÔi±�¯±�²~$¬Í¢�¬¼�¦2±�² õ ¨2²~¬®¨2²q¢�¢�±�¬¼²~¦]»¼¡~ª~¨F¬¼²�¢�§~¨�;ó�¡~¤�¢Â¬¼±�²]�º´¼ÆYÈá¢�§~¨
longitudinal structure function

Ø£ÙJ§~¬¼¦¥§�¬¼þª~¨�-�²£¨]ª�¤�]³

FL(x,Q2) = F2(x,Q2)− 2xF1(x,Q2)
� ��´¼Æ�Æ �

¤#²~ª¶¬®OÎ2¨]©¯±�¬¼²$¢Â§~¨ � Å�2F´ Û ²¶¢Â§~¨ � #*6�½~¬¼¦2¢�¡~©�¨�ØE¢�§~¨�»®±�²£Ñ�¬¼¢�¡~ª~¬®²~¤#»E¯¢Â©¯¡~¦2¢�¡~©�¨;¸Ð¡~²£¦2¢Â¬¼±�²¶¬®O²~±�¢
Î]¨2©�±�Ôn¨]¦]¤#¡~�¨û¢Â§~¨û¬®²£¦]»®¡£�¬®±#²H±�¸c¢Â§~¨û¬®²�¢�¨]©Â¤�¦2¢Â¬¼±�²HÔi¨ñ¢ ÙÚ¨2¨]²�óq¡�¤#©¯À��¦]©¯¨Y¤�¢�¨]�¢�§~¨F½n±�¯�¬®Ô£¬®»®¬Í¢ ÿ
¸Ð±�©ÅÑ�»®¡~±#²~þ¢Â±>�½~»¼¬¼¢Å¬®²�¢Â±>óq¡�¤#©¯À�ð ¤#²�¢Â¬¼ó�¡~¤#©�ÀW½�¤�¬®©�JÙJ¬¼¢�§�²£±�²ºð Î2¨]©¯±P¢Â©�¤#²~ õ ¨]©¯�¨�Ã>±�Ã>¨]²�¢Â¡£Ã�´ï §q¡~]ØsÑ�»¼¡~±�²~þ¦]¤#²�¦2±�¡~½~»¼¨�¢Â±N»®±�²£Ñ�¬¼¢�¡~ª~¬®²~¤#»®»Íÿá½i±#»ö¤#©¯¬®�¨2ªWÔi±#�±�²~2´
µ�²~±�¢Â§~¨2©Ú¯¢�©�¡~¦ñ¢Â¡~©¯¨�¸Ð¡~²~¦ñ¢Â¬¼±�²

F3(x,Q2) � � �i¬®:¬®²�¢Â©¯±ºª~¡£¦]¨]ªP¢Â±F¬¼²~¦]»¼¡~ª~¨Å¢Â§~¨�¨��i¨]¦2¢v±#¸O½�¤#©¯¬¼¢ ÿ
õ ¬®±�»®¤�¢Â¬¼±�²�¬¼²�¢Â§~¨N¨��º¦¥§�¤�²~Ñ�¨N±#¸U¤#²X¨]»¼¨]¦2¢�©�±�ÙU¨Y¤#À�Ôn±�¯±�²8´ ï §q¡~2Øb¢�§~¨N¡~²~½n±�»ö¤�©�¬®¯¨]ªÈ�Z#è'\���
¦]©¯±��Å�¨2¦2¢Â¬¼±�²\¬®²W¢Â¨2©�Ã>J±#¸3¢�§~¨M�N#�¯¢�©�¡~¦ñ¢Â¡~©¯¨û¸Ð¡~²£¦2¢Â¬¼±�²~þ¬¼þÑ�¬ õ ¨]²HÔqÿn³

d2
NC(e±)

dxdQ2
=

4πα2
em

xQ4
·

[
Y+(y)FNC

2 (x,Q2)− y2FNC
L (x,Q2)∓ Y−(y)xFNC

3 (x,Q2)

]
,

� ��´¼Æm� �
ÙJ§~¨]©¯¨

Y±(y)
¬®þª~¨�-�²~¨]ª�Ô�ÿi³

Y±(y) = 1± (1− y)2.
� ��´¼Æ	� �

Û ²�¦Y¤��¨F±�¸5¢Â§£¨Y�5#('\���F¯¦Y¤�¢¯¢Â¨]©¯¬®²~Ñ£Øn¢�§~¨ ª£¬ �i¨]©�¨2²�¢Â¬ö¤�»O¦]©�±#��¯¨]¦ñ¢Â¬®±#²�¦Y¤#²�Ôi¨¶ÙJ©�¬Í¢�¢�¨]²�¯¬®Ã>¬Íð
»ö¤#©¯»¼ÿN¢Â±á¢�§~¨\�N#�ª~¬ �i¨]©¯¨]²�¢Â¬®¤#»k¦2©�±�¯J�¨]¦ñ¢Â¬¼±�²\Ô~¡£¢J¬®²W¢�¨]©�Ã>v±#¸D¢Â§£¨M�"#�°¢Â©�¡£¦2¢Â¡£©�¨¶¸Ð¡~²~¦2¢�¬®±�²£
FCC

1

Ø
FCC

2

¤#²~ª
FCC

3

³

d2
CC(e±)

dxdQ2
=

G2
F

4πx

( M2
W

Q2 +M2
W

)2·

[
Y+(y)FCC

2 (x,Q2)− y2FCC
L (x,Q2)∓ Y−(y)xFCC

3 (x,Q2)

]
,

� ��´¼Æ � �
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ÙJ§~¨]©¯¨
GF

¬®�¢�§~¨HÕ�¨]©�Ã>¬Ú¦2±�²~°¢¥¤#²�¢Y´ ï §£¨^�Z#&°¢Â©¯¡~¦2¢�¡~©�¨W¸Ð¡~²~¦ñ¢Â¬¼±�²~>¤#©�¨Wª£¨2¢Â¨2©�Ã>¬®²~¨2ª
Ôqÿ
¢Â§~¨N½~§£±#¢Â±�²X¤�²~ª

Z0
¨��º¦¥§�¤#²~Ñ#¨] ¤#²~ªXÔ�ÿ�¢Â§~¨2¬®©�¬¼²q¢�¨]©°¸Ð¨]©�¨2²~¦]¨�ØOÙJ§~¨]©¯¨Y¤#�¢Â§£¨T�"# °¢Â©�¡£¦2¢Â¡£©�¨

¸Ð¡~²~¦ñ¢Â¬®±#²~Å¤#©�¨$¢�§~¨¶©�¨]¯¡~»¼¢Å±#¸D¢Â§£¨
W± ¨��º¦¥§�¤�²~Ñ�¨#´

µv¢N»®±�Ù
Q2

¢�§~¨
Z0

¨%�£¦¥§~¤#²~Ñ�¨H¤#FÙU¨]»¼»v¤#
W± ¨%�º¦¥§�¤#²~Ñ�¨H¤#©¯¨��¡£½~½~©�¨2�¯¨]ª ÙJ¬Í¢Â§ ©¯¨]¯½i¨2¦2¢¢Â±>¢Â§~¨

γ
¨��º¦¥§�¤#²£Ñ�¨�ª~¡~¨û¢Â±N¢Â§~¨ Ã�¤��Å±#¸c¢Â§£¨F¨��º¦¥§�¤�²~Ñ�¨]ª�Ôn±�¯±�²~

Mz0

¤#²~ª
MW±

©¯¨]�½n¨]¦að
¢Â¬ õ ¨]»Íÿn³

σ(Z0,W±)

σ(γ)
∼ Q4

(Q2 +M2
Z0,W±)2

.

Û ²P¢�§~¬®
Q2 ©�¨2Ñ�¬®Ã>¨þ¢Â§~¨J½~§£±#¢Â±�²P¨��º¦¥§�¤#²£Ñ�¨�¬¼:ª£±�ÃP¬¼²�¤#²�¢:¤#:¬¼¢�¦]¤#²�Ôn¨�¯¨]¨2²�¸Ð©�±�Ã ¢Â§~¨�¤#Ôn± õ ¨©Â¤�¢�¬®±~´

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10
3

10
4

HERA

H1 e+p CC 94-00
H1 e-p CC
ZEUS e+p CC 99-00
ZEUS e-p CC 98-99
SM e+p CC (CTEQ6D)
SM e-p CC (CTEQ6D)

H1 e+p NC 94-00
H1 e-p NC
ZEUS e+p NC 99-00
ZEUS e-p NC 98-99
SM e+p NC (CTEQ6D)
SM e-p NC (CTEQ6D)

y < 0.9

Q2 (GeV2)

dσ
/d

Q
2  (p

b/
G

eV
2 )

¨ opA 9 ìm= rA@ rAB�C )��z�D������H�����H������������I���K��$�(0�� /7�7L7���(0���! "��7A "E���$Z�5(S���� /�j��:+ I78�Z���� "�+�.{�:��� "�� "� 7�(��a���������!��,1N���/78=����5H�¡ W ��)��N¢�£�¤J¥��"��H�¦	§e�0¨;:P�����Z1N���/�*7�&

ï §~¨\©�¨2�¡~»Í¢ÂN±#¸Å¢Â§~¨1�N#&¤#²~ª��5#�ª~¬ �i¨]©¯¨]²�¢Â¬®¤#»Ú¦2©�±�¯P¯¨]¦2¢�¬®±�²
Ã>¨Y¤#¯¡~©�¨2ÃP¨2²�¢ÂN½i¨2©¯¸Ð±�©¯ÃP¨2ª
Ô�ÿ�¢Â§£¨T�Dú��G�>¤#²~ª�ùª©�¨%�º½i¨2©�¬®Ã>¨]²�¢�¶¤#©�¨�¯§~±�ÙJ²'¬¼²�Õ5¬¼Ñ�¡~©�¨��º´���´ûµ Ñ�±º±�ª�¤#Ñ#©�¨]¨2ÃP¨2²�¢¶Ôi¨að
¢ ÙÚ¨2¨]²÷¢�§~¨�Ã>¨Y¤#¯¡~©�¨2ÃP¨2²�¢Â�¤�²~ª .q2L½~©�¨2ª~¬®¦ñ¢Â¬®±#²~P¦]¤#²÷¦2»®¨Y¤�©�»¼ÿ Ôi¨H�¨2¨]²8´ ï §~¨È�5#�¦2©�±�¯
�¨2¦2¢Â¬¼±�²�¬¼�¯¡~½~½~©¯¨]�¯¨]ª�ÙJ¬¼¢�§�©¯¨]�½n¨]¦ñ¢�¢�±P¢Â§£¨��N# ¦]©�±#��¯¨]¦ñ¢Â¬®±#²�¡~²�¢Â¬¼»b¢�§~¨F¯¦Y¤#»¼¨ ±�¸c¢Â§~¨ ¬®²ºð
¢Â¨2©Â¤#¦ñ¢Â¬®±#²�ª~¨�-~²~¨]ª\Ô�ÿ

Q2
Ôn¨]¦]±#ÃP¨2v¦]±�Ã>½�¤#©�¤#Ô~»¼¨Å¢�±F¢Â§~¨ õ ¨]¦ñ¢Â±�©ÚÔi±�¯±�²�ÃP¤#�¯¨]þ¯ó�¡~¤#©�¨2ª\¤#¨��º½n¨]¦2¢�¨]ª ¸Ð©�±#Ã ¢Â§~¨X.�2F´ ï §~¨�ª~¬ �i¨]©¯¨]²~¦2¨�±�Ô~¯¨]© õ ¨]ª
¬¼²'¢Â§£¨]�5# ¦]©¯±��F�¨]¦ñ¢Â¬¼±�² Ã>¨Y¤#¯¡~©�¨að

ÃP¨2²�¢Âv¸Ð±�©v¨2»®¨2¦2¢Â©¯±�²~þ¤�²~ª\½i±�¯¬¼¢�©�±�²~U¦Y¤#²\Ôn¨$¨��º½~»®¤#¬®²£¨]ªWÔ�ÿ�¢�§~¨��ÃP¤#»®»¼¨]©
d
ó�¡~¤#©�À>¢Â§�¤#²�¢�§~¨

u
óq¡�¤#©¯ÀW¦]±�²�¢Â¨2²�¢$¬®²W¢�§~¨ ½£©�±#¢�±�²8Øs¤#Å¬®²W¢Â§£¨��5#�¬®²�¢Â¨2©Â¤#¦ñ¢Â¬®±#²\¢�§~¨û½i±�¯¬¼¢�©�±�²\¬®²�¢�¨]©Â¤�¦2¢ÂJÙJ¬¼¢�§

d
óq¡�¤�©�Àq]Ø�ÙJ§~¨2©�¨Y¤�Å¢�§~¨¶¨]»®¨2¦2¢�©�±�²H½�¤#©°¢Â¬®¦2¬®½�¤Á¢Â¨]Ú¬®²W¢Â§~¨�ÙU¨Y¤#ÀW¬¼²�¢Â¨]©�¤#¦2¢�¬®±�²�ÙJ¬Í¢Â§

u
óq¡�¤�©�Àq]´
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¹º¬®²£¦]¨á¦¥§�¤#©¯Ã0óq¡�¤#©¯À�½�¤#¬¼©�½~©¯±ºª£¡~¦2¢�¬®±�²�¬¼�¢Â§~¨á¯¡~Ô?»¯¨2¦2¢ ±#¸�¢Â§~¨á½~©¯¨]¯¨]²�¢ ¤#²�¤#»Íÿº¯¬®2Ø8±�²~»Íÿ�¢�§~¨
�N#X¬®²�¢Â¨2©Â¤#¦ñ¢Â¬®±#²W¬®þª~¬¼�¦]¡£��¨2ª�¸Ð¡~©°¢Â§~¨2©þ¸Ð©�±�Ã ²~±�Ù-±�²8´

ð�ñ*« ¬®y¯ �Yö7ýws ÿN°Ù÷Nö>±

Û ² � #*6�¢�§~¨�°¢Â©¯±�²~Ñ�¬¼²q¢�¨]©�¤#¦2¢�¬®±�²>¬®:ÃP¨2ª~¬ö¤Á¢Â¨]ª>Ô�ÿ�Ñ#»®¡~±�²£]Ø�ÙJ§~¬®¦¥§�¤#©�¨�¦]±�»¼±�¡~©�¨2ª�±�Ôu»¯¨]¦2¢�]Ø£¤#
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αs
´

ï §~¨
leading order
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ï §~¨áÑ�»¼¡~±�²�¯¨]»Í¸�¬®²�¢Â¨2©Â¤#¦ñ¢Â¬®±#²�©�¨2�¡~»Í¢Â$¬¼²�óq¡�¤#¯¬Íð|¸Ð©¯¨]¨�óq¡�¤�©�Àq�¸Ð±�©
Q2 → ∞ ¤�²~ª�¢Â±�¦2±�²Ú-�²£¨ñð

ÃP¨2²�¢5¸Ð±�©
Q2 → 0

Ø�ÙJ§~¨2©�¨
αs
Ôn¨]¦2±�ÃP¨2c»ö¤�©�Ñ�¨U¤#²~ª�½n¨]©°¢Â¡~©¯Ô�¤�¢�¬ õ ¨ � #*6H¦Y¤�²~²~±#¢5Ôi¨þ¤�½~½~»®¬¼¨]ª8´
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ï ±�¦Y¤#»¼¦]¡~»®¤�¢Â¨û¦]©¯±��$¯¨]¦ñ¢Â¬®±#²~]Øk¢�§~¨F¬¼²�¢Â¨]Ñ#©Â¤�¢�¬®±�²�± õ ¨]©�¢�§~¨F¸Ð¡~»¼»b½~§�¤#¯¨��½�¤�¦]¨�±#¸ õ ¬¼©¯¢Â¡~¤#»D¤#²~ª©�¨]¤#»cóq¡�¤#©¯À�û¤#²£ª�Ñ�»®¡~±#²~$§�¤#$¢�±\Ôi¨�½n¨]©°¸Ð±�©�Ã>¨]ªk´ ï §~¨N¬¼²q¢�¨]Ñ�©�¤�¢Â¬¼±�²�± õ ¨2©¶¤#»®»3½�¤#©°¢Â¬®¦2»®¨ ÃP±�ðÃP¨2²�¢¥¤
p
¬®²�¢Â©¯±ºª~¡£¦]¨]¶ª~¬ õ ¨2©�Ñ�¨2²~¦]¬¼¨]û¦]±�Ã>¬®²~Ñ�¸Ð©¯±�ÃB¢�§~¨N¡~½~½n¨]©¶»®¬¼ÃP¬Í¢�ÙJ¬Í¢Â§

p → ∞ ØOÙJ§~¬®¦¥§»®¨]¤#ª~J¢Â±
ultraviolet divergencies

Øi¤#²~ª�¯±#¸Ü¢$±#©�¤#»¼ÃP±#¯¢J¦]±#»®»®¬¼²~¨Y¤�©þ¨]Ã>¬®�¯¬®±�²H±#¸;ÃP¤#¯�»®¨2�
Ñ�»®¡£±�²~��ÐÑ�»®¡£±�²

pT → 0 � ÙJ§~¬¼¦¥§�¦Y¤#¡£�¨] infrared divergencies ´�ÓÅ±�ÙÚ¨ õ ¨]©2ØO¬®²�¯±�ð ¦]¤#»®»¼¨]ª
regularisation

¤#²£ª
renormalization

½£©�±�¦]¨]ª£¡~©�¨2]ØÅª~¬ õ ¨]©�Ñ#¨]²~¦2¬®¨]W¬¼²÷¢Â§~¨�¬®²�¢Â¨2Ñ�©Â¤#»�¤#©¯¨©�¨2½~»ö¤#¦2¨]ª�Ô�ÿh-~²~¬¼¢�¨�¨��º½~©¯¨]�¯¬®±�²£]´ ï §~¬®�»¼¨Y¤#ª£P¢Â± ¬¼²�¢Â©�±�ª~¡~¦ñ¢Â¬¼±�²ø±#¸ ¤�²£¨2ÙB�¦Y¤�»®¨
µ
Øþ¢�§~¨

renormalization scale
´ ï §~¨��¦]¤#»®¨

µ
¬¼Ú¤�©�Ô~¬Í¢Â©Â¤�©¯ÿ�´ ï §q¡~]Ø�¤¶Ã>¨Y¤#¯¡~©�¨2ª�½~§�ÿ��¬®¦]¤#»n±�Ô~�¨2© õ ð¤#Ô~»¼¨�ó�¡~¤#²�¢Â¬¼¢ ÿ

A
§~¤#þ¢Â±NÔi¨¶¬¼²~ª~¨]½n¨]²£ª~¨]²�¢Å±#¸

µ
´

Û ²�¢Â§~¨F¦Y¤#¯¨�±#¸�¡~»Í¢Â©Â¤ õ ¬®±#»®¨2¢Åª~¬ õ ¨2©�Ñ�¨2²~¦]¬¼¨]]Ø8¤#²�¨��i¨]¦ñ¢Â¬ õ ¨á¯¢�©�±�²£Ñ�¦]±�¡£½~»®¬¼²~Ñ�¦2±�²~¯¢Â¤#²�¢ αs ¤#Ô�ð�±�©¯Ô~J¢Â§~¨2�¨¶ª~¬ õ ¨]©¯Ñ�¨]²~¦2¬®¨2�¤#²£ªHÔn¨]¦2±�Ã>¨]Jª~¨]½n¨]²£ª~¨]²�¢$±#²\¢�§~¨¶©�¨2²~±�©�ÃP¤#»¼¬®Â¤Á¢Â¬®±#²��¦]¤#»®¨ µ ³

µ2∂αs(µ)

∂µ2
= β(αs(µ)),

�©�º´¼Æ�Ç �
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ÙJ§~¨]©¯¨á¢Â§~¨
β
¸Ð¡~²~¦ñ¢Â¬¼±�²�¬®$¤�½i±�ÙU¨]©��¨2©�¬¼¨]$¬¼²

αs(µ)
ÙJ§~¬¼¦¥§ ª£¨]�¦2©�¬¼Ôi¨2$¢Â§~¨áª~¨2½i¨2²~ª~¨2²~¦]¨N±#¸

αs
±#²\¢�§~¨¶©�¨2²~±�©�ÃP¤#»¼¬®Â¤Á¢Â¬®±#²��¦]¤#»®¨Y�Ð©�¡~²~²£¬®²~ÑN¦]±#¡~½~»®¬¼²~Ñ � ´ ï §~¨�¥,� ¯±�»®¡º¢Â¬®±#²W¬®þÑ�¬ õ ¨]²HÔ�ÿ�³

αs(µ) =
12π

(33− 2nf) · ln(µ2/Λ2
QCD)

,
� ��´¼Æ�Ê �

ÙJ§~¨]©¯¨
nf

¬®û¤�²q¡~Ã�Ôn¨]©û±#¸v¤#¦2¢�¬ õ ¨>óq¡�¤#©¯Àh¸�¤ õ ±�¡~©¯ ÙJ¬¼¢�§�óq¡�¤#©¯À�Ã�¤��û»®¬®Ñ#§q¢�¨]©�¢Â§~¤#²�¯¦Y¤#»¼¨
µ
¤�²~ª

Λ2
QCD

¬®á¢Â§~¨\¯¦Y¤#»¼¨H±�¸ � #*6:Ø�ÙJ§~¬®¦¥§ ª~¨]½n¨]²£ª~�±�² ¢�§~¨\²�¡£Ã�Ôi¨2©N±#¸�¤#¦ñ¢Â¬ õ ¨\óq¡�¤#©�À¸s¤ õ ±�¡£©�]´ Λ2
QCD

©¯¨]½~©¯¨]¯¨]²�¢Â�¢�§~¨û¨]²~¨2©�Ñ#ÿH�¦]¤#»®¨û¤�¢JÙJ§~¬¼¦¥§
αs
Ôi¨2¦]±�Ã>¨]Å»ö¤�©�Ñ�¨¶¤#²£ª�¢Â§£¨ ½n¨]©�ð

¢Â¡~©¯Ô�¤�¢�¬ õ ¨û¤#½£½~©�±�¤�¦¥§�¬¼þ²~±#¢Å¤#½~½£»®¬®¦]¤#Ô~»¼¨�¤#²�ÿ�ÃP±�©¯¨#´
Û ²�¢Â§~¨á¦]¤#�¨á±#¸:¬¼²£¸Ð©Â¤#©¯¨]ª�ª£¬ õ ¨2©�Ñ�¨2²~¦]¬¼¨]2Øb¤\²£¨2Ù �±�ð|¦Y¤#»¼»®¨]ª

factorisation scale µf
ØkÙJ§£¬®¦¥§

¦]±�©¯©�¨2�½n±�²~ª~þ¢Â±á²£±�²ºð ½n¨]©°¢Â¡~©¯Ô�¤�¢�¬ õ ¨ � #*6 ¬®v¬¼²q¢�©�±�ª~¡~¦2¨]ª8´ ï §~¨�¯¬®²~Ñ�¡£»ö¤#©¯¬¼¢Â¬¼¨]U¤#©�¨$¤#Ô~�±#©�Ôn¨]ª
¬®²�¢Â± ¢Â§~¨^Ã[67¼º2´ ï §~¬®P¦Y¤#¡~¯¨]�¤'©�¡£²~²~¬®²£Ñ�±#¸$¢�§~¨^ÃK6G¼º^�Ð©�¨2²~±�©�ÃP¤#»¼¬®�¨2ªyÃ[6G¼º � ´ ï §q¡~2Ø¢Â§~¨�¸p¤#¦ñ¢Â±�©¯¬®�¤�¢Â¬¼±�²��¦]¤#»®¨¶¯½~»®¬Í¢ÂÚ¢�§~¨

ep
¯¦Y¤�¢¯¢Â¨2©�¬®²£Ñ>½£©�±�¦]¨]¯J¬®²�¢Â±á¢ ÙU±P½�¤�©¯¢Â2³�§�¤#©�ªH¤#²£ª�¯±#¸Ü¢

½~©�±�¦]¨2�¯¨]]ØOÙJ§~¨2©�¨N½n¨]©¯¢�¡~©�Ô~¤�¢Â¬ õ ¨ � #*6 ¬¼�¤#½~½~»¼¬®¦]¤#Ô~»®¨¶¸Ð±�©Å¢Â§~¨á§�¤�©�ª�½~©¯±º¦2¨]�2Ø8ÙJ§~¨]©¯¨Y¤#�¢�§~¨
�¦]¤#»®¨�±#¸D¢Â§£¨û¯±#¸Ü¢J½~©¯±º¦2¨]�J¬¼þÔi¨2»®±�Ù�¢�§~¨$¸p¤#¦ñ¢Â±�©¯¬®Â¤Á¢Â¬®±#²��¦]¤#»®¨¶¤#²£ª\¢�§~¨¶�±#¸Ü¢J½£©�±�¦]¨]¯J¦Y¤#²~²£±#¢
Ôi¨�¢�©�¨]¤�¢Â¨2ª Ô�ÿ�¢Â§~¨á½n¨]©°¢Â¡~©¯Ô�¤�¢Â¬ õ ¨N¤#½£½~©�±�¤�¦¥§8´ ï §~¨N°¢Â©�¡£¦2¢Â¡£©�¨á¸Ð¡~²~¦ñ¢Â¬®±#² F2

¦Y¤#²XÔn¨F¢Â§£¨]©�¨að
¸Ð±�©�¨N¨%�£½£©�¨]¯�¨2ª
¤# ¦2±�² õ ±�»¼¡£¢Â¬¼±�² ±#¸Ú¢�§~¨N½i¨2©¯¢Â¡£©�Ô�¤�¢�¬ õ ¨P½�¤�©¯¢YØb¢Â§£¨ coefficient functions�
Ca

2
� Ø�ÙJ§£¬®¦¥§\¤#©¯¨$½i¨2©¯¢�¡~©�Ô�¤Á¢Â¬ õ ¨]»ÍÿPª£¨2¢Â¨2©�Ã>¬®²~¨2ª�½�¤#©°¢Â±�²��¦Y¤Á¢�¢Â¨2©�¬¼²~Ñ�¦]©¯±��Ú�¨]¦ñ¢Â¬¼±�²~]Ø~¤#²~ª�¢�§~¨²~±�²ºð|½i¨2©¯¢�¡~©�Ô�¤Á¢Â¬ õ ¨MÃK6G¼��

fa(ξ, µf , µ) � ¸Ð±�©J¤áÑ�¬ õ ¨2²�½�¤�©¯¢Â±#² a ³

F2 =
∑

a

∫ 1

x

Ca
2

(x
ξ
,
Q2

µ2
,
µ2
f

µ2
, αs(µ)

)
fa(ξ, µ

2
f , µ

2)dξ.
�©�º´¼Æ�Ë �

ï §~¬®�¬®�¦]¤#»®»¼¨]ª
factorisation � Ç��ò´ ï §~¨�¨ õ ±#»®¡£¢�¬®±�²÷±�¸û¢�§~¨ÈÃ[67¼��ÙJ¬¼¢Â§ ¢Â§~¨�¯¦Y¤#»¼¨

µ
¬¼

ª~¨]¯¦]©¯¬®Ôn¨]ª�Ô�ÿ�¢�§~¨M'\´:��ýGÅH¨2óq¡�¤�¢Â¬¼±�²~ � Ê+� Ø~ÙJ§~¬®¦¥§H¦Y¤#²HÔn¨�¨��º½~©�¨2�¯¨]ªX¤#2³
∂fqi(x, µ

2
f)

∂ logµ2
f

=
αs
2π

∫ 1

x

dξ

ξ

[
Pqq(

x

ξ
, αs)fqi(ξ, µ

2
f) + Pqg(

x

ξ
, αs)fg(ξ, µ

2
f)
]
,

� ��´¼Æ	� �

∂fg(x, µ
2
f)

∂ log µ2
f

=
αs
2π

∫ 1

x

dξ

ξ

[∑

i

Pgq(
x

ξ
, αs)fqi(ξ, µ

2
f) + Pgg(

x

ξ
, αs)fg(ξ, µ

2
f)
]
,

� ��´¼Æ	� �
ÙJ§~¨]©¯¨

fqi(ξ, µ
2
f)
¬¼ ¢�§~¨XÃ[67¼'¸Ð±�©F¤�Ñ�¬ õ ¨]² óq¡�¤#©¯À¹¸s¤ õ ±�¡~© i ¤�²~ª fg(x, µ2

f)
¬¼ ¢Â§£¨WÑ�»®¡~±#²

ª~¨]²£�¬¼¢ ÿ\¸Ð¡~²£¦2¢Â¬¼±�²8´ ï §~¨R'\´:��ýGÅ
splitting functions Pab(

x
ξ
)
ª~¨2�¦]©¯¬®Ôn¨ ¢�§~¨F½~©¯±�Ô�¤#Ô£¬®»®¬Í¢ ÿ

±#¸3¤�½�¤#©°¢Â±�²
a
¢Â±á©�¤#ª~¬®¤�¢Â¨�¤�½~¤#©¯¢�±�²

b
�p¤�Ñ�»®¡£±�²�±�©þ¤�óq¡�¤�©�À � ¦Y¤#©¯©¯ÿ�¬®²£ÑN¤F¸Ð©Â¤#¦ñ¢Â¬®±#² z = x/ξ±#¸D¢Â§~¨¶Ã>±�ÃP¨2²�¢Â¡~Ã ±#¸5½~¤#©¯¢�±�²

a
¤#²~ªH¦Y¤�²�Ôn¨�¨��º½~©¯¨]�¯¨]ª�¬¼²^¥,� Ô�ÿn³

Pqq(z) =
4

3

[
1 + z2

(1− z)

]
,

Pqg(z) =
1

2

[
z2 + (1− z)2

]
,

Pgq(z) =
4

3

[
1 + (1− z)2

z

]
,
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Pgg(z) = 6

[
z

(1− z) +
1− z
z

+ z(1− z)
]
.
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µ
ØÚ¢Â§£¨�Ã>¨Y¤#¯¡~©�¨2ÃP¨2²q¢�±#¸$¢�§~¨�Ã[6G¼ºW¤�¢�¤

½�¤#©°¢Â¬®¦2¡~»ö¤�©��¦Y¤�»®¨
µ0
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¢Â§~¨NÃ>¨Y¤#¯¡~©�¨2ÃP¨2²�¢ ¬¼�Ñ�¬ õ ¨]²X¬®² Õ5¬¼Ñ�¡~©¯¨R�º´ � Ø8ÙJ§~¨]©¯¨>¢�§~¨N½�¤#©°¢Â±�²Xª~¨2²~�¬Í¢ ÿ�¸Ð¡~²~¦ñ¢Â¬®±#²~�±#¸ õ ¤Eð»®¨2²~¦]¨W¤�²~ª �¨2¨�óq¡�¤#©�ÀqN¤#ûÙÚ¨2»®»Ú¤#�Ñ�»¼¡~±�²~F¤#©�¨P�§~±�ÙJ²8´ ï §~¨�ª£±�ÃP¬¼²�¤#²~¦2¨�±#¸þ¢�§~¨ õ ¤#»¼¨]²~¦2¨óq¡�¤#©�ÀqÚ¤�¢:§~¬®Ñ�§£¨]©

x
¬¼:¯¨]¨2²8Ø�ÙJ§£¨]©�¨]¤#v¤Á¢U»¼±�Ù

x
¢�§~¨Å½~©�±�Ô~¤#Ô~¬®»¼¬¼¢ ÿû¢Â±Z-�²~ªP¤ûÑ#»®¡~±�²>¬®²£¦]©�¨]¤#�¨2

ª~¡~¨F¢�±P¢�§~¨��±�¸Ü¢$Ñ�»¼¡~±�²�©�¤#ª~¬®¤�¢Â¬¼±�²W¸Ð©�±�Ãôóq¡�¤#©¯À��Ôi¨ñ¸Ð±�©�¨û¢Â§~¨ ¬®²�¢Â¨2©Â¤#¦ñ¢Â¬®±#²�ÙJ¬¼¢�§�¢Â§£¨ õ ¬®©°¢Â¡�¤#»½~§~±#¢�±�²8´
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ï §~¨�¯¡~Ô?»¯¨2¦2¢þ±#¸k¢Â§~¨Å½~©�¨2�¨2²q¢Ú¢Â§~¨2�¬®U¬®U¤ ¦¥§�¤�©�Ã óq¡�¤#©�ÀN½�¤�¬®©�½~©�±�ª~¡~¦ñ¢Â¬¼±�²P°¢Â¡~ªºÿ�´ ï §~¨2©�¨2¸Ð±#©�¨
¬®²á¢Â§£¬®c¯¨]¦2¢�¬®±�²P¤�ª~¨]¯¦]©¯¬®½£¢�¬®±�²á±#¸n¢Â§£¨J¢�§~¨]±#©�¨2¢�¬®¦]¤#»~½~©¯¨]ª~¬¼¦2¢Â¬¼±�²á±#¸i§~¨Y¤ õ ÿ�¸s¤ õ ±�¡~©�½~©�±�ª~¡~¦ñ¢Â¬¼±�²¬®:Ñ�¬ õ ¨]²8´ Û ²>¢Â§~¨ � Åq2�§~¨]¤ õ ÿ>óq¡�¤#©¯ÀP½£©�±�ª~¡~¦2¢�¬®±�²>¦Y¤�²~²~±#¢ÚÔi¨�¨Y¤#¯¬®»¼ÿ�¨��º½~»ö¤�¬®²~¨2ª8´ ï §~¨$ÃP¤#¯
±#¸c¢�§~¨ ¬¼²~¦]±#ÃP¬¼²~ÑN½~©�±#¢�±�²H¬®Å»®±�ÙÚ¨2©Å¢�§�¤#²�¤PÃP¤#�Å±#¸c¨]¤#¦¥§�§~¨]¤ õ ÿHóq¡�¤#©¯ÀÈÇ\�

mc ≈ 1.45
 �¨ Ì

É ² ��$ W (*)�����1k�"��H�¡P����=�� W µI=��"��6;7Ê�"���z(� "��7��KH;������H})������/& C  /:�µI=�����6�:��� ;H;=�(0���! "���K7Ê�� ��>:P /7�7��Z¡�$!�e���¦D£�Ë�Ì�H;=����� ��Z��7R$!�"��,/�>1��"7�7
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¤#²~ª
mb ≈ 4.45

 ¶¨ Ì � ¤�²~ª ¢�§~¨H§~¨Y¤ õ ÿ ó�¡~¤#©�Àq�±#² ¢Â§£¨]¬®©NÃP¤#�N¯§~¨]»¼»Å¦]¤#²
¢Â§q¡~�²£±#¢>Ôi¨¦]±�²£¯¢Â¬Í¢Â¡~¨2²�¢ÂÅ±#¸3¢�§~¨¶½~©�±�¢Â±�²8´

γ

p

e
c

c

¨ opA 9 ì«= rA@ � B�Ï � W ��1N�"� H��!�","�*��1À �E´(*)��"��1ÐµI=��"��6t:+���!�Y:��� ;H;=+(S���! "� �!�	��)��eÑ�ÒJÓt:��� ³(���7�7�&

ï §~¨�ª£±�ÃP¬¼²�¤#²�¢:¦]±�²�¢�©�¬®Ô£¡£¢Â¬¼±�²>¢�±
ep
§~¨Y¤ õ ÿPó�¡~¤#©�ÀN½�¤#¬¼©�½~©�±�ª~¡~¦ñ¢Â¬®±#²�¤�¢JùûúsüOý�¦]±�Ã>¨]:¸Ð©�±�Ã¢Â§~¨>Ôn±��±�²�ð Ñ�»¼¡~±�²X¸Ð¡~�¬¼±�²è����´:¼ � ½~©¯±º¦2¨]�2Ø3ÙJ§~¬¼¦¥§ ¬®¶¯§~±�ÙJ² ¬®²'Õ5¬®Ñ#¡~©�¨��º´ÉÇº´WÕ�±�©¶»¼±EÙ

Q2
Ø

ÙJ§~¨]©¯¨�¢Â§~¨£�`´:¼�½~©�±�¦]¨2�J¬®:¢Â§~¨�»¼±EÙU¨]°¢J±�©�ª£¨]©v§~¨]¤ õ ÿ�ó�¡~¤#©�ÀP½~©�±�ª~¡~¦ñ¢Â¬®±#²�½~©�±�¦]¨2�2Ø~¢Â§~¨ γ∗g�¦]¤�¢�¢�¨]©�¬¼²~Ñ�¦]¤#²�½~©¯±ºª£¡~¦]¨F¤�óq¡�¤#©�À\½�¤�¬®©
qq̄

�Ðó�¡~¤#©�ÀH¤#²~ª�¤#²�¢Â¬®óq¡�¤�©�À � ØsÙJ§~¨]²�¢�§~¨F¦2¨]²�¢Â¨2©°ð|±#¸öðÃ�¤��þ¨]²£¨]©�Ñ�ÿW±#¸b¢Â§~¨
γ∗g

¯ÿ�¯¢�¨]Ã_¬¼vÃP±#©�¨�¢�§�¤#²W¢Â§~¨�¯óq¡�¤#©�¨2ª�ÃP¤#¯þ±#¸b¢Â§~¨
qq̄
½~¤#¬®©2´ ï §q¡~]Ø

¢Â§~¨�§~¨Y¤ õ ÿPó�¡~¤#©�ÀN½~©¯±ºª~¡£¦2¢Â¬¼±�²>ÃP¨]¤#�¡~©¯¨]Ã>¨]²�¢v¦]¤#²�Ôn¨�¡£�¨]ªP¢Â±F°¢Â¡~ªºÿ>¢�§~¨�Ñ#»®¡~±�²>ª~¨2²~�¬Í¢ ÿP¬¼²¢Â§~¨û½~©¯±#¢Â±�²k´ Û ²\¢Â§£¨û©¯¨]Ñ�¬¼±�²\±#¸
Q2 � (2mc,b)

2
Ø~¢�§~¨¶Ñ�»®¡~±#²H¯½~»®¬Í¢�¢�¬®²~Ñá¬¼²q¢�±>¤ õ ¬¼©¯¢Â¡~¤#»Oóq¡�¤#©�À½�¤#¬¼©v¬®þ©¯¨]�±#» õ ¨2ª\Ôqÿ�¢Â§~¨¶¨��º¦¥§�¤�²~Ñ�¨]ª�½~§~±#¢�±�²H¤#²~ª\¦Y¤�²HÔn¨�¦]±#²~�¬¼ª~¨]©¯¨]ª\¢Â±N±º¦2¦]¡~©þ¬¼²~�¬¼ª~¨�¢�§~¨

½~©�±�¢Â±�²8´ ï §~¨ � Å�2&¦Y¤#²á¢Â§£¨]©�¨ñ¸Ð±�©�¨JÔn¨J¡~�¨2ª>¸Ð±�©c¢�§~¨J§~¨Y¤ õ ÿáóq¡�¤#©¯À�½~©¯±ºª~¡£¦2¢Â¬¼±�²Nª~¨]¯¦]©¯¬®½£¢�¬®±�²8´
ï §~¨û§~¨Y¤ õ ÿ\óq¡�¤#©�À�½�¤#¬®©þ½£©�±�ª~¡~¦2¢�¬®±�²W¦2©�±�¯�¯¨]¦ñ¢Â¬®±#²H¬¼²1��´:¼�¦Y¤#²HÔi¨¶¦]¤#»®¦2¡~»ö¤�¢�¨]ªH¤# � Æ�ÆI� ³

σBGF =
πe2

qαemαs

ŝ

(
(2 + 2ω − ω2) ln

1 + ξ

1− ξ − 2ξ(1 + ξ)
)
,

� ��´��ºÆ �
ÙJ§~¨]©¯¨

eq
¬®�¢�§~¨\¨]»¼¨]¦2¢�©�±�ÃP¤#Ñ�²£¨2¢Â¬¼¦W¦¥§�¤#©¯Ñ�¨\±#¸�¤�§~¨]¤ õ ÿ óq¡�¤#©¯À q ½~©�±�ª~¡~¦2¨]ª ¬®² ¢Â§~¨\§�¤�©�ª½~©�±�¦]¨2�2Ø
ŝ
ª~¨2²~±#¢Â¨2Ú¢Â§£¨��óq¡�¤�©�¨]ªW¦2¨]²�¢Â¨2©°ð|±#¸öð ÃP¤#�U¨]²~¨2©�Ñ#ÿ>±#¸k¢Â§~¨

γ∗g
°ÿº°¢Â¨2Ã ¤#²£ª

ω
Ø
ξ
¤�©�¨

ª~¨�-~²~¨]ª�Ôqÿn³
ω =

4m2
q

ŝ
, ξ =

√
1− ω. �©�º´��½� �

Õ�©�±�Ãº�;óq¡�¤�¢�¬®±�²M�º´V�ºÆU±#²~¨U¦]¤#²F¯¨]¨:¢Â§�¤�¢D¦¥§�¤�©�Ã-óq¡�¤#©¯Àû½~¤#¬®©b½~©¯±ºª~¡£¦2¢Â¬¼±�²¶¬®DÃP±#©�¨;¸p¤ õ ±�¡~©�¤#Ô~»¼¨¢Â§�¤�²�Ôn¨Y¤#¡£¢ ÿ>½�¤�¬®©�½~©�±�ª~¡~¦ñ¢Â¬¼±�²Pª£¡~¨�¢�± ¢Â§£¨�ª~¬��k¨2©�¨2²q¢U¦¥§�¤#©¯Ñ�¨$¤�²~ª�ÃP¤#�:±#¸
c
¤#²£ª

b
óq¡�¤#©¯Àq]´

ÔNÕ*ÖNÕ�× w&y }ÈØYÙs{ �eÚ��ÜÛÝØYÞ��:� �zØO�àß�}~��Ù4ØYÞ�ÞJØYÞ
Û ²�¢Â§~¨�¥,�ø½~¬¼¦2¢Â¡£©�¨á¡~¯¨]ª ¨#´ Ñ~´û¸Ð±#©£!$#
½£©�¨]ª£¬®¦2¢�¬®±�²£]Øk¢�§~¨á¨��º¦¥§�¤#²£Ñ�¨]ª ½~§~±#¢�±�²�¦Y¤�²h¸~¡~¦2¢�¡ºð
¤�¢Â¨¶¬¼²q¢�±N¤>§~¤#ª~©�±#²~¬®¦$°¢¥¤�¢�¨�ÙJ¬¼¢Â§\¯¬®Ñ�²~¬�-�¦Y¤�²q¢J½£©�±�Ô�¤�Ô~¬®»¼¬¼¢ ÿ>ª~¡~¨¶¢Â±á¢Â§£¨�»®±�²~ÑN»¼¬¼¸Ð¨2¢�¬®Ã>¨�±�¸3¢�§~¨
½~§~±#¢�±�²8´�«�¨]½n¨]²~ª£¬®²~ÑX±�² ¢Â§£¨W©�¨]»®¤�¢Â¬ õ ¨>¢Â©Â¤�²~ õ ¨]©�¯¨�Ã>±�Ã>¨]²�¢¥¤�±#©�Ã�¤���±#¸Å¢Â§£¨W½~©�±�ª~¡~¦2¨]ªóq¡�¤#©�ÀP½�¤#¬¼©]Ø£¬Í¢v¦]¤#²W½~©�±�ª~¡~¦2¨�¨]¬Í¢Â§~¨2©þ¤ õ ¨2¦2¢Â±#©þÃP¨2�±�²��ÐÔi±�¡£²~ª\ó�¡~¤#©�ÀP½�¤#¬®©U¯¢Â¤�¢Â¨ � ±�©þ¤�½n¨]©�ð¢Â¡~©¯Ô�¤�¢�¬ õ ¨2»¼ÿ�¦Y¤#»¼¦]¡~»®¤#Ô~»¼¨ °¢¥¤�¢�¨#´ ï ±Wª~¬¼¯¢�¬®²~Ñ�¡£¬®�§�Ôi¨ñ¢ ÙÚ¨2¨]²X¢Â§~¨�§~¤#©�ªX�¦]¤�¢�¢�¨]©¯¬®²~Ñ�½£©�±�¦]¨]¯�¨2]Ø
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e

p

γ

g

p

γ
q

q

p

γ

p

γ

q

p

γ q

q
q

p

γ
xγ

¨ o�A 9 ìm= rA@ ± BNÏ � W ��1�����H;�K��,"�*��1�7L �EÊáL½w���578 /$Zn/��Ht:�)� ��� "� :��� ;(���7�78�57�&

ÙJ§~¨]©¯¨>¢�§~¨>½~§~±#¢�±�²X¦]±�¡~½£»®¨]¶¢Â±H¤\½�¤#©°¢Â±�²Xª~¬¼©�¨]¦ñ¢Â»Íÿ�¬®²(��´:¼�¤#²~ª ±#¢�§~¨]©¶½~©¯±º¦2¨]�¯¨]2Ø3ÙJ§~¨2©�¨
¢Â§~¨ ½~§~±#¢�±�²�¯§~±�ÙJ$¬¼¢�J§�¤#ª~©¯±�²~¬®¦û²�¤�¢�¡~©�¨�Øn¢�§~¨

direct photon
¤#²~ª

resolved photon
ª~¨�-ºð

²~¬¼¢�¬®±�²£U¤�©�¨�¬¼²�¢Â©�±�ª~¡~¦2¨]ªP©�¨]¯½i¨2¦2¢�¬ õ ¨2»¼ÿ#´ Û ²WÕ5¬®Ñ#¡~©�¨5�º´ Ê ¨��£¤#Ã>½~»¼¨]:±#¸O©�¨2�±�» õ ¨2ª�½~©�±�¦]¨2�¯¨]þ¤#©¯¨Ñ�¬ õ ¨]²8´ ï §~¨N¢Â±�½ ª~¬ö¤�Ñ�©Â¤#Ã>�¬®² Õ5¬¼Ñ�¡~©¯¨��º´ÉÊ\¦Y¤�²'Ôn¨P©¯¨2¸Ð¨2©�©�¨2ª'¢�±�¤#
excitation

½~©¯±º¦2¨]�¯¨]2Ø
ÙJ§~¨]©¯¨\§~¨Y¤ õ ÿ óq¡�¤#©¯À�N¤�©�¨W¦]±#²~¯¢�¬¼¢Â¡£¨]²�¢Âá±#¸J¢�§~¨W©�¨2�±�» õ ¨]ª ½~§~±�¢Â±�²8ØcÙJ§£¨]©�¨]¤#á¢Â§~¨WÔn±#¢¯¢Â±�Ãª~¬ö¤�Ñ�©Â¤#Ã>þ©�¨2½~©�¨2�¨2²q¢

hadron
ð
like

½~©¯±º¦2¨]¯�¨]2ØiÙJ§~¨2©�¨û§~¨Y¤ õ ÿ�ó�¡~¤#©�Àq$¤�©�¨¶½~©�±�ª~¡~¦2¨]ª�¨2¬¼¢�§~¨]©¬®²�Ñ�»®¡~±#²ºð Ñ�»¼¡~±�²W¸Ð¡~¯¬®±�²�±�©�»¼¬®Ñ�§�¢Åóq¡�¤#©�À\¬¼²q¢�¨]©�¤#¦2¢�¬®±�²~2´ ï §~¨�¬®²�¢�¨]©�½£©�¨2¢Â¤�¢Â¬¼±�²�¤�²~ª�¢�¨]©�Ã>¬®²£±�»Íð
±�Ñ#ÿF±#¸�¢Â§~¨2�¨J½~©¯±º¦2¨]�¯¨]:¤#©¯¨þ¯¢Â©¯±�²~Ñ�»ÍÿF¦2±�²~²~¨2¦2¢�¨]ªNÙJ¬¼¢Â§�¢�¨]¦¥§~²£¬®¦Y¤�»~¬®Ã>½~»®¨2ÃP¨2²�¢¥¤�¢�¬®±�² ¤#²~ª�¢�§~¨
½i¨2©¯¢�¡~©�Ô�¤Á¢Â¬ õ ¨¶±�©�ª~¨2©J±#¸5¢�§~¨¶ÃP±�ª~¨]»¼J¤#²~ªH¦Y¤#»¼¦]¡~»®¤�¢Â¬¼±�²~2´;µ °¢Â©¯¬®¦2¢Å¯¨]½�¤#©�¤�¢Â¬¼±�²\±#¸D¢Â§~¨ûª~¬®©¯¨]¦ñ¢
¤#²~ªH©�¨2�±�» õ ¨]ªH½~§~±�¢Â±�²H½~©�±�¦]¨2�¯¨]Å¬®þ½n±��¯¬®Ô~»¼¨�±�²~»¼ÿ�¤�¢"¥,�U´
ï §~¨>ª~¨]¯¦]©�¬¼½£¢Â¬¼±�²X±#¸:¢Â§~¨N©�¨2�±�» õ ¨2ª'½~§£±#¢Â±�²X¬¼²X¢�¨]©¯ÃP�±#¸U¢Â§~¨á½£§~±#¢Â±#²'°¢Â©�¡£¦2¢Â¡£©�¨N¸Ð¡~²~¦2¢�¬®±�²£¤#²~ªH¢Â§~¨¶¸p¤#¦2¢�±�©�¬¼Â¤�¢�¬®±�²W¯¦Y¤#»¼¨

µγ
¬¼Å½£©�± õ ¬®ª~¨2ª�¬®²�¤N�¬®Ã>¬®»®¤#©UÙÚ¤Yÿ�¤#�¬¼²\¦Y¤#¯¨F±#¸3¢Â§~¨û½~©�±�¢Â±�²8´µ�:¬¼¢�¦]¤#²PÔn¨J�¨2¨]²�¢�§~¨Jª~¬®¯¦]¡~¯�¨]ª�©�¨]¯±�» õ ¨]ªP½~§~±#¢�±�²P½£©�±�¦]¨]¯�¨2v¤#©¯¨Å¯¨]²~¯¬¼¢�¬ õ ¨J¢Â±�¢�§~¨�½~¤#©¯¢�±�²ª~¨]²£�¬¼¢ ÿ\¬¼²WÔi±�¢Â§\¢Â§~¨¶½~©¯±#¢Â±�²H¤#²£ª�½~§£±#¢Â±�²k´

Û ²W¦Y¤#¯¨$±#¸O¢�§~¨�½~©¯¨]¯¨]²~¦2¨û±�¸bÔi±#¢�§�¢Â§£¨�©�¨2�±�» õ ¨2ª\¤#²~ªWª~¬¼©�¨]¦ñ¢v¦2±�ÃP½n±�²~¨2²�¢ÂU¢�§~¨$§~¨]¤ õ ÿ�óq¡�¤#©�À½~©�±�ª~¡~¦ñ¢Â¬¼±�²á¦]©¯±��;¯¨]¦2¢�¬®±�²N¦]¤#²áÔi¨þ¯¨]¦ñ¢Â¬®±#²~¨]ªNÔ�ÿF¢�§~¨v¸p¤#¦2¢�±�©�¬¼Â¤�¢�¬®±�²�¤#½~½~©¯±�¤#¦¥§á¬®²�¢�±$¢Â§~¨þ½n¨]©�ð
¢Â¡~©¯Ô�¤�¢�¬ õ ¨J¦]¤#»®¦2¡~»ö¤#Ô£»®¨þ½�¤#©°¢YØ�ÙJ§~¬¼¦¥§�ª~¨2�¦2©�¬®Ôn¨]�¢Â§£¨Å§~¤#©�ª>½�¤#©°¢Â±�²>¦]©¯±��:�¨2¦2¢Â¬¼±�² σ̂ij(ŝ, mq, µ)±#¸
i
¤#²~ª

j
ó�¡~¤#©�Àq]Ø�¢ ÙÚ± ²~±�²ºð|½i¨2©¯¢�¡~©�Ô�¤Á¢Â¬ õ ¨�¦]¤#»®¦2¡~»ö¤�Ô~»®¨5Ã[67¼�Ú±#¸8¢�§~¨Å½~§~±#¢�±�²^�

fj/γ(xj, µ
2) �¤#²~ªN½~©¯±#¢Â±�²]�

fi/p(xi, µ
2) � ¤#²~ªá¢�§~¨J½~§~±#¢�±�²�¸�¡��

fγ/e(y, µ
2)
±�Ô£¢Â¤#¬®²£¨]ªá¡~¯¬®²~Ñ�¢Â§£¨[L&¬®»®»¼¬ö¤#Ã>

L�¨2¬®Î2ÂÖ#¦¥À�¨]©�¤#½~½~©¯±	�º¬¼Ã�¤�¢�¬®±�²��ãâåä�ý �	� Æ�È��D¤#²~ª\¦Y¤#²HÔn¨û¨ õ ¤#»®¡�¤Á¢Â¨]ª\Ô�ÿn³

σPHP =
∑

partons

∫
dy

∫
dxj

∫
dxifγ/e(y, µ

2)fj/γ(xj, µ
2)fi/p(xi, µ

2)σ̂ij(ŝ, mq, µ).

� ��´��½� �
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ÔNÕ*ÖNÕ�Ô æ ����}~�zÚ�y�Þ��c{ºy°�zÚL�zç æ ØO�b�NèêéÀë��;}£��Þ
«�¡~¨H¢Â±'¢�§~¨�¦2±�²Ú-�²£¨]Ã>¨]²�¢�¬¼² � #*6:ØÚ¢�§~¨�±#¡£¢ÂÑ�±#¬®²~ÑX¦]±#»®±�¡~©¯¨]ª ½�¤#©¯¢�±�²~P½~©�±�ª~¡~¦2¨]ª÷¬¼² ¢�§~¨
§�¤#©¯ª�¬®²�¢Â¨2©Â¤#¦ñ¢Â¬®±#²�§�¤ õ ¨�¢�±�¸Ð±�©�Ãô¦2±�»®±�¡£©�»®¨2�$±#Ô?»¯¨]¦ñ¢Â�»®¬¼À#¨ ÃP¨2�±�²~�±�©�Ô�¤�©¯ÿ�±#²~]´ ï §~¬¼$½~©�±Áð
¦]¨2�J¬®U¦Y¤#»¼»®¨]ª

hadronisation
´:×�¨2¢�§~±�ª~J¤#þ¤#½£½~»®¬¼¨]ª�¬¼²]!$#�ÃP±�ª~¨2»®Ú±#©Ú¨ õ ¨]²�¢ÅÑ�¨]²£¨]©Â¤Á¢Â±�©¯�p¯¨]¨F¹º¨]¦ñ¢Â¬®±#²X��´ Ë � Ø~¨��º½~»¼¬®¦2¬¼¢Â»Íÿ�¯¬®Ã�¡£»ö¤�¢�¨�¢Â§~¨�¢�©Â¤#²~¯¬¼¢�¬®±�²�¸Ð©¯±�Ã ½�¤�©¯¢Â±#²~þ¢Â±N±�Ô~¯¨]© õ ¤#Ô£»®¨"-�²�¤�»

¯¢Â¤�¢Â¨2]´ ï §£¨>§~¤#ª~©�±#²~¬®�¤�¢Â¬¼±�²�½~©¯±º¦2¨]¯û¬¼²�¢Â§~¨2�¨NÃ>±ºª~¨2»®�¦]±�²~¯¬®°¢Â�±#¸�¢ ÙU±H½~¤#©¯¢�]³�¤�½n¨]©°¢Â¡~©�ð
Ô�¤�¢�¬ õ ¨û¤#²£ª�¤N²~±�²�ð ½n¨]©¯¢�¡~©�Ô~¤�¢Â¬ õ ¨�¦]±#ÃP½n±�²~¨2²q¢]´
Û ² ¢�§~¨\½i¨2©¯¢Â¡£©�Ô�¤�¢�¬ õ ¨H°¢¥¤#Ñ#¨\¢�§~¨H©Â¤#ª~¬®¤�¢Â¬¼±�² ±#¸$¤#ª~ª~¬Í¢Â¬¼±�²�¤#»U½�¤#©¯¢�±�²~NÔn¨2¸Ð±�©¯¨$�Ð¬®²~¬Í¢Â¬®¤#»U°¢¥¤�¢�¨
©Â¤#ª£¬ö¤�¢�¬®±�² � ¤#²~ª ¤Á¸Ü¢Â¨]©Y��-�²�¤#»�¯¢Â¤�¢Â¨>©Â¤�ª~¬ö¤�¢�¬®±�² � ¢Â§~¨ª¥,�&§~¤#©�ª'�¦Y¤Á¢�¢Â¨2©�¬¼²~Ñ�¬¼¶¦Y¤#»¼¦]¡~»®¤�¢Â¨2ª ¬¼²
½ � #*6:´ Û ²�¢Â§£¨£-�²�¤�»3°¢¥¤#Ñ�¨û¢Â§~¨ ±�¡£¢�Ñ�±�¬®²£ÑP½�¤�©¯¢Â±#²�ÙJ¬¼¢�§�½n±��¬Í¢Â¬ õ ¨ õ ¬¼©¯¢Â¡~¤#»®¬Í¢ ÿ�¨]Ã>¬¼¢��Ñ#»®¡~±�²£�
parton cascade � ´ «�¡~¨�¢�±W�¡~¦¥§ Ã�¡~»Í¢Â¬Íð|½�¤#©°¢Â±�²�¨]Ã>¬®�¯¬®±�²�¬¼¢$¬¼$¦]±#ÃP½~»¼¬®¦]¤�¢Â¨2ª�¢Â±W½n¨]©°¸Ð±�©�Ã¢Â§~¨�¨%�£¤#¦2¢"!�ú\¦Y¤#»¼¦]¡~»®¤�¢Â¬¼±�²P±�¸3¯¡~¦¥§H§~¬®Ñ�§�ð ±�©¯ª~¨]©U½~©�±�¦]¨2��¨2J¬®²�½n¨]©°¢Â¡~©¯Ô�¤�¢Â¬ õ ¨ � #*6:´ ï §£¨]©�¨að
¸Ð±�©�¨�ØU¢�§~¨

parton shower
¤#½~½~©¯±�¤#¦¥§ �SÃ[� � ¬¼N¡~�¨2ª8´ ï §~¨�¦]±�²£¦]¨]½º¢�±#¸�¢Â§~¨H¤#½£½~©�±�¤�¦¥§ø¬®Ô�¤#¯¨]ªX±�²�¢Â§£¨�¡~�¨á±�¸:¤#²X¤#©�Ô£¬¼¢Â©�¤#©¯ÿH²q¡~Ã�Ôn¨]©�±#¸�Ô~©Â¤�²~¦¥§~¬®²£Ñ��±#¸�±�²~¨F½�¤#©¯¢�±�²�¬®²�¢�±�¢ ÙÚ±W»¼¬®À�¨

q→qg Ø q→qγ ¤#²~ª g→qq̄ ¡~½�¢�±F¢Â§£¨$¦]¡£¢°ð ±½���¦]¤#»®¨
Q2

0

±#¸�Æû �¨ Ì 2
��'\´:��ýGÅ�¤#½~½~©¯±�¤#¦¥§ � ´;µÔ~©Â¤�²~¦¥§~¬®²£Ñ�±�Ôi¨ñÿ��¢�§~¨v»¼¨Y¤#ª~¬¼²~Ñ$±�©¯ª~¨]©5�½~»¼¬¼¢�¢�¬®²~ÑÅ¸Ð¡~²~¦ñ¢Â¬®±#²~
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¬¼
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¬¼ûÈ£´¼Æ�Ë½� � �
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f(b̄ → c̄W+(cs̄) → D∗+)
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b
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b
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ξ = 0.1259± 0.0042 � ��Ç��ò´
Û ²�¢Â§£¬®û¤#²�¤#»Íÿ��¬®�¢�§~¨

D∗+ → D0(→ K−π+)π+
s

ª~¨2¦Y¤Yÿ ¦¥§�¤#¬®²	��¬®¶¦]±#²~�¬¼ª~¨]©¯¨]ª�¢�±�©¯¨]¦]±#²ºð
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D0 õ ¬ö¤á¢Â§£¨F¯¢�©�±�²£Ñ�¬®²�¢�¨]©Â¤�¦2¢Â¬¼±�²8´ ï §~¨ D0 → K−π+
ª£¨]¦Y¤Yÿ�±º¦2¦]¡~©¯

¢Â§~©¯±�¡~Ñ�§X¢Â§£¨>ÙU¨Y¤#À�¬¼²�¢Â¨]©�¤#¦2¢�¬®±�²k´P¾U©Â¤#²~¦¥§£¬®²~ÑH©Â¤�¢�¬®±��±�¸
D0

¤#²~ª
D∗

ª~¨]¦]¤�ÿ�F¤#�ÙÚ¨2»®»�¤# ¤
¦]±�ÃFÔ~¬®²~¨2ª�Ô~©�¤#²~¦¥§~¬¼²~ÑH©Â¤�¢�¬®±� � �½���U¤�¢ ¦¥§�¤#©¯ÃR¤#²~ª�Ôn¨Y¤�¡£¢ ÿXóq¡�¤#©�ÀX»¼¨ õ ¨2»® ¤#©�¨>�¡£ÃPÃP¤#©�¬¼�¨2ªÔi¨2»®±�Ù¶´

Br(D0 → K−π+) = (3.80± 0.07)%
´

Br(D∗+ → D0π+
s ) = (67.7± 0.5)%

´
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Br(D∗+ → D0(K−π+)π+
s ) = (2.57± 0.06)%

´
Br(c→ D∗+ → D0(K−π+)π+

s ) = 0.6%
´

Br(b→ D∗+ → D0(K−π+)π+
s ) = 0.44%

´
Br(b̄→ D∗+ → D0(K−π+)π+

s ) = 0.07%
´
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b → c → µ
±�©
b → τ → µ � ´á¾Ú©�¤#²~¦¥§~¬¼²~ÑH©Â¤�¢�¬®±�$±�¸ª~¬®©¯¨]¦ñ¢�¤�²~ª\¦Y¤#¯¦Y¤#ª~¨ûÃ�¡~±#²H½£©�±�ª~¡~¦2¢�¬®±�²H¤#©¯¨�Ñ�¬ õ ¨]²HÔi¨2»®±�Ù¶´

Br(c→ µ) = (9.8± 0.5)%
´

Br(b→ µ) = (10.95+0.29
−0.25)%

´
Br(b→ cascade→ µ) = (10.03± 0.64)%

³
Br(b→ c→ µ) = (8.0± 0.4)%

Ø
Br(b→ c̄→ µ) = (1.6+0.4

−0.5)%
Ø

Br(b→ τ → µ) = (0.43± 0.05)%
´

ï §~¨�½£©�±�Ô�¤�Ô~¬®»¼¬¼¢ ÿ ±�¸$§�¤ õ ¬®²~Ñ�¤ D∗ ð Ã�¡£±�² ½~¤#¬®©N¬®²
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iYf>T	��_>����X[_o�ef>i ��_m\rV�t[Z*�y_bir_bT[am_b\�f>ir_¨\ _m_bTRj�d�i��*d�l

zD
∗ kzf>�eu	_b\b¥yqx_mt[Zeu	q

pD
∗

T

f>T	tWZeT�V X[_
j�d�irl�f>irtWi _b�>Zed�TÙ�

ηD
∗ < ¿��c¥yl�X[Zea�XRabd>i i _m\ s�d�T[t[\6V d�VYX[_os	i d>V d�T¢t[Z*i _bacVYZ*d�T�����X[Ze\�awf>TWg�_

\ _m_bT¢Z*T¢ê?Z*��u[i _ À �*� ¶ ¥~l�X	_bi _^VYX[_öt[Z*�y_bir_bT�VYZef>�@abird�\ \�\ _mamV Zed�T[\�ZeT�g[ZeT	\�d>j
ηD
∗ j�d�i�t[Z*�y_bir_bT�V

pD
∗

T

i _m��Zed>T[\6f>ir_B��Z�k�_mT��6��X[_xÞ9Ý9ß�Ü1Ü§Z*\�am�ed�\r_öVYd�Û^Ü1Ý ZeT�V X[_¨�*d�l
pD
∗

T

t[u[_BV d�ZeT	X[_birZ*VY_mt
s[i d>sy_mirVYZ*_b\�j�i d>qNÛ^Ü1ÝH¥pg[u`V�Ze\�g�_b�ed�l;VYX[_¨Û^Ü1Ý�s[i _mt[ZeacVYZ*d�T�fzV�X[Ze�>X

pD
∗

T

�

SUT V X[_>=@? »�i _b�>Zed�T�¥#VYX[_hqv_wf>\ru[i _mqx_mT�Vðd>j�VYX[_�a�Xpf>irq abd�T�V i Zeg	u	VYZ*d�T
F cc̄

2 (x,Q2)
V d�V X[_

s[i dzVYd�T¡\rVYiru[amV u[i _vj�u[T[acVYZed>T
F2(x,Q2)

Ze\�sy_mirj�d�irqx_mt¡Z*T�V X[_xf>Tpf>���`\rZe\vã À ÁzäIg��RVYX[_h¹�|~ºÏ»
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F cc̄2 (x,Q2
P�S
F2(x,Q2)N þ û������QPT��
mþ	��ûÂü>ýrþ ý���� Q2

���)�F��34��U��ÿû�
��:
��
x
�2� ��ýV!$#�% ' þÿý���û�U(� û�
����)�cþ ý9û�����û�U��6�ÿý��0�&-����©ý*��
��Æû��0�Æû���ý����

_�W`s�_bi Z*qx_mT�Vw�'��X[_�s[i d1t[u[acVYZed>Tðd>j
D∗

qx_m\ d�T	\#l�f>\�f>T[f>�*�1\ _mt�ZeT�VYX	Ze\�qv_wfz\ u[ir_bqv_bT�V�Z*TxV X[_
¤4ZeT[_mqðfzV Zea-ir_b��Z*d�T¡�>� ¸ ¼ Q2 ¼ ��¿�¿>¿x½-_�¾ 2 ¥y¿`�Æ¿ À§¼ y ¼ ¿`� Ç`¥/��� ¸ ¼ pD

∗
T

¼ � ¸ ½-_�¾�f>T[t
|ηD∗| ¼ ��� ¸ u[\rZeT[�Bf>TxZ*T�VY_b�>iYfzV _btð�*u[qvZeT[d�\rZ*VU�Bd>j ¶ �>�ÆÁ�s[g −1 �9��X	_^Û^Ü1ÝÚåBæ@çWawf>�*abu[�efzVYZ*d�T[\
��d�g`V�f>Z*T[_bt§g��§u[\rZeT[�oV X[_B{EX/í?çG? »öspfza�¤zfz��_�ã À �bä �Il�_mi _�j�d�u[T[t�V dvg�_-ZeT§ir_wf>\rd�Tpf>g	�e_�f>��ir_b_é�
qx_mT�VÏl�Z�VYXöV X[_#qx_bf>\ u[ir_bt¨t	Z*�y_bi _mT�VYZÈfz��abi d>\ \?\r_bacVYZed>T[\?Z*Tög[Z*T[\�d>j

Q2 f>T[t
x
�?��X[_H_�W1VYi f>amV _bt

F cc̄
2 (x,Q2)

lH_bi _oamd�qvspf>i _mt¢l�Z*V X�VYX[_vÛ^Ü1Ýàs[i _mt[ZeacVYZed>T[\b�6��X	Ze\6Z*\�\ X	d�l�TRZ*TWê?Ze�>u[i _ À ����Á
���*_mj Vé�é����X[_öqx_bf>\ u	i _bqv_bT�V \�irZe\ _-l�Z�VYX�Z*T[abir_wf>\rZeT[�

Q2 �´��X[_^i Z*\ _^gy_mabd�qv_b\�\rV _b_bs�_bi�fzV��ed�l
x
�'��X[Ze\HZe\#i _m�ÈfzV _btxV döV X[_��>�eu[d�Txt[_bT	\ Z*VU�vZ*TxVYX	_�s[ird>VYd�Txgy_mawf>u	\ _�V X[_�\rawf>�*ZeT[��k1Zed��efzVYZ*d�T�d>j
F2(x,Q2)

Ze\�s[ird�syd>irVYZ*d�Tpf>�~VYdoV X[_-���eu	d�T§t[_bT	\ Z*VU�>�I��X[_�qx_bf>\ u[ir_bqv_bT�VY\�ir_mk>_wf>��V X[_�a�Xpf>i q
abd�T�V i Zeg	u	VYZ*d�T

F cc̄
2 (x,Q2)

V doVYX[_�s[ird>VYd�Th\�VYi u	amVYu	i _-j�u[T[acVYZed>ThV dxg�_-ZeT�foiYfzT[��_-j�i d�q ��¿ZY
VYdv��¿�Y l�Z�VYXhZeT[ami _bf>\ Z*T[�

x
��\r_b_öê?Ze�>u[i _ À �*��ÁoirZe��X�Vé�é�

[ T[dzVYX[_mi�ZeT�V _bi _m\rV ZeT[�^qx_bf>\ u	i _bqv_bT�V�ãÂ�>¿zä~l´f>\Ht[d�T[_�g���VYX[_�¹�|~ºÏ»6_�W	s�_birZeqv_bT�VHZeTvd�i t[_mi#V d
ZeT�k�_m\rV Ze��fzV _�V X[_�a�Xpfzi q abd�T�V _bT�V�d>j�V X[_�s	X[d>VYd>T�ZeTvVYX[_R\'ÝRs[ZeacVYu[ir_>�'SUTðV X[_�s	X[d>VYd>s[i d1t[u[aé�
VYZ*d�T�ir_b��Z*d�T f�\rZe��T[Z��pawfzT4V^j�iYfzamVYZ*d�Tè��ò�¿ZY��^dzj�_mk�_mT�VY\oabd>qx_m\Bj�i d�q V X[_ðir_b\ d>�*k�_mtÚs[X[d>V d�T
s[i d1ab_m\ \m�#��X	Ze\´qv_wf>\ru[i _mqx_mT�V´i _m£4u[Zeir_b\�V X[_6s[ir_b\ _mT[ab_�d>j@VUlHd0]r_mV \´ZeTvVYX[_��pTpf>�y\rV�f©VY_6fzT[thf
D∗

qv_b\rd�T¢fz\ \ d1abZefzVY_mt�l�Z�VYX�d>T[_ödzj9VYX[_mq�����X[_Bt[Z��=_mi _mT4V ZÈf>�@ami d�\r\�\r_bamV Zed�T�f>\�fvj�u[T[acVYZ*d�T
d>j
cosθ∗

l�f>\�qv_wf>\ru[i _mt�¥~l�X[_bir_
θ∗

Ze\�f>T�f>T[���*_^g�_mVUlH_b_mT¢VYX[_7]r_mV��^]r_mV�f�W`Z*\�f>T	t�VYX	_ög�_wf>q
t[Zeir_bacVYZed>ToZeT¨VYX	_�t[Z_]r_cVIi _b\�V'j�iYf>qv_>�Ï��X[_�kzf>i Zef>g[�e_

xγ
¥�l�X[Zea�X�Z*\9VYX[_´j�i f>amV Zed�Tod>j~V X[_�s[X[d>V d�T

qxd>qx_mT4V u[q abd�T�VYirZeg[u`VYZeT	�BVYd¨V X[_6s[ird`t[u	amVYZ*d�T�d>j/V X[_6VUl�d0]r_cVY\m¥pZe\�u	\ _bt§V doZet[_mT4V Z*j �xt[Zeir_bacV
f>T[t�i _m\ d���k�_bt�s[X[dzVYd�T�_mk>_bT�VY\m�
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NLO QCD
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cosθ*← γ direction p direction →

ª�«�¬�/®�¯�°�÷*°gf ù^úÏû·ü�ý�þÿý���� û����hUØþ.
��.�i� ý�U(� û�
����
dσ/dcosθ∗

U(
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��X[_�t[Z*�y_bir_bT�VYZef>�´abird�\ \�\r_bamV Zed�T	\vlH_bir_�qv_wf>\ru[i _mtÙj�d>ioi _b\rd��*k>_bt`��_bT[irZea�X[_mt �
xγ < 0.75

�
f>T[tÙt[Zeir_bacVr�U_mT[i Z*a�X[_bt¦�

xγ > 0.75
�B\ f>qxs	�e_b\oZ*T VYX[_h¤4ZeT[_mqðf©VYZeaðiYf>T[�>_

Q2 ¼ ��½-_�¾ 2 ¥
����¿ ¼ W ¼ À ¶ ¿B½-_�¾¨¥

pD
∗

T

< �ö½�_�¾B¥ |ηD∗| ¼ ��� ¸ ¥ Ejet
T

< ¸ ½�_�¾;f>T	t |ηjet| ¼ À �·ò^u[\ Z*T[�
f>T§ZeT�V _b��i fzVY_mt§�eu[qvZeT[d>\ Z*VU��dzjH� À ¿Bs[g −1 �'��X	_-abi d>\ \�\ _mamV Zed�T[\�fzi _6\r_bT[\rZ*VYZ�k�_6V d¨VYX[_6s	i d�spf��
��fzV d�i´d>j/VYX	_-Xpf>i t§\rawfzVrVY_mi ZeT	�vs	i d1ab_b\r\^��\r_b_^ê?Ze�>u[i _ À �ÆÅ��c¥	l�X[_mi _-Z*T�VYX[_-abf>\ _�d>j/VYX	_-���eu[d>T
s[i d>spf>��fzV d�i?V X[_�f>T[��u[�ef>i?t	Ze\rV i Z*g[u	VYZ*d�T¨Z*\'_�W`sy_mamV _btxV d6j�d��e�*d�l

dσ/dcosθ∗ ∼ (1−cosθ∗)−2 ¥
l�X[_bir_wf>\ÏZeT�VYX[_Hawf>\r_Hdzj[VYX[_#£4upf>ir¤-s[i d�s[f>��fzV d�i/Z*V�t[_bs�_bT	t[\?d�T

dσ/dcosθ∗ ∼ (1−cosθ∗)−1 �

SUT�ê?Ze��u	i _ À � À ¿vVYX[_oami d�\r\-\ _bacVYZ*d�T
dσ/dcosθ∗

Z*\6\ X	d�l�TWl�Z�VYXWs[ir_bt[Z*amVYZ*d�T[\�j�ird�qx\9Ý*y{z�»
|�æ \ Z*q¨u[�efzVYZ*d�T[\�j�d�i^i _m\ d���k�_mt`�U_mT[i Z*a�X[_bt � VYd�sp�^f>T	t�t[Z*i _bacVr��_bT[irZea�X[_mtè��g�d>VrVYd�qð��\Yf>qvs[�*_b\b�
[ \�Z*V�Z*\o_�W`s�_bamV _bt Z*TÚi _b�>Zed�TÚd>j��Èf>ir��_

xγ
d�T[�*��\ qxf>�e�#kzf>i ZefzVYZ*d�T�l�Z*V X

cosθ∗
Z*\o\ _m_bTàZ*T

VYX[_xqx_bf>\ u	i _bqv_bT�V \b����X[_�t[Z*\rVYirZeg[u`VYZed>T�\rX[d�l�\of�\rqðf>�*�If>\r�1qvqx_cVYi��Rqðf>Z*T[�*�¢t[u[_xV d�V X[_
ZeT~}[u[_bT[am_�d>j�f�\ qxf>�e�Iabd>T4V i Z*g[u	VYZ*d�T�dzj´VYX[_ði _b\rd��*k>_bt�s	X[d>VYd>T�s[i d1ab_m\ \m�¢SUT�VYX[_xi _m��Zed�T¡d>j
\ qxf>�e�

xγ
¥#V X[_hqx_bf>\ u[ir_bqv_bT�Vx\ X[d�l�\xf�\�VYi d>T[�Rgpf>a�¤�l´fzi tèf>\��1qxqv_mV ir�â� VYX[_hs[X[dzVYd�TÙt[Z��

i _mamVYZ*d�T~��t[u	_¨VYd§VYX[_�t[d>qxZ*Tpf>T�V6s[ird`am_b\r\^l�Z�VYX¢VYX	_v�>�eu[d�TWs	i d�spfz��fzVYd>ib�B��X4u[\-V X[_�a�Xpf>i q
abd�T�V _bT�V´d>j=VYX[_�s[X[d>V d�Tðabf>Tðg�_�qx_bf>\ u[ir_bt��'��X	_R|�æ�s	i _bt	ZeamV Zed�T	\#\rX[d�l ZeTvs[i Z*T[abZ*s[�e_���d1d1t
f>��ir_b_bqv_bT�Vvl�Z*V XÙV X[_htpfzV�f`¥´f>��VYX[d�u	��XÚ\ d�qv_ht[Z*�y_bir_bT[am_b\ðZ*T VYX[_��ed�l

xγ
i _m��Zed�T j�d�ioV X[_

i _m\ d���k�_bt1�U_bT	i Zea�X	_bt�\ f>qvs[�e_-ir_bqxf>ZeT[\m�

��X[_�Û^Ü1Ý�s[ir_bt[Z*amVYZ*d�Th� VYX[_0z´ç á spf>iYfzqx_cVY_birZe\ fzVYZ*d�T[\�u[\ _mt�lH_bir_ ë�ì |�í'î1�oï�j�d�iÏVYX[_´s	i d>V d�T
f>T[t IBá1ñ j�d�i#VYX[_-s[X	d>VYd�T=¥`VYX	_�j�iYf>acVYZ*d�T�d>j

c
£4upfzi ¤4\�Xpf>t[ird�T[Z*\ ZeT	�of>\

D∗
qv_b\rd�T[\´l�f>\�\ _cV

VYd�jr�
c→ D∗

��ón¿	� À � ¸ ¥`VYX[_öôÏ_cVY_bir\ d�T�j�iYf>�>qx_mT4VYfzVYZ*d�T�j�u[T[acVYZ*d�T�l�f>\�u[\ _mt�j�d�i´V X[_^a�Xpf>i q
j�iYf>�>qx_mT4VYfzVYZ*d�T�¥�V X[_ðô�_mV _bi \rd�T�spfziYf>qv_mV _bi

εc
l�f>\ö\ _mV^VYdhVYX	_vkzf>�*u[_�¿	�Â¿�� ¸ �6d�g	VYf>ZeT	_bt�g4�

VYX[_-ÞH�-ß�}�spf>a�¤©f>�>_��1Ze_m�et[\#f���d1d`t�t[_m\ abirZes	V Zed�Tvd>jyVYX[_�qx_bf>\ u	i _bqv_bT�VHZeToVYX	_�abf>\ _�d>j��ef>i ��_
xγ

¥´g[u	VxZe\vg�_b�ed�l V X[_�qx_bf>\ u[ir_bqv_bT�VxZeTÚVYX[_�\ qxf>�e�
xγ

t[Ze\�VYi Z*g[u	V Zed�T�� ��X[_�t	_b\ ami Z*s	VYZ*d�T
s[i d�k1Zet	_bthg��ðVYX	_öÛ^Ü1Ý�awf>�*abu[�efzVYZ*d�TðqvZe�>X4VHg�_6Zeqvs[i d�k>_bt§g���Z*T[ab�*u[t[ZeT	�B_mk>_bT�X[Ze�>X[_biHd�i t[_mi
abd�T�V i Zeg	u	VYZ*d�T[\�d�i´V X[_kz�»^Zeqvs[�e_mqx_mT4VYfzVYZ*d�T��

[ qv_wfz\ u[ir_bqv_bT�V�dzj¨a�Xpf>irq s[i d1t[u[acVYZed>Tâk>_bir�â\rZeqvZe�ÈfzixVYdÙVYX[_�d�T[_�ZeT VYX	Ze\§VYX[_m\ Z*\�l�f>\
sy_mirj�d�irqx_mt Z*T VYX[_¢{vïRf>Tpfz�*�1\ Z*\hãÂ�	�cäÿ¥#l�X[_bir_�V d�VYf>�RgydzVYXÙa�Xpf>i q £1u[f>i ¤4\ðs	i d1t[u[ab_mt Z*T
VYX[_öXpf>irt�\ abfzV V _birZeT[�vs[i d1ab_m\ \�V X[_

D∗
qv_b\rd�T¢f>T	t�q¨u[d>T�ZeThVYX	_^�pT[f>�Ï\�V�fzV _���t[d�u[g	�e_�V�f>�z�

��ZeT	�¨VY_ba�X	T[Ze£4u[_w��fzi _�u[\ _mt��I��X[_�qx_bf>\ u	i _bqv_bT�V�l�f>\�sy_mirj�d�irqx_mthZeT�VYX	_^¤4Z*T[_bqxfzVYZ*a�ir_b��Z*d�T
Q2 ¼ �R½-_�¾ 2 ¥�¿`�Æ¿ ¸ ¼ y ¼ ¿	�ÆÇ ¸ ¥ pD∗T

< ��� ¸ ½-_�¾¨¥ |ηD∗| ¼ ��� ¸ ¥ pµ < À ½�_�¾õf>T[t
|ηµ| ¼ ��� Çz� ¸ u[\rZeT[��f>TèZeT�VY_m��iYf©VY_btà�eu[qvZeT[d>\ Z*VU��d>j ¶ Á�s[g −1 � ��X[_W\Yfzqx_�f>T[��u[�ef>ixf>T[t
a�Xpf>ir��_�\ Ze�>T�amd�i ir_b�Èf©VYZed>T[\´d>j�VYX[_

D∗
�Uq¨u[d>T�s[f>Zei�f>\�t	_b\ ami Z*gy_mt�ZeT�]`_mamV Zed�T À �ÂÅ¨l�_mi _^u[\ _mt��
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��Í�434�uUQ��ý�� N ' �éûÆþÿý��Eñ ' û���
��QP Þ8Û�à&ñFÛ�à Þ4Û�à�ñFÛ1àð 3�MV�>ý�þ	
�� ' �cþ9�ÿû�U��Âý1� ' ýrþ)�434��UQ� 3.65× 1010 1011ò ý���M��Âý��4���.�E�6�@û����ÿý�þQ��U��ÿû�
�� ' 
cû���� σz ã MM$ç à�� Ý�ë Û�Üò ý���M�5@û��8���E�6�/û���� ý�þQ��U(� û�
�� ' 
mû���� σx ã MM$ç à4�åÞ�Ý�î à4�åÞ�Ýò ý���M���ý�û������	�6�/û���� ýrþ.��U�� û�
�� ' 
mû���� σy ã MMFç à�� à�î à�� à�ë�Ý
ò 34��UQ�:��û����Q����U�ý Ü�îF��� N Þ�Ý4� ÝVM�Pó ý����ÿý�þ�rô
��OrôM7���.�yý���ýrþ���-Rã ä?ýßæiç ï4Û�Üõ ' ý�U�ûÕÉuU*��34M´û��4
�� ûÕ��-"ã U�M −2

� −1
M¸ −2

ç
3.3× 1029�T- ' û�U�����û������Q�����.����ý�
�3�����3�M�û��4
���û���-Rã U(M −2

� −1
ç

1.6× 1031

ö$÷høvù ¯�·�÷ ±pùE�T- ' û�U����h¾Fº �À¿ þ�34����û���� ' �cþ.��M�ý�� ýrþ.�	����� ' ý�þ���
cþ.M����UØýF�83�þÿû��4������ý0Û�Ü�Ü�Ý6r�Þ�à�à�àHþ�34����û����
' ý�þÿû�
8�Z�
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��X[_hs[i dzVYd�TÙf>amab_b�*_bi fzVYZ*d�TÚZeT�VYX	_�qxf>a�X[Z*T[_§\rVYf>irV \¨l�Z*V XÚV X[_�f>abam_b�*_biYf©VYZed>T d>j:;��1t[i d��>_bT
Zed�T	\

H−
u[s�V d ¸ ¿½ú�_�¾ ZeTxVYX[_-�*ZeT[_bf>i´f>amab_m�e_bi fzVYd>i-��\*? ß/�@æ@�c�?��X[_�Zed�T[\�f>i _-s	i d1t[u[ab_mthg4�

Zed�T	Ze\ Z*T[��;��1t[ird���_bT�fzV��ed�l VY_mqxs�_bi fzVYu	i _>����X[_bT�V X[_
H−

Z*d�T[\�f>i _^\ _mT�V6VYdxfvV X[ZeThj�d�Ze��V d
\rV i Zes�d>�¡V X[_¨_m�e_bacVYird�T[\�Z*T¢d�irt[_bi�VYd���_cV�fðs[ird>VYd>T¢gy_bf>q�����X[_¨s	i d>V d�T¢g�_wf>q�Ze\�ZeT�]r_mamV _bt
ZeT ���§g[u	T[a�X[_b\vVYdWVYX	_�=B|�»��üû�û�û¨\rVYd>iYf>��_§irZeT[�Rf©VvÁ�ÅWT[\o\ spfzabZeT	�¡fzT[tàfzabab_m�e_miYfzV _btÚu[s
VYd�Ç`� ¸ ½-_�¾¨�y��X[_b\r_og[u[T[a�X[_m\^f>i _BV X[_bTWZ*T�]r_bacVY_mtWZeT�VYdðV X[_«z´| ì }/�Ú\rV d�iYfz��_¨i Z*T[�ðu	T4V Ze�9Ç>¿
g[u[T[a�X	_b\öf>i _�f>amabu[qBu[�ÈfzV _bt��öSUTýz�| ì }@� V X[_og[u[T[a�X	_b\öf>i _�f>amab_m�e_bi fzVY_mtRu[sWVYd�f>TW_bT	_bi �z�
d>j'ò�¿ð½�_�¾nf>T[t�ZeT�]r_mamVY_mt�V d�{^|~}@�#����X[_ös[i d1ab_mt[u[ir_Bt[_m\ abirZeg�_btWfzgyd�k�_BZe\�i _bs�_wf©VY_bt�u[T�VYZe�
{^|~}@�ÙZ*\��[�e�e_mt�l�Z�VYX À ��¿xs[ird>VYd>T�g[u[T	a�X[_b\m�6��X[_Bs	i d>V d�T[\6fzi _öV X[_bT¢f>abam_b�e_miYfzV _bt�V dxV X[_bZ*i
�pTpf>�@_mT[_bir�>�§d>j9Á À ¿�½-_�¾¨�

��X[_��e_bs`VYd�Tâf>amab_b�*_bi fzVYZ*d�T j�d��e�*d�l�\ðVYX[_R\ f>qx_R\ra�X[_bqv_�f>\§VYX[_Rs[ird>VYd�T	\b� ��X[_�f>abam_b�*_biYf��
VYZ*d�T�\�V�f>i�VY\Bl�Z�VYX¡V X[_�\*? ß/�@æ?¥Ïl�X[_mi _ðV X[_��*_bs	V d�T[\¨fzi _�fzabab_m�e_miYfzV _bt�u[s¡VYdWf>T�_bT[_mi �>�¡d>j
ò ¸ ¿µú�_�¾B�@��X[_��e_ms	VYd�TRg[u	T[a�X[_b\�j�d�irqx_mtRf>i _¨V X[_bTRVYi f>T[\rj�_mi _mtRV dÇ=B|�»��cû�ûm¥�l�X[_bir_vV X[_m�
f>i _�f>abam_b�e_miYfzV _bt VYd�ÇW½-_�¾�f>T	t�VYX[_mTÙZ*T�]r_bacVY_mtÙZ*T�VYd�V X[_�z´| ì }@�Cû�û^\rVYd>iYf>��_§irZeT[��u[T�VYZe�
Ç>¿§g[u[T[a�X	_b\öf>i _vf>amabu[q¨u	�ÈfzV _bt�� [ j VY_mi�f>abam_b�e_miYfzV ZeT[��V X[_�_b�*_bamV i d�T	\�V dW�wò�½�_�¾B¥=VYX	_m�Rf>ir_
�pTpf>�*�*�ðZeT�]r_mamVY_mt§VYd�{^|~}@��u[T�VYZ*� À ��¿og[u[T	a�X[_b\�f>i _6�p�*�e_mt��

SUT;d>i t[_mihV dÚabd�T�VYird��6VYX	_�g[f>a�¤4��i d�u	T[t¦amd�T[t[Z�VYZed>T[\�ZeT {�|�}@�I¥6\ d>qx_Wd>j^VYX	_b\ _�g[u[T	a�X[_b\
Xpfwk�_�V d�g�_�¤z_bs	Vðu[T[spf>Z*i _mtàd�ix_bqvs	VU���þ��T	spf>Zeir_bt g[u[T[a�X[_m\hf>i _�awfz�e�e_mt

pilot
g[u[T[a�X[_m\b�

��X[_m�¡d>�y_bi^f��>d`d1t¡d>s[syd>irVYu	T[Z*VU�WV d�\�VYu[t	�RV X[_ðg�_wf>q ir_b�efzVY_mt�gpf>a�¤4��ird�u[T[t¡VYXpfzV^amd�qx_m\
j�i d�q�ZeT�VY_miYf>acVYZed>T[\-d>j�V X[_��e_ms	VYd�T�d�i-s[ird>VYd>T¡g�_wf>q l�Z*VYXRVYX	_xir_b\ Z*t[upf>�'��f>\�ZeTWVYX[_�g�_wf>q
s[Zes�_>�iÒ X[_bTo_mZ*V X[_bi�VYX[_´�*_bs	V d�T¨d�iÏs[i dzVYd�T¨g	u[T[a�XoZe\Ï_bqvs	VU����u[T[s[f>Zeir_bt~�é¥>VYX[_Hgy_bf>qÃi _b�efzVY_mt
gpf>a�¤4��ird�u[T[töawf>T^gy_#\rV u[t[Z*_bt�¥�l�X[_bir_wf>\/l�X[_mTBg�d>VYX^g[u[T[a�X	_b\9fzi _I_bqvs	VU��T[d�T1�Ug�_wf>qo�Uir_b�Èf©VY_bt
gpf>a�¤4��ird�u[T[t¢amd�u[�*t�g�_ö_m\rVYZ*qðf©VY_bt=¥�\ru[a�XRf>\�VYX[_öiYfzV _b\�d>j'amd�\ qvZea�iYfw�1\b��ê?Z*��u[ir_ö�`�Âòx\ X[d�l�\
fo\ a�X[_mqðfzV Zea-k1Ze_cl d>j�VYX[_�g[u	T[a�X�t[Z*\rV i Zeg	u	VYZ*d�T[\b�

ª�«�¬�/®�¯ÿ·�÷�� ù ò 34�uUQ�:��û��9� þÿû���38� û�
��0��
cþ@ý��Âý1U�� þ.
��u�)����� ' þ.
���
������

Ò X[_bT VYX[_�g[u[T[a�X	_b\�Z*T4V _bi f>amVvZeTÚVYX	_�Z*T4V _bi f>amV Zed�TÙi _m��Zed�T=¥Hs[ird>VYd>T[\ðfzT[tà_m�e_bacVYird�T[\vXpfwk�_
VYd�i u[T�Z*T�V X[_ð\ f>qv_xd�irg[Z*VöZeT�d�irt[_bi^VYd�amd��e�*Zet[_�f©V@�m_bi d¢f>T[���*_>� [ VYd>VYf>�Id>j-� À �h��u[Z*t[ZeT	�
qðfz��T[_mV \�f>i _ou	\ _btRVYdht[_�}p_bacV�VYX[_�s[ird>VYd�TWV iYf4]r_mamVYd>ir��j�ird�q V X[_os[ird>VYd�TRd�irg[Z*V6u[T�VYZe�?Z*V-Z*\
ZeT¢V X[_�\Yf>qv_Bkzf>abu	u[qõs[Z*sy_ofz\6VYX[_�_b�*_bacVYi d>T[\b� [ j VY_mi-spf>\r\ ZeT	�hV X[_oZeT�V _biYfzamVYZ*d�TWs�d�ZeT�V6V X[_
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s[i dzVYd�T§VYi f4]r_bacVYd�i��hZe\�g[ird�u[��X�V�gpfza�¤�VYdoVYX[_��*_mk�_m�@d>j�VYX[_�s[ird>VYd�T�i Z*T[�[�
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ª�«�¬�/®�¯�·�÷�� ùq� ��ý�û���� ý��mþ.��� ý1�*��34M´û��4
�� û���-G���Í��ý��Âû�+cýrþ ý1�*�&-q¾$º �À¿ û��Iý1��UQ�q
 ' ý�þQ�6�ÿû����	-cý1�éþK���Í� ��3���U��ÿû�
��
��	þ.34�4��û��4�7�4�í-8���

SUTèVYX[_��>_wf>ir\R��Á�Á�Å©�Y��Á�Á�Ç¢VYX	_Ws[i d>V d�Tèg�_wf>q _bT[_mi �>� l´fz\ ¶ À ¿Ú½-_�¾¨��SUT �wÁ�Á ¶ VYX	_¢s[i d©�
VYd�T�g�_wf>qõ_mT[_bir�>�¢l�f>\^a�Xpf>T[��_mt¡j�ird�q ¶ À ¿�½-_�¾ VYd�Á À ¿�½-_�¾¨��SUTRVYX	_��>_wf>i À ¿�¿>¿¢{�|~}/�
abd�qvs[�*_mVY_mt Z*V \B�pi \�Vvi u[T[T	ZeT[�Ws�_birZed1t �U{�|�}@�¦ûY�c�9]1V�f>i�VYZ*T[�¢j�i d�q ��_bf>i À ¿�¿`��¥'Zeqvsyd>irV�fzT4V
u[s[��i f>t[_�qxd1t[Z*�[awfzV Zed�T[\olH_bir_¢qðfzt[_�ã ò�¿zä �¦]`u[s�_bi amd�T[t[u	amVYZ*T[� g�_wf>q j�d1abu[\rZeT[�¡qðf>�>T[_mV \
l�_mi _�ZeT	\rV�fz�e�e_mt¢T[_bf>i6VYX[_BZeT�VY_miYf>acVYZed>TWsyd�Z*T�VY\-fzVB¹�|~ºÏ»vf>T[t�{vï4�B��X[_m\ _vf>i _ot	_b\ Z*��T[_mtRV d
Zeqvs[i d�k>_BVYX[_BZeT[\�V�f>T�V�fzT[_bd�u	\-�eu[qvZeT[d>\ Z*VU�hg��¢fxj�f>amV d�i6d>j'�	k�_>�öSUTRf>t[t[Z�VYZ*d�T�¥~VYX[_o_m�e_bacVYird�T
gy_bf>q l�f>\�s�d��Èf>irZe\r_btW�ed>T[��Z*V u[t[Z*Tpf>�e�����6��X	_vt	_mVY_mamV d�i \�d>jö¹�|~ºÏ»vf>T[t�{vïðlH_bi _�u[s	��iYf>t	_bt
l�Z*V XWT[_ml�t[_mV _bacVYd�i6amd�qvsyd�T	_bT�VY\6Z*TWd�i t	_bi�V d�qðfz¤>_¨g�_b\�V�u[\ _od>j'V X[_¨X[Z*��X[_mi6�eu[qvZeT	d�\ Z�VU���
SUT À ¿�¿ À ¥#{^|~}@� \rV�fzirVY_mt�Z*V \B�ef>\rVöi u[T�sy_mi Zed1tè��{^|~}@� û�ûY�é¥�l�X	Zea�X�¥?l�Z*�e�I_bT	t ZeT�\ru[qvqx_mi
À ¿�¿�Ç1�H��X[_öabd��*�e_mamVY_mt��*u[qvZeT[d�\rZ*VU�vj�d�i�gydzVYX�i u[T[T	ZeT[�vsy_mi Z*d`t[\�Z*\�\rX[d�l�T�Z*T�ê?Z*��u[ir_��	� ¸ ��SUT
VYX[Z*\´VYX[_m\ Z*\�V X[_�tpfzVYf>\ _cV�amd�i ir_b\rsyd�T	t[ZeT[��VYdoV X[_¨{^|~}@� û´i u[T	T[ZeT[��s�_birZed1t�Z*\�u[\ _mt��

¬«�� � O
	���³µ´�	´�¯�	°"¶

��X[_¢¹�|~º�»§t	_mVY_mamV d�i§ã ò[��¥�ò À äHZe\¨f�q¨u[�*V Z���s[u[i s�d�\r_xt[_cVY_mamVYd>i¨t[_b\rZe��T	_bt�VYd�\rVYu	t	�¡kzf>irZed�u	\
f>\ s�_bacVY\6dzj9�e_ms	VYd>T`�UT4u[am�e_bd>T�\ abfzV V _birZeT[�[��S�V�l´fz\�g[u[Z*�*V�g��hVYX[_�¹�|~ºÏ»¨amd��e�ef>gyd>iYfzV Zed�T§Z*T�V X[_
�ÈfzV _§��Á ¶ ¿z\b�oSUTRVYX[_�g�_b��Z*T[T[ZeT	��dzjHV X[_h��Á�Á�¿>\-Z�V-l´fz\^Z*T[\rVYf>�e�*_btWZ*TRV X[_x]`d�u	V X¡X[f>�e�9dzjHV X[_
{^|~}@�;VYu	T[T[_b� � ��X[_h_�W`s�_bi Z*qx_mT�V�\rV�fzirVY_mtÚd�sy_miYfzV Zed�T Z*T ��Á�Á À ¥9l�X	_bT �[i \rV�Z*T�VY_bi f>amV Zed�T	\
l�_mi _6ir_bamd�i t[_mt��'��X[_�t[_mV _bamV d�i�X[f>\´f�l�_mZe��X�V´dzj@f>g�d�u	V���Å�¿�¿�VYd�T	\�f>T	tðZ*V \Ht	Zeqv_bT[\rZed�T[\#f>ir_
� À q × ��¿oq × �wÁ�q��Iê?Z*��u[i _6�	�ÆÅo��Z�k�_m\�f��À� k1Ze_cl d>j�VYX[_o¹�|~º�»öt[_cVY_bacVYd�im�
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SUTðVYX	_^¹�|~º�»6abd1d�i t[Z*TpfzV _�\��1\rVY_mqõ��\ _m_6ê?Z*��u[i _��	�ÆÇ��9VYX[_�t[Z*i _bacVYZ*d�Txdzj�VYX[_�d�u	V ��d�Z*T[�ös	i d>V d�T
gy_bf>q t[_c�pT[_b\�VYX[_^t[Zeir_bacVYZed>T�dzj9VYX[_

Z
f�W`Ze\�l�Z*VYXhVYX	_Bd�irZe��Z*ThfzV�VYX[_öT[d�qvZeTpf>�=ZeT�VY_miYf>acVYZed>T

syd>ZeT�Vw����X[_¨t[Z*i _mamVYZ*d�Thj�i d�q VYX	_BZeT�V _biYfzamVYZ*d�T�s�d�Z*T4V�VYdxVYX[_öab_bT�V _bi6d>j'V X[_v{�|~}/� ]1V d�iYf>�>_
ª�Z*T[�ht[_m�[T[_b\^VYX[_vsyd>\ Z*V Z*k>_

X
f�W`Ze\m�x��X	_

Y
f�W`Ze\�Ze\-V X[_bT¡t[_m�pT	_bt�\ru[a�X f>\-VYd�abd>qxs[�*_mV _

f¢i Z*��X�Vr�UX[f>T[t[_mt�d�irV X[d���d>Tpf>��amd`d>i t[Z*TpfzVY_x\r�1\rV _bq��RSUTÙ\rs[X[_mi Zeabf>��s�d��ef>iöamd`d>i t[Z*TpfzVY_m\b¥9V X[_
syd>�Èf>iHf>T[���*_

θ
Z*\�t[_c�pT[_mthl�Z�VYX�ir_b\rsy_mamV�VYdöVYX[_

Z
f�W`Ze\b¥1l�X[Ze�*_�V X[_-fo�mZeq¨u	V Xpf>��f>T[�>�e_

φ
f>T[t

iYf>t	Zeu[\
ρ

f>i _�t[_c�pT[_mt�ZeT�V X[_
X − Y s	�Èf>T[_6l�Z�VYXhi _m\ s�_bacV�V d�V X[_

X
f�W`Ze\b�

y

up

proton
z x

machine
centre

electron
ρ

ϕθ
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��X[_ð¹�|~º�»�t	_mVY_mamV d�i�amd�k>_bir\-qxd�\�V6d>j'V X[_Bò
π

\ d��*Zet�f>T[���*_öl�Z�VYX�V X[_¨_�W	am_bs	V Zed�T�d>jIi _m��Zed�T	\
f>i d>u[T[toVYX[_�g�_wf>q�s[Zes�_>�Ï��X[_��Èfw��d>u	VId>j~VYX[_�t[_cVY_mamVYd>i'Ze\'\ X	d�l�TvZeT¨V X[_

ρ−φ s[�ef>T[_´Z*Tvê?Ze�z�
u[i _��	� ¶ f>T[txZeTðê?Ze��u	i _��	�ÂÁöZeT�VYX	_

Z−Y s[�ef>T[_z�9��X[_6fz\r�1qxqv_mV i Z*a�\rXpf>s�_�d>j=VYX[_�t[_mV _bamV d�i
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�Èfw��d>u	V�Z*\�t[u[_�VYd�VYX[_^X4u[��_^_bT[_mi �>��t[Z��=_mi _bT	ab_^d>j?V X[_ö_m�e_mamVYird�T¢fzT[t�s	i d>V d�T�g�_wfzqx\m� [ \�f
abd�T	\ _b£4u[_mT[ab_�d>j'V X[Ze\�t[Z��=_mi _bT	ab_>¥�VYX[_ö�pTpf>��\rVYfzVY_öspf>irV Zeam�e_b\�s[ird`t[u	ab_btWZ*T�_m�e_bacVYird�T`�Us	i d>V d�T
abd��*�eZ*\ Zed>T[\´f>ir_�s[i _mt[d�qvZeTpf>T�V �*�xgyd1d�\rV _bt§VYd�VYX	_�j�d>irl�f>i tht[Z*i _bacVYZ*d�T��

��X[_^t[_mV _bamV d�i�s[i d�k1Zet	_b\�VYX[_�abf>spf>g[Z*�eZ�VU�xV dvqv_wfz\ u[ir_��[Tpf>�@\rVYfzVY_�spfzirVYZ*ab�*_b\´l�Z*V Xhqxd�qv_bT�VYf
j�i d�q VY_mT[\�dzjqú�_�¾ V dvX4u[T	t[i _mt[\�d>j9½-_�¾¨�

ª�«�¬y/®�¯ÿ·�÷ ø�ù ó þ.
��.� õ ý�U(� û�
��t
��~����ýËhº4ÌK»G��ý�� ý�U(��
mþ@û��t���©ý
ρ− φ ' ������ý��

��X[_-ZeT	T[_birqxd�\�V´spfzirV�d>j@V X[_¨¹�|~º�»�t[_cVY_mamVYd>i�f>i d�u	T[t�VYX[_�gy_bf>q×s	Zes�_6Ze\Habd�k�_mi _bt�g��§f�]`Z*���
Zeamd�T�]1VYirZesµú�Zeabird¨¾I_bi�VY_�Wp��_mV _bacVYd�iö��| X?ç?��ã·ò���äÿ�'S�V�l�f>\�Z*T[\rVYf>�e�*_btðt	u[i Z*T[�¨VYX[_-\rX4u	VYt[d�l�T
ZeT À ¿>¿�¿§fzV-VYX	_o\Yf>qv_os[�Èfzab_h��\ _b_�d�T�ê?Z*��u[ir_¨�	� ¶ f>T[t�ê?Ze�>u[i _o�`�ÆÁ���f>\6VYX[_o_bf>i �*Ze_mi�¾I_bi�VY_�W
��_mV _bacVYd�i^�����?ç?�c¥1l�X[Zea�X�l�f>\�ir_bqvd�k>_bthfzj V _bi6�wÁ�Á ¸ t	u[_6VYd¨X	Ze��X�g�_wfzq×gpfza�¤1�>i d�u[T	t��I��X[_
ab_mT4V iYf>�I��iYf>a�¤4Z*T[����_mVY_mamV d�ix� ë�ì ç?�¨ã ò ¸ ä'Z*\�f���f>\ _md�u[\�t[i Z�j V�a�Xpf>q¨g�_bim¥@l�X[Zea�X�\ u[iri d�u	T[t[\
VYX[_öZeT�VY_miYf>acVYZ*d�T�s�d�Z*T4Vb¥~ZeT[am�eu[t[Z*T[��VYX[_½| X9çI����X	d�\ _BVUlHd�amd�qxs�d�T[_mT�VY\�j�d>i q VYX	_Bab_mT�VYiYfz�
VYi f>a�¤4ZeT[�^\r�1\rV _bq�¥�l�X[Zea�XxZe\'_bT	ab�ed>\ _btvg��vf-\ u[s�_biØ�Uabd>T[t[u[acVYZeT	�ö\rd��e_mT[d�Zet�s[ird`t	u[abZ*T[�^f�qxf>�z�
T[_mV ZeaB�[_b�et�d>j����Âò��ð� spf>iYfz�e�e_m�@VYd�VYX	_¨gy_bf>qNs[Zes�_>�-��X[_¨V iYf>a�¤4Z*T[��\r�1\�VY_bq�s[i d�k1Zet[_m\6X[Z*��X
s[i _mabZ*\ Zed>T¡VYi f>a�¤4ZeT[��qx_bf>\ u[ir_bqv_bT�VY\¨f>T[t�abf>T�qv_wf>\ru[i _xqxd�qv_bT�V u[q f>T[t�a�X[f>i ��_ðd>j´�pTpfz�
\rVYfzVY_�spf>i�VYZ*ab�e_m\´l�Z*V X�X	Ze��X�f>amabu[i f>am�>�

SUT¢VYX[_^j�d�irl�f>irt¢i _m��Zed�T=¥�V X[_BVYi f>a�¤4ZeT[�ð\r�1\rV _bq�Z*\�\ru[s[s[�*_bqv_bT�VY_mtWg4��VYX	i _b_B\ _mV \6d>jIs[�ef>Tpf>i
t[i Z�j V#a�Xpf>q¨g�_bir\6��Þ ì ç?�Ïl�Z�VYX�VYX[_�VYi f>T[\ Z�VYZ*d�T�iYf>t[ZefzVYZ*d�Tot[_cVY_bacVYd�i�����}/ç?�9Z*Tvg�_mVUlH_b_mT��#��X[_
��}�çhl´f>\Iir_bs[�ef>ab_mtvt	u[i Z*T[�6VYX[_�\rX4u	VYt[d�l�TxZeT À ¿�¿>¿6g4�¨f^]1VYi f�l ��u[gy_���iYf>a�¤z_bi��Ø� ì@ì ��ã·ò�Ç�ä �
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�Ïd>��_mV X[_bi¨l�Z�VYXÚfÿª�_wf>i¨��iYfza�¤1Z*T[��Ó�Xpf>q¨g�_bi§� H#ì çÏ�c¥9VYX	_b\ _hamd�qxs�d�T[_mT�VY\¨s[ird�k`Z*t[_§_�W1V iYf
VYi f>a�¤4ZeT[�§Z*T	j�d�i qxfzV Zed�T�f>T[tRspf>i�VYZ*ab�e_^Zet	_bT�VYZ��pawfzV Zed�T�ZeT¢VYX	_Bj�d�irl�f>irt¡fzT[tWi _bf>i6t[Z*i _bacVYZ*d�T[\b�
]`ZeT	ab_�VYX[_�tpfzVYf>\ _cV�amd�i ir_b\ s�d�T[t	ZeT[��VYd�VYX[_-{^|~}@�¨û'i u[T	T[ZeT[�^s�_bi Z*d`t�Z*\#u	\ _btðZeT�VYX[Z*\IV X[_b\rZe\m¥
VYX[_k| X?ç f>T[tW� ì@ì ZeT	j�d�irqðf©VYZed>TðZe\�T	d>V�fwk>fzZe�Èfzg[�e_z�

ª�«�¬�/®�¯ÿ·�÷ J@ù ó þ�
���� õ ý1U�� û�
��:
��K���©ýË~º4ÌK»*��ý(� ý1U��.
cþ@û��,�.��ý
Z − Y ' ������ý��

��X[_-VYi f>a�¤4ZeT[�o\��`\�VY_mq Ze\�\ru[i ird�u[T[t[_mthg4�§f¨awf>�*d�i Z*qx_cVY_bim¥1l�X	Zea�XhZe\�f¨amd�qvsy_mT[\YfzV ZeT[�oX	Ze��X`�
i _m\ d��*u	VYZ*d�Tðu[i f>T[Z*u[q���\ amZeT�VYZ*�e�Èf©VYd�iÏawf>�*d�i Z*qx_cVY_bi�� ë �?Ü1��ã ò ¶ äÿ�'��X[_ ë �ÏÜ¨Ze\IVYX[_�qðfzZeTvZeT[\�VYi u1�
qx_mT�VoVYdRqx_bf>\ u	i _§VYX[_h_mT[_bir�>� d>j�_b�*_bamV i d�T	\�f>T[tÙXpf>t[ird�T[\b� S�V�Z*\o\ _mspf>iYf©VY_btÙZeT�V dRV X[i _m_
\ _mamVYZ*d�T[\���VYX	_WÞ9æ��ÏÜ¡ZeTÚVYX	_hj�d>irl�f>i tÙi _m��Zed�T=¥#V X[_ H æ��?Ü¡Z*TÙV X[_hi _bf>ix\r_bacVYZed>Tàf>T	tÙV X[_
Ñ�æ��ÏÜ~¥~l�X[Zea�XWZ*\�fxgpf>i ir_b��\ _mamVYZ*d�T¢Z*T�VYX	_¨ab_mT4V iYf>�Ïi _m��Zed�T=��SUT¢j�ird�T�V�dzj'VYX[_ H æ��?Üp¥)Ñ�æ��?Ü
f>T[tWÞ9æ��?Üvf>i _�s[ir_b\Yfzqxs[�*_bi�t[_cVY_mamVYd>i \ H�� }/|~»�¥�Ñ � }�|~»BfzT[tRÞ � }/|~»xã ò�Á�äÿ�

[ ]`qðfz�e� [ T[���*_�ª�_bf>i��Ïi f>a�¤4ZeT[����_cVY_mamVYd>i��U��} ì çÏ�Bã ¸ ¿©äIZe\-Z*T[\rVYf>�e�*_bt¢Z*TWVYX[_oj�i d>T4V�dzjHV X[_
H æ��ÏÜÚZ*T f>T f>ir_wf�dzj^Å ¶ × Å ¶ amq 2 f>ird�u[T[t VYX[_¢g�_wfzq s[Z*sy_�j�d�ivi _bamd�T[\�VYi u	amVYZ*d�Tèd>j-V X[_
_b�*_bamV i d�T¡¤4ZeT[_mqðfzV Zeam\�l�Z�VYX¡X[Ze��X�f>abamu[iYfzam��¥?_b\ s�_bamZÈf>�*�*�¢j�d>i�V X[_ðabf>\ _z¥?l�X[_mT�VYX[_xs[i Z*qðfzir�
_b�*_bamV i d�T�Ze\�\rawfzVrVY_mi _bt�u[T[t	_bi�f�\rqðfz�e��fzT[���e_z�

��X[_ ë �?Ü-Ze\Ï_bT[am�ed�\r_bt�g��of>TBZei d>TB��d�¤z_>¥�l�X[Z*a�Xos[i d�k1Zet[_m\9VYX[_�i _mV u[i Tos[fzVYX¨j�d�i�VYX[_�\rd��e_mT[d�Z*t
qðfz��T[_mV Zeav�p_b�*tL}puÍWy����X[_ð��d>¤>_hZe\öqðf>�>T[_mV Ze\ _mt�VYd �>�ÆÅ�� g���amd�s[s�_bioamd�Ze�*\Bf>T	t ZeT[\�VYi u1�
qx_mT�VY_btÚg�� s[ird�s�d�irV Zed�Tpfz�Ha�Xpfzq¨gy_mi \���Ñ��@æ@�ðã ¸ �bä´Z*T d�i t	_bi¨VYdRqv_wf>\ru[i _§_mT[_bir�>���*_wf>¤©f>�>_
d�u	V-dzj'VYX[_ ë �ÏÜ~�:ú�u[d�TWZ*t[_bT�V Z*�pabfzVYZ*d�T�a�Xpfzq¨gy_mi \�ã ò À ¥ ¸ À ä9f>i _BZeT[\�V�f>�*�e_bt�g�_bX[Z*T[tRf>T[t¢Z*T
j�i d�T�Vvd>j�VYX[_�Ñ��@æâZ*T�VYX[_§j�d�i�l´f>irt ��ÞH�-º�ÝH¥´ÞH�-ºv? �é¥Hg[f>i ir_b�^��Ñ��-ºÏÝH¥7Ñ��-ºi? �of>T[tÙi _wfzi
� H �-ºÏÝ#¥ H �-ºi? �Bi _b�>Zed�T[\m�R�Ïd��>_mVYX	_bi¨l�Z*V X�VYX[_ðq¨u[d�T a�Xpfzq¨gy_mi \m¥#V X[_�Ñ��@æ Ze\Bu[\ _mtÚj�d>i
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���û���-7��ý��Æû�+mý�þÿý���&-,¾$º �À¿ ���u����6�ÿý��7�&-$���©ý/Ë~º4ÌÍ»@ý�Ê ' ý�þÿû�M�ý����
û��6ý���UQ�t
 ' ý�þQ�6�ÿû����F-mý��éþ)���)�V��3���U��ÿû�
��t
��	þ.34�4�©û��4�7�4�í-8���

SUTðVYX	_�ir_wf>i#t[Zeir_bacVYZed>T�¥1fzV
z

ó − Ç1� ¸ q�¥�VYX	_��o| ì Ý��6�ÏÜ1ÜBt[_mV _bamV d�i6ã ò À ä�amd�qxs�d�\r_btðdzj@Zeird�T
f>T[t�\rabZ*T4V Ze�*�ÈfzV d�i9Ze\Hu[\ _mtðVYdBi _(]r_mamV�gy_bf>q���i _m�ÈfzV _btvgpf>a�¤4��i d>u[T[t�� [ \ qxf>�e�p�*_wf>t��©\ abZ*T�VYZe�*�ÈfzV d�i
abd�u	T4V _biB�.Ó ¸ ���*d`abfzVY_mt�f>i d�u	T[t�V X[_�gy_bf>qo�Us[Z*sy_-f©V

z
ó − �	��� ¸ q Z*\�u[\ _mt�VYdvqvd�T[Z*V d�iHV X[_

gy_bf>q abd�T	t[Z*V Zed�T[\öf>T[t�VYd¢qv_wfz\ u[ir_xVYX	_xVYZ*qxZ*T[�hf>T[t¡VYX[_x�ed�T[�>Z*VYu	t[ZeTpfz�9\rV i u[acVYu[ir_�d>j´V X[_
s[i dzVYd�T�f>T[t�_b�*_bacVYi d>T�g[u	T[a�X[_b\m�

��X[_bir_�fzi _�\ _ck�_miYf>�~t[_cVY_bacVYd�i#abd>qxs�d�T[_mT4V \'ab�*d�\ _�VYd-V X[_�gy_bf>qn�*ZeT[_z¥�l�X[Zea�Xxf>t[t[ir_b\r\Ikzf>irZed�u	\
qxd>i _ð\rsy_mabZef>�eZ*\ _bt¡VYd�s[Z*ab\m����X	_§qxd�\�V¨Z*qxs�d�irVYf>T�VBdzj�V X[d�\r_�Ze\BV X[_��*u[qxZ*T[d�\rZ*VU�Rqv_wf>\ru[i _é�
qx_mT�Vö\��1\rVY_mq ��\9ºÏ�E? �é¥�l�X	Zea�X�amd�T[\rZe\rV \�d>j�VUlHd�\rqðf>�*�9awfz�ed�irZeqv_mVY_mi \-f©V

z
ó − �>ò�q f>T[t

z
ó − ��¿�Çðq��BS�V�qv_wf>\ru[i _m\-s[X[d>V d�T[\^f>T[tR_b�*_bacVYi d>T[\6j�i d�qNVYX[_og	i _bqv\ \�VYi f>X[�eu	T[�§s[i d1ab_m\ \

ep→epγ j�d�i�l�X	Zea�X¢VYX	_Babird�\ \�\ _bacVYZ*d�T¢Ze\�lH_b�e��¤4T[d�l�TRf>T[t¢Z*\�u[\r_bt¢V dðt[_cVY_birqxZ*T[_�VYX[_¨�*u`�
qxZ*T[d�\rZ*VU����SUT�ê?Z*��u[i _B�	����¿ðVYX[_�¹/|�º�»vZ*T�VY_b�>iYfzV _btW�eu	qxZ*T[d�\ Z�VU�hZe\6\rX[d�l�T�j�d>i�VUl�dhiru[T[T[Z*T[�
sy_mi Z*d`t[\^��{^|~}@� û�f>T[t¢{^|~}@� û�ûY�é�pSUThV X[Ze\�f>T[f>�*�1\ Z*\b¥	V X[_B{^|~}@� û´tpfzVYf>\ _cV�Ze\�u[\r_bt��

�� "!� $# %'&)(+*-,/.10�*32406587906240:(�2;,<*>=@? ACBED

��X[_^]`Z*�eZeamd�T§]4VYi Z*s�ú�Zeami dBk>_bi�VY_�Wµ��_mV _bamV d�i^ã·ò��©ä=l�f>\�ZeT	\rV�fz�e�e_mtðZ*T�¹�|~ºÏ»�t[u[irZeT[�BV X[_-\ X4u	V��
t[d�l�T�Z*T À ¿�¿	���I��X[_^t[_mV _bacVYd�i�\ Z*��T[Z��pawf>T�V �*��Z*qxs	i d�k�_m\�V X[_����ed>gpf>��s[ir_bamZe\ Z*d�Thd>j?V X[_o¹�|~ºÏ»
VYi f>a�¤�ir_babd>T[\rV i u[acVYZed>TÚf>T[t�VYX	_hf>abam_bs	VYf>T[ab_§Z*T�VYX	_�j�d�irl�f>i t ir_b��Z*d�T��WS�V�fz�e�ed�l�\ö_GFvabZ*_bT�V
Zet[_mT�VYZ*�[awfzV Zed�T¡d>j��ed�T[�©�U�eZ�k�_mt �

ct ≈ �w¿�¿
µ
qð�^X[_bfwk1��}~fwk�d�u	iospf>irV Zeam�e_b\ög���VYX	_bZeiöZeqvspf>acV

spf>i f>qx_cVY_miöir_babd>T[\rV i u[acVYZed>T���SUT¡VYX[Z*\^V X[_b\rZe\BV X[_�| X?ç X	Z*VöZeT	j�d�irqðf©VYZed>TWZe\^d�T[�*��u[\r_bt�Z*T
VYX[_^êpd�i�l´f>irt � ì@ì k�_mirVY_�Wh�pT[t[Z*T[�xf>�e��d>i Z*V X[q ��V _ba�X[T[Z*awf>��VYf>\ ¤`�´t[_m\ abirZeg�_bt�ZeT�]`_mamVYZ*d�Thò[�
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��X[_�t[_m\ Ze�>TvdzjpVYX[_t| X?ç�Xpf>\'g�_b_mT�t[ZeacV�fzV _bt¨g��¨V X[_´s[X��1\ Z*ab\Ii _m£1u	Zei _mqx_mT�VY\If>T[toir_b\�VYi Z*amV _bt
fwk>fzZe�Èfzg[�e_�\ spf>am_ög�_mVUlH_b_mT�V X[_�gy_bf>q s[Z*sy_�f>T	t�V X[_ ë�ì ç/�

• i f>t[ZÈfz�=\ Z^�b_�\ qxf>�*�e_biHVYXpf>T�� À �Âò�abq ��VYX	_ ë�ì ç�Z*T[T[_bi´k>d��eu	qx_w�c¥

• s�d��Èfzi�f>T[���*_-abd�k�_miYf>�>_ög�_mVUlH_b_mT
10o

f>T	t
150o

¥

• X[Z�V�i _m\ d��*u	VYZ*d�T�j�d�i�T[d�irqðfz��ZeT[amZet[_mT�V�VYiYfza�¤1\�\rqðf>�*�e_mi�VYXpfzT À ¿ µ q�¥

• VUlHdvV iYf>a�¤§\r_bspfziYfzV Zed�T§d>j À ¿�¿ µ q�¥

• V X[i _m_^s�d�Z*T4V \�sy_mi�VYiYfza�¤�ZeT§VUlHdxs[ird�]r_bacVYZ*d�T[\�_wf>a�X=¥

• X[Z�V�_GFvabZ*_bT[ac�hgy_cV V _bi�VYXpfzT�Á ¸ Y�¥

• T[d>Ze\ _-d1abamu[spf>T	am�hg�_mV V _bi�VYX[f>T
10−3 �

��X[_{| X?ç¡Ze\Ht[Z*k1Z*t[_btxZeT�VYdBV X[i _m_6spf>i�VY\��IH´f>iri _b�	| X9ç ��Ñ��tX?ç?�é¥[êpd�i�l´f>irt�| X?çà�UÞ#�tX9çÏ�
f>T[t>ª�_wf>iR| X9ç¦� H �tX9çÏ�öã ò�ò>ä �-��X[_ H �tX9ç Z*\�d�T	�*��u[\ _mtWj�d�i�abf>g[�eZ*T[�[¥�qxd>T[Z*V d�i Z*T[�vf>T[t
i _bf>t[d�u	V�\��`\�VY_mq��VÐ�dv\ _mT[\ Z�VYZ�k�_�t[_mV _bacVYZeT	�v\r_bT[\rd�i \�f>i _-Z*T[\rVYf>�e�*_bt�V X[_bir_>�

��X[_kÑ��tX?ç�Ze\�Å>òoamq �*d�T[�of>T	t�amd�k�_bir\�V X[_-_�W1V _bT[t[_mt�Z*T�VY_bi f>amV Zed�T§ir_b��Z*d�T�¥1l�X[_bir_6VYX[_�fwk��
_bi f>��_6�*d�T[��Z�VYu[t[Z*Tpf>�[_ck�_mT4V�k>_bi�VY_�W�Ze\H�ed1awfzV _btðt	u[_�VYd^VYX[_�s[i d>V d�T�g[u	T[a�X§�e_mT[�>VYXW� À ¿Bamq��Æ�c�
��X[_Ws�d��Èf>ixf>T[�>�e_�f>abam_bs	VYf>T[ab_Wdzj-VYX[_�Ñ��tX9ç�Z*\ðg�_mVUlH_b_mT

30o
f>T[t

150o
� ��X[_�Ñ��tX?ç

abd�T	\ Ze\�VY\�d>j9VYX	i _b_^�Èfw�>_bi \�d>j't[d>u[g[�e_^\ Z*�eZ*abd�Th\rV i Z*s�\r_bT[\rd�i \���gpf>iri _b�/qvd`t	u[�e_m\��´qxd>u[T�VY_bt�d�T
ladders

s[f>iYf>�*�e_m�yVYdoV X[_ög�_wfzq s[Zes�_>�FÓ�ird�\ \�\ _mamVYZ*d�T[\�d>jÏVYX[_k| X?çÚfz�ed�T[�oV X[_�gy_bf>q s[Z*sy_
���*_mj Vé�If>T[t§Z*TxV X[_

X − Y s[�Èf>T	_o��irZe��X�V��#f>ir_�\rX[d�l�T�Z*T�ê?Z*��u[ir_��	�������?��X[_�VYX	i _b_��Èfw��_mi \´fzi _
f>i i f>T[��_mt¢ZeT�abd�T	ab_bT�V i Zeaöam�1�eZ*T[t[_mi \o��ÓH�1�eZeT	t[_bi�¿	¥Ï�Bf>T[t À ��f>ird�u[T[t�V X[_Bg�_wfzqNs	Zes�_>����X[_
ZeT�VY_mi Tpfz�#�efw��_bi^Ze\^T[d>Vöabd>qxs[�*_mV _vt	u[_xV d�VYX	_x_m�e�eZ*s	VYZ*ao\ Xpfzsy_vd>j´V X[_xg�_wfzq s	Zes�_�l�X	Zea�X�Z*\
T[d>V�ab_mT�VY_bir_bt�f>i d�u	T[t�V X[_-ZeT�V _biYfzamVYZ*d�Thsyd>ZeT�Vw�

��X[_¨Ñ��tX9ç \rZeT[���*_W\ Z*t[_bt;\ Ze�*Zeamd�Tè\ _mT[\ d�ir\�Xpfwk>_�fÚ£4upf>t[i fzVYZ*a�\rXpf>s�_ �
64.2×64.2

amq 2 �
f>T[tR� À ¿ µ q VYX[Z*a�¤4T[_b\r\b����X[_m�¢f>i _Bf>i i f>T[��_mtWZeT�Xpf>�*jIqvd1t[u[�e_m\�l�Z�VYX¢\�VYirZes[\6s[f>iYf>�*�e_m�/f>T[t
sy_mi s�_bT[t	Zeabu	�Èf>i�VYdvVYX[_^g�_wf>q�s[Z*sy_x��\r_b_Bê?Ze��u	i _^�	��� À �c����lHd�Xpf>��j9qvd`t	u[�e_m\�fzi _^s[�Èf>am_bt�d�T
VYd�shd>j�_bf>a�Xhd>VYX[_mi´VYd¨j�d�irq foqvd`t	u[�e_¨��t[d�u	g[�e_6\rZe�*Zeabd>Tð\rV i Z*s�\r_bT[\rd�i \Y��l�Z*VYXW�w¿ À ò¨ir_wf>t[d>u	V
a�Xpf>T[T	_b�e\m�'��X[Ze\Iamd�T	�p��u	iYfzV Zed�Txf>�e�*d�l�\9VYd^i _bamd�T[\�VYi u	amV�f�V iYf>a�¤oX[Z�V V ZeT[�-VYX	_�qvd`t	u[�e_´Z*TvVUlHd
s[i d4]r_bamV Zed�T	\b�B��X	_�f>q¨g[Z*��u[Z*VU��t[u	_¨VYd�VYX	_o\rVYirZesWir_wf>t[d>u	V-abd>T[T[_bacVYZ*d�T[\-awfzT�g�_o\ d>�*k�_mtRg4�
j�u[�e�yVYiYfza�¤�i _mabd�T[\�VYiru[amV Zed�T��ÈfzV _bim�

��X[_�ÞH�tX?çâamd�k�_bir\¨VYX[_ðsyd��ef>iöf>T[���*_xi f>T[��_xgy_cVUl�_m_bT
10o

fzT[t
30o

�¢S�V¨amd�T[\rZe\rV \¨d>j�j�d�u	i
l�X[_b_m�e\Hd>j@gpf>a�¤oV dBgpf>a�¤��ef��>_bir\#l�Z�VYXð\rZe�*Zeabd>Tv\�VYirZesð\r_bT[\rd�i \m�I��X[_�\r_bT[\rd�i \�f>i _�qxd>u[T�VY_btðd�T
�Èfw��_mi \�s�_bi s�_bT	t[Zeamu[�Èf>i´V doVYX[_�g�_wf>q s	Zes�_v��\ _m_BêÏZe��u[ir_-�	�������é�

��X[_�ÞH�tX?çÃ\rZeT[���*_�\rZe�eZ*abd�T \ _mT[\ d�ir\hf>i _�d>j�VYX[_¢\ f>qv_�VU�1sy_Wfz\ðVYX[_Wg[f>i ir_b��\r_bT[\rd�i \§g	u	V
VYX[_c��Xpfwk�_�fhVYi f>sy_��bd�Z*tpf>�'\rXpf>s�_vl�Z�VYX�\rVYirZes[\^spf>i f>�e�*_b�?V d�d�T	_vV Ze�*V _btR_bt	��_�f>T	t�abd>T4VYf>ZeT	\
ò ¶ ¿§i _bf>t[d�u`Vöa�X[f>T[T[_m�e\x��\r_b_xê?Ze��u	i _��	���wò4�é�o��X[_oVUl�d�d�k>_bir�Èf>s[s	ZeT[�h\ _mT[\ d>i \^d>jHV X[_ol�X[_b_m�
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ª�«�¬�/®�¯�·�÷ ±~±pù ó þ.
��.�G� ý�U(� û�
����G
�� ���©ý�jKJ;L«����
��4�,����ý7�>ý���M ' û ' ý N �Âý��O�QP*���u�^û��"�.��ý
X − Y ' ������ý

N þ û������QP(�

ª�«�¬��®�¯Ç·@÷ ± ° ù7� ��ýG��5�
 ÚG� J;L{�������hM$
8�83��Âý1�)5@ûÕ�.�6þ ý1���8
�38���

ª�«�¬��®�¯ÿ·�÷ ± · ù7� �©ý ³ � J;L N �Æý(�O��P)�����,���©ýq5)��ý�ý�� N þÿû������QPT5@ûÕ�.�E�93 '�' 
mþ9�	�9� þ.3�U��.3�þ ý��
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j�d�i q f¨qxd1t[u[�*_���t	d�u[g[�*_6\ Z*�eZeamd�T�\�VYi Z*s§\ _mT[\ d�ir\���s[i d�k1Zet	ZeT[�BVUlHdvabd1d�i t[Z*TpfzV _b\´d>jÏfospf>i�VYZ*ab�e_
VYi f>a�¤ðVYi fwk�_bir\ Z*T[�vV X[_�qxd1t[u[�*_>�

ª�«�¬�/®©¯Ç·�÷ ± � ù7� ��ý ³ � J;L@M
8�834�Æýq5@û����6þ ý1���8
�38���

�� "!� �! MN0:O�2;*4P<QSR�*4P<(4TU&)O�VW7906240:(�2;,<*X=ZY�[\BED

��X[_ ë�ì ç ã ò ¸ ä#Z*\�f�¤z_m��abd�qvs�d�T[_bT�V^d>jHVYX[_h¹�|~ºÏ»v_�W`sy_mi Z*qx_mT4Vb�ðS�V^Ze\�u[\r_bt�VYd�qx_bf>\ u[ir_
VYi f4]r_bacVYd�irZe_b\�f>T	t�V iYf>T[\�k�_mi \ _öqxd>qx_mT4VYfod>j9a�Xpfzi ��_mt�spf>i�VYZ*ab�e_m\´VYi f�k>_bir\ ZeT	�xZ�VY\��pt[u[amZÈf>�yk�d����
u[qv_�l�Z�VYX¡f�X	Ze��XRs[ir_babZ*\ Z*d�T���SUT�f>t	t[Z*V Zed�T�¥=Z*V�s[ird�k1Z*t[_b\^ZeT	j�d>i qxfzVYZ*d�TWf>g�d�u	V^_bT	_bi �z�R�ed�\r\
�
dE/dx

�HVYd�Zet	_bT�VYZ�j ��spf>i�VYZ*ab�e_m\b�

��X[_ ë�ì çâZ*\¨f¢am�1�*ZeT[t[irZeabf>�It[i Z�j V¨a�Xpf>qBgy_miBl�Z*V X f¢�e_mT[�>VYX�d>j À ¿ ¸ amq�¥IfzT�ZeT[T	_bi¨i f>t[Zeu	\
d>j-� ¶ � À abq f>T[t�d>u	VY_miBiYfzt[Zeu[\^d>j�Ç>Á`�Âò�abq�¥9f>iriYf>T[�>_bt�fzi d�u[T	t�VYX[_xT[d�qvZeTpfz�'ZeT�VY_miYf>acVYZed>T
syd>ZeT�Vw��S�V�abd�k�_mi \oVYX	_§syd��ef>i¨fzT[���e_ðiYf>T[�>_§gy_cVUl�_m_bT

11.3o
f>T[t

168.2o
��S�V¨Ze\¨amd�qxs�d�\r_bt

d>j�Ç À i f>t[Zef>�9�Èfw�>_bi \�d>j´f>T[d1t[_¨l�Zeir_b\m¥Ï��ird�u[s�_bt�ZeT�VYd�Á
superlayers

��ÏIZ*��X�V�iYf>t	ZÈf>�9\r_bT[\r_
l�Zeir_b\'l�Z*V X�V X[_�f>\ \rd`amZÈfzV _bto�p_m�etol�Zeir_b\If>ir_�amd�q¨g[Z*T[_bt�Z*T4V d�f

cell
�'��X[_ ë�ì ç�Ze\9t	Z*k1Zet[_mt�ZeT

VYX[_
X − Y s[�ef>T[_-Z*T4V do_bZ*��X�V�d`acV�f>T�VY\m�#ê?Ze��u	i _-�	��� ¸ \ X	d�l�\�VYX	_^�efw��d�u	V�dzj9f ë�ì ç�d`acV�f>T�Vb�

]/f��>_bir\�l�Z�VYXh_mk>_bT�T4u[qBgy_mi \�f>i _-Z*T[ab�*ZeT[_mthfzV�f>T[���*_b\�f>ird�u[T[t
5o

ir_b�Èf©VYZ*k>_6VYdoVYX	_^g�_wfzq t[Z��
i _mamVYZ*d�T��'��X[_m\ _^\rV _bi _md��Èfw��_mi \�s[i d�k1Zet	_�f�qv_mV X[d1t§d>j�t[_mV _bi qvZeT	ZeT[�BV X[_

Z
abd1d�i t	ZeTpfzV _6d>j?f

VYi f>a�¤�VYi f4]r_bacVYd�i����7��_msy_mT[t[Z*T[�ðd�T�VYX[_^T4u[q¨g�_bi�d>j9\ru[s�_bi �efw��_bir\�V iYfwk�_mi \ _mt�¥yV X[_^i _b\rd��eu`VYZed>T
s[i d�k1Zet	_bt§g��ðV X[_6\rV _bir_bdo�Èfw�>_bi \�Z*TðVYX	_

Z
�Ut	Zei _mamV Zed�TxZe\´fzs[s[i d&W`ZeqxfzV _b�*� À qvq��9êpd�iHV i Z*����_bi

s[u[irsyd�\r_b\m¥9VYX[_�\rdz�Uabf>�e�*_bt
z − by − timing

ZeT	j�d>i qxfzVYZ*d�TWZe\öu[\ _mt�¥'ZeT�l�X	Zea�X�\ru[sy_mi �ef��>_bir\
l�Z*V X�d1t[t�T4u[q¨g�_bi \�t[_cVY_mi qvZeT[_6V X[_

Z
��k>_birV _�W�s�d�\ Z�VYZ*d�T�j�i d�q VYZ*qxZ*T[�¨ZeT`j�d�i qxfzVYZ*d�Tðl�Z�VYX�f

i _m\ d��*u	VYZ*d�T�dzj
σz

ó�ò − � À abq�¥pt[_msy_mT[t[ZeT	�ðd�T�VYX[_�VYi f>a�¤§q¨u[��VYZes	�eZeamZ*VU�vd>j9V X[_^_mk�_mT�Vw����X[_
ë�ì çÙk�d��*u[qv_oZe\6�p�*�e_bt�l�Z*VYX�f§��f>\-qvZ×W1V u[i _¨dzj´f>ir��d�TÙ� [ i��é¥@awf>irgyd>T�t	Zed&W`Zet[_���ÓU^

2

�6f>T[t
_mV Xpf>T[_x�.ÓU^

2

;
6

�Hl�Z*VYX�f�s[i d>syd�i�VYZ*d�T�d>j ¶�¸ � ¸ �����

Ò X[_bT fÙa�Xpfzi ��_mt¦spf>i�VYZ*ab�e_¢V iYfwk�_mi \r_b\�V X[_ ë�ì ç \ _mT[\ Z�VYZ�k�_Rk�d��*u[qx_z¥6Z*V�Z*d�T[Ze\r_b\§VYX	_¡��fz\
fzVYd>qx\�f>T[t¢s[ird`t	u[ab_m\6Zed�T1�U_b�*_bacVYi d>T�spf>Z*i \�d�T¢Z*V \�V iYf4]r_mamVYd>ir�����Ïd�s	i _mk>_bT�V�i _mabd�qBg[ZeTpf©VYZed>T
d>j~VYX[_�Zed�T`��_b�*_bamV i d�TBspf>Zeir\ÏV d-a�Xpf>i �>_b�e_m\ \IfzV d�qv\b¥�f6X	Ze��XBk>d��*VYf>��_´Z*\9f>s	s[�eZ*_bt�����X[_�_b�*_bacVYi d>T[\
t[i Z�j V�VYd�l�f>i t[\�V X[_�\ _bT	\ _öl�Z*i _m\^��s�d�\ Z�VYZ*k>_��Hl�Z�VYX�f�k>_b�*d`amZ*VU��dzj9f>s	s[i d&W`ZeqxfzVY_m�*� ¸ ¿ µ qE�zT[\b¥l�X[_bir_wf>\HVYX[_�syd�\rZ*V Z*k�_m�*�oa�X[f>i ��_mt�Zed>T[\It[i Z�j V#V d�l´f>irt[\´T[_m��fzV Z*k�_��p_m�etxl�Z*i _m\b�'SUTxV X[_��[_b�etxd>j
VYX[_�\ _mT[\ _�l�Zei _m\b¥`fzVHföt[Z*\rVYf>T[ab_�f>g�d�u	VIVYX	_�l�Z*i _�iYf>t[Z*u[\b¥1f>Tðfwk>fz�Èf>T[a�X	_�s[ird`am_b\r\�Ze\I\�V�f>i�VY_bt=¥
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ª�«�¬�/®�¯ÿ·�÷ ± � ùU_K�í-�
�38�)
��h�\`bacL@
8U(�.�����1�2� ��ý/�93 ' ýrþ����í-cýrþ.���éþÿý*��3�MV�>ý�þÿý��t�����0���©ý/���ÿý�þÿý�
���4���Âý1� 
���.��ý�ûÆþi� ý���� ý*5@ûÂþÿý��)�cþ ý*�9��
65)�s�

l�X[Zea�X�s[ird`t[u	ab_b\�foq¨u[��VYZes	�eZeabfzVYZ*d�Tvd>j?_m�e_mamVYird�T[\�g��hfoj�f>amV d�i�d>j
104 �

��X[_�ir_b\ d>�eu	V Zed�T¡ZeT¡V X[_
ρ − φ

s[�Èf>T	_ðZe\öf>g�d�u	V À�À ¿ − À ò�¿ µ q ��t[_msy_mT[t[Z*T[�¢d�T�V X[_ðs�d��ef>i
f>T[���*_

θ
�c�'êpd�iIVYi f>a�¤4\�d�irZe��Z*TpfzV ZeT[�6j�ird�q VYX[_�ZeT�VY_miYf>acVYZ*d�Txk>_birV _�Wxl�Z*V XxVYi f>T[\�k�_bir\ _6qvd�qv_bT`�

VYu[q
pT

< � ¸ ¿«ú�_�¾B¥~spf>\ \rZeT[�xfzV��e_bf>\rV�V X[i _m_ ë�ì ç�\ u[s�_bir�Èfw��_mi \m¥�V X[_öir_b�efzVYZ�k�_6VYi f>T[\�k�_bir\ _
qxd>qx_mT4V u[q ir_b\rd��eu	V Zed�TRã ò�Åzä/Z*\��

∆pT
pT

= 0.0058·pT ⊕ 0.0065⊕ 0.0014

pT
.

���	�*���

��X[_v\ Ze�>T ⊕ qx_bf>T[\-VYX[_�\r£1u[f>i _mt�\ u	q f>T[t
pT

Z*\-qx_bf>\ u[ir_bt�ZeT¡½-_�¾¨����X[_��pir\rV�VY_mi qõZ*\
VYX[_�X[Z�VIsyd�\rZ*V Zed�Toir_b\ d>�eu	V Zed�T�¥zl�X[Ze�*_´VYX[_�\ _mabd�T[tðf>T[t�VYX[Z*i toVY_mi qv\It[_bs�_bT[txd�T�VYX[_�q¨u[��VYZ*s[�e_
\ abfzV V _bi Z*T[�oZeT	\ Zet	_-f>T[thg�_mj�d�ir_�VYX[_6k>d��eu	qx_6dzj�V X[_-t[_cVY_bacVYd�i�ir_b\rsy_mamVYZ�k�_m�*���#êpi d>q V X[_ ë�ì ç
f>�ed>T[_>¥�VYX[_#ZeT�V _biYfzamVYZ*d�T-k�_mirVY_�WöZe\/qx_bf>\ u	i _bt^j�d�i/_mk>_bT�VY\Ïabd�T�V�fzZeT[Z*T[��fzV?�*_wf>\�V�d�T[_ ë�ì ç�V iYf>a�¤
l�Z*V X�foVU�1s[Zeabf>��ir_b\ d>�eu	V Zed�T�f>�*d�T[����V iYf>T	\rk�_mi \r_��´VYdoVYX[_�g�_wf>q t[Zeir_bamV Zed�T§dzj9¿	�·ò~��¿	�*����abq��

�� "!� d� MNP<Q),I*-&$ef062;0�*g=ZY�h
iID
��X[_�¹�|~º�» ë �ÏÜ�ã ò ¶ äÏZe\-fx\Yf>T[t`l�Zea�XRu[iYfzT[Zeu[qo�U\rabZ*T4V Ze�*�ÈfzV d�i´X[_mi qv_mVYZ*akj6abf>�ed>i Zeqv_mV _bim��S�V-Z*\
t[Z*k1Z*t[_btxZeT�VYd�VYir_b_�\ _bacVYZ*d�T[\��ÏVYX[_�j�d�irl�f>i thÞ9æ��?Üp¥�gpf>iri _b� Ñ�æ��ÏÜ¨f>T[txi _bf>i H æ��?ÜBabf>�ed�irZeqv_c�
VY_mi \b�I��X[_�VYX	i _b_�spfzirVY\�d>j�VYX	_^abf>�ed>i Zeqv_mV _biHabd�k�_mi�V X[_�s[\ _mu[t[d�i f>s[Zet	Z*VU�§ir_b��Z*d�T[\�d>j(�

• �U�	�Âò�ÁBVYdo�Ø¿	�ÆÇ À j�d�i´V X[_ H æ��?Üp¥
l � ��ý<` ¿ #VU�
6+cýrþ.�hM
cþÿý)�.������Ü�Ü4� îkm>
��À����ýi��
��.���À��
��Æû��7���4���Æý@ý(Ê4UØý ' �yþÿý��mû�
����2�cþ�
�34���F����ýv�zý1��M ' û ' ýû��t����ý�nql ¿ #���u� ³ l ¿ #4�
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• �U¿	� Ç©ò¨VYd����*�w¿oj�d>i´VYX[_kÑ�æ��ÏÜ~¥

• ���Â¿	�-VYdv�	�ÂÁ ¸ j�d�i´V X[_¨Þ'æ��ÏÜp�

H�d>V X�VYX	_�Þ9æ��ÏÜ�f>T[tÿÑ�æ��?ÜðX[f�k>_öVUlHd�Xpf>t	i d�T[Z*a�awf>�*d�i Z*qx_cVY_bi^��{��@æ@�´�ef��>_bir\���{-�@æ'ïof>T[t
{��@æbo[¥[f>T	thfBVYX[Z*i t�Z*T[T[_birqxd>\rVH�Èfw��_mi�j�d�i qvZeT	�öVYX	_6_b�*_bamV i d�qxf>��T	_mVYZ*a�abf>�ed>i Zeqv_mV _bi���w´�-æ@�é�
��X[_ H æ��ÏÜhamd�T�V�f>Z*T[\6d�T	�*��d�T[_x{-�@æ��Èfw��_mi-f>T[tWd>T[_¨ZeT	T[_bi{w´�-æ��Èfw�>_bib� [ TWd�k>_bi�k`Z*_ml�d>j
VYX[_-abf>�ed>i Zeqv_mV _bi#�Èfw��d>u	V´Z*\´\ X[d�l�ThZeT�ê?Ze��u	i _6�`�*��Å`�'��X[_�f>\r�1qvqx_cVYi��ðZ*TðVYX[_�t[_b\rZe��T§d>j/V X[_
ë �?ÜxZ*\�t[u[_-VYdoV X[_�gyd1d�\rV _bt�\r�1\rV _bq Z*ThV X[_-j�d�irl�f>irt�ir_b��Z*d�T��

HAC1

CENTRAL    TRACKING

FORWARD
TRACKING

SOLENOID

HAC1HAC2

1.5 m .9 m

R
C

A
L

 E
M

C

H
A

C
1 

H
A

C
2

FC
A

L
 E

M
C

BCAL EMC

3.3 m

η=0.0

27.5 GeV
positrons

920 GeV
protons

η=3.0

η=1.1 η

η=-2.7

=-0.74

BCAL RCALFCAL

ª�«�¬��®�¯Ç·@÷ ± � ù ó þ.
��.� ��ý1U�� û�
��t
��~���©ýË~º4ÌK»�` ¿ #�û��0����ý
Y − Z ' ������ý��

��X[_ ë �ÏÜà�Èfw�>_bi \�f>ir_�amd�qvsyd�\r_btâd>j¨am_b�*�e\b� SUTâVYX[_ Þ9æ��?ÜàfzT[t Ñ�æ��?Üp¥�V X[_�w´�-æÃf>T[t
{��@æRab_m�e�e\�Xpfwk>_^V iYf>T[\�k�_mi \ _Bt[Zeqv_bT[\rZed�T	\�d>j

5×20
amq 2 fzT[t

20×20
abq 2 i _b\rsy_mamV Z*k�_m�*�>��SUT

VYX[_ H æ��ÏÜ~¥4VYX[_�ab_m�e��\ Zô�m_�Z*\
10×20

amq 2 �'SUTðV X[_^Þ9æ��ÏÜ¨f>T[t�Ñ�æ��ÏÜp¥	fo{��@æ'ï�ab_b�*�pVYd���_cVYX[_mi
l�Z*V X¢fh{-�@æboðab_b�*�/f>T[t�j�d�u[iEw��-æ�ab_b�*�e\�j�d�irq�f

tower
�´SUT�VYX[_ H æ��?Üp¥p_wfza�X¡{��@æ�ab_b�*�/Ze\

abd�qBg[ZeT[_mt�l�Z�VYX�VUl�dµw��-æ�ab_b�*�e\�VYd�j�d�irq f>T H æ��?ÜxV d�lH_bim��]@ZeT[_bf>i���i d>u[s[\�d>j?V d�lH_bir\6f>ir_
VYX[_mT�amd�q¨g[Z*T[_bt�ZeT�V d

modules
��\ _b_^ê?Z*��u[ir_��	�*��Ç��c�

[ am_b�*�'Ze\�abd�qvs�d�\ _mt¡d>j��Èfw��_mi \^d>j�fzg[\ d�irgy_mi�p�¥/l�Z*V X¡fhVYX[Z*a�¤4T[_b\r\Bd>j´�	�Æ�hqvq�¥@Z*T4V _bir�e_wfwk>_bt
l�Z*V X À �ÂÅ^qvq s[�efzVY_m\Hdzj�s[�ef>\rV Zea�\ amZeT�VYZ*�e�Èf©VYd�i$qm�?��X[Ze\#abd�qBg[ZeTpf©VYZed>Tvdzj=VYX	_�VYX	Zea�¤4T[_b\r\�Z*\#a�X	dz�
\ _mT¢ZeT�d�i t	_bi�VYd�fza�X[Ze_ck�_¨f�abd>qxs�_bT[\ fzVYZ*T[�vawf>�*d�i Z*qx_cVY_bim¥	l�X[_mi _öV X[_^i _b\rsyd>T[\ _BV dxX[f>t[i d>T[\
f>T[t�_b�*_bacVYi d>T[\'Ze\'_m£1u[f>���

e/h = 1
�Ïd�k�_bi#f6l�Zet	_�iYf>T[�>_�d>j�_bT[_mi ��Z*_b\b�?��X[_�\ abZ*T�VYZe�*�ÈfzV Zed�T^�eZ*��X�V

Ze\���u[Zet	_bt�V dðs[X	d>VYd�qBu[�*V Zes[�*Ze_bi´V u[g�_b\o�Qz´� ì \���g���l´fwk>_b�e_mT[�>V XW\ X[Z�j VY_bir\b����X[_Bam_b�e��Ze\�i _bf>t
d�u	V�g���VUlHdxZ*t[_bT�VYZ*awf>�iz�� ì \ö��\ _b_öê?Z*��u[i _6�	�*��Ç��c�

r � ��ýq�����9
mþ��>ý�þ�û��)M7����ý*
��
98.4% U238

n
1.4% Nb

�����0�Âý1���)�������
0.2% U235

�s õ�ó õ ð ï�Ý��
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ª�«�¬�/®�¯ÿ·�÷ ±[²yù$æ�ûÆý�5�
��~��� ³ l ¿ #$M$
8�83��Âý��h� �©ý*��
65=ý�þQ�TU�
����.�cû���û��4�F����ý<t � l:�����t¾ ¿ lt��ý1U��ÿû�
����)�éþÿý���4
65)�s�

��X[_ ë �ÏÜv_mT[_bir�>�hi _m\ d��*u	VYZ*d�T§qv_wf>\ru[i _mt�u[T	t[_bi�VY_m\rV�gy_bf>q amd�T[t[Z�VYZ*d�T[\�Ze\��
σ(E)

E
=

35%√
E
⊕ 2%

���	� À �

j�d�i�Xpf>t	i d�T[\�f>T	t
σ(E)

E
=

18%√
E
⊕ 1%

���	�Â���

j�d�i�_b�*_bacVYi d>T[\�l�Z*VYX§V X[_�_bT[_mi �>�
E

qv_wf>\ru[i _mt�Z*T�½�_�¾B�

��X[_Çw´�-æ VYX	Zea�¤4T[_b\r\xamd�i ir_b\rsyd�T	t[\vV d�f>s[s[ird8W`Z*qðfzV _b��� À ¸ � À �hZeT VYX	_�Ñ�æ��?Ü1�BiYfzt[ZÈfzV Zed�T
�e_mT[�>VYX	\h�

X0
�^j�d>i¨_b�*_bamV i d�qxf>��T	_mVYZ*ax\rX[d�l�_mi \�d�iofzs[s[i d&W`ZeqxfzV _b�*�Rd>T[_�ZeT�V _biYfzamVYZ*d�T��*_bT[�>V X

�
λ
��j�d�i�Xpf>t[ird�T[Z*a-ZeT�VY_miYf>acVYZed>T[\b�'��X[_�VYdzV�f>�=V X[Zea�¤4T[_m\ \�d>j?_bf>a�X�abf>�ed>i Zeqv_mV _biH\ _bacVYZ*d�T�kzf>irZe_m\

��V döir_�}p_mamV�V X[_��ed�s	\ Zet	_btv_mk�_mT�V´��_md�qx_cVYi��[�?j�ird�q
7.1λ

Z*TvV X[_�Þ9æ��ÏÜ~¥�V d
5.3λ

ZeToVYX[_EÑ�æ��ÏÜ
f>T[t

4λ
Z*T§VYX[_ H æ��ÏÜ~�

��X[_ ë �?ÜÚs[i d�k1Zet	_b\ðV ZeqvZeT[�¡ZeT	j�d�irqðf©VYZed>TÙj�d�ix_bT[_mi �>� t[_bs�d�\ Z�VY\§f©Vhf�i _m\ d��*u	VYZ*d�Tàd>jöf>s1�
s[i d&W`ZeqxfzV _b�*���¨T	\6j�d�i�_mT[_bir�>�¢t[_msyd>\ Z*V \6d�k�_mi6ò[� ¸ ½�_�¾B�=��X[Z*\-f>�e�*d�l�\�V d§_GFvabZ*_bT�VY����ir_(]r_bacV
gy_bf>q ��fz\�fzT[thabd�\rqxZ*a-iYfw�§gpf>a�¤4��ird�u[T[t	\b�

�� "!� �u vNP<(4TU&)O�V8MNP<Q),<*4&$ef06240�*g=@wxhzy�D
��X[_¨gpfza�¤1Z*T[��abf>�ed�irZeqv_mV _biö��Ñ���æ@�^ã ¸ �bäÏZe\�fð��f>\r_bd�u	\�{-t[_cVY_bacVYd�i�abd�qvs�d�\ _mt¢d>jIf>�*u[qvZeT[Z*u[q
qxd1t[u[�*_b\#ZeT[\�VYiru[qx_mT�VY_btðg4��Çöd�i ¶ t[_cVY_mamVYZ*T[�¨am_b�e�*\Hdzj/fBabird�\ \H\ _mamVYZ*d�T�d>j

11×15
qxq _wfza�X

|
Ar − CO2

������M´û�Ê��.3�þÿýq3���ý1�Z�
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f>T[t�fo�e_mT[�>VYX§dzj���� ¶ − Ç`�Â�oq��I½-d��*t§s[�ÈfzV _bt�V u[T[��\�VY_bThl�Zeir_b\´l�Z�VYXht[ZÈfzqx_cVY_bi�d>j ¸ ¿ µ q fzi _
\rV i _mV a�X[_bt Z*T¡V X[_xam_b�*�#am_bT�VY_mi \ofzT[t�\ru[s[s�d�irV _bt�_ck�_bi�� ¸ ¿�amq Z*T�V X[_ð�*d�T[��Z�VYu[t	ZeTpf>�Ït[Zeir_baé�
VYZ*d�T�� [ �eu[qvZeT	Zeu[qÃawfzV X[d1t[_b\Hd>j��*_bT[�>V X ¸ ¿^amq f>i _�qxd>u[T�VY_btvd�TvVYd�svd>j=V X[_�qxd1t[u[�*_b\b�?��X[_
qxd1t[u[�*_b\�f>ir_xZ*T[\rVYf>�e�*_btWZ*T[\ Z*t[_¨VYX[_vi _cVYu[irT¡�>d�¤>_vu[\ _mt f>\^f>T¡f>g[\rd�i g�_bið��\r_b_xê?Ze��u	i _��	�ÂÁ��c�
��X[_�l�Z*i _m\Hfzi _�i _wfztxd�u`VHd>Tðd�T[_�\rZet[_�f>T[tvs[i d�k1Zet	_�g�d>VYXxf>Tpfz�ed��^f>T[tvt[Z*��Z*VYf>�[\ Z*��Tpf>�*\b�Ï��X[_
spf>t[\�Xpfwk�_¨d>T[�*��f>T�f>Tpf>�*d��xir_wf>t	d�u	Vw�0Ï'T[_bir�>��Ze\�qx_bf>\ u[ir_bt¢g���\ u	qxqvZeT[�vu[s�V X[_¨fzTpf>�ed>�
\ Z*��Tpf>�*\Ij�ird�q VYX	_�l�Z*i _b\H��i d>u[sy_mtðZ*Tðf>t	t[Z*V Zed�T�ZeT�V döVYd�lH_bir\�d>j/f�l�Zet	V Xðd>j À ¸ − ¸ ¿^abq � À − ò
qxd1t[u[�*_b\Y��d�k>_bi-VYX	_�j�u	�e�9t[_ms	VYX�d>j#VYX[_�Ñ���æ?�o��X[_xs[f>t[\�d>j À − ò�T	_bZe�>X1g�d�u[irZeT[�hqvd`t	u[�e_m\
f>i _6f>t[t[_mthV d¨spf>t�V d�l�_mi \´l�Z*V Xhf>Thf>ir_wfBd>j

50×50
amq 2 ��òoqvd`t[u	�e_b\Y�I\rZeqvZe�ef>i'VYdBV X[_6l�Zeir_

VYd�lH_bi \m�I��X[_m�vs[ird�k1Z*t[_�f�qv_wf>\ru[i _mqx_mT4VHd>jyVYX[_��ed1awfzV Zed�T�d>jyVYX[_�_bT	_bi �z�xt	_bs�d�\ Z�V�fz�ed�T[�-V X[_
l�Zeir_b\b�x��X[_ð\rZe��T[f>�e\6j�ird�q�VYX	_vl�Z*i _b\�s[ird�k`Z*t[_vspfzV V _birT[\ödzj´X[Z�V�syd�\rZ*V Zed�T[\-Z*T�V X[_pÑ��@æÚV d
i _mabd�T[\�VYiru[amV�q¨u[d�T§V iYf4]r_mamVYd>i Ze_m\b�
��X[_¨Ñ��@æ awf>Tâi _mabd���T	Ze\ _R_ck�_bT�V \�l�Z�VYXâ\ X[d�lH_bi \��e_bf>¤4ZeT[�Úd�u`Vhd>jöV X[_ ë �?Ü ��_>�·�[� X[Z*��X
_bT[_mi �>�:]r_cVY\Isy_mT[_mV iYfzV ZeT[��VYX	_ ë �ÏÜ`�ÏV d^k>_mVYdBd�i'VYd^abd�iri _bacVHV X[_bq �efzVY_mib�ÏS�VHabf>Tðt	Ze\rV ZeT[�>u[Ze\rX
gy_cVUl�_m_bT Xpf>t	i d�Tàf>T[tàqBu[d�Tà\rX[d�l�_mi \hf>T	tàs[ird�k1Z*t[_b\xq¨u[d�T Zet[_mT4V Z*�pabfzVYZ*d�TÙf>T[tàV i Z*����_bi
awf>s[f>g[Ze�*Z*V Ze_b\#ZeT�V X[_�gydzV VYd>q �>d�¤>_^f>T[thd>V X[_bi�fzi _wfz\�syd1d�i ���ðamd�k�_bir_bt�g���VYX[_-qBu[d�ThZet[_mT�VYZ��
�pawf©VYZed>T�a�X[f>q¨g�_bi \m� [ \ru[qvqðf>i���d>j�VYX	_�Ñ��@æRqvd1t[u[�e_m\´Ze\���Z�k�_mT�Z*Th�?f>g	�e_��	� À �

ò �éþÿþÿý�� ò 
�����
�M }�
cþ.5��cþ.� ~/ý��éþ
¸�þ ý1�0ã M

2
ç Û�Ü�à�Þ Þ�Ü�î è�î�à ï�Þ�Þð 34MV�>ý�þ	
��~���í-cýrþ.� Ü Ü Û1à êä*��� +�
���34M´ýã M

3
ç ï�Ý4� à ë8� Ü Ü4�åÞ î4� èð 34MV�>ý�þ	
��hÝ�r^�.34�>ýGM
8�834�Æý�� Þ�Þ�è�î Û1Ü�ï Ý�è�à ë�ê�Þð 34MV�>ý�þ	
��2êír^�.34�>ýGM
8�834�Æý�� î�ë�Ý ÛíÞ�à Þ�Ý�à Û�ÛíÞìE
8�83��Âýq�Æý��4�����kã MFç è��åëF�����Eë8�åë ê&� ï Û�� ÝVrTï4� î Û�� ÝFr ï4� î

ð 34MV�>ý�þ	
��~5@ûÆþÿý�� Þ�Þ�ë�êíè Þ�ï�Ý�è ê6Ü�Ý�à ë�ï�î�à
� ûÆþ ý*�.
65yýrþ.� Û1à�à Û�à ï�Þ ï�î
� ���0�.
65yýrþ.� Û�Û1à�à Ûíë�à Þ�Þ�Þ Þ�ï�à

öF÷høGù ¯ÿ·�÷*° ù õ 34MM7�éþ.-�
�� ò ¸ ó M
8�834�Æý����

��X[_ÇÑ��@æè\ spf©VYZÈfz��i _m\ d��*u	VYZ*d�T s�_bi s�_bT	t[Zeamu[�Èf>i¨V d¢VYX[_§l�Z*i _b\oZ*\�f>g�d�u	V§�hqvq��¡��X[_h�ed�T`�
��Z*V u[t[Z*Tpf>�	ir_b\rd��eu	V Zed�Tot	_m�pT[_mtxqxf>Z*T[�*�^g��¨VYX	_�s[f>t�\ Zô�m_�Ze\'f>g�d�u	V

50/
√

12
abq��?��X[_�_mT[_bir�>�

i _m\ d��*u	VYZ*d�Tot[_mV _birqxZ*T[_bt�g��oVY_m\rV#gy_bf>qnqv_wfz\ u[ir_bqv_bT�VY\IZe\'�>Z*k�_mTxg��¨V X[_�j�d��e�*d�l�ZeT[��j�d�i q¨u	�Èf~�
σ(E)

E
=

1.1√
E
,

���	�Âò��

l�X[_bir_
E

Z*\´VYX[_�spf>i�VYZ*ab�e_�_bT[_mi �>�§Z*T�½�_�¾

�� "!� �� ��23*-P�� R
�\�z0XR�*-P<(4T<0�*�=Z��[\[�D

��u[i����[�����4��u	s[��iYfzt-��fzj����mi<���-���c�bf>i À ¿�¿�¿	¥c���-�\�3�Yi fwl ��u[g�����iYf���¤Z�bi6�Ø� ì@ì ��ã ò4Ç©ä[i��bs	�Èf��G�bt
���-����}/ç¢j��>i q��bi ���os[�ef��k�mtS���xg+�G�Ul��k�G�����-��s[�ÈfZ�-�k���>j6���-�^Þ ì ç �d���G�6ê��*��u[i����`�*� ¶ ���cj��é�é�����
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���-�������-�G���������-�o� ì@ì �-�������	j���i qS�Z�����c�S�����c�[����u-���bt ���¡���-�^ê¢��i�l��>irt � ì@ì kc�bi$����Wh�¢�[t-���[�
�>�e����i��£���[q t-�k���bi��eg+�bt ���¤�;�k�¥�����c�hò[�

Ò9�����1�������¢�-�B��i����4u[���>i��£�U��¥����-�x� ì@ì ����t-�k���e�c�-�mt1�������e�c�4�*�¢�k���¦�Y�*�§�*qxs	i���kc�¨�Yi��Z��¤�i��k�k���`�
��� i u-�¥�������S���
���-��j���i�l��>irtxi��b�c���c���Ï�U�-�U�Yi��Z��¤��bi��k��k��bi������-��s+���©�ziI���[�����´i��Z�[�c��g��¥�Ulª�G�k�

7o���[t
25o

�I�"���k�c�-�����$���U�>jb�Ulª��q��`t	u[���G���Ø� ì@ì ïz���[tR� ì@ì o1�<�k�c�¦�«�Z���-���[�¨j���u[i
superlayers

¥
�¬���«�hs+�birs��G�[t-���mu[�©�zi����z���-�

Z
�4W4���b�qÏ<���«�§�ru[s��mi �������biU����g[u-�*�����>j�����W����k�¥����i��´l������S�Yi��zs��é�

�k�c�*t¢�>�����¢�zs��z�W�U�-�ðj���u[iz� u[s+�bir�©�w�c�mi��C�>i���i��Z�«�Z���bt�g��
0o

¥
30o

¥
+15o

���[t −15o
������-�

X − Y s[�©�Z�-�C�>jª���-��¹/|�º�»E�k�3��irt-���¢�®���K�r�3�$���bq �d���k�xê��e�>u[i�� �`�*��Á��c��Ï<���«�¯���G�G���>i��k���`�
�«�����-�����Yi��wl��´���eu4�btE���¦���z�¨���	i��k���©�w�c�miª�$�Yi u4�G�Yu	i���s	i���k3�et-���[�Bq��k�«�¢�Z�-���k�>�����«�zg-�e�����U�Bj��>i����-�
�Yi�����¤��mib�#�U�-���4u[q¨g+�biU�>jb��� i��wl���s��mi����G�G����i´kZ�>i����k�´g+�G�Ul��k�G����Á�ÅK�Z�[t À ¶ ¿¨t-�ms��G�[t-���[�C�c�
���-�

Z
s������������c�E�>j°�C���G�G����iU����qE�®���«� ���[��u	�©�>i����G�k�ms4�«���4�k�>�

ª�«�¬y/®�¯ÿ·�÷ ±1ø@ù ó þ�
���� õ ý1U�� û�
�� N �Æý(�O��P)���u�tïmúÇ+wûÂý�5 N þ û������QPT
��Í�.��ý$Ë~º4ÌK»v�ÿþ.��UQÈwû��4���-&�9� ý�M:�

�U�-�U��� i��wl±���I���c�����G��u-�I�m�1�����[t[i����k�>�`s	i���s+��i������c�-�>�²�«�¢�>q¨g+�bi9qS�>t-�ª�>j¢�Ulª���������bi��I�>j ¸ ¿ µ q³��>s4�����ðj��c�e�pl��£�����^l��ei��\��� i��G���«�-�bt§���S���4�´�k�G�²���bi��zj:���-��� u[g+�>�I�"�����#�[�e���mtðg��E�B�¦���HqS��W1�
�Yu[i��U�>j ¶ ¿ZY¤� À ¿ÀY Ar : CO2

���K��i t-�mi°���-s[i���k;�*t-���c�3�`tK�¥F��k���G�-�m�h� Á ¶ Y����Z�[t�i��k�����eu;�������
� ≈ À ¿�¿ µ q����>jµ���-����� i��wl¶�Yu	g��z�
�U�-�^qS�c�$���eqvs��>i��«�Z�²�Hj��¬�Z� u[i��G���>j����-����� i��wl¶�Yu	g��¨�>i��o�

• ½��;�1t¡�b���k�¥�Yi������«�®�������$�«�>g4�e���£�U��¥

• Óª�c�4���«�Z�²��t[i��*j��´k��b���3�k�£�U��¥

• �U�-�¨���m�*jÈ�"� u[s[s+��i$�����	�os[i���s+�bi$�U�¡�>jb���-���$�Yi��wl·�Yu[g+�>¥

• �U�-�����Z�«�>��i��>t-���Z�����c�����G�[����� �zjµ���-�o� ì@ì �����>g+��u4��� ¸ Y§¥

• ½��;�1t§i��zt-�©�Z�����c�E�¢�>i t4�-�k���¨� < À ÓU�Z�bqð�c¥
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ª�«�¬y/®�¯ÿ·�÷ ±KJ@ù$ïmúÿ+wûÂý�5�
��Í�.��ý�¸�¹I¹���ý1U���
mþ.���

• ]:��l¶�G�c���\���[t ���*qxs	�����G���U���>jb���-���$�Yi��wl¦s[i��1t[u-�¥���������

�U�-�R� ì@ì ���C�>g[�������W�¢�[t��Yi�����¤²�vl��£�����-�*�c�º�GF��k���k�-�c��� [ �k��qBg-���¢�®�������º�>j\���-���
� i�����¤
���	j��>i qS�Z�����c�ol������S���	j��>i qS�Z�����c�¨j�i���q/���-� ë�ì ç»���[t�| X?ç�s	i���k3�et-�G�ª�-�*�c�ðs[i��k�G�������c�S� i�����¤
i��G�k�c�-�$�Yiru-�G�����c���°�;���4�k�I���-�I� i�����¤Z�bi��k���^g��Iu-���btz����i��k�G�c�-��� i u-�¥�µ���-���mkc�G�¦�?kc�mi�����W^s+�c���£�������
���[t��Yi�����¤²�µ�zj;�«�-�>i �c�mtös-�>i������b���k�m¥@���:�����>������u-���mtz���´���-��¹�|~º�»<�Yi��e�����bib�/�U�-���:���@s¢�zi������bu[���>i ���
�eqvs��>i��«�Z�²�Ij���i��mk��k�¦���U���xl��-���«���-� ë�ì ç1�Yi�����¤vi��k�G�c�-�$�Yi u4�G�����c�E���	j���irqE�Z�����c�C���ª�wkZ���e���>g[���>�
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ú¤Ä-�c�4�U��Å��\ÆS���-��Æ�Ä-Æf�����-�������[��Ç¢��Å$�����b���G�6�Q|L? � �c�'�U�-�c���¬�Z��Ç��G�-�G��Å��Z��������Å �c�\��Æ��cÄ-�¦������È
ÆE�®���kÅ��©�>�²É������-�cÄ4��Ê��G���[���ZÊ-���cÅ�Ê��GË��9�U�-�UÆ�Ä-�c�K��Ë4�k�¦�����¢�¬�Z�����c�z�r�3�����kÆ ã ò À ä4Ä-���G�I���-������Å �c�
��Æ��cÄ-�¦����È°ÆS�Z���GÅ����>�6Ç-Å��@Ì;��Ë-�kË Ê��§���-� ë �?Ü��Z�-Ë ���-�-�c��¤Z�
���\�CÆ
Ä-�c�§�p�£���kÅm�H�U�4�kÅ��¥È��cÅ��z¥
���-�KÆ�Ä-�c�ÍË-�G���k�¥���cÅ�����Å��KÆ��cÄ-�¦���GËÍ���1È�Å����²�´��È����-ËÍÊ��G�-���4Ë1���-�KÆS�>�c�-�¥�������kË»��Å��c�¢����¤��z�
�;Ä-�«�X��Ë-�G���e���·Ç-Å��@Ì;��Ë-�k�§���4�¯�k��Ç¢��Ê-�*���£�U�Î���xÆ��¬����Ä-Å��ÍÆ
Ä-���Ï��Å�����¤²�ÐÇ4Å��3Ë-Ä-�k�GË¶�Z�§���-�
�-�cÆ����¢�z�´���¦���GÅ����¥�����c�·Ç+�c���²�¤���4ËÑÅ��k���«�-���[�±���-�¯Æ�Ä-�c�ÏË-�G���k�G���cÅ��m� ���kÇ+�k�-Ë4���[�±�c�·���-�
Ç��>�©��Å\���[�����z�ZÈ°���-��Æ
Ä-�c�-�m¥����-�
�¬Ìc�GÅ��>���
Æ
Ä-�c�ÐÆS�cÆ��k�¦��Ä-ÆÒÌ��ZÅ����G�\Ê+�G��É��k�G�N�SÈ��GÉn½���¾
�����-�\Ê-��Å�Å��b�+���-Ë�Å��k��Å<Å��b�����c�~�I���4Ë���¿ö½���¾ �����-��È��cÅ$É���Å�ËSÅ��b�c���c�~�°Ë-Ä-���������4�������3ÆSÆ��G��Å����
�¢�Z��Ä-Å����ZÈ-���-�ª�b���G�G��Å��c�`�"Ç-Å��Z���c�z�k���*���������c�4���Z��Ó�Ô�}@�I�?�U�-�ªÆ
Ä-�c�
Ë4�G���G�G�����c�
���3�����GÆÕ������Ç	�����
���¦���C��É��E��Ä4Ê`��Ë-�¥���G�G����Å��b¥+���-��È��cÅ$É���Å�Ë ��ÞH�-ºÏÝ?ßÏ�é¥¢Ê¢��Å�Å��b�H��Ñ��-ºÏÝ9ß��U���-Ë¤Å��¬�ZÅ¨� H �-º�Ý9ß��
Æ
Ä-�c�§Ë-�¥���G�G����Å��b�

·�÷e°�÷���÷ ± ª:Ö�®@× ÷ ®®ØÚÙ bÖ+ÛÝÜ§¯¦Þ�¯3ß�Þ@Ö~®»àâá�ã�äUå<æ\ç
èU�-�UÈ��cÅ�Éª��Å�Ë�Æ�Ä-�c�CË-�G���k�¥���cÅ�ã ò À ä¢���°��Ç4é����°���¦���´��É���ÆS�3Ë-Ä-é��k�kêµèU�-�����-�4�kÅ°Æ��;Ë4Ä-é���ë�ÞH�-ºi?�ì
��È+���-�6ÞH�-º�Ý9ß¤���Ié��3�¬�Z���kËC���K���4��È�Å��c�¦����È����-����Å��c�
íc��¤Z��ê<èU�-��Ç+�c���£�������K��È����-���cÄ4���kÅ<Ç¢��Å$�
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ëUÞ�ð-º�Ý°ì�����Ê��G�-���-Ë ���-�zíc�cñZ��ê´èb�còc�¥���-�GÅ\É������¤���-��Ñ�ó�æé��3�¬�Z���kËÐ���-����Ë-�����-�zÆE��ò��-�G�������GË
íc�cñZ�U���-��Æ�Ä-�c�
Ë-�¥���G�G����Å��°È��cÅ�Æg���-��Æ
Ä-���K��Ë-�G�²����ô¢�k�Z�����c���$í3�����GÆ¤õcÉ��4���«�K�¬�Z�KÅ��k�G�c�-�$��Å�Ä4�G�
���-��Æ
Ä4�c�¡��Å��Z�«ñ3�\���-Ë Æ��¬����Ä-Å������4�¨Æ�Ä-�c�§ÆS��ÆS�G�²��Ä-Æ½ë����G�öêµ��òcÄ-Å�� ï ê À ¿¦ì¥ê
èU�-�oÞ�ð-ºÏÝ?ß¯���U�G�cÆSÇ+�c���kË§��È(�

• [ ��í3�����kÆö�ZÈ:È��cÄ-ÅªÇ4é©���-�G�ª��È�é���Æ������kËC����Å��¬�ZÆS�GÅ���Ä4Ê��CëQ\9» ì ì°��Å���òcò��kÅ�Ç-é©���4�k��ëQ\9» ì ï´÷
\9» ì:ø ì�É������§Ë-��òc�£�«��é6�o�k��Æ
Ä4���¢��é

φ
�Z�-Ë¤Å���Ë-����é

ρ
Å��k��Ë-�cÄ4�kõ

• è�Éª��é���Å�òc�����-òcé��ªÇ-é����-�k�I�ZÈ�é���Æ������kË¨����Å��¬��Æ��kÅ°��Ä-Ê+�k�°É������KË-��ò����«�Zé6ë ρ õ φ ì°���4ËC���¢��é��còë
ρ
ìUÅ��¬��Ë4�cÄ4�����¡���-��é©��Å�òc��Ç���é©��Åª���-òcé���Å��kò����c�¯ë�\3�Wï3õO\3�¤o3ìâõ

• ê¢�cÄ-ÅUÇ4é©���-�G����È�Ë4Å���È����«�¢��Æ
Ê+�kÅ���ëQ=Bæ'ï¨÷7=Bæ ø ìâõ

• è�Éª�zé©��Å�òc������Å��c��Ë¢��é-��Å��c�CÆS��òc�-�¥���IÉ������E��ÆE�Zòc�-�G������ô¢�Gé�Ë���Èµùcê Ç�èÎÈ��cÅI���-��ÆS�cÆ��k�3÷��Ä4Æú���GÇ¢��Å��Z�����c�x���-Ë�ÆS�k����Ä4Å��kÆ��k�¦�C���û���-�§Ç+�cé©��Å����-òcé���Å��Gòc�����ºÊ��¥��Éª�G�k�Ýü o ���-Ëù�Å o ê
èU�-��ô¢Å��$��Ç-é©���4�k�:\°ý ì ï
�Z�-ËÇ=Bæ'ïzÈ��cÅ�ÆW���-�¨Þ�ð�þi?�Ë4�G���G�G���cÅkê<èU�-��Å��G�������U�G�cÆ
Ê-���-�kË§���²���
���-�¨Þ�ð�þ�ÝûË-�G���k�¥���cÅGê
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gf ù õ UQ��ý�M7��� û�U�� ���í-�
�34��
��Í�.��ý� � ÌK%��"��ý(� ý1U��.
cþ1�
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èU�-��òc�c��é<��È����4��\°ý ì Ç-é©���4�k�¨���z���¤��Å���ò�òc�kÅ¨�c�û�¤Æ
Ä-�c�¯�¬���-Ë4��Ë¢�Z�������4Ë���¤Å��k�G�c�-�$��Å�Ä4�G�
������Ç������������c�S�������kÅ�Æ�����È:���-���o�G��Æ
Ä4���¢��é����-Ë¡Å���Ë-�©�Zé��G�;�cÅ�Ë-���-�Z���G����È:���4�´��Å��Z�«ñ+ê [ ��Å���òcòc�kÅ
Ç-é©�Z�-�����UÆS��Ë-����ÈµÈ��cÄ-Åt\°ý ì �«�¢��Æ�Ê��GÅ����k�cÆ�Ê-���-�GË ���K��Éª�S�¢��é�ÈµÇ-é����-�k�Gê [#" Ä¢�ZË-Å����¦�\�k�c�3÷
�«�����-����Éª�Sé©�¬íc�GÅ����ZÈ:\Iý ì Ç��c���������c�-�GË¤�4�cÅ��^�k�c�¦�«�Zé�é�íE���-����Ë-�¨��Ç-é©���$�����¨���-�k�¥�¬êUèU�-�¨��Ä-Ê+�k�\��È
���-����É���Ç-é����-�k����Å��\��é���òc�¦��é�ízË-����Ç-é����k�GËSÊ¦í%$4ê ü��GÆ/���C�cÅ�Ë4�kÅ<���z���«�-���¥Ìc���k�cÆ�Ç-é��G����òc�G�cÆ��G��÷
Å����¬��é����G�k�GÇ4�«���4�k��êVÏ<���«� " Ä-��Ë-Å��Z�²�ª���<�k���²�������4�kË����S������é�Ä-Æ����-��Ä-ÆÕ�Z��Å°����òc�¦��Ê��&W�ê<^´�S���-�
�cÄ4���kÅb����Ë4��õ��G�cÇ-Ç+�kÅµ����Å���Ç-�µ��Å���òcé�Ä-�kË¨���zÇ���é©��Å:òc�G�cÆ��G��Å$ícêbèU�-�,\°ý ì �b���-Ë-Ä4�k��������òc�¢��é²���¨���-�
�k�cÇ4Ç��GÅ�����Å���Ç-�\É��-�G�»�SÇ-��Å������ké����kÅ��������G�´���-�zÇ-é©�Z�-��êUèU�-���3Ä4Æ
Ê��GÅ���È°Å���Ë-����é:����Å���Ç-�\���zù ï'&É��-��é����¬���«���$��Å���ÇE����ùcê)(¨�kÆ/É���Ë4��ê°èU�-�¥íS��Å���Ë-��Ì3��Ë-�kËE��é��c�4ò����-��Ê4�����G�G���cÅ��ZÈ6���4� " Ä¢��Ë-Å����¦�
�������¢�Z�b���-������ÆSÇ4é��k�$��Ä4�-���b��È-���-����Å���òcòc�kÅ�Ç-é����-�I���\Ê���Å��k��Ë��cÄ;���������z�;�¥�«���¦�kê�èU�-���3Ä4Æ
Ê��GÅ
��È�����Å���Ç-����� ï'& Ç+�kÅµ�;�¥�«���¦�kê*Ï<���«�K����Å���Ç
�k�@Ìc�GÅ��<�������¦���GÅ�ÌZ��é²��È�ùcê·ò o �������4���o�G��Æ
Ä4���¢��é3���-ò�é���ê
èU�-��Ë-Å��£È����«�¢�ZÆ
Ê��GÅ�����Å��´Ä-���kË ���¡�cÅ�Ë-�kÅª���K�cÊ4�������§�
òc�3�3Ë�ÆS��ÆS�G�²��Ä-ÆWÅ��k���cé�Ä;��������êqÏ<���«�
Ç-é©�Z�-���G�c�¦�«�����-��È��cÄ4Åª�«�¢��Æ�Ê��GÅ���òcÅ��cÄ-Ç+�kËE��É��KÊ¦íS��É��K���S��Éª�K�¢�Zé�È:Ç-é����-�G��ô~W;�kË¡���¡����Ä4Ç;÷
Ç���Å��\Ç¢���-�Gé�ê�èU�-�
Ê¢�������¨�ké��kÆ��k�¦�´��È����-�z�«�¢��Æ
Ê+�kÅ\�������-�

cell
ÆE�ZË-�z�ZÈ°È��cÄ-Å\���k�4����É���Å��k�Gõ

���-ËK���4�Ué©�¬íc�GÅ��I�-�G�kË-�GË����¨ò��k�-�GÅ��Z�������-����Ç4Ç-Å��cÇ4Å��©�®�����Gé��k�¥��Å����ªô¢�Gé�Ë�êµèU�-�UÈ��cÄ-Å°���k�-���UÉ���Å��G�
ÆS�k����Ä4Å��K���-�KÅ���Ë-����é��G�;�cÅ�Ë-���-�Z���Zê
èU�-�C���4È���Å�ÆS�Z�����c�Ðò¦�®���-�GÅ��kËNÊ¦í1���4�CÉ���Å��G����Å��K���k�¦�z���
�¡��ç?æ�õ+É��-���«�»�G�c�¦Ìc�kÅ$���´���-�kÆ ���¦�����S����ÆS�¨���¦���GÅ�ÌZ��ébÅ��Gé©�Z���kËÐ���E���-��Ë-Å��£È��´Ë-�����«�Z�-�k�zÊ²í1�
ñ²�-�@É��ÐÅ��Gé©�Z�����c�6ê
èU�-�ª��É���é©��Å�òc�����-òcé��ª�k�@Ì��kÅ��Zòc��Ç-é����-�k�Uë�\3� ìµ�ZÅ��ªÄ4���kËK���
�cÅ�Ë-�kÅb�������«�4���GÌ��ª���4��Ë-�k����Å��kËKòc�â÷
�cÆ��G��Å����k��é²���k�G�kÇ4�����-�G�U��é����\���z���-�ªÅ��kòc���c�zé��GÈ��bÄ-�-�G�@Ìc�kÅ��kËCÊ¦í����-�����cÅ��c��Ë-��ë

16o < θ < 32o
ì¥ê

Ï<���«�1Ç-é����-���k���²�������4�\�G��òc�¦�\����Å�����òc�¦����é�Ä-Æ����-��Ä-ÆWÉ�Å���Ç-Ç-���-òc�U���-�Z���k�c�¦�«�Z���¤�p\°ý ì é��@í��kÅGê
èU�-�E\Iý ì ����ò��¢��é¢���<���-Ë-Ä-�G�kË��c�E�G�cÇ-Ç+�kÅ<����Å���Ç4��É��£����Å���Ë-����é-òc�G�cÆ��G��Å$íK��Ç-���k�GË���È*$4ê,+��kÆ/���
���-���k�3�cÅ�Ë4���¢�Z���ª�Z�-Ë
��È:ù�ê)-��kÆ>���¨���-���k�3�cÅ�Ë-���¢�Z����êbèU�-���²Ä-Æ
Ê+�kÅµ��È¢����Å���Ç-�����/.>ò\Ç��GÅ��3�G�����¦�
É��-��é������-������Å���Ç-����Å���ù0( & Ç+�kÅ<�;�¥�«���¦�kê°èU�-�\���«�-���¥Ìc�GËEÅ��G���cé�Ä4�����c�C���K���4�\�G�;�cÅ�Ë-���-�Z���Zõ¦Ä-�����-ò�K�k�k�¦���kÅ���È�ò�Å��¬Ì3����í§��é�òc�cÅ������4Æ¤õ²����ù¨Æ�Æ¤ê

·�÷1
�÷���÷�
 2 ÷ �	�	� ù à43¡ã�äUå<æ\ç ÷ ÛµØ657� ÷ �1à481ã�äUå<æ\ç�Ù9�bÖ+ÛÝÜ:�¦Þ0�3ß�Þ@Ö;�
èU�-��Ê-��Å�Å��ké����-ËEÅ��¬��Å�Æ
Ä-���EË-�¥���k�¥���cÅ�ã ü & ä��k�@Ìc�GÅ��U��Ìc�GÅ�íSé©��Å�òc����Å��k��ë & $<$<$�Æ 2 ì<���-ËS�������;÷����Å�Ä-Æ��k�¦���GËEÊ¦íp\°ý ì �«�¢��Æ
Ê+�kÅ��kê°èU�4�\�«�¢�ZÆ
Ê��GÅ����k�@Ìc�GÅ����-òz���-�����-�-�GÅ<Ê¢��Å�Å��ké¢Ç¢�ZÅ��<Ê+�G��É��k�k�
���-� ë óÏÜK���-Ë����-����Å��c�Eí��cñ����ZÅ����k��é�é��kËµÑ\ð�þv?�õ3É��-��é��\���-���«�¢�ZÆ
Ê��GÅ���é��;�k�Z���GË��cÄ4������Ë-�\���-�
íc�cñZ���ZÅ���Ë-�k�4�����GËE���$Ñ�ð�þÏÝ�ê�èU�-� H ð�þ�Ý9ß¤���IË4��Ì3��Ë-�GËC���¦��� H ð�þv?+���-Ë H ð�þÏÝ»�«�¢��Æ
Ê+�kÅ��
��� �K����ÆS��é©��Å<É��¬í¯ë����k�öê���òcÄ-Å�� ï ê & ùÀì¥ê
èU�-�§�«�¢��Æ
Ê+�kÅ��C�¢�¬Ìc� Ë-��=��kÅ��k�¦�C���¢�ZÇ��G�E���4ËxË4��Æ��k�-�����c�-��Ë-�kÇ+�k�-Ë4���-òN�c�º���-�G��ÅKé��;�k�Z�����c��õ
Ê-Ä4��É������ ���-������ÆS�����²���kÅ��¢��é�����Å�Ä-�¥��Ä-Å���êUèU�-�¨��Ä-Ç4Ç��cÅ$�����-òS�$��Å�Ä-�G��Ä-Å��z��È°�k���«�1�«�¢��Æ�Ê��GÅ\���
���¡��é�Ä-Æ����-��Ä-Æf�-�c�4�Gí3�k�cÆ�Ê�È�Å���Æ�� & $��kÆ ���-���«ñS���S���-�´Å��k��Åª�«�-��Æ
Ê+�kÅ������-Ë§ò'$��GÆ ���S���-�
Ê¢��Å�Å��ké<�c�4�k�kê§è�Éª�¤Ç-é©�Z�-�k�¨��È�\°ý ì ��Å���Ç-é����k�GË�c�NÊ��Z�������Ë-�G�z�ZÈ����-���-�c�4�Gí3�k�cÆ�Ê�ê§èU�-�
��Éª�Íé��@í��kÅ��K�c�º���-������Æ��¡����Ë4����È����-�¡�«�-��Æ
Ê+�kÅK��Å��¡Ë-����Ç-é©�Z�k�kËºÊ¦í>-4ê ï Æ�Æ ���û�cÅ�Ë-�kÅ
���
ÆS���-��Æ������zË4�¬��Ë¯��Å��k���´È��cÅ´Ç-��Å������ké��k�´��Å��¬Ìc�GÅ������-ò �Z�

90o
É��£���»Å��k��Ç+�k�¥�z���¡���-�
É���Å��KÇ-é����-��ê

Ï<���«��\Iý ì ���µÆE�ZË-����È+�´Ç-é�����������Ç-Å���ô-é���É��£���K�G��òc�¦�I�G�ké�é��kêb���C�¬���«�C�k�Gé�é;�´�k�cÇ4Ç��GÅ$÷�Ê+�kÅ$í3é�é���Ä-Æ
É���Å����ZÈ�ù0$?$

µ
ÆÕË-�©��Æ��G���kÅ°���<����Å��G���«�-�kË�ê<èU�-��Ë-�����«�Z�-�k��Ê+�G��É��k�k�S��Éª�z���k�4����É���Å��G�����Uù\�GÆ¤ê

Ï<���«�>\°ý ì Ç-é©�Z�-�´���ª� " Ä-��Ç4Ç��GË ��� ���-�´����Ë-��Ê¦í»ù ï Æ�ÆWÉ���Ë-�´Å��¬��Ë-��Ä4������Å���Ç4��É������»ù@ü�ÆSÆ
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Second Level T rigger
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Global Second Level T rigger
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 / ndf 2χ  40.36 / 10

Constant  20.3± 348.6 

Mean      0.050± -0.583 

Sigma     0.036± 1.035 
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Mean    5.941

RMS     11.42
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 / ndf 2χ  72.24 / 14

Constant  5.3± 135.5 

Mean      0.137± 1.394 

Sigma     0.157± 4.247 

FGTT  - vertexCTD SLTvertex
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 / ndf 2χ  72.24 / 14

Constant  5.3± 135.5 

Mean      0.137± 1.394 

Sigma     0.157± 4.247 
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j0/21d^`9K369CQ�1"3�R2QF1=^¢5L<.3�/21d9C<`9KS8YZQ�58Q'av9CQO3s9C�K1=<¢^2R2EF5L<2�P36/21ty W(zK{�| E�R?<2<25L<?�}Tt1HE�5L@Z^��ac/25L>s/}>H@GE�EF1=QFTt@G<?^2Q�36@_36/21O^29K3s9_369C�k5L<2�_5L<b3�/21�YC1m9CEFQO¹�ûGûG»���º�
�
�
?��ac/?1=E�1'36/21OEF1=QFTt@G<?Q�1
@CB(3�/21�� W(� À�^21"361H>H36@CEI>H@G7'TU@G<21H<r36QX5LQ0av1HSLSpR2<2^?1=E�Q�36@Z@,^z�U1HQ�TU1=>H5:9CS8S8Y�3�/21%Tt1HEFBJ@GEF7�9C<?>=1@CB36/21n74R2@C<P58^21=<r365N�`>m9;365L@C<dQFYZQF3�1=7A�¸36/?1n3�E�5L�C�G1=EH�'� { 6g9C<2^e�8&KJ�[�0`@GE�36/258QTt1HE�5L@Z^)� W(� À>=@GS8SL1H>H361H^d¹�º,¹�T?| −1 Q69K3�5LQ�B�Y,58<2��3�/21�E�1	+kR25LEF1=7n1=<r36Q*BJ@GEf�G@Z@,^O^29K3s9Q+kR`9CS8583iYe¼��" �& {�¡�W ��ïGï��:½@CBz3�/21c>=1H<k3�E69CS¾>H@G7'TU@G<21H<r36QD@CBz3�/21c1`è,TU1=E�587'1H<r3�E£¢ � ��¤Ã�¥��&KJg9K<2^^� { 6¾[¸j0/21XE�R2<2Q�5L<�3�/21

%,¹



%Gº Å�ÆXÇ�È	É¸ÊDËk¦ Ì Ï0Ç	É?Ç�§?Ê	É�Ç�ÎIÏ Ê � Ê�Î�É�ËXÊIÅ Ð Î�§pÉ¸Ë©¨vÅXÉ�Í Ð Î

YG1=9CE�º*
�
�
�ac583�/�Q�/25NB�361=^�MG1HEF3�1`èATU@GQ�5N365L@C<#¼ª
?[�ü?¹�ï�T2| −1 ½*9CE�11`è,>HSLR2^21H^_BJEF@G7 3�/21%9C<`9CSNY,QF5LQH[

\i<}9C^2^?583658@G<d36@A36/258Q��G1H<21=E�9CSD^`9K369G+kR`9CS8583iYG�¸9_EFR2<,�]|kYr�]E�R2<PQ�1=S81=>"365L@C<b|`9CQF1=^�@C<P36/?1�^`9K369
+kR`9CSL5N3iYd7n@G<2583�@GE�@CBf36/21«�I� � �'��9C<2^P3�/21«¬� � �'��¼�w:�& {�¡�W ½�5LQR2Q�1H^�[�j0/21'E�12+kR258E�1��7'1H<r3I@KB��" �& {�¡(W 9C<?^®w:�& {�¡�W 58<�36/21^`9K369CQ�1"3X>=@GEFE�1=QFTt@C<2^2Qc36@�¹G¹��lT2| −1 [

j0/21b^29K3s9CQF1H3�av9CQeT2EF1=QF1=SL1H>H3�1=^�ac5N36/¢36/21#E�1	+kR25LEF1=7n1=<r3e@KB�36/?1#T?E�1=QF1=<2>H1�@CB49K3ASL1m9KQF3_9
74R2@G<_9C<2^e9K3XSL1=9CQF3I9

D∗
¼
D∗ → Kππs

½*7n1=QF@G<e>=9C<2^258^`9K361K[fj0/?5LQXQ�5L�C<258�`>=9C<r36SNYOE�1H^2R2>H1=Q
36/21QF5Lÿ=1@CB�36/?1%^29K3s9CQF1H3XR2QF1=^e58<O36/21%9C<29CS8YZQ�58Q=[Vj0/21

D∗
T2EF1=Q�1HSL1H>H3658@G<�a*9CQ	E

• pD∗T ¯ ¹G[��q°1²±��
• ³ ηD∗ ³(F ¹G[ ïZ[

j0/21%74R2@G<�T2EF1=Q�1HSL1H>H3658@G<�a*9KQ2E

• pµT ¯ 
?[ ï�°1²±�[
}0^2^25N365L@C<`9CSzEF12+kR258E�1=7n1=<r3�QX3�@l3�/2174R2@G<�T2EF1=QF1=SL1H>H3�5L@G<�av1HE�1*E

• éV583�/21=E*3�/21<kR274|U1=Ec@CB¸74R2@G<2Q ¯ ¹

• 3�E*36/?1%<kR27�|t1HEX@KB(74R?@G<2Q8´Ä¹�9C<2^P¼�74R2@G<�+kR`9CS8583iY ≥ �n@CE
pµT ¯ ï�°�1²±�½"[

�n��� µ �-¶©�p) ·g���( "� ���M� �� ")��

j0/21¹¸£�'&K�B¤ { � ¹�ï��¾9K<2^S¬ { Á(H { Á^� º��*�ºw:x�1HMC1=<r3��G1=<21HE69K3�@GE�QV/29�MC1c|t1H1=<nR2Q�1H^n3�@��G1=<21HE69K3�11HMC1=<r36Qac583�/d>s/`9CE�7¯9C<2^�|U1m9CR?3iYeT2E�@Z^2R2>"3658@G<�[%\i<g36/258Q�9C<`9CSNYZQ�5LQH�z36/?1�>s/`9CE�7 T2E�@Z^2R2>"3658@G<
T2E�@Z>=1HQ�QO58Q'EF1=�r9KE�^21H^.9CQn36/21_Q�5L�C<`9CSÃ�Dac/21HE�1m9KQO|t1=9CR?3iY�T2EF@,^2R?>H3658@G<�58Qn3�E�1=9K361H^.9CQ'|`9C>s�G�
�GE�@CR2<2^�[�j0/21HQ�1tw:x�Q69C7nT2SL1HQl>=@G<r3s9K5L<�QF1HMC1=E69KS	|`9CQF5L>A/`9CEF^�T2EF@,>H1=Q�QF1=QO@KB�/21=9�MkYO+kR`9CE��
T2E�@Z^2R2>"3658@G<vE(^?5LE�1H>H3f9C<2^n<2@G<Z�i^258E�1=>"3�>=@G<2QF5LQ�365L<?��@CBt36/21c/`9K^2E�@G<Z�iSL58�C1cE�1HQ�@GSNMG1H^�T2/2@K36@G<nT2E�@;�
>=1HQ�Q=�C1`è,>=5N3s9K3�5L@G<5L<�3�/21f58<2>=@C7'58<2�0T2/2@C3�@G<�9C<2^%1`è,>=5N3s9K3�5L@G<5L<�3�/21f58<2>=@C7'58<2�0T2E�@K36@G<�[�j0/21HQ�1
T2E�@Z>=1HQ�QF1=Q�9CEF1l^25LQF>=R2QFQ�1=^b5L<:�,1=>"365L@C<�º,[ ï,['j0/21�¸£��&K��¤ { w:x�Q69C7nT2S81n58Q�1=7nT2SL@�YC1=^b@C<2S8Y
BJ@GE»¸¼��Á�ac5N36/

Q2 < 1
°�1²± 2 �Zac/21=EF1m9CQ*3�/21�¬ { Á(H { ÁGw:xeQ69C7nT2SL1X5LQfR2Q�1H^�BJ@GEc¿-¤�À�ac583�/

Q2 ≥ 1
°1²± 2 [

\i<e@GEF^21=Ec36@n>m9KSL>=R?S:9K3�1�36/21%>=EF@GQ�QIQ�1=>"3658@G<ABJ@CEc3�/21%>s/`9CE�7
D∗
�i74R2@C<AT29C5LEcT2EF@,^2R?>H3658@G<��23�/21

QF369K3658QF3658>=Q0@CBp3�/21-w:x�Q�9C7nT2SL1HQ0Q�/2@GR?SL^�|U1%SL9CE��C1=Ef3�/`9C<�5L<O3�/21^`9K369CQ�1"3m[Vj0/258Q0E�1=^?R2>=1HQX3�/21
5L<�½2R21=<2>H1�@CB¸36/21©w:xPQ�3s9K3�5LQF3�5L>=9CS�R2<2>H1=E�3s9C58<k3iYC[0j0/21qw:x�Q69C7nT2S81%S8R27n5L<2@GQF583�5L1=Q*9CE�1�36/?1=E�1��
BJ@GE�1�9ABu9C>"36@GE%@CBXïAS:9CEF�G1=E�36/29C<b36/?1�^`9K369_S8R27'58<2@GQF583iYG[�j0/25LQ�5LQ%5L<2^258>m9K3�1=^P5L<bj¸9C|2S81OïZ[8¹G[
¾	R21n36@�36/21lBu9C>H3%36/29K336/21nT2E�@K36@G<P|t1=9C7 1=<21HE��CYdav9CQ�>s/`9C<2�G1H^�5L<�¹�ûGûCü�BJEF@G7 ürº�
G°�1²±
36@�ûrº�
d°�1²±4�`3�/21�^25��z1HE�1H<k3�w:xPQ69K7'T2S81=Qcav1HE�14�C1=<21HE69K3�1=^eBJ@GEc36/?1�MK9CE�58@GR2Q0YG1=9CE�Q	@CBV^`9K369
3s9C�k58<2��T2EF@GTU@GEF3�5L@G<`9KSLS8Y�36@%36/21I>=@GEFE�1=QFTt@C<2^25L<?�4SLR27n5L<?@GQ�5N365L1HQ=[B¿¤5L�G/r3£½¾9mMG@GR?E*Q69C7nT2S81=QDav1HE�1
<2@C3%�G1H<21=E�9K361H^P|U1=>=9CR2Q�1l36/?1

D∗
|`9K>s�Z�CE�@GR2<?^P^258Q�>HR2Q�QF1=^b58<t�,1=>"365L@C<�ï,[N¹�ºO5LQ�^?1H361HE�7n5L<21H^
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À(ÁÃÂAÄÆÅÈÇªÇ É�ÅËÊIÅÌÁ²ÍÏÎÃÂ5Á Ð �ÒÑ¼Ó?ù
γ

À¥ÍDÁ²ÍDÔ¼ÅÆÎÃÅÌÁ²Ç �$Õ Ô¼Ö9ÊIÂ	ÇªÖ×ÎÙØ�Ú ÓIÛ −1 Ü
ep→ cc̄X

Ð�Ý {�Þàß,÷�Ø�á Õ6Ü Ø ?�{'óÄøÒâI@iù�ãåäÈ�$æÃyS@�ç
pminT excit è Õ á Ü É�Åêé Ü�Õ�Ü
mcharm è Õ á Ü É�Åêé

ep→ bb̄X
ÐKÝ {�Þ$ß,÷�ØIá Õ�Ü Ø ?�{'óÄø�âA@Vù2ãåäÈ�$æ]y�@�ç

pminT excit è Ù á Ü É�Åêé Ü�Õ�Ü
mbeauty è Ù á Ý"Ü É�Åêé

ep→ cc̄X ë ÷ZÛKy¼÷ZÛ�ÓIá ÿHÞiù Õ Þ ?�{'óÄøÒâI@iù�ãåäÈ�$æÃyS@�ç
Q2 > 0.6

É�Åêé 2
Ø Õ þ

mcharm è Õ á Ü É�Åêé
ep→ bb̄X ë ÷ZÛ;y�÷ZÛ�ÓAá ÿ"ÞVù Õ Þ ?�{'óÄø�âA@Vù2ãåäÈ�$æ]y�@�ç

Q2 > 0.6
É�Åêé 2

Ø Õ þ
mbeauty è Ù á Ý"Ü É�Åêé

àvá2â¸ãuä ��ï å ð�ìví Å /íü ÇªÍ5Ô Ó�î ÅÈÇ Õ ÇïÅÈð8Í5Ê�ð8Î í ÅËÖñÁ�Ô¼Â2ÇÙÎKÁÃÅ î ÅÌòÏÍDÊ2Î Ó Í5ÁÃÍ5ÔåÅÌÎªÅËÁÃÇ á

Ô ÅËÄËÍóØ�Ô¼Â�ðIÅ
pT
Ä Õ Î

D∗+ → (D0 → K−π+)π+
s pD

∗+
T > 1.25

É�Åêé
D∗+ → (K0

sπ
+π−)π+

s pD
∗+

T > 1.35
É�Åêé

D∗+ → (D0 → K−π+π−π+)π+
s pD

∗+
T > 2.3

É�Åêé
D0 → K−π+ pD

0

T > 2.6
É�Åêé

D+
s → (φ→ K+K−)π+ p

D+
s

T > 1.7
É�Åêé

D+ → (φ→ K+K−)π+ pD
+

T > 1.7
É�Åêé

D+ → Kππ pD
+

T > 2.8
É�Åêé

Λ+
c → Kpπ p

Λ+
c

T > 2.8
É�Åêé

àvá2â¸ãuä ��ï,ô�ð"ìví Å Ô Ô¼ÅÈÇïÂ	Ê¼ðIÅËÄÌÍóØ"Ô¼Â�ðIÅËÇ(õ�ÖñÎ í Î í ÅÌÖ9Á(ÎÃÁÃÍ5Ê�Çªò5ÅÌÁ²ÇªÅºÔ¼Â	ÔåÅËÊ2Î Õ Ô�Ä Õ Î²Ç
pT
Õ ÇªÅËð¼Ö9Ê¼Î í Å /íüÇÃÍDÔ ÓIî ÅËÇ á

BJE�@G7Ä36/21^`9;3s9?[

j0/21dwe�úQ�9C7'T?SL1=Q	R2Q�1H^P58<g36/258Q�9C<`9CSNYZQ�5LQ	/`9mMG1l|t1H1=<#�G1=<?1=E69;361=^dac5N36/#9�36E�9C<2QFMC1=EFQ�1n7'@K�
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36/21n>s/`9CEF7 /`9C^?E�@G<#^21=>=9mYP7n@Z^21=Q��G1H<21=E�9K361H^�9CEF1n9CSLQF@A58<2^258>m9K3�1=^�[�}	S8S�E�1HSL1"MC9K<k3%7'9CQ�QF1=QH�
ac5L^?3�/2Q=��|2E�9C<2>s/258<2��E69K3�5L@GQ9C<?^PS858BJ1�3�5L7n1=Q�/`9mMG1n|U1=1=<PQ�1"3%3�@A3�/21l7'1=9CQ�R?E�1=^�MK9CSLR?1=Qq� ºK»�� [
j0/21%1HMG1H<r36Q	/29�MC1|t1H1=<e�C1=<21HE69K3�1=^�ac5836/�<2@nE�1	+kR25LEF1=7n1=<r3c@G<�36/21T2EF1=Q�1H<2>=1%@CB¸74R2@G<?Q=[
}	Q%5L<�>m9KQ�1n@CBf3�/21l^`9K369CQ�1"3�T2EF1=QF1=SL1H>H3�5L@G<��¤3�/21dw:x�Q69K7'T2S81=Q�af1=EF1O9CS8Q�@�T2E�1HQ�1HSL1=>"361H^Pac583�/
36/21�EF12+kR258E�1=7n1=<r3�@KB036/21�T2EF1=QF1=<2>H1A@KB	9;34SL1=9CQF3�9

D∗
¼
D∗ → Kππs

½�7'1HQ�@G<}>=9C<2^258^`9K3�1
9C<2^P9K3%SL1=9CQF3%9�74R2@C<P>=9C<2^258^`9K361�58<d36/21l�`<`9CSVQ�3s9K3�1C[lj0/21nQ69C7n1�>=R,36Q�9CQ5L<�>m9CQF1'@KBf3�/21
^`9K369CQ�1"30T2E�1HQ�1HSL1=>"3658@G<�af1=E�1�R?Q�1=^�BJ@GED36/?1�E�1H>=@G<2Q�36EFR2>H3�1=^Rw:xeQ69C7nT2SL1HQ=[~ö�MC1=<r36Q0ac583�/O<2@G<Z�
E�1H>=@G<2Q�36EFR2>H3�1=^P3�E�R21

D∗
7n1=Q�@C<2Q@GE�74R2@G<?Q�av1HE�1'9CSLQF@��C1=T,3�ac5N36/d36/21�BJ@GS8SL@�ac5L<?��>=R,36Q%@G<

�G1=<?1=E69;36@GEcSL1"MG1HSÃE

• pD∗T ¯ ¹G[��q°1²±��

• ³ ηD∗ ³(F ¹G[ ïZ�

• pµT ¯ 
?[ ï�°1²±�[
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j0/21G�8&KJ�5LQ�36/?1�7'9C5L<d36E�9C>s�k5L<2�_^21HMZ58>=1�58<#3�/21G� W�� À�1��,TU1=EF5L7n1=<r3m[_�v/`9CEF�G1=^PT`9CE�365L>HSL1HQT`9CQFQ�5L<?��36/2EF@GR2�G/g3�/21��8&KJ�Q�1=<?Q�583�58MC1�MG@GS8R27n1�5L<?^2R2>=1�>s/`9CEF�G14@G<e3�/21S�8&KJ�ac58E�1HQ=�tac/?5L>s/
9CE�1R2QF1=^_9CQ0/25N3c5L<?BJ@GEF7�9;365L@C<�5L<O3�/21�36E�9C>s�OE�1H>=@G<?QF36EFR2>H3�5L@G<z[�j0/?1��8&KJP3�E69C>s�OEF1=>H@G<2QF3�E�R2>��
3658@G< � ïCüI�p5LQ0TU1=E�BJ@GE�7n1=^�5L<�3�/2E�1H1%Q�3s9C�C1=Q=[
j0/214�`EFQF3�Q�3s9C�G1K�

pattern recognition
��>=@C<2Q�58QF36Q�@KBV3iav@O�23�Q=[j0/2143�E69C>s�AE�1H>=@G<2Q�36EFR2>H3�5L@G<

QF369CEF3�Q	BJE�@G7¶3�/214@GR,361=EF7'@CQF3���&KJ}Q�R?Tt1HE�S:9mYC1=E=[	\i<g36/21%�`E�Q�3�>=58E�>HSL1��?3m�t9'36E�9C>s�_>=9C<2^258^`9K3�1
5LQ4>H@G<2Q�36E�R?>H361H^�58<�36/21

X − Y
T2S:9K<21�BJE�@C7
3�E69C>s��QF1=�G7n1=<r3�Q4ac/25L>s/�>m9C<�>H@G<r3s9C58<}R2T}36@

1=58�G/r3*ac5LEF1	/25N36Q*@CB¸9��8&KJ�>=1=S8SÃ[�j0/?1�Q�1=>H@G<2^��23058<O36/21
X −Z T2SL9C<21�58Q*94SL58<21m9KE�BJR2<?>H3658@G<

�23�9CSL@G<?�O36/21nSL1H<2�C36/
s
@CBf>=58E�>HSL1�36E�9��F1=>"36@GE�Y�@CBf3�/21l36E69K>s�dE�1=>H@G<2Q�36E�R?>H361H^�5L<d3�/21

X − YT2S:9K<21C["¿¤1HB�3F�]E�58�G/r3cTt@GQF583�5L@G<�9C7�|25L�GR?5836581=Q*58<2^2R2>H1=^_|kY�3�/217'1=9CQ�R?E�1=7n1=<r3IT2E�58<2>=58T2SL1	@CB(3�/21
^2E�5NB�3c>s/`9C74|U1=Ec9KE�1E�1H7'@�MG1H^e9;3X3�/25LQ0Q�3s9C�C1C[
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p �¡� á ¦ É�Åêé ÄÌÂ5Ê2ÎªÖ9Ê Õ Â Õ Ç0 � ( K ÁÃÅËÍDÁ»M
p � � á $ É�Åêé ÄÌÂ5Ê2ÎªÖ9Ê Õ Â Õ Ç01( �¨§
pT � � á ÿ É�Åêé ÄÌÂ5Ê2ÎªÖ9Ê Õ Â Õ Ç

�h( �q§
p � � á � É�Åêé ÄÌÂ5Ê2ÎªÖ9Ê Õ Â Õ Ç

ë ( �¨§
p � ÿ�á " É�Åêé ÄÌÂ5Ê2ÎªÖ9Ê Õ Â Õ Ç

©|ª¬«�¯®�° 2Qs�4|± Ö9ÊIÅËÔ¼ÍDÎªÖ ÄKÎ í ÁÃÅËÇ í Â î ðIÇ)6 Â5ÁºÎ í Å'ðIÅÆÎªÅÈÄ�ÎÃÂ5Á�ÄÆÂ	Ô Ó Â5Ê�ÅÌÊ2ÎÃÇ Ó Í5ÁïÎÃÖ9ÄÌÖ Ó ÍDÎªÖ9ÊN�åÖñÊ8Î í Å'Ô Õ Â5Ê8ÁªÅÈÄÆÂ5ÊO�ÇïÎªÁ Õ Ä�ÎÃÖñÂ	Ê á á

z��:�W���¦·³¢��&���xyx�g����z#���:��yx�]¢��E�E�g¢�w/���:w%z#�#���I�%�¶��w/�#��¢�wX��yx�Oz��:�x�&�N�E�~�xw©��y]�N��w/�#��}�}²:³�W��}~�~z»µ
�����#�����x}�w�¾¿����z�vxw��r�R��y]����yx�R���W��z#w���} vx��¢�v�:E�x��}���z»µ¡�:w���yx�%¹xz�vW�¸z¥��vx�~¢�v]�#�~¢�yW��}hz#���W���¦·�§
¢��#���xyx�¼�#��z��~�g�~�©z#�Á��wAw��R��w/��z�w%�3�¡XW����}��¶��w/��:E�x��}���z»µ�¹tz�vx�~�X�#��z��~�£�xw%�/�&w����&w/�/¹1�Rw/��w/yx�x�~yx¢
��y£z#vxw´�#���:�x}�w��x�&w/�3���rß � �'�¼�~��z#�xyxw/�Á��y���y£��yx�%}��x�&�~��w©��w����Rz»µ w:xº�����:�x}�w��iXW����z�vx�~�
�����:�x}~w�z�vRw¡�#w%} ��z#�~��w:�#�~¢�yW��}Àz��Á�W���¦·³¢��#���xyx������z#���£��yx�%�#w����#w/�´�³µ¼�������Rz��g¾æ���%z#���´��¾�z»���
¾¿���¥w/���¦v;:³�W��}~�~z»µ]}�w���w%}'��³E��¢�yW��}��:w���yx�¥�&w/�:��§»}~w/�Rz#��yx�~�I�r�x��yx��¾¿�#��� ��w�����z»µÁ�xw%����µ�¹)�7vx��}~w
�W���¦·³¢��&���xyx�£�#w%¾¿w%�#��vxw/�&w©z#�:��}�}3��z�vxw%�7¾æ��·�w©�r�x��y]����yx�x���x��z�w%���~yg��w����Rz»µ]w%��w/y�z��%���8�:�#w%}~µ
��y¡z�vRw��x�#�¶�E���Rw/�k:³�W��}���z»µ�¹³z�vxwIvx���x�#��yx�����W���¦·³¢��#���xyx�]��¾tz�vxw¥w%��w%y�z��7�#vx���x}��Oyx��z��)w¥�r�x�¦v
�x��[)w/�&w/y�z�z#�Az�vxwXvW���x�&��yx�~�r����z��~�E��z»µ£��¾À�¦vW���#�äw%��w/y�z��%����vx���������¥�¦vxw/�¦·�w/����yÁz�vxw´�¦vW���#�
w:xº�#�����R}�w/���R�#w/�g��yOz#vx���7��yx��}~µE�#�~�/�
ö��x�����x}~w/�O��¾�ÃWyR�xw/�O�%���r�x�~yW��z��~��yx�A��yx�{z�vxw|�&w/�&�x}~z#��yx¢ �rß � �'�´:³�W��}���z»µã���#w|¢�����w/y{�~y
�����x}�wµ'���'r¾¿�����r�x��yk:³�W��}~�~z»µS�:����vx��¢�vRw/�/�

� �x��yR�A��yLz#vxwg¾¿���&�l���#�q�#w%¢�����y����&wg�Rw%z�w%�%z#w/�ã�x�&��yx¢�z�vRw®wI�Jß { FKx��ô���«w ��G � ÃWyR�xw/�%�
��vxw����&��¢��~yW��}º�rß � �'�¡:E�x��}���z»µ:���#�&��¢�yx�:w/y�z��x�Ew/�lyR��z�z#�#w/��zl�&���:w¥�#���x�#�%w/�l��¾5�W���¦·³¢��&���xyx�
��yx���¶��w/�#w%�&z#������z�w%�¥z�vxw�:³�W��}���z»µ]��¾1¾¿��� �����&���r�x��yÁ����yx�x���x��z�w%�/�¥��vRwryx���~�#w©��yÁz#vxw´�r�R��y
�¦vW���r��w/�&������yx��z���yx�%}��x�xw%�|��y�z#vxw��#�~�r�x} �¸z�����yx�¥�x��z������&����w�z��~��w%��vx��¢�v|��y|�W��z��R�XukvRw/y
��yO���&�x�~z#����� µ�z��#���¦·��~�l����z��¦vRw/�¡z��©z�vxw%�#wIyx�����&µ:�%w/}�}~��z#vxw¥�~�xw/y�z���ÃW���¸z�����yA��¾5�´�x��yx���/��y¡��w
¾æ��·�w%�3��½»y����x�x�~z#����yh¹Rz�vxw�¾¿��� �����&�£�&w/¢��~��yg�#�\[)w/�&��¾¿�#���¬�#w%�/��yx�x���&µg�W��� z��~�/}�w%�7�x�#�E�x�x�%w/�Á�~y
z�vxw�����¢�yxw�z��7��yR�£�~yg����z#w/�#����}h��¾8z#vxw��)w/��� �x�~�)w��
�8�Lz���·�w|�~y³z#�����/�%���xy�z]z�vxw|�x���¦·³¢��#���Ryx�ô�R���#�%�x�#�&w/�ô�����N��w�¹�z�vxw��xw�¾æ���x}~zf:E�x��}���z»µ��~�O�#w�§
�x�x�%w/�g�xw/��w/yx�R��yx¢���yOz#vxwI�x�#w%�OÃWyx�xw%�#�/�C��vxwI�&w/�x�x��z��~��yO��¾��#�x�R�#�����x��vx�~z#����y¡z#vxw¥¾¿��� �����#�
�r�x��y��¦vW���r��w/�C���À�W���#w/����y�z#vxw�yE�R�r�)w%����¾3�xw�z�w/��z������x} ��yxw/�C�x�#w%�A��µ�z�vxw7¾¿��� �����&�A�r�R��y
z��#���¦·´ÃxzG�¿}�w/�&��z�vW��y�ÃR��w7�x} ��yxw/� � ��yx��z�vxw�� z¦��� zÀ�)����y�z1��¾�z�vxw��´�x��y�z��#���¦·´�~y�D�ß � ���Z�æyx��zz�vxw���yRyxw/�&����� zÀ�x} ��yxw � ����vxw2:³�W��}���z»µ�����y���w7�#w/�%�¶��w/�&w/�3¹��7vxw/y�w �  { xg���¼w  |¾¿���xyR�:z#vxw
�����:w��r�R��yr����yx�x���x��z�w���}¥y����x�x�~z#����yx��}³�#w/�%��yx� z��#�R�%z��~��y���yqw �  { x¡��yx�%�#w����#w/��z#vxw�:³�W��}~�~z»µ
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¶ Õ Í î ÖñÎÙØ ·*Ê�ðAÅÌÁKÄÌÂ5Ô Û ÖñÊ*ÍÏÎªÖ9Â5Ê ¸�ÎÃð Ô�ÍDÎÃÄ í Ó ÁªÂ Û$á ò2Î¯¹ º ß¼»8Ó ÁÃÂ Û$á
pµ ½ ηµÔ�ÍÏÎ²Ä í Â	Á5¾�( � Í5ÇÃÇ á

$ 0 äx¿¸+t�ÁÀ�� ðAÂ�6 Ø	ÅËÇ Ó Á á � ÿ�á ÿ � Ø5ÅËÇ � �
º »N+t�ÁÀ ( Þ ½ º o$Ñ	ç Ø	ÅËÇ Ó Á á � ÿ�á ÿm� Ø5ÅËÇ � �

º »N+��ÁÀ ( Þ ½ º o$Ñ2ç ,�º!Â Ø	ÅËÇ Ó Á á � ÿ�á ÿ � ½ � ÿ�á ÿm� � Ó Á á � ÿIá $ Ó � � É�Åêé� 0 äx¿N+��mÀµ¢ ðAÂ�6W,WºUÂ Ø	ÅËÇ Ó Á á � ÿ�á ÿ � Ø5ÅËÇ Ó Á á � ÿIá $ Ã
η
Ã � ÿ�á $º o¨Ä¸� (©,WºUÂ Ø	ÅËÇ � Ø5ÅËÇ Ó Á á � ÿIá $ Ã
η
Ã � ÿ�á $º o*Ä�� (©,º0 äx¿N+��mÀj¢ ðAÂ�6W,IºUÂ Ø	ÅËÇ Ó Á á � ÿ�á ÿ � Ø5ÅËÇ Ó Á á � ÿIá $ Ã
η
Ã¤� ÿ�á $º o*Ä�� (©,º0 äx¿N+��mÀ�� ðAÂ�6W,IºUÂ Ø	ÅËÇ Ó Á á � ÿ�á ÿ � ÊIÂ Ó Á á � ÿIá $ �

º »N+t�ÁÀ ( Þ ½ º o$Ñ	ç Ø	ÅËÇ ÿIá ÿ �_� Ó Á á � ÿIá ÿ_� � � �
º o$Ñ2ç �5Â�ÂAð»ò2Î¯¹ ÊIÂ � Ø5ÅËÇ � �¢ 0 äx¿¸+t�ÁÀj¢ ðAÂ�6 Ø	ÅËÇ Ó Á á � ÿ�á ÿ � Ø5ÅËÇ � �
º o*Ä�� ( Ø	ÅËÇ ¾�( � � �Âÿ ÄÆÔ Ø5ÅËÇ � �

º o¨Ä¸� (©,WºUÂ Ø	ÅËÇ ¾�( � �B� � ÿ ÄÆÔ Ø5ÅËÇ Ó Á á � ÿIá $ Ã
η
Ã¤� ÿ�á $º o*Ä¸� (�,Wº ß¼» Ø	ÅËÇ ¾�( � �B� � ÿ ÄÆÔ � Ö9Ô ÓIî,á

pT ��� É�Åêéº o$Ñ	ç Â5Î í ÅËÁ�ò	Î<¹ ÊIÂ � Ø5ÅËÇ � �
º�( À*Å ,WºUÂ ÊIÂ � ÊIÂ Ó Á á � ÿIá $ �

©|ª¬«�¯®¡° 2 ° 4.Æ Å 6�Í ÕIî ÎKÔ Õ Â5Ê ¶ Õ Í î Ö×ÎÙØ»Í	ÇªÇªÖÌ�5ÊIÔ¼ÅÌÊ2Î²Ç Ö9ÊhÇ ä��¨p¨Èq¿ 6 Â5Á�Ô Õ Â5Ê�Ç ¶ Õ Í î ÖñÎÙØ�Â�6 ¢ Â5Á í ÖÌ� í ÅÌÁ á

¶ Õ Í î Ö×ÎÙØ ÄÌÂ5Ê�ðAÖñÎªÖ9Â5Ê ÄÌÂ5Ô¼Ô¼ÅÌÊ2Î�ÔåÂAðAÖL·�ÅËÁÔ¼Â�ðIÖ·*ÄËÍÏÎÃÖñÂ	Ê
ÿ Ê Õ Ô Û ÅÌÁ�Â�6 V Ô Õ Â	Ê Ó�î Í5ÊIÅËÇ í ÖñÎ � ¢� � Ê Õ Ô Û ÅÌÁ�Â�6 V Ô Õ Â	Ê Ó�î Í5ÊIÅËÇ í ÖñÎ è ¢� ¢ Ê Õ Ô Û ÅÌÁ�Â�6 V Ô Õ Â	Ê Ó�î Í5ÊIÅËÇ í ÖñÎ � ¢ Ô¼ÖñÊIÖ9Ô�Í î Ê Õ Ô Û ÅËÁ Õ ÇªÅËðxÉ  � � ÊIÂ í ÖñÎKÖñÊ¹Ö9ÊIÊIÅÌÁÃÔ¼Â	ÇïÎ V Ô Õ Â5Ê¹Ä í ÍDÔ Û ÅËÁ î ÂÏõ�Ô�ÍÏÎ²Ä í Ö9ÊN� ¶ Õ Í î Ö×ÎÙØ, � K f Ó Ô�ÍÏÎ²Ä í Â5Á f Õ 6 Â�MvÍDÊ�ð f ÕIÛ Í5Ä ÍDÔ ÓIî Ö 6 Ø��	Í5ÖñÊ�Â�6ÒÎÙõ Â¼Ö ðAÅÌÊ2ÎÃÖ·*ÄËÍÏÎÃÖñÂ	Ê�Ç, � K f Ó Ô�ÍÏÎ²Ä í Â	Á f Õ 6 Â/MvÍ5Ê�ð f ò ÍDÔ ÓIî Ö 6 Ø��	Í5ÖñÊ�Â�6ÒÎÙõ Â¼Ö ðAÅÌÊ2ÎÃÖ·*ÄËÍÏÎÃÖñÂ	Ê�Ç
� � Â5Ê î Ø f ÕIÛ Í5Ä Ö ðAÅÌÊ2ÎªÖL·*ÄËÍÏÎªÖ9Â5Ê�ÎÃÁªÅÈÍÏÎ�ÊIÂ5Ö ÇªÅ�Ö9Ê�ÊvÍ5Ä
©|ª\«@Ë®;° 2�Ì34�f Â�ðIÖ·*ÄËÍÏÎÃÖñÂ	Ê�ÇºÎªÂåÎ í Å�ðAÅ¨6�Í ÕIî Î ¶ Õ Í î ÖñÎÙØ�Â�6E6 Â5ÁÃõvÍDÁ²ð�Ô Õ Â5Ê�Ç á

��µ£��yxw�¹���y]z�vxwX�����&w´��¾¹w  C¹Jz�vxwµ:³�W��}���z»µ]���7��yR�/�#w/���#w%����µ]z»�l�¡�R�Rz¥��yx}~µ¡z#�¡�:�A�¸���~�r�x�
��¾�z#vxw£�~yx�~z#� ��},:³�W��}���z»µ�����vE�R��z�vRwÁ�#w%�#�x}�z��~yx¢E:E�x��}���z»µL���:yxw%��w/��vx��¢�vRw/��z�vW��y���w%¾¿���&wgz#vxw
�/���&�#w%�%z��~��y3�1��vxw©�:���x��ÃW���¸z�����y¡��¾�z�vxwj:³�W��}~�~z»µ�����¢�����w/yg��y]�8���x}~wµ'������
C1�#���:�Rz��r�x��yx�:�#vR���x}���}�w/�¶��wÁ�)w:¤��ãw/yxw%�#¢�µq�xw%�)���&�~z:��yqz�vxwRy { x��W� }¥}~}��r�x��y�����yE§
�x���x��z�w%����y¡z�vRw�¾¿���&�l���#�]�#w%¢�����y¡�7�~z�vR���Rz7��y]w%yxw/�&¢�µO�xw%�)���&�~z��~ysy { x������#w�z�v³�x�7�&w¨D&w/��z�w%�3�
½»y¼z�vxwA�W���#�&w/}��#w/¢�����yºz�vxw¡�´�x��y¼�x�&���W���R��}���z»µ�����}~�/�x}���z�w%����µ�z#vxwGw   ÃWyx�xw%�����´�R�#w/�L�~y
���x�x��z��~��yºz#�Áz¦��·�w¡�~y³z#�����%�/���Ry³z´z�vxw¡�x���#�#��¢�wA��¾7�r�x��yx�©z�vx�&���x¢�v�¢����x�X��y�z#vxwA�%�N��w/�#��¢�w
��¾�z�vxw®� {@� �zÍ�yx}~µ��r�x��y�����yx�x���x��z�w%���7��z�vx���Rz���yly { x��aw/yRw/�#¢�µ��xw/�����#��z:��yx���:w  
�x�#���W���x�~}��~z»µ��EÎKgR�Lg � ���#wI�R���#�/���#�Rw/�3�

�:9	�M� Ï Ð µ ÿOZ-¶ 	ÒÑ e�%«�¶]e� ·<Z�d8d8«7e"�t�Z-¶

³���yR�/wOz�vxwg�r�x��yq�&w/�%��yx�&z#�#�x��z��~��y�w7^:�/��w%yx�%µq�~���N��w/�&w/�&z#������z�w%���~y�z#vxw w:x�¹l��z�yxw/w%�x��z#�
�)wX�/���&�#w%�%z�w%�3����vxwXz#w/�¦vxyx��:³�xwr��¾1�Rw%z�w%�#�:��yW�¸z�����y£��yx�����R�x}��~����z#����y]��¾�z#vxwqw:xºw_^:�/�~w/yx��µ
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mubac_loose
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mpmatch_tight

Õ.Ö¯×ÙØ5Ú ®E° 2 ° 4 Û òÏÍ î9Õ ÍÏÎÃÅËð�ÅÓÜ�ÄÌÖñÅËÊ�ÄÆØ�ÄÆÂ5ÁÃÁÃÅËÄ�ÎÃÖñÂ	Ê76�Í	Ä�ÎªÂ	ÁÃÇKÖñÊ Û Ö9Ê�Ç�Â�6
pµT
ÍDÊ�ð

ηµ
ÄÆÂ5ÁÃÁÃÅËÇ Ó Â	Ê�ðAÖ9ÊN�£ÎÃÂ¼Î í Å0 äx¿N+��mÀ�K ÎªÂ Ó M�ÝQº o*Ä�� ( K Ô¼Ö9ðIð î Å�M Í5Ê�ðYº »N+t�ÁÀ ( Þ�K�Û Â5ÎïÎªÂ	Ô7MÞ·*Ê�ðAÅÌÁ²Ç)6 Â5Á î Â2Â2ÇïÅ K î Å¨6 Î»MvÍDÊ�ð�ÎªÖÌ� í Î K ÁªÖÌ� í Î»MÄÌÂ5Êß·¸� Õ Á²ÍÏÎªÖ9Â5Ê*Ç á
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�/���&�#w%�%z��~��y��~����w/}�}8�xw/�&�/�&����w/�|��yZJ�M��ßN1��yR� J�M�Ë�N'�Iù�w/�&w�¹3��yR}~µ]z�vxw´�x�#�~yx�/�~�x}�w���¾1z#vxwr�xw�z�w/�¨§
���~yW��z#����yO��yx�Á���x�x}��~����z#����yA�����x�~�#�/�R�#�#w%�3�

• � �R��y£w7^:�/��w%yx�%µ]�Rw%z�w%�#�:��yW�¸z�����y$P
��vxwC�xw%z#w/�&���~yW��z��~��y���¾�z�vxwÀ�r�R��y�w_^:�/�~w/yx��µ��/���&�#w/��z��~��yX�~�5�W���&w/�©��y©z#vxwC���#�&�x�:�Rz��~��y
z�vx��z��)��z#vgz#vxw�z������¦·E�~yx¢���yx�g����}~���#�~��w�z�w/�l�#w/�%��yx� z��#�R�%z��~��y����#w��xw/�&�/�&����w/�Á�%���#�&w/��z�}~µ
��y¼z#vxw�àIá{�#���´�x} ��z#����yh�E³���yR�/wO����z�vLz�vRw¡z������¦·��#w%�/��yR�&z��&�x�%z#����yq��yR�q�/��}����#���:w%z#w/�
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D∗+ → D0(K− + π+) + π+
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y³�x�r��w/�r��¾7z#vxw

D∗
�/��yx�x�~�W��z�w%�r����yL�)w¡�/��}��%�x} �¸z�w/�¼���´z�vRw¡�x��[)w/�&w/yx�%w¡��w%z»��w/w/y�z�vRw
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Ä¿����Å�Á�� �!V
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∗

=
pD
∗

T∑ ¬�D®°¯
i |~pT i|

,
ó�ø�Ç�ö�÷

Ò"���/�*�
~pT i
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i
����½×�����@»�Á�Å ��Á���»���¾��/�������)�*�?�/��� Æ»*�#��Á�����?½\± w v x »?Ç³²0Á�����º���À����

fD
∗ ���Ðà*�?���»
�����PÄæ��Ñ��

D∗
Å���»#����»
Ä¿���*Å���½HÈ<Ã������I�#����½x��Å
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D∗
Å���»#���|����½VÅ7Áx�������*�(¼x�&��½�Á��?��½VÄ¿�#��Å

�����@½�º��9�%�����<�_���/�2¾�Ã�c<ÁW����Ñ<»?Ç
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D∗
»��?���?���º����Ó��Á���»�¿����/��Å7È�º��x����� Æ��º����

D∗
ÈW���&Ñ<À��&��Á���½¼�*�?½�Á�����º~�����?Á��

fD
∗µ � W�Ç�ö�¿�Ò"��º��&��º�»@»�º�Å�º�� ���_���H����� fD∗ �?Á��?¿Yº�»Á�»���½>Ç!¹
���

fD
∗µ c<ÁW������º��ÐÃlº�»
�/������Á�� �����?½g��»�V

fD
∗µ =

pD
∗µ

T∑ ¬�D®°¯
i |~pT i|

,
ó�ø�Ç�õ�÷

Ò"���/�*�l�����l»*Á�Å º�� �����l½����x��ÅTº��W���#����º�»��V»��/��� ����»�Á�Å
��Ä_�����l���#����»*¾��/�*»��HÅ���Å����<������Ä
�����������/����»*���*Á������?½´± w v x »?Çjô

D∗ Æ Å7Áx���Â¼W��º��#¼x�#��½�Á����?½�º��������7È|����Á��ÐÃV���x��º��&���?½|�*�?À�º~���
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B
Å���»#����º������TÈ)�����£�

D∗
����½

��Å7Áx���>Ç.¹
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¹
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MD∗µ �������?Á�� �����?½ Ä¿���7�����HÈ~�/��Á��ÐÃ D∗ Æ Å7Áx���Ó¼x��º��7º��4�����HÈ|����Á��ÐÃ�?�x�*º��&����½Á�*�?À�º~���Hº�»�����»*�#��º������½�È�Ãl�����
B
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��º�Å�º��t��Ä8�����
MD∗µ º�»Y½�º���¦�����?½]È�Ã������0Äæ��Ñ��/Å7Áx���]�%�����¦��ÅTº��x����º~���X�*�+à*������º~���tó�õ.Z@�-QP÷�|U*�øi}�Ç
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∆M
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D∗
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����½Â������Å�Áx���Âº�½��?����º�ÿj�/����º~���£�*�?½�Á���½W�����ÃÂ¼R�#��¾�º�½���½VÈ�Ã������ u�v�whx ] ÿ���½��/��Ç#¹
���7��º�Ñ�� Æ»�º�À��]���?À�º����H»��R��Ò"»"���x���"�&�W���*Å Äæ��Ñ��\Å7Áx����»7����½tÈ~�/��Á��ÐÃl¼R�#��½�Á�����º����H�%��������º�È�Á����@�#�]����º�»
�/����ÿjÀ�Áx�#����º~���¡��»!�R�¼|�?����?½g����½������p~���¼x�&��¾�º�½��?»!�����#À��E��½�½��?»*�/��º�¼���º~���A��Ät�\Äæ��Ñ��3Å7ÁR���
�/��������Å�º��W����º����>Ç

É�g�C Í�JHm m n@q'Ì k¤Í�Î Î�Ftn@sÐÏdJ×I�E

¹
���@ÿj�W���3��Ñ�º����@�?Á���»���¼�¼���º��?½lº��l����º�»7���W����Ã�»*º�»7���*�@»�Á�ÅTÅA����º�»*�?½lÈ|�?�~��Ò@Ç
Ò_ÓÇÔ�Õ:Ö(×kØÚÙ.��U

• SZvertex S{X Ø¦W]�?ÅtÇ
• X��T»*�?¼W��������º����HÈ|���ÐÒK�?�?��Ý�Þ�ßX����½�Û�ÛYÜtº�»
¼|�/�*Ä¿����ÅT�?½>Ç

ÜSØ¼×�U
• SZvertex S{X Ø¦W]�?ÅtÇ
• Ý WTZP�-Q�X E − pZ

X ø�Ø[Z@�-Q�Ç
• ¹
���@¼x�*�?»*�?�����´��Ä������7Ý�Þ�ß(�����������&���H������½�º�½W�����P½��ÿj���?½Á��»ZV
• Ê/�_������»*�7�����@�����?����&���lÄ¿��Á���½tÈ�Ã\[8Þ0]YÞ�ß_^"Þ�ß�Ò"º����t¼x�#��Èx��È�º���º��ÐÃN` � W�ÇU)�Ç
• Ee � Ú§W�ZP�-Q7Ç
• yel

XaW�ÇU*�Ç
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• Q2
el � öTZP�-Q 2 Ç

• yJB � W�ÇbW�Ø�Ç
• W$�������#�#���H¼���»�º���º����lÈ)�2RH��Á��]S

Xe

SàX±Ú�õ]�?Å ����½ S
Ye
S{Xa*7�?ÅtÇ

áNâ(ã$U
• SZvertex S{X Ø¦W]�?ÅtÇ
• E − pZ

XÖõ Ý Z@�-Q�Ç
• Ê#È�»������?�©��Ä������7Ý�Þ�ß(�����?����&���H������½�º�½W�����@½���ÿj���?½���È)��¾���Ç

D∗
U
• Ú�ÇbT�Ú(ZP�-Q�X�O D0 XdÚ�Çb)�ö[Z@�-Q�Ç
• W�Ç�Ú Ý õ�Ø]Z@�-Q�XpO D∗ Æ O D0 XgW�Ç�Ú Ý *�Ø]ZP�-Q7Ç
• pD∗T � Ú�Ç�Ø[Z@�-Q�Ç
• S ηD∗ S{X¥Ú�Ç�Ø�Ç
• pK,πT � W�Ç�Ø�ZP�-Q7Ç
• pπsT � W�Ç�Ú�ö�Ø[Z@�-Q�Ç
• S ηK,π,πs SÂXdÚ�Çä*�Ø�Ç

µ
U
• pµT � Ú�ÇbWTZ@�-Q�Ç
• S ηµ S{X�ö�Ç�ö�Ç
• å ÁW����º��ÐÃ ≥ Ý Ç

D∗µ
U

∆
ª � öÓ�&�W���*Å �?�R��º��&���?½g���?À�º����

• fD∗ � W�Ç�Ú�Ø�Ç
∆
ªjX öÓÈ|����Á��ÐÃ×�?�x�*º��&����½£�*�?À�º~���

• fD∗µ � W�Ç�ö�Ç
• õTZ@�-QæX�O D∗µ X�ØTZP�-Q7Ç
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Ç5¹3u[mPÅ�mxs�»*Á[t,m�Å}m�q.o�»/¼Zm�t*Ä=p;t�Å�m?½lº!q}owu[m6s9qGs;y�Ã�»*º�»%n�p�¾rm�towu[t+m�mKt,m?À�º�Å�m?»ZV0º!q[n�y�Á�»*º�¾rm

D∗ Æ Å7Á[prq�¼Gs�ºEt_¼|t,p�½�Á[n�o�º!prq9¿'Û�Û�Ü�s;q�½·Ý�Þ�ß�Ç"¹3u[t,m�m7Ñ<º!q[m�Åfs�o�º!ntws;q�Àrm?»?s;t+mco,u[m�t+m�Ä=prt+m@½[m�ÿGq|m?½6V
×�Ø�Ù ¨ �_Ú§��Û{� �

D∗
�
pD
∗

T � Ú�Ç�Ø)Ücm*Ý�¿
Þ
ηD
∗ Þ X¥Ú�Ç�Ø�Ç

µ
�
pµT � Ú�ÇbW�Ücm*Ý�¿
Þ
ηµ
Þ X�ö�Ç�ö�Ç

áNâ(ã �
owu|m\Ñ<ºEq[m?Å}s9o�ºEn:tws9q�Àrm6p�Ä�owu[m@ºEq[n�y�Á�»�º�¾rmP¼[t+p�½�Á|n�o�ºEprq>¿�¼|y�Á�»�V
Q2 X¥ÚLÜ6m*Ý 2 ¿
W�ÇbW�Ø�X

y
X�W�ÇbT�Ç

ÜSØ¼× �
owu|m\Ñ<ºEq[m?Å}s9o�ºEn:tws9q�Àrm6p�Ä�owu[m@ºEq[n�y�Á�»�º�¾rmP¼[t+p�½�Á|n�o�ºEprq>¿�¼|y�Á�»�V
Q2 � ö}Ü6m*Ý 2 ¿
W�ÇbW�Ø�X

y
X�W�Ç�ø�Ø�Ç

¹3u[m(¾�º�»�º�È|y!mcn�t+p�»�»#»,m�n	o�ºEprq�p�Ä_owu[m\¼[t+p^n�m?»�»#½[m�ÿ[q[m?½vs�ÈZp�¾rm\º�»?m�¾9s;y�ÁGs9owm�½�s9n�n�p;t�½�ºEq�À}o,p�o,u[m
Ä=pry!yEp�Ò"º!q�À�Ä=p;t�Å7Á[y!s!V

σvis mes =
ND∗µ
ch rec

A · L ·Br,
óÚ*�Ç�Ú�÷

ÒNu[m�t+m
Br

º�»No,u[m�È|tws;q[n5u�º!q�À}tws9o�º!p�p�Ä@owu|m(¼[t+p^n�m?»*»
D∗+ → D0(K−π+)π+

s

ó�ö�Ç�Ø¦*rß[÷¿ L º�»owu[mMy�Á�ÅTº!q[p�»�ºEoÐÃ�p�Ä"Ú�Ú Ý pb−1 Ä=prt?owu[mlÚ_)¦)�ø Æ ö�WkWkW[½Gs9o5sfows�Ñ<º!q�À�¼�m�t�º!p�½>¿ A º�»Wowu[m7½|m�owm�n�o,prts;n�n�m?¼|ows;q[n�m\ÒNu�ºEn5u�º�»
½[m�o,m�t*Å�ºEq[m?½�s�»ZV

A =
ND∗µ
ch rec MC

ND∗µ
ch MC

,
óÚ*�Ç�ö�÷

ÒNu[m�t+m
ND∗µ
ch MC

º�»Nowu|mMq<Á�Å7ÈZm�t?p�Ä$Á[q|y�º�Ñ9m Æ »�º�À;q�n5uGs9t�Å ~��
D∗ Æ Å7Á[prqt¼Gs�ºEt�»_Àrm�q[m�tws9o,m?½VºEqowu[m�½[m�ÿ[q[m?½ Ñ<ºEq[m?Å}s9o�ºEn)tws;q�À;m�Ç � Á[m�owp~owu[m�n�prt+t,m�yJs9o�º!prq�ÈZm�oÐÒ2m�m�q ND∗µ

ch rec

s;q�½
ND∗µ
ch MC

¿owu[mcm�t,t,p;t?p;q�o,u[mOs;n�n�m?¼|ows;q[n�m(º�»
À�º�¾;m�qtÈ<Ã{V

∆(A) =

√√√√ND∗µ
ch rec MC

ND∗µ
ch MC

3 [ND∗µ
ch MC +ND∗µ

ch rec MC − 2ND∗µ
ch mat],

óÚ*�Ç�õ�÷
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ÒNu[m�t+m
ND∗µ
ch mat

º�»cowu|m}q<Á�Å7ÈZm�tKp�Ä\n5u[s;t�Å ~��ät+m�n�p;q�»+o,t�Á[n	owm?½
D∗ Æ Å7Á|prq�¼Gs�º!t�»@Å}s9own5u|m?½Ò"ºEo,u~n�prt,t+m?»*¼�prq�½�º!q�À)owt*Á[mcy!m¾rm�y

D∗ Æ Å7Á|prqH¼Gs�º!t*»?Ç
� �+�	�  �

ND∗µ
ch rec

� �A���+�.- å@�$���  #5
���
σD
∗µ

vis mes æ �x8'çè �*#������
� ���A�$�������	�

173± 20 10.3± 0.8 pD
∗

T é ¹ - ¢�- � / £�- ¢� 
±
£�- £ �ê

ηD
∗ ê Ä ¹ - ¢

pµT é ¹ - £ - � /ê
ηµ
ê Ä ½ - ½T�UBV

112± 14 9.2± 0.9 pD
∗

T é ¹ - ¢�- � / £�- ÁZ½
±
£�- £ ¢ê

ηD
∗ ê Ä ¹ - ¢

pµT é ¹ - £ - � /ê
ηµ
ê Ä ½ - ½

Q2 Ä ¹ - £ - � / 2£�- £ ¢ Ä y Ä £�- ¤` �ba
18± 5 9.1± 1.7 pD

∗
T é ¹ - ¢�- � / £�- £  

±
£�- £ ½ê

ηD
∗ ê Ä ¹ - ¢

pµT é ¹ - £ - � /ê
ηµ
ê Ä ½ - ½

Q2 é ½ - £ - � / 2£�- £ ¢ Ä y Ä £�- ��¢
¥%¦[§_¨ ��ë>� � � / �P���$8������A�������1���+�(
�$�����0�	�[�*��#	�  

D∗
 ���	�:��#����0����'&'���(
�$���:�$��
����H�$���A�$�9�I���	� » T�U.V�#	��&` �ba ��A�	�  �+�+-Hì7�  89�+��@�	�Z���,�������=
���9�(
��,&c�*��#	�  

D∗
¡J �����c��#����*�%�b
����

D∗
8�#��*�x�	��	����&6#	��&O
����2��#���� ���	�L������
*#  ����#5
�$���K#���\�I��8�
��*#	�(
�+&��X#��_4>�A����#	�@#��A���+�'
#	�����,�_�b�	�X
����\
����A�\���+�	�  �+�X#���%#	�����W���$���A�.-/1���Yí����	
��,&?�+����	�*�1#���_�����$<W�=
*#5
��P�I
��P�A#��!-

¹3u[m%t+m?»*Á[yEo�»Xp�Ä^owu[mKÅ}m�s�»�Á[t+m?½Ln�t,p�»*»,»+m�n�o�º!prq�»�Ä=prt7owu|m�o,u[t,m�m%t,m�À�º�Å�m?»�s;t+m0À�º�¾rm�q�º!q\¹_s�È[y!m�*�Ç�Ús;y!p;q�À7Ò"ºEo,u�s9n�n�m�¼|o5s9q[n�m�»?¿|Ñ�ºEq[m?Å}s9o�º!n:t,s;q�Àrm�»Ws9q�½�q�Á�Å7È�m�t�»Np�Ä_t,m�n�prq�»Aowt*Á[n�o,m?½zn5uGs9t�Å
D∗ ÆÅ7Á[prqH¼Gs�º!t�»\ó »,m�m�R^m�n�o�º!prqtø�Ç�Ø�÷Ç$¹3u|m¤c<Á[p;o,m?½~m�t+t,prt*»Ws9t,mcprq[y�Ã×»+ows9o�º�»+o�º!nxs9y�Ç

¹3u[mvs;n�n�m?¼^o5s;q[n�m�Ä=prtfowu|m·Û�ÛYÜÉs;q�½ÖÝ�Þ�ß�t+m?À�º�Å}m�»�º�»×»�Å}s;y!yEm�t)owuGs9q�º!q�n�s�»,m�p�Äco,u[m�º!q Æn�y�Á�»�º�¾rmct,m�À�º�Å�m.½�Á[m6o,p�o,u[m@¼[u[p;o,p�¼[t,p�½�Á[n	o�ºEprq�s;q�½�Ý�Þ�ß(»,m�y!m�n�o�ºEprq�n?Á|o�»?Ç
¹_pNn�p�Å�¼[s;t,mXo,u[m$Å�mxs�»*Á[t,m�½\¾�º�»*º�È[yEmXn�t,p�»*»�»+m�n	o�º!p;q�»>Ò"ºEo,u:owu[m�~��]¼[t,m�½�º!n	o�ºEprq�»5ó Á[q[t,mÒ%m�º�ÀruSo,m?½
~��Ó»,s�Å�¼|y!m?»PÁ�»,m?½j÷@¼[t+p�¾�º�½[m?½�È�Ã4Û2lf^"Û�Þóßîs;q�½ d�ßYÜ�j�ß,Ü>¿1owu|mT¼|t,m?½�º!n�o,m?½�n�t,p�»�»@»,m�n�o�ºEprq
º�»cnxs9y!n?Á|yJs9o,m?½�s;n�n�prt�½�º!q�À�owp�owu[m]Ä=pryEy!p�Ò"º!q�ÀFmZc<ÁGs9o�º!prqªó=o,u[mY~��Ó»ws�Å�¼[yEm"y�Á�ÅTº!q|p�»�º�o�º!m�»:s;t+m

� �A���  �
σD
∗µ

vis MC æ �x8'ç σD
∗µ

vis mes. æ �x8'ç� �����������$��� £�- ¢D� £
±
£�- £ ¹ � £�- ¢� 

±
£�- £ � �

stat.
�
+0.12
−0.09

�
syst.

�T�U.V £�- Á§½ ¤
±
£�- £ ¹ ½ £�- Á§½

±
£�- £ ¢ �

stat.
�
+0.09
−0.07

�
syst.

�` �ba £�- £   À
±
£�- £�£ ¢ £�- £  

±
£�- £ ½ �

stat.
�
+0.03
−0.014

�
syst.

�
¥%¦[§_¨ ��ë��   �%���  �9#�������	�%���;
��������P���$8����7�������G���+�(
�$�����G�	�9
�����*��#	�  

D∗
¡J ���	�%��#���������'&'���(
�$���\40��
�
��� £ � �����,&'����
����	�M�$�K
����%�����A�$�������	� » T�U.VK#���&L` �ba ���+�	�  �+�+-2/1���3í�����
�+&K�A�������_#���%�I
#�
��P�=
���+#���#	��&��<'�=
�  #5
���\�����A� � �+�(
�$���   - À �(-
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q[prt*Åfs;y�º�»+m?½{owp"o,u[m@½Gs9o5s"y�Á�Å�ºEq[p�»*ºEoÐÃ�÷DV

σD
∗µ

vis.MC =
ND∗µ
ch UMC

L ·Br ,
óÚ*�Ç Ý ÷

ÒNu[m�t+m
ND∗µ
ch UMC

º�»cowu[mfq�Á�Å7È�m�tMp�Ä/Á[q[y�º�Ñ;m Æ »�º�Àrq�n5u[s;t�Å ~��
D∗ Æ Å7Á[prq·¼Gs�ºEt�»�À;m�q[m�tws9o,m?½º!q�o,u[mV½[mÿGq[m?½ÕÑ<º!q[m�Åfs�o�º!n�tws;q�Àrm�Çp¹3u[mvt,m�»�Á[y�oFp�Äcowu|mzn�p�ÅT¼Gs;t*º�»+prqÔº�»�»�Á�ÅTÅfs9t�º�»+m?½ÔºEq

¹Xs�È[y!m2*�Ç�ö�Ç(¹3u[m c<Á[p;o,m?½vm�t+t,prt*»cs;t,m]»Ao5s9o�º�»+o�º!n�s;yXs9q�½�»*Ã�»+o,m?Å}s9o�ºEntó�»,m�m	R^m�n	o�ºEprqL*�Ç�õ�÷Ç\¹3u[mn�t+p�»�»"»,m�n�o�º!prqHÅ�mxs�»*Á[t,m�Å}m�q.o_»*Á�Å�Å}s;t�Ã�º�»/À�º�¾;m�qHº!q R^m�n�o�º!prq *�ÇU*�Ç�ô?m�t,m�¿Gprq[mcnxs9qt»,s2Ã{owuGs�os(ÀrpBp�½}s�Àrt,m�m?Å�m�qSo0ÈZm�oÐÒ2m�m�q{owu[m_Å�mxs�»*Á[t,m�Å}m�q.o�»%s9q�½}o,u[m
~��H¼[t,m�½�º!n	o�ºEprq�»5º�»!»,m�m�q�Ò"º�owu�ºEqowu[mcm�t,t,p;t�»?Ç

¿ eAï Í2Ìyý�ì1ÌNÆ Å�ì1Î�ÃñðJê~ÃKÌ\Áhì�Å@ÎZê ì1ÎÌÇý
¹3u[m�»�Ã�»+owm�Åfs�o�º!n�Á[q[n�m�t+ows�º!qSo�º!m?»cowt+mxs9o,m?½·º!q�o,u[m{s9qGs;y�Ã�»*º�»cnxs;q·È�m�»�¼[y�ºEo\º!qSo,p~oÐÒ2pVÀrt+p�Á�¼�»�Ç
¹3u[m"ÿGt�»AoKÀ;t,p�Á�¼�n�p;q.ows�º!q�»$»*Ã�»+o,m?Å}s9o�ºEn_Á|q[n�m�t+o5s�º!qSo�ºEm?»5º!q�½�Á[n�m�½�È�ÃLo,u[m#»+m�yEm�n�o�º!prq)n�Á|o�»�Ç$¹3u[m
»,m�n�prq�½�Àrt,p�Á�¼}n�prt,t+m?»*¼�prq�½�»�o,p(»�Ã�»+owm�Åfs�o�º!n"Á[q|n�m�tAo5s�ºEqSo�º!m�»Yprt�º�À�º!qGs�o�º!q�À#Ä=t,p�Å±½�º�»+n�t+m?¼Gs;q|n?º!m�»
º!qîn�p�Å�¼[s;t�º�»,prqîp�ÄOowu|m�½Gs9o5s�s;q�½g~��ÊmDþ�¼Zm�n	o5s9o�º!prqÉs�»l½�º�»,n�Á�»�»+m?½ÖºEq©R^m�n	o�ºEprqÕø�Ç�Ø�¿?o,u[m
Å7Á[prqÉm���n�º!m�q|n�Ãòn�p;t,t,m�n�o�º!prqdó�»+m�m�R^m�n	o�º!p;qÖØ�Ç�Ú�Ú�÷{s;q�½òowu[m�ÄIs�Ñ;m�Å7Á|prqón�prqSo5s�ÅTº!q[s9o�ºEprq>Ç
¹3u[mH»*Ã�»+o,m?Å}s9o�ºEnHÁ[q[n�m�t+ows�º!qSoÐÃ ¾9s;y�Á[m?»]¼[t+m?»+m�qSowm�½ÔÈ�m�y!p�Òôs;t,mFp�È^o5s�ºEq[m?½4Ä=prtMo,u[mHº!q[n�y�Á�»*º�¾;m
¼[t,p�½�Á[n	o�ºEprq>Çt¹3u[m�»�Ã�»Aowm�Åfs9o�º!n�Á[q[n�m�t+ows�º!qSoÐÃ�n5u[m�n&Ñ<»7Ä=prtcowu[mHÛ�ÛYÜ�s;q�½ Ý�Þ�ßFt+m?À�º�Å}m�»Kn�s;q
È�mTÄ=p�Á[q�½�º!q�Ê#¼�¼Zm�q�½�ºEn�m�»×Ú_W�Ç�ö�s;q�½�Ú_W�Ç�õ�t,m�»�¼Zm�n	o�º�¾;m�y�Ã�ÇÂ¹3u|m�ÿGt�»Ao7Àrt+p�Á�¼�p�Ä
»*Ã�»+o,m?Å}s9o�ºEn
Á[q[n�m�t+ows�º!qSoÐÃ�n5u[m�n&Ñ<»�n�p;q�»�º�»+o�»Np�Ä�owu|m@Ä=p;y!y!p�Ò"ºEq�À7º�»*»�Á[m�»ZV
• ¹3u[m\Å7Á[p;q pT n?Á^o7ó +1.2%

−0.8%

÷�Ç
¹3u�º�»2n�Á|o!º�»$¾9s;t�ºEm?½[Ä=prt@owu[m_½Gs9owsKs9q�½�~��HÈ�Ã ± Ý WKõ�m*Ý�¿<ÒNu�º!n5ufn�prt,t+m?»*¼�prq�½�»�o,pOo,u[mt,m�»,pry�Á|o�ºEprqFp�Ä�owu[m@Å7Á|prq~o,tws;q�»*¾rm�t�»+m(Å�p�Å�m�qSo�Á�Åªt,m�n�prq�»Aowt*Á[n�o�º!prq>Ç

• ¹3u[m D∗ »,m�y!m�n	o�ºEprq�n?Á|o�»7ó +2.9%
−1.6%

÷Ç
� Á[m"o,p�o,u[m)yJs;t*Àrm�t3»+o5s�o�º�»Ao�ºEn?»Pº!qvn�prqSowtws�»+o6owpFo,u�º�»PÅ�mxs�»*Á[t,m�Å}m�qSo�»6owu�º�»P»*Ã�»+o,m?Å}s9o�ºEnÁ[q[n�m�tAo5s�ºEq.oÐÃ[º�»Ho5s�Ñ9m�q[Ä=t,p�Å³o,u[mWs;qGs;y�Ã�»*º�»Ç|b*�Øi}�¿�ÒNu[m�t+m?o,u[m"»�º�ÅTº!y!s;t

D∗
»+m�y!m�n�o�º!prq�n?Á|o�»s;t+m\Á�»,m?½9Ç

• ¹3u[m D∗ m�q[m�t�À�ÃlÄ=t,s;n�o�º!prq fD∗ »+m�y!m�n�o�º!prq�n?Á^o7ó +3.3%
−2.2%

÷�Ç
¹3u[mcm���m�n	oNp�Ä_s�¼�¼[y�Ã�º!q�ÀLp�Ä�o,u[m

fD
∗ n?Á|o"º�»\m�¾9s;y�ÁGs9o,m?½lÈ�ÃFs�¾9s;t*ºJs9o�º!prq{p�Ä�o,u[m6n?Á^o"È<Ã

± W�ÇbW�Ø�Ä=prt\owu[m@½Gs�o5s�s;q�½ ~��,Ç
¹3u[m\»,m�n�prq�½VÀ;t,p�Á�¼~p�Ä_owu[m\»*Ã�»+o,m?Å}s9o�ºEn@Á[q[n�m�t+ows�º!qSoÐÃ�n5u[m�n&Ñ�»6p�Ä_o,u[m(¼|t,m?»+m�qSo6s9qGs;y�Ã�»*º�»Nn�prq Æo5s�ºEq�»\owu|m@Ä=p;y!y!p�Ò"ºEq�À7¼Zp�º!qSo�»�V
• ¹3u[m\Á[q[n�m�tAo5s�ºEq.oÐÃ{n5u[m�n&Ñ�p�Ä�owu[mPÿ[o"»�Ã�»+owm�Åfs�o�º!n�»(ó » ö�Ç�örß[÷Ç¹�pMn5u[m�n&Ñ�»�Ã�»Aowm�Åfs9o�º!n?m���m�n	o�»%t+m�Ä=m�t,t,m�½fowpcowu|m#ÿ[oK¼[t,pBn�m�½�Á[t+m�¿.owu[m

∆RD∗µ ÿ[oKº�»5Á�»+m?½º!q�»+owm�s�½�owu[m
∆φD

∗µ prq|m�ÇÓ¹3u�º�»]»�Ã�»Aowm�Åfs9o�º!nHÁ[q[n�m�tAo5s�ºEq.oÐÃ º�»"q[p;oTº!q|n�y�Á�½[m?½ º!q�o,u[mowp9o5s;y�»*Ã�»+o,m?Å}s9o�ºEn0Á[q|n�m�tAo5s�ºEqSoÐÃ�ºEqMprt*½[m�tXo,p6s2¾rp�º�½7½[p�Á�È[y!m�n�p�Á|q.o�º!q�À�p�ÄGowu[m0»+o5s�o�º�»Ao�ºEnxs;ym�t+t,prt�Ç#¹3u|mMn5u[m�n&ÑÂ»,u|p�Ò"»WowuGs9oWowu[m(È�p9owu�ÿ|o.¼[t+p^n�m?½�Á[t+m?»6s9t,mMn�prq�»*º�»+o,m�qSo3Ò"º�owuzm�s;n5up;o,u[m�t
Ò"ºEo,u�º!q{o,u[m@»+ows9o�º�»+o�ºEnxs;y>m�t,t+prt\ó�»+m�m¤R^m�n�o�ºEprq�ø�Ç�Ø�÷Ç
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• ¹3u[m\»�º�Å7Á[y�o5s;q[m�p�Á�»+y�Ã pD∗T s;q�½
∆φD

∗µ »*¼�m�n�o,tws)t,m�Ò2m?º�ÀruSo�ºEq�À�ó » T�Ç�õSß[÷Ç
� Á[m"o,p{owu[m"p�È�»,m�t�¾rm�½�½�º�»,n�t+m?¼Gs9q[n�Ã�ÈZm�oÐÒ2m�m�q�o,u[m]½Gs9ows�s;q�½�~���mDþ�¼�m�n�ows9o�ºEprqÓó�»+m�mR^m�n�o�ºEprq×ø�Ç Ý ÷�¿Sowu[m
~�� ∆φD

∗µ s;q�½ pD∗T »�¼Zm�n	owtwsKs;t,m_»�º�Å7Á[y�o5s;q[m�p�Á�»+y�Ã"t+m�Ò2m?º�À;u.o,m?½×ºEq
ÈZp;owuvowu[m�t,m�n�prq�»+owt*Á[n�o�º!prq�s;q�½�owt�Á|m}yEm�¾rm�y�»�Ç�Ï*oKt,m?»*Á[yEo�»(ºEq·À;p^p�½�s�Àrt,m�m?Å�m�qSoKp�Ä%o,u[m
Å�mxs�»*Á[t,m�Å}m�q.oMs;q�½ ~��,ÇT¹3u[m�½�º���m�t,m�q[n�mTÈZm�oÐÒ2m�m�q�oÐÒ%p�n�t,p�»�»\»,m�n	o�ºEprq�»cnxs;yEn?Á[y!s9owm�½
Á�»*º!q�À�o,u[mzt+m�Ò2m?º�À;u.o,m?½És;q�½�Á[q[t,mÒ%m�º�ÀruSo,m?½a~��9»×º�»�Á�»,m�½òs�»Fs�»�Ã�»+owm�Åfs�o�º!n�m�t,t+prt?¿o5s�Ñ�ºEq�À)t,mÒ%m�º�ÀruSowm�½�p;q[mPÄ=prt\owu[mcn�m�qSowt,s;y'¾;s9y�Á[m�Ç

• ªNm�Ò2m?º�ÀruSo�º!q�À�p�Ä_o,u[m@½�º!t+m�n�o?s9q�½�q|prq Æ ½�º!t,m�n�o"¼[t+p^n�m?»*»_Ä=t,s;n�o�º!prq�»\ó » ø�ÇUWrßT÷�ÇÏ(q�prt*½[m�tMo,pzn5u[m�n&Ñ�owu[m�º!q|QjÁ|m�q[n�mFp�Ä3owu[mtÛ2lf^"Û�Þóßg~���¼[t+m?½�ºEn�o�º!prq>¿_owu[m�Ä=t,s;n�o�º!prq�»p�ÄK½�º!t+m�n	oOs;q�½vq[prq Æ ½�º!t+m�n	oP¼[t,pBn�m�»�»+m?»Ks;t,m"t+m�Ò2m?º�À;u.o,m?½>Ç[¹3u[m)q[p;q Æ ½�ºEt,m�n�o.Ä=t,s;n�o�º!prq�º�»»,n�s;y!m�½�Á�¼ÂÈ�Ã~s[ÄIs9n�owp;t"õÂó »,m�m�R^m�n�o�ºEprq�ø�Ç�Ø�÷¿�ÒNu[m�t,mxs�»?o,u[m(½�º!t,m�n�o"Ä=tws9n�o�ºEprqHº�»
»+nxs;yEm?½
½[p�ÒNq×È�Ã}s@ÄIs9n�owp;tYo,pMt+m�n�p�¾;m�t2o,u[m�q|prt�Å}s;y�º�»ws9o�º!prqMp�Ä>o,u[m#»*Á�Å¬p�Ä1o,u[m?oÐÒ2p�¼|t,pBn�m?»*»,m�»?Ç

• ¹3u[m@ÄIs�Ñ9m\Å�Á[prq�n�prqSows�Å�ºEqGs9o�º!prq×Á|q[n�m�t+o5s�º!qSoÐÃ�ó +6.3%
−5.6%

÷Ç
� m�»�¼�º�owmLowu|m]Àrp^p�½V½[m�»,n�t�º�¼^o�º!p;qzp�ÄYowu[m7ÄIs�Ñ;m]Å7Á[p;qzn�prqSows�Å�ºEqGs9o�º!prq�È<Ã�owu[m]»*º�Å7Á|yJs Æo�ºEprq>¿Bowu[m.ÄIs�Ñ9m@Å7Á[prq×Ä=t,s;n�o�º!prq×º�»/¾9s;t�ºEm?½lÈ�Ã ± ö¦WSß º!qFprt*½[m�t\o,p)m?»+o�º�Å}s9owmWowu[m6mD�>m�n�op�ÄXsT¼Zp�»*»�º�È|y!mPÁ[q�½|m�t,m�»+o�º�Å}s9o�ºEprq�prt3p�¾rm�t+m?»Ao�º�Å}s9o�º!prq�p�Ä�owu[mPÄIs�Ñ9m(Å�Á[prqHÈGs;n&Ñ<Àrt+p�Á[q�½
È�Ã)owu[m
~��t»�º�Å7Á[y!s9o�ºEprq>Ç

D∗ Æ Å�Á[prqT¼Gs�º!t*»KºEq�o,u[m?y�º�Ñ9m Æ »�º�À;q}n�prq�ÿjÀ�Á|tws9o�º!prq}s;q�½�ÈGs;n&Ñ Æowp Æ ÈGs;n&Ñ6o,p�¼�p;y!p�À�Ã6s;t,m!Á�»,m�½LowpWm?»+o�º�Å}s9owmHo,u�º�»1¾9s;t�º!s9o�ºEprqctws;q�À;mPó�»+m�m³Ê3¼�¼Zm�q�½�º�þ�Ú_W�Ç�Ú�÷Ç
• ¹3u[m\Å7Á[p;q~mD��n?º!m�q[n�Ã�n�prt,t+m�n	o�º!p;q�ó ± Ú2õ�ÇU)rßT÷�Ç¹�p"m?»+o�º�Å}s9owm?owu[m�m���m�n�oNp�Ä�o,u[m6s�¼�¼[y�ºEnxs9o�º!prq�p�Ä7owu[m3Å7Á[prqFt+m�n�p;q�»+o,t�Á[n	o�º!p;qFm���n?ºEm�q[nÃn�p;t,t,m�n�o�º!prq>¿^owu[mcm���n�º!m�q|n�Ã�n�p;t,t,m�n�o�º!prqHº�»/¾9s;t*º!m�½tÈ�Ã ± Ø¦WSß§ó�»+m�m¤�,º�À�Á|t,m\Ø�Ç�ø�÷Ç
• ¹3u[mOy�Á�Å�ºEq[p�»�º�oÐÃTÅ}m�s�»�Á[t+m?Å�m�qSo_Á[q[n�m�t+ows�º!qSoÐÃ�ó ± ö;ßT÷�Ç¹3u[m]Á[q|n�m�tAo5s�ºEqSoÐÃVÄ=prt�o,u[m×Ú_)k)�ø Æ ö¦W¦WkW�½Gs�o5sfo5s�Ñ�ºEq�Àl¼Zm�t�ºEp�½ÂÁ�»,m�½·ºEq�owu[m)s9qGs;y�Ã�»*º�».º�»o5s�Ñ;m�qtÄ=t,p�ÅJ|bT Ý }�Ç
• ¹3u[m D∗ È[tws9q[n5u�º!q�À}t,s9o�ºEptó ± ö�Ç�õSß[÷Ç¹3u[m\Á[q[n�m�t+ows�º!qSoÐÃ×Ä=p;t\owu[m

D∗
È[tws9q[n5u�º!q�À�t,s9o�ºEp]º�»\ows�Ñ;m�q�Ä=t,p�Å |�ö�Ø�}�Ç

¹3u[m?yJs;t*Àrm?»Ao5»*Ã�»+o,m?Å}s9o�ºEn?m�t,t+prt5Åfs�ºEq[y�ÃOn�p�Å}m�»Howu[m_Å7Á[prq)mD�}n�º!m�q[n�Ã�n�p;t,t,m�n�o�º!prq>ÇYÏ(q�¼|t�º!q|n?º Æ¼[y!m#ºEo2nxs;q�È�m:t+m?½�Á|n�m?½lÈ�Ãfs�½[m	o5s�ºEy!m?½�»*Ã�»+o,m?Å}s9o�ºEn.Á[q[n�m�tAo5s�ºEq.oÐÃ�»+o�Á�½�Ã�Ç R�Ã�»+owm�Åfs�o�º!nWm���m�n	o�»p�Ä?owu[m
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b
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bb̄¼Gs�ºEt_ºEq~o,u[mMn5u[s;t�Åµ½[p�ÅTº!q[s;qSoNt,m?À�º!prq ó�»,m�m R^m�n�o�º!prqÂö�Ç�ø�÷"º�»Wm¾þ�¼�m�n�owm�½�owp�È�m\»�Å}s;yEy'½�Á[mKo,powu[m3»�Å}s;y!y�Ä=t,s;n�o�º!prq}p�Ä'ÈZmxs�Á|oÐÃ}m�¾;m�qSo�»\ó�)Sß[÷Ç$¹3u[mWuGs�½[t+prq�º�»ws9o�º!prq�»*Ã�»+o,m?Å}s9o�ºEn3Á[q[n�m�tAo5s�ºEq.oÐÃ
ó Ä=t,s�À�Å�m�qSo5s9o�º!prq�s;q�½�¼Gs;tAowprq�»+u[p�Ò%m�t�ºEq�À<÷3º�»3º!q[n�y�Á�½[m�½�º!q�o,u[m]»*Ã�»Aowm?Å}s9o�º!n]Á[q[n�m�tAo5s�ºEq.oÐÃ�p�Äowu[m
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¼[t+p�½�Á|n�o�ºEprqTº�» +20.3%
−16.6%

Ç)¹3u|m�n�p;t,t,m�»�¼Zprq�½�ºEq�À@¾;s9y�Á[m�»5Ä=p;t
owu[m]Û�ÛYÜzs9q�½�Ý�Þ�ßMt+m?À�ºEprq�»?s;t,m +20.6%

−15.7%

s;q�½ +39.9%
−16.7%

t+m?»�¼Zm�n	o�º�¾rm�y�Ã�Ç
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±11.3%
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Ä=prt3Û�Û�Ü�s;q�½�Ý�Þ�ßMs;t+m ±15%

s9q�½ ±34%
t,m�»�¼Zm�n�o�º�¾;m�y�Ã�Ç
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»,m�n	o�ºEprq�»3s;t+m�owu|m�t,m ÆÄ=prt,m{sVÁ�»,mÄ Á[y/º!q�»+owt*Á�Å�m�qSoLowp�»Ao�Á�½�Ã�owu[m�»,uGs�¼ZmFp�ÄNowu|m×½�º�»Aowt*º�È�Á|o�º!prq�»?Ç�¹3u[ml½�º��>m�t,m�q.o�ºJs;yn�t+p�»�»T»,m�n�o�ºEprq�»T½�º�»+n?Á�»*»,m�½�º!q�owu�º�»]»,m�n�o�º!prqäs;t,mHÅ�mxs�»*Á[t,m�½ªÄ=prtLo,u[mtº!q[n�y�Á�»*º�¾rmFn5u[s;t�Å

D∗ ÆÅ7Á[prqH¼Gs�º!t
¼[t+p�½�Á|n�o�ºEprq>Ç
²\s;y!n�Á[yJs�o�º!p;qfp�Ä�½�º��>m�t,m�qSo�ºJs;yZn�t+p�»�»
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pD
∗

T

¹ - ¢�- � / Ä pD∗T ≤
½ - ¢�- � /

0.20± 0.06(stat.)+0.06
−0.08(syst.)

��8rü - � /½ - ¢�- � / Ä pD∗T ≤
¢ - £ - � /

0.111± 0.013(stat.)+0.019
−0.019(syst.)

�x8;ü - � /¢ - £ - � / Ä pD∗T ≤
¹,¢ - £ - � /

0.0090± 0.0016(stat.)+0.001
−0.002(syst.)

�x8;ü - � /
ηD
∗ ¡?¹ - ¢ Ä ηD∗ ≤ ¡ £�- ¢ 0.15± 0.03(stat.)+0.03

−0.02(syst.)
�x8¡ £�- ¢ Ä ηD∗ ≤ £�- ¢ 0.19± 0.03(stat.)+0.05

−0.03(syst.)
�x8£�- ¢ Ä ηD∗ ≤ ¹ - ¢ 0.26± 0.05(stat.)+0.05

−0.05(syst.)
�x8

pµT
¹ - £ - � / Ä ηD∗ ≤ ¹ - ¢�- � / 0.58± 0.11(stat.)+0.11

−0.10(syst.)
��8rü - � /¹ - ¢�- � / Ä ηD∗ ≤ ½ - ¢�- � / 0.19± 0.02(stat.)+0.04

−0.04(syst.)
��8rü - � /½ - ¢�- � / Ä ηD∗ ≤ ¤�- £ - � / 0.007± 0.002(stat.)+0.004

−0.0009(syst.)
�x8;ü - � /

ηµ
¡0½ - ½ Ä ηµ ≤ ¡°¹ - ¹ 0.08± 0.015(stat.)+0.016

−0.02 (syst.)
�x8¡?¹ - ¹ Ä ηD∗ ≤ £�- £ 0.18± 0.02(stat.)+0.06

−0.03(syst.)
�x8£�- £ Ä ηD∗ ≤ ¹ - ¹ 0.21± 0.03(stat.)+0.04

−0.04(syst.)
�x8¹ - ¹ Ä ηD∗ ≤ ½ - ½ 0.03± 0.03(stat.)+0.03

−0.013(syst.)
�x8

pD
∗µ

T

À - £ - � / Ä pD∗µT ≤
Á - ¢�- � /

0.15± 0.04(stat.)+0.04
−0.06(syst.)

��8rü - � /
Á - ¢�- � / Ä pD∗µT ≤

  - £ - � /
0.08± 0.011(stat.)+0.02

−0.016(syst.)
�x8;ü - � /  - £ - � / Ä pD∗µT ≤

¹,¢ - £ - � /
0.013± 0.002(stat.)+0.0014

−0.003 (syst.)
�x8;ü - � /

ŷD
∗µ

¡?¹ - ¢ Ä ŷD∗µ ≤ ¡ £�- ¢ 0.13± 0.02(stat.)+0.03
−0.02(syst.)

�x8¡ £�- ¢ Ä ŷD∗µ ≤ £�- ¢ 0.28± 0.04(stat.)+0.06
−0.05(syst.)

�x8£�- ¢ Ä ŷD∗µ ≤ ¹ - ¢ 0.18± 0.05(stat.)+0.04
−0.04(syst.)

�x8
MD∗µ

À - £ - � / Ä MD∗µ ≤
¢ - £ - � /

0.11± 0.02(stat.)+0.02
−0.04(syst.)

��8rü - � /¢ - £ - � / Ä MD∗µ ≤
¤�- £ - � /

0.073± 0.011(stat.)+0.016
−0.012(syst.)

�x8;ü - � /¤�- £ - � / Ä MD∗µ ≤
¹,¢ - £ - � /

0.009± 0.002(stat.)+0.003
−0.003(syst.)

�x8;ü - � /
∆φD

∗µ
£�- £ Ä ∆φD

∗µ ≤
½ - Á

0.115± 0.019(stat.)+0.06
−0.03(syst.)

��8rüw�*#	&½ - Á Ä ∆φD
∗µ ≤

½ - ¤
0.56± 0.08(stat.)+0.2

−0.12(syst.)
�x8;ü5�#�&½ - ¤ Ä ∆φD

∗µ ≤
À - ¹ Ái¹w¢

0.72± 0.09(stat.)+0.3
−0.12(syst.)

�x8;ü5�#�&
¥%¦[§_¨ ��ë>� µ ���������^���+��
����	���^�$�%&'� ¶ �+���+��
|8����2�	�'
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owp�owu[m�½[m�ÿ[q[m?½ Ñ<ºEq[m?Å}s9o�ºEn"tws;q�Àrm�¿_stÈ�º!q�tws;q�À;m}p�Ä\stÑ<ºEq[m?Å}s9o�ºEn7¾9s;t�º!s�È[y!m]º�»@º!qSowt+p�½�Á|n�m?½9Ç
¹3u[m

χ2 ∆φ
ÿ[o7¼|t,pBn�m?½�Á[t,mlº�»MmDþ�¼[yEp�ºEo,m?½ ºEq�prt*½[m�tMo,pzmDþBo,tws;n	o)n5uGs;t�Åýs;q�½4ÈZmxs�Á|oÐÃ »+nxs;yEm

ÄIs;n�o,prt�»]ºEq�mxs;n5uÓÈ�º!q9¿5ÒNu|m�t,m�owu|m~n�t,p�»*»[»,m�n	o�ºEprq º�»"nxs9y!n?Á|yJs9o,m?½>Ç ¹3u|m~t+mxs�»+prq�owp�Á�»,mFo,u[m
χ2 ÿ[o(º!q�»Aowmxs�½�p�Ä\o,u[m�y�º�Ñ9m�y�º!u[pBp�½�p;q[m�º�»(½�Á[m}o,p~o,u[m{s�¼�¼�m�s;tws;q|n�m�p�Ä3q[m�ÀSs9o�º�¾rm[¾9s;y�Á[m�»(ºEq»,p�Å�m×È�ºEq�»"p�ÄNowu|mlÑ�ºEq[m?Å}s9o�º!nyc<ÁGs9q.o�ºEo�º!m?»Ls�Ä�owm�tMowu[m

D∗
ÈGs;n&Ñ<Àrt,p�Á[q�½Ó»�Á�È|o,tws;n	o�ºEprq>Ç�¹3u[m

½�º���m�t+m�qSo�º!s;y1n�t,p�»*»_»+m�n	o�º!p;q�ºEq�s]È�ºEq�p�Ä_o,u[m@Ñ<º!q[m�Åfs9o�º!n3¾9s;t*ºJs�È|y!m
x
º�»
À�º�¾rm�qHÈ�Ã{V

dσ

dx
≡ ∆σ

∆x
=

ND∗µ
ch bin

Abin · L ·Br ·∆x
,

óÚ*�Ç�Ø�÷
ÒNu[m�t+m

∆x
º�»Yowu|m#È�ºEqTÒ"º�½|owu9¿

ND∗µ
ch bin

º�»Yowu[m?q<Á�Å7ÈZm�t�p�Ä0n5uGs9t�Å
D∗ Æ Å7Á[prqT¼Gs�ºEt�»YmDþBowt,s;n�o,m?½Ä=t,p�Åþo,u[mV½Gs9ows·ºEq´owu�º�»�È�ºEq�È�ÃªÅ}m�s;q�»fp�Ä6owu[mV»*º�Àrq[s;yNmDþBowt,s;n�o�º!prqÔ¼|t,pBn�m?½�Á[t,m ó »,m�mõR^m�n Æo�ºEprqtø�Ç�õ�÷¿

Abin
º�»\o,u[mOs;n�n�m?¼|ows;q[n�m\º!qFo,u�º�»
È�ºEq>Ç

� º���m�t+m�qSo�º!s;y1n�t,p�»*»#»+m�n�o�º!prq�»Ws9t,mPÅ�mxs�»*Á[t,m�½�s�»?s7Ä Á[q[n	o�ºEprq�p�Ä¿V
• ¹3u[m D∗ owt,s;q�»*¾;m�t*»,m�Å�p�Å�m�qSo�Á�Å pD

∗
T

¿
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• ¹3u[m D∗ ¼�»,m�Á�½[prt,s�¼�º�½�ºEoÐÃ ηD∗ ¿
• ¹3u[m\Å7Á[p;q�o,tws;q�»*¾rm�t�»+m(Å�p�Å�m�qSo�Á�Å pµT

¿

• ¹3u[m\Å7Á[p;qt¼�»,m?Á�½[prtws�¼�º�½�º�oÐÃ ηµ ¿
• ¹3u[m\»,n�s;yJs9t/»�Á�Å�p�Ä_o,u[m

D∗
Å�m?»+prq~s;q�½tÅ7Á[prqHÅ�p�Å}m�qSo5s

pD
∗µ

T

¿

• ¹3u[mOtws�¼�º�½�º�oÐÃfp�Ä_o,u[m D∗ Æ Å7Á|prqH¼Gs�º!t ŷD∗µ ¿
• ¹3u[m\º!q�¾9s;t*ºJs;qSo
Å}s�»�»3p�Ä_o,u[m D∗ Æ Å7Á|prqH»*Ã�»+o,m?Å MD∗µ ¿

• ¹3u[mKs¦¥�º�Å7Á|o,uGs;y>s;q�ÀryEmP½�º���m�t+m�q[n�mOp�Ä,½�ºEt,m�n�o�ºEprq�»3p�Ä�owu|m D∗ s;q�½�Å7Á|prq ∆φD
∗µ Ç

Ï(qäp;t�½[m�tLowp�»+o�Á�½�Ã�owu|mFt,m?»+pry�Á^o�º!p;q�p�ÄWo,u[mHÑ<º!q[m�Åfs9o�º!nT¾;s9t�ºJs�È[y!m{t+m�n�prq�»+o,t�Á[n	o�ºEprq>¿�q[m�m�½[m?½owpl½[mÿGq[mLyEp�Ò%m�t:y�º�Å�º�o�»Nprq�o,u[m7È�ºEqV»�º�¥�m�¿�owu[mN~�� »*º�Å7Á[y!s9o�ºEprqHº�»#Á�»,m�½>Ç@¹3u[m"n�prt+t,m�yJs9o�º!prq�»
È�m	oÐÒ%m�m�q�owu|m{t,m�n�prq�»Aowt*Á[n�o,m?½4¾9s;t�º!s�È[y!m�»�óIt,m�n�prq�»+owt*Á[n�o�º!prq�yEm�¾;m�y�÷cs;q�½�n�prt+t,m?»*¼�p;q�½�º!q�À�owt*Á[my!m¾rm�y<¾9s;t�º!s�È[yEm?»'¼[t+p�½�Á|n�m?½(È�ÃOo,u[m(~���Àrm�q|m�tws�owprt*»�Ä=prt

pD
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T

¿
ηD
∗ ¿
pµT
¿
ηµ
¿
pD
∗µ

T

¿
ŷD
∗µ ¿ MD∗µs;q�½

∆φD
∗µ s;t+m\À�º�¾rm�q�ºEq��,º�À�Á|t,m
*�Ç�Ú�Ç5¹3u[mct,m�»,pry�Á|o�ºEprq R p�ÄXowu|m@Ñ�ºEq[m?Å}s9o�º!n3¾9s;t*ºJs�È[yEm

x
º�»nxs;yEn?Á[y!s9owm�½~s;n�n�prt�½�ºEq�À"owp"owu|m@Ä=p;y!y!p�Ò"ºEq�À�Ä=prt*Å7Á[yJs:V

R = xrec − xtrue
óÚ*�Ç�ø�÷

¹3u[mFt,m�»,pry�Á|o�ºEprq�p�ÄNo,u[m×Ñ<º!q[m�Åfs�o�º!n�¼Gs;t,s�Å}m	owm�tMt,m�n�prq�»+owt*Á[n�o�º!prq º�»�»,u|p�ÒNqÓº!qð�,º�À�Á|t,mY*�Ç�ö�Ç
R�º!q|n�mNowu[mWt,m?»+pry�Á^o�º!p;q�p�Ä1owu[m?t,m�n�prq�»+owt*Á[n�o�º!prq�º�»�c<Á�ºEo,m#À;p^p�½>¿Bs@¾;m�t�Ã�ÿGq|m#È�ºEq[q�ºEq�ÀKn�p�Á[y�½�ÈZmn5u[p�»+m�q>Ç×Ï(q·¼[tws9n�o�ºEn�m"owu|m�»+m�y!m�n�o�º!prq�p�Ä�owu[mTÈ�º!q�Ò"º�½^owu�º�»@½�º!n	o5s9o,m?½�È�Ã�owu[m[È�ºEq·»Ao5s9o�º�»+o�º!n�»
º!q�prt*½[m�t\o,pfs;yEy!p�Òîowu|m@ÿ|o#¼|t,pBn�m?½�Á[t,m�Ç!Ï(qt¹_s�È[y!mp*�Ç�õLowu|m@Ò"º�½|owu�»3p�Ä_o,u[m@È�º!q�»_Á�»,m?½HÄ=prt\o,u[m
½�º���m�t+m�qSo�º!s;y1n�t,p�»*»_»+m�n	o�º!p;q�Å�mxs�»*Á[t,m�Å}m�qSo�»?s;t,m@À�º�¾rm�q>Ç
¹3u[m�»*Ã�»Aowm?Å}s9o�º!nVÁ[q|n�m�tAo5s�ºEqSo�º!m�»fp�Äco,u[mV½�º��>m�t,m�qSo�ºJs;y?n�t+p�»�»×»+m�n	o�º!p;q�»�s;t,m�n5u[m�n&Ñ9m?½ º!q´o,u[m
»ws�Å�m
Ò\s2Ã�s�»5Ä=prtHn�s�»,m?p�Ä>o,u[mNowp;ows;y�¾�º�»*º�È[yEm3n�t,p�»�»!»,m�n	o�ºEprq>¿<È�Á|o!Ä=prtHmxs9n5u�È�ºEq>¿Bs;q�½Tº!q[n�y�Á�½[m�½
º!q�o,u[m �,º�À�Á[t+m *�Ç�õ{s�»�o,u[m�c<ÁGs�½|tws9o�º!n�»*Á�Å�p�Ä!»+o5s�o�º�»Ao�ºEnxs;y�s;q�½�»�Ã�»+owm�Åfs�o�º!nKm�t+t,prt[ó »,m�m"s;y�»+p
Ê3¼�¼Zm�q�½�º�þ�Ú_W�Ç Ý ÷�Ç�Ê3n�n�m?¼|ows;q[n�m�».º!q�m�s;n5uÂÈ�ºEq�p�ÄXo,u[m@½�º���m�t+m�qSo�º!s;y1n�t+p�»�»_»,m�n�o�º!prq�»?s;t+m@À�º�¾;m�qº!q	�,º�À�Á[t,m(*�Ç Ý Ç,¹3u[mNnxs9y!n?Á|yJs9o,m?½"n�t+p�»�»5»+m�n�o�º!prq�»2s9t,m\owu|m�q)n�p�ÅT¼Gs;t+m?½]Ò"ºEo,u"owu[mHò x@» Û/ß
~��n�t+p�»�»_»,m�n�o�ºEprqH¼[t,m�½�º!n	o�ºEprq�»/Ä=t,p�Å§Û�l�^"Û�Þóß�s;q�½ d<ß,Ü�j�ßYÜ>Ç
¹3u[m�½�º���m�t,m�qSo�ºJs9y@n�t+p�»�»(»,m�n	o�ºEprq�»\º!q�È�º!q�»Kp�Ä

pD
∗

T

s9q�½
ηD
∗ s;t+m[»,u[p�ÒNq ºEq��,º�À�Á[t+m	*�Ç�õ�Ç�Ï(q

Àrm�q|m�tws9y�¿7s�Àrt+m�m�Å}m�q.o\ÈZm�oÐÒ2m�m�q�owu|mTÅ�mxs�»�Á[t+m?Å�m�qSoKs;q�½vowu[m"m¾þ�¼Zm�n	o5s9o�º!prq�º!q�o,u[m
dσ/dpD

∗
T½�º�»Aowt*º�È�Á|o�º!prq�nxs;q ÈZm×»,m�m�q>Ç·Ï*o]»,u|p�Á[y�½4ÈZm{q[p9owm?½�o,uGs9oLo,u[m{mDþ�¼Zm�n	o5s9o�º!prq »,u|p�Ò"»)sV»+p�Ä�owm�t

pD
∗

T

»�¼Zm�n	owt�Á�Å�owu[s;q�owu|m7Å}m�s�»�Á|t,m?Å�m�qSo?ÇP¹3u[mLn�t+p�»�»P»+m�n	o�º!p;qvs�»:s�Ä Á[q|n�o�ºEprq
ηD
∗ mDþ^u�º�È�ºEo�»s�Àrt+m�m?Å�m�qSoPÈZm�oÐÒ2m�m�q�o,u[m]Å�mxs�»*Á[t,m�Å}m�q.o6s;q�½zowu|m]¼[t,m�½�º!n	o�º!p;qÂÒ"ºEo,u�º!q~owu[m"m�t,t,p;t6s;yEo,u[p�Á�À;uowu[m�~���¼[t,m�½�º!n	o�º!p;q »,u[p�Ò"»)sÂÅ�prt+m�ÈGs;n&Ñ�Ò%s;t�½

ηD
∗ ½�º�»Aowt*º�È�Á|o�º!prq9Ç�¹3u�º�»�ÈZm�uGs2¾�º!p�Á[t�Ò%s�»s;y�»+p)p�È�»,m�t*¾;m?½ÂºEqFowu[mOs;qGs9y�Ã�»�º�»
|bT�Ø_}�Ç

Ï(qäo,u[m�»,s�Å�m �Yº�À�Á[t+m�*�Ç�õvp;q[m�n�s;qÓ»,m�m~owu[mH½�º��>m�t,m�q.o�ºJs;y%n�t,p�»�»�»+m�n	o�º!p;q�»[º!qÓÈ�º!q�»)p�Ä
pµTs;q�½

ηµ
Ç ôWm�t,m�¿Gprq[mcnxs;qt»,m�m@Àrp^p�½H½[m?»+n�t*º�¼|o�º!prq�p�Ä�owu[m@Å�mxs�»*Á[t,m�Å}m�qSo"È<ÃFo,u[m�~��,Ç
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¹3u[m_½�º���m�t+m�qSo�º!s;y[n�t+p�»�»5»+m�n�o�º!prq�»%s�»�s.Ä Á[q[n	o�ºEprq)p�Ä
pD
∗µ

T

s9q�½
ŷD
∗µ s;t+m
À�º�¾;m�qTº!q	�,º�À�Á[t,m%*�Ç�õ�Ç�%p;o,uªÑ<º!q|m?Å}s9o�ºEn×¾;s9t�ºJs�È[y!m�»"s;t,m�n�p�Å7È�ºEqGs9o�ºEprq�»Lp�Ä�owu|mtÑ<ºEq[m?Å}s9o�ºEnYc<ÁGs;qSo�º�o�º!m�»"p�Ä�o,u[m

D∗Å}m�»,prq}s;q�½"o,u[m"Å7Á[prq>Çf�%p;o,u�½�º�»+o,t�º�È�Á|o�ºEprq�»)»+u[p�Òîs�Àrt+m�m�Å}m�q.o!ÈZm�oÐÒ2m�m�q}owu|m_Å�mxs�»�Á[t+m?Å�m�qSos;q�½�owu[m�~���mDþ�¼Zm�n�ows9o�ºEprq>Ç
¹3u[m�½�º���m�t,m�qSo�ºJs9yHn�t,p�»�»\»,m�n	o�ºEprq�»\º!q�È�º!q�»Op�Ä

MD∗µ s9q�½ ∆φD
∗µ s;t+m�s;y�»+p�t+m?¼[t+m?»,m�qSowm?½4ºEqowu[m(»ws�Å�m¤�,º�À�Á|t,m¤*�Ç�õ�Ç
¹3u[mMn�p�ÅT¼Gs;t�º�»,prqtÈZm�oÐÒ2m�m�qzo,u[m ~��·¼[t,m�½�º!n	o�ºEprq�s9q�½�owu|m(½Gs�o5sTÄ=p;towu[m

dσ/dMD∗µ ½�º�»+o,t�º�È�Á|o�ºEprq]»,u[p�Ò"»!ÀrpBp�½�s�Àrt+m�m�Å}m�q.o?¿�ÒNu[m�t+mxs�»Yowu[m<~��H»�º�Å�Á[yJs9o�º!prq�½[p^m�»q[p;o3t+m?¼[t+p�½�Á[n�m�o,u[mP»,u[s�¼�m�p�Ä0owu[mPÅ�mxs�»�Á[t+m?½
dσ/d∆φD

∗µ ½�º�»Aowt*º�È�Á|o�º!prq9ÇfÊ ½�º��>m�t,m�q[n�m:n�s;qÈ�mWp�È�»+m�t*¾;m?½lºEq�o,u[m�t+m?À�ºEprq}yEm?»*»�o,uGs;qlö�Ç�Øctws�½�º!s;q�»5ÒNu�º!n5u�º!q�½�º!nxs�owm?»Yowu[s9o2o,u[m�ò xX» Û/ß¤~��s�¼�¼[t+pSs;n5ut½[pBm?»Nq[p;o"½[m�»,n�t�º�ÈZmcowu[m@Å�mxs�»*Á[t,m�Å}m�q.o"ºEqFowu�º�»3t,m?À�º!prq>Ç

¿ e,g íBçFhpì7hpüFÁXh	î�ï�Ã³ì1Î	h�ê û Î�ù�Ì\Á,ÌÇê ì1Î�ÅOÄ©ÏÿÁ_h¤ý'ýµÍTÌNÃ³ì1Î�h¤ê�ý
¹3u[mT»ws�Å�m[½�º���m�t+m�qSo�º!s;y@n�t+p�»�»\»,m�n�o�º!prq�»Ks�»@º!qvn�s�»,m�p�Ä�owu[mTº!q[n�y�Á�»*º�¾;m]¼[t,p�½�Á[n	o�º!p;q�s9t,m�s;y�»+p
Å}m�s�»�Á|t,m?½Tº!qLo,u[m.Û�ÛYÜ)t,m?À�º!prq>ÇYÏ(q[¹Xs�È|y!m%*�Ç Ý prq[m3nxs9q[ÿ[q�½�o,u[m"È�º!q7Ò"º�½|owu|m?»�s;q�½"owu|m?n�t,p�»*»»,m�n�o�ºEprq ¾9s;y�Á|m?»�ºEq�owu|m{n�prt+t,m�»�¼Zprq�½�ºEq�ÀVÈ�ºEq�»?Ç�¹3u[m�ÿ[o]¼[t+p^n�m?½�Á[t+mFs�»�Ò2m�yEy\s�»(»*Ã�»+o,m?Å}s9o�ºEn
Á[q[n�m�t+ows�º!qSoÐÃ)n5u[m�n&Ñ<»\p�Ä>o,u[m_½�º���m�t+m�qSo�º!s;yGn�t+p�»�»!»,m�n�o�ºEprqTÅ}m�s�»�Á[t+m?Å�m�qSo�»2s;t+m?o,u[m"»ws�Å�m�s�»5Ä=p;towu[m(º!q[n�y�Á�»*º�¾;m�¼[t+p�½�Á|n�o�ºEprq>Ç"¹3u[m7»�Ã�»+owm�Åfs�o�º!n(Á[q[n�m�t+ows�º!qSo�º!m?»�s;t,m\º!q|n�y�Á�½[m?½ ó�owu[m¤c<ÁGs�½[t,s9o�ºEn
»�Á�Å�p�ÄXowu|m(»Ao5s9o�º�»+o�º!n�s;y0s;q�½�»*Ã�»+o,m?Å}s9o�ºEncm�t,t+prt&÷
º!q��,º�À�Á[t+mp*�Ç�Øtó�»+m�mMs;y�»+p	Ê#¼�¼Zm�q�½�º þ�Ú_W�Ç�Ø�÷Ç
¹3u[m7½�º��>m�t,m�q.o�ºJs;y�n�t+p�»�»3»,m�n	o�ºEprq�».ºEqÂÈ�ºEq�»:p�Ä@o,u[m7»,s�Å}m(Ñ<º!q[m�Åfs9o�º!n@¾9s;t�º!s�È[y!m�»�s�»3º!q�nxs�»+mLp�Äowu[m(º!q[n�y�Á�»*º�¾;m\¼|t,p�½�Á[n�o�º!prq�s;t+m(»+u[p�ÒNqVº!q�owu[m(»ws�Å�m¤�,º�À�Á|t,m�Ç³Ê3n�n�m?¼|ows;q[n�m�»Pº!q~mxs;n5uÂÈ�º!q~p�Äowu[m@½�º��>m�t,m�q.o�ºJs;y>n�t,p�»�»"»,m�n�o�ºEprq�»?s;t+m\À�º�¾rm�q�ºEq��,º�À�Á[t,mp*�Ç�ø�Ç
¹3u[m\»ws�Å�m@»+o5s�owm?Å�m�qSo�s�ÈZp�Á|o"Àrm�q[m�t,s;y�s�Àrt,m�m?Å�m�qSo_È�m	oÐÒ%m�m�q�o,u[m�~���¼[t+m?½�ºEn�o�º!prq�»?s;q�½~o,u[m
Å}m�s�»�Á|t,m?Å�m�qSo�»\Ä=prt:o,u[m×Û�ÛYÜ·½�º���m�t,m�qSo�ºJs9y@n�t+p�»�»\»,m�n�o�ºEprqvnxs;q�ÈZmTÅ}s�½[m�Ç[¹3u[m[½�º���m�t+m�q[n�m?»p�È�»+m�t*¾;m?½�ºEq�o,u[mtº!q[n�y�Á�»*º�¾rm

dσ/d∆φD
∗µ ½�º�»+o,t�º�È�Á|o�ºEprq�nxs9q´n�yEmxs;t+y�Ã�È�m~s;y�»,p�»,m�m�q�ºEq¾o,u[m¼[u[p;o,p�¼[t+p�½�Á|n�o�ºEprq~t,m?À�º!prq>¿jÒNu�ºEn5uÂº�»Wm¾þ�¼Zm�n	owm�½>¿9»*º!q[n�mOo,u[mOoÐÒ2p×»,s�Å�¼|y!m?»Ws;t+m\»Aowt+prq�Àry�Ã�n�prt Æt,m�yJs9o,m?½>Ç)¹3u�º�»\s9y�»,pKn�prq�ÿGt�ÅT»2o,uGs9o�owu[m#½�º���m�t+m�q[n�m?»3s;t+mWq|p;o/½�Á|mWowp(È�ºJs�»,m?»Kº!q�½�Á[n�m�½lÈ<Ã)o,u[m

Ý�Þ�ßKn�p;q.o,t�º�È�Á|o�ºEprq>Ç

¿ e�É ÏÿhMÆ ü~Å6Á,Î�ý0h�ê � Î¾ì'ç ����� íÂÁ,ÌÇîlÎ�Ã³ì1Î�h¤ê�ý
¹3u[m:½pe x ¼[t,m�½�º!n	o�ºEprq�»)Á�»+m?½Tº!qLo,u�º�»Hs9qGs;y�Ã�»*º�»Hs;t+m\nxs9y!n?Á|yJs9o,m?½]È�Ã7Å�mxs;q�»@p�Ä�owu[m�� v ]hÞl¼[t,p ÆÀrtws�Å±º!q[n�y�Á�½�º!q�À:o,u[m�� v ]hÞ ⊗ Û�l�^"Û�ÞóßÂº!qSo,m�t*ÄIs9n�m(ó�»+m�mHR^m�n	o�º!p;q×ö�ÇbT�÷�Ç)¹3u[m�� v ]hÞH¼[t,p�Àrtws�ÅÒ\s�»7½[m?»*º�Àrq|m?½�owp�m�¾9s;y�Á[s9owm�owu[m�½pe x ¼[t,m�½�º!n	o�ºEprq º!q�owu[mtÛ(Û�Ü�t,m�À�º�Å�m�Çt¹3u[m�s;qGs9y�Ã�»�º�»(º�»owu[m�t,mÄ=prt,m]»�Ò"ºEown5u|m?½vowpfo,u[m]¼[u[p;o,p�¼[t+p�½�Á|n�o�ºEprqzt+m?À�ºEprq>Ç@¹3u[m]»*Ã�»Aowm?Å}s9o�º!n]Á[q[n�m�tAo5s�ºEq.o�º!m�»:p�Äowu[mc½pe x m¾þ�¼Zm�n	o5s9o�º!prq}s;t+mWq[p9oKÃ;m�o\m�»+o�º�Å}s9owm�½�½�Á|mWowpco�º�Å}mNn�prq�»+o,tws�ºEqSo�»?Ç,¹3u�º�»!º�»Yowu[m_»�Á�È Æà+m�n	oNp�Ä_s�Ä Á|o�Á[t+m.»+o�Á�½�Ã�Ç³�Gprt2owu[m.Å�p�Å�m�qSoNs�¾9s;y�Á[m�p�Ä ± Ý WSß ó=o,u[m.¾9s;y�Á|m�o5s�Ñ9m�qlÄ=t,p�ÅJ|b* Ý }y÷º�»_Á�»,m�½�s�»Nowu[m\»*Ã�»Aowm?Å}s9o�º!nOm�t,t+prt"Ä=prt3owu[mcowp;ows;y'¾�º�»�º�È[y!m6n�t,p�»*»3»+m�n�o�º!prq�s;q�½�s;y!y'È�ºEq�»?p�ÄXo,u[m
½�º���m�t+m�qSo�º!s;y1n�t,p�»*»_»+m�n	o�º!p;q�»?Ç
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pD
∗

T

¹ - ¢�- � / Ä pD∗T ≤
½ - ¢�- � /

0.15± 0.05(stat.)+0.05
−0.04(syst.)

��8rü - � /½ - ¢�- � / Ä pD∗T ≤
¢ - £ - � /

0.079± 0.012(stat.)+0.019
−0.013(syst.)

�x8;ü - � /¢ - £ - � / Ä pD∗T ≤
¹,¢ - £ - � /

0.0063± 0.0014(stat.)+0.0007
−0.0015(syst.)

�x8;ü - � /
ηD
∗ ¡?¹ - ¢ Ä ηD∗ ≤ ¡ £�- ¢ 0.07± 0.03(stat.)+0.06

−0.008(syst.)
�x8¡ £�- ¢ Ä ηD∗ ≤ £�- ¢ 0.14± 0.03(stat.)+0.06

−0.02(syst.)
�x8£�- ¢ Ä ηD∗ ≤ ¹ - ¢ 0.20± 0.04(stat.)+0.04

−0.05(syst.)
�x8

pµT
¹ - £ - � / Ä ηD∗ ≤ ¹ - ¢�- � / 0.5± 0.1(stat.)+0.12

−0.1 (syst.)
�x8;ü - � /¹ - ¢�- � / Ä ηD∗ ≤ ½ - ¢�- � / 0.11± 0.02(stat.)+0.03

−0.03(syst.)
��8rü - � /½ - ¢�- � / Ä ηD∗ ≤ ¤�- £ - � / 0.004± 0.0015(stat.)+0.003

−0.0004(syst.)
��8rü - � /

ηµ
¡0½ - ½ Ä ηµ ≤ ¡°¹ - ¹ 0.05± 0.013(stat.)+0.018

−0.009(syst.)
�x8¡°¹ - ¹ Ä ηD∗ ≤ £�- £ 0.13± 0.02(stat.)+0.05

−0.03(syst.)
�x8£�- £ Ä ηD∗ ≤ ¹ - ¹ 0.15± 0.03(stat.)+0.03

−0.02(syst.)
�x8¹ - ¹ Ä ηD∗ ≤ ½ - ½ 0.02± 0.03(stat.)+0.03

−0.008(syst.)
�x8

pD
∗µ

T

À - £ - � / Ä pD∗µT ≤
Á - ¢�- � /

0.09± 0.03(stat.)+0.02
−0.03(syst.)

��8rü - � /
Á - ¢�- � / Ä pD∗µT ≤

  - £ - � /
0.06± 0.01(stat.)+0.016

−0.01 (syst.)
�x8;ü - � /  - £ - � / Ä pD∗µT ≤

¹,¢ - £ - � /
0.008± 0.002(stat.)+0.001

−0.002(syst.)
�x8;ü - � /

ŷD
∗µ

¡?¹ - ¢ Ä ŷD∗µ ≤ ¡ £�- ¢ 0.07± 0.02(stat.)+0.03
−0.01(syst.)

�x8¡ £�- ¢ Ä ŷD∗µ ≤ £�- ¢ 0.18± 0.04(stat.)+0.05
−0.03(syst.)

�x8£�- ¢ Ä ŷD∗µ ≤ ¹ - ¢ 0.16± 0.04(stat.)+0.03
−0.03(syst.)

�x8
MD∗µ

À - £ - � / Ä MD∗µ ≤
¢ - £ - � /

0.08± 0.02(stat.)+0.02
−0.03(syst.)

��8rü - � /¢ - £ - � / Ä MD∗µ ≤
¤�- £ - � /

0.06± 0.01(stat.)+0.012
−0.009(syst.)

�x8;ü - � /¤�- £ - � / Ä MD∗µ ≤
¹w¢ - £ - � /

0.0051± 0.0015(stat.)+0.0016
−0.0009(syst.)

�x8;ü - � /
∆φD

∗µ
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ŷD
∗µ
»
MD∗µ

#���&
∆φD

∗µ
���
����T�U.VW��A���$���.-



Ú�õ�ø #�l$mHn<�h��o�Ô�û�#�oPþÇÉPÉ É:�$#%�'&þ(�ÖÕS��m�É�È'o$��ÕS��� �

3u[m�½
e x�� t,m����!n	o��Eprq´p��Wowu[m�n5uGs;t��
D∗ � ���|prq � s��!t � t+p����|n�o��Eprq����! "�$#|y!mFn�t+p% " & ,m�n�o��Eprq�}m�s� "�|t,m'�(�!qFo,u[m7Û(Û�Ü�t+m')%�!�}m3Ò*��owu��Eq{owu[m��[mÿGq[m��ÂÑ+�!q[m��fs�o��!n�tws;q�);m¦V

σ ,�-�.vis /10 ¯ © W32�Ø�õ+* ± W32�ö�Ú Ý q+# ,u[p�Ò* :o,uGs9o:o,u[mLn5uGs;t��
D∗ � ���|prq � s��Et � t,p����[n�o"�!prq4�}m�s� "�[t+m'��m�qSoTó5 ,m�m6_s�#[yEm *�2�ö�÷*�$ ��Eqs)s�)rt,m�m'��m�qSo"Ò*�Eo,u�o,u[mL½pe x n�s;y!n��[yJs�o��!p;q72

3u[m4�3����m�t,m�qSo��Js9y3n�t,p� " 8 +m�n	o��!p;q� 8�Eq�#��Eq� �p��:owu|m9 ,s��}mtÑ+�!q[m��fs�o��!n:�9s;t��Js�#|y!m' �s� ;�!qänxs� +mp���owu[m��!q|n�y$�3 "�!�;m
D∗ � ���[prq � s��Et � t,p����[n	o��Eprq�s;t,m���mxs� ��[t,m���s9q��9 +u[p�ÒNq9�Eq��<�$)%�|t,mp*�2U*�2

Ï(q=)rm�q|m�tws9y?>\owu|m@ ,uGs � m� Fp��6owu[m4�}m�s� "�[t+m'�=�����>m�t,m�q.o"�Js;yNn�t,p% � A ,m�n	o��Eprq� Fs;t+m�Ò2m�yEy�t,m � t,p ����[n�m'�B#DC�o,u[m}½pe x m¾þ � m�n	o5s9o"�!prq3 '2�3u[mLn�m�qSowt,s;yE�9s;y!�[m' ��fs��Eq[y!C{y$�!mKs�#ZpF�rmMo,u[m���mxs� ��[t,m ��}m�qSo� '>G#3�|o6owu[m � t,m����!n	o��!p;q� 6s;t+m"n�prq� ��$ Aowm�qSoPÒ*��owuzowu|m��}m�s� "�|t,m'��m�qSo" @Ò*��owu��Eq�owu|m"m�t,t+prt'23u[m)yJs;t�)rm' Ao��[m����!s9o��Eprq� 6s;t+m)p%#� ,m�t��;m'�H�Eqzowu[m
dσ/d∆φD

∗µ ���$ Aowt"�!#��|o"�!prq72I3u[m�p%#� +m�t��;m'� +o,t,prq�);m�tI "��mxs;t��!q�)~nxs;qJ#�m;���[m)owp�m��;m�q�u��!)ru[m�tOp;t"�[m�tKmD�>m�n�o� �2A3u[m8 ��$�;�!y!s;tK#Zm�uGsL���!p%�|t
Ò\sM Wp%#3 ,m�tN�rm��4�!qFo,u[m ±�ð w ßMs9qGs;y!C� ��$ 
|·T�õi}O2
¿ e ¿ Î�h
ì�ÅOÄ�Ï§Î�ý1Î	Ð�Ä�Ì ÏËÁ_h�ý"ý ÍTÌNÃ³ì1Î	h¤ê ÍNï~Æ Æ Å6Á'Ì
3u[m����! "�!#[y!m:n�t,p% � * ,m�n	o��Eprq� *�=prt\owu[m � t,pBn�m' � ZV

ep → e′ cc̄ X → e′ D∗µ + X ′�!q�owu[m&�[m�ÿGq|m'� Ñ+�!q[m��fs9o"�!n)tws9q�)rm' ×ó=o,u[m8�Eq[n�y!�� "�P�rm�>5Û�ÛYÜ�s;q�� Ý�Þ�ßFt+m')%�!�}m� &÷.Ò*�Eo,u�n�prt+t,m � � prq����Eq�)Q +ows9o��! +o��Enxs;y1s;q��R �C� +o,m'�}s9o��Encm�t,t+prt" ?s;t+m� "���;�}s;t"�! ,m'��u[m�t,m�V
σ SUT ÷vis mes © W32�Øk* ± W32bW�øjó stat. ÷ +0.12

−0.09

ó
syst

2�÷2q+#7>
σ ,�-�.vis mes © W32 Ý ö ± W32bW�Ø�ó stat. ÷ +0.09

−0.07

ó
syst.

÷2q+#7>
σ V7WYXvis mes © W32bW+* ± W32bW�ö�ó stat. ÷ +0.03

−0.014

ó
syst.

÷%q+#72
3u[mOn�prt+t,m' � p;q����!q3)�n�t,p% � Z +m�n	o��!p;q� Np%#|o5sM�!q[m��R�=t+p%�ªo,u[m�ò x@» Û
ß�~�� � t+m'���En�o"�!prq� Ns9t,m¦V

σ SUT ÷vis MC © W32�Ø�økW ± W32bW�Ú�øjó stat. ÷%q+#7>
σ ,�-�.vis MC © W32 Ý ö¦T ± W32bW�Ú�ö�ó stat. ÷%q+#7>
σ V7WYXvis MC © W32bW+*�õ ± W32bWkW�Ø�ó stat. ÷%q+#723u[mLn�p%� � s;t"�! ,prq9�[m'��prq� Aowtws�owm' Z)rpBp���s�)rt,m�m'��m�qSoK#Zm�oÐÒ2m�m�q�owu[m[�}m�s� "�[t+m'��m�qSo� :s;q���o,u[m

~���m¾þ � m�n	o5s9o"�!prq3 '2
3u[m4��mxsM "�[t+m'��m�qSofpM�:owu[m~t,m�yJs9o"�!�;mR�=t,s;n�o"�!prq3 �pM��owu|m4���Et,m�n	o}s;q��´q|prq � �3�!t,m�n�o � t,pBn�m� " +m' 



Ô�û=Ô�ûB�0þ¤�!m:Câáh&¢É:&�ã\C"�g#�oPþÇÉPÉ É!�%#%�'&þÇ�èÉ�È_ÕzÕ m<o%Å Ú2õ+*

 [GeV]
*

D
T

p

2 4 6 8 10 12 14

 [n
b/

G
eV

]
*

D T
/d

p
σd

-210

-110

Data 96-00 
NLO 

*
Dη

-1.5 -1 -0.5 0 0.5 1 1.5

 [n
b]

*
D η/σd

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45
Data 96-00 
NLO 

 [GeV]µ
T

p
1 2 3 4 5 6 7 8

 [n
b/

G
eV

]
µ T

/d
p

µ σd

-210

-110

1 Data 96-00 
NLO 

 [GeV]µη

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

 [n
b]

µ η
/dσd

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4 Data 96-00 
NLO 

 [GeV]µ
*

D
T

p

4 6 8 10 12 14

 [n
b/

G
eV

]
µ*

D T
/d

p
σd

-210

-110

Data 96-00 
NLO 

µ
*

D
y

-1.5 -1 -0.5 0 0.5 1 1.5

 [n
b/

G
eV

]
µ*

D y
/dσd

0

0.1

0.2

0.3

0.4

0.5

Data 96-00 
NLO 

 [GeV]µ
*

DM

4 6 8 10 12 14

 [n
b/

G
eV

]
µ*

D
/d

M
σd -210

-110

Data 96-00 
NLO 

µ
*

Dφ∆

0 0.5 1 1.5 2 2.5 3

 [n
b/

G
eV

]
µ*

D φ∆
/dσd

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6 Data 96-00 
NLO 

�(���{�"���}ë���ë � � � ¶ �A��A��
��P#��'�A�������|�I�,�(
�$���Y�$�%8������|���
pD
∗

T

»
ηD
∗ »
pµT
»
ηµ
»
pD
∗µ

T

»
ŷD
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¬����9 ��® �^z�<¯ °\z�6±³²´�µ±_��¶��°I���·z���<�¸�`	�¶´¹»º�¼
• ½¿¾ 57/ pT ) ¾ 2�� −1.5%

��À
• D∗ Á '�@:'6)�29Â=57/µ) ¾ 2 Á � +2.9%

−1.6%

��À
• Ã %(' D∗ '6/('�-;Ä.ÅÇÆ�-;,.)�2;Â:57/ fD∗ Á '6@:'�)�2;Â:57/µ) ¾ 2�� +11.0%

−4.0%

��À
• å3Â ½¿¾ @�2+,./('�5 ¾ Á pD∗T ,./(È

∆φD
∗µ Á?É '�)�29-;,�-?'�Êb'6Â:Ä.%W2;Â:/(Ä9�hË·Ì.ÍlEWÎQ��À

• Ï '�Êb'6Â=Ä7%829Â:/�ÄC5�Æ�2;%('$È(Â:-?'6)�2�,�/(È�/�57/3Ð�È�Â:-;'�)�2 É -?53)�' Á?Á Æ�-;,.)�2;Â:57/ Á �hË�Â3ÍxÆ7Î;��À
• Ã %('$ÆP,�t�' ½�¾ 57/µ)657/829, ½ Â=/�,�2;Â:57/ ¾ /()6'�-?2+,�Â:/82�Å¯� +5.6%

−5.0%

��À
• Ã %(' ½¿¾ 5./"'c×C)6Â:'�/()�Åµ)�57-;-?'6)�29Â:5./H� ±14.2%

��À

¬����?Ñ ��® �^z�<¯ °\z�6±³²´�µ±_��¶��°I���·z���<�¸�`	�¶´ÒÔÓ7Õ
• ½¿¾ 57/ pT ) ¾ 2¿Ö +5.8%

−4.3% × À

• D∗ Á '�@:'6)�29Â=57/µ) ¾ 2 Á Ö +2.9%
−1.6% × À

• Ã %(' D∗ '6/('�-;Ä.ÅÇÆ�-;,.)�2;Â:57/ fD∗ Á '6@:'�)�2;Â:57/µ) ¾ 2¿Ö +6.8%
−0.8% × À

• å3Â ½¿¾ @�2+,./('�5 ¾ Á pD∗T ,./(È
∆φD

∗µ Á?É '�)�29-;,�-?'�Êb'6Â:Ä.%W2;Â:/(Ä�ÖhË$Ø7Ù7Î × À

• Ã %('$ÆP,.Ú�' ½�¾ 57/µ)657/829, ½ Â=/�,�2;Â:57/ ¾ /()6'�-?2+,�Â:/82�ÅÛÖ +5.3%
−4.7% × À

• Ã %(' ½¿¾ 5./"'c×C)6Â:'�/()�Åµ)�57-;-?'6)�29Â:5./*Ö ±10.8% × À
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