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Q 9 $�' �J$>@ O ���������� )�� @ O � -�)���/ )�� � � @ O � �G���S�����2 ������ ���������-�
���������� 7V� � /M�Q��+#=3@ .�> /M�Q��+#=�Q 1 /M�Q��+#B39 �U9 '�D��
��	-������� 7V� � D4�
DT<G� ) �#' C ) � ,:O
mc

E �#� C <%�?= <%�?= <%�?= <%� 2 );<%�?B
mb

E �#� C 2-�R5�= 2-�R5�= 2-�R5�= 2-�?=+)5=4�?>
µR mt 4m2

q + p2
t (qq̄) mt (1/2 − 2)mt

µF mt ŝ + Q2
t mt (1/2 − 2)mt� ������������

εc 0.058
) )

εb 0.0069
) )
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mq

�
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t (qq̄)
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����9O� 9 �����H70�����9O��������8���;�-���G�P�6� � ������� )��Q�1	-� 
-�0��2 ��������� 70�������� ��	-�!3 ������ ��	-� ����!����9O���
�
��� ��	-� 7��������� ���9 �0���
�8���-� ��	-� 	0���4������������������ ����(������7����G� � ���9 
����� ��� RT���6��K 70�������� ��	-�
��������� ) 7����K%���9P�79 ��26���67�2�� �6�
����������������-�#����#�-���H����!�����G�P�6� - )�� / )����V�
.��P���L���� ����3 ��� ��	-� ���������6��KL� �-���G� �6� ��	-�E+8/ � �!��2�����2 ���������-�;���HK%�#�L���P�6�P����R�2�� A4�6<%�
.�#�� )���%�� B4�?A + 2'6 -V9 ���S����/1���2��8����9 7�2��1��� �-���G�N�6�N��	���� ���0��26U4����� �6� �����������#�G�����69 ����� ��	-� $8/
��L�D R0����&SK%������-� � �����	-�+�4� ������9O�!���������9O���S�!� �1	����#����9 7�2��(�G�*�L����#��	-� 2��F3

Q2 ���K%����� ���-� ���
��2���� ���47�2����6���G� ���N�����-�4U ��	-������6K%KL������ �������-��UL�7L*�P�����4�6������� �(	��6K%	

Q2 #	� )�� %
� 9 ���S���(/1���2��
����9 7�2�� �

Q2 > 100GeV2 �5��� �-���G� ���O����%���;��	-�G��& ��	-�#	0���4��������(�!��26�6R�������������

����� s # %� r7#���,$r / %jm � r � ��+ � ��) # %���/
���-�H��� ��	-�H�4�"!V������-�G�G�5�6� �S�0���&+9 �������G���S��	0���9N)����-� RT�!����� U
) $ ���L������G� 	0���4����-� ����H�G���-���������)
��R�26U 	-�!���S���� ��	0���N	0���4����-� �G��9 7T�%���G�+����26U ���0��	-�526�6K%	
� �
�0���&4�

u
�
d
���-�

s
� �1	-�526�6K%	
� 9O�G�����

π0
3 �6��	 � 9 �����H���

mπ0 = 0.135GeV
	0��� ��� RV�8�G��9 70����G�P3 �6��	 �%� K-����	-�

D0 ��	0���9:9O�G�����P3 �6��	
� 9 �����8���

mD0 = 1.865GeV
���-� ��	-�

B0 RT�!����� U 9O�G����� 3 �6��	 � 9 �����8��� mB0 = 5.28GeV
�

�S�0���& 9 ����� 26� �J�����69O� ���G�!�GU 2�����K%��	 R�����-��	��6��K � ������������
�G���
�����
�

mQ
EH9 � C

τ
E+7-�

cτ
E

µm f [c(b)→ D(B),Λc(b)]

D0 cu 1864.6 ± 1.0 0.4103 ± 0.0015
<!A�1

0.549 ± 0.026
D+ cd 1869.4 ± 0.5 1.040 ± 0.007

14<!A
0.232 ± 0.018

D+
s cs 1968.3 ± 0.5 0.490 ± 0.009

<42A5
0.101 ± 0.027

Λ+
c cud 2284.9 ± 0.6 0.200 ± 0.006

B%>
0.086

B0 bd 5279.4 ± 0.5 1.536 ± 0.014
2
B%>

0.397 ± 0.010
B+ bu 5279.0 ± 0.5 1.671 ± 0.018

=%>4<
0.397 ± 0.010

B0
s bs 5369.6 ± 2.4 1.461 ± 0.057

2'1�6
0.107 ± 0.011

Λ0
b bdu 5624.0 ± 9.0 1.229 ± 0.080

1%B�6
0.099 ± 0.017

� � ����	 �K=�K� 	#�%��@����3&3���!0T�.<�� � ,.)�� ��� � ,�� �%��)�0 � ��� �V8
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/5	0���9O�G� 	0���4����-�H�������	-�
D+ � D0 ���-� D+

s

9O�G�����-�H���-� ��	-�
Λc

R0���UL�����7�1	-�#�G�����G��7T���-�4�6��K
RV�!�����*U 	0���4����-������

B+ � B0 � B+
s

���-�
Λb
�7�1	-� ��7��6�P�������6���G�P���������G�;���� 3 ��6������� ���H�%� K-�

D∗
�

�1	-�O���G�G���-� ��	0��������������������� 7����7T���� U ���1	-�!�(� U 	0���4����-� ���8��	-���6 2�����K 26� � �����69O�%�); 	��62��O��	0���9
9O�G�����-��	0�(�L�+26� � �����69O�G����� � >4� 2�)�< �H7-��� ��	-� 26� � �����69O�G����� RT�!����� U 9O�G�����-�8����(������	-�+�������#���;<%�?B
7-�!���1	-� 9 �������G�*� 9O�!��� 26� � �����69O�G�N���-� R�����-��	��6��K ��������%�+���;��	0���9 ���-� RT�!����� U 	0���4����-�N�!���
�-���1RT��7���G�4�������G�P���G�����������26U � ���9 ��	-�G���U ���-� �������	-���� �J�����9O�!��������G� ���47T����69O���S����2626U*� ����R�2��
A4�?A)� �
�1	-�#�4�"!V������S� 26� �J�����69O�G� ��� ��	-�#35�!��& ���G�!�!U �H����#�4��#�L��� RSU ��	-�#�4�"!V������S�H���6D!�G�1��� ��	-� /1��R�R��6RT��)
= ��R0�!U
����	�� ) 9 ����&��!3 � � / = 9*��9 ������"� ��2���9O���
��� |Vij |

�G�����G��7V���-�4�6��KP��� ��	-� ����9 �6�0���
� ���G�!�!U �
b→ cW−

���-�
c→ sW+ � |Vcb| = 0.0412 ± 0.0020

� |Vcs| = 0.224 ± 0.016
� �

�1	-� ���G�!�!U 2�����K%��	
`
��� ���2 �����G� ���O��	-�826� �J�����69O�

cτ
� � �

` = βγ · cτ =
pQ

mQ
· cτ ,

� A4�?A	2 �

3 	-����
pQ
�
mQ

���-�
βγ

����8��	-�8	-�!�(� U 70���������2�� # �H9O��9O���S����9��T9 �����;���-�PRV� �%���1� ��������;��G��7T�G� )
���#�L��26UL� �1	-�(7����R0��R��626�6�*U � ��#��� ���-������R�2��+70���������2��+��� ���G�!�GU ���8����9O�+�4���������-�G�

L
RV���*35�G��� ��	-�

QQ̄
7���S�4�-�����������L�������� ���-� ��	-� 7T���6�S�;��� ��	-�8����R-���(�
�-���S�H	0���4���� # �;���G�!�!U ���1K%�#�L��� RSU

P(L) = 1− exp

(

L

`

)

.
� A4�?A%= �

� ��& �6��K �6�S��� ���G�G�����S� ��	-�O7��� �4�-��������� R�����-��	��6��K �J������������-�
f(c → C,Λc)

���-�
f(b → B,Λb)��	-�P9O�!��� 35���6K%	S���G� ���G�!�GU 2�����K%��	-� ��� ��	0���9 ���-� RT�!����� U 	0���4����-� ���

155µm
���-�

466µm
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��G��7V�G�����#�L��26UL�ADS�6�-�G� ��	-� ���L�����KL� RT� �%���
βγ

���+,���';. ���+��RV�����O>4�R5 ���+2��!3
Q2 � ��	-� ���L�����KL�

��R-������L�G� ���G�!�GU 2�����K%��	 ���H����26U
108µm

�J��H��	0���9 ���-�
326µm

� �� RT�!����� UL�
L � �G���-���(�S�-���-�G���4�826� � �����69O�HR0�����G� ����K(��� � ) �� R4) $ �(�L������G� 	0���4����-� ���-�O��	-���65����70������������ �J���9
��	-� 26�6K%	S� �S�0���& R0����&SK%������-� ��	-����2�� RV� � �!�����6R�2�� � �#��	-� 7���S�4�-��������� ���-� ���G�!�GUI�L��������G�G� ����
& �-�!3 �P3 �6��	 �N7���G����������� ∼ 100µm

�
Q �6K%���� A4�6<�1 ��	-�!3H� ��	-� R�����-��	��6��K ��������%�P���-� 26� � �����69O�G� ���+��	0���9 ���-� RV�!�����*U 	0���4����-� ���
��R������6�-�G� 3 �6��	 ��	-� � ������� ) 9 ���
���O/1���2�� 7����K%���9P�:�1	-�N���69 ��2 �����G� R�����-��	��6��K ��������%�#��� ��	-�
9 ���
���;/1���2��#7����K%���9 ���� �6� KL� �S�N��K%��G��9O���
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@ -*�
DS�69 �62 ���26U
� ��	-� �!��2�����2 �����G� 9O�!��� 26� � �����69O�G�+�G��9 7������G� �J���9 ��	-� ���47T���-���S��� ��2 26� �J�����69O� ��7V�G������
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Y ��Z�[J\K]4^_[J`;] x �badce`0fK^=g;ad\7ceh2ad`�f [JieiejkfKaNf7g �Fl�� `�f7\ � aJmDf7g � ^7fKad\ [Jn � \7ce`4n�^2oPp_`4n1i � ^T[J\ � ] � ^ l \7ceq � ]
Z=cef7gr[s^7�4g � \7c l [Ji l a�ad\K]tce`�[Jf � ^7jt^7f �vuxw r, θ, φ y@zP^ Y l g{f7g�[Jf�f7g � [Jh�c u Y f7g�[Ji?[J`4n1i � φ iec � ^�ce`|f7g �
xy }~�4i�[J` � [J`;]�f7g � ��adi�[J\?[J`4n1i � θ c�^ u�� [d^ Y \ � ]km�\Ka u f7g � z }5[,�tc�^?[d^T] � �4c l f � ]�ce`k�;n Y \ �N� oe��o
�'���|�������,���6�
� g � [ l�l Y \ [Jf � ] � f � \ u ce`�[Jf7c�ad`{aJm'f7g � i Y u ce`;a1^7cefGj�c�^ � ^K^ � `0f7c�[JiHm�ad\�[ l�l Y \ [Jf ��l \Ka1^ ^�^ ��l f7c�ad` u�� [,}
^ Y \ �vu�� `�fK^2o � g � i Y u ce`;a1^7cefGj|c�^ u�� [d^ Y \ � ] Y ^7ce`4n�f7g ���U� f7g � }G� � cef7i � \�q4\ �vu ^K^7f7\ [Jg4i Y `4n��4\Ka l�� ^K^w ep → epγ y@z=m�ad\kZ=g4c l g�f7g ��l \Ka1^K^�^ ��l f7c�ad`�c�^��4\ ��l c�^ � iej���`;a*Z=` m�\Ka u¢¡L£P¤ o � g � ^ l [Jf7f � \ � ]
�ba1^7cef7\Kad`�[d^�Z � iei�[d^�f7g � a Y f7n�adce`4nN�4g;adfKad`�[J\ �=u�� [d^ Y \ � ]¥Z=cef7g¥^7� ��l c�[Ji;] � f ��l fKad\K^W^7cef Y [Jf � ]�ce`�f7g �
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�4\Kad�bad\7f7c�ad`�[Ji l g�[ u q � \K^2o
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η
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θ
ÛÎÔ¨æ@ÛÎçvÒ�à_á�Þ

η = − ln tan(θ/2) è
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∑
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5N:u23(+*Y� 
 M�.J[cVW485�AG*9,�4 U 6�AG*T4328*QP�?70-?ES9576+03234R?N.J6]2@hWM)(+*z234R?7S8|U08*TM1*9ST23.1576�48* 8fU .J48*90c?NMJMo234R?7S8|/0
285 Q *;S957[cVL?N23. Q M1*_np.J23(�23(+*;4 U 6 AG*T4328*QP np.J23(W.J6�2kno5�032R?N6+,+?N48,$,W*TAC.v?N23.1576+0@h��d5728*K�p23(L?N2s23(+*
234R?7SR|C0 U 0R*9,_Mv?N28*T4H.J6�23(+*-.J[cVL?7ST2HVL?N4R?N[\*T28*T4H[\*@?70 U 48*T[\*T6]2X?N48*-6+572H*QPWSTM U ,W*9,U*QP/VWMJ.1ST.J23MJBf:`4857[
23(+*dVW43.J[l?N43BsAG*T4328*QPl�+2@h'M)(W.10)M1*@?7,W0)285c?X03[l?NMJM Q .v?70).J6s23(+*eS9574348*903Vg576+,/.J6WIl,/.1032343. Q.U 23.1576+0p5N:'23(+*
.J[cVL?7ST2=VL?N4R?N[\*T28*T4~03.JIK6W.Z�LS@?N6+S9*>?70~,/.108S U 0808*9,Y.J6f0R*9ST23.1576;�/h��/h
ik6c23(W.10�?N6L?NMJBC08.10j23(+*)VW43.J[l?N43B>AG*T4328*QP-�+2j.10O48*TVg*@?N28*9, Q ?708*9,c576z� 
 M�.J[cVW485�AG*9,\6+576/t¦AG*T4328*QP-�+2328*9,
234R?7SR|C0l? :`28*T4c23(+*Y2348*@?N23[\*T6r2z5N:d,+?N2R?�?N6+,�03.J[ U Mv?N23.1576 ?70c,/.108S U 080R*9,�.J6�23(+*s:<57MJM15@np.J6WI�08*9ST23.1576�h
� U 4323(+*T43[\5748*K�C.J6\S9576]234R?7032}285^23(+*p082R?N6+,+?N48,cVW485]S9*9, U 48*K�]23(+* U 6+S9*T432R?N.J6]2xB\5N:g23(+* Q *@?N[�23.JMJ2j.J6\23(+*
*T4348574~5N:O23(+*^4 U 6EAG*T4328*QPY.10p2R?N|G*T6E.J6]285z?7S9S95 U 6]2~.J6q23(+*H03.J[ U Mv?N23.1576�h�M)(+* Q *@?N[ 03Vg572pV�5K08.J23.1576E.10
IG*T6+*T4R?N28*9,�?7S9S95748,/.J6WIf285Y2xno5 � ? U 0803.v?N6U,/.1032343. Q.U 23.1576+0Hnp.J23(_�WP/*9,U?@AG*T4R?NIG*cV�5K08.J23.1576+0b?N6+,_np.J23(
23(+*^np.1,/23(f2R?N|G*T6q: 4857[a,+?N2R?/h
= ��� � 
�� ��� � � � ���	� ��
�� H>? �� ���

ik6q�+I U 48*>y+h��\? P ?N6+, Q-P 23(+*HS@?NM1S U Mv?N28*9,�*T434857480=576;23(+*H4R?7,/.v?NM£V�5K03.J23.1576�5N:j23(+*H*TAG*T6r2dAG*T4328*QP;?N48*
03(+5�np6�h 
 .J6+S9*u23(+* Q *@?N[�Vg5K03.J23.1576\.10jVW48*9ST.10R*TMJBX|C6+5@np6��]23(+*p[l? P/.J[l?NML03. �@*u5N:g23(+*uVW43.J[l?N43B-AG*T4328*QP
*T434857480o.10jIK.JAG*T6 Q B-23(+*~03. �@*u5N:g23(+*~*TMJMJ.JVW23.1S@?NM Q *@?N[ 03V�572@h�M)(+* U VWVg*T4o*9,/IG*~5N:g23(+*~,/.1032343. Q.U 23.1576s5N:
σ(xPV ) S9574348*903V�576+,W0u285-IG5]5C,q?NVWVW4859P/.J[l?N23.1576f285-23(+* Q *@?N[ 08V�572p*QP/28*T6r2u.J6 x 5N: σx = 145µm h
M)(+*H?@AG*T4R?NIG*^48*90857M U 23.1576E(+5�no*TAG*T4@�+.10)[ U S8( Q *T2328*T4~?N6+,Y[\*@?70 U 48*9,Y285 Q * 〈σ(xData

PV )〉 = 50.9µm
.J6f,+?N2R?l?N6+, 〈σ(xMC

PV )〉 = 51.1µm .J6q23(+* ¤ 576r28*>�)?N43M15l03.J[ U Mv?N23.1576�h
M)(+*q?NMJ48*@?7,/B�08[l?NMJM Q *@?N[�03V�572>np.1,/23(�.J6 y 5N: σy = 25µm S@?N6�(L?N48,/MJB Q *\48*90R57MJAG*9,�?N6+,�?N6
?@AG*T4R?NIG*H48*90857M U 23.1576f5N: 〈σ(yData

PV )〉 = 23.0µm .J6E,+?N2R?c?N6+, 〈σ(yMC
PV )〉 = 23.7µm .J6q23(+* ¤ 576]28*



yr� y+h��/h ik[cVL?7ST2 �'?N4R?N[\*T28*T4 �~*90R57M U 23.1576

�)?N43M15�03.J[ U Mv?N23.1576�.10X?7SR(W.1*TAG*9,whWM)(+*l2R?N.JM10b285�n�?N48,W0-Mv?N43IG*\AK?NM U *90X5N: σ(yPV ) ?N48*z, U *l285f03(+57432
M U [c.J6+5K03.J2kBX4 U 6+0}.J6cnp(W.1S8(z?N6s?7S9S U 4R?N28*u,W*T28*T43[c.J6L?N23.1576z5N:g23(+*p4 U 6cAG*T4328*QPc.10�,/. � S U MJ2@h 7 *9080�23(L?N6
2% 5N:O23(+*H08*TM1*9ST28*9,E,+?N2R?c*TAG*T6]280u(L?@AG*>?N6E*T4348574u.J6 y np(W.1S8(E.10uMv?N43IG*T4u23(L?N6 25µm h
� (+*T48*@?70p23(+*^*T4348574~576q23(+*eVW43.J[l?N43BsAG*T4328*QPsVg5K03.J23.1576q.J6 x .10)n�*TMJM�[\5],W*TMJM1*9, Q Bz23(+*^08.J[ U Mv?N23.1576��
?X03[l?NMJMw03(W.Z:`2o285�n�?N48,W0uMv?N43IG*T4u*T434857480).10)5 Q 08*T43AG*9,Y.J6Y23(+*e03.J[ U Mv?N23.1576E5N: σ(yPV ) h'M)(W.10p*�
w*9ST2)S@?N6Q * U 6+,W*T4803285C5], Q BU23(+*l6+576�Vg*T4 :<*9ST2>03.J[ U Mv?N23.1576�5N:u23(+* Q *@?N[ 23.JMJ2X.J6�23(+* ¤ 576]28*Y�)?N43M15Wh@M)(+*Q *@?N[ 23.JMJ2pS9576r2343. Q.U 28*90u285b23(+*e*T4348574p576z23(+*=4 U 6YAG*T4328*QPY?N6+,z23( U 0p*T6]28*T480u?NM1085b23(+*eS@?NM1S U Mv?N23.1576q5N:
23(+*u*T4348574�576\23(+*p48*9S9576+03234 U ST28*9,lVW43.J[l?N43BcAG*T4328*QPgh 
 .J6+S9*u.J6 y 23(+*u23.JMJ2}.10�576+*u5748,W*T4o5N:w[l?NIK6W.J2 U ,W*
Mv?N43IG*T4�23(L?N6\.J6 x �K.J280o?7S9S U 4R?N28*~,W*908ST43.JVW23.1576l.J6\23(+*~03.J[ U Mv?N23.1576z(L?70}?e[\5748*pVW48576+5 U 6+S9*9,z*�
g*9ST2}576
23(+*e*T4348574uS@?NM1S U Mv?N23.1576q.J6 y h � 5@no*TAG*T4@�L, U *=285X23(+*e03[l?NMJMwnp.1,/23(q5N:£23(+* Q *@?N[�03V�572�.J6 y � σ(yPV )
.10p03[l?NMJM1*T4p23(L?N6 σ(xPV ) ?N6+,Y23(+*e6+576qV�*T4 :<*9ST2u,W*908ST43.JVW23.1576E5N: σ(yPV )
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w*T48*T6+S9*u5N:g23(+*p48*9S9576+03234 U ST28*9,\VW43.J[l?N43B-AG*T4328*QPl?N6+,c23(+*)4 U 6\AG*T4328*QPc.10�,/.108VWMv?9BG*9,\.J6-�+I U 48*
y+h��HS P ?N6+,l, P hjik6\23(+* x O

y
P VW485 � *9ST23.1576l23(+*d,/.1032343. Q.U 23.1576z(L?70�? � ¤ 
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O
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P np(W.1S8(
(L?70p285 Q *^S957[cVL?N48*9,Enp.J23(E23(+* Q *@?N[�03Vg572u03. �@*Kh � 5C5C,E?NIK48*9*T[\*T6r2=5N:O23(+*^,+?N2R?\?N6+,q23(+* ¤ 576r28*
�)?N43M15\03.J[ U Mv?N23.1576f.10u5 Q 0R*T43AG*9,wh

� ��� ��. &�5 � 3 � 5 * 58.0(I36(+*;9;(j � 7��B36,� 1

M)(+* U 6+,W*T48032R?N6+,/.J6WI;?N6+,�,W*90RST43.JVW23.1576�5N:o23(+*-.J[cVL?7ST2HVL?N4R?N[\*T28*T4b48*90857M U 23.1576�.10^ST4 U ST.v?NMj:<574d23(W.10
?N6L?NMJB/03.10@hN�=6�23(+*z576+*z(L?N6+,U23(+*z48*90857M U 23.1576�(L?70b285 Q *lVW485@AG*T6�03[l?NMJM)*T6+5 U IK(�285;,/.108*T6r2R?N6WIKM1*
234R?7S8|/0)S957[c.J6WIb:`4857[ M1576WI>MJ.JAG*9,z(L?7,/48576+0o: 4857[ 234R?7S8|/0)5N:�23(+* �@*T485>MJ.Z:`*T23.J[\*dS957[ Q .J6L?N285743.v?NM Q ?7SR|rt
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�'.JI U 48*^y+h��X.JMJM U 03234R?N28*90~23(+*eA7?N43.15 U 0u0R5 U 48S9*90pnp(W.1S8(_?7,W, U Vq285-23(+*^28572R?NM�.J[cVL?7ST2uVL?N4R?N[\*T28*T4u48*903t
57M U 23.1576�h��L574l234R?7S8|/0\np.J23( (W.J280c.J6 Q 5723( Mv?9BG*T480z5N:d23(+*;� 
 M 23(+* �����Ud ����e � � 48*90857M U 23.1576�, U *E285U 6+S9*T432R?N.J6r23.1*90)576z23(+*u.J6r28*T436L?NMw?NMJ.JIK6W[\*T6r2)5N:w23(+*d� 
 M�np.J23(z48*903Vg*9ST2}285^23(+*=5723(+*T4o,W*T28*9ST28574oS957[-t
Vg576+*T6r280o.10�[\*@?70 U 48*9,l285 Q * 33µm hO¥ 
g*9ST280}:`4857[ � �$^��:� � ^Uc�e � _ � �/c3d ����� np.J23(l23(+* Q *@?N[�VW.JVg*=?N6+,
23(+*e�+48032pMv?@BG*T4=5N:O23(+*b� 
 M ?N48*H032348576WIKMJB pt ,W*TVg*T6+,W*T6r2e?N6+,ES9576r2343. Q.U 28* Q B ≈ 90µm/pt[ GeV] h
� U 4323(+*T4)S9576r2343. Q.U 23.1576+0p?N48*=?NMJMF,W*TV�*T6+,W*T6]2�576z23(+*u48*Q:<*T48*T6+S9*uVg57.J6r2}285Hnp(W.1S8(s23(+*u.J[cVL?7ST2}VL?N4R?N[-t
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M)(+*jVL?N4R?N[\*T28*T480'5N:W23(+* Q *@?N[ 03Vg572�03. �@*j(L?9AG* Q *9*T6b.J6+,W*TV�*T6+,W*T6]23MJB^[\*@?70 U 48*9,H285 Q * σx = 145µm
?N6+, σy = 25µm
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VW4857VL?NIr?N23.1576�h ¤ ?N|C.J6WI U 08*Y5N:=23(+*Y0 U S8( *QP/234R?7ST28*9,�AK?NM U *90c5N: σTK �j23(+*q?7080 U [\*9, Q *@?N[ 03Vg572
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23(+*q: U MJM Q 59PW*90@hlM)(+*E48*T[l?N.J6W.J6WI�,/.�
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VW43.J[l?N43BYAG*T4328*QP σdcaPV

.10u03(+5�np6�h
M)(+*H,/.1032343. Q.U 23.1576;.10u,W57[c.J6L?N28*9, Q BY23(+* O DF?N2 P S9576r2343. Q.U 23.1576_5N:j23(+*e234R?7S8|q48*90857M U 23.1576 O SQ: hO�+I U 48*
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w*9ST280@h
�d0u,/.108S U 080R*9,Y.J6fS8(L?NVW28*T4=�c23(W.10~?7,W,/.J23.1576L?NM£,/.108ST43.J[c.J6L?N28574=.10p23(+*^234R?7SR|s[ U MJ23.JVWMJ.1ST.J2xBGh

� ��� ���U¡ 9;(��� 1X  3�*���� 36,�81

ik6;23(W.10d08*9ST23.1576�23(+*b48*9S9576+08234 U ST23.1576U5N:�23(+* f _ba0d ���5� ��� �-_D^ e�� _ �/c O � � 
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 .J6+S9*c23(+* � *T280b?N48*\5748,W*T48*9,�?7S9S95748,/.J6WIf285E,W*9ST48*@?703.J6WI pt ��23(+*-V+08* U ,W5Nt
4R?NVW.1,/.J23.1*90}5N:�23(+*pM1*@?7,/.J6WIb574�08*9S9576+, � *T2}?N48* Q 5723(c6+572j.J6/: 4R? t¦48*9,\0�? :`*)5 Q 08*T43AK? Q M1*90 R �� T h � 5�no*TAG*T4@�
23(+*^[\*@?N6EV+0R* U ,W5Nt¦4R?NVW.1,/.J2xB

η̄ =
1

2
(ηjet1 + ηjet2) ,

O y+hJ{Ty P

.10s.J6/: 4R? t¦48*9, 0�? :`*_?N6+, 23( U 0qS9576rAG*T43IG*90E.J6�23(+*�Vg*T432 U 4 Q ?N23.JAG*�S@?NM1S U Mv?N23.1576+0q285�6+*QPC2 t¦285Nt¦M1*@?7,/.J6WI
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kt 6= 0
)�+ ,8.0%2�&4b1()�?j�C4b:,�b�!78,8)D4b;	�&4Q,8.0%2.F�!7��l;/1(�!, ,/%(7/�C40:\@� C%(+h,�E	)D7k:� �0)D4l7����0�&�!,8�&)�4[@ 7/�C:D.6,�E 1(��4Q C% ���l,8)

�<40)D4 �F��1�9 � ,/) � �b��1�9<,/) �)� &)�:�=�)�+�,/.0%�) ��,/:�)D�C40:)�b��7 ,/)�4b;5G � .0% �0��1B, �b78% ��; ,/��9�%(4L+ 7/)�? � �
�
�UG

5748,W*T4@hnM)(+*-0R?N[\*>.10d234 U *>:`574e23(+*c? Q 0857M U 28*XA7?NM U *X5N:}23(+*-,/.�
w*T48*T6+S9*-.J6;V+08* U ,W5Nt¦4R?NVW.1,/.J2kB�5N:}23(+*
2kno5 � *T280�� |ηjet1 − ηjet2 | �g?N6+,;23(+*X? Q 0857M U 28*>AK?NM U *>5N:�23(+*X,/.�
g*T48*T6+S9*>.J6�? �9.J[ U 23(L?NM}?N6WIKM1*X5N:�23(+*
2kno5 � *T280

(∆φ)jj =

{

|φjet1 − φjet2 | for |φjet1 − φjet2 | < 180◦

360◦ − |φjet1 − φjet2 | for |φjet1 − φjet2 | > 180◦ .

O y+hJ{@� P

M)(+*�08S@?N2328*T43.J6WI ?N6WIKM1* θ∗ 5N:b23(+* � *T280z.J6 23(+*T.J4sS9*T6]2348*Qtx5N: t¦[l?7080q08BC0328*T[ .10Y?7S9S9*90803. Q M1*;A].v?�23(+*
[\*@?70 U 48*T[\*T6]2d5N: |ηjet1 − ηjet2 | D

cos(θ∗) = | tanh((ηjet1 − ηjet2)/2)| . O y+hJ{@� P

M)(+*\?N6WIKM1* θ∗ .10^08*T6+03.J23.JAG*-285s23(+*c,/BC6L?N[c.1S90^5N:o23(+* � *T2eVW485C, U ST23.1576���.¦h *Khb285Y23(+*>6L?N2 U 48*c5N:�23(+*
VW4857VL?NIr?N28574b5N:�23(+*X.J6rAG57MJAG*9,�[l?N2343.ZP_*TM1*T[\*T6r2@h3M)(+*c5 Q 08*T43A7? Q M1*X.10^*QP/V�*9ST28*9,�285Y03(+5�n�,/.�
g*T48*T6]2
,/.1032343. Q.U 23.1576+0o:<574o,/.J48*9ST2p?N6+,\48*90857MJAG*9,s*TAG*T6r280�hjix6s,/.J48*9ST2�*TAG*T6]280o23(+* 8fU ?N43| O 08VW.J6;{ � � P VW4857VL?NIr? t
28574oB].1*TM1,W0�? (1−| cos θ∗|)−1 Q *T(L?@A].15 U 4onp(W.JM1*u.J6z48*90857MJAG*9,l*TAG*T6]280}VW485CS9*90808*90}np.J23(s?eIKM U 576 O 03VW.J6
{ P VW4857VL?NIr?N28574eS9576]2343. Q.U 28*K��B].1*TM1,/.J6WIq?\032348576WIG*T4=43.108*HMJ.J|G* (1− | cos θ∗|)−2 hpix2=(L?70 Q *9*T6;03(+5�np6
.J6�?q48*9S9*T6]23MJB�V U.Q MJ.103(+*9,�?N6L?NMJBC08.10X5N:~SR(L?N43[\*9,�,/. � *T2-*TAG*T6r280 R Y T 23(L?N2>23(+*z,+?N2R?;?N48*sS9576+03.10328*T6]2
np.J23(U23(+* Q *T(L?@A].15 U 4b*QP/Vg*9ST28*9,_: 4857[�?sIKM U 576UVW4857VL?NIr?N28574@�'.¦h *Khc.J2^.10H, U *c285ESR(L?N43[ *QPWST.J2R?N23.1576
VW485CS9*90808*90@h
� U 280).J6 � *T2�234R?N6+03AG*T4808*d[\57[\*T6]2 U [�?N6+,zV+0R* U ,W5Nt¦4R?NVW.1,/.J2xBsM1*@?7,z285-?>,/.10328574323.1576E5N:�23(+*e*QPCVg*9ST28*9,
cos θ∗ ,/.1032343. Q.U 23.1576�h��d.�
w*T48*T6r23.v?NMmST485K080~08*9ST23.1576+0u[\*@?70 U 48*9,;?70~?>: U 6+ST23.1576;5N: cos(θ∗) ?N48*e23(+*T48*Qt
:<5748*)*TA7?NM U ?N28*9,cnp.J23(\?7,W,/.J23.1576L?NM+48*9082343.1ST23.1576+0�576-23(+*).J6rAK?N43.v?N6r2},/. � *T2O[l?7080 Mjj ?N6+,c576-23(+*)[\*@?N6
V+08* U ,W5Nt¦4R?NVW.1,/.J2kB η̄ ?70~*QPCVWMv?N.J6+*9,q.J6�?NVWV�*T6+,/.ZP;�dh
��B-[\*@?70 U 43.J6WI (∆φ)jj 23(+*~? �9.J[ U 23(L?NMgS9574348*TMv?N23.1576s5N:w23(+*p2kno5>(L?N48,\VL?N4328576+0}.10�.J6rAG*90823.JIr?N28*9,wh��)2
M1*@?7,/.J6WI-5748,W*T4o23(+*d,/.J48*9ST2�VW(+5728576zIKM U 576sVW485]S9*90R0}M1*@?7,W0o285HVW485C, U ST23.1576q5N:g23(+*=(+*@?9ACB 8BU ?N43|cVL?N.J480Q ?7SR|rt¦285Nt Q ?7SR|l.J6l23(+*T.J4�S9*T6r2348*Qtx5N: t¦[l?7080p03B/0328*T[E�G.¦h *Kh'np.J23( (∆φ)jj = 180◦ h'M)(W.10}48*T[l?N.J6+0o234 U *~.J6
23(+*>Mv? Q 574R?N285743Bf: 4R?N[\*K�g03.J6+S9*b23(+*-5 Q 08*T43A7? Q M1* (∆φ)jj .10=.J6rAK?N43.v?N6r2 U 6+,W*T4H?\M1576WIK.J2 U ,/.J6L?NM Q 5C5K032
?NM1576WI\23(+* � � ? PC.10@h

 [l?NMJM1*T4=A7?NM U *90=5N: (∆φ)jj ?N48*>, U *^285\(W.JIK(+*T4d5748,W*T4uVW485CS9*90808*90~0 U S8(�?70uIKM U 576f4R?7,/.v?N23.1576_574~, U *
285E?z6+576 �@*T485Y.J6W.J23.v?NMj234R?N6+03AG*T4808*-[\57[\*T6]2 U [ 5N:�23(+*-.J6+S957[c.J6WIEVL?N4328576+0@h ��5723(U08.J2 U ?N23.1576+0b?N48*
.JMJM U 03234R?N28*9,f.J6Y�+I U 48*^y+hJ{@�Wh



�K� y+h��/h � Q 08*T43A7? Q M1*90

M)(+*Y5 Q 08*T43AK? Q M1* xobs
γ 48*TVW48*90R*T6r280c23(+*l: 4R?7ST23.1576�5N:~23(+*sVW(+5728576�[\57[\*T6r2 U [ *T6]28*T43.J6WI�23(+*s(L?N48,

.J6r28*T4R?7ST23.1576�h �+574u23(+*e48*9S9576+08234 U ST23.1576;5N: xobs
γ 23(+*^,W*Q�+6W.J23.1576

xobs
γ =

∑

h∈ ����� 1(E − pz) +
∑

h∈ ����� 2(E − pz)
∑

h(E − pz)

O y+hJ{�� P

.10 U 08*9,w�pnp(+*T48* Q 5723( 0 U [\0z.J6 23(+*;6 U [\*T4R?N28574q4 U 6 5�AG*T4Y23(+*fVL?N4323.1STM1*90E?7080R5]ST.v?N28*9,�np.J23($23(+*
2xn�5 � *T280@��48*908V�*9ST23.JAG*TMJBG�p?N6+,�23(+*E0 U [�.J6�23(+*f,W*T6+57[c.J6L?N28574l4 U 6+0l5�AG*T4z?NMJMu,W*T28*9ST28*9, (L?7,/48576W.1S
�+6L?NM�032R?N28*XVL?N4323.1STM1*90@h��+574 2 → 2 VW485]S9*90R08*90dnp.J23(�[l?70803M1*9080eVL?N4328576+0 xobs

γ .10^* 8BU ?NMO285Y23(+*-234 U *
[\57[\*T6r2 U [a:`4R?7ST23.1576 xγ

O * 8 ho�/hJ{ � P h �~*TMv?N23.1576Ey+hJ{��cS@?N6f*@?703.JMJB Q *^,W*T43.JAG*9,E: 4857[a* 8fU ?N23.1576_�/hJ{ �
:<574^M1*@?7,/.J6WIf5748,W*T4HVW485CS9*90808*90 O SQ:3hc*Kh I+h R y�� TWP h � .J23(U23(+*\? Q 5�AG*\,W*Q�+6W.J23.1576 xobs

γ .10^48*9032343.1ST28*9,U285
23(+*>4R?N6WIG* 0 < xobs

γ < 1 h �+574^,/.J48*9ST2dVW(+5728576�IKM U 576_VW485CS9*90808*90 xobs
γ ∼ 1 �w?70=23(+*b(L?7,/48576W.1SX�+6L?NM

032R?N28*qS9576+03.108280c576WMJB�5N:=23(+*Y2kno5�(L?N48, � *T280\?N6+,�23(+*YVW485728576 48*T[c6L?N6r2lnp(W.1S8(�.10X:<5748S9*9,�285_23(+*
AG*T43BY:<5743n�?N48,�48*TIK.1576_?N6+,;S9576r2343. Q.U 28*90^576WMJBqMJ.J2323M1*>285 ∑h(E − pz) h � 5�no*TAG*T4@�w, U *>285\4R?7,/.v?N28*9,
VL?N4328576+0^?N6+,_0 U.Q 08* 8BU *T6r2d(L?7,/48576W.10R?N23.1576�VW485]S9*90R08*90~23(+*>Vg*@?N|;?N2X{>.10d03[\*@?N48*9,�285lM15�no*T4eA7?NM U *90
5N: xobs

γ hjik6q48*90857MJAG*9,YVW(+5728576EVW485CS9*90808*90 xobs
γ S@?N6 Q *e03[l?NMJM�, U *e285\23(+*eVW48*908*T6+S9*^5N:'23(+*eVW(+5728576

48*T[c6L?N6r2o.J6\23(+*p(L?7,/48576W.1Su�+6L?NMF032R?N28*Kh+�+574�6+*QP/2 t¦285Nt¦M1*@?7,/.J6WI-5748,W*T4�VW485]S9*90R08*90 xobs
γ .10}?NM1085H08[l?NMJM1*T4

23(L?N6 U 6W.J2xBG�W03.J6+S9*d23(+*^?7,W,/.J23.1576L?NMw(L?N48,Y5 U 23IG57.J6WIcVL?N4328576YVW485], U S9*90u?>23(W.J48, � *T2@hjik6sIG*T6+*T4R?NM¦�/23(+*
5 Q 08*T43AK? Q M1* xobs

γ .10u08*T6+03.J23.JAG*^285-23(+*H48*90857MJAG*9,qVW(+5728576f03234 U ST2 U 48*X?N6+,Y(W.JIK(+*T4=5748,W*T4uVW485CS9*90808*90�h
ik6c23(W.10�?N6L?NMJBC03.10},/.�
g*T48*T6]23.v?NMFS8(L?N43[ ?N6+, Q *@? U 2kB-ST485K0R0j08*9ST23.1576\[\*@?70 U 48*T[\*T6]280}np.JMJM Q *)VW48*908*T6r28*9,
?70£?p: U 6+ST23.1576X5N:W23(+*�234R?N6+03AG*T4808*}[\57[\*T6r2 U [ 5N:W23(+*�M1*@?7,/.J6WI � *T2 pjet1

t ��23(+*}[\*@?N6bV+08* U ,W5Nt¦4R?NVW.1,/.J2kB
η̄ 5N:�23(+*>2xno5 � *T280@�F23(+*X? Q 0857M U 28*-,/.�
w*T48*T6+S9*-5N:�23(+*X? �9.J[ U 23(L?NM}?N6WIKM1*90 (∆φ)jj 5N: Q 5723( � *T280@�F23(+*
AK?N43.v? Q M1* cos θ∗ ?N6+,q23(+*HA7?N43.v? Q M1* xobs

γ h�� U 4323(+*T43[\5748*K�F,/.�
w*T48*T6r23.v?NM'ST485K080u08*9ST23.1576+0~np.JMJM Q *eIK.JAG*T6
:<574�Mv?N43IG*uAK?NM U *90}5N: xobs

γ > 0.85 np(+*T48*~,/.J48*9ST2}VW485C, U ST23.1576lVW485CS9*90808*90�?N48*u*QP/V�*9ST28*9,c285>,W57[c.J6L?N28*Kh
M)(+*c.J6]AG*90323.JIr?N23.1576�5N:p,/.�
g*T48*T6]23.v?NMoST485K080>08*9ST23.1576+0^.J6U23(+*-48*TIK.1576�5N:)08[l?NMJM xobs

γ .10H6+572^V�5K0808. Q M1*KhM)(+*Y48*@?708576�.10-2kno5N:<57M1,wh �=6�23(+*q576+*Y(L?N6+,�23(+*q,+?N2R?_0�?N[cVWM1*Y.10c032R?N23.10323.1S@?NMJMJB�MJ.J[c.J28*9,�.J6�23(+*
48*TIK.1576q5N:m03[l?NMJM xobs

γ hk�=6Y23(+*d5723(+*T4�(L?N6+,z(L?N48,sIKM U 576 � *T280)?N48*=*QP/Vg*9ST28*9,z285>VWMv?9Bs?N6s.J[cVg57432R?N6r2
4857M1*\.J6�23(L?N2b48*TIK.1576�5N:)VW(L?708*z03VL?7S9*Kh 
 .J6+S9*lIKM U 576 � *T280HS@?N4343B�6+5qMJ.Z:<*T23.J[\*\.J6/:<5743[l?N23.1576�23(+*\�+2U 08*9,Y285\,/.10823.J6WI U .103(EMJ.JIK(r2@�FS8(L?N43[a?N6+, Q *@? U 2kBY*TAG*T6]280~,W5C*90p6+572~S9576]AG*T43IG* O SQ:3hj08*9ST23.1576;�/h�� P h



���������
	�� �

� &���� � ��� � ��� � ��� � ��� &'! �

ik6f23(W.10=S8(L?NVW28*T4e23(+*H.J6+STM U 03.JAG*bVW(+572857VW485], U ST23.1576�,/. � *T2=0R?N[cVWM1*>.10uVW48*90R*T6r28*9,;np(W.1S8(�.10~23(+* Q ?703.10
:<574u23(+*^[\*@?70 U 48*T[\*T6]2=5N:O23(+*HS8(L?N43[ ?N6+, Q *@? U 2xBqST485K080~0R*9ST23.1576+0@h�M)(+*HSR(L?NVW28*T4=032R?N43280~np.J23(E23(+*
,W*908ST43.JVW23.1576�5N:£23(+*H0R*TM1*9ST23.1576fST43.J28*T43.v?\?N6+,ES9576]23.J6 U *90=np.J23(;?-,+?N2R?-285 ¤ 576r28*>�)?N43M15\S957[cVL?N43.10R576
.J6+STM U ,/.J6WIq23(+*X,/.108S U 0803.1576�5N:o0R57[\*X?703Vg*9ST280d48*TMv?N28*9,�285l23(+*X2857VW.1S-5N: � *T2d03234 U ST2 U 48*Kh^�)2d23(+*-*T6+,
23(+*u,+?N2R? U 6/:`57M1,/.J6WI>[\*9S8(L?N6W.103[ .10j.J6r23485C, U S9*9,Y?N6+,c23(+*u,W*Q�+6W.J23.1576Y5N:�23(+*uST485K0R0}08*9ST23.1576\.10�IK.JAG*T6�h
� ��� � * (j �(27=(�� 36,�81

M)(+*u,+?N2R?e0�?N[cVWM1*u5N:F23(W.10}?N6L?NMJB/03.10jn)?70�S957MJM1*9ST28*9,cnp.J23(\23(+* � {p,W*T28*9ST28574�.J6c23(+*pBG*@?N480~{ Y�Y�Y tk����/�
np(+*T6YVW485728576+0u5N: Y �� � * � *T6+*T43IKBln�*T48*^S957MJMJ.1,W*9,snp.J23(qV�5K03.J2348576+0)5N:'�G�Ch�� � * � *T6+*T43IKBG�/BC.1*TM1,/.J6WI
?cS9*T6]2348*Qtx5N: t¦[l?70R0~*T6+*T43IKBq5N: ≈ �/{ Y � * � h
� ?N43.15 U 0e032R?NIG*90=5N:}S U 280~(L?@AG* Q *9*T6 U 08*9,f285\48*9, U S9*b23(+*>*T6+5743[\5 U 0=6 U [ Q *T4^5N:�*TAG*T6r280d285z?\48*@? t
08576L? Q M1*�03. �@*9,�0R?N[cVWM1*f5N:bS@?N6+,/.1,+?N28*�*TAG*T6r280@h ix6$?_�+48032l0828*TV �5� �Fa ?N6+, � c�a ��� � 4 U 6+0ln�*T48*
08*TM1*9ST28*9,whAM)(W.10b[\*@?N6+0b23(L?N2X576WMJBU,+?N2R?q2R?N|C.J6WIEVg*T43.15],W0bnp.J23(�23(+*\[l?N.J6�,W*T28*9ST28574XS957[cVg576+*T6r280
57Vg*T4R?N23.1576L?NM�?N6+,_np.J23(�082R? Q M1*c4 U 6W6W.J6WIfS9576+,/.J23.1576+0>no*T48*c|G*TVW2^:<574^np(W.1S8(�23(+*-.J6r28*TIK4R?N28*9,�M U [c.Zt
6+5K03.J2kB\n�?70)[\*@?70 U 48*9,whjix6q?b0R*9S9576+,z0328*TVs.J2�n�?70�48* 8fU .J48*9,s23(L?N2o:`574)*@?7S8(q*TAG*T6]2�23(+*=(W.JIK(sAG57MJ2R?NIG*
5N:d23(+*l:<57MJM15@np.J6WIU0 U.Q ,W*T28*9ST2857480-.J[cVg57432R?N6r2-:<574-23(W.10-[\*@?70 U 48*T[\*T6r2cn�*T48*E?N2X6+57[c.J6L?NMu0R*T2323.J6WIG0 D
��� d	��
 � _�	_D^�������������������������
��������������! ���� �#" �%$ ���'&)( h]ik6Y?b6+*QP/2�0328*TVYS9*T432R?N.J6Y4 U 6Y4R?N6WIG*90
(L?@AG* Q *9*T6�*QP/STM U ,W*9,U: 4857[
23(+*s?N6L?NMJBC08.10@hNM)(+*908*l?N48*\23(+*c4 U 6+0Hnp(+*T48*l23(+*z��*]� (L?7,�? Q 4857|G*T6
np.J48*s?N6+,U23(+*l0R5NtxS@?NMJM1*9,,+ 03(W.Z:`28*9,UAG*T4328*QP�4 U 6+0-+ §X?N2>23(+*l*T6+,U5N:u23(+*l,+?N2R?q2R?N|C.J6WIfVg*T43.15],�.J6�23(+*
BG*@?N4=����/h. 6$23(+* Q ?703.10Y5N:b23(+*�? Q 5�AG*_S9576+,/.J23.1576+0q2857IG*T23(+*T4Ynp.J23( 23(+*�2343.JIKIG*T4Y48*0/ U .J48*T[\*T6r280E,/.108S U 0R08*9,
.J6�08*9ST23.1576 �/h y+�j23(+*s28572R?NM).J6r28*TIK4R?N28*9,�M U [c.J6+5K03.J2kB�5N:=23(+*Y?N6L?NMJB/08*9,�*TAG*T6r2c0R?N[cVWM1*q?N[\5 U 6]280c285
56.8 pb−1 h
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ik6�23(W.10\08*9ST23.1576�23(+*q[l?N.J6 S U 280��}np(W.1SR(�?NM1085�,W*Q�+6+*q23(+*E?7S9S9*90808. Q M1*YVW(L?708*E03VL?7S9*q5N:d23(+*q[\*@? t
0 U 48*T[\*T6]2@�jnp.JMJM Q *z,/.108S U 0808*9,whGFC57[\*Y5N:~23(+*s08*TM1*9ST23.1576�S U 280X?N48*s[\5723.JAK?N28*9, Q B��!F>M ,W*T28*9ST28574
?7S9S9*TVW2R?N6+S9*b48*0/ U .J48*T[\*T6]280@�+np(W.1SR(�?N48*^6+*9*9,W*9,q285-Vg*T4 :<5743[ 23(+*^MJ.Z:<*T23.J[\*b?N6L?NMJBC08.10@h
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� � �/h��/h � ?7,/48576W.1S��'.J6L?NM�F]2R?N28*>�)?NMJ. Q 4R?N23.1576

�d576���� � Q ?7S8|CIK485 U 6+,X.10�48*��3*9ST28*9,H285~?)Mv?N43IG*o*QPC28*T6]2 Q B^48*0/ U .J43.J6WI=23(+*�VW43.J[l?N43B^AG*T4328*QPH5N:W23(+*}*TAG*T6r2
285 Q *-48*9S9576+03234 U ST28*9,�np.J23(W.J6�?YS9*T432R?N.J6U4R?N6WIG*l5N:�23(+* �cVg5K03.J23.1576U5N:)23(+*-6+57[c.J6L?NM�AG*T4328*QPghOM)(W.10
S9576+,/.J23.1576f*QPWSTM U ,W*90p*TAG*T6r280uS957[c.J6WI\: 4857[�S957MJMJ.103.1576+0u5N:£23(+*^0R?N28*TMJMJ.J28* Q.U 6+S8(+*90pnp.J23(q23(+*e6+57[c.J6L?NMQ.U 6+S8(+*90�h�� U *�285=23(+*oMJ.J[c.J28*9,\�!F>M�?7S9S9*TVW2R?N6+S9*K�K23(+* z tx,/.1032R?N6+S9*)5N:L23(+*oAG*T4328*QPb:`4857[�23(+*�6+57[c.J6L?NM
.J6r28*T4R?7ST23.1576�Vg57.J6r2@�W23(+* z t	��*T4328*QPw�+.10p48*9082343.1ST28*9,Y: U 4323(+*T4~285-23(+*^4R?N6WIG* |zVertex| < 20 cm h

�����������������������������	� 

ik6Y5748,W*T4p285c0R*TM1*9ST2�VW(+572857VW485C, U ST23.1576;*TAG*T6]280@�W.J2).10)6+*9S9*9080R?N43Bz285\?N6r23.Zt¦2R?NIl*TM1*9ST2348576+0u.J6q23(+*=[l?N.J6
S@?NM15743.J[\*T28*T480@h�M)(+*q08S@?N2328*T48*9, *TM1*9ST2348576�.10c0R*@?N48S8(+*9,�:<574 Q B�*TM1*9ST2348576��+6+,W*T480c.J6�23(+*"!��=4l?N6+,
F]VL?G�)?NMOS@?NM15743.J[\*T28*T480@h#�L574=23(+*X085NtxS@?NMJM1*9, U 6r2R?NIKIG*9,_VW(+572857VW485C, U ST23.1576_*TAG*T6]280 U 6+,W*T4e082 U ,/Bq23(+*
VW(+5728576EAC.J432 U ?NMJ.J2xBq.10p48*9082343.1ST28*9, Q Bs23(+* F]VL?G�)?NM£?7S9S9*TVW2R?N6+S9*>285 Q2 < 1GeV2 h
M)(+*e|C.J6+*T[l?N23.1SeA7?N43.v? Q M1*90)[ U 032 Q *dS@?NM1S U Mv?N28*9, U 03.J6WI-23(+*e(L?7,/48576+0p03.J6+S9*e23(+*e08S@?N2328*T48*9,q*TM1*9ST2348576
.10p6+572=[\*@?70 U 48*9,wh�M)(+*b.J6+*TMv?70323.1ST.J2xB yJB �+S@?NM1S U Mv?N28*9,;np.J23(E23(+* *r?7S0/ U *T2 t�$�M1576+,W*TM£[\*T23(+5C,&% �/{ '£.10
48*9032343.1ST28*9,_285Y23(+*-4R?N6WIG* 0.15 < yJB < 0.8 heM)(+* U VWVg*T4HS U 2^48*T[\5@AG*90 Q ?7SR|]IK485 U 6+,�: 4857[ ,W*9*TV
.J6+*TMv?70323.1Sp08S@?N2328*T43.J6WI)( �ei F+*�*TAG*T6]280@�Gnp(W.1SR(c[c.JIK(r2 Q *)0323.JMJM].J6-23(+*p0R?N[cVWM1* Q *9S@? U 08*)5N:F.J6+*-,lST.1*T6+ST.1*90
5N:b23(+*_*TM1*9ST2348576$�+6+,W*T4&(`SQ: h�?NM10R5�08*9ST23.1576��/h��.*Qh �ei F Q ?7SR|]IK485 U 6+, *TAG*T6]280E?N48*_S8(L?N4R?7ST28*T43.108*9,Q B AK?NM U *90E5N: E − Pz 5N:>2xBCVW.1S@?NMJMJB$2xnp.1S9*�23(+* Q *@?N[ *T6+*T43IKBG�e.¦h *Kh��K�/h��0/e*��XhCF].J6+S9* yJB =
(E−Pz)/(2Ee) 0 U SR(X*TAG*T6]280�?N48*o:`5 U 6+,-?N2O(W.JIK(>.J6+*TMv?70323.1ST.J23.1*90 yJB h�M)(+*�M15@n�*T4�S U 2£48*��3*9ST280O*TAG*T6r280
.J6f23(+*>*QPC2348*T[\*H:`5743n)?N48,f48*TIK.1576�5N:j23(+*b,W*T28*9ST28574@�F23( U 0d*T6+0 U 43.J6WIY?\S957[cVWM1*T28*b48*9S9576+03234 U ST23.1576_5N:
23(+*e�+6L?NMm082R?N28*Kh
12�+��32���	�������	�4

M)(+*_,W*Q�+6W.J23.1576�5N:H23(+*�(L?7,/48576W.1S��+6L?NMd032R?N28*�?N6+, 23(+*)� *T2s48*9S9576+03234 U ST23.1576 no*T48*�,/.10RS U 0808*9,�.J6
08*9ST23.1576+0by+h��q?N6+,�y+h��/h � U *c285q2343.JIKIG*T4bS9576+,/.J23.1576+05(`SQ: hl08*9ST23.1576��/h y6*d23(+*7�3*T2H08*TM1*9ST23.1576�ST43.J28*T43.v?
48*0/ U .J48*e? pt 5N:£23(+*d(W.JIK(+*9032p234R?N6+08AG*T4808*d[\57[\*T6r2 U [8�3*T2p5N: pjet1

t > 11GeV �W?N6+,s23(+*e234R?N6+03AG*T4808*
[\57[\*T6r2 U [ 5N:£23(+*b08*9S9576+,q(W.JIK(+*9032u234R?N6+08AG*T4808*^[\57[\*T6r2 U [9� *T2p285 Q * pjet2

t > 8GeV h
M)(+*\6+*9*9,�:`574>?N6�?703BC[c[\*T2343.1SlS U 2b576�23(+*c234R?N6+03AG*T4808*l[\57[\*T6r2 U [�5N:�23(+*l2xn�5fM1*@?7,/.J6WI)� *T280b.10
[\5723.JAK?N28*9, Q BE23(+*95743B;?N43I U [\*T6]280�% � Y 'xh~ik6f23(W.10dn�?@Bf48*TIK.1576+0e5N:�VW(L?708*X03VL?7S9*-? 
g*9ST28*9, Q BqMv?N43IG*U 6+S9*T432R?N.J6r23.1*90=.J6E23(+* �:! . S@?NM1S U Mv?N23.1576_?N48*b?9AG57.1,W*9,wh
F].J6+S9*�no*TMJM/[\*@?70 U 48*9,\�!F>M�234R?7S8|/0;(`SQ: h£08*9ST23.1576-y+h���*wVWMv?@BX?=03.JIK6W.Z�LS@?N6r2O4857M1*o:`574'23(+*o[\*@?70 U 48*T[\*T6r2
5N:wS8(L?N43[ ?N6+, Q *@? U 2kB7� *T280@�r576WMJB<�3*T280�.J6c23(+*uS9*T6]234R?NMF48*TIK.1576z5N:�23(+*=,W*T28*9ST28574o?N48*uS9576+03.1,W*T48*9,wh=�+574Q 5723(>� *T280d23(+*-V+08* U ,W5Nt¦4R?NVW.1,/.J2kB�.10e23( U 0e48*9032343.1ST28*9,�285s23(+*-4R?N6WIG* −0.9 < η < 1.3 heM)(+* U VWV�*T4
S U 2�S957.J6+ST.1,W*90}*QP+?7ST23MJBbnp.J23(l23(+*~�!F>M ?7S9S9*TVW2R?N6+S9*pnp(+*T48*@?70�23(+*)M15�no*T4}S U 2j.10jSR(+5K08*T6z? Q .J2j23.JIK(r28*T4
285c*QPWSTM U ,W*^48*T[l?N.J6W.J6WI Q ?7SR|]IK485 U 6+,E: 4857[�,W*9*TVf.J6+*TMv?70323.1SH08S@?N2328*T43.J6WIl*TAG*T6]280@h
�21�? �A@ � 8�=<9:�� � :E<B@=D�¡ 5�@65�B �0@=DE: � 8C@65�:�C<

M)(+*b?NMJIG5743.J23(W[ 285c48*9S9576+03234 U ST2=23(+*^(L?7,/48576W.1SH�+6L?NM£032R?N28*^n�?70d?NMJ48*@?7,/BE03Vg*9ST.Z�L*9,q.J6f08*9ST23.1576;y+h��/h
�=6s?7,W,/.J23.1576L?NM�� *T2)S@?NMJ. Q 4R?N23.1576Y.10�?NVWVWMJ.1*9,s285>23(+*~.J6+,/.JAC.1, U ?NM6� *T280o285H: U 4323(+*T4�.J[cVW485@AG*d23(+*~48*9S9576/t
03234 U ST23.1576U5N:)23(+*:� *T2 / U ?N6r23.J23.1*90@heM)(+*-VW43.J6+ST.JVWM1*\5N:�23(W.10HS@?NMJ. Q 4R?N23.1576��£?YST485K0R0 txS8(+*9SR|�Vg*T4 :<5743[\*9,
np.J23(�? �di Fs6+* U 234R?NM'S U 4348*T6r2e,/. � *T2~0�?N[cVWM1*>?N6+,q23(+*>S9576+08*0/ U *T6+S9*90u:`574~23(+*b03B/0328*T[l?N23.1SH*T4348574d576
23(+*^(L?7,/48576W.1SH*T6+*T43IKBq08S@?NM1*K�+np.JMJM Q *H,/.10RS U 0808*9,Y.J6q23(W.10~0R*9ST23.1576�h
F].J6+S9*-23(+*c234R?7SR|C0b?N48*\?NMJ48*@?7,/B_S@?NMJ. Q 4R?N28*9,�23(+*l?N.J[ 5N:�23(+*cS@?NMJ. Q 4R?N23.1576�VW485CS9*9, U 48*-.10^285qS8(L?N6WIG*
23(+*c*T6+*T43IKB�5N:o23(+*cS@?NM15743.J[\*T28*T4XSTM U 0328*T480H576WMJBGhc�d0H? Q ?703.1S-VW43.J6+ST.JVWM1*c.J2^[l?N|G*90 U 0R*X5N:)23(+*X:¦?7ST2



�/h��/h � ?7,/48576W.1S��'.J6L?NM�F]2R?N28*>�)?NMJ. Q 4R?N23.1576 � Y

 / GeVda
tp

20 40 60

>
da t

/p
ha

d
t

<p

0.8

0.9

1

1.1

  
not calibrated

 / GeVda
tp

20 40 60

>
da t

/p
ha

d
t

<p

0.8

0.9

1

1.1

  
not calibratedDATA

MC

 / GeVda
tp

20 40 60

 (
M

C
)

ba
l

 t
 (

D
A

T
A

) 
/p

ba
l

tp 0.9

1

1.1

  
not calibrated

 / GeVda
tp

20 40 60

>
da t

/p
ha

d
t

<p

0.8

0.9

1

1.1

  
calibrated

 / GeVda
tp

20 40 60

>
da t

/p
ha

d
t

<p

0.8

0.9

1

1.1

  
calibrated

 / GeVda
tp

20 40 60

 (
M

C
)

ba
l

 t
 (

D
A

T
A

) 
/p

ba
l

tp 0.9

1

1.1

  
calibrated

��� ���

��� ���

	�
��������������������� �!� �#" pt
���%$&�%"�� � �('&)+*-,.'/�10(*-'32�"�)4�#)4�65701"��8*.'/2#"92%5 pda

t
� � 572#, �;: *.2#<��=�#"��>�%5?* � , : ��2%*.*.2 � �@ "��%$=���%$/'3�1,A��*-'32�"�B

23(L?N2�:<574o6+* U 234R?NM�S U 4348*T6]2��di Fl*TAG*T6r280)23(+*d234R?N6+03AG*T4808*d[\57[\*T6r2 U [a5N:m23(+*d(L?7,/48576W.1Sd08BC0328*T[ phad
t

.10 Q ?NMv?N6+S9*9, Q Bs23(+*^234R?N6+03AG*T4808*H[\57[\*T6r2 U [a5N:O23(+*H*TM1*9ST2348576 pe
t hM)(+*d(L?7,/48576W.1S^S@?NMJ. Q 4R?N23.1576q.10)032 U ,/.1*9,s.J6 % �7� 'w?N6+,s23(+*eS9576+032R?N6r280p5 Q 2R?N.J6+*9,Y23(+*T48*^?N48*^?NVWVWMJ.1*9,s.J6

23(W.10u?N6L?NMJB/03.10@h'M)(+*eS@?NMJ. Q 4R?N23.1576qVW485CS9*9, U 48*^,W*908ST43. Q *9,Y.J6 % �7� 'w.10�V�*T4 :<5743[\*9,s.J6Y2xno5l0328*TV+0@h �'.J48032@�
?l48*TMv?N23.JAG*>S9574348*9ST23.1576�5N:}23(+* pt

Q ?NMv?N6+S9*K��.¦h *Kh=23(+*H4R?N23.15s5N:}23(+* pt 5N:�23(+*>(L?7,/48576W.1SX08BC0328*T[ ?N6+,
23(+* pt 5N:'23(+*^*TM1*9ST2348576��L.10~?NVWVWMJ.1*9,f08*TVL?N4R?N28*TMJBs:<574~?NMJMwnp(+*9*TM10~5N:O23(+*�!��=4=?N6+,q23( U 0~,W*TVg*T6+,W0u576
23(+*-V+08* U ,W5Nt¦4R?NVW.1,/.J2kB�5N:}23(+*:� *T2@hiM)(W.10^S9574348*9ST23.1576U.10d[l?7,W*X:`574^,+?N2R?z48*TMv?N23.JAG*-285 ¤ 576]28*\�)?N43M15Wh
ik6f?-08*9S9576+,q0328*TVf? pt ,W*TVg*T6+,W*T6r2e? Q 0857M U 28*HS@?NMJ. Q 4R?N23.1576f5N:O23(+* � �#Fz.10)Vg*T4 :`5743[\*9,;?N6+,E?NVWVWMJ.1*9,
285 Q 5723(E,+?N2R?\?N6+, ¤ 576r28*X�)?N43M15Wh
ik2~n)?70u:<5 U 6+,f.J6�% �7� '£23(L?N2=23(+*b234R?N6+08AG*T4808*b[\57[\*T6]2 U [ Q ?NMv?N6+S9*X? :`28*T4~23(+*>48*9S@?NMJ. Q 4R?N23.1576U?NIK48*9*90
np.J23(W.J6 2%

Q *T2kno*9*T6;,+?N2R?l?N6+, ¤ 576]28*>�)?N43M15\03.J[ U Mv?N23.1576�h
ik6_23(W.10b?N6L?NMJBC08.10e.J2^.10^S8(+*9S8|G*9,�(+5@n n�*TMJM�23(+*-234R?N6+03AG*T4808*-[\57[\*T6]2 U [ Q ?NMv?N6+S9*c.10^,W*908ST43. Q *9, Q B
23(+*�03.J[ U Mv?N23.1576 Q *Q:`5748*�?N6+, ? : 28*T4q48*9S@?NMJ. Q 4R?N23.1576�h �+574q23(W.10YV U 43Vg5K08*�?�6+* U 234R?NMHS U 4348*T6r2 �di F
,/. �3*T2=0R?N[cVWM1*b.10~S957[cVL?N48*9,;285\23(+*DCFE�G HJILK ¤ 576r28*-�)?N43M15z08.J[ U Mv?N23.1576�huM)(+*>08*TM1*9ST23.1576;S U 280e?N48*
0 U [c[l?N43.10R*9,q.J6E2R? Q M1*b�/hJ{Kh
�'.JI U 48*90=�/hJ{>?N6+,E�/h��c03(+5@n 23(+*H*TAG57M U 23.1576f5N:O23(+*^[\*@?N6EAK?NM U *90u5N:'23(+* pt

Q ?NMv?N6+S9*

pbal
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phad
t
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. (<�/hJ{ *
� *T48* phad

t .10p23(+*e28572R?NM�(L?7,/48576W.1S^234R?N6+03AG*T480R*e[\57[\*T6r2 U [ S@?NM1S U Mv?N28*9,Y: 4857[�?NMJM �3*T280p.J6q23(+*^*TAG*T6]2
?N6+, pda

t .10)23(+*e234R?N6+03AG*T4808*H[\57[\*T6r2 U [�5 Q 2R?N.J6+*9,fnp.J23(q23(+*^,W5 U.Q M1*b?N6WIKM1*e[\*T23(+5],wh�M)(+*^,W5 U.Q M1*
?N6WIKM1*X[\*T23(+5C,�*QPCVWM157.J280d23(+*-08S@?N2328*T43.J6WIf?N6WIKM1*-5N:}23(+*-5 U 23IG57.J6WIqM1*TVW28576U?N6+,;23(+*-*�
w*9ST23.JAG*\?N6WIKM1*
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� � 572#, �>: *-2#<��
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5N:�23(+*H(L?7,/48576W.1S-03B/0328*T[Ehpik280~[l? �3574d?7,/AK?N6r2R?NIG*X.10=23(L?N2~.J2d.10=?NMJ[\5K032d.J6+08*T6+03.J23.JAG*>285\23(+*X*T6+*T43IKB
08S@?NM1*e.J2808*TMZ:}?N6+,Y(+*T6+S9*^.1,W*@?NMm285c28*9032p23(+*HS@?NMJ. Q 4R?N23.1576�5N:'23(+*HS@?NM15743.J[\*T28*T4@h
M)(+* pt

Q ?NMv?N6+S9*e?70o?e: U 6+ST23.1576Y5N: pda
t .10�VW48*908*T6]28*9,z.J6l�+I U 48*d�/hJ{ Q *Q:<5748*=?N6+,s? : 28*T4o23(+*~48*9S@?NMJ. Q 4R? t

23.1576-.10j?NVWVWMJ.1*9,-285~23(+*),+?N2R?e?N6+,X23(+*�08.J[ U Mv?N23.1576�hOix6\?7,W,/.J23.1576-23(+*�4R?N23.15 pbal
t (DATA)/pbal

t (MC)
.10X03(+5@np6�h��u:`28*T4X?NVWVWMJBC.J6WI�23(+*\�+6L?NM4� *T2XS@?NMJ. Q 4R?N23.1576�23(+* pt

Q ?NMv?N6+S9* Q *9S957[\*90>DF?N2328*T4X:`574>23(+*
,+?N2R?H?N6+,c.J2j.10}03(W.Z: 28*9,X:`4857[ ∼ 0.9 285eAK?NM U *90}STM15K08*)285 U 6W.J2xBGh ¤ 5748*95@AG*T4@�G23(+*=?NIK48*9*T[\*T6r2 Q *T2xn�*9*T6
,+?N2R?E?N6+, ¤ 576r28*z�)?N43M15Y.10H.J[cVW485@AG*9,whNM)(+*\,/.�
w*T48*T6+S9*-.10H03[l?NMJM1*T4^23(L?N6 2% 5@AG*T4H23(+*-np(+57M1* pt

4R?N6WIG*Kh
ik6l�+I U 48*^�/h��>23(+*=0�?N[\* / U ?N6r23.J23.1*90u?N48*d,/.103VWMv?@BG*9,E?70)?H: U 6+ST23.1576Y5N:£23(+*=(L?7,/48576W.1S^?N6WIKM1* γhad hOik6
23(+*pS9*T6r234R?NMg?N6+, Q ?7S8|Cn�?N48,l48*TIK.1576l?NIK48*9*T[\*T6r2 Q *T2xn�*9*T6z,+?N2R?^?N6+,c03.J[ U Mv?N23.1576 Q *Q:`5748*)S@?NMJ. Q 4R?N23.1576
.10^IG5C5],U?NMJ23(+5 U IK(�23(+*c48*903Vg576+08*X:<574^(L?7,/48576+0b.10^M15�nHh\ik6U23(+*-[\5748*-:<5743n�?N48,U48*TIK.1576U:`574>?N6WIKM1*90
γhad < 30◦ 23(+* � *T2)*T6+*T43IKBl.10o2xBCVW.1S@?NMJMJBl48*9S9576+03234 U ST28*9,Y285C5HM15�nHh�� .J23(z23(+*=�+6L?NMgS@?NMJ. Q 4R?N23.1576q23(+*
,+?N2R?Y.10^n�*TMJM},W*908ST43. Q *9, Q B�23(+* ¤ 576r28*z�)?N43M15f03.J[ U Mv?N23.1576�*TAG*T6U.J6�23(+*-:<5743n�?N48,�48*TIK.1576�?N6+,�?N6
?NIK48*9*T[\*T6r2=np.J23(W.J6 ±2% .10):<5 U 6+,wh
ik6sIG*T6+*T4R?NMw23(+*d48*9S@?NMJ. Q 4R?N23.1576f5N:'23(+* � *T280).J[cVW485�AG*90p23(+*e,W*908ST43.JVW23.1576f5N:m23(+*^,+?N2R? Q Bs23(+*e03.J[ U Mv? t
23.1576�hnM)(+*-,/.10R?NIK48*9*T[\*T6]2^.10~:<5 U 6+,�285 Q *X03[l?NMJM1*T4e23(L?N6 2% .J6U?NMJMO48*TIK.1576+0^5N: pt ?N6+, γhad h^�=6U 6+S9*T432R?N.J6r2kBl5N:w23(+*u(L?7,/48576W.1S=*T6+*T43IKB\08S@?NM1*u5N: ±2% .10 U 0R*9,l?70}*90323.J[l?N28*=5N:w23(+*u03B/0328*T[l?N23.1Su*T4348574
5N:O23(+*b? Q 0857M U 28*^(L?7,/48576W.1SH*T6+*T43IKBq08S@?NM1*Kh
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�e� �ei F �d. � *T2MF/?N[cVWM1*
pel

t > 10GeV

Q2
el > 100GeV2

yel > 0.15

40GeV < E − Pz < 70GeV

|zvertex| < 35 cm

� U [ Q *T4=5N:��3*T280 ≥ �
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M)(+* � {l2343.JIKIG*T4c03B/0328*T[ n)?70-.J6r23485C, U S9*9,�.J6�0R*9ST23.1576��/hJ{Kh��/h]M)(+*Y0 U.Q 2343.JIKIG*T480-S8(+5K0R*T6�:<574X23(W.10
?N6L?NMJB/03.10>?N48* F/�G�C��FW�C{K�#FW�7�E?N6+, FW�K�Ch F/�G�E?N6+, FW�7�;?N48* Q ?708*9,U576�*T6+*T43IKB�23(W48*903(+57M1,W0>.J6U23(+*
*TM1*9ST234857[l?NIK6+*T23.1S�?N6+,�(L?7,/48576W.1SqVL?N432\5N:=23(+*"!��=4cS@?NM15743.J[\*T28*T4@h��~MJ23(+5 U IK(�23(+*90R*Y2343.JIKIG*T480l?N48*
57VW23.J[c.108*9,\:`574�*TM1*9ST2348576+0o23(+*TBc?NM1085^48*903Vg576+,c285^(W.JIK(l*T6+*T43IG*T23.1S�� *T280�h�FW�K�d.10o?e[c.10803.J6WIH234R?N6+08AG*T4808*
*T6+*T43IKBY2343.JIKIG*T4@h
FW�C{;n�?70Y5743.JIK.J6L?NMJMJB ,W*903.JIK6+*9,$?70Y?US8(L?N43IG*9,$S U 4348*T6]2s2343.JIKIG*T4 % �K� 'xh . 6 !�{;.J2l.10 Q ?708*9,�576$?
S957.J6+ST.1,W*T6+S9*s5N:p?N6�*T6+*T43IKBU,W*TV�5K03.J2b.J6�576+*\5N:)23(+*)!��=4�� $���� &�� ���� -?N6+,�?!� $�� �#" � (¦��i ��$K� . �
234R?7SR|XS@?N6+,/.1,+?N28* *Qh'M)(+*�234R?7S8|XS@?N6+,/.1,+?N28*).10OAG*T43.Z�L*9, Q Bb23(+* !��=4 Q .JIe285@no*T4}.Z:L23(+*)*T6+*T43IKB>*QPWS9*9*9,W0
1GeV h . 6 !m�Y?zA7?NMJ.1,+?N23.1576�5N:o23(W.10e0 U.Q 2343.JIKIG*T4^.10dVg*T4 :`5743[\*9,�AC.v?\23(+*-08*TM1*9ST23.1576�5N:%� $��!� &�� ���� U 6 Q ?NMv?N6+S9*9,f.J6 φ .J6q23(+*HS9*T6]234R?NMmVL?N432u5N:O23(+*HS@?NM15743.J[\*T28*T4B( 25◦ . θ . 145◦ *Qh
ik6f?7,W,/.J23.1576�?NMJMw23(+*908*H2343.JIKIG*T480u48*0/ U .J48*^AG*T4328*QPg�+23.J[c.J6WIz?N6+,qAG*T285cS9576+,/.J23.1576+0@h
M)(+*X*-,lST.1*T6+STBf5N:j23(+*X? Q 5@AG*X0 U.Q 2343.JIKIG*T480d.10~,W*T28*T43[c.J6+*9, Q BE08*TM1*9ST23.J6WIs*TAG*T6]280dnp(W.1S8(_no*T48*>2343.JI7t
IG*T48*9, Q B�?N6�.J6+,W*TV�*T6+,W*T6]2\0 U.Q 2343.JIKIG*T4@��23(+*s085NtxS@?NMJM1*9,�[\576W.J28574-2343.JIKIG*T4@hM)(+*s[\576W.J28574-2343.JIKIG*T4
[ U 032c6+572\S9576r2R?N.J6$?N6rB�5N:=23(+*Y2343.JIKIG*T4l*TM1*T[\*T6]280\23(L?N2c23(+*E?N6L?NMJB/03.10c0 U.Q 2343.JIKIG*T480l?N48* Q.U .JMJ2l5N:3h
F].J6+S9*>6+5z0 U S8(_0 U.Q 2343.JIKIG*T4~:<574~(W.JIK(�234R?N6+03AG*T4808*>[\57[\*T6r2 U [ �3*T280=.J6fVW(+572857VW485C, U ST23.1576U*QPC.103280~.J6
23(+*H,+?N2R? t¦2R?N|C.J6WIlVg*T43.15C,qS9576+03.1,W*T48*9,E.J6E23(W.10=?N6L?NMJBC03.10��L?X2343.JIKIG*T4u:<574��ei4Fs*TAG*T6]280~.10 U 0R*9,wh�$p?708*9,
576E?>,+?N2R?H285 ¤ 576r28*H�)?N43M15>08.J[ U Mv?N23.1576ES957[cVL?N43.108576Y:<574}23(+* �ei4Fl*TAG*T6r280��CS9574348*9ST23.1576Y:¦?7ST2857480p?N48*
,W*T28*T43[c.J6+*9,fnp(W.1S8(�?N48*>?NM1085\?NVWVWMJ.1*9,q285c23(+*^VW(+572857VW485C, U ST23.1576;0�?N[cVWM1*Kh
M)(+*=0 U.Q 2343.JIKIG*T46F/�e48*0/ U .J48*90�576WMJBc?HS9*T432R?N.J6z*T6+*T43IKB\,W*TVg5K03.J2�.J6\23(+*=*TM1*9ST234857[l?NIK6+*T23.1S F]VL?G�)?NM¦hjik6
5748,W*T4=285 U 08*^.J2@�L?\,+?N2R?c0R?N[cVWM1*Hnp.J23(+5 U 2=23(+*HS U 2=?NIr?N.J6+032d*TM1*9ST2348576+0~.J6f23(+* F]VL?G�)?NMm.10=08*TM1*9ST28*9,wh
M)(+*�2343.JIKIG*T4s28*9032s0�?N[cVWM1*;23( U 0YS9576r2R?N.J6+0Y[l?N.J6WMJB�*TAG*T6]280snp.J23( ?N6$*TM1*9ST2348576$.1,W*T6r23.Z�L*9,$.J6 23(+*
F]VL?G�)?NMw?N6+,\2kno5X(W.JIK(l234R?N6+03AG*T480R*u[\57[\*T6r2 U [ �3*T280@h �=5728*~23(L?N2}.J6s5748,W*T4o285b[l?N|G*=?HS957[cVL?N43.10R576
np.J23( ?N6�?9AK?N.JMv? Q M1* CDE�G H I�K ¤ 576]28*q�)?N43M15�03.J[ U Mv?N23.1576��o?N6�?7,W,/.J23.1576L?NMuS U 2 Q2 > 10GeV2 .10
?NVWVWMJ.1*9,f285-23(+*^2343.JIKIG*T4u28*9032u0R?N[cVWM1*Kh
M)(+*p2343.JIKIG*T4o*-,lST.1*T6+STBX.10�6+5@n IK.JAG*T6 Q B-23(+*�: 4R?7ST23.1576l5N:w*TAG*T6r280}23(L?N2�no*T48*~2343.JIKIG*T48*9, Q B Q 5723(c23(+*
03.JIK6L?NM'?N6+,q23(+*H[\576W.J28574u2343.JIKIG*T4 ( Nsignal∧monitor *o48*TMv?N23.JAG*H285c23(+*b*TAG*T6r280=23(L?N2uno*T48*b2343.JIKIG*T48*9,Q Bs23(+*e[\576W.J28574=2343.JIKIG*T4=?NM1576+* Nmonitor &

εtrigger =
Nsignal∧monitor

Nmonitor
(<�/h���*

M)(+*>*-,lST.1*T6+STBY5N:j23(+*^AK?N43.15 U 0~0 U.Q 2343.JIKIG*T480=?70=?-: U 6+ST23.1576f5N:j23(+*^234R?N6+08AG*T4808*^[\57[\*T6r2 U [ 5N:j23(+*
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M1*@?7,/.J6WI �3*T2O.10j03(+5@np6c.J6-�+I U 48*u�/h��/h�M)(+*p,+?N2R?d.10jS957[cVL?N48*9,c285d2xn�5H,/.�
w*T48*T6r2}03.J[ U Mv?N23.1576+0@h � (W.JM1*
23(+*X*-,lST.1*T6+STB;S@?NM1S U Mv?N28*9, Q B CFE�G HJILK$.10~.J6�?NIK48*9*T[\*T6r2e:<574e?NMJMO0 U.Q 2343.JIKIG*T480dnp.J23(_23(+*>,+?N2R?\:<574
AK?NM U *90^5N: pt ≥ 20GeV �	��
������G .10eIG*T6+*T4R?NMJMJBfno57480R*-.J6_,W*90RST43.��W.J6WIE23(+*-,+?N2R?/h��)(W.10e[c.JIK(r2��g*
*QP/V�*9ST28*9,Y03.J6+S9*���
������G�.10oIG*T6+*T4R?N28*9,Y285X,W*908ST43.��g*dVW(+572857VW485],��+ST23.1576E*TAG*T6]280u?N6+,z.10�6+572p?��WM1*d285
,W*908ST43.��g*b23(+*>|C.J6+*T[l?N23.1S90^5N:�23(+*b2343.JIKIG*T4e28*9032e0R?N[cVWM1*Kh:�+574 pt < 20GeV 23(+*b2343.JIKIG*T4^*-,lST.1*T6+STB
:<5��W6+,q.J6q23(+*H,+?N2R?-.10pIG*T6+*T4R?NMJMJBYM15�no*T4~23(L?N6f.J6q23(+*H03.J[��WMv?N23.1576+0�h
ik6;5748,W*T4d285l|G*9*TV�23(+*908*b*TAG*T6]280e*TAG*T6_?N2dM15@n 234R?N6+03AG*T4808*>[\57[\*T6r2R?/��?lS9574348*9ST23.1576�285z23(+* ¤ 576r28*
�)?N43M15�03.J[��WMv?N23.1576 .10\?NVWVWMJ.1*9,wh ¤ 5748*Y23(L?N6 �K����5N:d23(+*q*TAG*T6r280c23(L?N2lVL?7080-23(+*q,/. � *T2c08*TM1*9ST23.1576
S��W280 (`SQ:3h�08*9ST23.1576��/h���*~?N48*^2343.JIKIG*T48*9,��]Bq0�� �W2343.JIKIG*T42FW�C{Kh �U*T.JIK(r2=:¦?7ST2857480p:<574u23(+* ¤ 576r28*X�)?N43M15
03.J[��WMv?N23.1576�?N48*-5��W2R?N.J6+*9,!�rB�?7,��"�+0323.J6WI CDE�G H I�K 285z23(+*>,+?N2R?l:<574 pt < 20GeV �L?70R*9,�576AFW�C{
?NM1576+*Kh^ik6_?7,W,/.J23.1576��w23(+*X2343.JIKIG*T4^*-,lST.1*T6+STBf.10dM15�no*T48*9,#�]BEy$��.J6;23(+* ¤ 576r28*\�)?N43M15Y03.J[��WMv?N23.1576
285\?7S9S95��W6r2~:`574~.J6+*-,lST.1*T6+ST.1*90~5N:O23(+*H5723(+*T4~0�� �W2343.JIKIG*T480B(OF/�G�C��FW�7�/��FW�K� *Qh
�)(+*e*�
g*9ST2)5N:m23(W.10�VW485CS9*9,��W48*dS@?N6%�g*=08*9*T6s.J6s�+I&�W48*90p�/h yc?N6+,Y�/h��Wh'�)(+*eS9574348*9ST28*9, ¤ 576]28*^�)?N43M15
2343.JIKIG*T4c*-,lST.1*T6+ST.1*90c03(+5@np6�.J6��+I&�W48*s�/h y�?70c?Y:(�W6+ST23.1576�5N:u23(+*z234R?N6+03AG*T4808*s[\57[\*T6]2��W[ 5N:=23(+*
M1*@?7,/.J6WI �3*T2b?NIK48*9*-no*TMJMjnp.J23(�23(+*c,+?N2R?l:`574b?NMJMj0�� �W2343.JIKIG*T480>?NVL?N432e: 4857[ FW�K�C�wnp(+*T48*)�*
������G$.10
0323.JMJM�5 
jh FW�K�-?NM1576+*^2343.JIKIG*T480=576WMJBq��� 5N:O23(+*H08*TM1*9ST28*9,f,/. � *T2~*TAG*T6]280@h
�)(+*u2343.JIKIG*T4�*-,lST.1*T6+STB\5N:w23(+*~S957[��W.J6+*9,s0�� �W2343.JIKIG*T480o.10�VW48*908*T6]28*9,l.J6\�+I&�W48*=�/h��b?70�?d:(�W6+ST23.1576z5N:
pjet1

t ?N6+, θjet1 hjik2}48*@?7SR(+*90e{ ���� :<574�*TAG*T6]280�np.J23(z234R?N6+03AG*T480R*~[\57[\*T6]2��W[�Mv?N43IG*T4o23(L?N6q��B/^*	�
?N6+,s23(+*e,W*TV�*T6+,W*T6+S9*e576 θjet1 .10)03[l?NMJM¦hj� 03.J[c.JMv?N43MJB\IG5C5],s,W*908ST43.JVW23.1576E5N:m23(+*d2343.JIKIG*T4p*-,lST.1*T6+STB
.10):<5��W6+,Y:<574p23(+*^08*9S9576+,qM1*@?7,/.J6WI��3*T2p.J6q23(+*H*TAG*T6]2 ( 6+572~03(+5�np6�*Qh
�=MJ23(+5��WIK( 23(+*_|].J6+*T[l?N23.1S90;5N:>23(+*_2343.JIKIG*T4q28*9032E0R?N[cVWM1*U?N6+,$23(+*U?N6L?NMJB/03.10q0R?N[cVWM1*U[c.JIK(r2+�g*
,/.�
w*T48*T6r2@��23(+*Yno*T.JIK(]2\:¦?7ST2857480\5��W2R?N.J6+*9,�np.J23( CDE�G H I�K ?N48*f?NM1085U?NVWVWMJ.1*9,�285,�*
�����7G�.J6�23(+*
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?N6L?NMJB/03.10u5N:j,/. � *T2~VW(+572857VW485],��+ST23.1576�*TAG*T6r280@h �)(W.10pVW485]S9*9,��W48*HB].1*TM1,W0u0�?N23.10 :<?7ST285743BY48*90��WMJ280=?70uS@?N6
�g*^08*9*T6 �]Bz23(+*^IG5C5C,q,W*908ST43.JVW23.1576f5N:O23(+*H5@AG*T4R?NMJM£2343.JIKIG*T4~*-,lST.1*T6+STB �rB���
������G�.J6Y�+I&�W48*b�/h��+h
� 03B/0328*T[l?N23.1Sb*T4348574d5N:o��� .10d?N232343.�� �W28*9,f285l23(+*H48*T[l?N.J6W.J6WIY,/.�
g*T48*T6+S9*90 ��*T2kno*9*T6�,+?N2R?l?N6+,f23(+*
03.J[��WMv?N23.1576�?N6+,Y:<574pVg5K0803.��WM1*^*�
w*9ST280p.J6E23(+*^VW(+572857VW485C,��+ST23.1576f48*TIK.1576�h
����� � ���	� � ��
 �� ��� �� ���

�)(+*Y5�� �3*9ST280 �+08*9,�.J6�23(+*Y5��\.J6+*q*TAG*T6r2\0R*TM1*9ST23.1576�,/.�
w*T4c03MJ.JIK(r23MJB�: 4857[ 23(+*Y5�� �3*9ST280>23(+*Y*TAG*T6]2
48*9S9576+03234��+ST23.1576 ?N6+, STMv?70803.Z�LS@?N23.1576 Vg*T4 :`5743[\*9, 576 23(+*;:<5��W4323( 2343.JIKIG*T4qM1*TAG*TM�!wy�.10%�L?708*9, 576�h
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