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�#bi`�+i
AM kyRe i?2 G>* T`Q/m+2/ � H�`;2 b�KTH2 Q7 ps = 13h2o T`QiQM@T`QiQM +QHHBbBQMb
7Q` i?2 }`bi iBK2X h?2 2M2`;v �M/ HmKBMQbBiv Q7 i?2 /�i� �HHQr 2tTHQ`�iBQM Q7 i?2
iQT [m�`F iQ � ;`2�i2` /2i�BH i?�M 2p2` #27Q`2- BMpQHpBM; bi�M/�`/ KQ/2H UaJV �M/
?vTQi?2iB+�H #2vQM/ aJ U"aJV BMi2`�+iBQMbX h?Bb i?2bBb /Q+mK2Mib � K2�bm`2K2Mi
Q7 i?2 iQT [m�`F T�B` T`Q/m+iBQM +`Qbb b2+iBQM BM i?2 tt ! (`⌫`)(⌧h⌫⌧ )bb +?�MM2H-
r?2`2 ` Bb 2Bi?2` �M 2H2+i`QM Q` � KmQMX h?2 �M�HvbBb Bb T2`7Q`K2/ mbBM; � /�i�
b�KTH2 +Q``2bTQM/BM; iQ �M BMi2;`�i2/ HmKBMQbBiv Q7 35.9 7#�R +QHH2+i2/ BM T`QiQM@
T`QiQM +QHHBbBQMb �i ps = 13h2o #v i?2 *Ja /2i2+iQ`X �bbmKBM; � iQT [m�`F K�bb Q7
172.5:2o- i?2 K2�bm`2/ iQi�H tt +`Qbb b2+iBQM �tt(`⌧h) = 781±7 Ubi�iXV±62 UbvbiXV±
20 UHmKXV T# Bb BM �;`22K2Mi rBi? i?2 aJ 2tT2+i�iBQMbX h?Bb Bb i?2 }`bi K2�bm`2K2Mi
Q7 i?2 tt T`Q/m+iBQM +`Qbb b2+iBQM BM T`QiQM@T`QiQM +QHHBbBQMb �i p

s = 13h2o i?�i
2tTHB+BiHv BM+Hm/2b ⌧ H2TiQMb- �M/ Bi BKT`Qp2b i?2 `2H�iBp2 T`2+BbBQM rBi? `2bT2+i iQ
i?2 d �M/ 8h2o `2bmHibX h?2 `�iBQ Q7 i?2 +`Qbb b2+iBQM BM i?2 `⌧h }M�H bi�i2 iQ i?2
HB;?i /BH2TiQM +`Qbb b2+iBQM R`⌧h/`` = 0.973 ± 0.009 Ubi�iXV ± 0.066 UbvbiXV �M/ i?2
`�iBQ Q7 i?2 T�`iB�H iQ i?2 iQi�H rB/i? Q7 i?2 iQT [m�`F /2+�v �(t ! ⌧⌫⌧b)/�iQi�H =
0.1050±0.0009 Ubi�iXV±0.0071 UbvbiXV �`2 �HbQ K2�bm`2/- BKT`QpBM; i?2 T`2+BbBQM Qp2`
i?2 T`2pBQmb `2bmHibX h?2 ?B;?2` T`2+BbBQM Bb �+?B2p2/ i?`Qm;? � #2ii2` 2biBK�iBQM Q7
i?2 #�+F;`QmM/ rBi? KBbB/2MiB}2/ ⌧ H2TiQMbX h?2 aJ tt T`Q+2bb T`QpB/2b � bQm`+2
Q7 q #QbQM /2+�vb iQ H2TiQMb- r?2`2 i?2 `�iBQ Q7 i?2 q #QbQM #`�M+?BM; 7`�+iBQMb
B(W ! ⌧⌫⌧ )/B(W ! `⌫`) +�M #2 K2�bm`2/ iQ � ?B;? T`2+BbBQM �b � i2bi Q7 i?2 H2TiQM
mMBp2`b�HBiv BM q #QbQMbX lbBM; i?2 K2i?Q/b /2p2HQT2/ BM i?2 +`Qbb b2+iBQM �M�HvbBb-
� 72�bB#BHBiv bim/v Q7 i?2 i2bi BM tt /BH2TiQM }M�H bi�i2b Bb +�``B2/ Qmi 7Q` i?2 7mHH _mMk
/�i� b�KTH2X h?2 bim/v /2KQMbi`�i2b � TQbbB#BHBiv iQ �+?B2p2 � K2�bm`2K2Mi rBi?
i?2 Qp2`�HH `2H�iBp2 mM+2`i�BMiv Q7 �#Qmi jWX Ai rQmH/ #2 � bB;MB}+�Mi +QMi`B#miBQM
iQ i?2 +m``2Mi rQ`H/@#2bi K2�bm`2K2MibX

E2vrQ`/b, ?B;? 2M2`;v T?vbB+b- iQT [m�`Fb- i�m H2TiQMb- G>*- *JaX
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_2bmKQ
LQ �MQ kyRe- Q G�`;2 >�/`QM *QHHB/2` UG>*V T`Q/mxBm T2H� T`BK2B`� p2x mK� ;`�M/2
�KQbi`� /2 +QHBbǤ2b T`Qi½Q@T`Qi½Q p

s = 13h2oX � 2M2`;B� 2 � HmKBMQbB/�/2 /Qb /�@
/Qb T2`KBi2K � 2tTHQ`�Ï½Q /Q [m�`F iQT +QK K�Bb /2i�H?2b /Q [m2 MmM+�- 2MpQHp2M/Q
Q JQ/2HQ S�/`½Q UJSV 2 �b ?BTQiûiB+�b BMi2`�ÏǤ2b �HûK /Q JS U�JSVX 1bi� i2b2
/Q+mK2Mi� mK� K2/B/� /� b2+Ï½Q i`�Mbp2`b�H /� T`Q/mÏ½Q /Qb T�`2b /2 iQT [m�`Fb
MQ +�M�H tt ! (`⌫`)(⌧h⌫⌧ )bb- 2K [m2 ` û mK 2Hûi`½Q Qm mK Km½QX � �M�HBb2 û
`2�HBx�/� mb�M/Q mK� �KQbi`� /2 /�/Qb +Q``2bTQM/2Mi2 � mK� HmKBMQbB/�/2 BMi2@
;`�/� /2 35.9 7#�R +QH2i�/� /2 +QHBbǤ2b T`Qi½Q@T`Qi½Q 2K p

s = 13h2o T2HQ /2i2+iQ`
*JaX amTQM/Q mK� K�bb� /2 iQT [m�`Fb /2 172.5:2o- � b2+Ï½Q i`�Mbp2`b�H iQi�H
�tt(`⌧h) = 781±7 Ubi�iXV±62 UbvbiXV±20 UHmKXV T# 2bi� /2 �+Q`/Q +QK �b 2tT2i�iBp�b
/Q JSX 1bi� û � T`BK2B`� K2/BÏ½Q /� b2+Ï½Q i`�Mbp2`b�H /� T`Q/mÏ½Q tt 2K +QHB@
bǤ2b T`Qi½Q@T`Qi½Q 2K p

s = 13h2o [m2 BM+HmB 2tTHB+Bi�K2Mi2 ⌧ H2TiǤ2b 2 K2H?Q`�
� T`2+Bb½Q `2H�iBp� 2K `2H�Ï½Q �Qb `2bmHi�/Qb � d 2 8h2oX � T`QTQ`Ï½Q /� b2+Ï½Q
i`�Mbp2`b�H MQ 2bi�/Q }M�H `⌧h T�`� � b2+Ï½Q i`�Mbp2`b�H /2 /BH2TiǤ2b H2p2b R`⌧h/`` =

0.973±0.009 Ubi�iXV±0.066 UbvbiXV 2 � T`QTQ`Ï½Q /� H�`;m`� T�`+B�H T�`� � H�`;m`� iQi�H
/Q /2+�BK2MiQ /Q iQT [m�`F �(t⌧⌫⌧b)/�iQi�H = 0.1050±0.0009 Ubi�iXV±0.0071 UbvbiXV
i�K#ûK b½Q K2/B/Qb- K2H?Q`�M/Q � T`2+Bb½Q 2K `2H�Ï½Q �Qb `2bmHi�/Qb �Mi2`BQ`2bX
� K�BQ` T`2+Bb½Q û �H+�MÏ�/� �i`�pûb /2 mK� K2H?Q` 2biBK�iBp� /Q 7mM/Q +QK Qb
⌧ H2TiǤ2b K�H B/2MiB}+�/QbX P T`Q+2bbQ JS tt 7Q`M2+2 mK� 7QMi2 /2 /2+�BK2MiQ /Q
#Qb½Q q T�`� H2TiǤ2b- 2K [m2 � T`QTQ`Ï½Q /�b i�t�b /2 /2+�BK2MiQ /Q #Qb½Q q
B(W ! ⌧⌫⌧ )/B(W ! `⌫`) TQ/2 b2` K2/B/� +QK �Hi� T`2+Bb½Q +QKQ i2bi2 /� mMBp2`@
b�HB/�/2 /Qb H2TiǤ2b MQb #QbǤ2b qX lb�M/Q Qb KûiQ/Qb /2b2MpQHpB/Qb M� �M�HBb2 /2
b2+Ï½Q i`�Mbp2`b�H- û `2�HBx�/Q mK 2bim/Q /2 pB�#BHB/�/2 /Q i2bi2 MQb 2bi�/Qb }M�Bb /2
tt +QK /QBb H2TiǤ2b T�`� � �KQbi`� /2 /�/Qb +QKTH2i� /Q _mMkX P 2bim/Q /2KQMbi`�
mK� TQbbB#BHB/�/2 /2 Q#i2` mK� K2/BÏ½Q +QK � BM+2`i2x� `2H�iBp� ;2`�H /2 +2`+� /2
jWX P `2bmHi�/Q K2/B/Q /Qb /2+�BK2MiQb ?�/`ƦMB+Qb /Qb i�mb b2`B� mK� +QMi`B#mBÏ½Q
bB;MB}+�iBp� T�`� �b K2/BÏǤ2b �im�BbX

S�H�p`�b@+?�p2, 7őbB+� /2 �Hi� 2M2`;B�- [m�`F iQT- H2Ti½Q i�m- G>*- *JaX
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_2bmKQ �H�`;�/Q
P T`Q;`2bbQ /� 7őbB+� /�b �Hi�b 2M2`;B�b /2T2M/2 2K ;`�M/2 T�`i2 /� +�T�+B/�/2
/2 /2b+Q#2`i� /� 7őbB+� 2tT2`BK2Mi�HX � BMB+B�iBp� KmM/B�H /2 �H+�MÏ�` �b MQp�b
7`QMi2B`�b /� 7őbB+� /2 �Hi� 2M2`;B� `2bmHiQm M� +QMbi`mÏ½Q /Q G�`;2 >�/`QM *QHHB/2`
UG>*V MQ +QKTH2tQ /2 �+2H2`�Ï½Q /2 T�`iő+mH�b M� P`;�MBx�Ï½Q 1m`QT2B� T�`� �
S2b[mBb� Lm+H2�` U*1_L- Q �+`ƬMBKQ T�`� *QMb2BH 1m`QTû2M TQm` H� _2+?2`+?2
Lm+Hû�B`2VX P MQpQ �+2H2`�/Q` 2Mi`Qm 2K QT2`�Ï½Q 2K kyyNX 1 2K MQp2K#`Q /�[m2H2
�MQ T`Q/mxBm 72Bt2b /2 T`QiǤ2b +QK � 2M2`;B� MQ `272`2M+B�H /Q +2Mi`Q /2 K�bb� /2p
s = 2.36h2o- #�i2M/Q Q `2+Q`/2 �Mi2`BQ` /2 1.96h2o /2 +QHBbǤ2b T`Qi½Q@�MiBT`Qi½Q

MQ �+2H2`�/Q` h2p�i`QMX 1K kyRy- Q G>* �iBM;Bm 7h2o /2 2M2`;B� M�b +QHBbǤ2b
T`Qi½Q@T`Qi½Q 2 �#`Bm Q MQpQ T`Q;`�K� /2 T2b[mBb�X P 2bi�;BQ _mMR /� QT2`�Ï½Q
/Q G>* /m`Qm /2 kyRy � kyRkX .m`�Mi2 2bb2 T2`őQ/Q- Q �+2H2`�/Q` T`Q/mxBm +QHBbǤ2b
/2 d 2 8h2oX 6Q`M2+2m ;`�M/2 MȹK2`Q /2 +QHBbǤ2b /2 T`QiǤ2b 2 /2 őQMb T�`� Qb
T`BM+BT�Bb /2i2+iQ`2b- BM+HmBM/Q � �KQbi`� /2 +2`+� /2 30 7#�R /2 +QHBbǤ2b T`Qi½Q@
T`Qi½Q +QH2i�/�b T2HQ *QKT�+i JmQM aQH2MQB/ U*JaVX 1bb2b /�/Qb b2`pB`�K T�`�
`2�HBx�` KmBi�b K2/BÏǤ2b- BM+HmBM/Q � /2b+Q#2`i� /Q #Qb½Q /2 >B;;bX LQ �MQ kyRe-
Q G>* BMB+BQm Q 2bi�;BQ _mMk /2 bm� QT2`�Ï½Q 2 T`Q/mxBm T2H� T`BK2B`� p2x mK�
;`�M/2 �KQbi`� /2 +QHBbǤ2b T`Qi½Q@T`Qi½Q p

s = 13h2oX P _mMk /m`Qm �iû kyR3X
L2bb2 T2`őQ/Q- Q G>* 7Q`M2+2m �KQbi`�b /2 +2`+� /2 160 7#�R /2 +QHBbǤ2b T`Qi½Q@
T`Qi½Q �Qb /2i2+iQ`2b *Ja 2 �hG�a MQ imM2H /Q �+2H2`�/Q`X

� �Hi� 2M2`;B� 2 HmKBMQbB/�/2 /Qb /�/Qb T2`KBi2K � 2tTHQ`�Ï½Q /� 7őbB+� /Q
[m�`F iQT +QK K�Bb /2i�H?2b /Q [m2 MmM+�X � T�`iő+mH� 2H2K2Mi�` +QK � K�BQ`
K�bb�- Q [m�`F iQT T�`iB+BT� M�b BMi2`�ÏǤ2b /Q `2;BK2 /2 �Hi� 2M2`;B� /Q JQ/2HQ
S�/`½Q UJSV 2 M�b ?BTQiûiB+�b BMi2`�ÏǤ2b �HûK /Q JS U�JSVX 1H2b /2+�2K b2K
?�/`QMBx�Ï½Q- b2`pBM/Q �bbBK +QKQ mK� bQM/� ȹMB+� M� 7őbB+� /�b BMi2`�ÏǤ2b 7Q`i2bX
SQ`i�MiQ- Q 2bim/Q /Q iQT [m�`F +QMi`B#mB T�`� KmBi�b �`2�b /� 7őbB+� /2 �Hi� 2M2`;B�
2 2bi�#2H2+2 HBKBi2b `B;Q`QbQb T�`� � T2b[mBb� i2Ʀ`B+�X

1bi� i2b2 /Q+mK2Mi� mK� K2/B/� /� b2Ï½Q i`�Mbp2`b�H /2 T`Q/mÏ½Q /Qb T�`2b
/2 iQT [m�`Fb MQ +�M�H tt ! (`⌫`)(⌧h⌫⌧ )bb- 2K [m2 ` û mK 2Hûi`QM Qm mK Km½Q-
[m2 û `2�HBx�/� mb�M/Q mK� �KQbi`� /2 /�/Qb +Q``2bTQM/2Mi2 � mK� HmKBMQbB/�/2
BMi2;`�/� /2 35.9 7#�R +QH2i�/� � p

s = 13h2o T2HQ /2i2+iQ` *Ja MQ �MQ /2 kyReX
� K2/BÏ½Q û `2�HBx�/� MQb /�/Qb /2 �T2M�b mK �MQ /Q _mMk- TQBb i�H û bm}+B2Mi2
T�`� `2/mxB` � BM+2`i2x� 2bi�iőbiB+� � mK Mőp2H /2bT`2x�p2HX 1MpQHp2 2t+HmbBp�K2Mi2
H2TiǤ2b 2 [m�`Fb /2 i2`+2B`� ;2`�Ï½Q [m2- /2pB/Q ¨b bm�b ;`�M/2b K�bb�b- TQ/2K
b2` T�`iB+mH�`K2Mi2 b2Mbőp2Bb ¨b +QMi`B#mBÏǤ2b /Q �JS 2 7Q`M2+2 �+2bbQ � 7őbB+� BM@
i2`2bb�Mi2 /2 �Hi� 2M2`;B� MQ JSX � �M�HBb2 #�b2B�@b2 M�b 72``�K2Mi�b mb�/�b T2HQ
GAS M�b K2/BÏǤ2b 2K d 2 8h2o /2 _mMR- K2H?Q`�M/Q � �#Q`/�;2K /�b T`BM+BT�Bb



Bp

BM+2`i2x�b bBbi2K�iB+�bX amTQM/Q mK� K�bb� /2 [m�`F iQT /2 172.5:2o- � K2/B/�
b2Ï½Q i`�Mbp2`b�H iQi�H �tt(`⌧h) = 781 ± 7 Ubi�iXV ± 62 UbvbiXV ± 20 UHmKXV T# 2bi� /2
�+Q`/Q +QK �b 2tT2i�iBp�b /Q JSX 1bi� û � T`BK2B`� K2/BÏ½Q /� b2Ï½Q i`�Mbp2`@
b�H /� T`Q/mÏ½Q tt 2K +QHBbǤ2b T`Qi½Q@T`Qi½Q 2K p

s = 13h2o [m2 BM+HmB 2tTHB+B@
i�K2Mi2 ⌧ H2TiǤ2b 2 K2H?Q`� � T`2+Bb½Q 2K `2H�Ï½Q /Qb `2bmHi�/Qb 2K d 2 8h2oX
� T`QTQ`Ï½Q /� b2Ï½Q i`�Mbp2`b�H MQ 2bi�/Q }M�H `⌧h T�`� � b2Ï½Q i`�Mbp2`b�H /2
H2p2b /BH2TiǤ2b R`⌧h/`` = 0.973 ± 0.009 Ubi�iXV ± 0.066 UbvbiXV 2 � T`QTQ`Ï½Q /� H�`@
;m`� T�`+B�H T�`� � H�`;m`� iQi�H /Q /2+�BK2MiQ /Q [m�`F iQT �(t ! ⌧⌫⌧b)/�iQi�H =
0.1050± 0.0009 Ubi�iXV ± 0.0071 UbvbiXV i�K#ûK b½Q K2/B/Qb- K2H?Q`�M/Q � T`2+Bb½Q
2K `2H�Ï½Q �Qb `2bmHi�/Qb �Mi2`BQ`2bX � K�BQ` T`2+Bb½Q û �H+�MÏ�/� �i`�pûb /2 mK�
K2H?Q` 2biBK�iBp� /Q 7mM/Q +QK Qb ⌧ H2TiǤ2b BM+Q``2+i�K2Mi2 B/2MiB}+�/QbX

Pb KûiQ/Qb mb�/Qb T�`� 2biBK�` 2bb2 7mM/Q b½Q +mB/�/Qb�K2Mi2 2bim/�/Qb M�
i2b2X P KûiQ/Q 2b+QH?B/Q T�`� � �M�HBb2 `2bi`BM;2 i�MiQ Q 272BiQ /2bb2 7mM/Q M� K2/B/�
/2 b2Ï½Q i`�Mbp2`b�H [m2 /2Bt� /2 b2` mK� +QMi`B#mBÏ½Q /QKBM�Mi2 T�`� � BM+2`i2x�
bBbi2K�iB+� ;2`�HX � K�BQ` BM+2`i2x� `2bi�Mi2 p2K /� B/2MiB}+�Ï½Q /Q /2+�BK2MiQ
/2 mK ⌧ H2Ti½Q 2K ?�/`Ǥ2bX lK� `2/mÏ½Q bB;MB}+�iBp� M2bb� BM+2`i2x� T2`KBiB`B�
T2`b2;mB` Q#D2iBpQb 7őbB+Qb K�Bb �p�MÏ�/Qb M� �M�HBb2X lK� /2bb�b TQbbB#BHB/�/2b û
/2b2MpQHpB/� +QKQ mK i2bi2 /2 mMBp2`b�HB/�/2 /Qb H2TiǤ2b MQb tt +�M�BbX

P T`Q+2bbQ JS t ! (⌧⌫⌧ )b 2MpQHp2 /B`2i�K2Mi2 Q +�M�H W ! ⌧⌫⌧ /Q /2+�BK2MiQ
/Q #QbQM W- [m2 �T`2b2Mi� mK BMi2`2bb2 2K pBbi� û T�`iB+mH�`K2Mi2 BMi2`2bb�Mi2
i2M/Q 2K +QMi� /Qb /2bpBQb Q#b2`p�/Qb M� 7őbB+� /Q [m�`F # 2 Qb `2bmHi�/Qb K�Bb
`2+2Mi2b bQ#`2 � mMBp2`b�HB/�/2 /Qb H2TiǤ2b M2bi2 +�M�HX P /2+�BK2MiQ /Q T�` /Qb
[m�`Fb iQT 7Q`M2+2 mK� 7QMi2 /2 /2+�BK2MiQ /Q #Qb½Q q T�`� H2TiǤ2b- QM/2 � T`Q@
TQ`Ï½Q /�b i�t�b /2 /2+�BK2MiQ /Q #Qb½Q q B(W ! ⌧⌫⌧ )/B(W ! `⌫`) TQ/2 b2`
K2/B/� +QK �Hi� T`2+Bb½Q +QKQ mK i2bi2 /� mMBp2`b�HB/�/2 /Qb H2TiǤ2b MQb #QbǤ2b
qX 1bb� K2/B/� û 72Bi� �T2M�b MQb 2bi�/Qb }M�Bb +QK /2+�BK2MiQ ?�/`ƬMB+Q /Q ⌧ -
TQ`[m2 M½Q û BM~m2M+B�/� T2HQ KQ/2HBx�Ï½Q /Q bBM�HX

Pb T`Q/miQb �/B+BQM�Bb /Qb /2+�BK2MiQb /Qb iQT [m�`Fb �Dm/�K � b2H2+BQM�` mK�
�KQbi`� Tm`� /2 2p2MiQb /2 bBM�HX 1 � bBK2i`B� /Q +�M�H T2`KBi2 � K2/BÏ½Q 2K `2H�Ï½Q
�Q 2bi�/Q }M�H +QK /BH2TiǤ2b H2p2b T�`� `2/mxB` Qb 272BiQb /2 BM+2`i2x�b bBbi2K�iB+�bX
� }K /2 `2/mxB` �b BM+2`i2x�b bBbi2K�iB+�b /2pB/Q ¨ B/2MiB}+�Ï½Q /2 H2Ti½Q ⌧ 2 Qmi`�b
7QMi2b- � K2/BÏ½Q û `2�HBx�/� 2K mK� T`QTQ`Ï½Q /mTH� +QK Qb +�M�Bb .`2HHĜu�M U.uV
[m2 BM+Hm2K H2TiǤ2b ⌧ X .2bi� 7Q`K�- � `2H�Ï½Q 2Mi`2 Qb #QbǤ2b q û K2/B/� 2K `2H�Ï½Q
¨ `2H�Ï½Q 2K .uX SQ`ûK- +QKQ � mMBp2`b�HB/�/2 H2TiQM û +QM}`K�/� +QK �Hi� T`2+Bb½Q
MQ .u- 2H� M½Q BMi`Q/mx mK� BM+2`i2x� �/B+BQM�H M2bb� K2/B/�X

lb�M/Q Qb KûiQ/Qb /2b2MpQHpB/Qb M� �M�HBb2 /2 b2Ï½Q i`�Mbp2`b�H- û `2�HBx�/Q
mK 2bim/Q /2 pB�#BHB/�/2 /Q i2bi2 MQb 2bi�/Qb }M�Bb /2 tt +QK /QBb H2TiǤ2b T�`� �
�KQbi`� /2 /�/Qb +QKTH2i� /Q _mMkX ú `2�HBx�/Q 2K �KQbi`�b /2 /�/Qb bBKmH�/QbX



p

*QM}`K�@b2 [m2 �b `2;BǤ2b /2 +QMi`QH2 +QM+Q`/�K +QK Qb /�/Qb MQ MȹK2`Q /2 2p2MiQb
2bT2`�/Qb 2 MQ 7Q`K�iQ /�b /Bbi`B#mBÏǤ2b /Qb T�`�K2i`Qb [m2 b½Q mb�/Qb M� K2/BÏ½QX

� �M�HBb2 KQbi`� [m2 � T`2+Bb½Q /� K2/BÏ½Q û HBKBi�/� T2H� BM+2`i2x� 2bi�iőbiB+�X
SQ`i�MiQ- +QK /�/Qb bm}+B2Mi2b- � BM+2`i2x� ;2`�H TQ/2 b2` bB;MB}+�iBp�K2Mi2 `2/m@
xB/�X P 2bim/Q KQbi`� mK� TQbbB#BHB/�/2 /2 Q#i2` mK� K2/BÏ½Q +QK � BM+2`i2x�
`2H�iBp� ;2`�H /2 +2`+� /2 jW +QK � �KQbi`� /2 /�/Qb +QKTH2i� /Q _mMkX a2`B� Q
`2bmHi�/Q K2/B/Q 2K /2+�BK2MiQb ?�/`ƦMB+Qb /Qb H2TiǤ2b ⌧ K�Bb T`2+BbQ MmK �+2H2@
`�/Q` /2 ?�/`Ǥ2b 2 mK� +QMi`B#mBÏ½Q bB;MB}+�iBp� T�`� �b K2H?Q`2b K2/BÏǤ2b �im�BbX

6mB Q �miQ` T`BM+BT�H /�b K2/B/�b `2H�+BQM�/�b +QK b2Ï½Q i`�Mbp2`b�H /Q T�`
/2 [m�`F iQT 2 �Q 2bim/Q /2 pB�#BHB/�/2 /Q i2bi2 /2 mMBp2`b�HB/�/2 /2 H2TiǤ2b MQ
/2+�BK2MiQ /Q #Qb½Q WX .m`�Mi2 � `2pBb½Q BMi2`M� /� K2/BÏ½Q /� b2Ï½Q i`�Mbp2`b�H
M� +QH�#Q`�Ï½Q *Ja 2 � `2pBb½Q /� Tm#HB+�Ï½Q- 7mB � T2bbQ� /2 +QMi�iQ T�`� � �M�HBb2
2 Q `2bTQMb�p2H TQ` T`2T�`�` �b `2bTQbi�b ¨b T2`;mMi�b H2p�Mi�/�b 2 � BKTH2K2Mi�Ï½Q
/2 bm;2biǤ2bX

S�H�p`�b@+?�p2, 7őbB+� /2 �Hi� 2M2`;B�- [m�`F iQT- H2Ti½Q i�m- G>*- *JaX
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hQ Kv T�`2Mib- #`Qi?2`- �M/ `2H�iBp2bX



pBB

�+FMQrH2/;2K2Mib
h?2 `2b2�`+? 7Q` i?Bb /Q+iQ`�H i?2bBb r�b +�``B2/ Qmi /m`BM; i?2 v2�`b kyR8Ĝkyky BM
i?2 *QKT�+i JmQM aQH2MQB/ U*JaV 2tT2`BK2Mi �i *1_L �M/ i?2 *Ja ;`QmT Q7
i?2 G�#Q`�iƦ`BQ /2 AMbi`mK2Mi�Ï½Q 2 6őbB+� 1tT2`BK2Mi�H /2 S�`iő+mH�b UGASVX h?2
`2b2�`+? r�b 7mM/2/ #v i?2 6mM/�Ï½Q T�`� � *BāM+B� 2 h2+MQHQ;B� U6*hV i?`Qm;?
i?2 S?. b+?QH�`b?BT S.f".fRRj93NfkyR8 rBi?BM i?2 A.S�a* T`Q;`�KX h`�p2Hb iQ
p�`BQmb b+?QQHb- rQ`Fb?QTb �M/ *1_L r2`2 7mM/2/ #v 6*h �M/ GASX

�``BpBM; iQ i?2 2M/ Q7 i?Bb 7Q`K�iBp2 `Q�/- A �K ;`�i27mH iQ Kv bmT2`pBbQ`b-
S`Q7X CQ½Q o�`2H� �M/ S`Q7X JB+?2H2 :�HHBM�`Q- 7Q` i?2 �/pBb2- 2M+Qm`�;2K2Mi- �M/
`2KBM/2`b Q7 /2�/HBM2bX � bT2+B�H i?�MF vQm 7Q` i?2 QTTQ`imMBiv iQ T�`iB+BT�i2 BM
i?2 T`QiQivT2 rQ`F 7Q` i?2 *h@SSa T`QD2+i- i?�i ?�b #22M � p�Hm�#H2 2tT2`B2M+2 BM
/2i2+iQ` T?vbB+b �M/ /�i� �+[mBbBiBQMX A �K �HbQ ;`�i27mH iQ Qi?2` b2MBQ` K2K#2`b
Q7 i?2 GAS *Ja ;`QmT- BM T�`iB+mH�` .`X S2/`Q aBHp�- .`X LmMQ G2QM�`/Q- �M/ .`X
S2/`�K2 "�`;�bb�- 7Q` K�Mv +QMbmHi�iBQMb- /Bb+mbbBQMb- �M/ bm;;2biBQMbX

h?Bb rQ`F rQmH/ MQi #2 TQbbB#H2 rBi?Qmi �HH i?2 7�Mi�biB+ 2zQ`i Q7 i?2 *Ja
+QHH�#Q`�iBQMX �HH �M�Hvb2b BM i?2 i?2bBb ?�p2 #22M T2`7Q`K2/ QM i?2 +QKTmiBM;
BM7`�bi`m+im`2 T`QpB/2/ #v GAS- *Ja- �M/ *1_LX h?�MF vQm iQ i?2 Ah i2�Kb 7Q`
i?2B` +�`27mH �M/ +QMiBMm�H +QMi`B#miBQMX � bT2+B�H i?�MFb iQ i?2 Ah i2�K �i GASX

A rQmH/ HBF2 iQ i?�MF i?2 K2K#2`b �M/ bimz Q7 i?2 GAS H�#Q`�iQ`v 7Q` i?2 bmTTQ`i
BM T`Q72bbBQM�H �M/ Qi?2` K�ii2`bX �M/ � bT2+B�H i?�MF vQm iQ CQ½Q S2/`Q 7Q` i?2
?2HT BM +QmMiH2bb Bbbm2bX

qBi?Qmi � /Qm#i i?Bb rQ`F rQmH/ #2 Km+? ?�`/2` B7 MQi 7Q` Kv Q{+2 +QHH2�;m2b
�M/ i?2 ;`2�i iBK2 r2 ?�/ iQ;2i?2`X AM T�`iB+mH�` A rQmH/ HBF2 iQ i?�MF SB2i`Q oBb+?B�-
*`BbiQp½Q aBHp�- �M/ "`mMQ :�HBM?�b 7Q` K�Mv /Bb+mbbBQMb QM T?vbB+b �M�HvbBb- �M/
G�`� GHQ`2i 7Q` i?2 2M2`;2iB+ bmTTQ`i BM K�Mv Bbbm2b- HBF2 ;2iiBM; K2 BMiQ *1_LX
h?�MF vQm iQ 62/2`B+Q- .�MB2H2- CQM�i?�M- J�iBH/2- :BH2b- .BQ;Q- �M/ Qm` i2M�+BQmb
K�bi2` bim/2MibX

6BM�HHv- A �K ;`�i27mH iQ Kv T�`2Mib �M/ #`Qi?2` 7Q` �HH i?2 2M+Qm`�;2K2MiX
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*QMi2Mib

�#bi`�+i X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X B
_2bmKQ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X BB
_2bmKQ �H�`;�/Q X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X BBB
.2/B+�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X pB
�+FMQrH2/;2K2Mib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X pBB
*QMi2Mib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Bt
GBbi Q7 h�#H2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X tBBB
GBbi Q7 6B;m`2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X tpBB

R AMi`Q/m+iBQM R

k 1tT2`BK2Mi�H ?B;? 2M2`;v T?vbB+b 8
kXR h?2 bi�M/�`/ KQ/2H Q7 T�`iB+H2 T?vbB+b X X X X X X X X X X X X X X X X X 8
kXk h?2 iQT [m�`F X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e
kXj h?2 i�m H2TiQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3

j 1tT2`BK2Mi�H �TT�`�imb RR
jXR h?2 G�`;2 >�/`QM *QHHB/2` UG>*V X X X X X X X X X X X X X X X X X X X RR
jXk h?2 *QKT�+i JmQM aQH2MQB/ U*JaV /2i2+iQ` X X X X X X X X X X X X X Rk

9 1p2Mi `2+QMbi`m+iBQM Rd
9XR .�i� b�KTH2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R3
9Xk 1p2Mi bBKmH�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ky
9Xj h`B;;2` X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kk
9X9 S`BK�`v p2`i2t X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k8
9X8 G2TiQM `2+QMbi`m+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X k8
9Xe C2ib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k3
9Xd JBbbBM; i`�Mbp2`b2 2M2`;v X X X X X X X X X X X X X X X X X X X X X X X X kN
9X3 >�/`QMB+ ⌧ H2TiQM `2+QMbi`m+iBQM X X X X X X X X X X X X X X X X X X X X kN

Bt



t

9XN *�HB#`�iBQM Q7 i?2 bBKmH�i2/ 2p2Mib X X X X X X X X X X X X X X X X X X X jy

8 h?2 2biBK�iBQM Q7 i?2 #�+F;`QmM/ 7`QK KBbB/2MiB}2/ i�m H2TiQMb j8
8XR .B`2+i K2�bm`2K2Mi Q7 i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiv X X X X X X je

8XRXR 1p2Mi b2H2+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X j3
8XRXk 1biBK�iBQM Q7 i?2 KBbB/2MiB}2/ ⌧h #�+F;`QmM/ X X X X X X X X X jN
8XRXj h?2 bvbi2K�iB+ mM+2`i�BMiv BM i?2 +`Qbb b2+iBQM K2�bm`2K2Mi X 9e
8XRX9 .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 93

8Xk h?2 7�F2 7�+iQ` �M/ b?�T2 }i K2i?Q/b X X X X X X X X X X X X X X X X X 9N

e h?2 K2�bm`2K2Mib BM i?2 iQT [m�`F T�B` /BH2TiQM }M�H bi�i2b +QM@
i�BMBM; � i�m H2TiQM 8j
eXR �M�HvbBb bi`�i2;v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 89
eXk 1p2Mi a2H2+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 88
eXj "�+F;`QmM/ 2biBK�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X 8d

eXjXR .`2HH@u�M X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8d
eXjXk qYD2ib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ey
eXjXj .�i�@/`Bp2M Z*. KmHiBD2i X X X X X X X X X X X X X X X X X X X X ek
eXjX9 aBM;H2 iQT [m�`F �M/ /B#QbQMb X X X X X X X X X X X X X X X X X X dj
eXjX8 h?2 KBbB/2MiB}2/ ⌧h #�+F;`QmM/ X X X X X X X X X X X X X X X X dj

eX9 1p2Mi vB2H/b �M/ +QMi`QH /Bbi`B#miBQMb X X X X X X X X X X X X X X X X X X dd
eX8 avbi2K�iB+ lM+2`i�BMiB2b X X X X X X X X X X X X X X X X X X X X X X X X X dd
eXe 6BiiBM; T`Q+2/m`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ny
eXd _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X N9

eXdXR *`Qbb b2+iBQM BM i?2 }/m+B�H T?�b2 bT�+2 X X X X X X X X X X X X N9
eXdXk *`Qbb b2+iBQM BM i?2 7mHH T?�b2 bT�+2 X X X X X X X X X X X X X X N3
eXdXj _�iBQ iQ i?2 /BH2TiQM +`Qbb b2+iBQM �M/ T�`iB�H rB/i? X X X X X Ry8

eX3 amKK�`v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryd

d h?2 H2TiQM mMBp2`b�HBiv i2bi BM iQT [m�`F T�B` 2p2Mib RyN
dXR ai`�i2;v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRy
dXk P#D2+i .2}MBiBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRk

dXkXR h?2 b2+QM/�`v p2`i2t `2+QMbi`m+iBQM X X X X X X X X X X X X X X RRj
dXj 1p2Mi b2H2+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR8
dX9 avbi2K�iB+ mM+2`i�BMiB2b X X X X X X X X X X X X X X X X X X X X X X X X X RRN
dX8 6Bi Q7 i?2 /Qm#H2 `�iBQ X X X X X X X X X X X X X X X X X X X X X X X X X X RkR
dXe _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rk8
dXd .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjR
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3 amKK�`v Rj8

"B#HBQ;`�T?v Rjd
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GBbi Q7 h�#H2b

kXR h?2 i?`22 +H�bb2b Q7 i?2 iQT [m�`F T�B` /2+�v }M�H bi�i2bX X X X X X X X d
kXk h?2 /2+�vb Q7 i?2 i�m H2TiQM �M/ i?2B` #`�M+?BM; 7`�+iBQMbX h?2 bvK@

#QHb h
� �M/ h

0 bB;MB7v +?�`;2/ �M/ M2mi`�H ?�/`QMbX X X X X X X X X X X N
kXj h?2 HB72iBK2 Q7 i?2 ⌧ H2TiQM +QKT�`2/ iQ . �M/ " K2bQMbX X X X X X X N

9XR h?2 /�i�b2ib 7`QK i?2 kyRe b�KTH2 i?�i �`2 mb2/ BM i?Bb i?2bBbX X X X RN
9Xk h?2 K�BM +?�`�+i2`BbiB+b Q7 i?2 bBKmH�i2/ JQMi2@*�`HQ /�i�b2ib i?�i

�`2 mb2/ BM i?2 �M�HvbBb, i?2 ;2M2`�iQ`- i?2 bBKmH�iBQM �++m`�+v- �M/
i?2 +`Qbb b2+iBQM Q7 i?2 ?�`/ T`Q+2bbX h?2 T�`iQM b?Qr2`BM; Bb T2`@
7Q`K2/ rBi? Tvi?B� Up3XkV (R) BM �HH T`Q+2bb2bX X X X X X X X X X X X X X kk

9Xj h?2 JQMi2@*�`HQ bBKmH�i2/ /�i�b2ib i?�i �`2 mb2/ BM i?Bb i?2bBbX X X kj
9X9 �//BiBQM�H JQMi2@*�`HQ /�i�b2ib i?�i +QMi�BM bQK2 Q7 i?2 T�`iQM

b?Qr2`BM; mM+2`i�BMiB2b BM i?2 tt KQ/2HHBM;- �M/ i?2 WYD2ib �M/ i?2
KmHiBD2i Z*. /�i�b2ib 7Q` +`Qbb@+?2+F bim/B2bX h?2 WYD2ib /�i�b2i Bb
;2M2`�i2/ �i LGP �++m`�+v rBi? K+!MHQX Ai Bb mb2/ iQ p�HB/�i2 i?2
b?�T2b Q7 i?2 /Bbi`B#miBQMb Q#i�BM2/ BM i?2 GP /�i�b2i Q7 i?2 WYD2ib
2p2MibX h?2 KmHiBD2i Z*. J* /�i�b2ib �`2 mb2/ 7Q` p�HB/�iBQM Q7
i?2 /�i�@/`Bp2M K2i?Q/ iQ 2biBK�i2 i?2 +QMi`B#miBQM 7`QK i?Bb #�+F@
;`QmM/ T`Q+2bbX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k9

9X8 >Gh i`B;;2` T�i?b mb2/ BM i?2 �M�Hvb2bX X X X X X X X X X X X X X X X X X k8
9Xe .QKBM�Mi ?�/`QMB+ /2+�vb Q7 i?2 ⌧ H2TiQMX X X X X X X X X X X X X X X X kN

8XR h?2 2tT2+i2/ �M/ Q#b2`p2/ MmK#2`b Q7 2p2Mib 7Q` i?2 bB;M�H �M/ i?2
#�+F;`QmM/b �i /Bz2`2Mi b2H2+iBQM bi�;2b Q7 i?2 e⌧h }M�H bi�i2 7Q` �M
BMi2;`�i2/ HmKBMQbBiv Q7 35.9 7#�RX X X X X X X X X X X X X X X X X X X X jN

8Xk h?2 2tT2+i2/ �M/ Q#b2`p2/ MmK#2`b Q7 2p2Mib 7Q` i?2 bB;M�H �M/ i?2
#�+F;`QmM/b �i /Bz2`2Mi b2H2+iBQM bi�;2b Q7 i?2 µ⌧h }M�H bi�i2 7Q` �M
BMi2;`�i2/ HmKBMQbBiv Q7 35.9 7#�RX X X X X X X X X X X X X X X X X X X X 9k
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8Xj 6`�+iBQMb Q7 D2i ~�pQm`b BM i?2 +QMi`QH b�KTH2b �M/ BM i?2 tt T`2@
b2H2+iBQMX o�Hm2b �`2 i�F2M 7`QK i?2 bBKmH�iBQMX X X X X X X X X X X X X 9e

8X9 h?2 r2B;?ib Q7 i?2 +QMi`QH `2;BQMb BM i?2 +�H+mH�iBQM Q7 i?2 r2B;?i2/
KBbB/2MiB}+�iBQM T`Q#�#BHBiv 7Q` i?2 r2B;?i2/ �p2`�;2- �b /2i2`KBM2/
#v }tBM; i?2 D2i +QKTQbBiBQM Q7 i?2 �p2`�;2 iQ i?2 T`2@b2H2+iBQMX X X X 9e

8X8 q2B;?ib 7Q` i?2 K2�bm`2/ ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b �M/ i?2
2biBK�iBQM Q7 i?2 KBbB/2MiB}2/ #�+F;`QmM/ BM i?2 tt b2H2+iBQMX h?2
+QHmKMb ǳ1biBK�iBQMǴ HBbi i?2 MmK#2` Q7 2p2Mib rBi? KBbB/2MiB}2/ ⌧h

2biBK�i2/ rBi? i?2 K2�bm`2/ KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b �M/ i?2B`
r2B;?i2/ �p2`�;2 +�H+mH�i2/ rBi? i?2 +Q2{+B2Mib 7`QK i?2 +QHmKMb
ǳq2B;?iǴX h?2 +Q2{+B2Mib �/Dmbi i?2 D2i +QKTQbBiBQMb BM i?2 �p2`�;2b
iQ i?2 tt T`2@b2H2+iBQMbX h?2 ;2MmBM2 ⌧ +QMi`B#miBQMb �`2 Q#i�BM2/
7`QK i?2 bBKmH�iBQMX h?2 H�bi `Qr ;Bp2b i?2 2biBK�iBQM BM i?2 }M�H
b2H2+iBQM �7i2` i?2 �TTHB+�iBQM Q7 i?2 QTTQbBi2 +?�`;2 `2[mB`2K2Mi ✏OC

2{+B2M+vX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9d

eXR *QKTQbBiBQM Q7 i?2 .u /BH2TiQM +QMi`QH `2;BQMX PMHv bi�iBbiB+�H mM@
+2`i�BMiB2b �`2 BM+Hm/2/X X X X X X X X X X X X X X X X X X X X X X X X X X 83

eXk *QKTQbBiBQM Q7 i?2 DY ! ⌧`⌧h +QMi`QH `2;BQMX h?2 2p2Mi vB2H/b Q7 J*
Z*. �`2 ;Bp2M 7Q` `272`2M+2 BM T�`2Mi?2b2bX h?2 J* Z*. 2t?B#Bib �
H�`;2 bi�iBbiB+�H mM+2`i�BMiv- i?2`27Q`2 Bi Bb MQi mb2/ BM i?2 };m`2b 7Q`
i?Bb +QMi`QH `2;BQMX h?2 bi�iBbiB+�H mM+2`i�BMiB2b �`2 ;Bp2MX X X X X X X ey

eXj *QKTQbBiBQM Q7 i?2 2p2Mib BM i?2 qYD2ib +QMi`QH `2;BQMb rBi? i?2
2H2+i`QM �M/ i?2 KmQM }M�H bi�i2bX 1p2Mi vB2H/b 7Q` �HH T`Q+2bb2b-
BM+Hm/BM; Z*.- �`2 2biBK�i2/ 7`QK J*X PMHv bi�iBbiB+�H mM+2`i�BMiB2b
�`2 ;Bp2MX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ek

eX9 1p2Mi vB2H/b 7Q` i?2 K2�bm`2K2Mi Q7 i?2 fOC/SC `�iBQ #2ir22M i?2 P*
�M/ a* +QMi`B#miBQMb Q7 i?2 KmHiBD2i Z*. #�+F;`QmM/X X X X X X X X dy

eX8 *QKTQbBiBQM Q7 i?2 e
±
µ
⌥ +QMi`QH `2;BQMX h?2 bi�iBbiB+�H mM+2`i�BMiB2b

�`2 ;Bp2MX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dj
eXe 1tT2+i2/ �M/ Q#b2`p2/ 2p2Mi vB2H/b BM i?2 e⌧h }M�H bi�i2X h?2 bB;M�H

�M/ aJ #�+F;`QmM/ T`Q+2bb2b �`2 ;Bp2M 7Q` �M BMi2;`�i2/ HmKBMQbBiv
Q7 35.9 7#�RX ai�iBbiB+�H mM+2`i�BMiB2b �`2 b?QrMX X X X X X X X X X X X 3y

eXd 1tT2+i2/ �M/ Q#b2`p2/ 2p2Mi vB2H/b BM i?2 µ⌧h }M�H bi�i2X h?2 bB;M�H
�M/ aJ #�+F;`QmM/ T`Q+2bb2b �`2 ;Bp2M 7Q` �M BMi2;`�i2/ HmKBMQbBiv
Q7 35.9 7#�RX ai�iBbiB+�H mM+2`i�BMiB2b �`2 b?QrMX X X X X X X X X X X X 3R



tp

eX3 h?2 MmBb�M+2 T�`�K2i2`b Q7 i?2 SG_ }i +Q``2bTQM/BM; iQ i?2 bvbi2K@
�iB+ mM+2`i�BMiB2b UBM WVX *QHmKM ǳivT2Ǵ b?Qrb i?2 i`2�iK2Mi Q7 i?2
T�`�K2i2`, `�i2- b?�T2- T`BQ` T`Q#�#BHBiv /Bbi`B#miBQM 7mM+iBQM UlnN
7Q` HQ;@MQ`K�H /Bbi`B#miBQMVX *QHmKM ǳ`�M;2Ǵ HBbib i?2 R@bB;K� /2pB�@
iBQM 7Q` i?2 ǳ`�i2Ǵ T�`�K2i2`b- i?2 ǳb?�T2Ǵ T�`�K2i2`b �`2 p�`B2/ rBi?
i?2B` `2+QKK2M/2/ 1� /2pB�iBQM BM 2�+? 2p2MiX h?2 ⌧ KBbB/2MiB}+�@
iBQM T`Q#�#BHBiB2b BM i?2 Z*. �M/ qYD2ib T`Q+2bb2b �`2 BM+Hm/2/ BM
i?2 MQ`K�HBx�iBQM mM+2`i�BMiB2bX 6Q` i?2 bBKmHi�M2Qmb }i Q7 irQ }M�H
bi�i2b �HH MmBb�M+2b T�`�K2i2`b �`2 +Q``2H�i2/- 2t+2Ti i?2 T�`�K2i2`b
r?B+? +Q``2bTQM/ iQ i?2 H2TiQM Q#D2+i BM i?2 2p2Mib, i?2 2{+B2M+B2b
Q7 H2TiQM B/2MiB}+�iBQM �M/ i`B;;2` UǳG2TiQM A.Ǵ �M/ ǳh`B;;2`ǴVX X X Nj

eXN avbi2K�iB+ �M/ bi�iBbiB+�H mM+2`i�BMiB2b /2i2`KBM2/ 7`QK i?2 }i iQ i?2
/�i� BM i?2 e⌧h �M/ µ⌧h }M�H bi�i2b- �M/ i?2B` +QK#BM�iBQMX lM+2`@
i�BMiB2b �`2 ;`QmT2/ #v i?2B` Q`B;BM, 2tT2`BK2Mi�H- i?2Q`2iB+�H- MQ`@
K�HBx�iBQM- �M/ 2ti`�TQH�iBQMX h?2 mM+2`i�BMiB2b BM i?2 K2�bm`2K2Mi
BM i?2 /BH2TiQM }M�H bi�i2 (k) mb2/ BM i?2 T�`iB�H rB/i? `�iBQ 2biBK�i2
�`2 �HbQ [mQi2/ U+QHmKM ǳ.BH2TiQMbǴV- r?2`2 i?2 �bvKK2i`B+ 2ti`�T@
QH�iBQM mM+2`i�BMiB2b �`2 bvKK2i`Bx2/ #v �//BM; i?2K BM [m�/`�im`2X
�b #Qi? K2�bm`2K2Mib mb2 i?2 b�K2 /�i�- bQK2 mM+2`i�BMiB2b BM i?2
`⌧h �M/ HB;?i /BH2TiQM }M�H bi�i2b �`2 +Q``2H�i2/- �b b?QrM BM i?2 H�bi
+QHmKMX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryk

eXRy h?2 T@p�Hm2b Q7 i?2 ;QQ/M2bb Q7 }i i2bib BM i?2 b2T�`�i2 +?�MM2Hb
�M/ BM i?2 bBKmHi�M2Qmb }iX h?`22 i2bib b?Qr +QKT�`�#H2 `2bmHib,
EQHKQ;Q`Qp@aKB`MQp- �M/2`bQM@.�`HBM; �M/ i?2 b�im`�i2/ KQ/2HX X X Ry8

dXR 1tT2+i2/ 2p2Mi vB2H/b BM i?2 }M�H bi�i2b mb2/ 7Q` i?2 /Qm#H2 `�iBQX
h?2 bB;M�H �M/ aJ #�+F;`QmM/ T`Q+2bb2b �`2 ;Bp2M 7Q` �M BMi2;`�i2/
HmKBMQbBiv Q7 35.9 7#�RX *Q``2+iHv �bbB;M2/ 2p2Mib �`2 /2bB;M�i2/ �b
ǳ;2MmBM2ǴX ai�iBbiB+�H mM+2`i�BMiB2b �`2 b?QrMX X X X X X X X X X X X X RR3



tpB



GBbi Q7 6B;m`2b

RXR 62vMK�M /B�;`�K Q7 i?2 tt T`Q/m+iBQM rBi? i?2 aJ /2+�v BMiQ i?2
/BH2TiQM }M�H bi�i2 i?�i BM+Hm/2b � ⌧ H2TiQMX X X X X X X X X X X X X X X k

jXR h?2 K�T Q7 i?2 *1_L G>* bBi2 �i :2M2p� UH27iV- �M/ i?2 b+?2K2 Q7
i?2 �++2H2`�iQ` rBi? i?2 7Qm` K�BM /2i2+iQ`b �M/ BMi2`�+iBQM TQBMib
U`B;?iVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rk

jXk � b+?2K�iB+ `2T`2b2Mi�iBQM Q7 i?2 *Ja /2i2+iQ` �M/ K�BM bm#/2i2+iQ`
bvbi2KbX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rj

jXj � HQ;Bim/BM�H `2T`2b2Mi�iBQM Q7 i?2 *Ja /2i2+iQ` b?QrBM; i?2 TQbBiBQM
Q7 i?2 bm#/2i2+iQ`b BM i?2 ⌘ TH�M2 rBi? i?2 KmQM /2i2+iQ`b ?B;?HB;?i2/X R9

8XR 62vMK�M /B�;`�K Q7 i?2 tt /2+�v BMiQ i?2 H2TiQMYD2ib Ub2KBH2TiQMB+V
}M�H bi�i2X h?Bb Bb i?2 K�BM #�+F;`QmM/ T`Q+2bb r?2M2p2` � D2i Bb
KBbB/2MiB}2/ �b � ⌧hX Ai +QMi`B#mi2b �#Qmi 3yW Q7 �HH #�+F;`QmM/
2p2Mib iQ � ivTB+�H 2p2Mi b2H2+iBQMX X X X X X X X X X X X X X X X X X X X X je

8Xk hvTB+�H /Bbi`B#miBQMb Q7 i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiv T2` ⌘ Q7
i?2 ⌧h +�M/B/�i2- �b K2�bm`2/ BM i?`22 /Bz2`2Mi 2p2Mi b2H2+iBQMb BM i?2
7QHHQrBM; �M�HvbBbX h?2 eµYD2ib b2H2+iBQM Bb 2M`B+?2/ BM tt ! e⌫eµ⌫µbb

2p2MibX h?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiv /Bbi`B#miBQMb K2�bm`2/ BM
i?Bb +?�MM2H r2`2 mb2/ BM i?2 _27X (j)- �b QM2 Q7 Kv b2`pB+2 i�bFb BM
i?2 *Ja +QHH�#Q`�iBQMX X X X X X X X X X X X X X X X X X X X X X X X X X jd

8Xj J�BM /Bbi`B#miBQMb BM i?2 e⌧h T`2@b2H2+i2/ 2p2MibX h?2 KmHiBD2i Z*.
+QMi`B#miBQM Bb i�F2M 7`QK bBKmH�iBQM �M/ 2t?B#Bib H�`;2 bi�iBbiB+�H
~m+im�iBQMbX PMHv bi�iBbiB+�H mM+2`i�BMiB2b �`2 b?QrMX X X X X X X X X 9y

8X9 J�BM /Bbi`B#miBQMb BM i?2 µ⌧h T`2@b2H2+i2/ 2p2MibX h?2 KmHiBD2i Z*.
+QMi`B#miBQM Bb i�F2M 7`QK bBKmH�iBQM �M/ 2t?B#Bib bB;MB}+�Mi bi�iBb@
iB+�H ~m+im�iBQMbX PMHv bi�iBbiB+�H mM+2`i�BMiB2b �`2 b?QrMX X X X X X 9R

8X8 JBbB/2MiB}+�iBQM T`Q#�#BHBiB2b �b 7mM+iBQMb Q7 i?2 D2i p�`B�#H2b UpT- ⌘-
rjetV K2�bm`2/ BM i?2 +QMi`QH b�KTH2bX X X X X X X X X X X X X X X X X X X 99
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8Xe 6�F2 7�+iQ`b K2�bm`2/ BM i?2 KmHiBD2i Z*. �M/ qYD2ib b2H2+iBQMbX X 8y

eXR h?2 ⌧h pT /Bbi`B#miBQMb 7Q` 2p2Mib Q7 i?2 e⌧h UH27iV �M/ µ⌧h U`B;?iV }@
M�H bi�i2b Q#b2`p2/ T`BQ` iQ }iiBM;X .Bbi`B#miBQMb Q#i�BM2/ 7`QK /�i�
U}HH2/ +B`+H2bV �`2 +QKT�`2/ rBi? bBKmH�iBQM Ub?�/2/ ?BbiQ;`�KbVX h?2
H�bi #BM BM+Hm/2b Qp2`~Qr 2p2MibX h?2 bBKmH�i2/ +QMi`B#miBQMb �`2
MQ`K�HBx2/ iQ i?2 +`Qbb b2+iBQM p�Hm2b T`2/B+i2/ BM i?2 aJX h?2 K�BM
T`Q+2bb2b �`2 b?QrM, i?2 bB;M�H- i?2 Qi?2` tt T`Q+2bb2b ;`QmT2/ iQ@
;2i?2`- bBM;H2 iQT [m�`F T`Q/m+iBQM- WYD2ib- .u T`Q+2bb2b- /B#QbQM-
�M/ KmHiBD2i T`Q/m+iBQMX h?2 `�iBQ Q7 i?2 /�i� iQ i?2 iQi�H aJ T`2@
/B+iBQM Bb b?QrM BM i?2 HQr2` T�M2HX h?2 ?�i+?2/ #�M/b BM/B+�i2 i?2
bvbi2K�iB+ mM+2`i�BMiB2b �M/ i?2 bi�iBbiB+�H mM+2`i�BMiB2b Q7 �HH bBK@
mH�i2/ b�KTH2bX ai�iBbiB+�H mM+2`i�BMiB2b QM i?2 /�i� TQBMib �`2 MQi
pBbB#H2 #2+�mb2 Q7 i?2 b+�H2 Q7 i?2 };m`2X X X X X X X X X X X X X X X X X 8e

eXk .Bbi`B#miBQMb Q7 i?2 H2�/BM; H2TiQM pT �M/ i?2 i`�Mbp2`b2 K�bb Q7
i?2 H2�/BM; H2TiQM �M/ p

KBbb
T

bvbi2K BM i?2 /BH2TiQM DYYD2ib +QMi`QH
`2;BQMb, i?2 e

�
e
+ QM i?2 H27i- i?2 µ

�
µ
+ Bb QM i?2 `B;?iX h?2 ?�i+?2/

#�M/ BM+Hm/2b bi�iBbiB+�H mM+2`i�BMiB2bX X X X X X X X X X X X X X X X X X 8N
eXj .Bbi`B#miBQMb Q7 i?2 H2TiQM pT �M/ i?2 i�m pT BM i?2 DY ! ⌧`⌧h

+QMi`QH `2;BQM T`2@b2H2+iBQM UiQTV �M/ 7mHH b2H2+iBQM U#QiiQKV, i?2 µ⌧h

b2H2+iBQM Bb QM i?2 H27i- i?2 e⌧h Bb QM i?2 `B;?iX h?2 mM+2`i�BMiv #�M/
BM+Hm/2b bi�iBbiB+�H mM+2`i�BMiB2bX X X X X X X X X X X X X X X X X X X X X eR

eX9 .Bbi`B#miBQMb Q7 i?2 H2TiQM pT UH27iV �M/ i?2 i`�Mbp2`b2 K�bb mT

Q7 i?2 H2TiQM �M/ p
KBbb
T

bvbi2K U`B;?iV BM i?2 qYD2i +QMi`QH `2;BQM
rBi? � KmQM BM i?2 }M�H bi�i2X h?2 Z*. KmHiBD2i +QMi`B#miBQM Bb
i�F2M 7`QK i?2 bBKmH�iBQM- HBF2 Qi?2` T`Q+2bb2bX h?2 ?�i+?2/ #�M/
BM+Hm/2b i?2 bi�iBbiB+�H mM+2`i�BMiv- H2TiQM B/2MiB}+�iBQM- # i�;;BM;-
TBH2mT `2r2B;?iBM; �M/ HmKBMQbBivX X X X X X X X X X X X X X X X X X X X X ej

eX8 .Bbi`B#miBQMb Q7 i?2 H2TiQM pT UH27iV �M/ i?2 i`�Mbp2`b2 K�bb mT Q7
i?2 H2TiQM �M/ p

KBbb
T

bvbi2K U`B;?iV BM i?2 qYD2i +QMi`QH `2;BQM rBi?
�M 2H2+i`QM BM i?2 }M�H bi�i2X h?2 Z*. KmHiBD2i +QMi`B#miBQM Bb
i�F2M 7`QK i?2 bBKmH�iBQM- HBF2 Qi?2` T`Q+2bb2bX h?2 ?�i+?2/ #�M/
BM+Hm/2b i?2 bi�iBbiB+�H mM+2`i�BMiv- H2TiQM B/2MiB}+�iBQM- # i�;;BM;-
TBH2mT `2r2B;?iBM; �M/ HmKBMQbBivX X X X X X X X X X X X X X X X X X X X X e9

eXe *QKT�`BbQM #2ir22M i?2 /Bbi`B#miBQMb Q7 i?2 H2TiQM pT �M/ i?2 i`�Mb@
p2`b2 K�bb mT BM i?2 qYD2ib 2p2Mib bBKmH�i2/ �i GP UiQTV �M/ LGP
U#QiiQKV �++m`�+vX h?2 Z*. KmHiBD2i +QMi`B#miBQM Bb i�F2M 7`QK i?2
bBKmH�iBQM- HBF2 Qi?2` T`Q+2bb2bX X X X X X X X X X X X X X X X X X X X X e8



tBt

eXd h?2 /B�;`�K Q7 i?2 ǳ�"*.Ǵ K2i?Q/ iQ 2biBK�i2 i?2 b?�T2 �M/ i?2
MQ`K�HBx�iBQM Q7 i?2 KmHiBD2i Z*. #�+F;`QmM/ 7`QK /�i�X X X X X X X ee

eX3 *QKT�`BbQM Q7 i?2 mT /Bbi`B#miBQMb BM P* �M/ a* b2H2+iBQMb BM i?2
J* Z*., i?2 T`2@b2H2+iBQM UiQTV �M/ i?2 qYD2ib +QMi`QH `2;BQM U#Qi@
iQKV- i?2 e⌧h UH27iV �M/ µ⌧h U`B;?iV +?�MM2HbX h?2 u �tBb b?Qrb �`@
#Bi`�`v mMBib Q7 2p2Mi vB2H/ MQ`K�HBx�iBQMX h?2 2``Q` #�`b `2T`2b2Mi
bi�iBbiB+�H mM+2`i�BMiB2b BM i?2 J* /�i�b2ibX X X X X X X X X X X X X X X ed

eXN *QKT�`BbQM Q7 i?2 mT /Bbi`B#miBQMb BM P* �M/ a* b2H2+iBQMb BM i?2
/�i�@/`Bp2M 2biBK�iBQM Q7 i?2 KmHiBD2i Z*. Ui?2 /Bz2`2M+2 #2ir22M
i?2 Q#b2`p2/ /�i� �M/ i?2 MQM@Z*. T`Q+2bb2b i�F2M 7`QK J*V, i?2
T`2@b2H2+iBQM UiQTV �M/ i?2 qYD2i +QMi`QH `2;BQM U#QiiQKV- i?2 e⌧h

UH27iV �M/ µ⌧h U`B;?iV +?�MM2HbX h?2 u �tBb b?Qrb �`#Bi`�`v mMBib Q7
2p2Mi vB2H/ MQ`K�HBx�iBQMX h?2 2``Q` #�`b `2T`2b2Mi bi�iBbiB+�H mM+2`@
i�BMiB2b BM i?2 J* /�i�b2ibX X X X X X X X X X X X X X X X X X X X X X X e3

eXRy .Bbi`B#miBQMb Q7 i?2 P*fa* 7�+iQ` 7QmM/ 7Q` /Bz2`2Mi `2H�iBp2 BbQH�iBQM
`2[mB`2K2Mib BM i?2 e⌧h UH27iV �M/ µ⌧h U`B;?iV T`2@b2H2+iBQMbX PMHv
bi�iBbiB+�H mM+2`i�BMiB2b �`2 b?QrMX X X X X X X X X X X X X X X X X X X X eN

eXRR .Bbi`B#miBQMb Q7 i?2 P*fa* 7�+iQ` 7QmM/ BM i?2 J* Z*. 7Q` /Bz2`2Mi
`2H�iBp2 BbQH�iBQM `2[mB`2K2Mib BM i?2 e⌧h UH27iV �M/ µ⌧h U`B;?iV T`2@
b2H2+iBQMbX PMHv bi�iBbiB+�H mM+2`i�BMiB2b �`2 b?QrMX X X X X X X X X X X dy

eXRk .Bbi`B#miBQMb Q7 i?2 KmQM pT UiQTV- pKBbb
T

UKB//H2V �M/ mT U#QiiQKV
BM i?2 qYD2ib +QMi`QH `2;BQMX AM i?2 };m`2b QM i?2 H27i i?2 Z*.
+QMi`B#miBQM Bb i�F2M 7`QK i?2 bBKmH�iBQM- r?BH2 QM i?2 `B;?i Bi Bb
Q#i�BM2/ rBi? i?2 /�i�@/`Bp2M K2i?Q/X X X X X X X X X X X X X X X X X dR

eXRj .Bbi`B#miBQMb Q7 KmQM pT UiQTV- pKBbb
T

UKB//H2V �M/ mT U#QiiQKV BM
i?2 µ⌧h T`2@b2H2+iBQMX AM i?2 };m`2b QM i?2 H27i i?2 Z*. +QMi`B#miBQM
Bb i�F2M 7`QK i?2 bBKmH�iBQM- r?BH2 QM i?2 `B;?i Bb Q#i�BM2/ rBi? i?2
/�i�@/`Bp2M K2i?Q/X X X X X X X X X X X X X X X X X X X X X X X X X X X X dk

eXR9 .Bbi`B#miBQMb Q7 i?2 H2�/BM; H2TiQM pT- p
KBbb
T

- �M/ mT BM i?2 e
±
µ
⌥

+QMi`QH `2;BQMX PMHv bi�iBbiB+�H mM+2`i�BMiB2b �`2 b?QrMX X X X X X X X X d9
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mM+2`i�BMiv Bb 2biBK�i2/ #v }tBM; i?2 MmBb�M+2 T�`�K2i2`b i?�i 2M+Q/2
bvbi2K�iB+ mM+2`i�BMiB2b iQ i?2B` TQbi@}i p�Hm2bX h?2 +�M+2HH�iBQM Q7
i?2 bvbi2K�iB+ mM+2`i�BMiB2b Bb HBKBi2/ #v i?2 bi�iBbiB+�H ~m+im�iBQMbX Rke

dXRy 1tT2+i2/ BKT�+ib Q7 MmBb�M+2 T�`�K2i2`b QM i?2 bB;M�H bi`2M;i? BM i?2
/Qm#H2 `�iBQ }iX h?2 }i Bb T2`7Q`K2/ BM bBKmH�i2/ iQv /Bbi`B#miBQMb-
rBi? i?2 2tT2+i2/ 2p2Mi vB2H/b MQ`K�HBx2/ iQ � HmKBMQbBiv Q7 35.9 7#�RX Rkd



ttBp

dXRR a+�M Q7 i?2 2tT2+i2/ T`Q}H2 HBF2HB?QQ/ `�iBQ BM i?2 /Qm#H2 `�iBQ }iX
h?2 }i Bb T2`7Q`K2/ BM bBKmH�i2/ iQv /Bbi`B#miBQMb- rBi? i?2 2tT2+i2/
2p2Mi vB2H/b MQ`K�HBx2/ iQ � HmKBMQbBiv Q7 145 7#�RX h?2 bi�iBbiB+�H
mM+2`i�BMiv Bb b?QrM #v }tBM; i?2 MmBb�M+2 T�`�K2i2`b i?�i 2M+Q/2
bvbi2K�iB+ mM+2`i�BMiB2b iQ i?2B` TQbi@}i p�Hm2bX h?2 +�M+2HH�iBQM Q7
i?2 bvbi2K�iB+ mM+2`i�BMiB2b Bb HBKBi2/ #v i?2 bi�iBbiB+�H ~m+im�iBQMbX Rk3

dXRk 1tT2+i2/ BKT�+ib Q7 MmBb�M+2 T�`�K2i2`b QM i?2 bB;M�H bi`2M;i? BM i?2
/Qm#H2 `�iBQ }iX h?2 }i Bb T2`7Q`K2/ BM bBKmH�i2/ iQv /Bbi`B#miBQMb-
rBi? i?2 2tT2+i2/ 2p2Mi vB2H/b MQ`K�HBx2/ iQ � HmKBMQbBiv Q7 145 7#�RX RkN

dXRj a+�M Q7 i?2 2tT2+i2/ T`Q}H2 HBF2HB?QQ/ `�iBQ BM i?2 /Qm#H2 `�iBQ }iX
h?2 }i Bb T2`7Q`K2/ BM bBKmH�i2/ iQv /Bbi`B#miBQMb- rBi? i?2 2tT2+i2/
2p2Mi vB2H/b MQ`K�HBx2/ iQ � HmKBMQbBiv Q7 1000 7#�RX h?2 bi�iBbiB+�H
mM+2`i�BMiv Bb b?QrM #v }tBM; i?2 MmBb�M+2 T�`�K2i2`b i?�i 2M+Q/2
bvbi2K�iB+ mM+2`i�BMiB2b iQ i?2B` TQbi@}i p�Hm2bX h?2 bK�HH bi�iBbiB+�H
~m+im�iBQMb �HHQr i?2 bvbi2K�iB+ mM+2`i�BMiB2b iQ +�M+2H Qmi BM i?2
/Qm#H2 `�iBQX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rjy

dXR9 amKK�`v Q7 i?2 2tT2+i2/ `2H�iBp2 mM+2`i�BMiB2b BM /Qm#H2 `�iBQ K2�@
bm`2K2Mib �i /Bz2`2Mi HmKBMQbBiB2b, 35.9 7#�R- 145 7#�R- �M/ 1000 7#�RX
h?2 Qp2`�HH mM+2`i�BMiv Bb b?QrM #v i?2 i?B+F `2/ HBM2- i?2 bvbi2K�iB+
+QKTQM2Mi Bb i?2 i?BM #H�+F HBM2- i?2 bi�iBbiB+�H ~m+im�iBQMb �`2 b?QrM
#v i?2 /�b?2/ #H�+F HBM2X X X X X X X X X X X X X X X X X X X X X X X X X RjR



*?�Ti2` R

AMi`Q/m+iBQM

h?2 ?B;? 2M2`;v �M/ HmKBMQbBiv Q7 i?2 T`QiQM@T`QiQM UTTV +QHHBbBQMb �i i?2 G�`;2
>�/`QM *QHHB/2` UG>*V T`QpB/2 7Q` i?2 }`bi iBK2 �++2bb iQ � H�`;2 MmK#2` Q7 2p2Mib
rBi? iQT [m�`FbX h?2 iQT [m�`F K�bb Q7 �TT`QtBK�i2Hv 172.5:2o K�F2b Bi i?2
?2�pB2bi T�`iB+H2 BM i?2 bi�M/�`/ KQ/2H UaJV �M/ i?2 QMHv [m�`F i?�i /2+�vb #27Q`2
Bi +QmH/ ?�/`QMBx2X h?2 BMi2`�+iBQMb rBi? i?2 iQT [m�`Fb i?2`27Q`2 ;Bp2 �++2bb iQ i?2
ǳ#�`2@[m�`FǴ T?vbB+b- �M/ �HHQr iQ bim/v i?2 ?B;?@2M2`;v T`Q+2bb2b BM i?2 aJ �M/
i?2 ?vTQi?2iB+�H #2vQM/ aJ U"aJV +QMi`B#miBQMbX

h?2 iQT [m�`F UtV /2+�vb BMiQ � #QiiQK [m�`F UbV �M/ � W #QbQMX h?2 /2+�v
KQ/2b Q7 i?2 q #QbQM /2i2`KBM2 i?2 }M�H bi�i2 bB;M�im`2 Q7 i?2 /2+�vX AM pp +QHHBbBQMb
iQT [m�`Fb �`2 T`Q/m+2/ K�BMHv BM T�B`b UttV, pp ! tt ! W

+
bW

�
bX h?2 /BH2TiQM

/2+�v T`Q+2bb /2MQi2b i?2 +�b2 r?2`2 2�+? W #QbQM /2+�vb BMiQ � H2TiQM �M/ �
+Q``2bTQM/BM; M2mi`BMQX h?2 bim/B2b T`2b2Mi2/ BM i?Bb i?2bBb 7Q+mb QM i?2 tt !
(`⌫`)(⌧⌫⌧ )bb T`Q+2bb- /2TB+i2/ BM 6B;m`2 RXR- r?2`2 QM2 W #QbQM /2+�vb BMiQ `⌫`- `
Bb 2Bi?2` �M 2H2+i`QM UeV Q` � KmQM UµV- �M/ i?2 Qi?2` BMiQ � ⌧ H2TiQM �M/ � M2mi`BMQ
U⌧⌫⌧ VX h?2 ⌧ H2TiQMb �`2 /2i2+i2/ #v i?2B` /2+�v T`Q/m+ibX h?2 bim/B2b BM i?Bb i?2bBb
+QMbB/2` QMHv i?2 ⌧ /2+�vb BMiQ ?�/`QMb- ⌧h- #2+�mb2 i?2B` `2+QMbi`m+iBQM /Q2b MQi
`2Hv QM i?2 bB;M�H KQ/2HX 6m`i?2`KQ`2- i?2 H2TiQMB+ ⌧ /2+�vb +QmH/ #2 /BbiBM;mBb?2/
7`QK i?2 ?�`/ T`Q+2bb H2TiQMb QMHv #v i?2 2M2`;v �M/ BKT�+i T�`�K2i2`b- r?B+?
/2T2M/ QM i?2 ⌧ T`Q/m+iBQM KQ/2HX q?2`2p2` M2+2bb�`v- i?2 `2bmHib �`2 2ti`�TQH�i2/
iQ �HH ⌧ H2TiQMb mbBM; i?2 #`�M+?BM; 7`�+iBQMb Q7 i?2 ⌧ /2+�v i?�i ?�p2 #22M K2�bm`2/
iQ � ?B;? T`2+BbBQM (9)X

_2+2Mi +?2+Fb Q7 H2TiQM ~�pQm` mMBp2`b�HBiv pBQH�iBQM (8- e- d- 3- N- Ry- RR- Rk)
bT�`F2/ � `2M2r2/ BMi2`2bi iQr�`/b K2�bm`2K2Mib BMpQHpBM; ⌧ H2TiQMb- QrBM; iQ �
TQi2MiB�H /Bb�;`22K2Mi rBi? bi�M/�`/ KQ/2H UaJV T`2/B+iBQMbX h?2 t ! (⌧⌫⌧ )b

/2+�v 2t+HmbBp2Hv BMpQHp2b i?B`/@;2M2`�iBQM H2TiQMb �M/ [m�`Fb r?B+?- QrBM; iQ i?2B`

R
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6B;m`2 RXR, 62vMK�M /B�;`�K Q7 i?2 tt T`Q/m+iBQM rBi? i?2 aJ /2+�v BMiQ i?2
/BH2TiQM }M�H bi�i2 i?�i BM+Hm/2b � ⌧ H2TiQMX

H�`;2 K�bb2b- K�v #2 T�`iB+mH�`Hv b2MbBiBp2 iQ "aJ +QMi`B#miBQMbX 6Q` 2t�KTH2- i?2
2tBbi2M+2 Q7 � +?�`;2/ >B;;b #QbQM (Rj- R9- R8- Re) K�v ;Bp2 `Bb2 iQ �MQK�HQmb ⌧ H2TiQM
T`Q/m+iBQM i?�i +QmH/ #2 Q#b2`p2/ BM i?Bb /2+�v +?�MM2HX �HbQ- i?2 aJ t ! (⌧⌫⌧ )b

T`Q+2bb /B`2+iHv BMpQHp2b i?2 W ! ⌧⌫⌧ /2+�v- i?�i b?Qrb � 2.5� /2pB�iBQM 7`QK i?2
H2TiQM mMBp2`b�HBiv T`BM+BTH2 BM i?2 #2bi mT iQ /�i2 K2�bm`2K2Mib Q7 i?2 B(W ! ⌧⌫⌧ )

#`�M+?BM; 7`�+iBQM (9)X h?2 tt }M�H bi�i2b T`QpB/2 �M QTTQ`imMBiv iQ +QMi`B#mi2 iQ
i?2b2 `2bmHibX _2+2MiHv � `2bmHi BM i?2 tt +?�MM2H rBi? H2TiQMB+ ⌧ /2+�vb r�b T`2b2Mi2/
#v �hG�a (Rd)X Ai b?Qrb � ;QQ/ �;`22K2Mi rBi? i?2 aJ iQ � T`2+BbBQM Q7 RXjWX h?2
K2�bm`2K2Mib rBi? H2TiQMB+ ⌧ /2+�vb `2Hv QM �bbmKTiBQMb �#Qmi i?2 bB;M�H KQ/2H
iQ /BbiBM;mBb? i?2 T`QKTi H2TiQMb 7`QK i?2 ⌧ /2+�vbX � K2�bm`2K2Mi i?�i Bb #�b2/
QM ?�/`QMB+ ⌧h /2+�vb Bb BM/2T2M/2Mi 7`QK i?2 FBM2K�iB+ T�`�K2i2`b Q7 i?2 bB;M�H
KQ/2H �M/ rQmH/ T`QpB/2 �M BKTQ`i�Mi +QMi`B#miBQM iQ i?2 iQTB+X

h?Bb i?2bBb T`2b2Mib i?2 }`bi K2�bm`2K2Mi Q7 i?2 tt T`Q/m+iBQM +`Qbb b2+iBQM BM
T`QiQM@T`QiQM +QHHBbBQMb �i p

s = 13h2o i?�i 2tTHB+BiHv BM+Hm/2b ⌧ H2TiQMb- �tt(`⌧)-
�M/ �HbQ BKT`Qp2b i?2 `2H�iBp2 T`2+BbBQM rBi? `2bT2+i iQ i?2 d �M/ 8h2o `2bmHib (R3-
RN)X h?2 +`Qbb b2+iBQM K2�bm`2K2Mi Bb +�``B2/ Qmi BM i?2 /�i� b�KTH2 i?�i r�b +QH@
H2+i2/ BM kyRe rBi? i?2 *Ja /2i2+iQ` �i i?2 G>* �M/ +Q``2bTQM/b iQ �M BMi2;`�i2/
HmKBMQbBiv Q7 35.9 7#�RX h?2 +`Qbb b2+iBQM Bb K2�bm`2/ #v T2`7Q`KBM; � T`Q}H2 HBF2HB@
?QQ/ `�iBQ USG_V }i (ky) iQ i?2 i`�Mbp2`b2 K�bb Q7 i?2 bvbi2K +QMi�BMBM; i?2 HB;?i
H2TiQM Ue Q` µV �M/ i?2 KBbbBM; i`�Mbp2`b2 KQK2MimK- BM irQ FBM2K�iB+ +�i2;Q`B2b



j

Q7 i?2 b2H2+i2/ 2p2Mib 7Q` 2�+? Q7 i?2 e⌧h �M/ µ⌧h }M�H bi�i2bX h?2 +`Qbb b2+iBQM Bb
K2�bm`2/ BM i?2 }/m+B�H T?�b2 bT�+2 Q7 i?2 /2i2+iQ` �M/ �HbQ 2ti`�TQH�i2/ iQ i?2
7mHH T?�b2 bT�+2X h?2 `�iBQ Q7 i?2 +`Qbb b2+iBQMb BM i?2 `⌧ �M/ HB;?i /BH2TiQM (k) }M�H
bi�i2b �tt(`⌧)/�tt(``)- �M/ i?2 `�iBQ Q7 i?2 T�`iB�H iQ i?2 iQi�H /2+�v rB/i? Q7 i?2
iQT [m�`F �(t ! ⌧⌫⌧b)/�total �`2 2p�Hm�i2/- BKT`QpBM; i?2 T`2+BbBQM Qp2` T`2pBQmb
K2�bm`2K2Mib (kR- kk)X

lbBM; i?2 /�i� �M�HvbBb 7`�K2rQ`F /2p2HQT2/ 7Q` i?2 T`Q/m+iBQM +`Qbb b2+iBQM
K2�bm`2K2Mi- � 72�bB#BHBiv bim/v Q7 � H2TiQM mMBp2`b�HBiv i2bi BM tt }M�H bi�i2b Bb
T2`7Q`K2/ 7Q` i?2 7mHH _mMk /�i�b2i +QHH2+i2/ rBi? i?2 *Ja /2i2+iQ`, � T`2+Bb2
K2�bm`2K2Mi Q7 i?2 `�iBQ B(W ! ⌧⌫⌧ )/B(W ! `⌫`) i?�i +�M K�F2 � bB;MB}+�Mi
+QMi`B#miBQM iQ i?2 +m``2Mi rQ`H/@#2bi `2bmHibX h?2 K2i?Q/b 2KTHQv2/ BM i?2 H2TiQM
mMBp2`b�HBiv i2bi BM tt 2p2Mib ?�p2 #22M /2p2HQT2/ BM i?2 JQMi2@*�`HQ UJ*V bBKmH�@
iBQM Q7 i?2 2p2Mib +QHH2+i2/ BM kyRe �M/ kyRd rBi? i?2 *Ja /2i2+iQ`X h?2 bBKmH�iBQM
Bb +QKT�`2/ iQ i?2 +QHH2+i2/ /�i� BM BM/2T2M/2Mi +QMi`QH `2;BQMbX h?2 72�bB#BHBiv Q7
i?2 K2�bm`2K2Mi Bb bim/B2/ BM i?2 bBKmH�i2/ 2p2Mib 7Q` i?2 7mHH _mMk /�i�b2i i?�i
+Q``2bTQM/b iQ � HmKBMQbBiv Q7 145 7#�RX

A ?�p2 #22M i?2 K�BM �mi?Q` Q7 i?2b2 K2�bm`2K2Mib Q7 i?2 +`Qbb b2+iBQM �M/ Q7
i?2 72�bB#BHBiv bim/v BM i?2 *Ja +QHH�#Q`�iBQMX h?2 Tm#HB+�iBQM Q7 i?2 +`Qbb b2+iBQM
K2�bm`2K2Mi T�bb2/ i?2 BMi2`M�H `2pB2r BM i?2 +QHH�#Q`�iBQM- �M/ A ?�p2 #22M i?2
+QMi�+i T2`bQM �i �HH bi�;2b Q7 i?2 `2pB2rX Ai BM+Hm/2/ /2p2HQTK2Mi Q7 �HH �M�HvbBb
bi2Tb- `2TQ`ib- �M/ bm#b2[m2Mi T`2b2Mi�iBQMb Q7 i?2 �M�HvbBb 7Q` i?2 T`2@�TT`Qp�H �M/
i?2 �TT`Qp�H #v i?2 +QHH�#Q`�iBQM- i?2 T`2T�`�iBQM Q7 i?2 �Mbr2`b iQ i?2 [m2biBQMb
`�Bb2/ #v i?2 +QHH�#Q`�iBQM K2K#2`b /m`BM; i?2 `2pB2r- �M/ BKTH2K2Mi�iBQM Q7 i?2
bm;;2biBQMbX A ?�p2 �HbQ T`2T�`2/ i?2 �Mbr2`b iQ i?2 [m2biBQMb 7`QK i?2 C>1S `272`22
7Q` i?2 �M�HvbBb T�T2`- i?�i r2`2 `2pB2r2/ �M/ �TT`Qp2/ #v i?2 �M�HvbBb `2pB2r
+QKKBii22 rBi?BM i?2 +QHH�#Q`�iBQMX qBi? i?2 ?2HT 7`QK i?2 *Ja +QHH�#Q`�iBQM �M/
i?2 GAS ;`QmT i?2 �M�HvbBb ?�b #22M +�``B2/ iQ � H�`;2 2ti2M/ #v Kv 2zQ`iX

h?2 i?2bBb Bb Q`;�MBx2/ �b 7QHHQrb, i?2 `2H2p�Mi BM7Q`K�iBQM �#Qmi i?2 aJ �M/
i?2 T?vbB+b Q7 i?2 tt +?�MM2H Bb T`2b2Mi2/ BM *?�Ti2` kc i?2 *Ja /2i2+iQ` �i G>* Bb
#`B2~v /2b+`B#2/ BM *?�Ti2` jc /2i�BHb �#Qmi i?2 2p2Mi `2+QMbi`m+iBQM �M/ b2H2+iBQM-
�M/ i?2 bBKmH�i2/ 2p2Mi b�KTH2b mb2/ BM i?2 /�i� �M�HvbBb �`2 T`QpB/2/ BM *?�Ti2` 9c
i?2 K�BM #�+F;`QmM/ 2biBK�iBQM K2i?Q/b �`2 /Bb+mbb2/ BM *?�Ti2` 8c *?�Ti2` e
T`2b2Mib i?2 K2�bm`2K2Mib Q7 i?2 tt T`Q/m+iBQM +`Qbb b2+iBQMb BM i?2 7mHH T?�b2 bT�+2
�M/ BM i?2 }/m+B�H `2;BQM Q7 i?2 /2i2+iQ`- i?2 `�iBQ Q7 i?2 +`Qbb b2+iBQMb BM i?2 `⌧h �M/
`` /BH2TiQM tt }M�H bi�i2b- �M/ i?2 `�iBQ Q7 i?2 T�`iB�H rB/i? �(t ! ⌧⌫⌧b) iQ i?2 iQi�H
/2+�v rB/i? Q7 i?2 iQT [m�`Fc i?2 72�bB#BHBiv bim/v Q7 i?2 H2TiQM mMBp2`b�HBiv i2bi BM
tt }M�H bi�i2b Bb +�``B2/ Qmi BM *?�Ti2` dc �M/ *?�Ti2` 3 bmKK�`Bx2b i?2 `2bmHibX
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*?�Ti2` k

1tT2`BK2Mi�H ?B;? 2M2`;v T?vbB+b

kXR h?2 bi�M/�`/ KQ/2H Q7 T�`iB+H2 T?vbB+b
h?2 bim/v Q7 i?2 rQ`H/ �`QmM/ mb H2�/b iQ �M BK�;2 Q7 2H2K2Mi�`v Q#D2+ib i?�i �`2
#QmM/ #v mMBp2`b�H BMi2`�+iBQM 7Q`+2bX ai`QM;2` 7Q`+2b M2mi`�HBx2 i?2Kb2Hp2b #v #`BM;@
BM; i?2 Q#D2+ib Q7 i?2B` �+iBQM BMiQ +QKTQbBi2 bi�#H2 bi�i2bX �iQKb �`2 bm+? bi�i2b-
i?�i +QMbBbi Q7 2H2+i`QMb �M/ Mm+H2B #QmM/ #v i?2 2H2+i`QK�;M2iB+ 7Q`+2X h?2 Mm+H2B
i?2Kb2Hp2b +QMbBbi Q7 Mm+H2QMb- T`QiQMb �M/ M2mi`QMb- i?�i �`2 #QmM/ iQ;2i?2` #v
�M 2tT`2bbBQM Q7 i?2 bi`QM; 7Q`+2X h?2 BMi2`�+iBQMb #2ir22M bm+? +QKTQbBi2 bi�i2b
T`Q/m+2 i?2 T?2MQK2M� Q#b2`p2/ BM MQ`K�H +QM/BiBQMbX *QHHBbBQMb Q7 +QKTQbBi2 Q#@
D2+ib �i 2M2`;B2b ;`2�i2` i?�M i?2 #BM/BM; 7Q`+2 2M2`;v `2p2�H i?2B` BMi2`M�H bi`m+im`2X
�M�HvbBb Q7 i?2 2tQiB+ bi�i2b T`Q/m+2/ BM bm+? +QHHBbBQMb H2�/b iQ i?2 /Bb+Qp2`v Q7 i?2
2H2K2Mi�`v +QMi2Mi �M/ 7mM/�K2Mi�H bi`m+im`2 Q7 M�im`2X

qBi? 72r 2t+2TiBQMb- �HH +m``2Mi Q#b2`p�iBQMb }i BMiQ i?2 bi�M/�`/ KQ/2H UaJV Q7
2H2K2Mi�`v T�`iB+H2b iQ � ?B;? T`2+BbBQM (9)X lM/2` i?2 aJ �HH K�ii2` T�`iB+H2b ?�p2
bTBM Rfk �M/ 7�HH BMiQ irQ +�i2;Q`B2b �++Q`/BM; i?2 7Q`+2b i?�i �z2+i i?2K, H2TiQMb
BMi2`�+i QMHv 2H2+i`Qr2�FHv- [m�`Fb BMi2`�+i 2H2+i`Qr2�FHv �M/ bi`QM;HvX h?2v 7m`i?2`
/BpB/2 BMiQ irQ ivT2b �++Q`/BM; iQ i?2 2H2+i`B+ +?�`;2, H2TiQMb rBi? i?2 +?�`;2b �12
�M/ y2- �M/ [m�`Fb rBi? i?2 +?�`;2b +2/32 �M/ �1/22X *Q``2bTQM/BM; �MiB@T�`iB+H2b
?�p2 +?�`;2b Q7 QTTQbBi2 bB;MbX 6BM�HHv- i?2`2 �`2 i?`22 ~�pQm` 7�KBHB2b Q7 i?2 K�ii2`
T�`iB+H2b- i?�i /Bz2` QMHv #v i?2 K�bb2b Q7 i?2B` K2K#2`bX Pi?2` [m�MimK MmK#2`b
7QHHQr i?Bb /2b+`BTiBQM �M/ +�M #2 7QmM/ BM _27X (9)X

h?2 +?�`;2/ H2TiQMb BM i?2 i?`22 ~�pQm` 7�KBHB2b �`2, 2H2+i`QM rBi? i?2 K�bb Q7
�#Qmi 0.5J2o- KmQM rBi? i?2 K�bb Q7 105J2o- �M/ i�m rBi? i?2 K�bb Q7 1.7:2oX
h?2 +Q``2bTQM/BM; M2mi`BMQb ?�p2 p2`v bK�HH K�bb2b i?�i �`2 MQi K2�bm`2/ v2iX h?2
[m�`F ~�pQm` 7�KBHB2b +QMbBbi Q7, i?2 mT U+2/32V �M/ /QrM U�1/32V [m�`Fb rBi?
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K�bb2b Q7 �#Qmi 2.2J2o �M/ 4.7J2o `2bT2+iBp2Hv- i?2 +?�`K U+2/32V �M/ bi`�M;2
U�1/32V [m�`Fb rBi? K�bb2b Q7 �#Qmi 1.3:2o �M/ 95J2o- �M/ i?2 iQT U+2/32V �M/
#QiiQK U�1/32V [m�`Fb rBi? K�bb2b Q7 �#Qmi 173:2o �M/ 4:2oX h?2 [m�`Fb +�M
7Q`K bi�#H2 bi�i2b #QmM/ #v i?2 bi`QM; 7Q`+2 i?�i +QMi`B#mi2b � H�`;2 7`�+iBQM Q7 i?2
bi�#H2 bi�i2 K�bbX h?Bb Bb i?2 +�b2 7Q` T`QiQMb �M/ Qi?2` HQM;@HBp2/ T�`iB+H2bX

h?2 BMi2`�+iBQMb #2ir22M i?2 K�ii2` T�`iB+H2b �`2 +�``B2/ #v p2+iQ` #QbQMb i?�i
7QHHQr ;�m;2 bvKK2i`B2b, i?2 7Qm` #QbQMb Q7 i?2 2H2+i`Qr2�F 7Q`+2 7QHHQr i?2 SU(2)⇥
U(1) ;`QmT- �M/ i?2 2B;?i ;HmQM #QbQMb g Q7 i?2 bi`QM; 7Q`+2 7QHHQr SU(3) ;`QmTX
h?2 aJ BM+Hm/2b � +QKTH2t b+�H�` >B;;b /Qm#H2i }2H/ rBi? �M mMbi�#H2 TQi2MiB�H i?�i
bTQMi�M2QmbHv /2p2HQTb � p�+mmK 2tT2+i�iBQM p�Hm2 Q7 �#Qmi 246:2oX AMi2`�+iBQMb
rBi? i?2 >B;;b }2H/ #`2�F � T�`i Q7 i?2 2H2+i`Qr2�F bvKK2i`v �i i?2 2M2`;B2b #2HHQr
i?2 p�+mmK 2tT2+i�iBQM p�Hm2X �7i2` i?2 #`2�FBM;- i?`22 Qmi Q7 7Qm` 2H2+i`Qr2�F
#QbQMb /vM�KB+�HHv �+[mB`2 K�bb2b- +Q``2bTQM/BM; iQ i?2 W

± �M/ Z rBi? i?2 K�bb2b
Q7 �#Qmi 3y �M/ 91:2o `2bT2+iBp2Hv- �M/ QMHv QM2 M2mi`�H b+�H�` T�`iB+H2 > `2K�BMb
7`QK i?2 +QKTH2t >B;;b /Qm#H2i rBi? i?2 K�bb Q7 125:2oX h?2 K�bbBp2 #QbQMb
q �M/ w T`QT�;�i2 i?2 b?Q`i@`�M;2 r2�F BMi2`�+iBQMbX h?2 7Qm`i? #QbQM Q7 i?2
2H2+i`Qr2�F }2H/ bi�vb K�bbH2bb �M/ +Q``2bTQM/b iQ i?2 T?QiQM- �- i?�i K2/B�i2b i?2
2H2+i`QK�;M2iB+ BMi2`�+iBQMbX

h?2 /vM�KB+ /2b+`BTiBQM Q7 i?2 BMi2`�+iBQMb #2ir22M T�`iB+H2b Bb ;Bp2M BM i?2
[m�MimK }2H/ i?2Q`v- r?2`2 2t+Bi�iBQMb Q7 72`KBQMB+ }2H/b +Q``2bTQM/ iQ i?2 T�`iB+H2b
Q7 K�ii2`- �M/ #QbQMB+ ;�m;2 }2H/b K2/B�i2 i?2 BMi2`�+iBQMb #2ir22M i?2KX

h?2 iQT [m�`Fb UtV �M/ i�m H2TiQMb U⌧V 7`QK i?2 i?B`/ ~�pQm` 7�KBHv ?�p2 i?2
H�`;2bi K�bb2b i?�i /2i2`KBM2 i?2B` bT2+B�H `QH2 BM i?2 aJ �M/ BM i?2 KQ/2Hb Q7 i?2
T?vbB+b #2vQM/ i?2 aJX

kXk h?2 iQT [m�`F
AM i?2 aJ- i?2 H27i@?�M/2/ iQT [m�`F ?�b � +?�`;2 Q7 +2/3e �M/ Bb i?2 T3 = +1/2

K2K#2` Q7 i?2 r2�F@BbQbTBM /Qm#H2i +QMi�BMBM; i?2 #QiiQK [m�`F- r?BH2 i?2 `B;?i@
?�M/2/ iQT Bb �M SU(2)L bBM;H2iX qBi? i?2 K�bb Q7 �#Qmi 172.5:2o- i?2 iQT [m�`F Bb
i?2 ?2�pB2bi T�`iB+H2 BM i?2 aJX Ai Bb i?2 QMHv [m�`F i?�i /2+�vb #27Q`2 ?�/`QMBx�iBQMX
S`�+iB+�HHv �HH iQT [m�`Fb /2+�v BMiQ � #QiiQK [m�`F �M/ � q #QbQM- t ! bW

+-
i?�i +Q``2bTQM/b iQ � M2;HB;B#H2 ~�pQm` KBtBM; i2`K BM i?2 *EJ K�i`Bt- |Vtb| �
|Vts|, |Vtd|X h?2 iQT [m�`F T?2MQK2MQHQ;v T`QpB/2b � mMB[m2 QTTQ`imMBiv iQ i2bi i?2
i?2Q`v Q7 i?2 bi`QM; BMi2`�+iBQMb- �M/ Q#i�BM i?2 BM7Q`K�iBQM �#Qmi 7mM/�K2Mi�H
BMi2`�+iBQMb �i i?2 b+�H2 Q7 2H2+i`Qr2�F bvKK2i`v@#`2�FBM; �M/ #2vQM/X

AM pp +QHHBbBQMb KQbi iQT [m�`Fb �`2 T`Q/m+2/ BM T�B`b UttV i?`Qm;? i?2 T`Q+2bb2b
Q7 [m�`F �MMB?BH�iBQM qq ! tt �M/ ;HmQM 7mbBQM gg ! ttX �#Qmi 38W Q7 tt 2p2Mib
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r2`2 T`Q/m+2/ i?`Qm;? i?2 qq T`Q+2bb BM i?2 1.96h2o pp +QHHBbBQMb �i i?2 h2p�i`QMX
�i G>* 2M2`;B2b i?2 ;HmQM 7mbBQM T`Q+2bb #2+QK2b /QKBM�Mi- +QMi`B#miBM; �#Qmi
3yW Q7 tt 2p2Mib �i 7h2o �M/ NyW �i 13h2oX AM i?2 bm#b2[m2Mi /2+�v Q7 i?2 iQT
[m�`Fb BMiQ #QiiQK [m�`Fb �M/ q #QbQMb- pp ! tt ! W

+
bW

�
b- i?2 /2+�vb Q7 i?2

q #QbQMb /2}M2 i?2 bB;M�im`2 Q7 i?2 T`Q+2bbX h?2 }M�H bi�i2b T`Q/m+2/ #v i?2 aJ
tt /2+�vb 7�HH BMiQ QM2 Q7 i?`22 +H�bb2b HBbi2/ BM h�#H2 kXRX

h�#H2 kXR, h?2 i?`22 +H�bb2b Q7 i?2 iQT [m�`F T�B` /2+�v }M�H bi�i2bX
L�K2 S`Q+2bb "`�M+?BM; 7`�+iBQM (W)
.BH2TiQMB+ tt ! `

+
⌫`b`

0�
⌫`0b RyX8

a2KBH2TiQMB+ tt ! qq
0
b`

�
⌫`b + `

+
⌫`bq

00
q
000
b 9jX3

6mHHv ?�/`QMB+ tt ! qq
0
bq

00
q
000
b 98Xd

h?2 H�`;2 K�bb Q7 i?2 iQT [m�`F /2}M2b Bib T?2MQK2MQHQ;v BM i?2 aJ �M/ i?2
?vTQi?2iB+�H "aJ BMi2`�+iBQMbX �b i?2 QMHv [m�`F i?�i /Q2b MQi ?�/`QMBx2- Bi ;Bp2b
�++2bb iQ i?2 ǳ#�`2 [m�`FǴ T?vbB+b �M/ �HHQrb iQ b2i bi`BM;2Mi HBKBib QM i?2 T`2/B+iBQMb
BM [m�MimK +?`QKQ/vM�KB+b (9)X h?2 iQT [m�`F T`Q#2b i?2 T`QT2`iB2b Q7 i?2 >B;;b
#QbQM b2+iQ` BM i?2 aJ- i?2 *EJ [m�`F KBtBM;- �M/ i?2 2H2+i`Qr2�F BMi2`�+iBQMb �i
?B;? 2M2`;v b+�H2X Ai TH�vb �M BKTQ`i�Mi `QH2 BM b2�`+?2b 7Q` "aJ T`Q+2bb2b- �b � T�`i
Q7 i?2 bB;M�H T`Q+2bb- Q` �b i?2 K�BM #�+F;`QmM/ BM i?2 b2�`+? 7Q` bm+? +QMi`B#miBQMbX

aBM+2 i?2 /Bb+Qp2`v Q7 i?2 iQT [m�`F (kj- k9)- i?2 iQT [m�`F T�B` �M/ i?2 bBM;H2 iQT
[m�`F T`Q+2bb2b ?�p2 #22M bim/B2/ BM pp- pp- pPb- �M/ PbPb +QHHBbBQMb �i i?2 h2p�i`QM
�M/ i?2 G>* �++2H2`�iQ`bX h?2 h2p�i`QM T`Q/m+2/ pp +QHHBbBQMb �i i?2 p

s = 1.8 �M/
1.96h2o 2M2`;B2bX h?2 G>* T2`7Q`K2/ pp +QHHBbBQMb �i i?2 p

s = 7h2o �M/ 8h2o
/m`BM; i?2 _mMR bi�;2 Q7 Bib QT2`�iBQM- bi�`iBM; BM kyRyX h?2 _mMk Q7 i?2 G>*
QT2`�iBQM `2�+?2/ i?2 p

s = 13h2o +2Mi`2@Q7@K�bb 2M2`;v Q7 pp +QHHBbBQMb- T`Q/m+BM;
/�i� b�KTH2b +QHH2+i2/ #v i?2 ;2M2`�H Tm`TQb2 /2i2+iQ`b �i i?2 G>* i?�i +Q``2bTQM/
iQ HmKBMQbBiB2b Q7 �#Qmi 150 7#�RX �HbQ- i?2`2 r�b � /2/B+�i2/ HQr 2M2`;v `mM Q7 pPb

+QHHBbBQMb �i 5.02h2o �M/ 8.16h2oX h?2 K2�bm`2K2Mib Q7 i?2 iQT [m�`F T`QT2`iB2b
�M/ T`Q/m+iBQM +`Qbb b2+iBQM BM i?2b2 /�i� b?Qr � ;QQ/ �;`22K2Mi rBi? i?2 aJ
2tT2+i�iBQMbX

h?2 KQbi T`2+Bb2 K2�bm`2K2Mib Q7 i?2 tt T`Q/m+iBQM +`Qbb b2+iBQM �`2 T2`7Q`K2/
BM i?2 HB;?i /BH2TiQM }M�H bi�i2b- BM T�`iB+mH�` i?2 eµ }M�H bi�i2X h?2 +QK#BM�iBQM Q7
i?2 *Ja �M/ �hG�a `2bmHib BM eµ +?�MM2H �i 8h2o T`Q/m+2b � K2�bm`2K2Mi rBi? `2H@
�iBp2 mM+2`i�BMiv Q7 jX8W +?�HH2M;BM; i?2Q`2iB+�H mM+2`i�BMiB2b (k8)X S`2+Bb2 K2�bm`2@
K2Mib BM i?2 /BH2TiQM }M�H bi�i2b �i 13h2o vB2H/ `2bmHib rBi? mM+2`i�BMiB2b Q7 �#Qmi
jW (ke- k- kd- k3)- +QMbBbi2Mi rBi? i?2 2tT2+i2/ �tt = 832

+20

�29
(scale)±35 (PDF+↵S) T#

�i LGP �++m`�+v (kN)X h?2 H2TiQMYD2ib }M�H bi�i2b ?�p2 2MQm;? FBM2K�iB+ +QMbi`�BMib
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iQ `2+QMbi`m+i i?2 /2+�v +QKTH2i2Hv �M/ /2HBp2` i?2 KQbi T`2+Bb2 K2�bm`2K2Mib Q7
i?2 iQT [m�`F K�bbX >Qr2p2`- �/p�M+2/ K2i?Q/b BM i?2 mM/2`+QMbi`�BM2/ /BH2TiQM
}M�H bi�i2b /2HBp2` T`2+Bb2 `2bmHib iQQX h?2 `2bmHib �i 13h2o b?Qr � ;QQ/ �;`22K2Mi
rBi? i?2 2tT2+i2/ p�Hm2 Q7 mt = 172.5:2o (jy- k- k3)X h?2 H�`;2 BMi2;`�i2/ HmKB@
MQbBiB2b �HHQr2/ iQ +�``v Qmi � rB/2 `�M;2 Q7 /Bz2`2MiB�H +`Qbb b2+iBQM K2�bm`2K2Mib
�i i?2 h2p�i`QM �M/ G>* /�i� b�KTH2bX am+? K2�bm`2K2Mib i2bi T2`im`#�iBp2 Z*.
T`2/B+iBQMb �M/ `2/m+2 i?2 mM+2`i�BMiv BM i?2 /2b+`BTiBQM Q7 i?2 tt bvbi2K- BKT`QpBM;
i?2 #�+F;`QmM/ 2biBK�iBQM BM >B;;b T?vbB+b �M/ b2�`+?2b 7Q` `�`2 T`Q+2bb2b �M/ "aJ
+QMi`B#miBQMbX h?2 �tt ?�b #22M K2�bm`2/ �b � 7mM+iBQM Q7 i?2 T`QT2`iB2b Q7 H2TiQMb-
D2ib- �M/ tt bvbi2K �i 13h2o (jR- jk- jj- j9- j8- je)X h?2 *Ja ;`QmT �i G�#Q`�iƦ`BQ
/2 AMbi`mK2Mi�Ï½Q 2 6őbB+� 1tT2`BK2Mi�H /2 S�`iő+mH�b UGASV T2`7Q`K2/ K2�bm`2@
K2Mib Q7 i?2 tt T`Q/m+iBQM +`Qbb b2+iBQM �M/ i?2 iQT [m�`F K�bb BM i?2 /BH2TiQM }M�H
bi�i2 rBi? � ⌧ H2TiQM BM i?2 _mMR /�i� Q7 pp +QHHBbBQMb �i d �M/ 8h2o (R3- RN- jd)X
h?Bb }M�H bi�i2 ?�b #22M mb2/ iQ b2i � HBKBi QM � ?vTQi?2iB+�H +?�`;2/ >B;;b #QbQM
+QMi`B#miBQM t ! H

+
b ! ⌧⌫ b (j3)X h?2 rQ`F Q7 i?2 ;`QmT ?�b #22M i?2 7QmM/�iBQM

7Q` Kv �M�HvbBb Q7 i?2 13h2o /�i�X
h?2 t ! ⌧⌫⌧b /2+�v 2t+HmbBp2Hv BMpQHp2b i?B`/@;2M2`�iBQM H2TiQMb �M/ [m�`FbX

Ai +�M #2 T�`iB+mH�`Hv b2MbBiBp2 iQ +2`i�BM "aJ T`Q+2bb2bX 6Q` 2t�KTH2- i?2 KQ/2Hb
rBi? � +?�`;2/ >B;;b #QbQM (Rj- R9- R8- Re) K�v ;Bp2 `Bb2 iQ �MQK�HQmb ⌧ H2TiQM
T`Q/m+iBQM i?�i +QmH/ #2 Q#b2`p2/ BM i?Bb /2+�v +?�MM2HX

AM i?2 aJ- i?Bb }M�H bi�i2 Bb T`Q/m+2/ i?`Qm;? i?2 q #QbQM /2+�v BMiQ � ⌧ H2TiQMX
Ai ;Bp2b � /B`2+i �++2bb iQ i?2 B(W ! ⌧⌫⌧ ) #`�M+?BM; 7`�+iBQMX h?2 T`Q/m+iBQM Q7 i?2
aJ tt T�B`b b2`p2b �b � bQm`+2 Q7 � H�`;2 MmK#2` Q7 q #QbQM /2+�vb rBi? �//BiBQM�H
72�im`2b BM i?2 }M�H bi�i2 i?�i +�M ?2HT iQ b2H2+i � Tm`2 b�KTH2 Q7 2p2MibX h?2`27Q`2- Bi
+�M #2 mb2/ iQ K�F2 � T`2+Bb2 K2�bm`2K2Mi Q7 i?2 q #QbQM #`�M+?BM; 7`�+iBQMb �M/
/2HBp2` � i2bi Q7 i?2 H2TiQM ~�pQm` mMBp2`b�HBiv BM q #QbQM /2+�vbX h?2b2 72�im`2b
�`2 BMp2biB;�i2/ BM i?Bb rQ`FX

kXj h?2 i�m H2TiQM
h?2 K�bb Q7 i?2 ⌧ H2TiQM Bb �#Qmi 1.78:2o- r?B+? K�F2b Bi i?2 QMHv H2TiQM i?�i +�M
/2+�v BMiQ ?�/`QMb �M/ Qi?2` H2TiQMbX h?2 }M�H bi�i2b rBi? i?2 H�`;2bi #`�M+?BM;
7`�+iBQMb Q7 i?2 ⌧ /2+�v �`2 ;Bp2M BM h�#H2 kXkX �HH }M�H bi�i2b BM+Hm/2 � i�m M2mi`BMQ
⌫⌧ i?�i +�`B2b i?2 i�mQMB+ MmK#2` Q7 i?2 Q`B;BM�H bi�i2X h?2 HB;?i H2TiQM }M�H bi�i2b
?�p2 �M �//BiBQM�H M2mi`BMQ- ⌫e Q` ⌫µ- i?�i +Q``2bTQM/b iQ i?2 T`Q/m+2/ HB;?i H2TiQM-
e Q` µX h?2 ?�/`QMB+ }M�H bi�i2b rBi? i?2 H�`;2bi #`�M+?BM; 7`�+iBQMb +QMbBbi Q7 QM2
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h?2 ⌧ H2TiQM ?�b � b?Q`i HB72iBK2 Q7 �#Qmi 0.3 psX qBi? 2M2`;B2b Q7 �#Qmi 30:2o-
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GB72iBK2 (Tb) yXj yX9 RXy yX8 RX8 RXe yX8

h?2 H2TiQMB+ }M�H bi�i2b Q7 i?2 ⌧ /2+�v +�M #2 /BbiBM;mBb?2/ 7`QK i?2 T`QKTi HB;?i
H2TiQMb i?�i Q`B;BM�i2 BM i?2 ?�`/ T`Q+2bb #v � bK�HH2` i`�Mbp2`b2 KQK2MimK Q7 i?2
pBbB#H2 /2+�v T`Q/m+ib �M/ /BbTH�+2/ b2+QM/�`v p2`iB+2b Q7 i?2B` +?�`;2/ i`�+FbX h?Bb
/Bz2`2M+2 `2HB2b QM i?2 �bbmK2/ T`Q/m+iBQM KQ/2Hb Q7 i?2 ⌧ �M/ i?2 T`QKTi HB;?i
H2TiQMbX PM iQT Q7 i?�i- H2TiQMb rBi? HQr 2M2`;v �M/ � bBx2�#H2 BKT�+i T�`�K2i2`
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?�p2 H�`;2` KBbB/2MiB}2/ #�+F;`QmM/bX hQ;2i?2` rBi? bK�HH #`�M+?BM; 7`�+iBQMb-
i?2b2 b?Q`i+QKBM;b K�F2 i?2 �M�HvbBb rBi? H2TiQMB+ ⌧ /2+�vb BKT`�+iB+�H- �M/ MQi
bmBi�#H2 r?2M HQQb2 �bbmKTiBQMb QM i?2 bB;M�H KQ/2H �`2 `2[mB`2/X >Qr2p2`- i?2b2
72�im`2b +�M #2 2tTHQBi2/ BM �M �M�HvbBb- #mi iQ /Bb2Mi�M;H2 i?2 ⌧ 7`QK i?2 T`QKTi
HB;?i H2TiQMb BM i?Bb r�v #2+QK2b KQ`2 +QKTHB+�i2/ �M/ #B�b2/ iQ i?2 bB;M�H KQ/2HX

h?2 D2i T`Q/m+2/ #v i?2 ?�/`QMB+ ⌧ /2+�v- ⌧h- ?�b � /BbiBM+i bB;M�im`2 rBi? �
bK�HH KmHiBTHB+Biv Q7 +?�`;2/ ?�/`QMb �M/ M2mi`�H TBQMb i?�i /2+�v BMiQ T?QiQMbX
h?Bb ;Bp2b i?2 ⌧h i?2 /BbiBM+i bB;M�im`2 Q7 � D2i rBi? � bK�HH2` +QM2 r?2M +QKT�`2/
iQ [m�`F@ �M/ ;HmQM@Q`B;BM�i2/ D2ibX Ai K�F2b ⌧h i?2 K�BM +?�MM2H iQ B/2MiB7v ⌧

H2TiQMbX
J2�bm`2K2Mib BMpQHpBM; ⌧h 7�+2 H�`;2 #�+F;`QmM/b Q7 D2ib KBbB/2MiB}2/ �b ⌧ i?�i

+QK2 7`QK ?�/`QMB+ T`Q+2bb2b rBi? H�`;2 +`Qbb b2+iBQMb- bm+? �b KmHiBD2i Z*.-
qYD2ib- �M/ ?�/`QMB+ }M�H bi�i2b BM ttX h?2b2 T`Q+2bb2b T`Q/m+2 D2ib BM � rB/2
bT2+i`mK Q7 FBM2K�iB+ `�M;2b �M/ Qi?2` +?�`�+i2`BbiB+b i?�i +Qp2`b i?2 ⌧h bB;M�im`2X
h?2 T`Q#�#BHBiv iQ KBbB/2MiB7v � D2i �b � ⌧h +�M #2 mT iQ RW- �M/ Bi p�`B2b #v �b
Km+? �b �M Q`/2` Q7 K�;MBim/2- QrBM; iQ i?2 /Bp2`b2 bi`m+im`2 Q7 /Bz2`2Mi FBM/b Q7
D2ib (j)X 1p2M i?2 bT2+B}+ T`QT2`iB2b Q7 i?2 ⌧ /2+�vb rBi? i?`22 +?�`;2/ ?�/`QMb BM
i?2 }M�H bi�i2 +�M #2 KBKB+F2/ #v i?2 D2ib Q`B;BM�iBM; 7`QK . �M/ " K2bQMb i?�i
�`2 T`Q/m+2/ BM i?2 ?�/`QMB+ tt �M/ qYD2ib T`Q+2bb2bX

h?2 /2b+`B#2/ +?�`�+i2`BbiB+b T`2b2Mi BM?2`2Mi +?�HH2M;2b 7Q` i?2 B/2MiB}+�iBQM
Q7 i?2 ⌧ H2TiQM BM pp +QHHBbBQMbX .m2 iQ i?2 +QKTH2t M�im`2 Q7 D2ib- i?2`2 Bb MQ
+QKKQM 2biBK�iBQM Q7 i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiv i?�i rQmH/ rQ`F BM �HH
}M�H bi�i2b (j)X h?2 2biBK�iBQM Q7 i?2 KBbB/2MiB}2/ ⌧h #�+F;`QmM/ Kmbi #2 bmBi2/ iQ
i?2 T�`iB+mH�` +QKTQbBiBQM Q7 D2ib BM i?2 2p2Mib Q7 BMi2`2biX � /2i�BH2/ /2b+`BTiBQM Q7
i?2 bim/B2b T2`7Q`K2/ QM i?2 ⌧h B/2MiB}+�iBQM �M/ KBbB/2MiB}+�iBQM Bb /Bb+mbb2/ BM
*?�Ti2` 8X



*?�Ti2` j

1tT2`BK2Mi�H �TT�`�imb

jXR h?2 G�`;2 >�/`QM *QHHB/2` UG>*V
h?2 G>* �i *1_L Bb i?2 H�`;2bi ?�/`QMB+ �++2H2`�iQ` BM i?2 rQ`H/X Ai Bb /2bB;M2/
iQ +QHHB/2 #2�Kb Q7 T`QiQMb Q` ?2�pv BQMbX h?2`27Q`2 Bi +�M T`Q/m+2 i?`22 ivT2b Q7
+QHHBbBQMb, T`QiQM@T`QiQM- T`QiQM@BQM- �M/ BQM@BQMX h?Bb i?2bBb �M�Hvb2b i?2 /�i� 7`QK
i?2 T`QiQM@T`QiQM +QHHBbBQMbX

h?2 G>* Bb HQ+�i2/ �i *1_L M2�` :2M2p�X Ai Bb BMbi�HH2/ BM � imMM2H Q7 26.6 km BM
+B`+mK72`2M+2- �TT`QtBK�i2Hv 100m #2HQr ;`QmM/ H2p2H- i?�i r�b BMBiB�HHv #mBHi BM i?2
*1_LǶb �++2H2`�iQ` +QKTH2t 7Q` i?2 G�`;2 1H2+i`QM@SQbBi`QM �++2H2`�iQ` UG1SV (jN)X
� /2i�BH2/ /2b+`BTiBQM Q7 i?2 G>* Bb T`2b2Mi2/ BM _27bX (9y- 9R)X h?2 ;2Q;`�T?B+
HQ+�iBQM �M/ i?2 b+?2K2 QM i?2 �++2H2`�iQ` rBi? i?2 HQ+�iBQMb Q7 K�BM /2i2+iQ`b �`2
b?QrM BM 6B;m`2 jXRX h?2`2 �`2 7Qm` K�BM #2�K +`QbbBM; TQBMib ?QbiBM; 7Qm` K�BM
/2i2+iQ` 2tT2`BK2Mib- �M/ � MmK#2` Q7 Qi?2` �++2bb TQBMib iQ i?2 �++2H2`�iQ` imMM2HX
h?2 *QKT�+i JmQM aQH2MQB/ U*JaV /2i2+iQ` Bb BMbi�HH2/ BM �M mM/2`;`QmM/ +�p2`M
�i i?2 TQBMi 8 QM i?2 �++2H2`�iQ` `BM;X

h?2 T`QiQMb 7Q` i?2 +QHHBbBQMb �`2 Q#i�BM2/ 7`QK BQMBx2/ ?v/`Q;2M �iQKbX h?2M
i?2v ;Q i?`Qm;? � +�b+�/2 Q7 �++2H2`�iQ`b ;�BMBM; ?B;?2` FBM2K�iB+ 2M2`;v QM 2�+?
bi�;2, GBM�+k (9k) #`BM;b i?2 2M2`;v mT iQ 50J2o- S`QiQM avM+?`Qi`QM USaV "QQbi2` (9j)
ě 1.4:2o- Sa (99) Bib2H7 ě 25:2o- amT2` S`QiQM avM+?`Qi`QM (98) UaSaV ě 450:2o-
�M/ i?2M i?2v �`2 BMD2+i2/ BMiQ i?2 G>*X PM+2 BM i?2 G>*- i?2 T`QiQM #2�Kb �`2 �+@
+2H2`�i2/ iQ i?2 QT2`�iBM; 2M2`;v �M/ �`2 7Q+mb2/ iQ +QHHB/2 BM i?2 BMi2`�+iBQM TQBMib
Q7 i?2 �++2H2`�iQ` `BM;X h?2 +2Mi`2@Q7@K�bb 2M2`;v Q7 i?2 T`QiQM@T`QiQM +QHHBbBQMb
T`Q/m+2/ #v i?2 G>* `2�+?2b 13h2o- r?B+? Bb i?2 ?B;?2bi 2M2`;v Q7 T�`iB+H2b +QHHB@
bBQMb BM � H�#Q`�iQ`v 2MpB`QMK2MiX h?2 T2�F HmKBMQbBiv Bb �#Qmi 2⇥ 10

34
cm

�1
s
�1-

r?B+? `2bmHi2/ BM �#Qmi 150 7#�R /�i�b2ib Q7 13h2o T`QiQM@T`QiQM +QHHBbBQMb +QHH2+i2/
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6B;m`2 jXR, h?2 K�T Q7 i?2 *1_L G>* bBi2 �i :2M2p� UH27iV- �M/ i?2 b+?2K2 Q7 i?2
�++2H2`�iQ` rBi? i?2 7Qm` K�BM /2i2+iQ`b �M/ BMi2`�+iBQM TQBMib U`B;?iVX

#v i?2 /2i2+iQ`b �i i?2 G>*X h?2 H�`;2 BMbi�Mi�M2Qmb HmKBMQbBiv +Q``2bTQM/b iQ �
H�`;2 #�+F;`QmM/ Q7 TBH2mT 2p2Mib- i?�i Bb �#Qmi kyĜjy +QHHBbBQMb T2` #mM+? +`QbbBM;X

h?2 G>* K�+?BM2 ?�b � +�T�+Biv 7Q` 7m`i?2` T2`7Q`K�M+2 mT;`�/2 �i i?2 >B;?
GmKBMQbBiv bi�;2 U>G@G>*V b+?2/mH2/ iQ bi�`i BM kyk8 (9e)X h?2 T`Q;`�K Q7 i?2
mT;`�/2 BM+Hm/2b 14h2o Q7 +2Mi`2@Q7@K�bb 2M2`;v Q7 i?2 T`QiQM@T`QiQM +QHHBbBQMb- �
7�+iQ` Q7 }p2 BM+`2�b2 BM i?2 BMbi�Mi�M2Qmb HmKBMQbBiv- �M/ �M Q`/2` Q7 K�;MBim/2
BM+`2�b2 BM i?2 BMi2;`�i2/ HmKBMQbBiv- i?�i +Q``2bTQM/b iQ /�i�b2ib Q7 �#Qmi 3000 7#�RX
h?2 BM+`2�b2/ BMbi�Mi�M2Qmb HmKBMQbBiv BKTHB2b � H�`;2` #�+F;`QmM/ Q7 TBH2mT 2p2Mib,
R9yĜkyy 2p2Mib T2` #mM+? +`QbbBM;- r?B+? Bb �#Qmi �M Q`/2` Q7 K�;MBim/2 H�`;2` i?�M
i?2 +m``2Mi H2p2HX

jXk h?2 *QKT�+i JmQM aQH2MQB/ U*JaV /2i2+iQ`
h?2 +2Mi`�H 72�im`2 Q7 i?2 *Ja �TT�`�imb Bb � bmT2`+QM/m+iBM; bQH2MQB/- 13m BM
H2M;i? �M/ 6m BM /B�K2i2`- r?B+? T`QpB/2b �M �tB�H K�;M2iB+ }2H/ Q7 3.8TX AMbB/2
i?2 bQH2MQB/- p�`BQmb T�`iB+H2 /2i2+iBQM bvbi2Kb �`2 2KTHQv2/X h?2 /2i2+iBQM bvbi2Kb
�`2 �``�M;2/ BM irQ K�BM xQM2b, #�``2H �M/ 2M/+�Tb- rBi? |⌘| < 1.4 �M/ 1.4 <

|⌘| < 2.5- `2bT2+iBp2HvX q?2`2 i?2 Tb2m/Q`�TB/Biv ⌘ Bb /2}M2/ �b ⌘ = � ln[tan(✓/2)]-
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6B;m`2 jXk, � b+?2K�iB+ `2T`2b2Mi�iBQM Q7 i?2 *Ja /2i2+iQ` �M/ K�BM bm#/2i2+iQ`
bvbi2KbX
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6B;m`2 jXj, � HQ;Bim/BM�H `2T`2b2Mi�iBQM Q7 i?2 *Ja /2i2+iQ` b?QrBM; i?2 TQbBiBQM
Q7 i?2 bm#/2i2+iQ`b BM i?2 ⌘ TH�M2 rBi? i?2 KmQM /2i2+iQ`b ?B;?HB;?i2/X

rBi? ✓ #2BM; i?2 TQH�` �M;H2 Q7 i?2 i`�D2+iQ`v Q7 i?2 T�`iB+H2 rBi? `2bT2+i iQ i?2
+QmMi2`+HQ+FrBb2 #2�K /B`2+iBQMX h?2 /2i2+iQ` Bb M2�`Hv ?2`K2iB+- �HHQrBM; 7Q` 2M2`;v
#�H�M+2 K2�bm`2K2Mib BM i?2 TH�M2 i`�Mbp2`b2 iQ i?2 #2�K /B`2+iBQMbX � b+?2K�iB+
/`�rBM; Q7 i?2 /2i2+iQ` Bb b?QrM BM 6B;m`2 jXkX 6B;m`2 jXj b?Qrb i?2 H�vQmi Q7 i?2
/2i2+iQ` +QKTQM2Mib BM i?2 ⌘ TH�M2X h?2 7QHHQrBM; T�`�;`�T?b ;Bp2 � #`B27 Qp2`pB2r
Q7 i?2 bm#/2i2+iQ`b rBi? i?2 7Q+mb QM i?2 72�im`2b `2H2p�Mi iQ i?2 `2+QMbi`m+iBQM Q7
i�m H2TiQMbX � KQ`2 /2i�BH2/ /2b+`BTiBQM Q7 i?2 *Ja /2i2+iQ`- �M/ i?2 /2}MBiBQM Q7
i?2 +QQ`/BM�i2 bvbi2K +�M #2 7QmM/ BM _27X (9d)X

*?�`;2/ T�`iB+H2 i`�D2+iQ`B2b �`2 K2�bm`2/ #v i?2 bBHB+QM TBt2H �M/ bi`BT i`�+F2`-
i?�i �`2 i?2 +HQb2bi iQ i?2 #2�KHBM2 �M/ +Qp2` 0 < ' < 2⇡ BM �xBKmi? �M/ |⌘| < 2.5X
h`�+Fb Q7 +?�`;2/ ?�/`QMb �`2 `2+QMbi`m+i2/ rBi? �M 2{+B2M+v ivTB+�HHv 3y@NyW-
/2T2M/BM; QM i?2 i`�Mbp2`b2 KQK2MimK pT �M/ ⌘ Q7 i?2 ?�/`QMX h?2 `2bQHmiBQM
Q7 i?2 `2+QMbi`m+iBQM Q7 i?2 i`�Mbp2`b2 �M/ HQM;Bim/BM�H BKT�+i T�`�K2i2`b Q7 bBM;H2
BbQH�i2/ +?�`;2/ TBQMb rBi? 1:2o 2M2`;v Bb QM i?2 Q`/2` Q7 yXRĜ1mmX .2i�BH2/
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/2b+`BTiBQMb Q7 i?2 i`�+F2` �M/ i?2 T2`7Q`K�M+2 bim/B2b �`2 ;Bp2M BM _27X (93- 9N)
h?2 i`�+F2` +QKT`Bb2b � bB;MB}+�Mi �KQmMi Q7 K�i2`B�H BM 7`QMi Q7 i?2 2H2+i`Q@

K�;M2iB+ +�HQ`BK2i2` U1*�GV �M/ Qi?2` /2i2+iQ`b- KQbiHv i?2 K2+?�MB+�H bi`m+im`2-
i?2 b2`pB+2b- �M/ i?2 +QQHBM; bvbi2KX h?2 KBMBKmK p�Hm2 Q7 i?2 `�/B�iBQM H2M;i? Bb
0.4X0 �i |⌘| ⇡ 0- `Bb2b iQ �#Qmi 2.0X0 �i |⌘| ⇡ 1.4- �M/ /2+`2�b2b iQ �#Qmi 1.3X0

�i |⌘| ⇡ 2.5X Ai H2�/b iQ � M2�`Hv 9yW T`Q#�#BHBiv 7Q` i?2 � ! e
�
e
+ +QMp2`bBQM Q7 i?2

T?QiQMb i?�i Q`B;BM�i2 7`QK ⇡
0 ! �� /2+�vbX h?Bb 72�im`2 T`QKQi2b Bib2H7 BM i?2 ⌧

H2TiQM `2+QMbi`m+iBQM- bBM+2 � MmK#2` Q7 ⌧ /2+�v KQ/2b rBi? bB;MB}+�Mi #`�M+?BM;
7`�+iBQMb BM+Hm/2 i?2 ⇡

0 BM i?2 }M�H bi�i2X
� H2�/ imM;bi2M +`vbi�H 2H2+i`QK�;M2iB+ +�HQ`BK2i2` +QMbBbib Q7 � #�``2H �M/ irQ

2M/+�T b2+iBQMb i?�i +Qp2` |⌘| < 1.479 �M/ 1.479 < |⌘| < 3.0- `2bT2+iBp2HvX qBi? �
bK�HH `�/B�iBQM H2M;i? �M/ � bK�HH JQHB2`2 `�/Bmb 2.3 cm- i?2 H2�/ imM;bi2M +`vbi�Hb
T`QpB/2 � +QKT�+i +�HQ`BK2i2` rBi? 2t+2HH2Mi irQ@b?Qr2` b2T�`�iBQMX h?2 1*�G
i?B+FM2bb Bb KQ`2 i?�M k8 `�/B�iBQM H2M;i?bX h?2 bim/B2b BM i?2 /2+�vb Q7 w #QbQM
�M/ 125:2o >B;;b #QbQM b?Qr i?�i i?2 `�r 2M2`;v `2bQHmiBQM Q7 i?2 +�HQ`BK2i2`
Bb kĜ8W 7Q` 2H2+i`QMb- �M/ RXRĜkXeW BM i?2 #�``2H �M/ kXkĜ8W BM i?2 2M/+�Tb 7Q`
T?QiQMb (8y)X

� #`�bbfb+BMiBHH�iQ` b�KTHBM; ?�/`QM +�HQ`BK2i2` U>*�GV bm``QmM/ i?2 i`�+FBM;
pQHmK2 �M/ i?2 1*�G- +Qp2`BM; |⌘| < 3.0X h?2 b+BMiBHH�iBQM HB;?i Bb +QMp2`i2/ #v i?2
r�p2H2M;i?@b?B7iBM; }#`2b �M/ +?�MM2H2/ iQ T?QiQ/2i2+iQ`b pB� +H2�` }#`2bX h�FBM;
i?2 �p2`�;2 H2M;i? i?2 T�`iB+H2 i`�p2Hb i?`Qm;? i?2 K�ii2` #27Q`2 /BbBMi2;`�iBQM BM
� Mm+H2�` BMi2`�+iBQM �b i?2 BMi2`�+iBQM H2M;i?- i?2 i?B+FM2bb Q7 i?2 >*�G p�`B2b BM
i?2 `�M;2 dĜRR BMi2`�+iBQM H2M;i?b /2T2M/BM; QM ⌘X AM i?2 #�``2H i?2 `2H�iBp2 2M2`;v
`2bQHmiBQM 7Q` +?�`;2/ TBQMb Bb �#Qmi kyW �i 20:2o 2M2`;v �M/ RyW �i 100:2o (8R)X

h?2 +�HQ`BK2i`v T`QpB/2b ?B;?@`2bQHmiBQM 2M2`;v �M/ /B`2+iBQM K2�bm`2K2Mib Q7
2H2+i`QMb �M/ ?�/`QMB+ D2ibX �7i2` D2i 2M2`;v +�HB#`�iBQM- i?2 }M�H mM+2`i�BMiv BM i?2
D2i 2M2`;v b+�H2 Bb #2HQr jW �+`Qbb i?2 T?�b2 bT�+2 +QMbB/2`2/ BM i?2 bim/B2b Q7 i?Bb
i?2bBb UpT > 30:2o �M/ |⌘| < 2.5V (8k)X

JmQM /2i2+iBQM bvbi2Kb �`2 HQ+�i2/ QmibB/2 Q7 i?2 bQH2MQB/ �M/ 2K#2//2/ BM i?2
bi22H `2im`M vQF2X h?2v +QMbBbi Q7 i?`22 ivT2b, /`B7i im#2 bi�iBQMb U.hbV �i |⌘| < 1.2-
+�i?Q/2 bi`BT +?�K#2`b U*a*bV �i 0.9 < |⌘| < 2.4- `2bBbiBp2 TH�i2 +?�K#2`b U_S*bV
�i |⌘| < 1.9X h?2 �p2`�;2 ?Bi `2+QMbi`m+iBQM 2{+B2M+v Bb �#Qmi N9ĜNeW 7Q` _S*b- �M/
NdW 7Q` .hb �M/ *a*bX h?2 BM7Q`K�iBQM 7`QK i?2 KmQM bvbi2Kb Bb K�i+?2/ rBi? i?2
i`�+Fb `2+QMbi`m+i2/ BM i?2 i`�+F2` 7Q` � `Q#mbi B/2MiB}+�iBQM Q7 KmQM +�M/B/�i2bX
h?2 K�;MBim/2b Q7 i?2 KQK2MimK b+�H2 +Q``2+iBQMb �`2 �#Qmi yXkW �M/ yXjW BM
i?2 #�``2H �M/ 2M/+�T- `2bT2+iBp2HvX h?2 `2bQHmiBQM 7Q` KmQMb rBi? KQK2Mi� mT iQ
�TT`QtBK�i2Hv 100:2o Bb RW BM i?2 #�``2H �M/ jW BM i?2 2M/+�T (8j)X

� irQ@H2p2H i`B;;2` bvbi2K b2H2+ib i?2 KQbi BMi2`2biBM; T`QiQM@T`QiQM +QHHBbBQM



Re

2p2Mib 7Q` mb2 BM T?vbB+b �M�Hvb2b (89- 88)X h?2 H2p2H R UGRV i`B;;2` Bb /2bB;M2/ iQ
?�M/H2 � GHz +QHHBbBQM `�i2 �M/ `2/m+2 i?2 7`QMi 2M/ `2�/Qmi #�M/rB/i? iQ 100 kHz Q7
1MB 2p2MibX Ai Bb BKTH2K2Mi2/ BM +mbiQK ?�`/r�`2 i?�i b2H2+ib /2i2+iQ` bB;M�Hb +QM@
bBbi2Mi rBi? bi`2�KHBM2/ /2}MBiBQMb Q7 T?vbB+�H Q#D2+ib, 2H2+i`QMbfT?QiQMb- KmQMb-
D2ib- 2i+X h?2 100GB/s QmiTmi Q7 i?2 GR i`B;;2` Bb 7m`i?2` `2/m+2/ iQ RyyyHz `�i2
7Q` Q|BM2 biQ`�;2 BM i?2 ?B;? H2p2H i`B;;2` U>GhVX h?2 >Gh BKTH2K2Mib KQ`2 `2}M2/
`2+QMbi`m+iBQM �H;Q`Bi?Kb BM bQ7ir�`2 i?�i `mMb QM � 7�`K Q7 Qz@i?2@b?2H7 +QKTmi2`bX
h?2 >Gh /2+BbBQM r?2i?2` iQ `2i�BM �M 2p2Mi Bb }M�H BM i?2 /�i� �+[mBbBiBQM T`Q+2bbX
h?2 ;�i?2`2/ /�i� �`2 T`Q+2bb2/ �M/ �M�Hvb2/ Q|BM2X

AM Q`/2` iQ +QT2 rBi? i?2 ?B;? HmKBMQbBiv BM i?2 >G@G>* T?�b2- #Qi? rBi?
`2bT2+i iQ i?2 /�i� �+[mBbBiBQM bT22/ �M/ i?2 `�/B�iBQM ?�`/M2bb- i?2 *Ja /2i2+iQ`
rBHH mM/2`;Q � T`Q7QmM/ mT;`�/2 Q7 �HH Q7 Bib +QKTQM2Mi bm#/2i2+iQ`bX Ai rBHH BM+Hm/2
i?2 mT;`�/2b Q7 i?2 TBt2H i`�+F2` (8e)- i?2 BMM2` �M/ Qmi2` i`�+F2` (8d- 83- 8N)- i?2
1*�G (ey)- i?2 M2r ?B;? ;`�MmH�`Biv >*�G (eR)- i?2 mT;`�/2 Q7 i?2 Qmi2` KmQM
/2i2+iQ`b (ek)- �M/ i?2 BMbi�HH�iBQM Q7 i?2 M2r JAS hBKBM; .2i2+iQ` UJh.V (ej)
i?�i rBHH T`QpB/2 � T`2+Bb2 iBKBM; K2�bm`2K2Mi 7Q` i?2 +?�`;2/ T�`iB+H2b i?�i +`Qbb
BiX h?2 iBKBM; rBHH BKT`Qp2 i?2 b2T�`�iBQM #2ir22M i?2 T�`iB+H2b i?�i Q`B;BM�i2 7`QK
/Bz2`2Mi +QHHBbBQMb- i?mb Bi rBHH +QMbi`�BM i?2 bB;MB}+�Mi TBH2mT #�+F;`QmM/X h?2
Jh. /2i2+iQ` rBHH #2 BMbi�HH2/ #2ir22M i?2 i`�+F2` �M/ i?2 1*�GX h?2 *Ja ;`QmT
BM i?2 GAS H�#Q`�iQ`v i�F2b � bB;MB}+�Mi T�`i BM i?2 /2p2HQTK2Mi Q7 i?2 2H2+i`QMB+b
`2�/Qmi 7Q` i?Bb /2i2+iQ`X



*?�Ti2` 9

1p2Mi `2+QMbi`m+iBQM

h?2 tt ! `⌫`⌧h⌫⌧bb bB;M�H 2p2Mi iQTQHQ;v Bb /2}M2/ #v i?2 T`2b2M+2 Q7 irQ b [m�`F
D2ib 7`QK i?2 t [m�`F /2+�vb- QM2 W #QbQM /2+�vBM; H2TiQMB+�HHv BMiQ e⌫ Q` µ⌫- �M/ �
b2+QM/ W #QbQM /2+�vBM; BMiQ ⌧h⌫X �KQM; i?2b2 }M�H bi�i2 Q#D2+ib- i?2 HB;?i H2TiQMb-
e �M/ µ- H2�p2 i?2 +H2�M2bi bB;M�im`2b BM i?2 /2i2+iQ`- �M/ b2`p2 7Q` i`B;;2`BM; i?2
+QHH2+iBQM Q7 `2H2p�Mi 2p2Mib /m`BM; i?2 /�i�@i�FBM;X h?2 +QHH2+i2/ `�r /�i� 7`QK
i?2 *Ja /2i2+iQ` �`2 `2@T`Q+2bb2/ rBi? i?2 #2bi �H;Q`Bi?Kb Q|BM2 iQ `2+QMbi`m+i
T?vbB+�H Q#D2+ib bmBi�#H2 7Q` i?2 �M�HvbBbX h?2 Q|BM2 `2+QMbi`m+iBQM Bb biQ`2/ BM i?2
�M�HvbBb P#D2+i .�i� 7Q`K�i U�P.V �M/ i?2 KBMB@�P. /�i� 7Q`K�i (e9) i?�i H2�p2b
Qmi MQM@2bb2MiB�H BM7Q`K�iBQM bm+? �b /2i�BHb BM i?2 `2+QMbi`m+iBQM Q7 i`�+Fb- ?2M+2
T`QpB/BM; bK�HH2` �M/ KQ`2 K�M�;2�#H2 /�i�b2ibX

AM 2�+? 2p2Mi- �HH Q#D2+ib �`2 `2+QMbi`m+i2/ rBi? � T�`iB+H2@~Qr US6V �H;Q`Bi?K (e8)X
S6 +QK#BM2b i?2 BM7Q`K�iBQM 7`QK �HH bm#/2i2+iQ`b iQ B/2MiB7v �M/ `2+QMbi`m+i �HH
ivT2b Q7 T�`iB+H2b BM i?2 2p2Mi- M�K2Hv +?�`;2/ �M/ M2mi`�H ?�/`QMb- T?QiQMb- KmQMb-
�M/ 2H2+i`QMb- iQ;2i?2` `272``2/ iQ �b S6 Q#D2+ibX h?2b2 Q#D2+ib �`2 mb2/ iQ +QMbi`m+i
� p�`B2iv Q7 ?B;?2`@H2p2H Q#D2+ib �M/ Q#b2`p�#H2b- BM+Hm/BM; D2ib �M/ KBbbBM; i`�Mb@
p2`b2 KQK2MimK U~pKBbb

T
V- r?B+? Bb i?2 M2;�iBp2 p2+iQ` bmK Q7 i`�Mbp2`b2 KQK2Mi� Q7

�HH `2+QMbi`m+i2/ S6 Q#D2+ibX C2ib �`2 +Hmbi2`2/ 7`QK i?2 S6 Q#D2+ib #v i?2 �MiB@kT
�H;Q`Bi?K (ee) rBi? i?2 /Bbi�M+2 T�`�K2i2` R = 0.4X S�`�K2i2`b Q7 D2ib �M/ i?2
i`�+Fb �bbQ+B�i2/ rBi? D2ib T`QpB/2 BMTmi p�`B�#H2b 7Q` b i�;;BM; /Bb+`BKBM�iQ`bX h?2
`2+QMbi`m+i2/ p2`i2t rBi? i?2 H�`;2bi p�Hm2 Q7 bmKK2/ T?vbB+b@Q#D2+i p

2

T
Bb i�F2M iQ

#2 i?2 T`BK�`v pp BMi2`�+iBQM p2`i2tX h?2 `2+QMbi`m+i2/ 2M2`;v Q7 i?2 Q#D2+ib Bb
+Q``2+i2/ iQ �++QmMi 7Q` i?2 /2pB�iBQMb BM i?2 /2i2+iQ` T2`7Q`K�M+2X

1�+? ivT2 Q7 Q#D2+ib Bb `2[mB`2/ iQ T�bb � bT2+B�H B/2MiB}+�iBQM �H;Q`Bi?K i?�i
p2`B}2b i?2 [m�HBiv Q7 i?2 `2+QMbi`m+i2/ Q#D2+iX AM bBKTH2 +�b2b Bi +�M #2 Dmbi �
b2i Q7 ?2m`BbiB+ `2[mB`2K2Mib- #mi mbm�HHv Bi Bb � KmHiBp�`B�i2 �H;Q`Bi?K i`�BM2/ iQ

Rd



R3

/BbiB;mBb? i?2 bB;M�H �M/ i?2 +QKKQM #�+F;`QmM/ BM bBKmH�iBQM �M/ Q#b2`p2/ /�i�X
h?2 T2`7Q`K�M+2 Q7 i?2 B/2MiB}+�iBQM �H;Q`Bi?K Bb [m�MiB}2/ #v Bib 2{+B2M+v �M/
KBbB/2MiB}+�iBQM T`Q#�#BHBiv, i?2 7`�+iBQM Q7 ;2MmBM2 Q#D2+ib i?�i T�bb i?2 �H;Q`Bi?K
Bb i?2 B/2MiB}+�iBQM 2{+B2M+v Ui`m2 TQbBiBp2 +�b2V- �M/ i?2 7`�+iBQM Q7 #�+F;`QmM/
Q#D2+ib i?�i KBbi�F2MHv T�bb i?2 �H;Q`Bi?K Bb i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiv U7�Hb2
TQbBiBp2 +�b2VX h?2 �H;Q`Bi?K T�`�K2i2`b +�M #2 �/Dmbi2/ `2bmHiBM; BM � HQQb2` Q`
iB;?i2` `2[mB`2K2Mi- BX2X T�bb KQ`2 Q` H2bb 2p2MibX AM+`2�bBM; i?2 2{+B2M+v iQ T�bb
bB;M�H 2p2Mib �Hr�vb H2�/b iQ �M BM+`2�b2 BM i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBivX � b2i
Q7 �H;Q`Bi?K T�`�K2i2`b i?�i `2bmHib BM � T�`iB+mH�` 2{+B2M+v �M/ KBbB/2MiB}+�iBQM
Bb +�HH2/ � ǳrQ`FBM; TQBMiǴ Q7 i?2 �H;Q`Bi?KX AM T`�+iB+2 � /2/B+�i2/ ;`QmT BM i?2
+QHH�#Q`�iBQM /2p2HQTb �M B/2MiB}+�iBQM �H;Q`Bi?K �M/ bim/B2b Bib T2`7Q`K�M+2 7Q`
� MmK#2` Q7 rQ`FBM; TQBMib i?�i �`2 mb27mH BM � rB/2 `�M;2 Q7 �M�Hvb2bX h?2b2
�H;Q`Bi?Kb �M/ rQ`FBM; TQBMib �`2 7m`i?2` +`Qbb@+?2+F2/ BM MmK2`Qmb �M�Hvb2b i?�i
mb2 i?2 +Q``2bTQM/BM; Q#D2+ib- �bbm`BM; i?2 [m�HBiv Q7 i?2 `2+QMbi`m+i2/ /�i�X

h?2 +QKTH2tBiv Q7 i?2 pp 2p2Mib �M/ i?2 /2i2+iQ` `2bTQMb2 K�F2b � /B`2+i i?2Q@
`2iB+�H T`2/B+iBQM Q7 2tT2`BK2Mi�HHv K2�bm`2/ /Bbi`B#miBQMb BKT`�+iB+�HX AMbi2�/- i?2
i?2Q`v Bb T`2b2Mi2/ #v � bBKmH�iBQM Q7 i?2 +QHHBbBQM 2p2Mib i?�i BM+Hm/2b i?2 /2i2+@
iQ` `2bTQMb2X h?2 bBKmH�iBQM Bb 7m`i?2` +�HB#`�i2/ iQ �++QmMi 7Q` T�`iB+mH�`BiB2b Q7
i?2 /2i2+iQ` T2`7Q`K�M+2 BM �Mv ;Bp2M /�i�@i�FBM; T2`BQ/- �M/ `2KQp2 i?2 `2bB/m�H
/Bz2`2M+2b #2ir22M i?2 `2+QMbi`m+iBQM BM i?2 bBKmH�iBQM �M/ i?2 Q#b2`p2/ /�i�X

_2+Q`/2/ �M/ bBKmH�i2/ /�i� b�KTH2b- i`B;;2`b- `2+QMbi`m+iBQM iQQHb- �M/ i?2
+�HB#`�iBQM Q7 i?2 bBKmH�iBQM �`2 /2b+`B#2/ BM i?2 7QHHQrBM;X

9XR .�i� b�KTH2
h?2 /�i� b�KTH2 r�b +QHH2+i2/ rBi? i?2 *Ja /2i2+iQ` BM kyRe �M/ +Q``2bTQM/b iQ
i?2 HmKBMQbBiv Q7 35.9 7#�RX h?2 /�i� `2+Q`/2/ rBi? i?2 bBM;H2 HB;?i H2TiQM i`B;;2`b-
ǳaBM;H2 1H2+i`QMǴ �M/ ǳaBM;H2 JmQMǴ- �`2 mb2/ �b i?2 bi�`iBM; TQBMi 7Q` 7m`i?2` 2p2Mi
b2H2+iBQMX

1�+? /�i�b2i Bb 7mHHv B/2MiB}2/ #v � HQ;B+�H M�K2 rBi?BM i?2 *Ja +QKTmiBM;
BM7`�bi`m+im`2X h?2 HQ;B+�H M�K2b 7Q` i?2 /�i�b2ib +QHH2+i2/ rBi? i?2 /2i2+iQ` �`2
+QKTQb2/ Q7 i?`22 T�`ib, i?2 ;`QmT Q7 i`B;;2`b i?�i +QHH2+i2/ i?2 2p2Mib U7Q` 2t�K@
TH2- ǳaBM;H21H2+i`QMǴV- i?2 /�i�@i�FBM; 2TQ+? Uǳ_mMkyRe.ǴV �M/ i?2 2p2Mi `2+QM@
bi`m+iBQM +�KT�B;M Uǳyj62#kyRd@pRǴV- �M/ i?2 /�i�b2i 7Q`K�i UǳJALA�P.ǴVX h?2
/�i�@i�FBM; +QM/BiBQMb +�M p�`v #2ir22M 2TQ+?b, i?2 TBH2mT- i?2 T�`�K2i2`b Q7 i`B;@
;2`b- Qi?2` T�`iB+mH�` +B`+mKbi�M+2b +�M #2 /Bz2`2MiX h2+?MB+�H Bbbm2b 2M+QmMi2`2/
BM i?2 /2i2+iQ` QT2`�iBQM /m`BM; i?2 /�i�@i�FBM; T2`BQ/ �`2 +Q``2+i2/ BM i?2 2p2Mi `2@
+QMbi`m+iBQM +�KT�B;M Q` rBi?BM i?2 T?vbB+b �M�HvbBbX h?2 62#`m�`v kyRd +�KT�B;M



RN

BM+Hm/2b i?2 #2bi `2+QMbi`m+iBQM +�HB#`�iBQMb- i?�i r2`2 �HbQ +`Qbb@+?2+F2/ rBi? i?2
CmHv kyR3 H2;�+v `2+QMbi`m+iBQM +�KT�B;MX h?2 2t�+i HQ;B+�H M�K2b Q7 i?2 /�i�b2ib
mb2/ BM i?2 i?2bBb �`2 HBbi2/ BM h�#H2 9XRX

h�#H2 9XR, h?2 /�i�b2ib 7`QK i?2 kyRe b�KTH2 i?�i �`2 mb2/ BM i?Bb i?2bBbX
S`BK�`v b2i GQ;B+�H M�K2b
aBM;H2 1H2+i`QM faBM;H21H2+i`QMf_mMkyRe"@yj62#kyRdnp2`k@pkfJALA�P.

faBM;H21H2+i`QMf_mMkyRe*@yj62#kyRd@pRfJALA�P.
faBM;H21H2+i`QMf_mMkyRe.@yj62#kyRd@pRfJALA�P.
faBM;H21H2+i`QMf_mMkyRe1@yj62#kyRd@pRfJALA�P.
faBM;H21H2+i`QMf_mMkyRe6@yj62#kyRd@pRfJALA�P.
faBM;H21H2+i`QMf_mMkyRe:@yj62#kyRd@pRfJALA�P.

faBM;H21H2+i`QMf_mMkyRe>@yj62#kyRdnp2`k@pRfJALA�P.
faBM;H21H2+i`QMf_mMkyRe>@yj62#kyRdnp2`j@pRfJALA�P.

aBM;H2 JmQM faBM;H2JmQMf_mMkyRe"@yj62#kyRdnp2`k@pkfJALA�P.
faBM;H2JmQMf_mMkyRe*@yj62#kyRd@pRfJALA�P.
faBM;H2JmQMf_mMkyRe.@yj62#kyRd@pRfJALA�P.
faBM;H2JmQMf_mMkyRe1@yj62#kyRd@pRfJALA�P.
faBM;H2JmQMf_mMkyRe6@yj62#kyRd@pRfJALA�P.
faBM;H2JmQMf_mMkyRe:@yj62#kyRd@pRfJALA�P.

faBM;H2JmQMf_mMkyRe>@yj62#kyRdnp2`k@pRfJALA�P.
faBM;H2JmQMf_mMkyRe>@yj62#kyRdnp2`j@pRfJALA�P.

h?2 �M�HvbBb mb2b QMHv i?2 2p2Mib i?�i r2`2 `2+Q`/2/ mM/2` ;QQ/ /�i�@i�FBM;
+QM/BiBQMb- r?2M i?2 bm#@/2i2+iQ`b �M/ Qi?2` bvbi2Kb T2`7Q`K2/ r2HHX h?2 ;QQ/
+QM/BiBQMb �`2 2M+Q/2/ BM ǳHmKBb2+iBQM +2`iB}+�i2bǴ 7Q` � +QmTH2 H2p2Hb Q7 [m�HBivX
h?2 �M�HvbBb mb2b i?2 2p2Mib i?�i T�bb i?2 ǳ;QH/2M DbQMǴ HmKBb2+iBQM +2`iB}+�i2 Q7
T`QiQM@T`QiQM +QHHBbBQMbX Ai b2H2+ib i?2 2p2Mib +QHH2+i2/ mM/2` i?2 #2bi +QM/BiBQMb Q7
�HH /2i2+iQ` bm#@bvbi2KbX h?2 /�i� T�bbBM; i?2 +2`iB}+�i2 +Q``2bTQM/ iQ � HmKBMQbBiv
Q7 �#Qmi 35.9 7#�RX

�//BiBQM�H `2[mB`2K2Mib �`2 mb2/ BM Q`/2` iQ `2/m+2 i?2 +QMi�KBM�iBQM 7`QK
#2�K@;�b BMi2`�+iBQMb r?B+? K�v T`Q/m+2 �MQK�HQmb 2p2Mib +QMi�BMBM; ?�HQ KmQMb-
HQr@[m�HBiv i`�+Fb- 2i+X h?2v �`2 �TTHB2/ T`BQ` iQ �Mv 2p2Mi b2H2+iBQM- �M/ /Bb+�`/
H2bb i?�M yXRW Q7 2p2MibX h?2b2 `2[mB`2K2Mib �`2 +QKKQMHv `272``2/ iQ �b ǳKBbbBM;
ET }Hi2`bǴ,

Ç T`BK�`v p2`i2t }Hi2` b2ib #�bB+ [m�HBiv `2[mB`2K2Mib QM i?2 `2+QMbi`m+i2/ p2`@
iB+2b



ky

Ç #2�K ?�HQ }Hi2` `2KQp2b i?2 #�+F;`QmM/ Q7 b2+QM/�`v T�`iB+H2b i?�i �`2 ;2M@
2`�i2/ QmibB/2 i?2 *Ja +�p2`M- BM i?2 +QHHBbBQMb Q7 i?2 #2�K rBi? `2bB/m�H ;�b
BMbB/2 i?2 G>* p�+mmK +?�K#2`- 2i+

Ç >*�G MQBb2 }Hi2`b U>">1 �M/ >">1BbQV �BK iQ 2HBKBM�i2 �MQK�HQmb bB;M�Hb
/m2 iQ `�`2 2H2+i`QMB+b MQBb2 �+iBpBiv BM >*�G

Ç 1*�G h`B;;2` S`BKBiBp2 UhSV }Hi2` /Bb+�`/b 2p2Mib rBi? 7�Hb2Hv `2+QMbi`m+i2/
?B;? p

KBbb
T

i?�i �TT2�`b r?2M +2`i�BM 1*�G +?�MM2Hb b�im`�i2 i?2 2M2`;v `�M;2
Q7 i?2B` `2�/Qmi

Ç #�/ S6 KmQM }Hi2` `2KQp2b 2p2Mib rBi? TmM+? i?`Qm;? TBQMb KBbi�F2MHv B/2M@
iB}2/ �b KmQMb �M/ BM+Hm/2/ BM i?2 +�H+mH�iBQM Q7 pKBbb

T
- 2p2M i?Qm;? i?2v /Q

MQi T�bb �HH S6 `2[mB`2K2Mib 7Q` KmQMbX

Pp2`H�T 2p2Mib #2ir22M i?2 2H2+i`QM �M/ KmQM b�KTH2b �`2 M�im`�HHv `2KQp2/
#v i?2 2t+HmbBp2 2p2Mi b2H2+iBQMb 2KTHQv2/ BM i?2 i?2bBb- r?B+? `2[mB`2 QMHv QM2 r2HH
`2+QMbi`m+i2/ HB;?i H2TiQM BM i?2 2p2Mi- 2Bi?2` �M 2H2+i`QM Q` � KmQM- �M/ MQ Qi?2`
H2TiQMb i?�i +QmH/ T�bb i?2 `2[mB`2K2Mib Q7 i?2 i`B;;2`bX

9Xk 1p2Mi bBKmH�iBQM
h?2 �M�HvbBb K�F2b mb2 Q7 bBKmH�i2/ b�KTH2b Q7 tt 2p2Mib- �b r2HH �b Qi?2` T`Q+2bb2b
i?�i `2bmHi BM `2+QMbi`m+i2/ ⌧ H2TiQMb BM i?2 }M�H bi�i2X h?2b2 b�KTH2b �`2 mb2/ iQ
/2bB;M i?2 2p2Mi b2H2+iBQM- iQ +�H+mH�i2 i?2 �++2Ti�M+2 7Q` tt 2p2Mib- �M/ iQ 2biBK�i2
KQbi Q7 i?2 #�+F;`QmM/b BM i?2 �M�HvbBbX

aB;M�H tt 2p2Mib �`2 bBKmH�i2/ rBi? i?2 TQr?2; 2p2Mi ;2M2`�iQ` UpkV (ed- e3-
eN- dy- dR) �i M2ti@iQ@H2�/BM;@Q`/2` ULGPV �++m`�+v BM [m�MimK +?`QKQ/vM�K@
B+b UZ*.VX h?2 T�`iQM b?Qr2`b �`2 KQ/2HH2/ mbBM; Tvi?B� Up3XkV (R) rBi? i?2
*l1hS3Jkh9 mM/2`HvBM; 2p2Mi Ul1V imM2 (dk)X h?2 #�+F;`QmM/ b�KTH2b mb2/
BM i?2 K2�bm`2K2Mi Q7 i?2 +`Qbb b2+iBQM �`2 bBKmH�i2/ rBi? TQr?2; �M/ K+!MHQ
UpkXkXkV (dj)X h?2 K+!MHQ ;2M2`�iQ` rBi? JGJ K�i+?BM; (d9) Bb mb2/ 7Q` i?2 bBK@
mH�iBQM Q7 W #QbQM T`Q/m+iBQM BM �bbQ+B�iBQM rBi? D2ib UWYD2ibV- �M/ .`2HHĜu�M
U.uV T`Q/m+iBQM BM �bbQ+B�iBQM rBi? D2ib �i H2�/BM;@Q`/2` UGPV �++m`�+vX >2`2- QMHv
i?2 H2TiQMB+ /2+�vb Q7 .u 2p2Mib �M/ W #QbQMb �`2 bBKmH�i2/- �M/ mT iQ 7Qm` �/@
/BiBQM�H D2ib �`2 BM+Hm/2/X h?2 /B#QbQM T`Q+2bb2b �`2 T`Q/m+2/ rBi? LGP �++m`�+v,
WW rBi? TQr?2;- WZ �M/ ZZ rBi? K+!MHQ rBi? 6t6t K�i+?BM; (d8)X h?2
TQr?2; ;2M2`�iQ` Bb mb2/ 7Q` i?2 bBKmH�iBQM Q7 t@+?�MM2H bBM;H2 iQT [m�`F T`Q/m+@
iBQM �M/ bBM;H2 iQT [m�`F T`Q/m+iBQM �bbQ+B�i2/ rBi? � W #QbQM UtWV (de- dd)X
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h?2 bBM;H2 iQT [m�`F s@+?�MM2H b�KTH2 Bb T`Q/m+2/ rBi? K+!MHQ �i LGP �++m`�+v
rBi? 6t6t K�i+?BM; b+?2K2X h?2 bBKmH�i2/ 2p2Mib �`2 T`Q/m+2/ rBi? � iQT [m�`F
K�bb Q7 mt = 172.5:2oX h?2 ;2M2`�i2/ 2p2Mib �`2 bm#b2[m2MiHv T`Q+2bb2/ rBi?
Tvi?B� mbBM; i?2 mM/2`HvBM; 2p2Mi imM2 *l1hS3JR iQ T`QpB/2 i?2 b?Qr2`BM; Q7
i?2 T�`iQMb- �M/ iQ T2`7Q`K i?2 K�i+?BM; Q7 i?2 bQ7i `�/B�iBQM rBi? i?2 +QMi`B#m@
iBQMb 7`QK /B`2+i 2KBbbBQMb BM+Hm/2/ BM i?2 K�i`Bt@2H2K2Mi UJ1V +�H+mH�iBQMbX h?2
/27�mHi T�`iQM /Bbi`B#miBQM 7mM+iBQMb US.6bV �`2 i?2 LLS.6jXy (d3)X h?2 ⌧ /2+�vb
�`2 bBKmH�i2/ rBi? Tvi?B�- r?B+? +Q``2+iHv �++QmMib 7Q` i?2 ⌧ H2TiQM TQH�`Bx�iBQM BM
/2b+`B#BM; i?2 FBM2K�iB+ T`QT2`iB2b Q7 i?2 /2+�vX h?2 *Ja /2i2+iQ` `2bTQMb2 Bb bBK@
mH�i2/ rBi? :2�Mi9 (dN)X �//BiBQM�H pp BMi2`�+iBQMb BM i?2 b�K2 Q` M2�`#v #mM+?
+`QbbBM;b UTBH2mT- SlV �`2 bmT2`BKTQb2/ QM i?2 ?�`/ +QHHBbBQMX aBKmH�i2/ 2p2Mib �`2
`2r2B;?i2/ iQ K�i+? i?2 /Bbi`B#miBQM Q7 i?2 MmK#2` Q7 TBH2mT +QHHBbBQMb T2` 2p2Mi BM
/�i�X h?Bb /Bbi`B#miBQM Bb /2`Bp2/ 7`QK i?2 BMbi�Mi�M2Qmb HmKBMQbBiv �M/ i?2 BM2H�biB+
+`Qbb b2+iBQM (3y)X

h?2 M2ti@iQ@M2ti@iQ@H2�/BM;@Q`/2` ULLGPV 2tT2+i2/ aJ tt T�B` T`Q/m+iBQM +`Qbb
b2+iBQM Q7 832+20

�29
(scale)±35 (PDF+↵S) (kN) Umt = 172.5:2oV Bb mb2/ 7Q` i?2 MQ`K�H@

Bx�iBQM Q7 i?2 MmK#2` Q7 tt 2p2Mib BM i?2 bBKmH�iBQMX h?2 }`bi mM+2`i�BMiv BM+Hm/2b
i?2 mM+2`i�BMiB2b BM i?2 7�+iQ`Bx�iBQM �M/ `2MQ`K�HBx�iBQM b+�H2b- r?BH2 i?2 b2+QM/ Bb
�bbQ+B�i2/ rBi? TQbbB#H2 +?QB+2b Q7 S.6b �M/ i?2 p�Hm2 Q7 i?2 bi`QM; +QmTHBM; +QMbi�Mi
U↵SVX h?2 T`QiQM bi`m+im`2 Bb /2b+`B#2/ #v i?2 *hR9 ULLGPV S.6 b2i rBi? i?2 +Q`@
`2bTQM/BM; S.6 �M/ ↵S mM+2`i�BMiB2b (3R)X h?2 WYD2ib �M/ .uYD2ib #�+F;`QmM/b
�`2 MQ`K�HBx2/ iQ i?2B` LLGP +`Qbb b2+iBQMb +�H+mH�i2/ rBi? 72rx UpjXRV (3k)X h?2
t@+?�MM2H �M/ i?2 s@+?�MM2H bBM;H2 iQT [m�`F T`Q/m+iBQM �`2 MQ`K�HBx2/ iQ i?2 LGP
+�H+mH�iBQMb Q#i�BM2/ 7`QK >�i?Q` UpkXRV (3j- 39)X h?2 T`Q/m+iBQM Q7 tW Bb MQ`@
K�HBx2/ iQ i?2 LLGP +�H+mH�iBQM (38- 3e)X 6BM�HHv- i?2 T`Q/m+iBQM Q7 /B#QbQM T�B`b Bb
MQ`K�HBx2/ iQ i?2 LGP +`Qbb b2+iBQM T`2/B+iBQM +�H+mH�i2/ rBi? K+7K (3d- 33) UpdXyVX
h?2 BM7Q`K�iBQM �#Qmi i?2 bBKmH�i2/ T`Q+2bb2b Bb +QHH2+i2/ BM h�#H2 9XkX

qBi?BM i?2 +QKTmiBM; BM7`�bi`m+im`2 i?2 bBKmH�i2/ /�i�b2ib �`2 B/2MiB}2/ #v
HQ;B+�H M�K2b bBKBH�`Hv iQ i?2 /�i� `2+Q`/2/ #v i?2 /2i2+iQ`X h?2 i?`22@T�`i M�K2b
/2bB;M�i2, i?2 bBKmH�i2/ ?�`/ T`Q+2bb �M/ i?2 ;2M2`�iQ` rBi? Bib K�BM T�`�K2i2`b-
i?2 b�KTH2 ;2M2`�iBQM +�KT�B;M- �M/ i?2 /�i� 7Q`K�iX h?2 bBKmH�i2/ b�KTH2b mb2/
BM i?2 i?2bBb �`2 2bb2MiB�HHv Q7 i?2 b�K2 7Q`K�i �b i?2 `2+Q`/2/ /�i� THmb �//BiBQM�H
BM7Q`K�iBQM `2H�i2/ iQ i?2 bBKmH�iBQM UǳJALA�P.aAJǴVX h?2v r2`2 ;2M2`�i2/ BM
i?2 amKK2`Re JBMB�P.pk J* T`Q/m+iBQM +�KT�B;MX

h?2 /�i�b2ib 2bb2MiB�H iQ i?2 �M�HvbBb �`2 HBbi2/ BM h�#H2 9Xj- iQ;2i?2` rBi? i?2B`
MQ`K�HBx�iBQM +`Qbb b2+iBQMbX h?2 tt T`Q+2bb BM+Hm/BM; �HH }M�H bi�i2b Bb ;Bp2M BM QM2
BM+HmbBp2 /�i�b2iX h?2 WYD2ib T`Q+2bb Bb #BMM2/ #v i?2 MmK#2` Q7 ?�`/ T`Q+2bb
D2ib BM Q`/2` iQ T`Q/m+2 KQ`2 2p2Mib rBi? ?B;?2` MmK#2`b Q7 i?2 D2ib- #2+�mb2 i?2v



kk

h�#H2 9Xk, h?2 K�BM +?�`�+i2`BbiB+b Q7 i?2 bBKmH�i2/ JQMi2@*�`HQ /�i�b2ib i?�i �`2
mb2/ BM i?2 �M�HvbBb, i?2 ;2M2`�iQ`- i?2 bBKmH�iBQM �++m`�+v- �M/ i?2 +`Qbb b2+iBQM Q7
i?2 ?�`/ T`Q+2bbX h?2 T�`iQM b?Qr2`BM; Bb T2`7Q`K2/ rBi? Tvi?B� Up3XkV (R) BM �HH
T`Q+2bb2bX

S`Q+2bb :2M2`�iQ` �++m`�+v *`Qbb b2+iBQM (T#)
tt TQr?2; LGP 3jRXde
aBM;H2 iQT tW TQr?2; LGP j8X38
aBM;H2 iQT t@+?�MM2H TQr?2; LGP 3yXN8
aBM;H2 iQT s@+?�MM2H K+!MHQ LGP RjeXyk
qYD2ib J�/:`�T? GP 8kN9y
.uYD2ib J�/:`�T? GP ekk8X9k
ZZ TQr?2;- K+!MHQ LGP jXd39
WW TQr?2; LGP ekXRd8
WZ TQr?2;- K+!MHQ LGP kjXde3

K�F2 � H�`;2` +QMi`B#miBQM iQ i?2 2p2Mi b2H2+iBQMX h?2 b�KTH2 Q7 qYD2ib 2p2Mib Bb
Q#i�BM2/ #v +QK#BMBM; i?2 BM+HmbBp2 qYD2ib /�i�b2i rBi? i?2 qYM@D2ib /�i�b2ibX AM
i?2 +QK#BM�iBQM i?2 2p2Mib Q7 i?2 BM+HmbBp2 /�i�b2i �`2 `2[mB`2/ iQ ?�p2 H2bb ?�`/
T`Q+2bb D2ib �i i?2 ;2M2`�iBQM H2p2H i?2M BM �Mv Q7 qYM@D2ib- r?B+? Bb /2}M2/ #v i?2
ǳMmK#2` Q7 T�`iQMbǴ ULlSV T�`�K2i2` BM i?2 bBKmH�iBQMX

aQK2 Q7 i?2 tt bBKmH�iBQM mM+2`i�BMiB2b �`2 Q#i�BM2/ 7`QK b2T�`�i2 /�i�b2ibX �/@
/BiBQM�H /�i�b2ib �`2 mb2/ BM +`Qbb@+?2+F bim/B2bX h?2v �`2 HBbi2/ BM h�#H2 9X9X

9Xj h`B;;2`
h?2 *Ja i`B;;2` bvbi2K Bb � irQ@H2p2H QMHBM2 bvbi2K /2bB;M2/ iQ b2H2+i BMi2`2biBM;
T?vbB+b 2p2Mib 7`QK i?2 T`Q/m+2/ +QHHBbBQMbX h?2 G2p2H R UGRV i`B;;2` K�F2b � `�TB/
/2+BbBQM #�b2/ QM i?2 HBKBi2/ 2p2Mi BM7Q`K�iBQM 7`QK �H;Q`Bi?Kb BKTH2K2Mi2/ BM
?�`/r�`2- �M/ i?2 >B;? G2p2H h`B;;2` U>GhV 7mHHv `2+QMbi`m+ib i?2 2p2Mib �H`2�/v
T`2@b2H2+i2/ #v GRX 1p2Mib T�bbBM; i?2 >Gh T�i?b bT2+B}2/ BM h�#H2 9X8 �`2 b2H2+i2/
�M/ �M�Hvx2/ Q|BM2X 6Q` i?2 e⌧h Uµ⌧hV }M�H bi�i2- /�i� �`2 +QHH2+i2/ rBi? � i`B;;2` `2@
[mB`BM; �i H2�bi QM2 BbQH�i2/ 2H2+i`QM UKmQMV rBi? � i?`2b?QH/ Q7 pT > 27(24):2oX hQ
K22i i?2 >Gh iBK2 HBKBi i?2 BbQH�iBQM p�`B�#H2b �`2 +�H+mH�i2/ 7`QK i?2 BM7Q`K�iBQM
Q7 i?2 b2T�`�i2 bm#/2i2+iQ`b BMbi2�/ Q7 i?2 7mHH S6 `2+QMbi`m+iBQMX h?2 bBM;H2@H2TiQM
i`B;;2`b �`2 mb2/ #2+�mb2 KQbi Q7 HB;?i H2TiQMb BM bB;M�H 2p2Mib T�bb i?2B` pT i?`2b?@
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h�#H2 9Xj, h?2 JQMi2@*�`HQ bBKmH�i2/ /�i�b2ib i?�i �`2 mb2/ BM i?Bb i?2bBbX

.�i�b2i *`Qbb b2+iBQM (T#)
tt
fhhnhmM2*l1hS3Jkh9nRjh2o@TQr?2;@Tvi?B�3fXXX 3jRXde
aBM;H2 iQT
fahniqniQTn87nBM+HmbBp2.2+�vbnRjh2o@TQr?2;@Tvi?B�3nhmM2*l1hS3JRfXXX j8X38
fahniqn�MiBiQTn87nBM+HmbBp2.2+�vbnRjh2o@TQr?2;@Tvi?B�3nhmM2*l1hS3JRfXXX j8X38
fahni@+?�MM2HniQTn97nBM+HmbBp2.2+�vbnRjh2o@TQr?2;ok@K�/bTBM@Tvi?B�3nhmM2*l1hS3JRfXXX 3yXN8
fahni@+?�MM2Hn�MiBiQTn97nBM+HmbBp2.2+�vbnRjh2o@TQr?2;ok@K�/bTBM@Tvi?B�3nhmM2*l1hS3JRfXXX RjeXyk
fahnb@+?�MM2Hn97nH2TiQM.2+�vbnRjh2o@�K+�iMHQ@Tvi?B�3nhmM2*l1hS3JRfXXX jXje
qYD2ib
fqC2ibhQGLmnhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX 8kN9y
fqRC2ibhQGLmnhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX N9Nj
fqkC2ibhQGLmnhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX jRky
fqjC2ibhQGLmnhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX N9kXj
fq9C2ibhQGLmnhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX 8k9Xk
.uYD2ib
f.uC2ibhQGGnJ@RyiQ8ynhmM2*l1hS3JRnRjh2o@�K+�iMHQ6s6s@Tvi?B�3fXXX R33jy
f.uC2ibhQGGnJ@8ynhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX ekk8X9k
.B#QbQMb
fwwhQkGkZnRjh2on�K+�iMHQ6s6snK�/bTBMnTvi?B�3fXXX jXkky
fwwhQkGkLmnRjh2onTQr?2;nTvi?B�3fXXX yX8e9
fqqhQGLmZZnRjh2o@TQr?2;fXXX 9NXNNd
fqqhQkGkLmnRjh2o@TQr?2;fXXX RkXRd3
fqwhQjGLmnhmM2*l1hS3JRnRjh2o@TQr?2;@Tvi?B�3fXXX 9X9jy
fqwhQkGkZnRjh2on�K+�iMHQ6s6snK�/bTBMnTvi?B�3fXXX 8X8N8
fqwhQRGRLmkZnRjh2on�K+�iMHQ6s6snK�/bTBMnTvi?B�3fXXX RyXdRy
fqwhQRGjLmnRjh2on�K+�iMHQ6s6snK�/bTBMnTvi?B�3fXXX jXyjj
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h�#H2 9X9, �//BiBQM�H JQMi2@*�`HQ /�i�b2ib i?�i +QMi�BM bQK2 Q7 i?2 T�`iQM b?Qr2`@
BM; mM+2`i�BMiB2b BM i?2 tt KQ/2HHBM;- �M/ i?2 WYD2ib �M/ i?2 KmHiBD2i Z*. /�i�b2ib
7Q` +`Qbb@+?2+F bim/B2bX h?2 WYD2ib /�i�b2i Bb ;2M2`�i2/ �i LGP �++m`�+v rBi?
K+!MHQX Ai Bb mb2/ iQ p�HB/�i2 i?2 b?�T2b Q7 i?2 /Bbi`B#miBQMb Q#i�BM2/ BM i?2 GP
/�i�b2i Q7 i?2 WYD2ib 2p2MibX h?2 KmHiBD2i Z*. J* /�i�b2ib �`2 mb2/ 7Q` p�HB/�@
iBQM Q7 i?2 /�i�@/`Bp2M K2i?Q/ iQ 2biBK�i2 i?2 +QMi`B#miBQM 7`QK i?Bb #�+F;`QmM/
T`Q+2bbX

.�i�b2i *`Qbb b2+iBQM (T#)
tt KQ/2HBM; bvbi2K�iB+b 3jRXde
fhhnhmM2*l1hS3Jkh9nRjh2o@TQr?2;@7b`/QrM@Tvi?B�3XXX
fhhnhmM2*l1hS3Jkh9nRjh2o@TQr?2;@7b`mT@Tvi?B�3XXX
fhhnhmM2*l1hS3Jkh9nRjh2o@TQr?2;@Bb`/QrM@Tvi?B�3XXX
fhhnhmM2*l1hS3Jkh9nRjh2o@TQr?2;@Bb`mT@Tvi?B�3XXX
fhhnhmM2*l1hS3Jkh9/QrMnRjh2o@TQr?2;@Tvi?B�3XXX
fhhnhmM2*l1hS3Jkh9mTnRjh2o@TQr?2;@Tvi?B�3XXX
fhhn?/�KT.PqLnhmM2*l1hS3Jkh9nRjh2o@TQr?2;@Tvi?B�3XXX
fhhn?/�KTlSnhmM2*l1hS3Jkh9nRjh2o@TQr?2;@Tvi?B�3XXX
tt +`Qbb@+?2+F 3jRXde
fhhnhmM2*l1hS3Jkh9n:HmQMJQp2*_hmM2nRjh2o@TQr?2;@Tvi?B�3XXX
fhhnhmM2*l1hS3Jkh9nZ*.#�b2/*_hmM2n2`/PLnRjh2o@TQr?2;@Tvi?B�3XXX
fhhC2ibnhmM2*l1hS3Jkh9nRjh2o@�K+�iMHQ6s6s@Tvi?B�3XXX
fhhnhmM2118*nRjh2o@TQr?2;@?2`rB;TTXXX
WYD2ib +`Qbb@+?2+F
fqC2ibhQGLmnhmM2*l1hS3JRnRjh2o@�K+�iMHQ6s6s@Tvi?B�3fXXX 9d99dXk
Z*. KmHiBD2i
fZ*.n>hRyyiQkyynhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX kd89yyyy
fZ*.n>hkyyiQjyynhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX RdRdyyy
fZ*.n>hjyyiQ8yynhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX j8Rjyy
fZ*.n>h8yyiQdyynhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX jRejy
fZ*.n>hdyyiQRyyynhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX e3yk
fZ*.n>hRyyyiQR8yynhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX Rkye
fZ*.n>hR8yyiQkyyynhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX RkyX9
fZ*.n>hkyyyiQAM7nhmM2*l1hS3JRnRjh2o@K�/;`�T?JGJ@Tvi?B�3fXXX k8Xk8
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QH/b- �M/ i?2b2 i`B;;2`b ?�p2 ?B;? 2{+B2M+B2b rBi? bK�HH �M/ r2HH@bim/B2/ bvbi2K�iB+
mM+2`i�BMiB2bX

h�#H2 9X8, >Gh i`B;;2` T�i?b mb2/ BM i?2 �M�Hvb2bX
7Q` /�i� 7Q` J*
>GhnAbQUhFVJmk9np >GhnAbQUhFVJmk9np9
>Ghn1H2kdnqShB;?in:b7np >Ghn1H2kdnqShB;?in:b7npd

9X9 S`BK�`v p2`i2t
� `2+QMbi`m+i2/ p2`i2t Bb `2[mB`2/ iQ ?�p2 � TQbBiBQM �HQM; i?2 z@+QQ`/BM�i2 rBi?BM
i?2 MQKBM�H /2i2+iQ` +2Mi2` U|z| < 24 cmV- �M/ � `�/B�H TQbBiBQM rBi?BM i?2 #2�K
bTQi U|d0| < 2 cmVX h?2`2 Kmbi #2 KQ`2 i?�M 7Qm` /2;`22b Q7 7`22/QK BM i?2 p2`i2t
}i Undof > 4VX 6`QK i?2 b2i Q7 i?2 p2`iB+2b T�bbBM; i?2b2 +`Bi2`B�- i?2 p2`i2t rBi? i?2
K�tBKmK pT bmK Q7 i`�+Fb �bbQ+B�i2/ rBi? i?2 p2`i2t Bb i�F2M iQ #2 i?2 T`BK�`v pp

BMi2`�+iBQM p2`i2t USoVX
Pi?2` pp BMi2`�+iBQMb BM i?2 #mM+? +`QbbBM; /Q MQi TQb2 �Mv BMi2`2bi �M/ QMHv

+Hmii2` i?2 /2i2+iBQM 2MpB`QMK2MiX h?2b2 TBH2mT USlV pp +QHHBbBQMb �`2 BM2pBi�#H2 BM
i?2 +�b2 Q7 H�`;2 BMbi�Mi�M2Qmb HmKBMQbBiv- r?2M K�Mv T`QiQMb �`2 +QHHB/2/ bBKmHi�@
M2QmbHv BM #mM+?2b iQ ?�p2 � ;QQ/ +?�M+2 Q7 T`Q/m+BM; �M BMi2`2biBM; pp +QHHBbBQM
T2` #mM+? +`QbbBM;X h?2 ?B;? 7`2[m2M+v Q7 +QHHBbBQMb �//b Qmi Q7 iBK2 TBH2mT- r?2M
T�`iB+H2b 7`QK T`2pBQmb #mM+? +`QbbBM; TQHHmi2 i?2 +m``2MiHv /2i2+i2/ 2p2MiX PrBM;
iQ i?2 ?B;? `2bQHmiBQM Q7 i?2 *Ja /2i2+iQ`- i?2 +?�`;2/ T�`iB+H2b 7`QK Sl p2`iB+2b
�`2 /BbiBM;mBb?2/ 7`QK i?2 T�`iB+H2b Q`B;BM�iBM; 7`QK i?2 SoX qBi? i?2 BM7Q`K�iBQM
�#Qmi i?2 +?�`;2/ T�`iB+H2b- i?2 M2mi`�H Sl �+iBpBiv +�M #2 2biBK�i2/ �M/ `2KQp2/
7`QK i?2 /2i2+i2/ bB;M�HX

9X8 G2TiQM `2+QMbi`m+iBQM
1H2+i`QM Q` KmQM +�M/B/�i2b `2+QMbi`m+i2/ rBi? i?2 S6 �`2 `2[mB`2/ iQ Q`B;BM�i2
7`QK i?2 T`BK�`v p2`i2t- T�bb [m�HBiv b2H2+iBQM +`Bi2`B�- �M/ #2 BbQH�i2/ `2H�iBp2 iQ
Qi?2` �+iBpBiv BM i?2 2p2MiX h?2 `2H�iBp2 BbQH�iBQM Bb #�b2/ QM S6 Q#D2+ib rBi?BM �
+QM2 Q7 �R =

p
(�⌘)

2
+ (�')

2
= 0.4 �`QmM/ i?2 2H2+i`QM Q` KmQM i`�+F- �M/ /2}M2/

�b Irel = (Ech+Enh+Eph�0.5E
PU

ch
)/pT- r?2`2 Ech Bb i?2 i`�Mbp2`b2 2M2`;v /2TQbBi2/



ke

#v +?�`;2/ ?�/`QMb 7`QK i?2 T`BK�`v p2`i2t- Enh �M/ Eph �`2 i?2 `2bT2+iBp2 i`�Mb@
p2`b2 2M2`;B2b Q7 i?2 M2mi`�H ?�/`QMb �M/ T?QiQMb- �M/ 0.5E

PU

ch
Bb i?2 2biBK�iBQM Q7

i?2 +QMi`B#miBQM Q7 M2mi`�H T�`iB+H2b 7`QK TBH2mT p2`iB+2b- +�H+mH�i2/ �b ?�H7 Q7 i?2
2M2`;v Q7 i?2 +?�`;2/ T�`iB+H2b 7`QK TBH2mTc pT Bb i?2 2H2+i`QM Q` KmQM i`�Mbp2`b2
KQK2MimKX h?2 H2TiQM BbQH�iBQM `2[mB`2K2Mib �`2 mb2/ iQ bmTT`2bb #�+F;`QmM/b
7`QK KmHiBD2i T`Q/m+iBQMX h?2 +?�`;2 KBbB/2MiB}+�iBQM T`Q#�#BHBiv 7Q` 2H2+i`QMb �M/
KmQMb Bb H2bb i?�M yX8W �M/ yXRW- `2bT2+iBp2Hv- �M/ Bb K2�bm`2/ 7`QK Z #QbQM /2+�vb
�M/ bBKmH�iBQM (3N- Ny- 8j)X

JmQMb �`2 `2+QMbi`m+i2/ #v T2`7Q`KBM; � bBKmHi�M2Qmb ;HQ#�H i`�+F }i i?�i BM@
+Hm/2b i?2 ?Bib BM i?2 bBHB+QM i`�+F2` �M/ BM i?2 KmQM /2i2+iQ` bvbi2K (NR- Nk- Nj)X
_2[mB`2K2Mib i?�i +Q``2bTQM/ iQ i?2 bQ@+�HH2/ ǳiB;?iǴ KmQM b2H2+iBQM �`2 7m`i?2`@
KQ`2 BKTQb2/ QM i?2 [m�HBiv Q7 i?2 i`�+F }i- MmK#2` Q7 ?Bib BM i?2 TBt2H- i`�+F2`-
�M/ MmK#2` Q7 K�i+?2/ KmQM b2;K2MibX h?2v BM+Hm/2,

Ç S6 B/2MiB}+�iBQM Q7 i?2 i`�+F2` KmQM �M/ ;HQ#�H KmQM }i i?�i BM+Hm/2b i?2
Qmi2` KmQM /2i2+iQ`bc

Ç pT > 26:2o- |⌘| < 2.4c

Ç �
2 i?2 ;HQ#�H@KmQM i`�+F }i, �

2
/ndof < 10c

Ç MmK#2` Q7 KmQM /2i2+iQ` H�v2`b Uǳbi�iBQMbǴV ?Bi BM i?2 ;HQ#�H KmQM }i > 0c

Ç MmK#2` Q7 K�i+?2/ b2;K2Mib BM i?2 +`Qbb2/ bi�iBQM > 1c

Ç KmQM /2i2+iQ` i`�+F rBi? i`�Mbp2`b2 BKT�+i T�`�K2i2` UASV, dxy < 2mmc

Ç HQM;Bim/BM�H /Bbi�M+2 Q7 i?2 i`�+F2` i`�+F rBi? `2bT2+i iQ i?2 T`BK�`v p2`i2t
USoV, |dz| < 5mmc

Ç MmK#2` Q7 p�HB/ ?Bib BM i?2 TBt2H /2i2+iQ` > 0c

Ç MmK#2` Q7 i`�+F2` H�v2`b rBi? ?Bib > 5c

Ç i?2 `2H�iBp2 BbQH�iBQM, Irel < 0.15 BM i?2 �R < 0.4 +QM2X

1H2+i`QMb �`2 `2[mB`2/ iQ T�bb ǳiB;?iǴ 2H2+i`QM b2H2+iBQM- i?�i K�F2b mb2 Q7 i?2
BM7Q`K�iBQM 7`QK i?2 i`�+F2` �M/ i?2 +�HQ`BK2i2`bX �#Qmi N9W Q7 i?2 2M2`;v 7`QK
� T`QKTi 2H2+i`QM Q` T?QiQM Bb /2TQbBi2/ BM j@#v@j +Hmbi2`b Q7 1*�G +`vbi�Hb- �M/
NdW Bb /2TQbBi2/ BM 8@#v@8 +Hmbi2`bX "mi i?2 K�i2`B�H BM 7`QMi Q7 i?2 +�HQ`BK2i2`
`2bmHib BM #`2Kbbi`�?HmM; �M/ T?QiQM +QMp2`bBQMbX "2+�mb2 Q7 i?2 bi`QM; K�;M2iB+



kd

}2H/ i?2 2M2`;v `2�+?BM; i?2 +�HQ`BK2i2` Bb bT`2�/ BM i?2 �xBKmi?�H �M;H2 'X h?2
bT`2�/ 2M2`;v Bb +Hmbi2`2/ #v #mBH/BM; � +Hmbi2` Q7 +Hmbi2`b- � ǳbmT2`+Hmbi2`Ǵ- r?B+?
Bb 2ti2M/2/ BM 'X h?2 B/2MiB}+�iBQM `2[mB`2K2Mib BM+Hm/2 (N9- N8- Ny),

Ç pT > 30:2o- |⌘| < 2.4c

Ç 2t+Hm/2 i?2 1*�G #�``2H@2M/+�Tb i`�MbBiBQM `2;BQM BM i?2 `�M;2 Q7 1.4442 <

|⌘supercluster| < 1.566c

Ç i?2 BKT�+i T�`�K2i2` Q7 i?2 2H2+i`QM i`�+F `2+QMbi`m+i2/ rBi? i?2 :�mbbB�M
amK 6BHi2` U:a6V (Ne) dB < 0.02 cmc

Ç i?2 `�iBQ #2ir22M i?2 2M2`;v /2TQbBib BM i?2 >*�G H �M/ i?2 1*�G E i?�i
+Q``2bTQM/ iQ i?2 2H2+i`QM Kmbi #2 H/E < 0.0414 7Q` BM i?2 #�``2H- �M/ <

0.0641 BM i?2 2M/+�Tbc

Ç i?2 bT`2�/ |�⌘supercluster| < 0.00308 7Q` i?2 #�``2H- �M/ < 0.00605 7Q` i?2 2M/@
+�Tbc

Ç i?2 bT`2�/ |��supercluster| < 0.0816 7Q` i?2 #�``2H- �M/ < 0.0394 7Q` i?2 2M/+�Tbc

Ç r2B;?i2/ +Hmbi2` _Ja �HQM; ⌘ �M/ BMbB/2 i?2 8@#v@8 #HQ+F Q7 i?2 1*�G +`vbi�Hb,
�⌘⌘ < 0.00998 7Q` i?2 #�``2H- �M/ < 0.0292 7Q` i?2 2M/+�Tbc

Ç i?2 `�iBQ #2ir22M i?2 2M2`;v E `2+QMbi`m+i2/ rBi? i?2 1*�G �M/ i?2 KQ@
K2MimK K�;MBim/2 p �i i?2 So `2+QMbi`m+i2/ rBi? i?2 i`�+F2` |1/E � 1/p| <
0.0129- r?B+? �++QmMib 7Q` i?2 "`2Kbbi`�?HmM; `�/B�iBQMc

Ç i?2 MmK#2` Q7 KBbbBM; ?Bib BM i?2 i`�+F2` H�v2`b +HQb2` iQ i?2 So i?�i �`2
2tT2+i2/ BM i?2 }i ?vTQi?2bBb,  1c

Ç T�bb i?2 +QMp2`bBQM p2iQ i?�i +QM}`Kb i?�i i?2`2 �`2 MQ T?QiQM +QMp2`bBQM
p2`iB+2b �bbQ+B�i2/ rBi? i?2 +Hmbi2`c

Ç i?2 `2H�iBp2 S6 BbQH�iBQM T�`�K2i2`, Irel < 0.0588 7Q` i?2 #�``2H- �M/ Irel <

0.0571 7Q` i?2 2M/+�TbX
1p2Mib rBi? �//BiBQM�H ǳHQQb2Ǵ ;HQ#�H KmQMb rBi? � i`�Mbp2`b2 KQK2MimK pT >

10:2o �M/ � `2H�iBp2 BbQH�iBQM Irel < 0.25 rBi?BM |⌘| < 2.5 �`2 `2D2+i2/X � bBKBH�`
p2iQ Bb �TTHB2/ QM ǳHQQb2Ǵ 2H2+i`QM +�M/B/�i2b rBi? pT > 15:2o- |⌘| < 2.5 �M/
BbQH�iBQM Irel < 0.0994 UIrel < 0.107V BM #�``2H U2M/+�TbVX h?2 ǳHQQb2Ǵ B/2MiB}+�iBQM
`2[mB`2K2Mib mb2 2t�+iHv i?2 b�K2 T�`�K2i2`b �b i?2 ǳiB;?iǴ QM2b- #mi i?2 i?`2b?QH/b
�`2 H2bb `2bi`B+iBp2X h?2 i?`2b?QH/b Q7 i?2 ǳHQQb2Ǵ B/2MiB}+�iBQM �`2 imM2/ iQ T�bb
�#Qmi NyW Q7 ;2MmBM2 Q#D2+ibX



k3

9Xe C2ib

h?2 bB;M�H }M�H bi�i2 Bb 2tT2+i2/ iQ +QMi�BM irQ # [m�`F ~�pQm` D2ib T`Q/m+2/ /B`2+iHv
7`QK 2�+? i [m�`F /2+�vX C2ib �`2 +Hmbi2`2/ 7`QK S6 +�M/B/�i2b mbBM; i?2 �MiB@kT
�H;Q`Bi?K rBi? i?2 +QM2 T�`�K2i2` p�Hm2 Q7 yX9 U�E9V (ee)X h?2 �MiB@kT �H;Q`Bi?K
Bb � b2[m2MiB�H `2+QK#BM�iBQM �H;Q`Bi?K i?�i +Hmbi2`b bQ7i T�`iB+H2b rBi? i?2 ?�`/
QM2bX E2v 72�im`2 Q7 i?2 �MiB@kT �H;Q`Bi?K Bb i?�i i?2 bQ7i T�`iB+H2b /Q MQi KQ/B7v
i?2 b?�T2 Q7 i?2 D2i- r?BH2 i?2 ?�`/ T�`iB+H2b /Q- i?2 D2i #QmM/�`v Bb `2bBHB2Mi rBi?
`2bT2+i iQ bQ7i `�/B�iBQM- #mi ~2tB#H2 rBi? `2bT2+i iQ ?�`/ `�/B�iBQMX

h?2 TBH2mT +QMi`B#miBQM iQ i?2 D2i 2M2`;v Bb KBiB;�i2/ rBi? i?2 +?�`;2/ ?�/`QM
bm#i`�+iBQM U*>aV i2+?MB[m2X h?2 +?�`;2/ T�`iB+H2b 7`QK i?2 Sl p2`iB+2b �`2 bBKTHv
`2KQp2/X h?2 M2mi`�H Sl +QKTQM2Mi Bb 2biBK�i2/ mM/2` i?2 �bbmKTiBQM Q7 /Bzmb2
MQBb2, i?2 Sl T�`iB+H2b �`2 mMB7Q`KHv /Bbi`B#mi2/ QM i?2 b+�H2 Q7 D2i `�/Bmb- i?2 ~m+@
im�iBQMb BM i?Bb /Bbi`B#miBQM �`2 bK�HH- i?2 D2i +Hmbi2`BM; /Q2b MQi /2T2M/ bB;MB}+�MiHv
QM i?2 MQBb2 T�`iB+H2b- i?2`2 �`2 K�Mv D2ib 7Q`K2/ 7`QK i?2 Sl T�`iB+H2bX h?2 +Q`@
`2+iBQM iQ D2i pT Bb p

sub

T
= pT � ⇢A

j- r?2`2 A
j Bb i?2 D2i �`2�- ⇢ Bb i?2 MQBb2 H2p2H BM

i?2 2p2MiX h?2 ⇢ Bb i�F2M 7`QK i?2 K2/B�M p
j
T/A

j Q7 �HH D2ib BM i?2 2p2MiX
C2ib `2+QMbi`m+i2/ mM/2` i?Bb T`Q+2/m`2 �`2 /2bB;M�i2/ �b ǳ�E9S6+?b D2ibǴ BM i?2

*Ja /�i�- bBM+2 i?2v �`2 +Hmbi2`2/ rBi? i?2 �E9 �H;Q`Bi?K 7`QK i?2 S6 Q#D2+ib-
�M/ +H2�M2/ 7`QK Sl rBi? i?2 *>a i2+?MB[m2X

h?2 `2+QMbi`m+i2/ D2i 2M2`;v Bb +Q``2+i2/ BM � 7�+iQ`Bx2/ �TT`Q�+? iQ 2biBK�i2 i?2
;2MmBM2 D2i 2M2`;vX 1�+? H2p2H Q7 i?2 +Q``2+iBQM Bb 2bb2MiB�HHv � b+�HBM; Q7 i?2 D2i 7Qm`
KQK2MimK rBi? � b+�H2 7�+iQ` i?�i /2T2M/b QM p�`BQmb D2i T�`�K2i2`b UpT- ⌘- �`2�-
~�pQ`- 2i+V �M/ i�F2b +�`2 Q7 � /Bz2`2Mi 2z2+i, i?2 TBH2mT +QMi`B#miBQM- K2�bm`2/
BM i?2 J* bBKmH�iBQM �M/ p2`B}2/ BM /�i�c i?2 /2i2+iQ` `2bTQMb2- preco

T
/p

gen

T
(pT, ⌘)-

K2�bm`2/ BM i?2 J*c i?2 `2bB/m�H J*@.�i� +Q``2+iBQM 7Q` i?2 /2i2+iQ` `2bTQMb2X
h?2 D2ib �`2 7m`i?2` b2H2+i2/ rBi? B/2MiB}+�iBQM [m�HBiv `2[mB`2K2Mib i?�i �`2

#�b2/ QM bm+? [m�MiBiB2b �b i?2 2H2+i`QK�;M2iB+ 7`�+iBQM �M/ i?2 7`�+iBQM Q7 2M2`;v
/2TQbBi2/ BM i?2 ǳ?Qii2biǴ UBX2X rBi? i?2 H�`;2bi 2M2`;v /2TQbBiV >*�G T?QiQ/2i2+@
iQ`bX C2ib �`2 `2[mB`2/ iQ T�bb i?2 ǳHQQb2Ǵ B/2MiB}+�iBQM +`Bi2`B� (8k- Nd) �M/ #2
b2T�`�i2/ 7`QK �Mv BbQH�i2/ HB;?i H2TiQM ` #v �R(jet, `) > 0.4X

h?2 b i�;;BM; �H;Q`Bi?K mb2/ Uǳ*aopkǴ BM _27X (N3)V +QK#BM2b i?2 BM7Q`K�iBQM
Q7 /BbTH�+2/ i`�+Fb �M/ b2+QM/�`v p2`iB+2b �bbQ+B�i2/ rBi? i?2 D2i BM � KmHiBp�`B�i2
i2+?MB[m2X C2ib �`2 b�B/ iQ #2 #@i�;;2/ B7 i?2 #@i�; /Bb+`BKBM�iQ` T�bb2b i?2 ǳK2/BmKǴ
rQ`FBM; TQBMiX h?Bb rQ`FBM; TQBMi T`QpB/2b � b i�;;BM; 2{+B2M+v Q7 �#Qmi eeW rBi?
� +Q``2bTQM/BM; HB;?i@~�pQm` KBbB/2MiB}+�iBQM `�i2 Q7 RWX



kN

9Xd JBbbBM; i`�Mbp2`b2 2M2`;v
JBbbBM; i`�Mbp2`b2 KQK2MimK ~p

KBbb
T

Bb QM2 Q7 i?2 bB;M�im`2b Q7 i?2 tt /BH2TiQM }M�H
bi�i2X h?2 i`�Mbp2`b2 K�bb Q7 i?2 ~p

KBbb
T

�M/ HB;?i H2TiQM bvbi2K Bb mb2/ BM i?2 7QHHQr@
BM; �M�Hvb2b- #2+�mb2 Bi T`QpB/2b FBM2K�iB+ /Bb+`BKBM�iBQM #2ir22M i?2 bB;M�H �M/
#�+F;`QmM/ T`Q+2bb2bX h?2 i`�Mbp2`b2 K�bb Bb /2}M2/ �b

U9XRV mT =

q
2|~p`

T
||~pKBbb

T
|(1� cos�'),

r?2`2 �' Bb i?2 �xBKmi?�H �M;H2 /Bz2`2M+2 #2ir22M i?2 H2TiQM i`�Mbp2`b2 KQK2MimK
p2+iQ`- ~p`

T
- �M/ ~p

KBbb
T

X h?2 `2+QMbi`m+i2/ ~p
KBbb
T

BM+Hm/2b 2M2`;v b+�H2 +Q``2+iBQMb Q7 i?2
`2+QMbi`m+i2/ Q#D2+ibX h?Bb /2}MBiBQM Bb +�HH2/ ǳS6 hvT2@R J1hǴ BM i?2 /2/B+�i2/
T2`7Q`K�M+2 bim/B2b (NN)X h?2 bvbi2K�iB+ mM+2`i�BMiB2b BM i?2 2M2`;v b+�H2b �`2 �HbQ
T`QT�;�i2/ iQ i?2 ~p

KBbb
T

X

9X3 >�/`QMB+ ⌧ H2TiQM `2+QMbi`m+iBQM
�#Qmi irQ i?B`/b Q7 i?2 ⌧ H2TiQM /2+�vb T`Q/m+2 � M2mi`BMQ �M/ ?�/`QMb BM i?2 }M�H
bi�i2- ⌧h- T`2/QKBM�MiHv QM2 Q` i?`22 +?�`;2/ Uh±V K2bQMb �M/ mT iQ irQ M2mi`�H
Uh0V K2bQMb- KQbiHv +?�`;2/ �M/ M2mi`�H TBQMb U⇡± �M/ ⇡

0VX h?2b2 /BbiBM+i 72�im`2b
Q7 i?2 i�m ?�/`QMB+ /2+�vb ?�p2 #22M 2tTHQBi2/ 7Q` i?2 B/2MiB}+�iBQM Q7 ?�/`QMB+�HHv
/2+�vBM; i�m H2TiQMbX h?2 K�BM ?�/`QMB+ i�m /2+�v KQ/2b �`2 HBbi2/ BM h�#H2 9XeX

h�#H2 9Xe, .QKBM�Mi ?�/`QMB+ /2+�vb Q7 i?2 ⌧ H2TiQMX
.2+�v KQ/2 "`�M+?BM; 7`�+iBQM UWV
⌧
� ! h

�
⌫⌧ RRXe

⌧
� ! h

�
h
0
⌫⌧ keXy

⌧
� ! h

�
h
0
h
0
⌫⌧ RyX3

⌧
� ! h

�
h
+
h
�
⌫⌧ NX3

⌧
� ! h

�
h
+
h
�
h
0
⌫⌧ 9X3

Pi?2` ?�/`QMB+ KQ/2b RXd
hQi�H e9X3

>�/`QMB+ ⌧ H2TiQM /2+�vb �`2 `2+QMbi`m+i2/ rBi? i?2 ?�/`QM@THmb@bi`BTb U>SaV
�H;Q`Bi?K (j)- r?B+? bi�`ib 7`QK `2+QMbi`m+i2/ D2ibX AM 2�+? D2i- � +?�`;2/ ?�/`QM Bb
+QK#BM2/ rBi? Qi?2` M2�`#v +?�`;2/ ?�/`QMb Q` T?QiQMb iQ B/2MiB7v i?2 /2+�v KQ/2bX



jy

h?2 B/2MiB}+�iBQM Q7 ⇡0 K2bQMb Bb 2M?�M+2/ #v +Hmbi2`BM; 2H2+i`QMb �M/ T?QiQMb BM
ǳbi`BTbǴ �HQM; i?2 i`�+F #2M/BM; /B`2+iBQM iQ i�F2 BMiQ �++QmMi TQbbB#H2 #`Q�/2MBM;
Q7 +�HQ`BK2i2` bB;M�im`2b #v 2�`Hv b?Qr2`BM; T?QiQMbX h?2 ⌧h +�M/B/�i2b �`2 b2H2+i2/
7`QK i?2 7QHHQrBM; +QK#BM�iBQMb Q7 +?�`;2/ ?�/`QMb �M/ bi`BTb i?�i +Q``2bTQM/ iQ
i?2 ⌧ /2+�v KQ/2b, bBM;H2 ?�/`QM- ?�/`QM THmb � bi`BT- ?�/`QM THmb irQ bi`BTb- �M/
i?`22 ?�/`QMbX

� KmHiBp�`B�i2 �M�HvbBb Q7 i?2b2 >Sa ⌧h +�M/B/�i2b Bb mb2/ iQ `2/m+2 i?2 +QM@
i�KBM�iBQM 7`QK [m�`F �M/ ;HmQM D2ibX � #QQbi2/ /2+BbBQM i`22 Bb i`�BM2/ mbBM; �
b�KTH2 Q7 .u 2p2Mib rBi? ⌧h /2+�vb �b bB;M�H �M/ � b�KTH2 Q7 Z*. KmHiBD2i 2p2Mib
�b #�+F;`QmM/- #Qi? 7`QK bBKmH�iBQMX AMTmi p�`B�#H2b BM+Hm/2 i?2 KmHiBTHB+Biv �M/
i?2 i`�Mbp2`b2 KQK2Mi� Q7 i?2 2H2+i`QM �M/ T?QiQM +�M/B/�i2b BM i?2 pB+BMBiv Q7 i?2
⌧h- i?2 FBM2K�iB+ T`QT2`iB2b Q7 ?�/`QMb �M/ bi`BTb- �M/ i?2 ⌧h HB72iBK2 BM7Q`K�iBQM-
bm+? �b i?2 BKT�+i T�`�K2i2` Q7 i?2 H2�/BM; i`�+F �M/ i?2 H2M;i? Q7 ~B;?i bB;MB}@
+�M+2 BM i?2 ⌧h +�M/B/�i2b rBi? i?`22 +?�`;2/ ?�/`QMbX �//BiBQM�H `2[mB`2K2Mib �`2
�TTHB2/ iQ /Bb+`BKBM�i2 ;2MmBM2 ⌧h H2TiQMb 7`QK T`QKTi 2H2+i`QMb �M/ KmQMbX h?2 ⌧h

B/2MiB}+�iBQM 2{+B2M+v Q7 i?Bb �H;Q`Bi?K Bb 2biBK�i2/ iQ #2 �TT`QtBK�i2Hv eyW 7Q`
pT > 20:2oX Ai Bb K2�bm`2/ BM � b�KTH2 2M`B+?2/ BM Z ! ⌧⌧ ! µ⌧h 2p2Mib rBi? �
ǳi�;@�M/@T`Q#2Ǵ i2+?MB[m2 (j)X h?2 +Q``2bTQM/BM; T`Q#�#BHBiv 7Q` � ;2M2`B+ ?�/`QMB+
D2i iQ #2 KBbB/2MiB}2/ �b ⌧h Bb H2bb i?�M RW (j)X

h?2 ⌧h +?�`;2 Bb i�F2M �b i?2 bmK Q7 i?2 +?�`;2b Q7 i?2 +Q``2bTQM/BM; +?�`;2/
?�/`QMbX h?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiv 7Q` i?2 +?�`;2 Bb H2bb i?�M RWX Ai Bb
2biBK�i2/ 7`QK Z ! ⌧⌧ ! µ⌧h 2p2Mib rBi? b�K2@+?�`;2 µ �M/ ⌧h +�M/B/�i2bX

9XN *�HB#`�iBQM Q7 i?2 bBKmH�i2/ 2p2Mib
1p2Mi r2B;?ib �`2 �TTHB2/ iQ i?2 J* /�i�b2ib iQ imM2 i?2 bBKmH�i2/ /2i2+iQ` T2`@
7Q`K�M+2 iQ i?2 `2�H /�i�@i�FBM; +QM/BiBQMbX h?2 r2B;?ib 2Bi?2` QMHv `2b?�T2 i?2
bBKmH�iBQM �M/ F22T i?2 Qp2`�HH MmK#2` Q7 bBKmH�i2/ 2p2Mib mM+?�M;2/- #v �/DmbiBM;
bQK2 Q7 i?2 T�`�K2i2`b bm+? �b i?2 bBKmH�i2/ MmK#2` Q7 TBH2mT p2`iB+2bX P` i?2v
+Q``2+i i?2 i`B;;2` Q` Q#D2+i B/2MiB}+�iBQM 2{+B2M+v- r?B+? �z2+ib i?2 MmK#2` Q7 b2@
H2+i2/ 2p2MibX h?2 r2B;?ib �`2 +�H+mH�i2/ 2Bi?2` 7Q` T2`@2p2Mi T�`�K2i2`b- bm+? �b
Sl p2`iB+2b- Q` T2` � bT2+B}+ Q#D2+i- bm+? �b D2i 2M2`;vX lM/2` i?2 �bbmKTiBQM Q7
MQ +Q``2H�iBQM #2ir22M +Q``2+i2/ T�`�K2i2`b- i?2 T`Q/m+i Q7 i?2 r2B;?ib vB2H/b i?2
7mHH +Q``2+iBQM r2B;?iX JQbi Q7 T�`�K2i2`b �`2 mM+Q``2H�i2/ #2+�mb2 Q7 i?2B` /Bz2`2Mi
T?vbB+�H M�im`2X AM Qi?2` +�b2b- bm+? �b i?2 D2i 2M2`;v b+�H2 �M/ `2bQHmiBQM- Q` i?2
~p

KBbb
T

- i?2 +Q``2H�iBQMb �`2 T`QT2`Hv i�F2M BMiQ �++QmMi #v +QMbB/2`BM; i?2 `2H2p�Mi
T�`�K2i2`b iQ;2i?2` �M/ T`QT�;�iBM; i?2 +Q``2+iBQMb #2ir22M i?2KX



jR

GBbi2/ BM i?2 Q`/2` Q7 bB;MB}+�M+2- i?2 +Q``2+iBQMb iQ i?2 bBKmH�i2/ 2p2Mib �`2 i?2
7QHHQrBM;,

Ç h�m B/2MiB}+�iBQM 2{+B2M+v, i?2 b+�H2 7�+iQ` Q7 N8W rBi? 8W mM+2`i�BMiv
Bb �TTHB2/ iQ i?2 T`Q+2bb2b rBi? ;2MmBM2 ⌧ H2TiQMb iQ +Q``2+i i?2 bBKmH�i2/ ⌧h

B/2MiB}+�iBQM 2{+B2M+v BM i?2 kyRe /�i�b2iX Ai Bb K2�bm`2/ rBi? � i�;@�M/@
T`Q#2 i2+?MB[m2 BM b�KTH2b 2M`B+?2/ BM Z ! ⌧`⌧h 2p2Mib (j)X

Ç SBH2@mT USlV /Bbi`B#miBQM, �//BiBQM�H KBMBKmK #B�b BMi2`�+iBQMb �`2 bmT2`@
BKTQb2/ QM bBKmH�i2/ 2p2Mib iQ BM+Hm/2 i?2 2z2+i Q7 BM@iBK2 �M/ Qmi@Q7@iBK2 Sl
BM i?2 2p2MibX h?2 MmK#2` Q7 T`QiQM@T`QiQM BMi2`�+iBQMb T2` #mM+? +`QbbBM;
Bb MQi r2HH `2T`Q/m+2/ BM i?2 bBKmH�iBQM- #2+�mb2 i?2 +?�HH2M;BM; K�;MBim/2
Q7 i?2 BMbi�Mi�M2Qmb HmKBMQbBiv �i i?2 G>* H2�/b iQ `�TB/Hv +?�M;BM; /�i�@
i�FBM; +QM/BiBQMbX �b � +QMb2[m2M+2 i?2`2 Bb � /Bz2`2M+2 BM i?2 MmK#2` Q7
`2+QMbi`m+i2/ T`BK�`v p2`iB+2b #2ir22M i?2 Q#b2`p2/ /�i� �M/ i?2 bBKmH�i2/
b�KTH2bX hQ #`BM; i?2 /�i� �M/ i?2 bBKmH�iBQM iQ +QMbBbi2M+v- i?2 MmK#2` Q7
T`BK�`v p2`iB+2b BM i?2 bBKmH�iBQM Bb `2r2B;?i2/ iQ K�i+? i?2 /Bbi`B#miBQM Q#@
b2`p2/ BM /�i�X � KBMBKmK #B�b +`Qbb b2+iBQM Q7 69.2 rBi? � 9XeW mM+2`i�BMiv
Bb mb2/ iQ 2biBK�i2 i?2 Sl /Bbi`B#miBQM 7QHHQrBM; i?2 bim/B2b 7`QK _27X (Ryy)X

Ç hQT pT `2r2B;?iBM;, BM Rj h2o `mMb i?2 pT bT2+i`� Q7 iQT [m�`Fb BM /�i� r�b
7QmM/ iQ #2 bB;MB}+�MiHv bQ7i2` i?�M i?Qb2 T`2/B+i2/ #v p�`BQmb J* bBKmH�iBQMb
#�b2/ QM 2Bi?2` GP Q` LGP K�i`Bt 2H2K2Mib BMi2`7�+2/ rBi? T�`iQM b?Qr2`bX
h?2 2z2+i r�b +QM}`K2/ U�H#2Bi iQ � H2bb2` /2;`22V #v �hG�aX �Hi?Qm;? T`2@
/B+iBQMb �i LLGPYLLGG (RyR) �M/ �TT`QtX LLLGP BM TZ*. (3e) T`QpB/2 �
Km+? BKT`Qp2/ /2b+`BTiBQM- � `2bB/m�H /Bb+`2T�M+v `2K�BMb (jj- Ryk- Ryj- Ry9)X
� `2r2B;?iBM; T`Q+2/m`2 Bb BM+Hm/2/ �b QM2 Q7 bvbi2K�iB+ mM+2`i�BMiB2b iQ +Qp2`
i?2 /Bz2`2M+2 #2ir22M i?2 T`2/B+i2/ �M/ Q#b2`p2/ bT2+i`�X

Ç G2TiQM B/2MiB}+�iBQM- BbQH�iBQM- �M/ i`B;;2` 2{+B2M+v, i?2 /Bz2`2M+2 BM
i?2 T2`7Q`K�M+2 Q7 i?2 H2TiQM i`B;;2`- B/2MiB}+�iBQM- �M/ BbQH�iBQM 2{+B2M+B2b
�`2 K2�bm`2/ BM /�i� �M/ bBKmH�iBQM rBi? � i�;@�M/@T`Q#2 K2i?Q/ BM Z ! `

+
`
�

2p2Mib (3N- Ny- 8j)X h?2 bBKmH�i2/ 2p2Mib �`2 +Q``2+i2/ rBi? i?2 +Q``2bTQM/BM;
/�i�@iQ@bBKmH�iBQM b+�H2 7�+iQ`bX

Ç C2i 2M2`;v b+�H2 �M/ `2bQHmiBQM, i?2 +Q``2+iBQMb iQ i?2 D2i 2M2`;v b+�H2
UC1aV- D2i 2M2`;v `2bQHmiBQM UC1_V- �M/ p

KBbb
T

b+�H2b �`2 2biBK�i2/ �++Q`/BM; iQ
i?2 T`2b+`BTiBQM /2b+`B#2/ BM _27X (8k)X � 7�+iQ`Bx2/ +QK#BM�iBQM Q7 +Q``2+iBQMb
}t2b /Bz2`2Mi 2z2+ib BM i?2 C1a, i?2 TBH2mT +QMi`B#miBQM- i?2 /2i2+iQ` `2bTQMb2



jk

BM i?2 `2+Q`/2/ /�i�- i?2 `2bB/m�H /�i�@iQ@bBKmH�iBQM /Bb�;`22K2Mi BM i?2 /2@
i2+iQ` `2bTQMb2X �M/ � (pT, ⌘)@/2T2M/2Mi T`Q+2/m`2 #`Q�/2Mb i?2 C1_ BM i?2
bBKmH�iBQM �/DmbiBM; Bi iQ i?2 /2i2+iQ` T2`7Q`K�M+2 BM i?2 `2�H /�i�@i�FBM;,
i?2 C1_ Bb bBKTHv b+�H2/ �++Q`/BM; iQ i?2 K2�bm`2/ /�i�@iQ@bBKmH�iBQM b+�H2
7�+iQ`b 7Q` i?2 D2ib i?�i K�i+? iQ i?2 ;2M2`�iQ` H2p2H D2ib- Qi?2`rBb2 i?2 C1_
Bb #`Q�/2M2/ biQ+?�biB+�HHv iQ +Q``2bTQM/ iQ i?2 rB/i? BM i?2 /�i�X �HH i?2b2
+Q``2+iBQMb �`2 T`QT�;�i2/ iQ i?2 p

KBbb
T

b+�H2X
�Hi?Qm;? i?2 D2ib BM bB;M�H 2p2Mib �`2 2tT2+i2/ iQ #2 T`Q/m+2/ 7`QK #@[m�`F
7`�;K2Mi�iBQM �M/ bm#b2[m2Mi ?�/`QMBx�iBQM- MQ ~�pQ` bT2+B}+ D2i 2M2`;v +Q`@
`2+iBQMb �`2 �TTHB2/X

Ç h?2 # i�;;BM; 2{+B2M+v, i?2 /�i�@bBKmH�iBQM /Bz2`2M+2 BM i?2 # i�;;BM;
UKBbi�;;BM;V Bb �++QmMi2/ 7Q` #v �TTHvBM; (pT, ⌘)@/2T2M/2Mi b+�H2 7�+iQ`b K2�@
bm`2/ BM � p�`B2iv Q7 +QMi`QH b�KTH2b 2M`B+?2/ BM b [m�`Fb Uc �M/ HB;?i@~�pQm`
[m�`FbV (N3)X h?2 /�i�@iQ@bBKmH�iBQM b+�H2 7�+iQ`b 7Q` b- c- �M/ HB;?i@~�pQm`
D2ib �`2 �TTHB2/ iQ i?2 bBKmH�iBQMX
h?2 2p2Mi r2B;?i wb +Q``2+ib i?2 T`Q#�#BHBiv iQ 2M+QmMi2` � ;Bp2M +QM};m`�iBQM
Q7 i�;;2/ �M/ KBbi�;;2/ D2ibX Ai Bb +�H+mH�i2/ 7`QK i?2 i�;;BM; T`Q#�#BHBiB2b Q7
b2T�`�i2 D2ib �b 7QHHQrb,

P (data) =

Y

i2tagged

✏i

Y

j2not tagged

(1� ✏j)

P (MC) =

Y

i2tagged

SFi✏i

Y

j2not tagged

(1� SFj✏j)

wb = P (data)

�
P (MC).

q?2`2 ✏ Bb i?2 # i�;;BM; UKBbi�;;BM;V 2{+B2M+v 7Q` # ~�pQm` UHB;?i ~�pQm`V
D2ib- �M/ a6 Bb i?2 b+�H2 7�+iQ` #2ir22M �M Q#b2`p2/ �M/ � bBKmH�i2/ D2iX "Qi?
�`2 7mM+iBQMb Q7 D2i pT- ⌘- �M/ ~�pQm`X h?2`27Q`2- i?2 P (data) Bb i?2 T`Q#�#BHBiv
i?�i i?2 # i�;;BM; �H;Q`Bi?K rBHH `2im`M � ;Bp2M +QK#BM�iBQM Q7 i�;;2/ D2ib BM
`2�H /�i�X �M/ i?2 P (MC) Bb i?2 T`Q#�#BHBiv 7Q` i?2 b�K2 +QK#BM�iBQM Q7 #
i�;b BM i?2 bBKmH�iBQMX h?Bb 7Q`KmH� +Q``2+ib i?2 i�;;BM; T`Q#�#BHBiv Q7 i?2
+QK#BM�iBQM Q7 D2ib BM i?2 2p2Mi- ?�pBM; i?2 +Q``2+iBQM SFi 7Q` 2�+? BM/BpB/m�H
D2iX



jj

Ç AMi2;`�i2/ HmKBMQbBiv, i?2 MmK#2` Q7 2p2Mib bBKmH�i2/ BM 2�+? T`Q+2bb Bb
b+�H2/ iQ +Q``2bTQM/ iQ i?2 BMi2;`�i2/ HmKBMQbBiv Q7 i?2 kyRe /�i� b�KTH2X h?2
2z2+iBp2 ;2M2`�i2/ HmKBMQbBiv Bb +QKTmi2/ �b i?2 bmK Q7 i?2 T2`@2p2Mi r2B;?ibX
h?2 ;2M2`�H 7Q`KmH� Q7 i?2 r2B;?i �TTHB2/ iQ i?2 ii? bBKmH�i2/ /�i�b2i Bb,

wi = L · �i

�NgenX

e=1

we

r?2`2 L Bb i?2 35.9 7#�R Q7 i?2 BMi2;`�i2/ HmKBMQbBiv BM kyRe- �i Bb i?2 i?2Q`v
T`2/B+iBQM 7Q` i?2 +`Qbb b2+iBQM Q7 i?2 T`Q+2bb- �M/ we �`2 i?2 2p2Mi r2B;?ibX

1p2`v +�HB#`�iBQM +Q``2+iBQM BM+Hm/2b � +2`i�BM bvbi2K�iB+ mM+2`i�BMiv K2�bm`2/
BM i?2 +Q``2bTQM/BM; bim/vX h?2b2 mM+2`i�BMiB2b �`2 BM+Hm/2/ BM i?2 7QHHQrBM; K2�@
bm`2K2MibX



j9



*?�Ti2` 8

h?2 2biBK�iBQM Q7 i?2 #�+F;`QmM/
7`QK KBbB/2MiB}2/ i�m H2TiQMb

h?2 ⌧ H2TiQM /2+�v BMiQ ?�/`QMb U⌧hV +�M #2 KBKB+F2/ #v � `2;mH�` ?�/`QMB+ D2i Q`B;@
BM�iBM; 7`QK � #�+F;`QmM/ T`Q+2bbX � ivTB+�H K�;MBim/2 Q7 i?2 D2i@iQ@i�m KBbB/2M@
iB}+�iBQM T`Q#�#BHBiv Bb H2bb i?�M RWX "mi bBM+2 i?2`2 �`2 KmHiBD2i T`Q+2bb2b rBi?
H�`;2 +`Qbb b2+iBQMb- bm+? �b ?�/`QMB+ tt /2+�vb- KmHiBD2i Z*.- �M/ qYD2ib- i?Bb
#�+F;`QmM/ Bb bm#bi�MiB�H BM i?2 bim/B2b i?�i ?�p2 ⌧h BM i?2 }M�H bi�i2X

AM i?2 tt ! `⌫`⌧h⌫⌧bb +`Qbb b2+iBQM K2�bm`2K2Mi i?2 H�`;2bi +QMi`B#miBQM Q7
KBbB/2MiB}2/ ⌧h +QK2b 7`QK i?2 tt H2TiQMYD2ib }M�H bi�i2 tt ! `⌫`qq

0
bb- b?QrM BM

6B;m`2 8XR- i?�i ?�b � bB;M�im`2 p2`v bBKBH�` iQ i?2 bB;M�H �M/ � Km+? H�`;2` T`Q/m+@
iBQM +`Qbb b2+iBQMX h?2 D2ib T`Q/m+2/ BM i?Bb T`Q+2bb Q`B;BM�i2 7`QK i?2 b [m�`Fb- i?2
c �M/ HB;?i@~�pQm` [m�`Fb 7`QK i?2 ?�/`QMB+ q #QbQM /2+�v- �M/ 7`QK i?2 BMBiB�H@
�M/ }M�H@bi�i2 `�/B�iBQM [m�`Fb �M/ ;HmQMbX 1�+? Q7 i?2b2 ivT2b Q7 D2ib ?�b � bB;MB7@
B+�Mi ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBivX h?2`27Q`2 i?2 �M�HvbBb �/Dmbib i?2 2biBK�iBQM
Q7 i?Bb #�+F;`QmM/ iQ i?2 +QKTQbBiBQM Q7 D2ib BM i?2 }M�H bi�i2- BMbi2�/ Q7 `2HvBM; QM
QM2 bBKTH2 +QMi`QH `2;BQM iQ 2biBK�i2 i?2 +QMi`B#miBQM 7`QK i?Bb #�+F;`QmM/- bm+? �b
i?2 tt ! e⌫eµ⌫µbb HB;?i /BH2TiQM }M�H bi�i2X

.2T2M/BM; QM i?2 T`QT2`iB2b Q7 i?2 D2i- i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiv +�M /Bz2`
#v �b Km+? �b �M Q`/2` Q7 K�;MBim/2- �b /2KQMbi`�i2/ BM 6B;m`2 8Xk �M/ +�M �HbQ
#2 b22M BM _27X (j)X h?2 ?B;? p�`B�#BHBiv Q7 i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiv TQb2b
� +?�HH2M;2 iQ +Q``2+iHv 2biBK�i2 i?2 #�+F;`QmM/ Q7 KBbB/2MiB}2/ ⌧h BM � T�`iB+mH�`
}M�H bi�i2X h?2 2biBK�iBQM Kmbi #2 bmBi2/ iQ i?2 T�`iB+mH�` +QKTQbBiBQM Q7 D2ib BM
i?2 +QMbB/2`2/ 2p2Mib- �M/ Bi Kmbi #2 T2`7Q`K2/ rBi? � /�i�@/`Bp2M �TT`Q�+?- bBM+2
i?2 KQ/2HHBM; Q7 KBbB/2MiB}2/ Q#D2+ib Bb MQi `2HB�#H2X

h?Bb +?�Ti2` T`2b2Mib �M �M�HvbBb Q7 i?2 D2ib KBbB/2MiB}2/ �b ⌧h �M/ i?2 K2i?Q/b
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t
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q

q
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⌫`

6B;m`2 8XR, 62vMK�M /B�;`�K Q7 i?2 tt /2+�v BMiQ i?2 H2TiQMYD2ib Ub2KBH2TiQMB+V
}M�H bi�i2X h?Bb Bb i?2 K�BM #�+F;`QmM/ T`Q+2bb r?2M2p2` � D2i Bb KBbB/2MiB}2/ �b �
⌧hX Ai +QMi`B#mi2b �#Qmi 3yW Q7 �HH #�+F;`QmM/ 2p2Mib iQ � ivTB+�H 2p2Mi b2H2+iBQMX

iQ K2�bm`2 i?2B` KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b rBi? i?2 7Q+mb QM i?2 /B`2+i K2�@
bm`2K2Mi K2i?Q/ i?�i r�b 2KTHQv2/ BM _mMR �M�Hvb2b (R3- RN- Ry8)X h?2 K2i?Q/
2biBK�i2b i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b Q7 2�+? D2i ~�pQm` �M/ +QK#BM2b i?2K
�++Q`/BM; iQ i?2 D2i +QKTQbBiBQM BM i?2 bB;M�H `2;BQMX h?Bb �TT`Q�+? iQm+?2b mTQM �HH
i?2 /2i�BHb Q7 i?2 /2i2`KBM�iBQM Q7 i?Bb #�+F;`QmM/ �M/ b2`p2b r2HH iQ bim/v i?2 7�+@
iQ`b i?�i �z2+i i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBivX �7i2` i?�i- irQ r�vb iQ BKT`Qp2
i?2 #�+F;`QmM/ 2biBK�iBQM �`2 /Bb+mbb2/, i?2 ǳ7�F2 7�+iQ`Ǵ K2i?Q/ i?�i #mBH/b QM
iQT Q7 i?2 /B`2+i K2�bm`2K2Mi- �M/ i?2 ǳb?�T2 }iǴ i?�i Qp2`+QK2b i?2 HBKBib Q7 i?2
Qi?2`b #v K�FBM; i?2 K2�bm`2K2Mi BM/2T2M/2Mi 7`QK i?2 K�DQ` 7�+iQ`b i?�i �z2+i
i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiv- bm+? �b i?2 D2i ~�pQm` Q7 i?2 KBbB/2MiB}2/ ⌧h

+�M/B/�i2X

8XR .B`2+i K2�bm`2K2Mi Q7 i?2 ⌧h KBbB/2MiB}+�iBQM
T`Q#�#BHBiv

h?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiv Q7 � D2i /2T2M/b QM Bib +?�`�+i2`BbiB+b, i?2
~�pQm`- FBM2K�iB+ T�`�K2i2`b- 2i+X qBi? i?2 D2i@iQ@i�m KBbB/2MiB}+�iBQM T`Q#�#BHBiv
FMQrM �b � 7mM+iBQM Q7 i?2b2 T�`�K2i2`b- i?2 MmK#2` Q7 2p2Mib rBi? KBbB/2MiB}2/ ⌧h
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multijet QCD

W+jets

+jetsµe

             (13 TeV)         

6B;m`2 8Xk, hvTB+�H /Bbi`B#miBQMb Q7 i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiv T2` ⌘ Q7 i?2
⌧h +�M/B/�i2- �b K2�bm`2/ BM i?`22 /Bz2`2Mi 2p2Mi b2H2+iBQMb BM i?2 7QHHQrBM; �M�HvbBbX
h?2 eµYD2ib b2H2+iBQM Bb 2M`B+?2/ BM tt ! e⌫eµ⌫µbb 2p2MibX h?2 KBbB/2MiB}+�iBQM
T`Q#�#BHBiv /Bbi`B#miBQMb K2�bm`2/ BM i?Bb +?�MM2H r2`2 mb2/ BM i?2 _27X (j)- �b QM2
Q7 Kv b2`pB+2 i�bFb BM i?2 *Ja +QHH�#Q`�iBQMX



j3

i?�i T�bb BMiQ � ;Bp2M b2H2+iBQM +�M #2 2biBK�i2/ 7`QK i?2 D2ib BM i?2 T`2@b2H2+iBQM-
BX2X i?2 b�K2 2p2Mi b2H2+iBQM rBi?Qmi i?2 ⌧h B/2MiB}+�iBQM `2[mB`2K2Mi,

N
mis�⌧h =

eventsX jetsX

j

⇢(kj),U8XRV

r?2`2 ⇢(kj) Bb i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiv 7Q` i?2 ji? D2i rBi? kj +?�`�+i2`BbiB+b
i?�i +�M BM+Hm/2 D2i ~�pQm`- pT- ⌘- �M/ Qi?2` T�`�K2i2`b Q7 i?2 D2i bi`m+im`2X aBM+2 i?2
T`Q#�#BHBiB2b �`2 bK�HH- i?2v �`2 bBKTHv bmKK2/ mT 7Q` �HH D2ib BM T`Q+2bb2b rBi?Qmi
;2MmBM2 ⌧hX h?2 KBbB/2MiB}2/ D2ib BM i?2 T`Q+2bb2b rBi? ;2MmBM2 ⌧h �`2 M2;H2+i2/-
#2+�mb2 i?2 +QMi`B#miBQM Q7 `2�H ⌧h Qmir2B;?b i?2 KBbB/2MiB}2/ Q#D2+ib #v �i H2�bi
irQ Q`/2`b Q7 K�;MBim/2- �b /Bb+mbb2/ BM _27X (j) �M/ *?�Ti2` 9X

h?Bb b2+iBQM T`2b2Mib � /B`2+i K2�bm`2K2Mi Q7 i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHB@
iB2b- �M/ bim/B2b i?2B` �TTHB+�iBQM iQ i?2 tt +`Qbb b2+iBQM K2�bm`2K2Mi BM i?2 /BH2TiQM
}M�H bi�i2 i?�i BM+Hm/2b � ⌧ H2TiQM i?�i /2+�vb BMiQ ?�/`QMbX h?2 bvbi2K�iB+ mM+2`@
i�BMiv �M/ Qp2`�HH T2`7Q`K�M+2 Q7 i?2 K2i?Q/ �`2 /Bb+mbb2/ �i i?2 2M/X

8XRXR 1p2Mi b2H2+iBQM
h?2 2p2Mib 7Q` i?2 K2�bm`2K2Mi BM i?2 tt /BH2TiQM }M�H bi�i2 rBi? � ⌧h �`2 b2H2+i2/ #v
`2[mB`BM; QM2 BbQH�i2/ 2H2+i`QM UKmQMV rBi? i`�Mbp2`b2 KQK2MimK pT > 30 UkeV :2o
�M/ |⌘| < 2.4- �i H2�bi irQ D2ib rBi? pT > 30:2o �M/ |⌘| < 2.5- �M/ 2t�+iHv QM2
⌧h +�M/B/�i2 rBi? pT > 30:2o �M/ |⌘| < 2.4X h?2 KBbbBM; i`�Mbp2`b2 KQK2MimK
BM i?2 2p2Mi Bb `2[mB`2/ iQ T�bb p

KBbb
T

� 40:2o- i?�i `2/m+2b i?2 #�+F;`QmM/ Q7
KmHiBD2i 2p2MibX h?2 ⌧h +�M/B/�i2 �M/ i?2 HB;?i H2TiQM �`2 `2[mB`2/ iQ ?�p2 QTTQbBi2
2H2+i`B+ +?�`;2b UP*VX �i H2�bi QM2 D2i Bb `2[mB`2/ iQ #2 B/2MiB}2/ �b Q`B;BM�iBM;
7`QK b [m�`F ?�/`QMBx�iBQM Uǳb@i�;;2/ǴV #v T�bbBM; i?2 ǳK2/BmKǴ rQ`FBM; TQBMi Q7
i?2 ǳ*aopkǴ # ~�pQm` /Bb+`BKBM�iQ` (N3)X h?2 ⌧h +�M/B/�i2 Bb `2[mB`2/ iQ T�bb i?2
ǳK2/BmKǴ rQ`FBM; TQBMi Q7 i?2 Jo�@#�b2/ �MiB@D2i /Bb+`BKBM�iQ`X h?2 #@i�;;2/ D2ib
�`2 `2[mB`2/ iQ #2 b2T�`�i2/ #v �R > 0.4 7`QK i?2 ⌧h D2iX 1H2+i`QMb �M/ KmQMb �`2
`2[mB`2/ iQ #2 b2T�`�i2/ 7`QK �Mv D2i �M/ 7`QK i?2 ⌧h +�M/B/�i2 BM i?2 ⌘@' TH�M2 #v
�R > 0.4X 1p2Mib rBi? �Mv �//BiBQM�H HQQb2Hv BbQH�i2/ 2H2+i`QM UKmQMV Q7 pT > 15

URyV :2o �`2 `2D2+i2/X �M 2H2+i`QM Bb +QMbB/2`2/ HQQb2Hv BbQH�i2/ B7 I`2H < 0.0994 BM
i?2 #�``2H Q` I`2H < 0.107 BM i?2 2M/+�TbX � KmQM Bb HQQb2Hv BbQH�i2/ B7 I`2H < 0.25 BM
2Bi?2` i?2 #�``2H Q` i?2 2M/+�TbX h?2 `2bi Q7 i?2 `2[mB`2K2Mib 7Q` i?2 `2+QMbi`m+i2/
}M�H bi�i2 Q#D2+ib �`2 ;Bp2M BM *?�Ti2` 9X

AM Q`/2` iQ �TTHv i?2 K2i?Q/ Q7 /B`2+iHv K2�bm`2/ KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b-
� T`2@b2H2+iBQM Bb +QMbB/2`2/ r?2`2 i?2 `2[mB`2K2Mi Q7 i?2 ⌧h �MiB@D2i /Bb+`BKBM�iQ`



jN

Bb QKBii2/X h?2 tt ! `⌫`qq
0
bb T`Q+2bb +QMi`B#mi2b i?2 /QKBM�Mi 7`�+iBQM Q7 2p2Mib

BM i?2 T`2@b2H2+iBQMX
h?2 2tT2+i2/ �M/ Q#b2`p2/ 2p2Mi vB2H/b +Q``2bTQM/BM; iQ �M BMi2;`�i2/ HmKB@

MQbBiv Q7 35.9 7#�R �`2 HBbi2/ BM h�#H2b 8XR �M/ 8Xk 7Q` i?2 e⌧h �M/ µ⌧h }M�H bi�i2b-
`2bT2+iBp2HvX 6B;m`2b 8Xj �M/ 8X9 b?Qr i?2 /Bbi`B#miBQMb Q7 i?2 K�BM FBM2K�iB+ T�`�K@
2i2`b �i i?2 T`2@b2H2+iBQMX lM/2` i?2 �bbmKTiBQM Q7 i?2 aJ bB;M�H- #Qi? }M�H bi�i2b
2t?B#Bi � ;QQ/ �;`22K2Mi #2ir22M i?2 /�i� �M/ bBKmH�iBQMX >Qr2p2`- i?2 T`Q+2bb2b
rBi? KBbB/2MiB}2/ ⌧h Kmbi #2 2biBK�i2/ BM/2T2M/2MiHv 7`QK i?2 �bbmKTiBQMb �#Qmi
i?2 bB;M�HX h?2b2 T`Q+2bb2b �`2 /2i2`KBM2/ /B`2+iHv 7`QK /�i�- �b /Bb+mbb2/ BM i?2
7QHHQrBM;X

h�#H2 8XR, h?2 2tT2+i2/ �M/ Q#b2`p2/ MmK#2`b Q7 2p2Mib 7Q` i?2 bB;M�H �M/ i?2 #�+F@
;`QmM/b �i /Bz2`2Mi b2H2+iBQM bi�;2b Q7 i?2 e⌧h }M�H bi�i2 7Q` �M BMi2;`�i2/ HmKBMQbBiv
Q7 35.9 7#�RX

S`Q+2bb R e H2TiQM � 3 D2ib p
KBbb
T

� 40:2o � 1 # i�; R ⌧h P*
tt ! e⌫e⌧h⌫⌧bb Rdedj3 3kRjj edkdR 8jjNe ekee eR8y

Qi?2` tt #�+F;`QmM/b
tt ! e⌫eqq

0
bb Rk9ejey N83d99 ee3jd8 8Rj3e9 jRdy kk8j

tt Qi?2` /BH2TiQM RRRNjR 8ydyR 9kk88 jjRkN Rj9 39
tt KmHiBD2i 3yRyN 83dRj 9e88N j8838 8ey 9Ny

Qi?2` #�+F;`QmM/b
DYYD2ib N9yeyRy k9d9yk 3kNRN Ryd8N kRd R3y
qYD2ib RyeykNyyy RRReyey eN33de d8k3j kRk Rjj
Z*. KmHiBD2i 8Rjkj3e 9kR8dR R9NeRe 9RNe9 y y
aBM;H2 iQT jNyRjR RRRj33 dd3yR 893dd eee 83e
J* iQi�H Rkk8dkee8 jy9edRk R3jjedk 3R338d RRkk8 N3de
.�i� R9RdN93jN j9e3e8e R33d8k8 3y8Ny9 RR9ye N3d9

8XRXk 1biBK�iBQM Q7 i?2 KBbB/2MiB}2/ ⌧h #�+F;`QmM/
h?2 b2H2+i2/ b�KTH2 Q7 2p2Mib Bb +QKTQb2/ Q7 i?2 bB;M�H U�#Qmi eyW Q7 �HH 2p2MibV- i?2
#�+F;`QmM/ T`Q+2bb2b rBi? ;2MmBM2 ⌧h U8WV- �M/ i?2 #�+F;`QmM/ rBi? KBbB/2MiB}2/ ⌧h

Uj8WVX AM T�`iB+mH�`- i?2 #�+F;`QmM/ T`Q+2bb2b i?�i +QMi`B#mi2 2p2Mib rBi? ;2MmBM2 ⌧h
�`2 i?2 bBM;H2 iQT [m�`F T`Q/m+iBQM �M/ i?2 .`2HHĜu�M ⌧⌧ }M�H bi�i2X h?2 #�+F;`QmM/
Q7 KBbB/2MiB}2/ ⌧h +QK2b 7`QK 2p2Mib rBi? �M 2H2+i`QM Q` � KmQM- �M/ i?`22 Q` KQ`2
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6B;m`2 8Xj, J�BM /Bbi`B#miBQMb BM i?2 e⌧h T`2@b2H2+i2/ 2p2MibX h?2 KmHiBD2i Z*.
+QMi`B#miBQM Bb i�F2M 7`QK bBKmH�iBQM �M/ 2t?B#Bib H�`;2 bi�iBbiB+�H ~m+im�iBQMbX PMHv
bi�iBbiB+�H mM+2`i�BMiB2b �`2 b?QrMX
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6B;m`2 8X9, J�BM /Bbi`B#miBQMb BM i?2 µ⌧h T`2@b2H2+i2/ 2p2MibX h?2 KmHiBD2i Z*.
+QMi`B#miBQM Bb i�F2M 7`QK bBKmH�iBQM �M/ 2t?B#Bib bB;MB}+�Mi bi�iBbiB+�H ~m+im�iBQMbX
PMHv bi�iBbiB+�H mM+2`i�BMiB2b �`2 b?QrMX
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h�#H2 8Xk, h?2 2tT2+i2/ �M/ Q#b2`p2/ MmK#2`b Q7 2p2Mib 7Q` i?2 bB;M�H �M/ i?2
#�+F;`QmM/b �i /Bz2`2Mi b2H2+iBQM bi�;2b Q7 i?2 µ⌧h }M�H bi�i2 7Q` �M BMi2;`�i2/
HmKBMQbBiv Q7 35.9 7#�RX

S`Q+2bb R µ H2TiQM � 3 D2ib p
KBbb
T

� 40:2o � 1 # i�; R ⌧h P*
tt ! µ⌫µ⌧h⌫⌧bb k3jRey Rjyd33 RydR33 38j33 RyRR3 NNej

Qi?2` tt #�+F;`QmM/b
tt ! µ⌫µqq

0
bb kyRje39 R89kNdN Ry3ky98 3jj8k8 8kRk jdj8

tt Qi?2` /BH2TiQM R3R89y 3R9kN ed3dk 8j8ye ky3 RkN
ttjj R9Re9k Ryke3y 3Rkjd eRNkR N39 38N

Qi?2` #�+F;`QmM/b
DYYD2ib RRjRRykN RN3R8d 39Rk8 RRRRd jjy jyR
Z*. KmHiBD2i 3kjjkN9 9k3jeR RddyRj 8R8j8 je ky
qYD2ib ky8338yyy R8eedNy NN8kyN RyNd3N j39 kdR
aBM;H2 iQT e9393d RddR99 Rk9kNR 3dd8N Ryjd Nyk
J* iQi�H kk3eNd3je 9kk3jk3 kdR3N3y RkN989y R3jjN ReRN3
.�i� k9yRyyeRj 9djk8ey kN9y9dN RkN9dNR RddyN R8j88

D2ib- r?2`2 �i H2�bi QM2 D2i T�bb2b i?2 # i�;;BM; /Bb+`BKBM�Mi �M/ QM2 Bb KBbB/2MiB}2/
�b i?2 ⌧h D2iX h?2 /QKBM�Mi +QMi`B#miBQM Q7 i?Bb #�+F;`QmM/ Bb 7`QK i?2 tt ! `⌫`qq

0
bb

T`Q+2bb- i?2 KmHiBD2i Z*. T`Q+2bb2b- �M/ i?2 q #QbQM T`Q/m+iBQM BM �bbQ+B�iBQM rBi?
D2ibX

h?2 T`Q+2bb2b rBi? ;2MmBM2 ⌧h +�M #2 KQ/2HH2/ `2HB�#Hv- i?2`27Q`2 i?2v �`2 i�F2M
7`QK i?2 bBKmH�iBQM rBi? M2+2bb�`v +Q``2+iBQMbX h?2 +QMi`B#miBQM Q7 KBbB/2MiB}2/
⌧h #�+F;`QmM/b Bb 2biBK�i2/ rBi? i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b K2�bm`2/ BM
Q#b2`p2/ /�i�X

h?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiv ! Bb T�`�K2i`Bx2/ �b � 7mM+iBQM Q7 i?2 D2i
~�pQm`- pT- ⌘- �M/ D2i `�/Bmb /2}M2/ �b rjet =

p
�
2

⌘⌘ + �
2

��- r?2`2 �
2

⌘⌘ �M/ �
2

�� �`2
bi�M/�`/ /2pB�iBQMb BM i?2 2M2`;v /Bbi`B#miBQMb Q7 i?2 D2i +QMbiBim2MibX h?`22 ~�pQm`b
�`2 +QMbB/2`2/ iQ �++QmMi 7Q` i?2 bB;MB}+�Mi /Bz2`2M+2b BM i?2 +Q``2bTQM/BM; }M�H
bi�i2 bB;M�im`2b, D2ib Q`B;BM�iBM; 7`QK # [m�`Fb- HB;?i [m�`Fb- �M/ ;HmQMbX Zm�`Fb
�M/ ;HmQMb T`Q/m+2 D2ib rBi? /Bz2`2Mi bi`m+im`2b- #2+�mb2 Q7 i?2 /Bz2`2M+2 BM +QHQm`X
h?2 # [m�`Fb T`Q/m+2 HQM;@HBp2/ ?2�pv ?�/`QMb i?�i +QMi`B#mi2 T�`iB+mH�` bB;M�im`2b
BM i?2 }M�H bi�i2 D2ib- /BbiBM+i 7`QK i?2 Qi?2` [m�`FbX

h?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b �`2 K2�bm`2/ BM i?`22 BM/2T2M/2Mi b�KTH2b
7`QK /�i�, Z*. KmHiBD2i- qYD2ib- �M/ eµ+jetsX h?2 2p2Mib b2H2+i2/ BM i?2b2 b�KTH2b
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�`2 2tT2+i2/ iQ #2 2M`B+?2/ BM /Bz2`2Mi ivT2b Q7 D2ib, Q`B;BM�iBM; 7`QK ;HmQMb- HB;?i
[m�`Fb- �M/ # [m�`Fb- `2bT2+iBp2HvX h?2 b2H2+i2/ 2p2Mib �`2 �HbQ 2tT2+i2/ iQ ?�p2 �
M2;HB;B#H2 +QMi`B#miBQM Q7 ;2MmBM2 ⌧h i?�i +�M #2 bm#i`�+i2/ mbBM; i?2 J* 2biBK�iBQMX
aT2+B}+ 2p2Mi b2H2+iBQM `2[mB`2K2Mib 7Q` 2�+? b�KTH2 �`2 i?2 7QHHQrBM;X

Ç qYD2ib,

Ĝ 2p2Mib �`2 +QHH2+i2/ rBi? i?2 BM+HmbBp2 bBM;H2 KmQM >Gh /2b+`B#2/ BM *?�T@
i2` 9c

Ĝ QM2 BbQH�i2/ KmQM rBi? pT > 30:2o �M/ |⌘| < 2.4 i?�i i`B;;2`b i?2 >Ghc
Ĝ �i H2�bi QM2 D2i rBi? pT > 30:2o �M/ |⌘| < 2.4c
Ĝ i?2 H2TiQMb �`2 b2T�`�i2/ BM ⌘ �M/ � 7`QK i?2 D2ib #v `2[mB`BM; �R > 0.4

#2ir22M i?2KX

Ç Z*. KmHiBD2i,

Ĝ 2p2Mib �`2 +QHH2+i2/ rBi? i?2 >Gh i?�i `2[mB`2b � S6 D2i rBi? pT >

140:2oc
Ĝ �i H2�bi irQ D2ib rBi? pT > 30:2o �M/ |⌘| < 2.4- QM2 Q7 r?B+? i`B;;2`b

i?2 >Ghc
Ĝ iQ �pQB/ i`B;;2` #B�b- i?2 D2i K�i+?2/ iQ i?2 >Gh Bb MQi +QMbB/2`2/ BM i?2

K2�bm`2K2Mi Q7 i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBivX

Ç eµYD2ib,

Ĝ +QHH2+i2/ rBi? i?2 BM+HmbBp2 bBM;H2 KmQM >Ghc
Ĝ QM2 BbQH�i2/ KmQM �M/ QM2 BbQH�i2/ 2H2+i`QM Q7 QTTQbBi2 +?�`;2b rBi? pT >

30:2o �M/ |⌘| < 2.4c
Ĝ �i H2�bi QM2 D2i rBi? pT > 30:2o �M/ |⌘| < 2.4c
Ĝ i?2 D2ib �`2 `2[mB`2/ iQ #2 b2T�`�i2/ 7`QK i?2 H2TiQMb #v �R > 0.4X

AM 2�+? b�KTH2- i?2 MmK#2` Q7 D2ib T�bbBM; i?2 ⌧h B/2MiB}+�iBQM `2[mB`2K2Mib Bb
/BpB/2/ #v i?2 MmK#2` Q7 �HH D2ib BM #BMb Q7 pT- ⌘- rjet iQ ;Bp2 i?2 KBbB/2MiB}+�iBQM
T`Q#�#BHBiv !,

!(pT, ⌘, rjet) =
N⌧h

Njets

����
(pT,⌘,rjet)

.U8XkV
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W+jets

+jetsµe
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1
multijet QCD

W+jets

+jetsµe

             (13 TeV)         

6B;m`2 8X8, JBbB/2MiB}+�iBQM T`Q#�#BHBiB2b �b 7mM+iBQMb Q7 i?2 D2i p�`B�#H2b UpT- ⌘-
rjetV K2�bm`2/ BM i?2 +QMi`QH b�KTH2bX

h?2 MmK#2` Q7 ;2MmBM2 ⌧h �KQM; i?2 b2H2+i2/ D2ib Bb i�F2M 7`QK bBKmH�iBQM �M/
Bb bm#i`�+i2/ BM i?2 MmK2`�iQ` �M/ i?2 /2MQKBM�iQ` #27Q`2 +�H+mH�iBM; i?2 `�iBQX
Ai Bb M2;HB;B#H2 7Q` �HH b�KTH2b 2t+2Ti qYD2ib r?2`2 � bK�HH 7`�+iBQM Q7 2p2Mib rBi?
;2MmBM2 ⌧h +QK2b 7`QK tt T`Q+2bb2bX h?2 #BMb �`2 +?Qb2M rBi? bi�iBbiB+�HHv bB;MB}+�Mi
bBx2, KQ`2 i?�M Ryyy D2ib BM � #BM �M/ �i H2�bi Ry KBbB/2MiB}2/ ⌧hX *QKT�`BbQMb Q7
i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b �b 7mM+iBQM Q7 i?2 i?`22 D2i p�`B�#H2b UpT- ⌘- rjetV
K2�bm`2/ BM 2�+? b�KTH2 �`2 b?QrM BM 6B;m`2 8X8X

h?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiv !(tt) 7Q` i?2 D2ib BM i?2 tt T`2@b2H2+iBQM Bb 2b@
iBK�i2/ 7`QK i?2 T`Q#�#BHBiB2b K2�bm`2/ BM i?2 +QMi`QH b�KTH2bX h?2 2biBK�i2/
/Bbi`B#miBQM Bb �TTHB2/ iQ 2p2`v D2i BM Q#b2`p2/ /�i� �i i?2 T`2@b2H2+iBQM iQ Q#i�BM i?2
MmK#2` Q7 D2ib i?�i T�bb i?2 ⌧h b2H2+iBQM `2[mB`2K2Mi,

U8XjV N(mis�⌧h) =

eventsX jetsX

j

!(j)�N(⌧h)

h?2 2biBK�i2/ MmK#2` N(mis�⌧h) Q7 KBbB/2MiB}2/ ⌧h Bb KmHiBTHB2/ #v i?2 2{+B2M+v
✏OC ' 0.7 Q7 i?2 QTTQbBi2 +?�`;2 UP*V `2[mB`2K2Mi i?�i Bb Q#i�BM2/ 7`QK i?2 bBKmH�@
iBQM iQ /2i2`KBM2 i?2 #�+F;`QmM/ rBi? KBbB/2MiB}2/ ⌧h i?�i T�bb2b �HH `2[mB`2K2Mib
Q7 i?2 K�BM 2p2Mi b2H2+iBQMX

h?2 N(⌧h) Bb � bK�HH UkyWV +QMi�KBM�iBQM Q7 ;2MmBM2 ⌧h +QMi`B#miBQM BMbB/2 i?2
2biBK�i2/ KBbB/2MiB}2/ ⌧h #�+F;`QmM/- r?B+? Bb Q#i�BM2/ 7`QK J* #v �TTHvBM; i?2
b�K2 KBbB/2MiB}+�iBQM T`Q#�#BHBiv iQ J* 2p2Mib rBi? ;2MmBM2 ⌧hX

.m2 iQ i?2 H�`;2 7`�+iBQMb Q7 ;HmQM �M/ # ~�pQm` D2ib- i?2 T`Q#�#BHBiB2b !(QCD)

�M/ !(eµ+jets) K2�bm`2/ BM i?2 KmHiBD2i Z*. �M/ eµYD2ib b�KTH2b i2M/ iQ mM/2`@
2biBK�i2 i?2 �+im�H N(mis�⌧h) BM i?2 tt b2H2+iBQMX PM i?2 +QMi`�`v- i?2 !(W + jets)
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T`Q#�#BHBiv i2M/b iQ Qp2`2biBK�i2 i?2 N(mis�⌧h) p�Hm2X AM Q`/2` iQ �++QmMi 7Q` i?2
/Bz2`2M+2 BM i?2 D2i ~�pQm`b- i?2 !(tt) T`Q#�#BHBiv Bb 2biBK�i2/ rBi? � r2B;?i2/ �p@
2`�;2 Q7 i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b K2�bm`2/ BM i?2 +QMi`QH b�KTH2bX h?2
r2B;?ib 7Q` !(W + jets)- !(eµ+jets)- �M/ !(QCD) �`2 +?Qb2M iQ `2T`Q/m+2 i?2 D2i
~�pQm` +QKTQbBiBQM BM i?2 T`2@b2H2+iBQMX

h?2 +Q``2bTQM/2M+2 #2ir22M i?2 K2�bm`2/ ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiv �M/
i?2 D2i ~�pQm` +QKTQbBiBQM BM i?2 b�KTH2b Bb 2tT`2bb2/ #v,

2

4
!(W+jets)

!(eµ+jets)

!(QCD)

3

5 =

2

4
%q(W+jets) %b(W+jets) %g(W+jets)

%q(eµ+jets) %b(eµ+jets) %g(eµ+jets)

%q(QCD) %b(QCD) %g(QCD)

3

5⇥

2

4
⇢q

⇢b

⇢g

3

5 .U8X9V

q?2`2 !b �`2 i?2 Qp2`�HH ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b K2�bm`2/ BM i?2 +QMi`QH
b�KTH2b- �M/ ⇢{q,b,g} �`2 i?2 mMFMQrM T`Q#�#BHBiB2b 7Q` /Bz2`2Mi D2i ~�pQm`b- i?�i
�`2 KmHiBTHB2/ #v i?2 % 7`�+iBQMb Q7 i?2 HB;?i [m�`F- # [m�`F- �M/ ;HmQM D2ib BM i?2
b�KTH2bX

6BM�HHv- i?2 r2B;?ib W 7Q` i?2 �p2`�;2 �`2 /2i2`KBM2/ #v BKTQbBM; i?�i i?2 }M�H
2biBK�i2 b?QmH/ ?�p2 i?2 b�K2 `2bmHi �b �TTHvBM; i?2 mMFMQrM ⌧h KBbB/2MiB}+�iBQM
T`Q#�#BHBiB2b Q7 i?2 HB;?i [m�`F- # [m�`F- �M/ ;HmQM D2ib iQ i?2 +Q``2bTQM/BM; [m�`F
�M/ ;HmQM D2i 7`�+iBQMb BM i?2 T`2@b2H2+iBQM,

U8X8V W (W+jets)⇥ !(W+jets) +W (eµ+jets)⇥ !(eµ+jets) +W (QCD)⇥ !(QCD) =

⇢q ⇥%q(tt) + ⇢b ⇥%b(tt) + ⇢g ⇥%g(tt) = !(tt).

6`QK 1[X 8X9 i?2b2 r2B;?ib +�M #2 7QmM/ BM i?2 7QHHQrBM; bvbi2K i?�i }t2b i?2
D2i +QKTQbBiBQM Q7 i?2 �p2`�;2 iQ i?2 tt T`2@b2H2+iBQM,

2

4
%q(tt)

%b(tt)

%g(tt)

3

5 =

2

4
%q(W+jets) %q(eµ+jets) %q(QCD)

%b(W+jets) %b(eµ+jets) %b(QCD)

%g(W+jets) %g(eµ+jets) %g(QCD)

3

5⇥

2

4
W (W+jets)

W (eµ+jets)

W (QCD)

3

5 .U8XeV

h?2 D2i ~�pQm` +QKTQbBiBQMb BM i?2 KmHiBD2i Z*.- qYD2ib- eµYD2ib- �M/ tt T`2@
b2H2+iBQM 2p2Mib �`2 i�F2M 7`QK bBKmH�iBQMX h?2v �`2 HBbi2/ BM h�#H2 8XjX h?2 r2B;?ib
/2i2`KBM2/ #v i?2 bQHmiBQM Q7 1[X 8Xe �`2 ;Bp2M BM h�#H2 8X9X

h?2 mM+2`i�BMiv BM i?2 r2B;?2/ �p2`�;2 Bb /2i2`KBM2/ �b i?2 b[m�`2 `QQi Q7 i?2
r2B;?i2/ bmK Q7 b[m�`2/ /Bz2`2M+2b #2ir22M i?2 N(mis�⌧h) p�Hm2b 2biBK�i2/ rBi?
i?2 �p2`�;2 �M/ b2T�`�i2 KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b,

�N(mis�⌧h) =

s
X

W (s)�N(s)
2

�X
W (s).U8XdV
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h�#H2 8Xj, 6`�+iBQMb Q7 D2i ~�pQm`b BM i?2 +QMi`QH b�KTH2b �M/ BM i?2 tt T`2@b2H2+iBQMX
o�Hm2b �`2 i�F2M 7`QK i?2 bBKmH�iBQMX

a�KTH2 # [m�`Fb HB;?i [m�`Fb ;HmQMb
Z*. KmHiBD2i yXy99 yXRjj yXd93

qYD2ib yXy8R yXedj yXk3e
eµYD2ib yX8Rj yXkkj yXk99

tt ! e⌧h T`2@b2H2+iBQM yXjNd yXj98 yXkj9
tt ! µ⌧h T`2@b2H2+iBQM yX9yd yXj9y yXkje

h�#H2 8X9, h?2 r2B;?ib Q7 i?2 +QMi`QH `2;BQMb BM i?2 +�H+mH�iBQM Q7 i?2 r2B;?i2/
KBbB/2MiB}+�iBQM T`Q#�#BHBiv 7Q` i?2 r2B;?i2/ �p2`�;2- �b /2i2`KBM2/ #v }tBM; i?2
D2i +QKTQbBiBQM Q7 i?2 �p2`�;2 iQ i?2 T`2@b2H2+iBQMX

a�KTH2 W (QCD) W (W+jets) W (eµ+jets)

e⌧h @yXy9 yXkj yXd8
µ⌧h @yXyj yXkk yXdd

q?2`2 i?2 BM/2t s +Qp2`b i?2 +QMi`QH `2;BQMb- �M/ �Nb �`2 i?2 +Q``2bTQM/BM; /2pB@
�iBQMb 7`QK i?2 N(mis�⌧h) /2i2`KBM2/ rBi? i?2 r2B;?i2/ �p2`�;2X h?Bb �TT`Q�+?
�bbmK2b � ;QQ/ +?�`�+i2`Bx�iBQM Q7 i?2 D2i@iQ@i�m KBbB/2MiB}+�iBQM T`Q#�#BHBiv rBi?
i?2 +?Qb2M D2i T�`�K2i2`b- �M/ i�F2b BMiQ �++QmMi i?2 �bvKK2i`v #2ir22M i?2 KmH@
iBD2i Z*.- qYD2ib- �M/ eµYD2ib r2B;?i 7�+iQ`bX

h?2 2biBK�iBQM Q7 i?2 KBbB/2MiB}2/ ⌧h #�+F;`QmM/ rBi? i?2 r2B;?i2/ �p2`�;2b
Bb b?QrM BM h�#H2 8X8X h?2 `2bmHi Bb +HQb2 iQ i?2 2biBK�iBQM 7`QK i?2 bBKmH�iBQM
HBbi2/ BM h�#H2b 8XR �M/ 8XkX h?2 /Bz2`2M+2 #2ir22M i?2 irQ 2biBK�iBQMb Bb �TT`QtB@
K�i2Hv i?2 p�Hm2 Q7 i?2 bvbi2K�iB+ mM+2`i�BMiv BM i?2 r2B;?i2/ �p2`�;2X h?2`27Q`2-
i?2 bBKmH�iBQM b2`p2b �b � +`Qbb@+?2+F 7Q` i?2 /�i�@/`Bp2M K2i?Q/ Q7 i?2 r2B;?i2/
�p2`�;2bX

8XRXj h?2 bvbi2K�iB+ mM+2`i�BMiv BM i?2 +`Qbb b2+iBQM K2�@
bm`2K2Mi

h?2 Q#b2`p2/ +`Qbb b2+iBQM Bb /2i2`KBM2/ #v +QmMiBM; i?2 MmK#2` Q7 e⌧h �M/ µ⌧h

2p2Mib +QMbBbi2Mi rBi? Q`B;BM�iBM; 7`QK tt- bm#i`�+iBM; i?2 +QMi`B#miBQMb 7`QK Qi?2`
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h�#H2 8X8, q2B;?ib 7Q` i?2 K2�bm`2/ ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b �M/ i?2 2biB@
K�iBQM Q7 i?2 KBbB/2MiB}2/ #�+F;`QmM/ BM i?2 tt b2H2+iBQMX h?2 +QHmKMb ǳ1biBK�@
iBQMǴ HBbi i?2 MmK#2` Q7 2p2Mib rBi? KBbB/2MiB}2/ ⌧h 2biBK�i2/ rBi? i?2 K2�bm`2/
KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b �M/ i?2B` r2B;?i2/ �p2`�;2 +�H+mH�i2/ rBi? i?2 +Q27@
}+B2Mib 7`QK i?2 +QHmKMb ǳq2B;?iǴX h?2 +Q2{+B2Mib �/Dmbi i?2 D2i +QKTQbBiBQMb BM
i?2 �p2`�;2b iQ i?2 tt T`2@b2H2+iBQMbX h?2 ;2MmBM2 ⌧ +QMi`B#miBQMb �`2 Q#i�BM2/ 7`QK
i?2 bBKmH�iBQMX h?2 H�bi `Qr ;Bp2b i?2 2biBK�iBQM BM i?2 }M�H b2H2+iBQM �7i2` i?2
�TTHB+�iBQM Q7 i?2 QTTQbBi2 +?�`;2 `2[mB`2K2Mi ✏OC 2{+B2M+vX

e⌧h µ⌧h

a�KTH2 q2B;?i 1biBK�iBQM q2B;?i 1biBK�iBQM
Z*. KmHiBD2i @yXy9 je89 @yXyj 88yd

qYD2ib yXkj ekyd yXkk N9k3
eµYD2ib yXd8 933e yXdd d93e

q2B;?i2/ �p2`�;2 N(mis�⌧h) 4946± 566 7672± 767

N(mis�⌧h)�NMC(⌧h) 4008± 566 6123± 767

PTTQbBi2 *?�`;2 2845± 402 4347± 545

T`Q+2bb2b- �M/ +Q``2+iBM; 7Q` i?2 2{+B2M+v Q7 i?2 2p2Mi b2H2+iBQM,

U8X3V �
fid

tt
(`⌧h) =

N � B

L · B · ✏ ,

r?2`2 N Bb i?2 MmK#2` Q7 Q#b2`p2/ +�M/B/�i2 2p2Mib- B Bb i?2 2biBK�i2 Q7 i?2 #�+F@
;`QmM/- L Bb i?2 BMi2;`�i2/ HmKBMQbBiv- B Bb i?2 T`Q/m+i Q7 �HH #`�M+?BM; 7`�+iBQMb BM
i?2 tt ! `⌫`⌧h⌫⌧bb /2+�v- �M/ ✏ Bb i?2 Qp2`�HH 2{+B2M+v Q7 i?2 /2i2+iQ`- i?�i BM+Hm/2b
i?2 2{+B2M+B2b Q7 �HH `2+QMbi`m+iBQM �H;Q`Bi?KbX

h?2 p�Hm2 �
fid

tt
(`⌧h) Bb i?2 +`Qbb b2+iBQM Q7 2p2Mib i?�i +�M #2 Q#b2`p2/ #v i?2

/2i2+iQ`- BX2X i?�i T�bb BMiQ i?2 }/m+B�H T?�b2 bT�+2 Q7 i?2 /2i2+iQ` /2}M2/ #v i?2
;2QK2i`B+�H �M/ FBM2K�iB+ +mib BM i?2 2p2Mi b2H2+iBQMX Ai +�M #2 2ti`�TQH�i2/ iQ i?2
7mHH T?�b2 bT�+2 rBi? i?2 /2i2+iQ` �++2Ti�M+2 A- i?2 7`�+iBQM Q7 i?2 bB;M�H 2p2Mib
T`Q/m+2/ BM i?2 }/m+B�H T?�b2 bT�+2X h?2M i?2 7mHH +`Qbb b2+iBQM Bb ;Bp2M #v,

U8XNV �
fid

tt
(`⌧h) =

N � B

L · B · ✏ · A

h?2 �++2Ti�M+2 Bb K2�bm`2/ BM i?2 bB;M�H bBKmH�iBQMX
h?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiv mM+2`i�BMiv 2Mi2`b i?2 +`Qbb b2+iBQM K2�bm`2@

K2Mi QMHv BM i?2 2biBK�iBQM Q7 i?2 MmK#2` Q7 #�+F;`QmM/ 2p2Mib BX h?2 `2H�iBp2
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2z2+i Q7 i?Bb mM+2`i�BMiv QM i?2 bB;M�H K2�bm`2K2Mi Bb �Bmis�⌧h/(N � B)- r?2`2
�Bmis�⌧h Bb i?2 mM+2`i�BMiv BM i?2 MmK#2` Q7 2p2Mib rBi? KBbB/2MiB}2/ ⌧hX 6`QK i?2
mM+2`i�BMiB2b 2biBK�i2/ BM h�#H2 8X8 �M/ i?2 2p2Mi vB2H/b BM h�#H2b 8XR �M/ 8Xk- i?2
2biBK�iBQM Q7 i?2 KBbB/2MiB}2/ ⌧h #�+F;`QmM/ +QMi`B#mi2b �#Qmi 8@eW Q7 i?2 mM+2`@
i�BMiv BM i?2 +`Qbb b2+iBQM K2�bm`2K2MiX

h?2 K�BM bQm`+2b Q7 i?Bb mM+2`i�BMiv �`2 i?2 H�`;2 p�`B�#BHBiv #2ir22M i?2 KBbB/2M@
iB}2/ T`Q#�#BHBiB2b K2�bm`2/ BM /Bz2`2Mi +QMi`QH b�KTH2b- �M/ i?2 bi�iBbiB+�H mM+2`@
i�BMiv BM i?2 +QMi`QH b�KTH2b- bT2+B}+�HHv BM i?2 MmK#2` Q7 KBbB/2MiB}2/ ⌧h +�M/B/�i2bX
h?2 bi�iBbiB+�H mM+2`i�BMiv BM i?2 K2�bm`2/ T`Q#�#BHBiB2b #2+QK2b � bB;MB}+�Mi Bbbm2
#2+�mb2 i?2 T�`�K2i2` bT�+2 Q7 i?2 K2�bm`2K2Mi Bb H�`;2 �M/ `2[mB`2b K�Mv 2p2Mib
iQ }HH, i?`22 FBM2K�iB+ T�`�K2i2`b UpT- ⌘- �M/ rjet Q7 i?2 D2iV �M/ i?`22 D2i ~�pQm`bX

8XRX9 .Bb+mbbBQM
h?2 /B`2+i K2�bm`2K2Mi Q7 i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b Bb � ;2M2`�H K2i?Q/
iQ 2biBK�i2 i?2 #�+F;`QmM/ rBi? KBbB/2MiB}2/ ⌧h BM �Mv 2p2Mi b2H2+iBQMX Ai T`Q@
pB/2b �M �TT`QtBK�iBQM `2bmHi rBi? � bvbi2K�iB+ mM+2`i�BMiv i?�i Q`B;BM�i2b 7`QK i?2
7mM/�K2Mi�H /B{+mHiv Q7 i?2 Bbbm2X

h?2 +`m+B�H T�`i Q7 i?2 K2i?Q/ Bb i?2 +?QB+2 Q7 i?2 D2i T�`�K2i2`b iQ +?�`�+i2`Bx2
i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiB2bX h?2 T`2b2Mi2/ K2�bm`2K2Mib BM+Hm/2 QMHv #�bB+
T�`�K2i2`b, i?2 ~�pQm`- i?2 FBM2K�iB+ T�`�K2i2`b- �M/ � ;2QK2i`B+ T�`�K2i2` r Q7
i?2 D2iX >Qr2p2`- D2ib ?�p2 � +QKTH2t bi`m+im`2 rBi? KQ`2 +?�`�+i2`BbiB+b i?�i +�M
bB;MB}+�MiHv �z2+i i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBivX 6Q` 2t�KTH2- i?2 T`2b2Mi2/
KQ/2H Q7 i?2 D2i@iQ@i�m KBbB/2MiB}+�iBQM T`Q#�#BHBiv +QmH/ #2 BKT`Qp2/ #v �//BM;
i?2 + [m�`F ~�pQm` Q7 D2ib �M/ i?2 ⌧h /2+�v KQ/2b- �i H2�bi i?2 MmK#2` Q7 +?�`;2/
T�`iB+H2b BM i?2 ⌧h +�M/B/�i2bX

hQ �++QmMi 7Q` i?2 BM+QKTH2i2 b2i Q7 T�`�K2i2`b BM i?2 KBbB/2MiB}+�iBQM T`Q#�#BH@
BiB2b- i?2 2biBK�iBQM Q7 i?2 bvbi2K�iB+ mM+2`i�BMiv Kmbi #2 +QMb2`p�iBp2X h?2 rQ`bi
+�b2 b+2M�`BQ rQmH/ #2 iQ mb2 i?2 /B�K2i`B+�H /Bz2`2M+2 BM i?2 K2�bm`2/ T`Q#�#BHBiB2b-
BX2X i?2 /Bz2`2M+2 #2ir22M i?2 H�`;2bi �M/ i?2 bK�HH2bi KBbB/2MiB}+�iBQM T`Q#�#BHBivX
h?2 bvbi2K�iB+ mM+2`i�BMiv +�M #2 `2/m+2/ #v 2tT�M/BM; i?2 ⌧h KBbB/2MiB}+�iBQM
KQ/2H iQ +Qp2` �HH D2i T�`�K2i2`bX "mi �//BiBQM�H D2i T�`�K2i2`b rBHH BM+`2�b2 i?2
K2�bm`2K2Mi T?�b2 bT�+2 7Q` i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b #2vQM/ i?2 �p�BH@
�#H2 MmK#2` Q7 2p2Mib BM i?2 +QMi`QH b�KTH2b- Q` i?2 MmK#2` Q7 +QMi`QH b�KTH2b
i?2Kb2Hp2bX �M �//BiBQM Q7 �MQi?2` D2i ~�pQm`- bm+? �b i?2 + [m�`F ~�pQm`- rQmH/
`2[mB`2 � M2r +QMi`QH `2;BQMX h?2b2 HBKBi�iBQMb K�F2 �M 2tT�MbBQM Q7 i?2 K2i?Q/ iQ
KQ`2 T�`�K2i2`b mM72�bB#H2 QM T`�+iB+2X

h?2 ⌧h KBbB/2MiB}+�iBQM mM+2`i�BMiv Bb /QKBM�Mi BM i?2 tt +`Qbb b2+iBQM K2�bm`2@
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K2MiX hrQ �TT`Q�+?2b iQ BKT`Qp2 i?2 2biBK�iBQM Q7 i?2 KBbB/2MiB}2/ ⌧h #�+F;`QmM/
�`2 /Bb+mbb2/ BM a2+iBQM 8Xk- BM+Hm/BM; i?2 K2i?Q/ Q7 i?2 ǳb?�T2 }iǴ i?�i Bb mb2/ BM
i?2 +`Qbb b2+iBQM K2�bm`2K2Mi BM *?�Ti2` eX

8Xk h?2 7�F2 7�+iQ` �M/ b?�T2 }i K2i?Q/b
C2ib �`2 +QKTH2t Q#D2+ib i?�i �`2 +?�`�+i2`Bx2/ #v K�Mv T�`�K2i2`bX h?2 ⌧h Bib2H7 Bb
� T�`iB+mH�` FBM/ Q7 D2i i?�i BM+Hm/2b bB;MB}+�MiHv /Bz2`2Mi /2+�v KQ/2b �M/ � MmK#2`
Q7 Qi?2` T�`�K2i2`bX h?Bb +QKTH2tBiv T`2b2Mib � 7mM/�K2Mi�H /B{+mHiv 7Q` i?2 KQ/@
2HHBM; �M/ i?2 2biBK�iBQM Q7 i?2 T`Q#�#BHBiv iQ KBbB/2MiB7v � D2i �b � ⌧h- �b /Bb+mbb2/
BM i?2 /B`2+i K2�bm`2K2Mi Q7 i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b BM a2+iBQM 8XRX

hrQ �TT`Q�+?2b iQ BKT`Qp2 i?2 2biBK�iBQM Q7 i?2 +QMi`B#miBQM 7`QK i?2 #�+F@
;`QmM/ rBi? KBbB/2MiB}2/ ⌧h �`2 +QMbB/2`2/ BM i?2 7QHHQrBM;X h?2 ǳ7�F2 7�+iQ`Ǵ
K2i?Q/ `2/m+2b i?2 /2T2M/2M+2 QM D2i T�`�K2i2`b #v 2KTHQvBM; � `�iBQ #2ir22M
i?2 T`Q#�#BHBiB2b 7Q` � D2i iQ T�bb irQ /Bz2`2Mi rQ`FBM; TQBMib Q7 i?2 ⌧h B/2MiB}+�iBQM
�H;Q`Bi?K (Rye\ )X am+? ǳ/Bz2`2MiB�HǴ �TT`Q�+? �++QmMib 7Q` bQK2 Q7 i?2 72�im`2b Q7
i?2 B/2MiB}+�iBQM �M/ K�F2b i?2 K2i?Q/ KQ`2 `Q#mbi rBi? `2bT2+i iQ i?2 D2i +?�`@
�+i2`BbiB+bX �MQi?2` �TT`Q�+? Bb iQ +QMbi`�BM i?2 +QMi`B#miBQMb 7`QK i?2 #�+F;`QmM/
T`Q+2bb2b rBi? � b?�T2 }i iQ ⌧h@BM/2T2M/2Mi T�`�K2i2`b BM i?2 2p2Mi- BMbi2�/ Q7
2biBK�iBM; i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiv 7Q` T�`iB+mH�` D2ibX

AM i?2 7�F2 7�+iQ` K2i?Q/ � ;Bp2M +QMi`QH `2;BQM rBi? � M2;HB;B#H2 7`�+iBQM Q7 ;2M@
mBM2 ⌧h U7Q` 2t�KTH2- �Mv Q7 i?2 +QMi`QH `2;BQMb 7`QK a2+iBQM 8XRV Bb b2T�`�i2/ BM irQ
+�i2;Q`B2b i?�i /Q MQi Qp2`H�T, i?2 ǳiB;?iǴ +�i2;Q`v T r?2`2 i?2 ⌧h +�M/B/�i2b T�bb
i?2 iB;?i rQ`FBM; TQBMi Q7 i?2 B/2MiB}+�iBQM `2[mB`2K2Mi- �M/ i?2 ǳHQQb2Ǵ +�i2;Q`v
L r?2`2 i?2v T�bb QMHv i?2 HQQb2 rQ`FBM; TQBMi �M/ /Q MQi T�bb i?2 iB;?iX h?2
HQQb2@iQ@iB;?i `�iBQ #2ir22M i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b ✏T/L BM i?2b2 +QMi`QH
`2;BQMb Bb +�H+mH�i2/,

✏T/L =
!T (jet ! ⌧h)

!L(jet ! ⌧h)
=

NT (jet ! ⌧h)

NL(jet ! ⌧h)
.U8XRyV

h?2 b�K2 irQ +�i2;Q`B2b �`2 +QMbi`m+i2/ BM i?2 bB;M�H `2;BQMX h?2 bB;M�H Bb K2�bm`2/
BM i?2 T +�i2;Q`v- �M/ i?2 L +�i2;Q`v b2`p2b �b � bi�iBbiB+�HHv BM/2T2M/2Mi bB/2 `2;BQM
iQ 2biBK�i2 i?2 KBbB/2MiB}2/ #�+F;`QmM/X h?2 MmK#2` Q7 2p2Mib rBi? KBbB/2MiB}2/
⌧h BM i?2 T +�i2;Q`v Bb 2biBK�i2/ �b,

NT (mis�⌧h) = ✏T/LNL(mis�⌧h)U8XRRV
NL(mis�⌧h) = NL(obs.)�NL(⌧h).U8XRkV
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6B;m`2 8Xe, 6�F2 7�+iQ`b K2�bm`2/ BM i?2 KmHiBD2i Z*. �M/ qYD2ib b2H2+iBQMbX

q?2`2 NL(obs.) �`2 �HH Q#b2`p2/ 2p2Mib BM i?2 L +�i2;Q`v- �M/ NL(⌧h) Bb i?2 MmK#2`
Q7 2p2Mib rBi? ;2MmBM2 ⌧h i�F2M 7`QK i?2 bBKmH�iBQMX h?2 MmK#2` Q7 bB;M�H 2p2Mib BM
i?2 L +�i2;Q`v Bb BM+Hm/2/ rBi? � H�`;2 p�`B�iBQM i?�i Bb T`QT�;�i2/ �b � bvbi2K�iB+
mM+2`i�BMiv BMiQ i?2 T +�i2;Q`v BM Q`/2` iQ �++QmMi 7Q` i?2 mMFMQrM +`Qbb b2+iBQM
Q7 i?2 bB;M�HX h?2 K�;MBim/2 Q7 i?2 p�`B�iBQM Kmbi +Qp2` i?2 Qp2`�HH mM+2`i�BMiv BM
i?2 }M�H bB;M�H K2�bm`2K2MiX aBM+2 i?2 ⌧h +�M/B/�i2b BM i?2 L +�i2;Q`v /Q MQi T�bb
i?2 iB;?i rQ`FBM; TQBMi Q7 i?2 B/2MiB}+�iBQM- i?2 +QMi`B#miBQM Q7 bB;M�H 2p2Mib BM i?Bb
+�i2;Q`v Bb bK�HH �M/ i?2 +Q``2bTQM/BM; mM+2`i�BMiv Bb M2;HB;B#H2X

h?2 �/p�Mi�;2 Q7 i?2 K2i?Q/ +QK2b 7`QK � ;QQ/ b2T�`�iBQM Q7 i?2 bB;M�H �M/
#�+F;`QmM/ BM i?2 Q`i?Q;QM�H ⌧h B/2MiB}+�iBQM `2[mB`2K2Mib, KQbi Q7 ;2MmBM2 ⌧h T�bb
i?2 iB;?i B/2MiB}+�iBQM `2[mB`2K2Mib- i?2 KBbB/2MiB}2/ +�M/B/�i2b /QKBM�i2 i?2 HQQb2@
QMHv b2H2+iBQMX h?2 K2i?Q/ �HbQ �bbmK2b i?�i- r?�i2p2` i?2 mM/2`HvBM; M�im`2 Q7 i?2
KBbB/2MiB}2/ Q#D2+ib Bb- i?2 ✏T/L /Q2b MQi +?�M;2 bB;MB}+�MiHv- bBM+2 Bi +Q``2bTQM/b iQ
i?2 /Bz2`2M+2 #2ir22M rQ`FBM; TQBMib Q7 i?2 b�K2 B/2MiB}+�iBQM �H;Q`Bi?KX 6B;m`2 8Xk
/2KQMbi`�i2b i?�i i?2 /Bz2`2M+2 #2ir22M i?2 7�F2 7�+iQ`b K2�bm`2/ BM i?2 qYD2ib
�M/ KmHiBD2i Z*. +QMi`QH `2;BQMb Bb QMHv �#Qmi kyWX

AM Q`/2` iQ p2`B7v i?2 p�HB/Biv Q7 i?2 K2i?Q/ �M/ BKT`Qp2 i?2 bvbi2K�iB+ mM+2`@
i�BMiv- i?2 b�K2 2biBK�iBQM +�M #2 T2`7Q`K2/ 7`QK �//BiBQM�H +QMi`QH `2;BQMb +QM@
bi`m+i2/ #v BMp2`iBM; bQK2 Q7 i?2 b2H2+iBQM `2[mB`2K2Mib i?�i �`2 `2H2p�Mi 7Q` i?2 bB;@
M�H T`Q+2bbX 6Q` 2t�KTH2 � +mi QM i?2 p

KBbb
T

+�M #2 BM+Hm/2/- bBM+2 i?2 tt ! `⌫`⌧h⌫⌧bb

?�b KQ`2 M2mi`BMQb i?�M i?2 K�BM #�+F;`QmM/ tt ! `⌫`qq
0
bbX h?2 K�BM `2[mB`2K2Mi

7Q` i?2 bB/2 `2;BQMb Bb iQ ?�p2 i?2 b�K2 +QKTQbBiBQM Q7 D2ib �b BM i?2 bB;M�H `2;BQMX

AM Q`/2` iQ �++QmMi 7Q` i?2 /Bz2`2M+2 BM i?2 D2i +QKTQbBiBQM i?2 ✏T/L `�iBQ +�M #2



8R

/2}M2/ 7Q` /Bz2`2Mi D2i ~�pQm`b,

!T (jet ! ⌧h) = ⇢T (q)⇥%q + ⇢T (g)⇥%gU8XRjV
= ✏T/L(q)⇢L(q)⇥%q + ✏T/L(g)⇢L(g)⇥%gU8XR9V
= ✏T/L!L(jet ! ⌧h).U8XR8V

q?2`2 ✏T/L({q, g}) �`2 i?2 HQQb2@iQ@iB;?i `�iBQb 7Q` D2ib Q7 [m�`F �M/ ;HmQM ~�pQm`b-
!{L,T} �`2 i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b BM i?2 b2H2+iBQM `2;BQMb- ⇢{L,T}({q, g})
�`2 i?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b Q7 bT2+B}+ D2i ~�pQm`b- %{q,g} �`2 i?2 7`�+iBQMb
Q7 D2ib BM � ;Bp2M +QMi`QH `2;BQM- �M/ ✏T/L Bb i?2 HQQb2@iQ@iB;?i `�iBQ �p2`�;2/ Qp2` i?2
D2i ~�pQm`bX

h?2 ✏T/L Bb � ?vT2`#QHB+ 7mM+iBQM Q7 D2i ~�pQm` 7`�+iBQMb,

✏T/L(%q/%g) =
✏T/L(q)⇢L(q)⇥%q + ✏T/L(g)⇢L(g)⇥%g

⇢L(q)⇥%q + ⇢L(g)⇥%g

U8XReV

=

✏T/L(q)
⇢L(q)
⇢L(g)

⇥ %q

%g
+ ✏T/L(g)

⇢L(q)
⇢L(g)

⇥ %q

%g
+ 1

.U8XRdV

Ai +�M #2 }ii2/ BM i?`22 +QMi`2QH `2;BQMb iQ /2i2`KBM2 i?2 T�`�K2i2`2b ✏T/L(q)-
✏T/L(g)- ⇢L(q)/⇢L(g)X h?2M i?2 MmK#2` Q7 2p2Mib rBi? KBbB/2MiB}2/ ⌧h BM i?2 bB;M�H
`2;BQM Bb 2biBK�i2/ rBi? i?2 �p2`�;2/ ✏T/L,

U8XR3V NT (mis�⌧h) = ✏T/L(%q/%g)NL(mis�⌧h)

q?2`2 NL(mis�⌧h) Bb i?2 MmK#2` Q7 2p2Mib rBi? KBbB/2MiB}2/ ⌧h BM i?2 L bB;M�H
`2;BQM Q7 i?2 Q#b2`p2/ /�i�- �M/ %q/%g Bb i?2 7`�+iBQM Q7 i?2 [m�`F ~�pQm` Qp2` i?2
;HmQM ~�pQm` D2ib BM i?2 T`2@b2H2+iBQM Q#i�BM2/ 7`QK i?2 bBKmH�iBQMX

h?Bb T`Q+2/m`2 +�M 2�bBHv BM+Hm/2 FBM2K�iB+ �M/ Qi?2` T�`�K2i2`b Q7 D2ib- bm+?
�b pT- ⌘- rjet- 2i+X h?2 D2i ~�pQm` Bb /Bz2`2Mi #2+�mb2 Bi +�MMQi #2 `2+QMbi`m+i2/
rBi? � +2`i�BMiv- �M/ Bi Kmbi #2 �++QmMi2/ 7Q` BM/B`2+iHv BM � }i iQ /�i�X qBi? KQ`2
~�pQm`b 1[X 8XRj #2+QK2b KQ`2 BMpQHp2/ �M/ i?2 /2i2`KBM�iBQM Q7 i?2 ✏T/L 7mM+iBQM
`2[mB`2b KQ`2 +QMi`QH `2;BQMbX lbm�HHv ✏T/L /Q2b MQi /2T2M/ bB;MB}+�MiHv QM i?2 D2i
~�pQm`X AM bm+? +�b2b- i?2 bK�HH ~�pQm` /2T2M/2M+2 Bb bBKTHv i�F2M �b � bvbi2K�iB+
mM+2`i�BMivX

h?2 ǳ/Bz2`2MiB�HǴ �TT`Q�+? Q7 i?2 7�F2 7�+iQ` K2i?Q/ K�F2b Bi `2bBHB2Mi iQ i?2
/2T2M/�M+2 Q7 i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBiv QM i?2 D2i ~�pQm` �M/ Qi?2` T�@
`�K2i2`bX >Qr2p2`- Bi /Q2b MQi 2HBKBM�i2 i?2 7mM/�K2Mi�H /2T2M/2M+2 QM i?2 H�`;2
bT�+2 Q7 D2i T�`�K2i2`bX �M/ i?2 mM+2`i�BMiv BM i?2 ✏T/L /m2 iQ D2i ~�pQm`b +�M biBHH
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#2 iQQ H�`;2X �HbQ i?2 bi�iBbiB+�H ~m+im�iBQMb i?�i +Q``2bTQM/ iQ i?2 MmK#2` Q7 i?2 ⌧h
+�M/B/�i2b BM i?2 L +�i2;Q`v T`QT�;�i2 �b �M mM+2`i�BMiv BM i?2 /2MQKBM�iQ` Q7 i?2
✏T/LX h?2 2[mBp�H2Mi mM+2`i�BMiv BM i?2 /B`2+i K2�bm`2K2Mi Q7 i?2 KBbB/2MiB}+�iBQM
T`Q#�#BHBiv r�b M2;HB;B#H2- #2+�mb2 i?2 /2MQKBM�iQ` BM i?2 T`Q#�#BHBiv +Q``2bTQM/b
iQ � H�`;2 MmK#2` Q7 �HH D2ib BM i?2 b2H2+i2/ 2p2MibX

h?2 Bbbm2 Q7 i?2 +QKTH2t D2i bi`m+im`2 �z2+iBM; i?2 ⌧h KBbB/2MiB}+�iBQM T`Q#@
�#BHBiv +�M #2 +B`+mKp2Mi2/ #v +QMbB/2`BM; r?QH2 T?vbB+�H T`Q+2bb2b i?�i T`Q/m+2
KBbB/2MiB}2/ ⌧h- BMbi2�/ Q7 KQ/2HHBM; i?2 KBbB/2MiB}+�iBQM Q7 T�`iB+mH�` D2ib BM i?2
b2H2+i2/ 2p2MibX h?Bb r�v i?2 ~�pQm` +QKTQbBiBQM �M/ Qi?2` T�`�K2i2`b Q7 i?2 D2ib
�`2 2K#2//2/ BM i?2 #�+F;`QmM/ 2biBK�iBQM �miQK�iB+�HHvX h?2 `2H2p�Mi KBbB/2MiB@
}+�iBQM T`Q#�#BHBiv +�M #2 K2�bm`2/ /B`2+iHv BM � `2;BQM 2M`B+?2/ rBi? 2p2Mib 7`QK
i?2 b�K2 #�+F;`QmM/ T`Q+2bb2b �b T`2b2Mi BM i?2 bB;M�H b2H2+iBQMX P` i?2 KBbB/2M@
iB}+�iBQM +�M #2 +QMbi`�BM2/ BM � b?�T2 }i iQ � /Bbi`B#miBQM i?�i /BbiBM;mBb?2b i?2
bB;M�H �M/ i?2 #�+F;`QmM/b- #mi i?�i Bb MQi �z2+i2/ #v i?2 ⌧h +�M/B/�i2bX AM i?2
+�b2 Q7 i?2 tt ! `⌫`⌧h⌫⌧bb }M�H bi�i2- i?2 K�BM #�+F;`QmM/ tt ! `⌫`qq

0
bb +�M #2

/BbiBM;mBb?2/ #v i?2 K�bb +QMbi`�BMib Q7 i?2 q #QbQM �M/ i?2 iQT [m�`F BM i?2 7mHHv
?�/`QMB+ #`�M+? Q7 i?2 /2+�vX �HbQ i?2 /Bbi`B#miBQM Q7 KBbbBM; pT Bb /Bz2`2Mi BM i?2
bB;M�H �M/ i?2 #�+F;`QmM/ #2+�mb2 Q7 i?2 �//BiBQM�H ⌫⌧ M2mi`BMQ BM i?2 /BH2TiQM }M�H
bi�i2X a2+iBQM e /2p2HQTb i?Bb �TT`Q�+? �M/ bm++2bb7mHHv 2KTHQvb Bi iQ bB;MB}+�MiHv
`2/m+2 i?2 mM+2`i�BMiv BM i?2 K2�bm`2K2Mi Q7 i?2 tt T`Q/m+iBQM +`Qbb b2+iBQM /m2 iQ
i?2 KBbB/2MiB}2/ ⌧h #�+F;`QmM/X



*?�Ti2` e

h?2 K2�bm`2K2Mib BM i?2 iQT
[m�`F T�B` /BH2TiQM }M�H bi�i2b
+QMi�BMBM; � i�m H2TiQM

h?Bb +?�Ti2` T`2b2Mib i?`22 K2�bm`2K2Mib BM i?2 tt /BH2TiQM }M�H bi�i2 i?�i BM+Hm/2b
� ⌧ H2TiQM- tt ! `⌫`⌧⌫⌧bb r?2`2 ` `2T`2b2Mib � HB;?i H2TiQM- �M 2H2+i`QM Q` � KmQM
Ue Q` µVX h?2 tt T`Q/m+iBQM +`Qbb b2+iBQM �tt(`⌧) Bb K2�bm`2/ BM i?2 }/m+B�H T?�b2
bT�+2 Q7 i?2 /2i2+iQ` �M/ 2ti`�TQH�i2/ iQ i?2 7mHH T?�b2 bT�+2X �HbQ- i?2 `�iBQ Q7
i?2 +`Qbb b2+iBQMb BM i?2 `⌧ �M/ HB;?i /BH2TiQM (k) }M�H bi�i2b �tt(`⌧)/�tt(``)- �M/ i?2
`�iBQ Q7 i?2 T�`iB�H iQ i?2 iQi�H /2+�v rB/i? Q7 i?2 iQT [m�`F �(t ! ⌧⌫⌧b)/�iQi�H �`2
2p�Hm�i2/X

h?2 �M�HvbBb BM i?Bb +?�Ti2` `2HB2b QM i?2 BM7Q`K�iBQM T`2b2Mi2/ T`2pBQmbHvX AM
Q`/2` iQ K�F2 i?2 i2ti KQ`2 2tTHB+Bi 7Q` i?2 `2�/2`- bQK2 BM7Q`K�iBQM Bb `2T2�i2/X
6Q` 2t�KTH2- KQbi Q7 i?2 2p2Mi b2H2+iBQM `2[mB`2K2Mib �`2 i?2 b�K2 �b BM *?�Ti2` 8X

h?2 K2�bm`2K2Mib �`2 T2`7Q`K2/ BM i?2 /�i� b�KTH2 Q7 13h2o pp +QHHBbBQMb i?�i
r�b +QHH2+i2/ BM kyRe rBi? i?2 *Ja /2i2+iQ` �i i?2 G>* �M/ +Q``2bTQM/b iQ �M
BMi2;`�i2/ HmKBMQbBiv Q7 35.9 7#�RX h?2 Q#b2`p2/ /�i�- i?2 bBKmH�iBQM- i`B;;2`b- `2@
+QMbi`m+iBQM iQQHb- �M/ i?2 }M�H bi�i2 Q#D2+i /2}MBiBQMb �`2 /2b+`B#2/ BM *?�Ti2` 9X

h?Bb Bb i?2 }`bi K2�bm`2K2Mi Q7 i?2 tt T`Q/m+iBQM +`Qbb b2+iBQM BM 13h2o +QH@
HBbBQMb �i i?2 G>* i?�i 2tTHB+BiHv BM+Hm/2b ⌧ H2TiQMbX Ai BKT`Qp2b Qp2` i?2 `2bmHib
Q#i�BM2/ �i d �M/ 8h2o (R3- RN) QrBM; iQ i?2 bB;MB}+�MiHv `2/m+2/ mM+2`i�BMiv BM i?2
2biBK�iBQM Q7 i?2 KBbB/2MiB}2/ ⌧h #�+F;`QmM/X h?2 BKT`Qp2/ T`2+BbBQM T`QT�;�i2b
iQ i?2 K2�bm`2K2Mib Q7 i?2 `�iBQ iQ i?2 HB;?i /BH2TiQM }M�H bi�i2 +`Qbb b2+iBQM �M/
i?2 T�`iB�H /2+�v rB/i? Q7 i?2 iQT [m�`FX

h?2 K2�bm`2K2Mi bi`�i2;v Bb T`2b2Mi2/ BM a2+iBQM eXRX h?2 2p2Mi b2H2+iBQM 7Q`

8j
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i?2 bim/v Bb ;Bp2M BM a2+iBQM eXkX a2+iBQM eXj /2b+`B#2b i?2 2biBK�iBQM Q7 #�+F;`QmM/b
rBi? i?2 +Q``2bTQM/BM; +Q``2+iBQMb- r?2i?2` i?2v �`2 i�F2M 7`QK i?2 bBKmH�iBQM Q`
2biBK�i2/ 7`QK i?2 /�i�X h?2 FBM2K�iB+ /Bbi`B#miBQMb Q7 i?2 b2H2+i2/ 2p2Mib �`2
T`2b2Mi2/ BM a2+iBQM eX9X aQm`+2b Q7 bvbi2K�iB+ mM+2`i�BMiB2b �`2 /2b+`B#2/ BM a2+@
iBQM eX8X a2+iBQM eXe +Qp2`b i?2 T`Q}H2 HBF2HB?QQ/ `�iBQ USG_V K2i?Q/ r?B+? Bb mb2/
7Q` i?2 +`Qbb b2+iBQM K2�bm`2K2Mi �M/ i?2 2biBK�iBQM Q7 i?2 mM+2`i�BMiB2bX h?2 K2�@
bm`2K2Mib Q7 i?2 +`Qbb b2+iBQMb- i?2 `�iBQ iQ i?2 HB;?i /BH2TiQM +`Qbb b2+iBQM- �M/ i?2
`�iBQ Q7 i?2 T�`iB�H iQ i?2 iQi�H iQT [m�`F /2+�v rB/i? �`2 /Bb+mbb2/ BM a2+iBQM eXdX
h?2 `2bmHib �`2 bmKK�`Bx2/ BM a2+iBQM eX3X

eXR �M�HvbBb bi`�i2;v
h?2 ⌧ H2TiQMb /2+�v #27Q`2 `2�+?BM; i?2 /2i2+iQ`- �M/ 2tT2`BK2Mi�HHv i?2v �`2 B/2M@
iB}2/ #v i?2B` /2+�v T`Q/m+ib- HB;?i H2TiQMb Q` ?�/`QMbX h?2 HB;?i H2TiQMb 7`QK i?2 ⌧

/2+�v +�M #2 /BbiBM;mBb?2/ 7`QK i?2 T`QKTi H2TiQMb 7`QK i?2 ?�`/ T`Q+2bb mM/2` bT2@
+B�H �bbmKTiBQMb �#Qmi i?2 FBM2K�iB+ /Bbi`B#miBQM Q` Qi?2` T�`�K2i2`b Q7 i?2 bB;M�HX
AM Q`/2` iQ �pQB/ � #B�b iQ i?2 bB;M�H KQ/2H i?2 T`2b2Mi2/ �M�Hvb2b 2KTHQv QMHv i?2 ⌧

H2TiQMb i?�i /2+�v BMiQ ?�/`QMb U⌧hVX h?2 `2bmHiBM; K2�bm`2K2Mib �`2 2ti`�TQH�i2/
iQ �HH ⌧ H2TiQMb rBi? i?2 #`�M+?BM; 7`�+iBQMb Q7 i?2 ⌧ /2+�v i?�i ?�p2 #22M K2�bm`2/
iQ � ?B;? T`2+BbBQM (9)X h?2 ?�/`QMb 7`QK i?2 ⌧ H2TiQM /2+�v �`2 `2+QMbi`m+i2/ �b
� M�``Qr D2i rBi? � /BbiBM+i bB;M�im`2 BM i?2 /2i2+iQ`X h?2 /QKBM�Mi #�+F;`QmM/
�`Bb2b 7`QK 2p2Mib r?2`2 � D2i Bb KBbB/2MiB}2/ �b � ⌧hX 6Q` i?2 tt /BH2TiQM }M�H bi�i2
Bi Bb KQbiHv i?2 b2KBH2TiQMB+ tt ! (`⌫`)(qq

0
)bb T`Q+2bbX

h?2 #�+F;`QmM/ rBi? i?2 KBbB/2MiB}2/ ⌧h +�M #2 +QMbi`�BM2/ rBi? � /B`2+i K2�@
bm`2K2Mi Q7 i?2 #�+F;`QmM/ BM � +QMi`QH `2;BQM 2M`B+?2/ BM #�+F;`QmM/ 2p2Mib- Q`
rBi? � b?�T2 }i iQ � /Bbi`B#miBQM i?�i /BbiBM;mBb?2b bB;M�H �M/ #�+F;`QmM/X AM #Qi?
+�b2b i?2 2biBK�iBQM Q7 i?2 KBbB/2MiB}2/ #�+F;`QmM/ +QMi`B#miBQM /Q2b MQi /2T2M/
QM i?2 T�`iB+mH�` T`QT2`iB2b Q7 D2ib �M/ ⌧h +�M/B/�i2b BM i?2 b2H2+i2/ 2p2MibX h?2
#�+F;`QmM/ Bb 2biBK�i2/ 7Q` i?2 r?QH2 T?vbB+�H T`Q+2bb i?�i T`Q/m+2b KBbB/2MiB}2/
⌧h +�M/B/�i2bX h?2`27Q`2- i?2 T`Q#H2K Q7 i?2 H�`;2 bT�+2 Q7 D2i T�`�K2i2`b Bb �pQB/2/X

h?2 +`Qbb b2+iBQM Bb K2�bm`2/ #v T2`7Q`KBM; � T`Q}H2 HBF2HB?QQ/ `�iBQ USG_V
}i (ky) iQ i?2 i`�Mbp2`b2 K�bb Q7 i?2 bvbi2K +QMi�BMBM; i?2 HB;?i H2TiQM Ue Q` µV �M/
i?2 KBbbBM; i`�Mbp2`b2 KQK2MimK- BM irQ FBM2K�iB+ +�i2;Q`B2b Q7 i?2 b2H2+i2/ 2p2Mib
7Q` 2�+? Q7 i?2 e⌧h �M/ µ⌧h }M�H bi�i2bX h?2 b?�T2 Q7 i?2 i`�Mbp2`b2 K�bb /Bbi`B#miBQM
/BbiBM;mBb?2b i?2 bB;M�H �M/ #�+F;`QmM/ T`Q+2bb2bX h?2 FBM2K�iB+ +�i2;Q`B2b �`2 +QM@
bi`m+i2/ iQ b2T�`�i2 i?2 bB;M�H �M/ i?2 K�BM #�+F;`QmM/ T`Q+2bb- i?2 b2KBH2TiQMB+ tt

}M�H bi�i2- #v 2KTHQvBM; i?2 +QMbi`�BMib Q7 i?2 iQT [m�`F �M/ q #QbQM K�bb2b BM i?2
?�/`QMB+ #`�M+? Q7 i?2 /2+�vX h?2 SG_ }i iQ i?2 i`�Mbp2`b2 K�bb �M/ i?2 FBM2K�iB+
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+�i2;Q`B2b +QMbi`�BM i?2 KBbB/2MiB}2/ ⌧h #�+F;`QmM/ rBi?Qmi �Mv bT2+B�H �bbmKTiBQMb
�#Qmi i?2 bB;M�H KQ/2HX a2+iBQM eXjX8 /2KQMbi`�i2b i?�i i?2 i`�Mbp2`b2 K�bb /Q2b
MQi /2T2M/ bB;MB}+�MiHv QM i?2 ⌧h +�M/B/�i2 T�`�K2i2`b BM i?2 2p2MiX �M/ i?2 2p2Mi
+�i2;Q`B2b �`2 MQi �z2+i2/ #v i?2 ⌧h B/2MiB}+�iBQM `2[mB`2K2Mib- #2+�mb2 i?2v �`2
+QMbi`m+i2/ 7`QK i?2 ;2M2`�H BM7Q`K�iBQM �#Qmi i?2 D2ib BM i?2 2p2MibX h?2`27Q`2-
i?2 irQ �TT`Q�+?2b +`Qbb@+?2+F 2�+? Qi?2`- #2+�mb2 i?2v �`2 MQi +Q``2H�i2/X

eXk 1p2Mi a2H2+iBQM
6Q` i?2 e⌧h Uµ⌧hV }M�H bi�i2- /�i� �`2 +QHH2+i2/ rBi? � i`B;;2` `2[mB`BM; �i H2�bi
QM2 BbQH�i2/ 2H2+i`QM UKmQMV rBi? � i?`2b?QH/ Q7 pT > 27 Uk9V :2oX h?2 `2+Q`/2/
2p2Mib �`2 `2T`Q+2bb2/ Q|BM2 iQ `2+QMbi`m+i T?vbB+�H Q#D2+ib rBi? i?2 �H;Q`Bi?Kb �M/
i2+?MB[m2b /2b+`B#2/ BM *?�Ti2` 9X

h?2 2p2Mib 7Q` i?2 K2�bm`2K2Mi �`2 b2H2+i2/ #v `2[mB`BM; QM2 BbQH�i2/ 2H2+i`QM
UKmQMV rBi? i`�Mbp2`b2 KQK2MimK pT > 30 UkeV :2o �M/ |⌘| < 2.4- �i H2�bi irQ D2ib
rBi? pT > 30:2o �M/ |⌘| < 2.5- �M/ 2t�+iHv QM2 ⌧h +�M/B/�i2 rBi? pT > 30:2o
�M/ |⌘| < 2.4X h?2 ⌧h +�M/B/�i2 �M/ i?2 HB;?i H2TiQM �`2 `2[mB`2/ iQ ?�p2 QTTQbBi2
2H2+i`B+ +?�`;2b UP*VX �i H2�bi QM2 D2i Kmbi #2 B/2MiB}2/ �b Q`B;BM�iBM; 7`QK b [m�`F
?�/`QMBx�iBQM Uǳb@i�;;2/ǴV #v T�bbBM; i?2 ǳK2/BmKǴ rQ`FBM; TQBMi Q7 i?2 ǳ*aopkǴ
# ~�pQm` /Bb+`BKBM�iQ` (N3)- i?�i T`QpB/2b i?2 2{+B2M+v Q7 �#Qmi eeW rBi? i?2 +Q`@
`2bTQM/BM; HB;?i@~�pQm` KBbB/2MiB}+�iBQM `�i2 Q7 RWX h?2 ⌧h +�M/B/�i2 Bb `2[mB`2/
iQ T�bb i?2 ǳK2/BmKǴ rQ`FBM; TQBMi Q7 i?2 Jo�@#�b2/ �MiB@D2i /Bb+`BKBM�iQ`- i?�i
T`QpB/2b i?2 bB;M�H 2{+B2M+v Q7 eyW rBi? H2bb i?�M RW KBbB/2MiB}+�iBQM T`Q#�#BHBiv
7Q` � ;2M2`B+ D2i (j)X h?2 #@i�;;2/ D2ib �`2 `2[mB`2/ iQ #2 b2T�`�i2/ #v �R > 0.4

7`QK i?2 ⌧h D2iX 1H2+i`QMb �M/ KmQMb �`2 `2[mB`2/ iQ #2 b2T�`�i2/ 7`QK �Mv D2i �M/
7`QK i?2 ⌧h +�M/B/�i2 BM i?2 ⌘@' TH�M2 #v � /Bbi�M+2 Q7 �R > 0.4X 1p2Mib rBi? �Mv
�//BiBQM�H HQQb2Hv BbQH�i2/ 2H2+i`QM UKmQMV Q7 pT > 15 URyV :2o �`2 `2D2+i2/X �M
2H2+i`QM Bb +QMbB/2`2/ HQQb2Hv BbQH�i2/ B7 I`2H < 0.0994 BM i?2 #�``2H Q` I`2H < 0.107

BM i?2 2M/+�TbX � KmQM Bb HQQb2Hv BbQH�i2/ B7 I`2H < 0.25 BM 2Bi?2` i?2 #�``2H Q` i?2
2M/+�TbX

h?2b2 b2H2+iBQM `2[mB`2K2Mib �`2 KQiBp�i2/ #v i?2 FBM2K�iB+ T�`�K2i2`b Q7 i?2
tt /2+�v- �p�BH�#H2 i`B;;2`b- �M/ 72�im`2b Q7 i?2 /2i2+iQ`X h?2 ǳK2/BmKǴ rQ`FBM;
TQBMib Q7 i?2 B/2MiB}+�iBQM �H;Q`Bi?K r2`2 +?Qb2M �b � ;QQ/ +QKT`QKBb2 iQ bim/v
i?2 iB;?i2` �M/ HQQb2` QTiBQMbX "mi i?2 HQQb2` QTiBQM b?Qrb MQ BKT`Qp2K2MiX �M/ i?2
2p2Mi b2H2+iBQM rBi? ǳiB;?iǴ rQ`FBM; TQBMib ?�b Bbbm2b BM i?2 KQ/2HHBM; Q7 qYD2ib
�M/ tt #�+F;`QmM/b #2+�mb2 Q7 BMbm{+B2Mi MmK#2` Q7 bBKmH�i2/ 2p2MibX aBM+2 i?2
K�BM �/p�Mi�;2 7`QK i?2 ǳiB;?iǴ rQ`FBM; TQBMi Bb � `2/m+iBQM Q7 i?2 KBbB/2MiB}2/ ⌧h

#�+F;`QmM/- �M/ bBM+2 i?Bb #�+F;`QmM/ Bb �H`2�/v r2HH +QMbi`�BM2/ rBi? Qm` K2i?Q/-
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i?2 �M�HvbBb 2KTHQvb i?2 ǳK2/BmKǴ rQ`FBM; TQBMib iQ �pQB/ i?2 Bbbm2b rBi? i?2
bBKmH�iBQM bi�iBbiB+bX

h?2 b2H2+i2/ 2p2Mib 2t?B#Bi � ;QQ/ �;`22K2Mi #2ir22M i?2 Q#b2`p2/ /�i� �M/ i?2
2tT2+i�iBQM- �b b?QrM BM 6B;m`2 eXR 7Q` i?2 pT /Bbi`B#miBQM Q7 i?2 ⌧h +�M/B/�i2X h?2
bB;M�H +QMi`B#mi2b �#Qmi eyW Q7 i?2 b2H2+i2/ 2p2Mib BM 2Bi?2` Q7 i?2 /BH2TiQM }M�H
bi�i2bX h?2 /QKBM�Mi #�+F;`QmM/ +QMi`B#miBQM +QK2b 7`QK Qi?2` tt /2+�vb- KQbiHv
7`QK H2TiQMYD2ib }M�H bi�i2b r?2`2 � D2i Bb KBbB/2MiB}2/ �b � ⌧h +�M/B/�i2X
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W+jets
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D
at
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Data
bbνhτνµ→tt

other→tt
Single t quark
W+jets
Drell-Yan
Dibosons
Multijet
Uncertainty

6B;m`2 eXR, h?2 ⌧h pT /Bbi`B#miBQMb 7Q` 2p2Mib Q7 i?2 e⌧h UH27iV �M/ µ⌧h U`B;?iV }@
M�H bi�i2b Q#b2`p2/ T`BQ` iQ }iiBM;X .Bbi`B#miBQMb Q#i�BM2/ 7`QK /�i� U}HH2/ +B`+H2bV
�`2 +QKT�`2/ rBi? bBKmH�iBQM Ub?�/2/ ?BbiQ;`�KbVX h?2 H�bi #BM BM+Hm/2b Qp2`~Qr
2p2MibX h?2 bBKmH�i2/ +QMi`B#miBQMb �`2 MQ`K�HBx2/ iQ i?2 +`Qbb b2+iBQM p�Hm2b T`2@
/B+i2/ BM i?2 aJX h?2 K�BM T`Q+2bb2b �`2 b?QrM, i?2 bB;M�H- i?2 Qi?2` tt T`Q+2bb2b
;`QmT2/ iQ;2i?2`- bBM;H2 iQT [m�`F T`Q/m+iBQM- WYD2ib- .u T`Q+2bb2b- /B#QbQM- �M/
KmHiBD2i T`Q/m+iBQMX h?2 `�iBQ Q7 i?2 /�i� iQ i?2 iQi�H aJ T`2/B+iBQM Bb b?QrM BM i?2
HQr2` T�M2HX h?2 ?�i+?2/ #�M/b BM/B+�i2 i?2 bvbi2K�iB+ mM+2`i�BMiB2b �M/ i?2 bi�@
iBbiB+�H mM+2`i�BMiB2b Q7 �HH bBKmH�i2/ b�KTH2bX ai�iBbiB+�H mM+2`i�BMiB2b QM i?2 /�i�
TQBMib �`2 MQi pBbB#H2 #2+�mb2 Q7 i?2 b+�H2 Q7 i?2 };m`2X

AM Q`/2` iQ /Bb+`BKBM�i2 �;�BMbi i?2 K�BM #�+F;`QmM/ Q7 KBbB/2MiB}2/ ⌧h 7`QK
i?2 tt H2TiQMYD2ib T`Q+2bb- i?2 +QMbi`�BMib 7`QK i?2 iQT [m�`F �M/ W #QbQM K�bb2b
BM i?2 t ! bW ! b(qq

0
) /2+�v �`2 mb2/X hrQ 2p2Mi +�i2;Q`B2b �`2 /2}M2/ �++Q`/BM;

iQ i?2 FBM2K�iB+ T`QT2`iB2b Q7 D2ib BM i?2 2p2MiX C2i i`BTH2ib �`2 +QMbi`m+i2/ 7Q`
2�+? +QK#BM�iBQM Q7 QM2 b@i�;;2/ D2i �M/ irQ mMi�;;2/ D2ib- +?Qb2M 7`QK �HH D2ib
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BM i?2 2p2Mi- BM+Hm/BM; i?2 ⌧h +�M/B/�i2X h?2 /Bbi�M+2 T�`�K2i2` 7Q` 2�+? i`BTH2i Bb
+�H+mH�i2/ �b

UeXRV Djjb =

p
(mW �mjj)

2
+ (mt �mjjb)

2
,

r?2`2 mt = 172.5:2o �M/ mW = 80.385:2o �`2- `2bT2+iBp2Hv- i?2 K�bb2b Q7 i?2
iQT [m�`F �M/ i?2 W #QbQM (9)- mjj Bb i?2 BMp�`B�Mi K�bb Q7 i?2 irQ mMi�;;2/ D2ib-
�M/ mjjb Bb i?2 BMp�`B�Mi K�bb Q7 i?2 D2i i`BTH2iX h?2 2p2Mi Bb �bbB;M2/ iQ i?2 ǳbB;M�H@
HBF2Ǵ +�i2;Q`v B7 i?2`2 Bb QMHv QM2 mMi�;;2/ D2i- Q` B7 i?2 KBMBKmK T�`�K2i2` p�Hm2
D

KBM
jjb

�KQM; �HH D2i i`BTH2ib Bb H�`;2` i?�M 60:2oX Pi?2`rBb2- Bi Bb �bbB;M2/ iQ i?2
ǳ#�+F;`QmM/@HBF2Ǵ 2p2Mi +�i2;Q`vX h?2 i?`2b?QH/ Q7 60:2o T`QpB/2b �M QTiBK�H
+?QB+2 #2ir22M i?2 b2T�`�iBQM Q7 i?2 bB;M�H �M/ #�+F;`QmM/ 2p2Mi +�i2;Q`B2b- �M/
i?2 K�tBKBx�iBQM Q7 i?2 vB2H/b BM i?2 +�i2;Q`B2b iQ `2/m+2 i?2 bi�iBbiB+�H ~m+im�iBQMbX

eXj "�+F;`QmM/ 2biBK�iBQM
h?2 K�BM #�+F;`QmM/ +QMi`B#miBQM +QK2b 7`QK 2p2Mib rBi? QM2 H2TiQM �M/ i?`22 Q`
KQ`2 D2ib- r?2`2 QM2 Q7 i?2 D2ib Bb 7�Hb2Hv B/2MiB}2/ �b � ⌧hX Ai Bb /QKBM�i2/ #v i?2
H2TiQMYD2ib tt T`Q+2bbX JBbB/2MiB}2/ ⌧h +�M/B/�i2b �HbQ +QK2 7`QK KmHiBD2i Z*. �M/
WYD2i #�+F;`QmM/ T`Q+2bb2bX h?2`2 Bb � bK�HH +QMi`B#miBQM 7`QK T`Q+2bb2b rBi? ;2M@
mBM2 ?�/`QMB+ ⌧h, tW bBM;H2 iQT [m�`F T`Q/m+iBQM- ⌧`⌧h 7`QK .u /2+�vb- tt ! ⌧`⌧hbb-
�M/ /B#QbQM T`Q+2bb2bX �HH T`Q+2bb2b- 2t+2Ti i?2 KmHiBD2i Z*.- �`2 2biBK�i2/ 7`QK
bBKmH�iBQM �7i2` �TTHvBM; �TT`QT`B�i2 +Q``2+iBQMbX "�+F;`QmM/ T`Q+2bb2b +QMi`B#mi2
`Qm;?Hv 9yW Q7 i?2 b2H2+i2/ 2p2Mib, k8W Bb /m2 iQ i?2 b2KBH2TiQMB+ tt- 8W 7`QK i?2
KmHiBD2i Z*. �M/ qYD2ib- 8W 7`QK i?2 bBM;H2 iQT [m�`F T`Q+2bb2b- �M/ 8W 7`QK
Qi?2` T`Q+2bb2b rBi? ;2MmBM2 i�mbX .2i�BHb Q7 i?2 2p2Mi b2H2+iBQM +QKTQbBiBQM �`2
;Bp2M BM a2+iBQM eX9X

eXjXR .`2HH@u�M
.`2HH@u�M #�+F;`QmM/ +QMbiBimi2b � bK�HH 7`�+iBQM Q7 �#Qmi 9W BM i?2 b2H2+i2/ 2p2Mib-
KQbi Q7 r?B+? �`2 i?2 DY ! ⌧`⌧h 2p2MibX h?Bb +QMi`B#miBQM rBi? ;2MmBM2 ⌧h Bb r2HH
KQ/2HH2/ �M/ Bb i�F2M 7`QK i?2 bBKmH�iBQMX

�//BiBQM�HHv irQ +QMi`QH `2;BQMb �`2 +QMbB/2` BM Q`/2` iQ +QM}`K i?2 MQ`K�H@
Bx�iBQM Q7 i?2 .`2HH@u�M J* �M/ iQ 2biBK�i2 i?2 mM+2`i�BMiv Q7 i?2 MQ`K�HBx�iBQM,
RV � bBKTH2 +QMi`QH `2;BQM Q7 /BH2TiQM .u T`Q+2bb2b �M/ kV � +QMi`QH `2;BQM rBi?
DY ! ⌧`⌧h 2p2MibX

h?2 }`bi +QMi`QH `2;BQM Bb b2H2+i2/ #v `2[mB`BM; 2p2Mib rBi? irQ r2HH BbQH�i2/
HB;?i H2TiQMb U2H2+i`QMb Q` KmQMbV Q7 QTTQbBi2 +?�`;2 �M/ pT > 30:2o- Q7 r?B+?
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�i H2�bi QM2 K�i+?2b i?2 bBM;H2@H2TiQM >GhX h?2 b2H2+iBQMb 2bb2MiB�HHv +QMi�BM QMHv
DY ! `

�
`
+ 2p2MibX h?2 2p2Mi vB2H/b �`2 HBbi2/ BM h�#H2 eXRX h?2 mM+2`i�BMiv Q7 i?2

.u MQ`K�HBx�iBQM Bb /2i2`KBM2/ #v +QKT�`BM; i?2 bBKmH�iBQM iQ i?2 b�K2 b2H2+iBQM
BM /�i�X Ai BM+Hm/2b i?2 bi�iBbiB+�H �M/ i?2 bvbi2K�iB+�H mM+2`i�BMiB2b BM i?2 H2TiQM
B/2MiB}+�iBQM- HmKBMQbBiv- �M/ TBH2mT +Q``2+iBQMbX

6B;m`2 eXk b?Qrb i?2 /Bbi`B#miBQMb Q7 i?2 H2�/BM; H2TiQM pT �M/ i?2 i`�Mbp2`b2
K�bb mT Q7 i?2 H2�/BM; H2TiQM �M/ p

KBbb
T

bvbi2K BM i?2 b2H2+i2/ 2p2Mib rBi? MQKBM�H
MQ`K�HBx�iBQM Q7 DY bBKmH�iBQMX h?2 MQKBM�H MQ`K�HBx�iBQM Bb 7QmM/ iQ mM/2`2b@
iBK�i2 /�i� #v 7�+iQ` Q7 1.05 ± 0.05X h?Bb 7�+iQ` �M/ +Q``2bTQM/BM; mM+2`i�BMiv
�`2 �TTHB2/ iQ i?2 bBKmH�iBQM i?`Qm;?Qmi i?2 �M�HvbBbX h?2 /Bz2`2M+2 BM i?2 b?�T2
/Bbi`B#miBQMb Q7 bBKmH�i2/ 2p2Mib �M/ /�i� Bb /m2 iQ KBbbBM; �//BiBQM�H +Q``2+iBQMb
BM i?2 ;2M2`�i2/ K�bb �M/ pT Q7 i?2 DY bvbi2KX aBM+2 i?2 /Bz2`2M+2 Bb bK�HH �M/
i?2 Qp2`�HH DY +QMi`B#miBQM Bb bK�HH BM i?2 K�BM b2H2+iBQM- i?2 b?�T2 /Bz2`2M+2 Bb
M2;H2+i2/X

h�#H2 eXR, *QKTQbBiBQM Q7 i?2 .u /BH2TiQM +QMi`QH `2;BQMX PMHv bi�iBbiB+�H mM+2`@
i�BMiB2b �`2 BM+Hm/2/X

S`Q+2bb DY ! e
�
e
+

DY ! µ
�
µ
+

DY ! `
�
`
+
+ jets 7297917± 3303 15090721± 4702

DY ! ⌧`⌧h + jets 3765± 76 6785± 101

tt 57084± 146 97463± 188

.B#QbQMb 17963± 39 32620± 51

aBM;H2 iQT 5787± 32 9604± 41

W ! `⌫ + jets 1039± 118 437± 48

Z*. KmHiBD2i 102389± 55549 15575± 8805

hQi�H 7485944± 55647 15253206± 9984

.�i� 7095254 16254370

h?2 b2+QM/ +QMi`QH `2;BQM Bb b2H2+i2/ #v BMp2`iBM; i?2 # i�;;BM; `2[mB`2K2Mi Q7 i?2
K�BM tt b2H2+iBQM �M/ `2[mB`BM; i?2 i`�Mbp2`b2 K�bb Q7 i?2 H2TiQM �M/ p

KBbb
T

bvbi2K iQ
#2 H2bb i?�M 40:2oX 1p2Mib Kmbi ?�p2 QMHv QM2 r2HH BbQH�i2/ H2TiQM- MQ #@i�;;2/ D2ib-
QM2 ⌧h rBi? K2/BmK A. �M/ QTTQbBi2 +?�`;2 iQ i?2 H2TiQM- �M/ i?2 i`�Mbp2`b2 K�bb
Q7 i?2 H2TiQM �M/ p

KBbb
T

bvbi2K Kmbi #2 H2bb i?�M 40:2o iQ `2/m+2 i?2 +QMi`B#miBQM
Q7 qYD2ib 2p2MibX �HbQ- �b � T`2@b2H2+iBQM bi�;2- � b2H2+iBQM rBi? MQ `2[mB`2K2Mib
QM i?2 Qp2`�HH MmK#2` Q7 D2ib Bb +QMbB/2`2/X AM #Qi? b2H2+iBQM bi�;2b i?2 DY ! ⌧`⌧h

T`Q+2bb +QMi`B#mi2b H�`;2 7`�+iBQMb Q7 i?2 b2H2+i2/ 2p2MibX J�BM #�+F;`QmM/b �`2
KmHiBD2i Z*. �M/ qYD2ibX h?2 2p2Mi vB2H/b BM #Qi? 2H2+i`QM �M/ KmQM +?�MM2Hb
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6B;m`2 eXk, .Bbi`B#miBQMb Q7 i?2 H2�/BM; H2TiQM pT �M/ i?2 i`�Mbp2`b2 K�bb Q7 i?2
H2�/BM; H2TiQM �M/ p

KBbb
T

bvbi2K BM i?2 /BH2TiQM DYYD2ib +QMi`QH `2;BQMb, i?2 e
�
e
+ QM

i?2 H27i- i?2 µ�
µ
+ Bb QM i?2 `B;?iX h?2 ?�i+?2/ #�M/ BM+Hm/2b bi�iBbiB+�H mM+2`i�BMiB2bX



ey

�`2 ;Bp2M BM i?2 h�#H2 eXkX h?2 /Bbi`B#miBQMb Q7 i?2 HB;?i H2TiQM pT BM #Qi? b2H2+iBQM
bi�;2b �`2 b?Qr BM 6B;m`2 eXjX

h�#H2 eXk, *QKTQbBiBQM Q7 i?2 DY ! ⌧`⌧h +QMi`QH `2;BQMX h?2 2p2Mi vB2H/b Q7 J*
Z*. �`2 ;Bp2M 7Q` `272`2M+2 BM T�`2Mi?2b2bX h?2 J* Z*. 2t?B#Bib � H�`;2 bi�iBb@
iB+�H mM+2`i�BMiv- i?2`27Q`2 Bi Bb MQi mb2/ BM i?2 };m`2b 7Q` i?Bb +QMi`QH `2;BQMX h?2
bi�iBbiB+�H mM+2`i�BMiB2b �`2 ;Bp2MX

S`Q+2bb T`2@DY ! ⌧e⌧h DY ! ⌧e⌧h T`2@DY ! ⌧µ⌧h DY ! ⌧µ⌧h

DY ! ⌧`⌧h + jets 31084± 220 3136± 74 72416± 325 4906± 88

DY ! other 13906± 192 1065± 45 9485± 208 685± 38

W ! `⌫ + jets 43304± 529 3648± 69 72509± 705 5344± 81

Z*. KmHiBD2i 40777± 453 3116± 115 32953± 537 2592± 122

UZ*. KmHiBD2i J*V U38411± 29786V U185± 90V U16268± 6989V U9188± 5333V
tt 3286± 36 2252± 30 4786± 43 3261± 36

.B#QbQMb 1073± 21 301± 11 1618± 25 421± 13

aBM;H2 iQT [m�`F 686± 11 249± 7 1045± 13 360± 8

hQi�H 134116± 756 13767± 163 194812± 969 17569± 179

.�i� RjkekN Rj98e RNd9dj RddkR

eXjXk qYD2ib
h?2 qYD2i 2p2Mib T�bb i?2 tt b2H2+iBQM r?2M QM2 Q7 i?2 D2ib Bb KBbB/2MiB}2/ �b i?2 ⌧h

+�M/B/�i2X Ai Bb � bK�HH #�+F;`QmM/ T`Q+2bb- +QMi`B#miBM; �#Qmi k@jW Q7 i?2 b2H2+i2/
2p2MibX h?2 T`Q+2bb Bb r2HH KQ/2HH2/- �M/ i?2 +QMi`B#miBQM Bb 2biBK�i2/ 7`QK i?2
bBKmH�i2/ 2p2MibX

�b �HH T`Q+2bb2b rBi? KBbB/2MiB}2/ ⌧h- i?2 2p2Mi vB2H/ Q7 i?2 qYD2ib T`Q+2bb
Bb p�`B2/ #v � b2T�`�i2 KBbB/2MiB}+�iBQM T`Q#�#BHBiv T�`�K2i2` BM i?2 SG_ }i �b
/2b+`B#2/ BM a2+iBQM eXeX aBM+2 i?2 }i /2i2`KBM2b i?2 Qp2`�HH 2p2Mi vB2H/- i?2 K�BM
+QM+2`M BM i?2 2biBK�iBQM Q7 i?2 qYD2ib #�+F;`QmM/ Bb i?2 /2i2`KBM�iBQM Q7 i?2
mT b?�T2 BM i?Bb T`Q+2bbX h?2 KQ/2HHBM; Q7 i?2 mT /Bbi`B#miBQM Bb +QM}`K2/ BM i?2
WYD2ib +QMi`QH `2;BQM /2}M2/ #v `2[mB`BM; 2p2Mib rBi? i?2 7QHHQrBM; `2[mB`2K2Mib,
�M e Q` � µ- QM2 ⌧h +�M/B/�i2 Q7 QTTQbBi2 +?�`;2 iQ i?2 HB;?i H2TiQM �M/ rBi?Qmi i?2
�MiB@D2i /Bb+`BKBM�iQ` `2[mB`2K2Mi Q7 i?2 ⌧h B/2MiB}+�iBQM �H;Q`Bi?K- MQ #@i�;;2/ D2ibX
h?2 ⌧h +�M/B/�i2 rBi?Qmi i?2 �MiB@D2i `2[mB`2K2Mi Bb BM+Hm/2/ iQ bim/v i?2 +?�`;2
/Bbi`B#miBQM Q7 i?2 KBbB/2MiB}2/ ⌧h rBi? `2bT2+i iQ i?2 HB;?i H2TiQM BM i?Bb T`Q+2bbX
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6B;m`2 eXj, .Bbi`B#miBQMb Q7 i?2 H2TiQM pT �M/ i?2 i�m pT BM i?2 DY ! ⌧`⌧h +QMi`QH
`2;BQM T`2@b2H2+iBQM UiQTV �M/ 7mHH b2H2+iBQM U#QiiQKV, i?2 µ⌧h b2H2+iBQM Bb QM i?2 H27i-
i?2 e⌧h Bb QM i?2 `B;?iX h?2 mM+2`i�BMiv #�M/ BM+Hm/2b bi�iBbiB+�H mM+2`i�BMiB2bX



ek

h?2 b2H2+iBQMb KQbiHv +QMi�BM qYD2ib �M/ Z*. 2p2MibX h?2 +QKTQbBiBQMb Q7 i?2
2p2Mi vB2H/b �`2 ;Bp2M BM h�#H2 eXjX h?2 +QMi`QH /Bbi`B#miBQMb BM i?Bb b2H2+iBQM b?Qr
� ;QQ/ b?�T2 �;`22K2Mi #2ir22M /�i� �M/ J*, 6B;m`2 eX9 7Q` i?2 b2H2+iBQM rBi? �
µ- 6B;m`2 eX8 7Q` i?2 b2H2+iBQM rBi? �M e BM i?2 }M�H bi�i2X h?2 qYD2ib +QMi`B#miBQM
Bb /QKBM�Mi �i H�`;2 p�Hm2b Q7 i?2 H2TiQM pT- pKBbb

T
�M/ mTX

h�#H2 eXj, *QKTQbBiBQM Q7 i?2 2p2Mib BM i?2 qYD2ib +QMi`QH `2;BQMb rBi? i?2 2H2+@
i`QM �M/ i?2 KmQM }M�H bi�i2bX 1p2Mi vB2H/b 7Q` �HH T`Q+2bb2b- BM+Hm/BM; Z*.- �`2
2biBK�i2/ 7`QK J*X PMHv bi�iBbiB+�H mM+2`i�BMiB2b �`2 ;Bp2MX

S`Q+2bb 1H2+i`QM JmQM
W ! `⌫ + jets 4402035± 5504 7162457± 7376

W ! ⌧`⌫ + jets 205426± 1073 342420± 1463

W ! ⌧h⌫ + jets 1756± 102 254± 44

Z*. KmHiBD2i 1641522± 171568 879317± 127706

DY + jets 531004± 1312 651180± 1494

tt 165555± 260 239504± 310

.B#QbQMb 49336± 173 71732± 210

aBM;H2 iQT [m�`F 39701± 82 58978± 99

hQi�H 7036335± 171665 9405842± 127936

.�i� 7048070 9461244

h?2 /Bbi`B#miBQM Q7 qYD2ib BM i?2 GP J* b?Qrb � ;QQ/ �;`22K2Mi rBi? i?2
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pT > 30:2oX

h?2 `2bmHiBM; b2H2+iBQM KQbiHv +QMbBbib Q7 tt- .`2HH@u�M ⌧e⌧µ- bBM;H2@iQT T`Q+2bb2b
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+QMi`B#miBQM rBi? KBbB/2MiB}2/ ⌧h Bb /2i2`KBM2/ BM � }i Q7 i?2 mT /Bbi`B#miBQM iQ
i?2 Q#b2`p2/ /�i�X h?2 mT /Bbi`B#miBQM T`QpB/2b b2T�`�iBQM #2ir22M i?2 bB;M�H
�M/ #�+F;`QmM/ T`Q+2bb2b- �b b?QrM BM 6B;m`2 eXRe QM i?2 H27iX �M/ Bi /Q2b MQi
bB;MB}+�MiHv /2T2M/ QM i?2 pT �M/ ⌘ Q7 i?2 ⌧h +�M/B/�i2- Q` Qi?2` D2i +?�`�+i2`BbiB+b
BM i?2 FBM2K�iB+ `�M;2b Q7 i?Bb bim/v- �b b?QrM BM 6B;m`2 eXR8X h?2`27Q`2- i?2 }i
iQ i?Bb /Bbi`B#miBQM +QMbi`�BMb i?2 Qp2`�HH KBbB/2MiB}+�iBQM T`Q#�#BHBiv �M/ i?2 2p2Mi
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3y

h�#H2 eXe, 1tT2+i2/ �M/ Q#b2`p2/ 2p2Mi vB2H/b BM i?2 e⌧h }M�H bi�i2X h?2 bB;M�H
�M/ aJ #�+F;`QmM/ T`Q+2bb2b �`2 ;Bp2M 7Q` �M BMi2;`�i2/ HmKBMQbBiv Q7 35.9 7#�RX
ai�iBbiB+�H mM+2`i�BMiB2b �`2 b?QrMX

S`Q+2bb S`2@b2H2+iBQM J�BM b2H2+iBQM "�+F;`QmM/@HBF2 aB;M�H@HBF2
tt ! e⌧h⌫e⌫⌧bb 31065± 108 8759± 56 3439± 35 5319± 43

tt ! e⌫eqq
0
bb 339925± 356 4059± 39 2451± 30 1607± 24

tt ! ⌧e⌧h⌫⌧⌫e⌫⌧bb 1774± 26 500± 13 192± 8 308± 10

tt ! ⌧e⌫⌧⌫eqq
0
bb 18893± 84 216± 9 132± 7 84± 6

tt ! other 22620± 92 181± 8 69± 5 113± 6

aBM;H2 iQT ! e⌧hYs 1437± 16 498± 9 178± 5 320± 7

aBM;H2 iQT ! eqq
0Ys 31525± 76 355± 8 170± 6 185± 5

aBM;H2 iQT ! other 2784± 22 58± 3 24± 2 34± 2

DY ! ⌧e⌧h 1834± 58 347± 25 123± 15 224± 19

DY ! other 10211± 184 111± 14 30± 7 82± 12

W ! e⌫e 55568± 260 400± 34 179± 31 221± 14

W ! ⌧e⌫⌧ 3360± 62 27± 6 14± 5 13± 3

W ! ⌧h⌫⌧ 41± 6 3± 2 1± 1 2± 1

.B#QbQMb 2461± 33 53± 4 16± 2 37± 3

Z*. KmHiBD2i 33277± 853 447± 66 71± 45 376± 49

hQi�H 556775± 999 16015± 107 7090± 75 8925± 77

.�i� 548107 15420 6787 8633



3R

h�#H2 eXd, 1tT2+i2/ �M/ Q#b2`p2/ 2p2Mi vB2H/b BM i?2 µ⌧h }M�H bi�i2X h?2 bB;M�H
�M/ aJ #�+F;`QmM/ T`Q+2bb2b �`2 ;Bp2M 7Q` �M BMi2;`�i2/ HmKBMQbBiv Q7 35.9 7#�RX
ai�iBbiB+�H mM+2`i�BMiB2b �`2 b?QrMX

S`Q+2bb S`2@b2H2+iBQM J�BM b2H2+iBQM "�+F;`QmM/@HBF2 aB;M�H@HBF2
tt ! µ⌧h⌫µ⌫⌧bb 45855± 130 13029± 67 5137± 43 7892± 52

tt ! µ⌫µqq
0
bb 496455± 427 6117± 47 3674± 37 2443± 30

tt ! ⌧µ⌧h⌫⌧⌫µ⌫⌧bb 2628± 31 731± 16 280± 10 451± 12

tt ! ⌧µ⌫⌧⌫µqq
0
bb 28227± 102 347± 11 209± 9 139± 7

tt ! other 32780± 110 259± 10 88± 6 171± 8

aBM;H2 iQT ! µ⌧hYs 2001± 19 691± 11 235± 6 456± 9

aBM;H2 iQT ! µqq
0Ys 45690± 90 516± 9 230± 6 286± 7

aBM;H2 iQT ! other 3968± 26 87± 4 35± 3 52± 3

DY ! ⌧µ⌧h 2623± 68 581± 31 193± 18 388± 26

DY ! other 8236± 190 32± 14 11± 9 21± 10

W ! µ⌫µ 81338± 318 594± 28 238± 21 355± 18

W ! ⌧µ⌫⌧ 4771± 66 45± 7 16± 4 29± 5

W ! ⌧h⌫⌧ 3± 2 0± 0 0± 0 0± 0

.B#QbQMb 3254± 38 80± 5 23± 2 57± 4

Z*. KmHiBD2i 51245± 1019 354± 79 122± 56 231± 57

hQi�H 809075± 1191 23462± 126 10490± 86 12972± 92

.�i� 799953 23016 9931 13085
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mT- BM i?2 bB;M�H@HBF2 UmTT2`V �M/ #�+F;`QmM/@HBF2 UHQr2`V 2p2Mi +�i2;Q`B2b 7Q` i?2
e⌧h UH27iV �M/ µ⌧h U`B;?iV }M�H bi�i2b Q#b2`p2/ T`BQ` iQ }iiBM;X .Bbi`B#miBQMb Q#i�BM2/
7`QK /�i� U}HH2/ +B`+H2bV �`2 +QKT�`2/ rBi? bBKmH�iBQM Ub?�/2/ ?BbiQ;`�KbVX h?2
H�bi #BM BM+Hm/2b Qp2`~Qr 2p2MibX h?2 bBKmH�i2/ +QMi`B#miBQMb �`2 MQ`K�HBx2/ iQ i?2
+`Qbb b2+iBQM p�Hm2b T`2/B+i2/ BM i?2 aJX h?2 K�BM T`Q+2bb2b �`2 b?QrM, i?2 bB;M�H-
i?2 Qi?2` tt T`Q+2bb2b ;`QmT2/ iQ;2i?2`- bBM;H2 iQT [m�`F T`Q/m+iBQM- WYD2ib- .u
T`Q+2bb2b- /B#QbQM- �M/ KmHiBD2i T`Q/m+iBQMX h?2 `�iBQ Q7 i?2 /�i� iQ i?2 iQi�H aJ
T`2/B+iBQM Bb b?QrM BM i?2 HQr2` T�M2HX h?2 p2`iB+�H #�`b QM i?2 /�i� TQBMib BM/B+�i2
i?2 bi�iBbiB+�H mM+2`i�BMiB2b- i?2 ?�i+?2/ #�M/ BM/B+�i2b i?2 bvbi2K�iB+ mM+2`i�BMiB2b
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KBbB/2MiB}+�iBQM T`Q#�#BHBiv- 2biBK�i2/ iQ #2 H2bb i?�M RW- Bb +QMbB/2`2/ � T�`i Q7 i?2
⌧h B/2MiB}+�iBQM 2{+B2M+v mM+2`i�BMivX h?2 +Q``2+iBQM iQ i?2 `2+QMbi`m+i2/ 2M2`;v
Q7 i?2 ⌧h D2i U⌧ 2M2`;v b+�H2V �M/ i?2 +Q``2bTQM/BM; mM+2`i�BMiv Bb 2biBK�i2/ BM � }i
Q7 i?2 /�i� BM /Bbi`B#miBQMb b2MbBiBp2 iQ i?2 ⌧ 2M2`;v- bm+? �b i?2 ⌧h pBbB#H2 K�bb (j)X
h?2 }ii2/ +Q``2+iBQMb �`2 0.995 ± 0.012 7Q` i?2 ⌧ /2+�v KQ/2 rBi? R +?�`;2/ i`�+F
�M/ MQ M2mi`�H T�`iB+H2b- 1.011±0.012 7Q` Qi?2` /2+�v KQ/2b rBi? R +?�`;2/ T�`iB+H2-
�M/ 1.006± 0.012 7Q` �HH /2+�v KQ/2b rBi? j +?�`;2/ T�`iB+H2bX

h?2 /QKBM�Mi #�+F;`QmM/ +QMi`B#miBQM �`Bb2b 7`QK T`Q+2bb2b r?2`2 � D2i Bb KBbB/2M@
iB}2/ �b ⌧h- K�BMHv H2TiQMYD2ib tt- WYD2ib- �M/ KmHiBD2i Z*. T`Q/m+iBQMX h?2 ⌧h

KBbB/2MiB}+�iBQM T`Q#�#BHBiv �M/ Bib mM+2`i�BMiv BM i?2b2 T`Q+2bb2b �`2 /B`2+iHv K2�@
bm`2/ BM i?2 }iX h?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiv Bb p�`B2/ rBi?BM ±50% Q7 i?2
2tT2+i2/ p�Hm2b BM �HH T`Q+2bb2b rBi? � D2i 7�Hb2Hv B/2MiB}2/ �b i?2 ⌧h +�M/B/�i2X
h?2 p�`B�iBQM +Qp2`b i?2 /Bz2`2M+2b #2ir22M 2tT2+i2/ �M/ Q#b2`p2/ KBbB/2MiB}+�@
iBQM T`Q#�#BHBiB2b �M/ i?2 TQbbB#H2 /2T2M/2M+2 QM Qi?2` FBM2K�iB+ T`QT2`iB2b Q7 i?2
⌧h +�M/B/�i2 (j)X h?2 KBbB/2MiB}+�iBQM T`Q#�#BHBiv Bb bB;MB}+�MiHv +QMbi`�BM2/ BM i?2
}i �M/ Bb MQi i?2 /QKBM�Mi bQm`+2 Q7 i?2 mM+2`i�BMiv BM i?2 }M�H `2bmHiX Ai Bb i?2
K�BM BKT`Qp2K2Mi BM bvbi2K�iB+ mM+2`i�BMiB2b rBi? `2bT2+i iQ T`2pBQmb `2bmHibX

h?2 mM+2`i�BMiB2b `2H�i2/ iQ b i�;;BM; UKBbi�;;BM;V 2{+B2M+B2b �`2 2biBK�i2/ 7`QK
� p�`B2iv Q7 +QMi`QH b�KTH2b 2M`B+?2/ BM b [m�`Fb Uc �M/ HB;?i@~�pQm` [m�`FbV (N3)c
i?2 /�i�@iQ@bBKmH�iBQM b+�H2 7�+iQ`b 7Q` b- c- �M/ HB;?i@~�pQm` D2ib �`2 �TTHB2/ iQ
i?2 bBKmH�iBQM �M/ i?2 +Q``2bTQM/BM; mM+2`i�BMiB2b �`2 BM+Hm/2/ BM i?2 }iX h?2b2
mM+2`i�BMiB2b +QMi`B#mi2 �#Qmi kW iQ i?2 +`Qbb b2+iBQM mM+2`i�BMiv K2�bm`2/ #v i?2
}i BM #Qi? e⌧h �M/ µ⌧h }M�H bi�i2bX

h?2 mM+2`i�BMiB2b BM i?2 C1a- C1_- �M/ p
KBbb
T

b+�H2b �`2 2biBK�i2/ �++Q`/BM; iQ
i?2 T`2b+`BTiBQM /2b+`B#2/ BM _27X (8k)X h?2 mM+2`i�BMiv BM i?2 C1a Bb 2p�Hm�i2/ �b �
7mM+iBQM Q7 D2i pT �M/ ⌘X h?2 C1a �M/ C1_ mM+2`i�BMiB2b �`2 T`QT�;�i2/ iQ i?2 p

KBbb
T

b+�H2X
h?2 H2TiQM i`B;;2`- B/2MiB}+�iBQM- �M/ BbQH�iBQM 2{+B2M+B2b �`2 K2�bm`2/ BM /�i�

�M/ bBKmH�iBQM rBi? � i�;@�M/@T`Q#2 K2i?Q/ BM Z ! `
+
`
� 2p2Mib (3N- Ny- 8j)X h?2

bBKmH�i2/ 2p2Mib �`2 +Q``2+i2/ rBi? i?2 +Q``2bTQM/BM; /�i�@iQ@bBKmH�iBQM b+�H2 7�+@
iQ`bX h?2 mM+2`i�BMiB2b BM i?2 b+�H2 7�+iQ`b �`2 BM+Hm/2/ �b bvbi2K�iB+ mM+2`i�BMiB2b
BM i?2 K2�bm`2K2MiX

h?2 mM+2`i�BMiv BM i?2 BMi2;`�i2/ HmKBMQbBiv Bb 2biBK�i2/ iQ #2 kX8W (Ry3)X
h?2 TBH2mT /Bbi`B#miBQM Bb 2biBK�i2/ 7`QK i?2 K2�bm`2/ HmKBMQbBiv BM 2�+? #mM+?

+`QbbBM; KmHiBTHB2/ #v i?2 �p2`�;2 iQi�H BM2H�biB+ +`Qbb b2+iBQMX Ai Bb mb2/ iQ KQ/2H
i?2 TBH2mT BM bBKmH�iBQM rBi? �M mM+2`i�BMiv Q#i�BM2/ #v p�`vBM; i?2 BM2H�biB+ TT
+`Qbb b2+iBQM 2ti`�+i2/ 7`QK � +QMi`QH `2;BQM #v Bib mM+2`i�BMiv Q7 ±4.6% (Ryy)X

h?2 K2�bm`2K2Mi BM+Hm/2b i?2 mM+2`i�BMiv BM i?2 KQ/2HHBM; Q7 i?2 b [m�`F 7`�;@
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K2Mi�iBQM- r?B+? +Qp2`b e
+
e
� /�i� (RyN- RRy- RRR- RRk) �i i?2 Z TQH2 rBi? i?2

"QrH2`ĜGmM/ (RRj) �M/ S2i2`bQM (RR9) T�`�K2i`Bx�iBQMb- �M/ i?2 mM+2`i�BMiB2b BM
i?2 b2KBH2TiQMB+ b@~�pQm`2/ ?�/`QM #`�M+?BM; 7`�+iBQMb �++Q`/BM; iQ i?2B` K2�bm`2/
p�Hm2b (9)X �M mM+2`i�BMiv BM i?2 KQ/2HHBM; Q7 i?2 pT /Bbi`B#miBQM Q7 i?2 iQT [m�`F BM
tt T`Q+2bb2b Bb BM+Hm/2/ iQ +Qp2` i?2 /Bz2`2M+2 #2ir22M i?2 T`2/B+i2/ �M/ Q#b2`p2/
bT2+i`� (jj- Ryk- Ryj- Ry9)X h?2 }i Bb b2MbBiBp2 iQ i?2 iQT [m�`F pT �b Bi �z2+ib i?2
b?�T2 Q7 i?2 mT /Bbi`B#miBQMX h?2 iQT [m�`F pT p�`B�iBQM �HbQ +Qp2`b i?2 bHB;?i i`2M/
Q7 i?2 ⌧h pT /Bbi`B#miBQMX

h?2 +`Qbb b2+iBQM Bb K2�bm`2/ #v i?2 }i BM i?2 }/m+B�H T?�b2 bT�+2 Q7 i?2 /2i2+iQ`X
h?2 }/m+B�H +`Qbb b2+iBQM Bb 2ti`�TQH�i2/ iQ i?2 7mHH T?�b2 bT�+2 #v +Q``2+iBM; 7Q` i?2
�++2Ti�M+2 Q7 i?2 tt bB;M�H T`Q+2bbX h?2 }i �M/ i?2 �++2Ti�M+2 BM+Hm/2 i?2 7QHHQr@
BM; KQ/2HHBM; mM+2`i�BMiB2b, i?2 `2MQ`K�HBx�iBQM �M/ 7�+iQ`Bx�iBQM b+�H2b- �M/ S.6b
BM+Hm/BM; ↵SX h?2 mM+2`i�BMiv BM i?2 S.6 Bb 2biBK�i2/ #v mbBM; i?2 *hR9 ULLGPV
b2i �b �Hi2`M�iBp2 S.6bX h?2 `2MQ`K�HBx�iBQM �M/ 7�+iQ`Bx�iBQM b+�H2b BM i?2 J1
+�H+mH�iBQMb �`2 p�`B2/ BM/2T2M/2MiHv #v 7�+iQ`b Q7 yX8 �M/ kXy 7`QK i?2B` MQKBM�H
p�Hm2b- �M/ i?2 2Mp2HQT2 Q7 i?2 p�`B�iBQMb Bb BM+Hm/2/ BM i?2 K2�bm`2K2MiX h?2 b+�H2
Bb p�`B2/ #v 7�+iQ`b Q7 yX8 �M/ kXy BM i?2 T�`iQM b?Qr2` USaV bBKmH�iBQM Q7 }M�H@bi�i2
�M/ BMBiB�H@bi�i2 `�/B�iBQM- 6a_ �M/ Aa_X h?2 h/�KT T�`�K2i2` `2;mH�iBM; i?2 `2�H
2KBbbBQMb BM TQr?2; UJ1@Sa K�i+?BM;V Bb p�`B2/ 7`QK Bib +2Mi`�H p�Hm2 Q7 1.58mt

mbBM; b�KTH2b rBi? h/�KT b2i iQ 0.99mt �M/ 2.24mt Umt = 172.5:2oV- �b Q#i�BM2/
7`QK imMBM; i?Bb T�`�K2i2` iQ tt /�i� �i p

s = 8h2o (RR8)X h?2 mM/2`HvBM; 2p2Mi
imM2 Bb p�`B2/ rBi?BM Bib mM+2`i�BMiB2b (dk- RR8)X h?2 2z2+i Q7 i?2b2 mM+2`i�BMiB2b QM
i?2 }M�H bi�i2 Q#D2+ib Bb BM+Hm/2/ BM i?2 }i BM i?2 }/m+B�H T?�b2 bT�+2 #v �//BM; i?2
+Q``2bTQM/BM; bvbi2K�iB+ p�`B�iBQMb MQ`K�HBx2/ iQ i?2 MQKBM�H �++2Ti�M+2X h?2`2@
7Q`2- i?2 K2�bm`2K2Mi BM i?2 }/m+B�H T?�b2 bT�+2 Bb T2`7Q`K2/ rBi? i?2 MQKBM�H
�++2Ti�M+2 �M/ Bib mM+2`i�BMiB2b �`2 QMHv BM+Hm/2/ BM i?2 2ti`�TQH�iBQM iQ i?2 7mHH
T?�b2 bT�+2X h?2 mM+2`i�BMiB2b BM i?2 }i �`2 MQi +Q``2H�i2/ rBi? i?2 �++2Ti�M+2
mM+2`i�BMiv BM i?2 2ti`�TQH�iBQM iQ i?2 7mHH T?�b2 bT�+2X

h?2 i?2Q`2iB+�H mM+2`i�BMiB2b �`2 BKTH2K2Mi2/ #v `2r2B;?iBM; i?2 bBKmH�i2/ 2p2Mib
rBi? i?2 +Q``2bTQM/BM; b+�H2 7�+iQ`bX h?2 /Bz2`2M+2b #2ir22M r2B;?i2/ �M/ mM@
r2B;?i2/ /Bbi`B#miBQMb �`2 i�F2M �b i?2 mM+2`i�BMiB2b BM i?2 KQ/2HHBM;X a2T�`�i2
/�i�b2ib rBi? p�`B2/ T�`�K2i2`b �`2 mb2/ 7Q` /2i2`KBM�iBQM Q7 i?2 6a_- Aa_- J1@Sa
K�i+?BM;- �M/ mM/2`HvBM; 2p2Mi mM+2`i�BMiB2bX

h?2 mM+2`i�BMiv /m2 iQ i?2 HBKBi2/ bi�iBbiB+b BM i?2 bBKmH�i2/ /�i�b2ib Bb BM+Hm/2/
BM i?2 }i rBi? i?2 "�`HQr@"22biQM �TT`Q�+? (RRe- RRd)X

h?2 +?�M;2b BM i?2 T�`iQM b?Qr2` T�`�K2i2`b i?�i BKTH2K2Mi i?2 bvbi2K�iB+ mM@
+2`i�BMiB2b UmM/2`HvBM; 2p2Mi- J1@Sa K�i+?BM;- BMBiB�H �M/ }M�H bi�i2 `�/B�iBQMV �HbQ
�z2+i i?2 C1a �M/ i?2 T`Q#�#BHBiv Q7 # i�;;BM;X h?2`27Q`2- i?2 MQKBM�H +Q``2+iBQMb



Ny

iQ C1a �M/ # i�;;BM; �`2 �/Dmbi2/ iQ i?2 /Bz2`2M+2 BM i?2b2 bvbi2K�iB+bX h?2 i�;;BM;
2{+B2M+v i?�i Bb mb2/ 7Q` i?2 # i�;;BM; +Q``2+iBQMb Bb `2@K2�bm`2/ BM i?2 /�i�b2ib
bBKmH�i2/ 7Q` i?2 T�`iQM b?Qr2` bvbi2K�iB+bX h?2 MQKBM�H C1a +Q``2+iBQM Bb KmHiB@
THB2/ rBi? i?2 `�iBQ Q7 C1a K2�bm`2/ BM bvbi2K�iB+ �M/ MQKBM�H tt /�i�b2ib- b?QrM
BM 6B;m`2 eXk8X

eXe 6BiiBM; T`Q+2/m`2
h?2 tt T`Q/m+iBQM +`Qbb b2+iBQM Bb 2ti`�+i2/ 7`QK � SG_ }i iQ i?2 #BMM2/ /Bbi`B#m@
iBQM Q7 i?2 i`�Mbp2`b2 K�bb Q7 i?2 H2TiQM �M/ p

KBbb
T

bvbi2K BM irQ FBM2K�iB+ 2p2Mi
+�i2;Q`B2b- 7Q` 2�+? Q7 i?2 e⌧h �M/ µ⌧h }M�H bi�i2bX h?2 i`�Mbp2`b2 K�bb Bb /2}M2/ �b
mT =

p
2|~p`

T
||~pKBbb

T
|(1� cos�')- r?2`2 �' Bb i?2 �xBKmi?�H �M;H2 /Bz2`2M+2 #2ir22M

i?2 H2TiQM i`�Mbp2`b2 KQK2MimK p2+iQ`- ~p`
T
- �M/ ~p

KBbb
T

X h?2 mT /Bbi`B#miBQM T`QpB/2b
b2T�`�iBQM #2ir22M bB;M�H �M/ #�+F;`QmM/ T`Q+2bb2b �M/ /Q2b MQi bB;MB}+�MiHv /2@
T2M/ QM pT �M/ ⌘ Q7 i?2 ⌧h +�M/B/�i2- Q` Qi?2` D2i +?�`�+i2`BbiB+b BM i?2 FBM2K�iB+
`�M;2b Q7 i?Bb bim/vX

h?2 +`Qbb b2+iBQM Bb K2�bm`2/ BM i?2 }i rBi? i?2 bB;M�H bi`2M;i? T�`�K2i2` i?�i
2M+Q/2b i?2 `�iBQ Q7 i?2 bB;M�H +`Qbb b2+iBQM iQ i?2 p�Hm2 2tT2+i2/ BM i?2 aJX h?2
2tT2+i2/ MmK#2` Q7 2p2Mib BM � ;Bp2M #BM Q7 i?2 mT /Bbi`B#miBQM Bb T�`�K2i`Bx2/ �b �
7mM+iBQM Q7 bB;M�H bi`2M;i? �M/ MmBb�M+2 T�`�K2i2`bX h?2 MmBb�M+2 T�`�K2i2`b 2M+Q/2
i?2 2z2+ib Q7 bvbi2K�iB+ mM+2`i�BMiB2bX h?2 bB;M�H bi`2M;i? Bb � 7`22 T�`�K2i2` BM i?2
}iX h?2 }ii2/ p�`B�#H2b /Q MQi bB;MB}+�MiHv /2T2M/ QM i?2 FBM2K�iB+ T`QT2`iB2b Q7 i?2
⌧ H2TiQM BM i?2 bT2+B}+ tt bB;M�H KQ/2H +QMbB/2`2/ ?2`2- BX2X tt ! (`⌫`)(⌧h⌫⌧ )bbX h?2
HBF2HB?QQ/ 7mM+iBQM Bb /2}M2/ �b � T`Q/m+i Q7 SQBbbQM /Bbi`B#miBQMb Q7 i?2 2tT2+i2/
MmK#2`b Q7 2p2Mib �M/ MmBb�M+2 +QMbi`�BMib BM #BMb Q7 i?2 mT /Bbi`B#miBQMX "�b2/
QM i?2 HBF2HB?QQ/ 7mM+iBQM- i?2 SG_ i2bi bi�iBbiB+ Bb /2}M2/ �b i?2 `�iBQ #2ir22M i?2
K�tBKmK Q7 i?2 HBF2HB?QQ/ 7Q` � ;Bp2M p�Hm2 Q7 i?2 bB;M�H bi`2M;i? �M/ i?2 ;HQ#�H
K�tBKmK Q7 i?2 HBF2HB?QQ/ 7mM+iBQMX h?2 2z2+ib Q7 i?2 bvbi2K�iB+ mM+2`i�BMiB2b QM
i?2 bB;M�H bi`2M;i? �`2 /2i2`KBM2/ rBi?BM i?Bb �TT`Q�+?X

h?2 2tT2+i2/ MmK#2` Q7 2p2Mib BM � ;Bp2M #BM k Q7 i?2 mT /Bbi`B#miBQM BM #Qi?
2p2Mi +�i2;Q`B2b Q7 QM2 Q7 i?2 }M�H bi�i2b Bb ;Bp2M �b,

UeXjV N̂k(s, ✓i) = N̂
s
k(s, ✓i) + N̂

b
k(✓i) = sŜk ·

Y

i

(1 + �
s
i ✓i) +

X

b2#F;
B̂k ·

Y

i

(1 + �
b
i ✓i)

q?2`2 Ŝk �M/ B̂k �`2 2tT2+i�iBQMb BM i?2 ;Bp2M #BM k 7Q` i?2 bB;M�H �M/ #�+F;`QmM/
T`Q+2bb2b `2bT2+iBp2Hv- i?2 1� 2z2+i Q7 ii? bQm`+2 Q7 i?2 bvbi2K�iB+ mM+2`i�BMiv QM i?2
bB;M�H Q` #�+F;`QmM/ 2tT2+i�iBQMb U�s

i �M/ �
b
i - `2bT2+iBp2HvV Bb T�`�K2i`Bx2/ rBi? i?2
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6B;m`2 eXk8, h?2 +Q``2+iBQMb iQ i?2 MQKBM�H D2i 2M2`;v b+�H2 7Q` i?2 T�`iQM b?Qr2`
bvbi2K�iB+b, BM i?2 #�``2H QM i?2 H27i- BM 2M/+�Tb QM i?2 `B;?i- 7Q` # D2ib UiQTV- + D2ib
UKB//H2V �M/ HB;?i ~�pQm` D2ib U#QiiQKVX



Nk

MmBb�M+2 T�`�K2i2` ✓i- �M/ s Bb i?2 `�iBQ Q7 i?2 bB;M�H +`Qbb b2+iBQM iQ i?2 2tT2+i2/
i?2Q`2iB+�H p�Hm2- BX2X i?2 bB;M�H bi`2M;i?X AM i?2 K2�bm`2K2Mi Q7 i?2 `�iBQ Q7 i?2
T�`iB�H iQ i?2 iQi�H rB/i? Q7 i?2 iQT [m�`F /2+�v i?2 bB;M�H bi`2M;i? 2M+Q/2b i?2
B(t ! ⌧⌫⌧b)X AM i?Bb +�b2 i?2 tt /BH2TiQM }M�H bi�i2b rBi? irQ ⌧b �`2 BM+Hm/2/
rBi? i?2 s

2 7�+iQ`- i?�i b?B7ib i?2 `2bmHi Q7 i?2 }i #v �#Qmi yXRW- � M2;HB;B#H2 2z2+i
BM +QKT�`BbQM rBi? mM+2`i�BMiB2bX *2`i�BM bvbi2K�iB+ mM+2`i�BMiB2b �z2+i #Qi? i?2
MQ`K�HBx�iBQM �M/ b?�T2 Q7 i?2 /Bbi`B#miBQMbX AM i?Bb +�b2 � ǳp2`iB+�HǴ BMi2`TQH�iBQM
b+?2K2 Bb mb2/ 7Q` i?2 b?�T2b rBi?BM i?2 `�M;2 Q7 i?2 mM+2`i�BMivX a?�T2 p�`B�iBQMb
�`2 BMi2`TQH�i2/ [m�/`�iB+�HHv r?2M i?2v �`2 #2HQr 1�- �M/ 2ti`�TQH�i2/ HBM2�`Hv
�#Qp2 1�X

6Q` i?2 KQ/2H ;Bp2M #v 1[X dX9- i?2 HBF2HB?QQ/ 7mM+iBQM Bb /2}M2/ �b � T`Q/m+i Q7
SQBbbQM /Bbi`B#miBQMb Q7 i?2 2tT2+i2/ MmK#2`b Q7 2p2Mib �M/ MmBb�M+2 +QMbi`�BMib BM
#BMb Q7 i?2 mT /Bbi`B#miBQM,

UeX9V L(s, ✓i) =
Y

k

Poisson

h
Nk|N̂k(s, ✓i)

i
·
Y

i

pdf(✓i, 0, 1)

r?2`2 Nk Bb i?2 MmK#2` Q7 Q#b2`p2/ 2p2Mib BM i?2 #BM kX
h?2 T`Q#�#BHBiv /Bbi`B#miBQM 7mM+iBQMb Q7 i?2 MmBb�M+2 +QMbi`�BMib �M/ i?2B` K�;@

MBim/2b �`2 HBbi2/ BM h�#H2 eX3 7Q` 2tT2`BK2Mi�H �M/ i?2Q`2iB+�H mM+2`i�BMiB2bX h?2
i?2Q`2iB+�H mM+2`i�BMiB2b BM i?2 ?�`/ T`Q+2bb KQ/2HBM; UHBbi2/ �b ǳ>�`/ T`Q+2bb KQ/@
2HBM;Ǵ BM h�#H2 eX3V �z2+i i?2 FBM2K�iB+ /Bbi`B#miBQM Q7 i?2 }M�H bi�i2b Q#D2+ib �M/
i?2 �++2Ti�M+2 Q7 i?2 bB;M�H T`Q+2bbX aBM+2 i?2 Q#b2`p2/ /�i� +Qp2` QMHv i?2 pBbB#H2
T�`i Q7 i?2 T?�b2 bT�+2 �M/ /Q2b MQi +QMbi`�BM i?2 FBM2K�iB+b BM i?2 r?QH2 T?�b2
bT�+2- i?2 2z2+i QM i?2 �++2Ti�M+2 Bb ǳ2ti2`M�HBx2/Ǵ 7`QK i?2 }i #v MQ`K�HBxBM; i?2
p�`B�iBQMb Q7 i?2 +Q``2bTQM/BM; bvbi2K�iB+ mM+2`i�BMiB2b iQ i?2 MQKBM�H �++2Ti�M+2X
h?2 2ti`�TQH�iBQM Q7 i?2 +`Qbb@b2+iBQM K2�bm`2/ #v i?2 }i BM i?2 }/m+B�H T?�b2 bT�+2
iQ i?2 7mHH T?�b2 bT�+2 Bb +�``B2/ Qmi BM a2+iBQM eXd �++Q`/BM; iQ i?2 �++2Ti�M+2 2b@
iBK�i2/ BM i?2 MQKBM�H tt J* rBi? i?2 2ti2`M�HBx2/ i?2Q`2iB+�H mM+2`i�BMiB2b Q7 i?2
KQ/2HBM; BM+Hm/2/ BM i?2 mM+2`i�BMivX

"�b2/ QM i?2 HBF2HB?QQ/ 7mM+iBQM- i?2 SG_ i2bi bi�iBbiB+ Bb /2}M2/ �b,

UeX8V �(s) =
L(s, ✓̃i(s))
L(ŝ, ✓̂i)

h?2 [m�MiBiB2b ŝ �M/ ✓̂i ;Bp2 i?2 ;HQ#�H K�tBKmK Q7 i?2 HBF2HB?QQ/ 7mM+iBQM- �M/ ✓̃i(s)

K�tBKBx2 i?2 HBF2HB?QQ/ 7Q` � ;Bp2M p�Hm2 Q7 sX h?Bb �TT`Q�+? BM+Hm/2b i?2 2z2+i Q7
bvbi2K�iB+ mM+2`i�BMiB2b QM i?2 bB;M�H bi`2M;i?, i?2 i2bi bi�iBbiB+ �(s) Bb #`Q�/2` /m2
iQ i?2 �/DmbiK2Mi Q7 i?2 bvbi2K�iB+ mM+2`i�BMiB2b BM ✓̃i(s)X Ai �HbQ �HHQrb iQ 2biBK�i2



Nj

h�#H2 eX3, h?2 MmBb�M+2 T�`�K2i2`b Q7 i?2 SG_ }i +Q``2bTQM/BM; iQ i?2 bvbi2K@
�iB+ mM+2`i�BMiB2b UBM WVX *QHmKM ǳivT2Ǵ b?Qrb i?2 i`2�iK2Mi Q7 i?2 T�`�K2i2`,
`�i2- b?�T2- T`BQ` T`Q#�#BHBiv /Bbi`B#miBQM 7mM+iBQM UlnN 7Q` HQ;@MQ`K�H /Bbi`B#miBQMVX
*QHmKM ǳ`�M;2Ǵ HBbib i?2 R@bB;K� /2pB�iBQM 7Q` i?2 ǳ`�i2Ǵ T�`�K2i2`b- i?2 ǳb?�T2Ǵ
T�`�K2i2`b �`2 p�`B2/ rBi? i?2B` `2+QKK2M/2/ 1� /2pB�iBQM BM 2�+? 2p2MiX h?2 ⌧

KBbB/2MiB}+�iBQM T`Q#�#BHBiB2b BM i?2 Z*. �M/ qYD2ib T`Q+2bb2b �`2 BM+Hm/2/ BM i?2
MQ`K�HBx�iBQM mM+2`i�BMiB2bX 6Q` i?2 bBKmHi�M2Qmb }i Q7 irQ }M�H bi�i2b �HH MmBb�M+2b
T�`�K2i2`b �`2 +Q``2H�i2/- 2t+2Ti i?2 T�`�K2i2`b r?B+? +Q``2bTQM/ iQ i?2 H2TiQM
Q#D2+i BM i?2 2p2Mib, i?2 2{+B2M+B2b Q7 H2TiQM B/2MiB}+�iBQM �M/ i`B;;2` UǳG2TiQM A.Ǵ
�M/ ǳh`B;;2`ǴVX

lM+2`i�BMiv hvT2 _�M;2 UWV
⌧h B/2MiB}+�iBQM `�i2 8
⌧h 2M2`;v b+�H2 b?�T2Y`�i2

⌧h KBbB/2MiB}+�iBQM `�i2- lnN 8y
SBH2mT b?�T2Y`�i2

G2TiQM A. b?�T2Y`�i2
h`B;;2` b?�T2Y`�i2

C1a b?�T2Y`�i2
C1_ b?�T2Y`�i2

# i�;;BM; b?�T2Y`�i2
hQT pT b?�T2Y`�i2

.u MQ`K�HBx�iBQM `�i2- lnN 8
aBM;H2 iQT MQ`K�HBx�iBQM `�i2- lnN Ry

.B#QbQM MQ`K�HBx�iBQM `�i2- lnN Ry
qYD2i MQ`K�HBx�iBQM `�i2- lnN 8y

Z*. MQ`K�HBx�iBQM `�i2- lnN 8y
S�`iQM a?Qr2`BM;

# 7`�;K2Mi�iBQM b?�T2Y`�i2 BM tt T`Q+2bb2b

S2i2`bQM p�`B�iBQM b?�T2Y`�i2 BM tt T`Q+2bb2b

a2KBH2TiQMB+ "_ Q7 " ?�/`QMb b?�T2Y`�i2 BM tt T`Q+2bb2b

>�`/ T`Q+2bb KQ/2HBM;
↵S p�`B�iBQM b?�T2 BM tt T`Q+2bb2b

S.6 b?�T2 BM tt T`Q+2bb2b

6BM�H bi�i2 `�/B�iBQM b?�T2 BM tt T`Q+2bb2b- lnN
AMBiB�H bi�i2 `�/B�iBQM b?�T2 BM tt T`Q+2bb2b- lnN

J1@Sa K�i+?BM; U?@/�KTV b?�T2 BM tt T`Q+2bb2b- lnN

mM/2`HvBM; 2p2Mi USvi?B� imM2V b?�T2 BM tt T`Q+2bb2b- lnN

J�i`Bt 1H2K2Mi UJ1V Z*. b+�H2
J1 7�+iQ`Bx�iBQM b+�H2 b?�T2 BM tt T`Q+2bb2b

J1 `2MQ`K�HBx�iBQM b+�H2 b?�T2 BM tt T`Q+2bb2b

J1 +Q``2H�i2/ p�`B�iBQM b?�T2 BM tt T`Q+2bb2b



N9

i?2 2z2+i Q7 � ;Bp2M bvbi2K�iB+ b2T�`�i2Hv #v }tBM; i?2 Qi?2`b BM i?2 }iX JQ`2 /2i�BHb
QM i?2 K2i?Q/ +�M #2 7QmM/ BM _27X (ky)X

h?2 +QKTmi�iBQM Q7 SG_ Bb T2`7Q`K2/ BM _QQai�ib (RR3) i?`Qm;? i?2 >B;;b *QK@
#BM�iBQM iQQH (RRe- RRd- RRN)X

h?2 #B�b �M/ i?2 2tT2+i2/ mM+2`i�BMiv Q7 i?2 }i �`2 2t�KBM2/ rBi? iQv 2tT2`B@
K2MibX � MmK#2` Q7 iQv 2tT2`BK2Mib Bb ;2M2`�i2/ 7Q` ?vTQi?2iB+�H p�Hm2b rBi? bB;M�H
bi`2M;i?b s = 0.9, 1.0, 1.1X h?2 ;2M2`�i2/ �M/ i?2 }ii2/ bB;M�H bi`2M;i?b b?Qr �
HBM2�` +Q``2H�iBQM rBi? MQ T�`iB+mH�` #B�b BM i?2 }i- �b b?QrM BM 6B;m`2 eXke 7Q` #Qi?
}M�H bi�i2bX h?2 /Bbi`B#miBQM �HbQ `2~2+ib i?2 2tT2+i2/ mM+2`i�BMiv Q7 i?2 }iX

�HQM; rBi? BM/2T2M/2Mi }ib BM i?2 e⌧h �M/ µ⌧h }M�H bi�i2b- � bBKmHi�M2Qmb }i
Bb T2`7Q`K2/ BM #Qi? }M�H bi�i2bX AM i?Bb +�b2- #Qi? }M�H bi�i2b 2Mi2` i?2 }iiBM;
T`Q+2/m`2 2z2+iBp2Hv K�FBM; � }i BM 9 2p2Mi +�i2;Q`B2b, k }M�H bi�i2b rBi? k +�i2;Q`B2b
2�+?X h?2 bB;M�H bi`2M;i? �M/ MmBb�M+2 T�`�K2i2`b �`2 F2Ti i?2 b�K2 �+`Qbb �HH
+�i2;Q`B2b BM i?2 }i- 2t+2Ti 7Q` i?2 MmBb�M+2 T�`�K2i2`b i?�i 2M+Q/2 i?2 mM+2`i�BMiB2b
BM i?2 2H2+i`QM �M/ KmQM `2+QMbi`m+iBQMX

h?2 M2;�iBp2 HQ;@HBF2HB?QQ/ b+�Mb BM i?2 b2T�`�i2 }M�H bi�i2b �M/ BM i?2 bBKmHi�@
M2Qmb }i �`2 b?QrM �b � 7mM+iBQM Q7 i?2 +`Qbb b2+iBQM BM 6B;m`2 eXkdX h?2 rB/i? Q7
i?2 +m`p2b +Q``2bTQM/b iQ i?2 2tT2+i2/ mM+2`i�BMiv Q7 i?2 K2�bm`2K2MiX h?2 b+�M
7Q` i?2 bi�iBbiB+�H mM+2`i�BMiv Bb Q#i�BM2/ #v }tBM; �HH MmBb�M+2 T�`�K2i2`b iQ i?2B`
TQbi@}i p�Hm2bX h?2 2z2+ib 7`QK i?2 p�`B�iBQMb Q7 i?2 MmBb�M+2 T�`�K2i2`b QM i?2
bB;M�H bi`2M;i? �`2 b?QrM BM 6B;m`2 eXk3X

eXd _2bmHib
h?2 MmK#2` Q7 Q#b2`p2/ bB;M�H 2p2Mib Bb K2�bm`2/ #v i?2 SG_ }i BM i?2 }/m+B�H
T?�b2 bT�+2 pBbB#H2 iQ i?2 /2i2+iQ`X h?2 }i Bb T2`7Q`K2/ BM i?2 e⌧h �M/ µ⌧h }M�H
bi�i2b b2T�`�i2Hv- �b r2HH �b BM i?2 `⌧h +QK#BM2/ }M�H bi�i2X

6`QK i?2 MmK#2` Q7 bB;M�H 2p2Mib i?2 +`Qbb b2+iBQM BM i?2 }/m+B�H T?�b2 bT�+2
Bb 2biBK�i2/X Ai Bb 2ti`�TQH�i2/ iQ i?2 7mHH T?�b2 bT�+2 rBi? i?2 bB;M�H �++2Ti�M+2
Q7 i?2 /2i2+iQ`X h?2 `�iBQ Q7 i?2 +`Qbb b2+iBQM BM i?2 7mHH T?�b2 bT�+2 �M/ i?2 HB;?i
/BH2TiQM +`Qbb b2+iBQM K2�bm`2/ BM _27X (k) Bb +�H+mH�i2/- �M/ mb2/ BM i?2 2biBK�iBQM
Q7 i?2 T�`iB�H rB/i? Q7 i?2 iQT [m�`F /2+�v BMiQ ⌧ H2TiQMX

eXdXR *`Qbb b2+iBQM BM i?2 }/m+B�H T?�b2 bT�+2
h?2 }/m+B�H +`Qbb b2+iBQM Q7 i?2 tt T`Q/m+iBQM Bb 2ti`�+i2/ 7`QK i?2 }i iQ i?2 Q#@
b2`p2/ /�i� BM i?2 �++2Ti�M+2 `2;BQM Q7 FBM2K�iB+ T?�b2 bT�+2 /2}M2/ #v i?2 2p2Mi
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6B;m`2 eXke, :2M2`�i2/ p2`bmb }ii2/ bB;M�H bi`2M;i? BM iQv 2tT2`BK2Mib 7Q` i?2 e⌧h

UH27iV �M/ µ⌧h U`B;?iV }M�H bi�i2bX h?2 K2/B�M Q7 iQvb Bb `2T`2b2Mi2/ #v #Hm2 /Qib- i?2
#�M/b `2T`2b2Mi e3W �M/ N8W [m�MiBH2bX h?2 #H�+F HBM2 b?Qrb i?2 7mHHv +Q``2H�i2/
+�b2X

b2H2+iBQM +`Bi2`B� /2b+`B#2/ 2�`HB2`X h?2`27Q`2- i?2 2biBK�i2 Q7 i?2 }/m+B�H +`Qbb b2+@
iBQM BM+Hm/2b i?2 #`�M+?BM; 7`�+iBQMb Q7 i?2 }M�H bi�i2b- i`B;;2`- H2TiQM B/2MiB}+�iBQM
�M/ BbQH�iBQM- �M/ i?2 Qp2`�HH `2+QMbi`m+iBQM 2{+B2M+vX Ai Bb Tm`2Hv �M 2tT2`BK2Mi�H
`2bmHi 2[mBp�H2Mi iQ

UeXeV �
fid

tt
= (N � B)/(L✏B),

r?2`2 N Bb i?2 MmK#2` Q7 Q#b2`p2/ +�M/B/�i2 2p2Mib �M/ B Bb i?2 2biBK�i2 Q7 i?2
MmK#2` Q7 #�+F;`QmM/ 2p2Mib 2ti`�+i2/ 7`QK i?2 }i- L Bb i?2 BMi2;`�i2/ HmKBMQbBiv-
✏ Bb i?2 iQi�H 2p2Mi `2+QMbi`m+iBQM 2{+B2M+v- �M/ B Bb i?2 #`�M+?BM; 7`�+iBQM Q7 i?2
`2H2p�Mi tt ! `⌧h }M�H bi�i2X h?2 +`Qbb b2+iBQMb BM i?2 }/m+B�H T?�b2 bT�+2 7Q`
i?2 BM/BpB/m�H e⌧h �M/ µ⌧h }M�H bi�i2b- �b r2HH �b i?2 `⌧h +QK#BM2/ }M�H bi�i2- �`2
K2�bm`2/ 7`QK i?2 SG_ }i iQ #2,

�
fid

tt
(e⌧h) = 133.2± 1.9 Ubi�iXV ± 10.9 UbvbiXV ± 3.3 UHmKXV T#,UeXdV

�
fid

tt
(µ⌧h) = 135.2± 1.5 Ubi�iXV ± 9.9 UbvbiXV ± 3.4 UHmKXV T#,UeX3V

�
fid

tt
(`⌧h) = 134.5± 1.2 Ubi�iXV ± 9.5 UbvbiXV ± 3.4 UHmKXV T#.UeXNV

h�#H2 eXN HBbib i?2 bvbi2K�iB+ mM+2`i�BMiB2b BM i?2 bB;M�H bi`2M;i? �7i2` i?2 }iX
h?2 2z2+i Q7 i?2 mM+2`i�BMiB2b QM i?2 bB;M�H bi`2M;i? Bb 2biBK�i2/ #v � HBF2HB?QQ/



Ne

6B;m`2 eXkd, a+�M Q7 2tT2+i2/ T`Q}H2 HBF2HB?QQ/ `�iBQ BM i?2 e⌧h UiQT@H27iV- µ⌧h UiQT@
`B;?iV- �M/ #Qi? }M�H bi�i2b +QK#BM2/ U#QiiQKVX h?2 bBKmHi�M2Qmb }i Bb T2`7Q`K2/
#v F22TBM; MmBb�M+2 T�`�K2i2`b �M/ bB;M�H bi`2M;i? 2[m�H �+`Qbb �HH 2p2Mi +�i2;Q`B2b
�M/ }M�H bi�i2bX h?2 b+�M rBi? 7mHH mM+2`i�BMiv Bb b?QrM rBi? #QH/ bQHB/ HBM2X h?2
BKT�+i Q7 i?2 ⌧h B/2MiB}+�iBQM �M/ KBbB/2MiB}+�iBQM mM+2`i�BMiB2b Bb b?QrM #v i?2
i?BM bQHB/ HBM2X Ai Bb T`Q/m+2/ #v b2iiBM; i?2 ⌧h@`2H�i2/ MmBb�M+2 T�`�K2i2`b iQ i?2B`
TQbi@}i p�Hm2bX � b+�M Q7 i?2 bi�iBbiB+�H mM+2`i�BMiv- b?QrM rBi? � /�b?2/ HBM2- Bb
T`Q/m+2/ #v b2iiBM; �HH MmBb�M+2 T�`�K2i2`b iQ i?2B` TQbi@}i p�Hm2bX
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PDFCT14n49
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prop_binmu_mu_sel_lj_bin5
prop_binel_el_sel_ljout_bin8
prop_binel_el_sel_ljout_bin0
prop_binel_el_sel_ljout_bin1

TuneCUETP8M2T4
PDFCT14n48

stop_norm
prop_binmu_mu_sel_ljout_bin0
prop_binmu_mu_sel_ljout_bin1

dy_norm
TES
JES

HDAMP
PDFCT14n13

LEPmuTRG
Mfr

bSF
LEPmuID
Peterson

Mr
ISR

FSR
Frag

tau_fakes
TOPPT

PU
tauID_eff

           

rΔ
0.05− 0 0.05

Pull  Impactσ+1  Impactσ  

 0.07± = 1 r

6B;m`2 eXk3, 1tT2+i2/ BKT�+ib Q7 MmBb�M+2 T�`�K2i2`b QM i?2 bB;M�H bi`2M;i? BM
i?2 e⌧h UiQT@H27iV- µ⌧h UiQT@`B;?iV- �M/ #Qi? }M�H bi�i2b +QK#BM2/ U#QiiQKVX h?2
bBKmHi�M2Qmb }i Bb T2`7Q`K2/ #v F22TBM; MmBb�M+2 T�`�K2i2`b �M/ bB;M�H bi`2M;i?
2[m�H �+`Qbb �HH 2p2Mi +�i2;Q`B2b �M/ }M�H bi�i2bX



N3

b+�M r?2`2 QMHv QM2 MmBb�M+2 T�`�K2i2` UQ` � ;`QmT Q7 i?2KV Bb p�`B2/ �i QM+2
r?BH2 i?2 Qi?2`b �`2 }t2/ iQ i?2B` MQKBM�H TQbi}i p�Hm2bX h?2 H�`;2bi 2tT2`BK2Mi�H
mM+2`i�BMiB2b �`2 7`QK ⌧h B/2MiB}+�iBQM �M/ KBbB/2MiB}+�iBQM- �M/ TBH2mT 2biBK�iBQMX
h?2 H�`;2bi i?2Q`2iB+�H mM+2`i�BMiB2b �`2 /m2 iQ i?2 KQ/2HHBM; Q7 iQT [m�`F pT BM tt

T`Q+2bb2b- b [m�`F 7`�;K2Mi�iBQM- �M/ Sa KQ/2HHBM; UAa_ �M/ 6a_VX
h?2 HBF2HB?QQ/ b+�M Q7 i?2 }i iQ i?2 Q#b2`p2/ /�i� BM i?2 }/m+B�H T?�b2@bT�+2 Bb

b?QrM BM 6B;m`2 eXkN 7Q` i?2 e⌧h �M/ µ⌧h }M�H bi�i2b b2T�`�i2Hv- �M/ 7Q` i?2 bBKmH@
i�M2Qmb }i BM #Qi? }M�H bi�i2bX Ai Bb b?QrM BM +QKT�`BbQM rBi? i?2 2tT2+i�iBQMbX
Pp2`�HH- i?2 }i Bb BM �;`22K2Mi rBi? i?2 aJ 2tT2+i�iBQMbX

6B;m`2 eXjy `2TQ`ib i?2 p�Hm2b Q7 TQbi@}i MmBb�M+2b BM b2T�`�i2 }M�H bi�i2bX h?2B`
BKT�+ib QM i?2 bB;M�H bi`2M;i? �`2 `2TQ`i2/ BM 6B;m`2 eXjR- 7Q` i?2 e⌧h- µ⌧h- �M/ #Qi?
}M�H bi�i2b +QK#BM2/X h?2 #`2�F/QrM Q7 i?2 bvbi2K�iB+ mM+2`i�BMiB2b BM i?2 bB;M�H
bi`2M;i? }ii2/ iQ i?2 /�i� Bb ;Bp2M BM h�#H2 eXNX

h?2 +Q``2H�iBQMb Q7 i?2 MmBb�M+2 T�`�K2i2`b BM i?2 }i �`2 b?QrM BM 6B;m`2 eXjkX
h?2 TQbi@}i /Bbi`B#miBQMb rBi? +QKT�`BbQM iQ i?2 /�i� �`2 b?QrM BM 6B;m`2 eXjjX

h?2 ;QQ/M2bb Q7 i?2 }i i2bib �`2 `2TQ`i2/ BM h�#H2 eXRyX

eXdXk *`Qbb b2+iBQM BM i?2 7mHH T?�b2 bT�+2
h?2 }/m+B�H tt +`Qbb b2+iBQM Bb 2ti`�TQH�i2/ iQ i?2 7mHH T?�b2 bT�+2 rBi? i?2 /2i2+iQ`
�++2Ti�M+2 Att,

UeXRyV �tt = �
vis

tt
/Att = (N � B)/(L✏BAtt).

h?2 �++2Ti�M+2 Att Bb i?2 7`�+iBQM Q7 bB;M�H 2p2Mib T`Q/m+2/ BM i?2 }/m+B�H T?�b2
bT�+2- �M/ Bi Bb /2i2`KBM2/ rBi? `2bT2+i iQ �HH bB;M�H 2p2Mib BM i?2 MQKBM�H tt bBKm@
H�iBQMX Ai BM+Hm/2b FBM2K�iB+ b2H2+iBQM +mib �M/ Bb 2p�Hm�i2/ 7Q` i?2 /Bz2`2Mi bB;M�H
}M�H bi�i2b �b,

Att(e⌧h) = 0.1687± 0.0004 Ubi�iXV ± 0.0060 UbvbiXV,UeXRRV
Att(µ⌧h) = 0.1756± 0.0004 Ubi�iXV ± 0.0065 UbvbiXV,UeXRkV
Att(`⌧h) = 0.1722± 0.0003 Ubi�iXV ± 0.0062 UbvbiXV,UeXRjV

r?2`2 i?2 bvbi2K�iB+ mM+2`i�BMiB2b BM+Hm/2 i?2 KQ/2HHBM; mM+2`i�BMiB2b i?�i �`2 /2@
b+`B#2/ BM a2+iBQM eX8 �M/ HBbi2/ �b ǳ1ti`�TQH�iBQM mM+2`i�BMiB2bǴ BM h�#H2 eXNX

h?2 +`Qbb b2+iBQM p�Hm2b BM i?2 7mHH T?�b2 bT�+2 �`2 Q#i�BM2/ 7`QK i?2 2ti`�T@
QH�iBQM Q7 i?2 }/m+B�H +`Qbb b2+iBQMb mbBM; i?2 �++2Ti�M+2b Att 2biBK�i2/ 7`QK i?2



NN

6B;m`2 eXkN, a+�Mb Q7 i?2 2tT2+i2/ �M/ Q#b2`p2/ T`Q}H2 HBF2HB?QQ/ `�iBQb BM i?2 e⌧h

UiQT@H27iV- µ⌧h UiQT@`B;?iV- �M/ #Qi? }M�H bi�i2b +QK#BM2/ U#QiiQKVX



Ryy

6B;m`2 eXjy, SQbi@}i p�Hm2b Q7 K�BM MmBb�M+2 T�`�K2i2`b BM i?2 e⌧h UiQTV �M/ µ⌧h

U#QiiQKV }M�H bi�i2bX



RyR

30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

θΔ)/0θ-θ(
2− 1− 0 1 2

HDAMP
TuneCUETP8M2T4

prop_binel_sel_ljout_bin10
PDFCT14n13

JER
PDFCT14n49

prop_binel_sel_ljout_bin11
prop_binel_sel_ljout_bin1

prop_binel_sel_ljout_bin12
PDFCT14n48

Mfr
stop_norm

prop_binel_sel_lj_bin11
prop_binel_sel_lj_bin12

TES
prop_binel_sel_lj_bin13

prop_binel_sel_ljout_bin0
SemilepBR

Mr
bSF

Peterson
ISR

FSR
LEPelID

tau_fakes
Frag

LEPelTRG
PU

TOPPT
tauID_eff

           

rΔ
0.05− 0 0.05

Pull  Impactσ+1  Impactσ  

 0.0794± = 0.951 r

30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

θΔ)/0θ-θ(
2− 1− 0 1 2

HDAMP
dy_norm

PDFCT14n19
prop_binmu_sel_ljout_bin12

PDFCT14n49
prop_binmu_sel_ljout_bin11
prop_binmu_sel_ljout_bin1

PDFCT14n48
TuneCUETP8M2T4

qcd_norm
prop_binmu_sel_lj_bin11
prop_binmu_sel_lj_bin13

PDFCT14n13
stop_norm

LEPmuTRG
SemilepBR

prop_binmu_sel_lj_bin12
prop_binmu_sel_ljout_bin0

Mr
TES

Peterson
bSF

LEPmuID
ISR

Frag
FSR

tau_fakes
TOPPT

PU
tauID_eff

           

rΔ
0.04− 0.02− 0 0.02 0.04

Pull  Impactσ+1  Impactσ  

 0.0715± = 0.925 r

30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

θΔ)/0θ-θ(
2− 1− 0 1 2

LEPmuTRG
PDFCT14n38

LEPelID
PDFCT14n19
PDFCT14n49

prop_binel_el_sel_ljout_bin0
JES

prop_binmu_mu_sel_lj_bin12
stop_norm

HDAMP
PDFCT14n48

TuneCUETP8M2T4
prop_binmu_mu_sel_ljout_bin0

dy_norm
PDFCT14n13

LEPelTRG
SemilepBR

Mr
TES
Mfr

bSF
LEPmuID
Peterson

ISR
FSR

PU
Frag

TOPPT
tau_fakes
tauID_eff

           

rΔ
0.04− 0.02− 0 0.02 0.04

Pull  Impactσ+1  Impactσ  

 0.0684± = 0.941 r

6B;m`2 eXjR, AKT�+ib Q7 i?2 MmBb�M+2 T�`�K2i2`b QM i?2 bB;M�H bi`2M;i? }ii2/ iQ i?2
Q#b2`p2/ /�i� BM i?2 e⌧h UiQT@H27iV- µ⌧h UiQT@`B;?iV- �M/ #Qi? }M�H bi�i2b +QK#BM2/
U#QiiQKVX



Ryk

h�#H2 eXN, avbi2K�iB+ �M/ bi�iBbiB+�H mM+2`i�BMiB2b /2i2`KBM2/ 7`QK i?2 }i iQ i?2 /�i�
BM i?2 e⌧h �M/ µ⌧h }M�H bi�i2b- �M/ i?2B` +QK#BM�iBQMX lM+2`i�BMiB2b �`2 ;`QmT2/
#v i?2B` Q`B;BM, 2tT2`BK2Mi�H- i?2Q`2iB+�H- MQ`K�HBx�iBQM- �M/ 2ti`�TQH�iBQMX h?2
mM+2`i�BMiB2b BM i?2 K2�bm`2K2Mi BM i?2 /BH2TiQM }M�H bi�i2 (k) mb2/ BM i?2 T�`iB�H
rB/i? `�iBQ 2biBK�i2 �`2 �HbQ [mQi2/ U+QHmKM ǳ.BH2TiQMbǴV- r?2`2 i?2 �bvKK2i`B+
2ti`�TQH�iBQM mM+2`i�BMiB2b �`2 bvKK2i`Bx2/ #v �//BM; i?2K BM [m�/`�im`2X �b #Qi?
K2�bm`2K2Mib mb2 i?2 b�K2 /�i�- bQK2 mM+2`i�BMiB2b BM i?2 `⌧h �M/ HB;?i /BH2TiQM
}M�H bi�i2b �`2 +Q``2H�i2/- �b b?QrM BM i?2 H�bi +QHmKMX

aQm`+2 lM+2`i�BMiv (W)
e⌧h µ⌧h *QK#BM2/ .BH2TiQMb *Q``2H�iBQM

1tT2`BK2Mi�H mM+2`i�BMiB2b
⌧h D2i B/2MiB}+�iBQM 9Xd 9X8 9X8 y
⌧h D2i KBbB/2MiB}+�iBQM kXk kXj kXj y
SBH2mT kX8 kXk kXj yXR R
G2TiQM B/2MiB}+�iBQM �M/ BbQH�iBQM RX3 RXR RXk kXy R
b i�;;BM; 2{+B2M+v RXR RXk yXN yX9 R
⌧h 2M2`;v b+�H2 yXd yX3 yX3 y
h`B;;2` 2{+B2M+v kXj yXe yXd yXj y
.`2HHĜu�M #�+F;`QmM/ yX9 yX9 yXe yXN R
tt #�+F;`QmM/ RXy yX3 yXe yXk y
iq #�+F;`QmM/ yXe yX8 yX8 RXR R
WYD2ib #�+F;`QmM/ yXR yX9 yX8 yXk y
JmHiBD2i #�+F;`QmM/ yXR yX8 yX9 <yXR y
C2i 2M2`;v b+�H2 yXR yXk yX9 yX9 R
C2i 2M2`;v `2bQHmiBQM yXe yXj yXR yX9 R
1H2+i`QM KQK2MimK b+�H2 yXR yXR yXR yXR R
JmQM KQK2MimK b+�H2 yXR yXR yXR yXR R
.B#QbQM #�+F;`QmM/ <yXR <yXR <yXR yXk R

h?2Q`2iB+�H mM+2`i�BMiB2b
b 7`�;K2Mi�iBQM kXj kXy kX9 yXd R
hQT [m�`F pT KQ/2HHBM; kXd kXj kXk yX8 R
tt 6a_ b+�H2 RXd RXN RXd yX3 R
iq 6a_ b+�H2 <yXR <yXR <yXR yXR R
tt Aa_ b+�H2 RXd RXe RX8 yX9 R
iq Aa_ b+�H2 <yXR <yXR <yXR yXR R
tt J1 b+�H2 RXR RXk RXR yXk R
iq J1 b+�H2 <yXR <yXR <yXR yXk R
.`2HHĜu�M J1 b+�H2 <yXR <yXR <yXR yXR R
a2KBH2TiQMB+ b ?�/`QM #`�M+?BM; 7`�+iBQM yX3 yXe yXd yXR R
lM/2`HvBM; 2p2Mi yX8 yX8 yXe yXj R
J1@Sa K�i+?BM; yX9 yX9 yX8 yXk R
*QHQm` `2+QMM2+iBQM <yXR <yXR <yXR yXj R
S.6b RX8 RX8 RXe RXR R

LQ`K�HBx�iBQM mM+2`i�BMiB2b
ai�iBbiB+�H RX9 RXR yXN yXk y
J* bi�iBbiB+�H kXy RXe RXe RXR y
AMi2;`�i2/ HmKBMQbBiv kX8 kX8 kX8 kX8 R

1ti`�TQH�iBQM mM+2`i�BMiB2b
tt J1 b+�H2 yXj yX9 yXj yXj y
S.6b RXk RX9 RXj RXy y
hQT [m�`F pT KQ/2HHBM; RXy RXR RXR yX8 y
tt Aa_ b+�H2 yX8 yXj yXj yXR y
tt 6a_ b+�H2 RXN kXy RXN yXR y
lM/2`HvBM; 2p2Mi yXj yXk yXk <yXR y
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6B;m`2 eXjk, *Qp�`B�M+2b Q7 i?2 TQbi@}i p�Hm2b Q7 K�BM MmBb�M+2 T�`�K2i2`b BM
i?2 e⌧h UiQTV- µ⌧h UKB//H2V �M/ +QK#BM2/ `⌧h U#QiiQKV }M�H bi�i2bX h?2 QKBii2/
T�`�K2i2`b +Q``2bTQM/ iQ i?2 mM+2`i�BMiB2b /m2 iQ i?2 J* bi�iBbiB+b- S.6 �M/ b+�H2
p�`B�iBQMb K�F2 � bK�HH +QMi`B#miBQM iQ i?2 Qp2`�HH mM+2`i�BMiv- �M/ /Q MQi 2t?B#Bi
bB;MB}+�Mi +Q``2H�iBQMb rBi? Qi?2` T�`�K2i2`bX 1tT2+i2/ +Q``2H�iBQM ;`QmTb �`2 b22M
BM i?2 T�`�K2i2`b, i?2 H2TiQM A. �M/ i`B;;2` 2{+B2M+vc i?2 bB;M�H bi`2M;i?- ⌧h A.
2{+B2M+v �M/ ⌧h KBbB/2MiB}+�iBQM T`Q#�#BHBivX



Ry9

6B;m`2 eXjj, SQbi@}i /Bbi`B#miBQMb Q7 i?2 mT rBi? i?2 MmBb�M+2 T�`�K2i2`b b2i iQ i?2
p�Hm2b 7QmM/ BM i?2 }i iQ #Qi? +?�MM2Hb, i?2 #�+F;`QmM/@`B+? UH27iV �M/ bB;M�H@`B+?
2p2Mi +�i2;Q`B2b U`B;?iV- BM i?2 e⌧h UiQTV �M/ µ⌧h U#QiiQKV }M�H bi�i2bX



Ry8

h�#H2 eXRy, h?2 T@p�Hm2b Q7 i?2 ;QQ/M2bb Q7 }i i2bib BM i?2 b2T�`�i2 +?�MM2Hb �M/
BM i?2 bBKmHi�M2Qmb }iX h?`22 i2bib b?Qr +QKT�`�#H2 `2bmHib, EQHKQ;Q`Qp@aKB`MQp-
�M/2`bQM@.�`HBM; �M/ i?2 b�im`�i2/ KQ/2HX

J2i?Q/ T@p�Hm2 (W)
e⌧h µ⌧h *QK#BM2/

EQHKQ;Q`Qp@aKB`MQp RR k8 k9
�M/2`bQM@.�`HBM; 8 8d Rd
b�im`�i2/ KQ/2H N jd Re

bBKmH�iBQM,

�tt(e⌧h) = 789± 11 Ubi�iXV ± 71 UbvbiXV ± 20 UHmKXV T#,UeXR9V
�tt(µ⌧h) = 770± 8 Ubi�iXV ± 63 UbvbiXV ± 20 UHmKXV T#,UeXR8V
�tt(`⌧h) = 781± 7 Ubi�iXV ± 62 UbvbiXV ± 20 UHmKXV T#.UeXReV

h?2 2tT2+i2/ �M/ Q#b2`p2/ /2T2M/2M+2 Q7 i?2 HBF2HB?QQ/ QM i?2 +`Qbb b2+iBQM BM
i?2 7mHH T?�b2 bT�+2 BM i?2 `⌧h +QK#BM2/ }M�H bi�i2 �`2 b?QrM BM 6B;m`2 eXj9X h?2
`2bmHi Q7 i?2 }i Bb +QMbBbi2Mi rBi? i?2 T`2/B+i2/ aJ tt T`Q/m+iBQM +`Qbb b2+iBQM Q7
832

+20

�29
(scale)± 35 (PDF+↵S) T# (kN)X lbBM; bBKmH�i2/ tt b�KTH2b rBi? /Bz2`2Mi mt

p�Hm2b- r2 }M/ i?�i i?2 +`Qbb b2+iBQM +?�M;2b #v RX8W T2` �mt = 1:2oX

eXdXj _�iBQ iQ i?2 /BH2TiQM +`Qbb b2+iBQM �M/ T�`iB�H rB/i?
h?2 `�iBQ Q7 i?2 +`Qbb b2+iBQM BM i?2 `⌧h }M�H bi�i2 /BpB/2/ #v i?2 +`Qbb b2+iBQM
K2�bm`2/ BM i?2 HB;?i /BH2TiQM }M�H bi�i2 (k) vB2H/b � p�Hm2 Q7 R`⌧h/`` = 0.973 ±
0.009 Ubi�iXV ± 0.066 UbvbiXV- +QMbBbi2Mi rBi? mMBiv �b 2tT2+i2/ 7`QK H2TiQM ~�pQm`
mMBp2`b�HBivX aBM+2 #Qi? K2�bm`2K2Mib �`2 T2`7Q`K2/ BM i?2 b�K2 /�i�@i�FBM; T2@
`BQ/ rBi? i?2 b�K2 `2+QMbi`m+iBQM �H;Q`Bi?Kb- i?2 mM+2`i�BMiv BM i?2 `�iBQ BM+Hm/2b
i?2 +Q``2H�iBQMb #2ir22M +QKKQM bQm`+2b Q7 mM+2`i�BMiB2b �b BM/B+�i2/ BM h�#H2 eXNX
h?2 `2H�iBp2 bvbi2K�iB+ mM+2`i�BMiv BM i?2 `�iBQ Bb eX3WX �#Qmi 8W +QK2b 7`QK i?2
mM+2`i�BMiB2b BM i?2 ⌧h B/2MiB}+�iBQM 2{+B2M+v U9X8WV �M/ KBbB/2MiB}+�iBQM T`Q#�#BH@
Biv UkXjWV BM i?2 tt 2p2MibX h?2 `2bi +QK2b 7`QK i?2 mM+Q``2H�i2/ mM+2`i�BMiB2b BM
i?2 `�iBQ �M/ i?2 i`2�iK2Mi Q7 i?2 +Q``2H�i2/ mM+2`i�BMiB2b BM i?2 +�H+mH�iBQM Q7 i?2
`�iBQX AM T�`iB+mH�`- i?2 i`B;;2`b �`2 MQi i?2 b�K2- �M/ � bK�HH +QMi`B#miBQM +QK2b
7`QK i?2 mM+2`i�BMiB2b BM i?2 2ti`�TQH�iBQM iQ i?2 7mHH T?�b2 bT�+2 i?�i �`2 +QMbB/2`2/
mM+Q``2H�i2/ #2+�mb2 i?2 irQ K2�bm`2K2Mib 2ti`�TQH�i2 7`QK /Bz2`2Mi }/m+B�H T?�b2
bT�+2bX
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6B;m`2 eXj9, h?2 2tT2+i2/ �M/ Q#b2`p2/ /2T2M/2M+2 Q7 i?2 HBF2HB?QQ/ QM i?2 iQi�H tt
+`Qbb b2+iBQM �ttX Ai Bb /2`Bp2/ 7`QK i?2 }/m+B�H T?�b2 bT�+2 #v � bBKTH2 2ti`�TQH�iBQMX
h?2 �``Qr TQBMib �i i?2 +`Qbb b2+iBQM K2�bm`2/ BM i?2 HB;?i /BH2TiQM }M�H bi�i2X h?2
;QQ/M2bb Q7 i?2 }i /2i2`KBM2/ rBi? � EQHKQ;Q`QpĜaKB`MQp K2i?Q/ vB2H/b � p p�Hm2
Q7 yXk9X



Ryd

h?2 K2�bm`2K2Mi �HbQ T`QpB/2b �M 2biBK�i2 Q7 i?2 `�iBQ Q7 i?2 T�`iB�H iQ i?2 iQi�H
rB/i? Q7 i?2 iQT [m�`F /2+�v- R� = �(t ! ⌧⌫⌧b)/�iQi�HX h?2 `�iBQ Bb +�H+mH�i2/
�b R� = �tt(`⌧h)B(W ! ⌧⌫⌧ )/�tt(``)- r?2`2 i?2 +`Qbb b2+iBQM K2�bm`2/ BM i?2 `⌧h

}M�H bi�i2 Bb KmHiBTHB2/ #v i?2 #`�M+?BM; 7`�+iBQM B(W ! ⌧⌫⌧ ) �M/ /BpB/2/ #v i?2
BM+HmbBp2 tt +`Qbb b2+iBQM K2�bm`2/ BM i?2 /BH2TiQM }M�H bi�i2 (k)X h?2 W #QbQM
#`�M+?BM; 7`�+iBQM B(W ! ⌧⌫⌧ ) i?�i Bb BM+Hm/2/ BM i?2 bB;M�H �++2Ti�M+2 Bb +�M+2HH2/
Qmi BM i?2 KmHiBTHB+�iBQMX h?2 2biBK�i2 vB2H/b i?2 p�Hm2 R� = 0.1050±0.0009 Ubi�iXV±
0.0071 UbvbiXV- BKT`QpBM; Qp2` i?2 T`2pBQmb K2�bm`2K2Mib (kk- kR- 9)X h?2 `2bmHi Bb
/QKBM�i2/ #v i?2 bvbi2K�iB+ mM+2`i�BMiv �M/ Bi Bb +QMbBbi2Mi rBi? i?2 aJ p�Hm2 Q7
0.1083 ± 0.0002 (9)X q?BH2 BM _27X (kk) i?2 T�`iB�H rB/i? Bb 2p�Hm�i2/ 7Q` ?�/`QMB+
/2+�vb Q7 ⌧ H2TiQMb- ?2`2 R� Bb K2�bm`2/ 7Q` �HH ⌧ /2+�vb #v mbBM; i?2 B(⌧ ! ⌧h⌫⌧ ) =

64.8± 0.1% #`�M+?BM; 7`�+iBQM (9)X

eX3 amKK�`v
� K2�bm`2K2Mi Q7 i?2 iQT [m�`F T�B` T`Q/m+iBQM +`Qbb b2+iBQM BM i?2 tt ! (`⌫`)(⌧h⌫⌧ )bb

+?�MM2H- r?2`2 ` Bb 2Bi?2` �M 2H2+i`QM Q` � KmQM- Bb T2`7Q`K2/ BM T`QiQM@T`QiQM +QH@
HBbBQMb �i G>*- mbBM; � /�i� b�KTH2 +Q``2bTQM/BM; iQ �M BMi2;`�i2/ HmKBMQbBiv Q7
35.9 7#�R Q#i�BM2/ �i p

s = 13h2o (Rky)X 1p2Mib �`2 b2H2+i2/ #v `2[mB`BM; i?2 T`2b@
2M+2 Q7 �M 2H2+i`QM Q` � KmQM- �M/ �i H2�bi i?`22 D2ib- Q7 r?B+? �i H2�bi QM2 Bb b

i�;;2/ �M/ QM2 Bb B/2MiB}2/ �b � ⌧ H2TiQM /2+�vBM; iQ ?�/`QMb U⌧hVX h?2 H�`;2bi
#�+F;`QmM/ +QMi`B#miBQM �`Bb2b 7`QK tt H2TiQMYD2ib 2p2Mib- tt ! (`⌫`)(qq

0
)bb- r?2`2

QM2 D2i Bb KBbB/2MiB}2/ �b i?2 ⌧hX h?2 #�+F;`QmM/ +QMi`B#miBQM Bb +QMbi`�BM2/ BM � }i
iQ i?2 /Bbi`B#miBQM Q7 i?2 i`�Mbp2`b2 K�bb Q7 i?2 HB;?i H2TiQM �M/ KBbbBM; i`�Mbp2`b2
KQK2MimK bvbi2K BM irQ 2p2Mi +�i2;Q`B2b- +QMbi`m+i2/ �++Q`/BM; iQ i?2 FBM2K�iB+
T`QT2`iB2b Q7 i?2 D2ib BM i?2 tt H2TiQMYD2ib }M�H bi�i2X h?2 bB;M�H Bb BM+Hm/2/ BM
i?2 }i �b � 7`22 T�`�K2i2` rBi?Qmi +QMbi`�BMBM; i?2 FBM2K�iB+ T`QT2`iB2b Q7 i?2 ⌧

H2TiQMX �bbmKBM; � iQT [m�`F K�bb Q7 172.5:2o- i?2 K2�bm`2/ iQi�H tt +`Qbb b2+@
iBQM �tt(`⌧h) = 781 ± 7 Ubi�iXV ± 62 UbvbiXV ± 20 UHmKXV T# Bb BM �;`22K2Mi rBi? i?2
bi�M/�`/ KQ/2H 2tT2+i�iBQMX h?Bb Bb i?2 }`bi K2�bm`2K2Mi Q7 i?2 tt T`Q/m+iBQM
+`Qbb b2+iBQM BM T`QiQM@T`QiQM +QHHBbBQMb �i p

s = 13h2o i?�i 2tTHB+BiHv BM+Hm/2b
?�/`QMB+�HHv /2+�vBM; ⌧ H2TiQMb- �M/ Bi BKT`Qp2b i?2 `2H�iBp2 T`2+BbBQM rBi? `2bT2+i
iQ i?2 d �M/ 8h2o `2bmHib (R3- RN)X h?2 ?B;?2` T`2+BbBQM Bb �+?B2p2/ i?`Qm;? � b?�T2
}i iQ i?2 FBM2K�iB+ /Bbi`B#miBQMb Q7 i?2 2p2Mib- i?mb #2ii2` +QMbi`�BMBM; i?2 #�+F@
;`QmM/bX >Qr2p2`- i?2 `2bmHi Bb biBHH HBKBi2/ #v i?2 bvbi2K�iB+ mM+2`i�BMivX h?2`2@
7Q`2- Bi +�MMQi #2 BKT`Qp2/ #v bBKTHv �//BM; KQ`2 /�i�X h?2 K2�bm`2K2Mi Q7
i?2 `�iBQ Q7 i?2 +`Qbb b2+iBQM BM i?2 `⌧h }M�H bi�i2 iQ i?2 HB;?i /BH2TiQM +`Qbb b2+@
iBQM (k) vB2H/b � p�Hm2 Q7 R`⌧h/`` = 0.973 ± 0.009 Ubi�iXV ± 0.066 UbvbiXV- +QMbBbi2Mi



Ry3

rBi? H2TiQM mMBp2`b�HBivX h?2 `�iBQ Q7 i?2 T�`iB�H iQ i?2 iQi�H rB/i? Q7 i?2 iQT [m�`F
�(t ! ⌧⌫⌧b)/�iQi�H = 0.1050 ± 0.0009 Ubi�iXV ± 0.0071 UbvbiXV Bb K2�bm`2/ rBi? `2@
bT2+i iQ i?2 tt BM+HmbBp2 +`Qbb b2+iBQM 2ti`�TQH�i2/ 7`QK i?2 HB;?i /BH2TiQM }M�H bi�i2-
BKT`QpBM; i?2 T`2+BbBQM Qp2` i?2 T`2pBQmb K2�bm`2K2Mib (kR- kk)X



*?�Ti2` d

h?2 H2TiQM mMBp2`b�HBiv i2bi BM iQT
[m�`F T�B` 2p2Mib

h?2 H2TiQM ~�pQm` mMBp2`b�HBiv T`BM+BTH2 BM i?2 bi�M/�`/ KQ/2H TQbimH�i2b i?�i i?2
BMi2`�+iBQMb rBi? �HH i?`22 7�KBHB2b Q7 H2TiQMb U2H2+i`QMb- KmQMb- i�mbV ?�TT2M �i
i?2 b�K2 `�i2- i?2 i?`22 H2TiQM 7�KBHB2b /Bz2` QMHv #v i?2B` K�bb2bX h?2 +m``2Mi
rQ`H/@#2bi i2bib +QM}`K i?Bb T`BM+BTH2 iQ � ?B;? T`2+BbBQM rBi? 72r /2pB�iBQMbX �
MQi�#H2 2t�KTH2 Bb i?2 /2pB�iBQM Q7 �#Qmi +2.5� 7`QK mMBiv BM i?2 `�iBQ B(W !
⌧⌫⌧ )/B(W ! `⌫`) Q7 q #QbQM /2+�vb- r?2`2 ` Bb 2Bi?2` e Q` µ (9)X h?2 K2�bm`2K2Mib
Q7 i?2 q #QbQM #`�M+?BM; 7`�+iBQMb r2`2 +�``B2/ Qmi rBi? R@kW T`2+BbBQM �i G1S (RkR)
BM /B#QbQM +?�MM2HbX h?2 b�K2 /2pB�iBQM Bb bm;;2bi2/ #v `2+2Mi K2�bm`2K2Mib Q7
b ! c`

�
⌫` /2+�vb 7`QK "�#�`- "2HH2- �M/ G>* UG>*#V (N- Rkk)- r?B+? Q#b2`p2 Qi?2`

�MQK�HB2b BM H2TiQM ~�pQm` K2�bm`2K2Mib �b r2HHX
h?2 H�`;2 HmKBMQbBiv �M/ 2M2`;v Q7 i?2 pp +QHHBbBQMb /�i� �i G>* QT2M 7Q` i?2

}`bi iBK2 � TQbbB#BHBiv 7Q` � T`2+Bb2 K2�bm`2K2Mi Q7 i?Bb `�iBQ BM tt /2+�vbX h?2 `�iBQ
#2ir22M i?2 q #QbQM #`�M+?BM; 7`�+iBQMb +�M #2 K2�bm`2/ 7`QK i?2 `�iBQ #2ir22M
i?2 MmK#2`b Q7 2p2Mib Q#b2`p2/ BM i?2 tt /BH2TiQM }M�H bi�i2b rBi? �M/ rBi?Qmi i?2
⌧ H2TiQM- b?QrM BM 6B;m`2 dXRX AM i?Bb +?�Ti2` A T`2b2Mi K2i?Q/b iQ +�``v Qmi i?2
+Q``2bTQM/BM; �M�HvbBb BM *Ja /�i� �M/ 2KTHQv i?2K BM � 72�bB#BHBiv bim/v 7Q` i?2
7mHH _mMk /�i�b2iX h?2 `2bmHib b?Qr i?�i � bB;MB}+�Mi +QMi`B#miBQM +�M #2 K�/2 iQ
i?2 +m``2Mi rQ`H/@#2bi K2�bm`2K2Mib Q7 i?2 H2TiQM ~�pQm` mMBp2`b�HBiv BM q #QbQM
/2+�vbX

� i2bi Q7 H2TiQM ~�pQm` mMBp2`b�HBiv �i G>* Bb �M 2t+2HH2Mi iQTB+ 7`QK #Qi?
2tT2`BK2Mi�H �M/ i?2Q`2iB+�H TQBMib Q7 pB2r, � T`2+Bb2 K2�bm`2K2Mi �i � ?�/`QM �+@
+2H2`�iQ` i?�i +�M BKT`Qp2 i?2 +m``2Mi rQ`H/@#2bi �p2`�;2 #2vQM/ R@kW mM+2`i�BMiv-
i?�i rQmH/ +QMi`B#mi2 iQ i?2 mM/2`bi�M/BM; Q7 i?2 H2TiQM ~�pQm` mMBp2`b�HBiv ?v@
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6B;m`2 dXR, 62vMK�M /B�;`�Kb Q7 i?2 tt /2+�vb BMiQ /BH2TiQM }M�H bi�i2b, BM+Hm/BM;
� ⌧ H2TiQM UH27iV- �M/ rBi? QMHv HB;?i H2TiQMb U`B;?iVX

TQi?2bBb BM i?2 aJX A7 i?2 +2Mi`�H p�Hm2 Q7 � M2r ?B;?@T`2+BbBQM K2�bm`2K2Mi r2`2
2[m�H iQ i?2 +2Mi`�H p�Hm2 Q7 i?2 G1Sk K2�bm`2K2Mi- i?2 rQ`H/@�p2`�;2 rQmH/ vB2H/
�M Q#b2`p�iBQM Q7 � "aJ +QMi`B#miBQM iQ i?2 q #QbQM /2+�vb rBi? � ?B;? bi�iBbiB+�H
bB;MB}+�M+2X

h?2 72�bB#BHBiv Q7 i?2 b�K2 K2�bm`2K2Mi ?�b #22M bim/B2/ �M�HviB+�HHv #v i?2 �h@
G�a +QHH�#Q`�iBQM (Rkj)X h?2`2 Bb � M2r K2�bm`2K2Mi Q7 i?2 `�iBQ #2ir22M H2TiQMB+
#`�M+?BM; 7`�+iBQMb Q7 i?2 q #QbQM 7`QK �hG�a (\ ) i?�i r�b T2`7Q`K2/ BM H2TiQMB+
⌧ /2+�vbX � K2�bm`2K2Mi BM ?�/`QMB+ ⌧h /2+�vb Bb KQ`2 `Q#mbi bBM+2 Bi Bb MQi #B�b2/
iQ i?2 bB;M�H KQ/2HX Ai rQmH/ K�F2 � bB;MB}+�Mi +QMi`B#miBQM iQ i?2 +m``2Mi `2bmHib
QM i?2 H2TiQM ~�pQm` mMBp2`b�HBivX

AM i?2 7QHHQrBM; i?2 ;2M2`�H bi`�i2;v Q7 i?2 K2�bm`2K2Mi Bb T`2b2Mi2/ BM a2+@
iBQM dXRc �//BiBQM�H `2[mB`2K2Mib iQ i?2 `2+QMbi`m+i2/ Q#D2+ib �`2 HBbi2/ BM a2+iBQM dXkc
i?2 2p2Mi b2H2+iBQM `2[mB`2K2Mib �`2 ;Bp2M BM a2+iBQM dXjc a2+iBQM dX9 T`2b2Mib i?2
i`2�iK2Mi Q7 i?2 bT2+B}+ bvbi2K�iB+ mM+2`i�BMiB2bc i?2 }iiBM; T`Q+2/m`2 Bb /Bb+mbb2/
BM a2+iBQM dX8c i?2 `2bmHib �`2 BM a2+iBQM dXe rBi? i?2 /Bb+mbbBQM BM a2+iBQM dXd X

dXR ai`�i2;v
lM/2` i?2 �bbmKTiBQM Q7 i?2 aJ tt /2+�v- i?2 `�iBQb #2ir22M q #QbQM #`�M+?BM;
7`�+iBQMb �`2 2ti`�+i2/ 7`QK i?2 `�iBQ Q7 i?2 2p2Mi vB2H/b N BM tt /BH2TiQM }M�H bi�i2b
rBi? �M/ rBi?Qmi � ⌧ H2TiQM,

N(tt ! `⌧h⌫`⌫⌧bb)

N(tt ! ``⌫`⌫`bb)
⇡ B(W ! ⌧⌫⌧ )

B(W ! `⌫`)
.UdXRV
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h?2 2p2Mib BM i?2 irQ tt /BH2TiQM }M�H bi�i2b �`2 b2H2+i2/ rBi? i?2 b�K2 `2@
[mB`2K2Mib- 2t+2Ti 7Q` i?2 b2+QM/ H2TiQM, � ⌧h Q` � HB;?i H2TiQMX h?2 bvbi2K�iB+
mM+2`i�BMiB2b i?�i +Q``2bTQM/ iQ i?2 b�K2 `2[mB`2K2Mib +�M+2H Qmi BM i?2 `�iBQX h?2
H�`;2bi mM+2`i�BMiv Q7 �#Qmi 8W BM i?2 ⌧h B/2MiB}+�iBQM T`QT�;�i2b iQ i?2 }M�H `2bmHiX

AM Q`/2` iQ +QMbi`�BM i?Bb mM+2`i�BMiv- � bvKK2i`B+ /Qm#H2 `�iBQ rBi? .`2HHĜu�M
}M�H bi�i2b Bb mb2/,

N(tt ! `⌧h⌫`⌫⌧bb)

N(tt ! ``⌫`⌫`bb)

N(DY ! ``)

N(DY ! ⌧`⌧h)
⇡ B(W ! ⌧⌫⌧ )

B(W ! `⌫`)

B(DY ! ``)

B(DY ! ⌧`⌧h)
.UdXkV

AM i?Bb +QMbi`m+iBQM- i?2 `�iBQ Q7 i?2 q #QbQM #`�M+?BM; 7`�+iBQMb Bb K2�bm`2/
rBi? `2bT2+i iQ i?2 `�iBQ Q7 i?2 w #QbQM #`�M+?BM; 7`�+iBQMb- i?�i ?�p2 #22M K2�@
bm`2/ iQ � p2`v ?B;? T`2+BbBQM (9) �M/ /Q MQi BMi`Q/m+2 � MQiB+2�#H2 mM+2`i�BMiv BM
i?2 `2bmHiX �i i?2 b�K2 iBK2- B7 i?2 bi�iBbiB+�H ~m+im�iBQMb �`2 M2;HB;B#H2 �M/ i?2
#�+F;`QmM/ +QMi`B#miBQMb iQ i?2 b2H2+i2/ 2p2Mib �`2 bK�HH- i?2 2tT2`BK2Mi�H �M/ i?2@
Q`2iB+�H mM+2`i�BMiB2b +�M+2H Qmi BM i?2 /Qm#H2 `�iBQ- �M/ i?2 `�iBQ #2ir22M q #QbQM
#`�M+?BM; 7`�+iBQMb +�M #2 K2�bm`2/ iQ � ?B;? �++m`�+vX

h?2`27Q`2- 7Qm` b2ib Q7 `2[mB`2K2Mib �`2 M22/2/ iQ b2H2+i 2p2Mib BM 7Qm` /BH2TiQM
}M�H bi�i2b BM tt �M/ .u- /2bB;M�i2/ �b, tt ! e⌧h- tt ! eµ- �M/ DY ! ⌧µ⌧h-
DY ! µµX h?2 KmQM }M�H bi�i2b �`2 +?Qb2M #2+�mb2 Q7 i?2 ?B;?2` `2+QMbi`m+iBQM
2{+B2M+v �M/ HQr2` pT i?`2b?QH/ BM i?2 bBM;H2 KmQM i`B;;2`X aBM+2 i?2 H2TiQMb 7`QK
i?2 DY /2+�v ?�p2 HQr 2M2`;B2b BM +QKT�`BbQM rBi? i?2 bBM;H2@H2TiQM >Gh i?`2b?QH/b-
i?2 }M�H bi�i2 rBi? µ H2TiQMb Bb b2H2+i2/ BM i?2 DY 2p2MibX AM Q`/2` iQ ?�p2 � Tm`2
b2H2+iBQM Q7 HB;?i /BH2TiQM tt 2p2Mib- i?2 tt }M�H bi�i2 rBi? �M 2H2+i`QM �M/ � KmQM
Bb +?Qb2MX AM Q`/2` iQ +�M+2H Qmi i?2 bvbi2K�iB+ mM+2`i�BMiB2b i?�i +Q``2bTQM/ iQ
HB;?i H2TiQMb BM i?2 /Qm#H2 `�iBQ- i?2 tt }M�H bi�i2 rBi? � ⌧h Bb b2H2+i2/ rBi? �M
2H2+i`QM �b i?2 HB;?i H2TiQMX AM Q`/2` iQ ?�p2 Tm`2 b2H2+iBQMb Q7 2p2Mib rBi? ⌧h- i?2 ⌧h

+�M/B/�i2b �`2 `2[mB`2/ iQ ?�p2 j T`QM;b rBi? � r2HH `2+QMbi`m+i2/ b2+QM/�`v p2`i2t
i?�i +Q``2bTQM/b iQ i?2 ⌧ /2+�vX

h?2 2p2Mib �`2 b2H2+i2/ rBi? i?2 b�K2 `2[mB`2K2Mib �b i?Qb2 BM i?2 K2�bm`2K2Mi
Q7 i?2 tt T`Q/m+iBQM +`Qbb b2+iBQMX h?2 +QKTH2i2 b2H2+iBQM `2[mB`2K2Mib �`2 /Bb+mbb2/
BM a2+iBQM dXjX h?2 `2bmHiBM; b2H2+iBQMb rBi? HB;?i /BH2TiQM 2p2Mib +QMbBbi �HKQbi 2M@
iB`2Hv Q7 bB;M�H 2p2MibX h?2 b2H2+iBQM Q7 DY ! ⌧µ⌧h 2p2Mib +QMi�BMb �TT`QtBK�i2Hv
NyW Q7 DY 2p2MibX h?2 `2K�BMBM; RyW �`2 7`QK qYD2ib 2p2Mib rBi? � D2i KBbB/2M@
iB}2/ �b � ⌧hX h?2 b2H2+iBQM Q7 tt ! e⌧h 2p2Mib ?�b � bB;MB}+�Mi #�+F;`QmM/ rBi?
KBbB/2MiB}2/ ⌧h 7`QK i?2 tt ! e⌫qq

0
bb T`Q+2bbX hQ +QMbi`�BM i?Bb `2K�BMBM; #�+F@

;`QmM/ BM i?2 }M�H bi�i2b rBi? ⌧h- i?2 /Qm#H2 `�iBQ Bb K2�bm`2/ mbBM; � b?�T2 }i iQ
i?2 mT /Bbi`B#miBQM- �b /Bb+mbb2/ BM a2+iBQM dX8X
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dXk P#D2+i .2}MBiBQMb
h?2 Q#D2+i /2}MBiBQMb �`2 i?2 b�K2 �b BM i?2 K2�bm`2K2Mi Q7 i?2 iQT [m�`F T�B`
T`Q/m+iBQM +`Qbb b2+iBQM /2b+`B#2/ BM *?�Ti2` e- 2t+2Ti 7Q` � iB;?i2` b2H2+iBQM Q7 ⌧h
+�M/B/�i2b �M/ `2/m+2/ ⌧h pT i?`2b?QH/X AM Q`/2` iQ ;2i � Tm`2 b�KTH2 Q7 DY ! ⌧`⌧h

2p2Mib �M/ BKT`Qp2 i?2 b2H2+iBQM Q7 tt ! `⌧h 2p2Mib- QMHv i?2 j@T`QM; ⌧h +�M/B/�i2b
i?�i ?�p2 � r2HH `2+QMbi`m+i2/ b2+QM/�`v p2`i2t UaoV �`2 +QMbB/2`2/X

h?2 b2H2+iBQM Q7 j@T`QM; ⌧h +�M/B/�i2b Bb i?2 QMHv bB;MB}+�Mi +?�M;2 iQ i?2 bi�M@
/�`/ Q#D2+i /2}MBiBQMb ;Bp2M BM *?�Ti2` 9X h?2 i?`22 i`�+Fb Q7 i?2 +?�`;2/ T�`iB+H2b
`2+QMbi`m+i2/ BM i?2 /2i2+iQ` �HHQr i?2 /2i2`KBM�iBQM Q7 i?2 TQBMi Q7 i?2 ⌧ H2TiQM
/2+�vX qBi? �M 2M2`;v Q7 �#Qmi 30:2o- i?2 ⌧ H2TiQM T`QT�;�i2b 7Q` �#Qmi 2KK
#27Q`2 i?2 /2+�v i?�i Bb Q#b2`p2/ �b � ao BM i?2 pp +QHHBbBQM 2p2MiX h?2 ao Bb +?�`@
�+i2`Bx2/ #v i?2 /Bbi�M+2 7`QK i?2 T`BK�`v p2`i2t USoV Q7 i?2 +QHHBbBQM- i?2 H2M;i? Q7
~B;?iX h?2 H2M;i? Q7 ~B;?i ?�b � TQbBiBp2 Q` M2;�iBp2 bB;M- i?�i Bb /2i2`KBM2/ #v i?2
T`QD2+iBQM Q7 i?2 ⌧ H2TiQM ~B;?i /B`2+iBQM QM i?2 ⌧h KQK2MimK /B`2+iBQMX h?2 bi�@
iBbiB+�H bB;MB}+�M+2 Q7 i?2 H2M;i? Q7 ~B;?i Bb ;Bp2M #v i?2 `�iBQ #2ir22M i?2 H2M;i? Q7
~B;?i �M/ i?2 `2+QMbi`m+iBQM mM+2`i�BMiv Q7 i?2 So �M/ ao T`QD2+i2/ QMiQ i?2 ~B;?i
/B`2+iBQM Q7 i?2 ⌧ H2TiQMX h?2 bB;MB}+�M+2 `2T`2b2Mib i?2 H2M;i? Q7 ~B;?i K2�bm`2/ BM
i?2 mMBib Q7 i?2 `2+QMbi`m+iBQM mM+2`i�BMivX h?2 ⌧h +�M/B/�i2b �`2 `2[mB`2/ iQ ?�p2
� H2M;i? Q7 ~B;?i bB;MB}+�M+2 Q7 3 Q` KQ`2X

JQbi Q7 ?�/`QMB+ D2ib Q`B;BM�i2 7`QK HB;?i [m�`Fb Q` ;HmQMb i?�i ?�/`QMBx2 BK@
K2/B�i2Hv rBi?Qmi 7Q`KBM; HQM;@HBp2/ ?�/`QMb- �M/ /Q MQi 72�im`2 � /BbTH�+2/ p2`i2t
BM i?2 }M�H bi�i2 i`�+FbX h?2`27Q`2 � `2[mB`2K2Mi Q7 � bB;MB}+�Mi ao /Bb+�`/b K�Mv
KBbB/2MiB}2/ ⌧h +�M/B/�i2b 7`QK D2ib `�/B�i2/ BM i?2 KmHiBD2i Z*.- WYD2ib- DYYD2ib
T`Q+2bb2bX

h?2 KBbB/2MiB}2/ ⌧h +�M/B/�i2b i?�i Q`B;BM�i2 7`QK # ~�pQm` D2ib ?�p2 � ;2MmBM2
ao �M/ +�MMQi #2 `2KQp2/ rBi? i?Bb `2[mB`2K2MiX "mi i?2 #�+F;`QmM/ Q7 i?2 b

~�pQm` D2ib BM tt 2p2Mib +�M #2 +QMbi`�BM2/ #v Qi?2` K2�Mb, rBi? � ?B;?@2{+B2M+v
`2[mB`2K2Mi Q7 irQ #@i�;;2/ D2ib- Q` #v 2tTHQBiBM; i?2 bvKK2i`v #2ir22M i?2 QTTQbBi2
�M/ b�K2 +?�`;2 b2H2+iBQMb Q7 i?2 HB;?i H2TiQM �M/ i?2 ⌧h +�M/B/�i2 BM i?2 2p2MiX aBM+2
i?2 tt T`Q+2bb2b T`Q/m+2 i?2 b [m�`Fb BM T�B`b- i?2 KBbB/2MiB}2/ ⌧h +�M/B/�i2b i?�i
Q`B;BM�i2 7`QK i?2b2 [m�`Fb ?�p2 2Bi?2` TQbBiBp2 Q` M2;�iBp2 +?�`;2 rBi? i?2 b�K2
T`Q#�#BHBivX

� KQ`2 +mK#2`bQK2 #�+F;`QmM/ Q7 KBbB/2MiB}2/ ⌧h Q`B;BM�i2b 7`QK i?2 c ~�pQm`
D2ibX "�+F;`QmM/ T`Q+2bb2b rBi? bm+? KBbB/2MiB}2/ ⌧h +�M/B/�i2b �`2 T`2b2Mi BM #Qi?
tt �M/ DY 2p2Mi b2H2+iBQMbX h?2 K�BM #�+F;`QmM/ BM i?2 tt ! e⌧h 2p2Mi b2H2+iBQM-
i?2 tt ! e⌫qq

0
bb T`Q+2bb- ?�b � ?B;? T`Q#�#BHBiv iQ T`Q/m+2 � c [m�`F BM i?2 ?�/`QMB+

q #QbQM /2+�vX h?2 DY ! ⌧`⌧h b2H2+iBQM BM+Hm/2b � +QMi`B#miBQM 7`QK i?2 WYD2ib
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T`Q+2bb i?�i +�M T`Q/m+2 � c [m�`F BM �bbQ+B�iBQM rBi? i?2 W #QbQMX h?2 D2ib i?�i
Q`B;BM�i2 7`QK i?2 c [m�`Fb �HbQ ?�p2 � ;2MmBM2 ao �M/ � bB;MB}+�Mi T`Q#�#BHBiv iQ #2
KBbB/2MiB}2/ �b � ⌧h +�M/B/�i2X h?2 #�+F;`QmM/ T`Q+2bb2b T`Q/m+2 i?2 HB;?i H2TiQMb
�M/ i?2 c [m�`Fb rBi? QTTQbBi2 +?�`;2b- KBKB+FBM; i?2 bB;M�H 2p2M KQ`2X >Qr2p2`-
i?2 +QMi`B#miBQMb Q7 i?2 #�+F;`QmM/b rBi? + D2ib �`2 bK�HH- �M/ � T`2+Bb2 K2�bm`2K2Mi
BM i?2 /Qm#H2 `�iBQ +�M #2 �+?B2p2/ rBi?Qmi `2KQpBM; i?2b2 #�+F;`QmM/b +QKTH2i2HvX

dXkXR h?2 b2+QM/�`v p2`i2t `2+QMbi`m+iBQM
h?2 ⌧h +�M/B/�i2b +�M ?�p2 TQQ` [m�HBiv aob BM i?2 `2+QMbi`m+i2/ /�i�b2ib- #2+�mb2
i?2 ao Bb `2+QMbi`m+i2/ 7Q` i?2 ⌧h b22/ D2i- #27Q`2 i?2 ⌧ B/2MiB}+�iBQM �H;Q`Bi?K Bb
�TTHB2/ �M/ i?2 D2i T�`iB+H2b �`2 b2T�`�i2/ BMiQ i?2 bB;M�H +�M/B/�i2b i?�i +Q``2bTQM/
iQ i?2 ⌧h /2+�v �M/ i?2 #�+F;`QmM/ +�M/B/�i2bX a2p2`�H T?vbB+�H 72�im`2b Q7 i?2 ⌧h

ao +�M p�HB/�i2 r?2i?2` i?2 ao Bb `2+QMbi`m+i2/ +Q``2+iHv, i?2 bB;MB}+�M+2 Q7 i?2
`2+QMbi`m+i2/ H2M;i? Q7 ~B;?i Bb 2tT2+i2/ iQ ?�p2 p�Hm2b #2ir22M �1 �M/ 20 rBi? �
T2�F �`QmM/ 1 7Q` i`m2 ⌧h �M/ � M2;HB;B#H2 �KQmMi Q7 KBbB/2MiB}2/ ⌧h �#Qp2 3- i?2
�p2`�;2 H2M;i? Q7 ~B;?i Kmbi #2 �#Qmi 2mm- �M/ i?2 H2M;i? Q7 ~B;?i Kmbi +Q``2H�i2
rBi? i?2 2M2`;v Q7 i?2 ⌧h +�M/B/�i2X 6B;m`2 dXk b?Qrb i?2 /Bbi`B#miBQMb Q7 i?2b2
T�`�K2i2`b 7Q` i?2 ;2MmBM2 ⌧h +�M/B/�i2b BM i?2 tt J* /�i�b2ibX h?2 �p2`�;2 H2M;i?
Q7 ~B;?i Bb H2bb i?�M 0.2mm �M/ i?2 bB;MB}+�M+2 p�Hm2b �`2 mT iQ 50X Ai BM/B+�i2b �M
BM+Q``2+i #2?�pBQ` Q7 i?2 `2+QMbi`m+iBQM �H;Q`Bi?K �M/ � TQQ` [m�HBiv Q7 i?2 ⌧h aoX

AM Q`/2` iQ p�HB/�i2 i?2 +Q``2+iM2bb Q7 i?2 ao `2+QMbi`m+iBQM �M/ BKT`Qp2 i?2 b2T@
�`�iBQM #2ir22M i?2 bB;M�H �M/ i?2 #�+F;`QmM/- �M �//BiBQM�H �H;Q`Bi?K r�b �TTHB2/
Q|BM2 iQ `2T`Q/m+2 i?2 ao 7`QK i?2 i`�+Fb �H`2�/v B/2MiB}2/ �b ⌧h +�M/B/�i2bX h?2
�H;Q`Bi?K `2+QMbi`m+ib i?2 ao 7QHHQrBM; i?2 ;2QK2i`v Q7 i?2 ⌧ ! ⌧h⌫⌧ /2+�v- �M/ Bi
i�F2b BMiQ �++QmMi i?�i i?2 T`2+BbBQM Q7 i?2 *Ja i`�+F2` Bb #2ii2` BM i?2 i`�Mbp2`b2
TH�M2 i?�M �HQM; i?2 #2�K �tBbX

h?2 i?`22 i`�+Fb i?�i K�F2 mT i?2 ⌧h +�M/B/�i2 +QMp2`;2 BM i?2 ao TQBMiX "mi
BM Q`/2` iQ BKT`Qp2 i?2 `2+QMbi`m+iBQM Q7 i?2 ao- irQ `2bi`B+iBQMb Q7 i?2 ;2QK2i`v
Q7 i?2 /2+�v �`2 +QMbB/2`2/, i?2 i?`22 i`�+Fb Q7 i?2 ⌧h �`2 T2`T2M/B+mH�` rBi? i?2
p2+iQ`b Q7 i?2B` BKT�+i T�`�K2i2`b- �M/ 2�+? i`�+F rBi? i?2 +Q``2bTQM/BM; BKT�+i
T�`�K2i2` p2+iQ` HB2 BM QM2 TH�M2 rBi? i?2 HBM2 Q7 i?2 ⌧ ~B;?i #2ir22M i?2 So �M/
i?2 aoX qBi? i?2b2 `2bi`B+iBQMb BM KBM/- i?2 }`bi bi2T Q7 i?2 �H;Q`Bi?K +Q``2+ib i?2
BKT�+i T�`�K2i2`b �++Q`/BM; iQ i?2 bB;M�H ;2QK2i`vX Ai /2i2`KBM2b i?2 HBM2 Q7 i?2
⌧ H2TiQM ~B;?i #v KBMBKBxBM; i?2 bmK Q7 i?2 �M;H2b #2ir22M i?2 i`�+Fb �M/ i?2B`
+Q``2bTQM/BM; BKT�+i T�`�K2i2`b BM i?2 i`�Mbp2`b2 TH�M2 rBi? `2bT2+i iQ i?2 ~B;?i
HBM2X qBi? � T2`72+i `2+QMbi`m+iBQM i?Bb bmK Kmbi #2 2[m�H iQ x2`QX h?2 KBMBKBx�iBQM
bi�`ib #v �bbmKBM; i?2 /B`2+iBQM Q7 i?2 ⌧ ~B;?i iQ #2 i?2 b�K2 �b i?2 `2+QMbi`m+i2/
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6B;m`2 dXk, .Bbi`B#miBQMb Q7 i?2 H2M;i? Q7 ~B;?i UiQT H27iV �M/ i?2 bB;MB}+�M+2 Q7 i?2
H2M;i? Q7 ~B;?i UiQT `B;?iV 7Q` i?2 ;2MmBM2 ⌧h /2+�vb i�F2M 7`QK i?2 ao /�i� BM i?2
tt J* /�i�b2ibX h?2 +Q``2H�iBQM THQi #2ir22M i?2 H2M;i? Q7 ~B;?i �M/ i?2 2M2`;v 7Q`
i?2 ;2MmBM2 ⌧h +�M/B/�i2b U#QiiQKVX
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⌧h /B`2+iBQMX h?2M � biQ+?�biB+ b2�`+? BM i?2 bQHB/ �M;H2 Q7 i?2 ⌧ /B`2+iBQM }M/b i?2
KBMBK�H �M;H2 bmK �M/ i?2 #2bi /B`2+iBQM Q7 i?2 ⌧ H2TiQMX 1�+? BKT�+i T�`�K2i2`
Bb bm#biBimi2/ #v Bib T`QD2+iBQM QM i?2 +Q``2bTQM/BM; i`�+F +QKTQM2Mi BM i?2 TH�M2
i`�Mbp2`b2 iQ i?2 ⌧ ~B;?i HBM2X h?2M- i?2 +HQb2bi �TT`Q�+? TQBMi #2ir22M 2�+? T�B` Q7
i`�+Fb Bb 7QmM/X h?2 �`Bi?K2iB+ �p2`�;2 Q7 i?2 i?`22 TQBMib /2i2`KBM2b i?2 aoX h?2
mM+2`i�BMiv Bb 2biBK�i2/ 7`QK i?2 /2pB�iBQM Q7 i?2 TQBMib 7`QK i?2 �p2`�;2X

6B;m`2 dXj b?Qrb i?�i i?2 �H;Q`Bi?K BKT`Qp2b i?2 `2+QMbi`m+iBQM rBi? `2bT2+i
iQ i?2 /27�mHi ao b�p2/ BM i?2 /�i�b2ibX h?2 �p2`�;2 H2M;i? Q7 ~B;?i Bb 2mm- i?2
/Bbi`B#miBQM Q7 i?2 ao bB;MB}+�M+2 bT�Mb i?`Qm;? � `2�bQM�#H2 `�M;2 Q7 p�Hm2b- �M/
i?2 H2M;i? Q7 ~B;?i /Q2b +Q``2H�i2 rBi? i?2 2M2`;v Q7 i?2 ⌧h +�M/B/�i2X

6B;m`2 dX9 b?Qrb i?2 b2T�`�iBQM #2ir22M i?2 ;2MmBM2 �M/ KBbB/2MiB}2/ ⌧h T`QpB/2/
#v i?2 ao bB;MB}+�M+2 BM DYYD2ib �M/ tt }M�H bi�i2bX 1p2M i?Qm;? i?2 /27�mHi ao
/Q2b /BbiBM;mBb? i?2 #�+F;`QmM/ BM DY- Bib /Bb+`BKBM�iQ`v TQr2` Bb MQi 2MQm;? BM
i?2 +QKTH2t 2MpB`QMK2Mi Q7 tt T`Q+2bb2bX h?2 ;2QK2i`B+ �H;Q`Bi?K T2`7Q`Kb r2HH BM
#Qi? +�b2bX

dXj 1p2Mi b2H2+iBQM
AM Q`/2` iQ +QMbi`�BM �HH bvbi2K�iB+ mM+2`i�BMiB2b- i?2 `�iBQ Q7 i?2 q #QbQM #`�M+?BM;
7`�+iBQMb Bb K2�bm`2/ BM � /Qm#H2 `�iBQ Q7 7Qm` tt �M/ DY /BH2TiQM }M�H bi�i2b- rBi?
�M/ rBi?Qmi ⌧ H2TiQMb,

UdXjV tt ! `⌧h

tt ! ``

DY ! ``

DY ! ⌧`⌧h

q?2`2 ` /2MQi2b � HB;?i H2TiQM- �M/ ⌧h Bb � ⌧ H2TiQM i?�i /2+�v2/ BMiQ ?�/`QMbX
h?Bb �M�HvbBb Bb T2`7Q`K2/ QMHv BM i?2 DY }M�H bi�i2b rBi? µ �b i?2 HB;?i H2TiQM-

�M/ i?2 e BM i?2 tt }M�H bi�i2bX JmQMb T`QpB/2 � ;`2�i2` MmK#2` Q7 `2+Q`/2/ 2p2Mib
#2+�mb2 Q7 � #2ii2` `2+QMbi`m+iBQM 2{+B2M+v �M/ � HQr2` i`B;;2` pT i?`2b?QH/X h?2
HQr2` pT i?`2b?QH/ Bb T�`iB+mH�`Hv BKTQ`i�Mi iQ +QHH2+i i?2 DY 2p2MibX

h?2 2p2Mib BM i?2 7Qm` }M�H bi�i2b i?�i K�F2 mT i?2 /Qm#H2 `�iBQ �`2 b2H2+i2/
rBi? i?2 7QHHQrBM; `2[mB`2K2Mib,

Ç tt ! e⌧h, QM2 r2HH BbQH�i2/ e rBi? pT > 30:2o i?�i +Q``2bTQM/b iQ i?2 >Ghc
�i H2�bi R #@i�;;2/ D2i rBi? pT > 20:2oc QM2 ⌧h +�M/B/�i2 rBi? pT > 20:2o
�M/ � +?�`;2 QTTQbBi2 iQ i?�i Q7 i?2 eX

Ç tt ! eµ, � r2HH BbQH�i2/ e �M/ � µ Q7 QTTQbBi2 +?�`;2 rBi? pT > 30:2o- �i H2�bi
QM2 Q7 i?2K Kmbi +Q``2bTQM/ iQ i?2 i`B;;2`2/ >Gh Q#D2+ic �i H2�bi R #@i�;;2/
D2i rBi? pT > 20:2oX
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6B;m`2 dXj, *QKT�`BbQM Q7 i?2 /Bbi`B#miBQMb 7Q` i?2 ⌧h ao b�p2/ BM i?2 /�i�b2ib UH27iV
�M/ `2+QMbi`m+i2/ rBi? i?2 ;2QK2i`B+ �H;Q`Bi?K i?�i Bb /2p2HQT2/ �M/ /Bb+mbb2/ BM
i?2 i2ti U`B;?iV 7Q` ;2MmBM2 ⌧h +�M/B/�i2b, i?2 H2M;i? Q7 ~B;?i UiQTV- i?2 H2M;i?
Q7 ~B;?i bB;MB}+�M+2 UKB//H2V- �M/ i?2 +Q``2H�iBQM #2ir22M i?2 H2M;i? Q7 ~B;?i �M/
2M2`;v U#QiiQKVX
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         Simulation    (13 TeV)

6B;m`2 dX9, *QKT�`BbQM Q7 i?2 ao ~B;?i H2M;i? bB;MB}+�M+2 �p�BH�#H2 BM i?2 bBKm@
H�iBQM UH27iV �M/ `2+QMbi`m+i2/ rBi? i?2 ;2QK2i`B+ �H;Q`Bi?K i?�i Bb /2p2HQT2/ �M/
/Bb+mbb2/ BM i?2 i2ti U`B;?iV BM i?2 DY }M�H bi�i2b ⌧`⌧h �M/ µµ UiQTV- �M/ i?2 tt }M�H
bi�i2b tt ! e⌫e⌧h⌫⌧bb �M/ tt ! e⌫eqq

0
bb U#QiiQKVX h?2 KBbB/2MiB}2/ ⌧h +�M/B/�i2b

BM tt �`2 b2T�`�i2/ �++Q`/BM; iQ i?2B` T?vbB+�H Q`B;BM, i?2 ?�`/ T`Q+2bb # D2i- i?2 +
~�pQm` D2ib 7`QK i?2 q #QbQM /2+�v- Qi?2` �+iBpBiv BM i?2 2p2MiX
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Ç DY ! ⌧µ⌧h, QM2 r2HH BbQH�i2/ µ rBi? pT > 30:2oc � ⌧h +�M/B/�i2 rBi? �M
QTTQbBi2 +?�`;2 �M/ pT > 20:2oc MQ #@i�;;2/ D2ibc i?2 i`�Mbp2`b2 K�bb Q7 i?2
µ �M/ p

KBbb
T

bvbi2K Kmbi #2 H2bb i?�M 40:2oX

Ç DY ! µµ, irQ r2HH BbQH�i2/ µ Q7 QTTQbBi2 +?�`;2b rBi? pT > 30:2oc MQ #@
i�;;2/ D2ibc i?2 i`�Mbp2`b2 K�bb Q7 i?2 H2�/BM; µ �M/ p

KBbb
T

bvbi2K Kmbi #2 H2bb
i?�M 40:2oX

h?2 i`�Mbp2`b2 K�bb 7Q` � bvbi2K Q7 irQ i`�Mbp2`b2 KQK2Mi� ~p
a

T
�M/ ~p

b

T
Bb /2}M2/

�b mT =

p
2|~pa

T
||~pb|

T
(1� cos�')- r?2`2 �' Bb i?2 �M;H2 #2ir22M i?2 irQ i`�Mbp2`b2

KQK2Mi�X
h?2 +QKTQbBiBQMb Q7 i?2 b2H2+i2/ 2p2Mib �`2 ;Bp2M BM h�#H2 dXRX � +QKT�`BbQM

iQ i?2 Q#b2`p2/ /�i� Bb T`2b2Mi2/ QMHv 7Q` i?2 HB;?i /BH2TiQM }M�H bi�i2b- �b i?2
}M�H bi�i2b rBi? ⌧h �`2 bim/B2/ QMHv BM i?2 bBKmH�iBQMX 6B;m`2 dX8 b?Qrb i?2 +QMi`QH
/Bbi`B#miBQMb BM i?2 HB;?i /BH2TiQM }M�H bi�i2bX

h�#H2 dXR, 1tT2+i2/ 2p2Mi vB2H/b BM i?2 }M�H bi�i2b mb2/ 7Q` i?2 /Qm#H2 `�iBQX h?2 bB;@
M�H �M/ aJ #�+F;`QmM/ T`Q+2bb2b �`2 ;Bp2M 7Q` �M BMi2;`�i2/ HmKBMQbBiv Q7 35.9 7#�RX
*Q``2+iHv �bbB;M2/ 2p2Mib �`2 /2bB;M�i2/ �b ǳ;2MmBM2ǴX ai�iBbiB+�H mM+2`i�BMiB2b �`2
b?QrMX

S`Q+2bb tt ! e⌧h tt ! eµ DY ! µ⌧h DY ! µµ

tt ! W
+
W

�
bb ;2MmBM2 1900± 40 186000± 400 360± 20 202000± 400

tt ! W
+
W

�
bb KBbB/2MiB}2/ 800± 20 2000± 40 280± 20 2000± 30

tW ;2MmBM2 190± 10 17000± 90 80± 10 37000± 200

tW KBbB/2MiB}2/ 70± 5 2000± 50 30± 5 0± 0

Pi?2` bBM;H2 iQT 0 50± 10 10± 5 0± 0

DY ! ⌧`⌧h 100± 50 400± 100 15000± 500 0

DY ! µµ 10± 10 0 50± 50 41510000± 30000

Pi?2` DY 0 50± 50 0 1000± 500

W+ jets 0 120± 120 3700± 650 3200± 700

hQi�H 3050± 70 209000± 500 19500± 850 (41760± 30)⇥ 10
3

.�i� 209387 42831⇥ 10
3
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6B;m`2 dX8, .Bbi`B#miBQMb Q7 i?2 H2�/BM; H2TiQM i`�Mbp2`b2 KQK2MimK BM i?2 HB;?i
/BH2TiQM tt UH27iV �M/ DY U`B;?iV }M�H bi�i2bX PMHv bi�iBbiB+�H mM+2`i�BMiB2b �`2 b?QrMX

dX9 avbi2K�iB+ mM+2`i�BMiB2b
h?2 K2�bm`2K2Mi Bb �z2+i2/ #v i?2 bvbi2K�iB+ mM+2`i�BMiB2b BM i?2 2p2Mi `2+QM@
bi`m+iBQM U2tT2`BK2Mi�H mM+2`i�BMiB2bV �M/ i?2 KQ/2HHBM; Q7 i?2 bBKmH�i2/ 2p2Mib
Ui?2Q`2iB+�H mM+2`i�BMiB2bVX h?2b2 mM+2`i�BMiB2b �`2 i`2�i2/ i?2 b�K2 r�v �b BM i?2
K2�bm`2K2Mi Q7 i?2 �tt(`⌧h) T`Q/m+iBQM +`Qbb b2+iBQMX

AM i?2 /Qm#H2 `�iBQ �HKQbi �HH 2tT2`BK2Mi�H �M/ i?2Q`2iB+�H mM+2`i�BMiB2b +�M+2H
QmiX h?2 +Q``2H�iBQMb #2ir22M i?2 H2TiQMb BM DY +�M BMi`Q/m+2 bK�HH /2pB�iBQMb- #mi
i?2v �`2 7QmM/ M2;HB;B#H2 BM i?Bb bim/vX �HH bvbi2K�iB+ mM+2`i�BMiB2b +�M+2H Qmi BM
i?2 `�iBQ #2ir22M i?2 tt ! e⌧h �M/ DY ! ⌧`⌧h }M�H bi�i2b- 2t+2Ti i?2 mM+2`i�BMiB2b
BM i?2 2biBK�iBQM Q7 #�+F;`QmM/ 2p2Mib rBi? KBbB/2MiB}2/ ⌧h #2+�mb2 Q7 i?2 /Bz2`2Mi
M�im`2 Q7 i?2b2 #�+F;`QmM/b BM i?2 irQ }M�H bi�i2bX h?2 2p2Mib rBi? KBbB/2MiB}2/
⌧h BM i?2 tt ! e⌧h b2H2+iBQM +QK2 7`QK i?2 b2KBH2TiQMB+ tt ! e + jets T`Q+2bb- r?2`2
KQbi Q7 i?2 KBbB/2MiB}2/ ⌧h +�M/B/�i2b +QK2 7`QK i?2 ?�/`QMB+ T`Q/m+ib Q7 i?2 q
#QbQM /2+�vX AM i?2 DY ! ⌧µ⌧h b2H2+iBQM i?2 KBbB/2MiB}2/ ⌧h �`2 7`QK i?2 qYD2ib
T`Q+2bb- KQbiHv 7`QK i?2 c [m�`F i?�i Bb T`Q/m+2/ BM �bbQ+B�iBQM rBi? i?2 q #QbQM-
r?BH2 i?2 q #QbQM Bib2H7 /2+�vb BMiQ µ⌫X

�Hi?Qm;? iB;?i2` `2[mB`2K2Mib 7Q` ⌧h +�M/B/�i2b `2/m+2 i?2 7`�+iBQM Q7 i?2 KBbB/2M@
iB}2/ #�+F;`QmM/b BM i?2 b2H2+i2/ 2p2Mib- i?2b2 #�+F;`QmM/b `2K�BM MQi M2;HB;B#H2X
AM Q`/2` iQ +QMbi`�BM i?2B` 2z2+i- i?2 }i Bb T2`7Q`K2/ iQ i?2 mT /Bbi`B#miBQM BM i?2
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tt ! e⌧h }M�H bi�i2X h?2 mT /Bbi`B#miBQM Bb �HbQ mb2/ BM i?2 DY ! ⌧µ⌧h }M�H bi�i2X
h?2b2 /Bbi`B#miBQMb /BbiBM;mBb? i?2 bB;M�H �M/ #�+F;`QmM/ T`Q+2bb2b- �b b?QrM BM
6B;m`2 dXeX qBi? � H�`;2 MmK#2` Q7 b2H2+i2/ 2p2Mib- i?2b2 #�+F;`QmM/b �`2 r2HH +QM@
bi`�BM2/ BM i?2 }i �M/ i?2v /Q MQi BMi`Q/m+2 � H�`;2 mM+2`i�BMiv QM i?2 K2�bm`2/
/Qm#H2 `�iBQX �b � +`Qbb +?2+F- i?2 }i ?�b �HbQ #22M T2`7Q`K2/ iQ i?2 pT /Bbi`B#miBQM
Q7 i?2 µ BM i?2 DY ! ⌧µ⌧h }M�H bi�i2X h?2 #�+F;`QmM/ rBi? KBbB/2MiB}2/ ⌧h +�M ?�p2
� /Bz2`2Mi 2z2+i QM i?2 pT �M/ i?2 mT /Bbi`B#miBQMbX >Qr2p2`- i?�MFb iQ i?2 Tm`Biv
Q7 i?2 DY ! ⌧µ⌧h 2p2Mi b2H2+iBQM- i?2 /Bz2`2M+2 #2ir22M i?2 `2bmHib Bb M2;HB;B#H2X
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         Simulation    (13 TeV)

6B;m`2 dXe, *QKT�`BbQM Q7 i?2 bB;M�H �M/ #�+F;`QmM/ /Bbi`B#miBQMb BM i?2 tt ! e⌧h

�M/ DY ! ⌧µ⌧h 2p2Mi b2H2+iBQMb, i?2 mT /Bbi`B#miBQMb BM i?2 tt ! e⌫e⌧h⌫⌧bb �M/
tt ! e⌫eqq

0
bb T`Q+2bb2b QM i?2 H27i- i?2 pT Q7 i?2 µ BM i?2 DY ! ⌧µ⌧h �M/ W+jets

T`Q+2bb2b QM i?2 `B;?iX

h?2 2{+B2M+v Q7 i?2 ⌧h B/2MiB}+�iBQM �M/ Bib mM+2`i�BMiv �`2 +QMbB/2`2/ BM/2T2M@
/2Mi 7`QK i?2 pT �M/ Qi?2` T�`�K2i2`b Q7 i?2 ⌧h BM i?Bb �M�HvbBbX h?2`27Q`2- i?2 ⌧h

B/2MiB}+�iBQM mM+2`i�BMiv +�M+2Hb Qmi #2ir22M i?2 2p2Mib Q7 tt ! e⌧h �M/ DY ! ⌧`⌧h

BM i?2 /Qm#H2 `�iBQX >Qr2p2`- i?2 bT2+i`� Q7 ⌧h KQK2Mi� �`2 /Bz2`2Mi BM i?2b2 T`Q@
+2bb2b �M/ i?2`2 Bb � +Q``2H�iBQM #2ir22M ⌧` �M/ ⌧h BM i?2 DY T`Q+2bbX h?2`27Q`2 Bi Bb
BKTQ`i�Mi iQ +QMbB/2` � TQbbB#H2 pT /2T2M/2M+2 BM i?2 2{+B2M+v �M/ i?2 mM+2`i�BMiv
Q7 i?2 ⌧h A. `2[mB`2K2MiX PM2 +�M 2tT2+i i?Bb /2T2M/2M+2 iQ �z2+i i?2 }i BM � i`BpB�H
r�v- #2+�mb2 i?2 }ii2/ mT /Bbi`B#miBQM T`�+iB+�HHv /Q2b MQi +Q``2H�i2 rBi? i?2 ⌧h BM
i?2 2p2MiX �HbQ- /m2 iQ � H�`;2 MmK#2` Q7 2p2Mib- i?2 pT bT2+i`mK Q7 i?2 ⌧h BM i?2
DY T`Q+2bb +Qp2`b i?2 ?B;? pT i�BH Q7 i?2 ⌧h BM i?2 tt T`Q+2bbX h?Bb /2T2M/2M+2 Bb



RkR

7m`i?2` /Bb+mbb2/ BM i?2 a2+iBQM dXdX

dX8 6Bi Q7 i?2 /Qm#H2 `�iBQ
h?2 /Qm#H2 `�iBQ Bb K2�bm`2/ BM � T`Q}H2 HBF2HB?QQ/ `�iBQ USG_V }i iQ i?2 #BMM2/
/Bbi`B#miBQMb Q7 i?2 mT BM i?2 tt ! e⌧h �M/ i?2 DY ! ⌧`⌧h 2p2Mib- �M/ i?2 H2�/BM;
KmQM pT BM i?2 tt ! eµ �M/ DY ! µµ 2p2MibX h?2 SG_ Bb BKTH2K2Mi2/ BM i?2
b�K2 r�v �b BM i?2 K2�bm`2K2Mi Q7 i?2 �tt(`⌧h) +`Qbb b2+iBQM BM a2+iBQM eXd- 2t+2Ti
7Q` i?2 /2}MBiBQM Q7 i?2 T�`�K2i2` Q7 BMi2`2bi- i?2 ǳbB;M�H bi`2M;i?Ǵ T�`�K2i2` BM
a2+iBQM eXeX

h?2 KQ/2H Q7 2tT2+i2/ 2p2Mi vB2H/b BM 2�+? #BM k Q7 i?2 /Bbi`B#miBQMb Bb +QMbi`m+i2/
rBi? i?2 i2KTH�i2b i�F2M 7`QK bBKmH�iBQM,

UdX9V N̂k(ns, ✓i) = N̂
s
k(ns, ✓i)+ N̂

b
k(✓i) =

X

s2bB;
ns · Ŝk ·

Y

i

(1+�
s
i ✓i)+

X

b2#F;
B̂k ·

Y

i

(1+�
b
i ✓i)

h?2 i2KTH�i2b 7Q` i?2 bB;M�H �M/ #�+F;`QmM/ T`Q+2bb2b �`2 Ŝk �M/ B̂k `2bT2+iBp2HvX
h?2 bvbi2K�iB+ mM+2`i�BMiB2b �`2 BM+Hm/2/ BM i?2 }i �b ✓i MmBb�M+2 T�`�K2i2`bX h?2
�
{s,b}
i p�Hm2 +Q``2bTQM/b iQ i?2 K�;MBim/2 Q7 i?2 1� 2z2+i Q7 i?2 ii? bvbi2K�iB+

mM+2`i�BMiv QM i?2 i2KTH�i2bX h?2 ns bvK#QH /2MQi2b i?2 irQ /Bz2`2Mi bB;M�H vB2H/
MQ`K�HBx�iBQM T�`�K2i2`b i?�i �`2 �TTHB2/ iQ i?2 bB;M�H T`Q+2bb2b BM i?2 7Qm` b2H2+i2/
}M�H bi�i2b,

UdX8V ns =

8
>><

>>:

ntt · rDY · r tt ! e⌧h

ntt tt ! eµ

nDY · rDY DY ! ⌧µ⌧h

nDY DY ! µµ

h?2 T�`�K2i2`b ntt �M/ nDY +Q``2bTQM/ iQ i?2 +QKKQM MQ`K�HBx�iBQM BM i?2 tt

�M/ DY T`Q+2bb2bX h?2 T�`�K2i2` rDY +Q``2bTQM/b iQ i?2 `�iBQ #2ir22M i?2 DY

T`Q+2bb2bX lM/2` i?2 �bbmKTiBQM Q7 i?2 aJ #`�M+?BM; 7`�+iBQMb BM DY- i?Bb `�iBQ
}ib i?2 /2pB�iBQM 7`QK i?2 MQKBM�H 2tT2+i2/ ⌧h A. 2{+B2M+v BM DY 2p2MibX h?2
T�`�K2i2` r 2M+Q/2b i?2 /Bz2`2M+2 #2ir22M i?2 q #QbQM #`�M+?BM; 7`�+iBQMbX Ai
Bb �TTHB2/ iQ i?2 tt T`Q+2bb2b rBi? ⌧ H2TiQMbX h?2 /BH2TiQM }M�H bi�i2b rBi? irQ
⌧ H2TiQMb- bm+? �b tt ! ⌧`⌫⌧⌫`⌧h⌫⌧bb- �`2 KmHiBTHB2/ #v r

2 +Q``2bTQM/BM; iQ irQ
W ! ⌧⌫⌧ /2+�vbX h?2 b�K2 r T�`�K2i2` +QmH/ #2 �TTHB2/ iQ i?2 bBM;H2 iQT T`Q+2bb2b
i?�i T`Q/m+2 i?2 bB;M�H }M�H bi�i2- bHB;?iHv BKT`QpBM; i?2 +QMbi`�BMib BM i?2 }iX
>Qr2p2`- A i�F2 � +QMb2`p�iBp2 �TT`Q�+? �M/ /Q MQi +QMbB/2` i?Bb bK�HH +QMi`B#miBQM
�b � T�`i Q7 i?2 bB;M�HX h?2 MQ`K�HBx�iBQM T�`�K2i2`b ntt �M/ nDY- �M/ i?2 rDY `�iBQ



Rkk

T�`�K2i2` �`2 i`2�i2/ �b �//BiBQM�H MmBb�M+2 T�`�K2i2`bX h?2 `�iBQ T�`�K2i2` r Bb
BM+Hm/2/ BM i?2 }i �b i?2 T�`�K2i2` Q7 BMi2`2biX

qBi? i?Bb KQ/2H- � HBF2HB?QQ/ 7mM+iBQM 7Q` � ;Bp2M b2i Q7 Q#b2`p2/ /Bbi`B#miBQMb
Nk Bb /2}M2/,

UdXeV L(r, ✓i) =
Y

k

Poisson

h
Nk|N̂k(r, ✓i)

i
·
Y

i

pdf(✓i, 0, 1)

h?2 SG_ i2bi bi�iBbiB+ Bb /2}M2/ 7Q` � ;Bp2M p�Hm2 Q7 r �b i?2 `�iBQ #2ir22M i?2
K�tBKmK HBF2HB?QQ/ p�Hm2 7Q` i?Bb r �M/ i?2 ;HQ#�H K�tBKmK p�Hm2 Q7 i?2 HBF2HB?QQ/,

UdXdV �(r) =
L(r, ✓̃i(r))
L(r̂, ✓̂i)

h?2 [m�MiBiB2b r̂ �M/ ✓̂i ;Bp2 i?2 ;HQ#�H K�tBKmK Q7 i?2 HBF2HB?QQ/ 7mM+iBQM- �M/ ✓̃i(r)

K�tBKBx2b i?2 HBF2HB?QQ/ 7Q` � ;Bp2M p�Hm2 Q7 rX
"v }tBM; i?2 MmBb�M+2 T�`�K2i2`b iQ i?2B` TQbi@}i p�Hm2b i?2 2z2+i Q7 b2T�`�i2

mM+2`i�BMiB2b +�M #2 bim/B2/X h?Bb �TT`Q�+? BM+Hm/2b i?2 2z2+i Q7 bvbi2K�iB+ mM+2`@
i�BMiB2b QM i?2 T�`�K2i2` Q7 BMi2`2bi, ?2`2- i?2 i2bi bi�iBbiB+ �(r) Bb #`Q�/2` /m2 iQ
i?2 �/DmbiK2Mi Q7 i?2 bvbi2K�iB+ mM+2`i�BMiB2b BM ✓̃i(r)X

JQ`2 /2i�BHb QM i?2 K2i?Q/ +�M #2 7QmM/ BM _27X (ky)X h?2 +QKTmi�iBQM Q7 SG_
Bb T2`7Q`K2/ BM _QQai�ib (RR3) rBi? i?2 >B;;b *QK#BM�iBQM iQQH (RRe- RRd- RRN)X

�b � +QM}`K�iBQM Q7 i?2 2tT2+i2/ +�M+2HH�iBQM Q7 bvbi2K�iB+ mM+2`i�BMiB2b- � }i
iQ i?2 `�iBQ #2ir22M i?2 tt }M�H bi�i2b �HQM2 Bb T2`7Q`K2/, tt ! e⌧h/tt ! eµX

h?2 `�iBQ Bb }ii2/ �b � T�`i Q7 i?2 MQ`K�HBx�iBQM T�`�K2i2`b 7Q` i?2 bB;M�H T`Q@
+2bb2b BM i?2 KQ/2H Q7 i?2 2tT2+i2/ MmK#2`b Q7 2p2Mib BM i?2 mT /Bbi`B#miBQMbX 1t@
�+iHv HBF2 BM i?2 }i iQ i?2 /Qm#H2 `�iBQ UdX8V- #mi rBi?Qmi i?2 `272`2M+2 iQ i?2 DY

}M�H bi�i2b,

UdX3V ns =

⇢
ntt · rtt tt ! e⌧h

ntt tt ! eµ

h?2 MQ`K�HBx�iBQM ntt Bb �TTHB2/ iQ �HH tt T`Q+2bb2b �M/ Bb BM+Hm/2/ BM i?2 }i �b �
MmBb�M+2 T�`�K2i2`X h?2 `�iBQ rtt Bb �TTHB2/ iQ i?2 tt T`Q+2bb2b rBi? ⌧ H2TiQMb- �M/
Bi Bb i?2 T�`�K2i2` Q7 BMi2`2bi BM i?2 }iX

h?2 }i Bb T2`7Q`K2/ BM i?2 bBKmH�iBQM i?�i Bb MQ`K�HBx2/ iQ i?2 HmKBMQbBiv Q7 i?2
7mHH _mMk /�i�b2i- �M/ Bi b?Qrb i?�i �HH mM+2`i�BMiB2b MQi `2H�i2/ iQ i?2 ⌧h +�M/B/�i2
+�M+2H QmiX h?2 LGG b+�M Q7 i?2 rtt T�`�K2i2` BM 6B;m`2 dXd b?Qrb i?2 Qp2`�HH mM+2`@
i�BMiv Q7 �#Qmi 3WX 6B;m`2 dX3 rBi? i?2 #`2�F/QrM Q7 i?2 bvbi2K�iB+ mM+2`i�BMiB2b
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tau_ratio
0.9 0.95 1 1.05 1.1

 ln
 L

Δ
- 2

 

0

1

2

3

4

5

6

7

8

 0.077−

 0.084+tau_ratio = 1.000 

(stat)
 0.025−

 0.025+(syst) 
 0.073−

 0.080+tau_ratio = 1.000 

   
        

Observed
stat

6B;m`2 dXd, a+�M Q7 i?2 2tT2+i2/ T`Q}H2 HBF2HB?QQ/ `�iBQ BM i?2 }i Q7 i?2 `�iBQ #2ir22M
/BH2TiQM }M�H bi�i2b rBi? HB;?i H2TiQMb �M/ rBi? � ⌧h BM ttX h?2 bi�iBbiB+�H mM+2`i�BMiv
Bb b?QrM #v }tBM; i?2 MmBb�M+2 T�`�K2i2`b i?�i 2M+Q/2 bvbi2K�iB+ mM+2`i�BMiB2b iQ
i?2B` TQbi@}i p�Hm2bX
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θΔ)/0θ-θ(
2− 1− 0 1 2

PDFCT14n29

PDFCT14n54

PDFCT14n46

PDFCT14n56

PDFCT14n38

Peterson

PDFCT14n25

PDFCT14n51

PDFCT14n21

SemilepBR

PDFCT14n36

PU

PDFCT14n5

PDFCT14n13

PDFCT14n18

lumi_13TeV

PDFCT14n15

dy_norm

PDFCT14n4

JES

Mfr

Frag

PDFCT14n3

PDFCT14n2

PDFCT14n1

Mr

TOPPT

TES

tau_fakes

TAUID

0.34−

0.36+-0.00

           

tau_ratioΔ
0.05− 0 0.05

Pull  Impactσ+1  Impactσ  

Unconstrained Gaussian
Poisson AsymmetricGaussian 0.08−

0.08+ = 1.00tau_ratio

6B;m`2 dX3, 1tT2+i2/ BKT�+ib Q7 i?2 MmBb�M+2 T�`�K2i2`b QM i?2 bB;M�H bi`2M;i? BM
i?2 }i Q7 i?2 `�iBQ #2ir22M /BH2TiQM }M�H bi�i2b rBi? HB;?i H2TiQMb �M/ rBi? � ⌧h BM
ttX



Rk8

b?Qrb i?�i i?2 mM+2`i�BMiv Q7 i?2 ⌧h A. �M/ i?2 mM+2`i�BMiv BM i?2 ⌧h KBbB/2MiB}@
+�iBQM �`2 #v 7�` i?2 /QKBM�Mi QM2b BM i?2 }i- �M/ Qi?2` mM+2`i�BMiv bQm`+2b �`2
M2;HB;B#H2X

h?2`27Q`2- r2 +QM}`K i?2 2tT2+i2/ T2`7Q`K�M+2 Q7 i?2 +QMbi`m+i2/ }iiBM; T`Q@
+2/m`2, i?2 bvbi2K�iB+ mM+2`i�BMiB2b +�M+2H Qmi BM i?2 `�iBQ #2ir22M i?2 tt /BH2TiQM
}M�H bi�i2bX

dXe _2bmHib
h?2 }i Q7 i?2 /Qm#H2 `�iBQ rBi? DY }M�H bi�i2b H2�/b iQ i?2 +�M+2HH�iBQM Q7 i?2
mM+2`i�BMiB2b `2H�i2/ iQ i?2 ⌧h b2H2+iBQMX >Qr2p2`- bBM+2 i?2 }ii2/ KQ/2H Bb KQ`2
+QKTH2t- i?2 BKT�+i Q7 i?2 bi�iBbiB+�H mM+2`i�BMiv QM i?2 `2bmHi +�M #2 H�`;2X hQ
2p�Hm�i2 i?2 +QMi`B#miBQM Q7 bi�iBbiB+�H mM+2`i�BMiv- i?2 }i Bb T2`7Q`K2/ BM i?2 b�KTH2
Q7 bBKmH�i2/ 2p2Mib- i?�i Bb MQ`K�HBx2/ iQ i?2 HmKBMQbBiv Q7 35.9 7#�R i?�i +Q``2bTQM/b
iQ i?2 bBx2 Q7 i?2 kyRe v2�` /�i�b2i- �M/ i?2M +QKT�`2/ iQ i?2 7mHH _mMk HmKBMQbBivX

6Q` i?2 }i BM 35.9 7#�R- i?2 LGG b+�M Q7 i?2 /Qm#H2 `�iBQ r T�`�K2i2` �M/ i?2
#�bB+ #`2�F/QrM Q7 i?2 mM+2`i�BMiv BM i?2 `2bmHi �`2 b?QrM BM 6B;m`2 dXNX h?2
bi�iBbiB+�H mM+2`i�BMiv +Q``2bTQM/b iQ �#Qmi jyW Q7 �HH mM+2`i�BMivX 6mHH HBbiBM; Q7
i?2 TQbi@}i TmHHb Q7 i?2 MmBb�M+2 T�`�K2i2`b �M/ i?2B` BKT�+ib QM i?2 T�`�K2i2`
Q7 BMi2`2bi Bb T`2b2Mi2/ BM 6B;m`2 dXRyX aQK2 Q7 i?2 MmBb�M+2 T�`�K2i2`b ?�p2 MQi
+�M+2HH2/ Qmi #2+�mb2 Q7 i?2 H�`;2 bi�iBbiB+�H mM+2`i�BMiv, i?2 bi�iBbiB+�H ~m+im�iBQMb
BM /Bz2`2Mi }M�H bi�i2b T`QT�;�i2 iQ i?2 }i Q7 i?2 T�`�K2i2` Q7 BMi2`2biX h?2 }iiBM;
bQ7ir�`2 TB+Fb mT i?2b2 ~m+im�iBQMb BM i?2 2p�Hm�iBQM Q7 i?2 BKT�+ib Q7 i?2 MmBb�M+2
T�`�K2i2`bX h?2 bi�iBbiB+�H ~m+im�iBQMb �`2 BM/2T2M/2Mi #2ir22M /Bz2`2Mi 2p2Mi
b2H2+iBQMb- i?2`27Q`2 i?2v �`2 MQi +�M+2HH2/ BM i?2 /Qm#H2 `�iBQX qBi? KQ`2 2p2Mib
i?2 bi�iBbiB+�H ~m+im�iBQMb /2+`2�b2 �M/ i?2 /Qm#H2 `�iBQ Bb �#H2 iQ +QMbi`�BM �HH
bvbi2K�iB+ mM+2`i�BMiB2bX

AM i?2 }i iQ i?2 HmKBMQbBiv Q7 145 7#�R i?�i +Q``2bTQM/b iQ i?2 7mHH _mMk /�i�
b�KTH2- i?2 Qp2`�HH `2H�iBp2 mM+2`i�BMiv Bb �#Qmi 3.5W- Km+? bK�HH2` i?�M BM i?2
+�b2 Q7 i?2 HmKBMQbBiv �++mKmH�i2/ BM kyReX h?2 LGG b+�M Q7 i?2 /Qm#H2 `�iBQ �M/
i?2 mM+2`i�BMiv #`2�F/QrM �`2 b?QrM BM 6B;m`2 dXRRX h?2 bi�iBbiB+�H mM+2`i�BMiv Bb
biBHH �#Qmi jyW Q7 i?2 Qp2`�HH mM+2`i�BMivX h?2 7mHH #`2�F/QrM Q7 i?2 BKT�+ib Q7 i?2
MmBb�M+2 T�`�K2i2`b QM i?2 bB;M�H bi`2M;i? Bb HBbi2/ BM 6B;m`2 dXRkX

AM+`2�bBM; i?2 HmKBMQbBiv 7m`i?2` iQ � p�Hm2 Q7 1000 7#�R `2/m+2b i?2 Qp2`�HH mM@
+2`i�BMiv /QrM iQ �#Qmi kXyW- �b b?QrM BM 6B;m`2 dXRjX

h?2 mM+2`i�BMiB2b 2p�Hm�i2/ BM i?2 72�bB#BHBiv bim/v �`2 bmKK�`Bx2/ BM 6B;m`2 dXR9X
h?2 `2/m+iBQM Q7 i?2 bi�iBbiB+�H ~m+im�iBQMb BM+`2�b2b i?2 +QMbi`�BM QM i?2 bvbi2K�iB+
mM+2`i�BMiB2b BM i?2 /Qm#H2 `�iBQX �i i?2 HmKBMQbBiv Q7 145 7#�R �#Qmi Ry i?Qmb�M/
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tau_ratio
0.96 0.98 1 1.02 1.04

 ln
 L

Δ
- 2

 

0

1
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3
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5
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7

8

 0.049−

 0.049+tau_ratio = 1.000 

(stat)
 0.025−

 0.025+(syst) 
 0.043−

 0.042+(lumi) 
 0.000−

 0.000+tau_ratio = 1.000 

   
        

Observed
lumi
stat

6B;m`2 dXN, a+�M Q7 i?2 2tT2+i2/ T`Q}H2 HBF2HB?QQ/ `�iBQ BM i?2 /Qm#H2 `�iBQ }iX
h?2 }i Bb T2`7Q`K2/ BM bBKmH�i2/ iQv /Bbi`B#miBQMb- rBi? i?2 2tT2+i2/ 2p2Mi vB2H/b
MQ`K�HBx2/ iQ � HmKBMQbBiv Q7 35.9 7#�RX h?2 bi�iBbiB+�H mM+2`i�BMiv Bb 2biBK�i2/ #v
}tBM; i?2 MmBb�M+2 T�`�K2i2`b i?�i 2M+Q/2 bvbi2K�iB+ mM+2`i�BMiB2b iQ i?2B` TQbi@}i
p�Hm2bX h?2 +�M+2HH�iBQM Q7 i?2 bvbi2K�iB+ mM+2`i�BMiB2b Bb HBKBi2/ #v i?2 bi�iBbiB+�H
~m+im�iBQMbX
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θΔ)/0θ-θ(
2− 1− 0 1 2

Mr

LEPmuTRG

PU

PDFCT14n51

bSF

PDFCT14n34

Peterson

PDFCT14n47

PDFCT14n53

PDFCT14n21

PDFCT14n39

PDFCT14n52

PDFCT14n25

JES

PDFCT14n9

Mf

Mfr

SemilepBR

Frag

JER

LEPmuID

norm_tt

TOPPT

norm_dy

TAUID

dy_ratio

TES

lumi_13TeV

wjets_norm

tau_fakes
0.27−

0.27+-0.00

0.05−

0.05+1.00

0.030−

0.031+1.000

0.030−

0.035+1.000

           

tau_ratioΔ
0.04− 0.02− 0 0.02 0.04

Pull  Impactσ+1  Impactσ  

Unconstrained Gaussian
Poisson AsymmetricGaussian 0.06−

0.06+ = 1.00tau_ratio

6B;m`2 dXRy, 1tT2+i2/ BKT�+ib Q7 MmBb�M+2 T�`�K2i2`b QM i?2 bB;M�H bi`2M;i? BM
i?2 /Qm#H2 `�iBQ }iX h?2 }i Bb T2`7Q`K2/ BM bBKmH�i2/ iQv /Bbi`B#miBQMb- rBi? i?2
2tT2+i2/ 2p2Mi vB2H/b MQ`K�HBx2/ iQ � HmKBMQbBiv Q7 35.9 7#�RX
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tau_ratio
0.96 0.98 1 1.02 1.04

 ln
 L

Δ
- 2

 

0

1

2

3

4

5

6

7

8

 0.034−

 0.036+tau_ratio = 1.000 

(stat)
 0.011−

 0.011+(syst) 
 0.032−

 0.034+(lumi) 
 0.003−

 0.002+tau_ratio = 1.000 

   
        

Observed
lumi
stat

6B;m`2 dXRR, a+�M Q7 i?2 2tT2+i2/ T`Q}H2 HBF2HB?QQ/ `�iBQ BM i?2 /Qm#H2 `�iBQ }iX
h?2 }i Bb T2`7Q`K2/ BM bBKmH�i2/ iQv /Bbi`B#miBQMb- rBi? i?2 2tT2+i2/ 2p2Mi vB2H/b
MQ`K�HBx2/ iQ � HmKBMQbBiv Q7 145 7#�RX h?2 bi�iBbiB+�H mM+2`i�BMiv Bb b?QrM #v
}tBM; i?2 MmBb�M+2 T�`�K2i2`b i?�i 2M+Q/2 bvbi2K�iB+ mM+2`i�BMiB2b iQ i?2B` TQbi@}i
p�Hm2bX h?2 +�M+2HH�iBQM Q7 i?2 bvbi2K�iB+ mM+2`i�BMiB2b Bb HBKBi2/ #v i?2 bi�iBbiB+�H
~m+im�iBQMbX
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PDFCT14n32

JER

LEPmuID
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norm_tt

TES

lumi_13TeV

0.04−

0.04+1.00

           

tau_ratioΔ
0.01− 0 0.01

Pull  Impactσ+1  Impactσ  

Unconstrained Gaussian
Poisson AsymmetricGaussian 0.034−

0.036+ = 1.000tau_ratio

6B;m`2 dXRk, 1tT2+i2/ BKT�+ib Q7 MmBb�M+2 T�`�K2i2`b QM i?2 bB;M�H bi`2M;i? BM
i?2 /Qm#H2 `�iBQ }iX h?2 }i Bb T2`7Q`K2/ BM bBKmH�i2/ iQv /Bbi`B#miBQMb- rBi? i?2
2tT2+i2/ 2p2Mi vB2H/b MQ`K�HBx2/ iQ � HmKBMQbBiv Q7 145 7#�RX
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tau_ratio
0.96 0.98 1 1.02 1.04

 ln
 L

Δ
- 2

 

0

1

2

3

4

5

6

7

8

 0.021−

 0.018+tau_ratio = 1.000 

(stat)
 0.006−

 0.006+(syst) 
 0.020−

 0.017+tau_ratio = 1.000 

   
        

Observed
stat

6B;m`2 dXRj, a+�M Q7 i?2 2tT2+i2/ T`Q}H2 HBF2HB?QQ/ `�iBQ BM i?2 /Qm#H2 `�iBQ }iX
h?2 }i Bb T2`7Q`K2/ BM bBKmH�i2/ iQv /Bbi`B#miBQMb- rBi? i?2 2tT2+i2/ 2p2Mi vB2H/b
MQ`K�HBx2/ iQ � HmKBMQbBiv Q7 1000 7#�RX h?2 bi�iBbiB+�H mM+2`i�BMiv Bb b?QrM #v
}tBM; i?2 MmBb�M+2 T�`�K2i2`b i?�i 2M+Q/2 bvbi2K�iB+ mM+2`i�BMiB2b iQ i?2B` TQbi@}i
p�Hm2bX h?2 bK�HH bi�iBbiB+�H ~m+im�iBQMb �HHQr i?2 bvbi2K�iB+ mM+2`i�BMiB2b iQ +�M+2H
Qmi BM i?2 /Qm#H2 `�iBQX



RjR

2p2Mib �`2 2tT2+i2/ BM i?2 tt ! `⌧h 2p2MibX Ai +Q``2bTQM/b iQ � bi�iBbiB+�H mM+2`i�BMiv
Q7 �#Qmi RW �M/ � bK�HH 2MQm;? Qp2`�HH mM+2`i�BMiv iQ K�F2 � bB;MB}+�Mi +QMi`B#miBQM
iQ i?2 +m``2Mi #2bi `2bmHibX
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         Simulation    (13 TeV)

35.9 145 1000

6B;m`2 dXR9, amKK�`v Q7 i?2 2tT2+i2/ `2H�iBp2 mM+2`i�BMiB2b BM /Qm#H2 `�iBQ K2�@
bm`2K2Mib �i /Bz2`2Mi HmKBMQbBiB2b, 35.9 7#�R- 145 7#�R- �M/ 1000 7#�RX h?2 Qp2`�HH
mM+2`i�BMiv Bb b?QrM #v i?2 i?B+F `2/ HBM2- i?2 bvbi2K�iB+ +QKTQM2Mi Bb i?2 i?BM
#H�+F HBM2- i?2 bi�iBbiB+�H ~m+im�iBQMb �`2 b?QrM #v i?2 /�b?2/ #H�+F HBM2X

dXd .Bb+mbbBQM
h?2 }ib T2`7Q`K2/ BM i?2 tt }M�H bi�i2b �HQM2 �M/ BM �HH 7Qm` }M�H bi�i2b /2KQMbi`�i2
i?�i i?2 bvbi2K�iB+ mM+2`i�BMiB2b +�M+2H Qmi BM i?2 K2�bm`2K2Mi Q7 i?2 `�iBQ T�`�K@



Rjk

2i2`b- B7 i?2 bi�iBbiB+�H ~m+im�iBQMb �`2 M2;HB;B#H2X qBi? i?2 +m``2Mi 2p2Mi b2H2+iBQM
`2[mB`2K2Mib- � K2�bm`2K2Mi BM i?2 7mHH _mMk /�i�b2i rBHH ?�p2 � `2H�iBp2 mM+2`i�BMiv
Q7 �#Qmi 3.5WX � `2bmHi rBi? i?Bb T`2+BbBQM rQmH/ #2 i?2 KQbi T`2+Bb2 K2�bm`2K2Mi
Q7 i?2 `�iBQ #2ir22M i?2 q #QbQM #`�M+?BM; 7`�+iBQMb B(W ! ⌧h⌫⌧ h)/B(W ! `⌫`)

K�/2 BM i?2 }M�H bi�i2b rBi? ?�/`QMB+ ⌧ H2TiQM /2+�vb �i � ?�/`QM �++2H2`�iQ` mT iQ
/�i2X

�b /2KQMbi`�i2/ BM a2+iBQM dXe- i?2 T`QTQb2/ 2p2Mi b2H2+iBQM Bb Tm`2 2MQm;? #mi
H�+Fb bi�iBbiB+bX 1p2M rBi? i?2 7mHH _mMk /�i�b2i i?2 mM+2`i�BMiv Bb /QKBM�i2/ #v i?2
bi�iBbiB+�H ~m+im�iBQMbX h?2`2 �`2 � MmK#2` Q7 TQbbB#BHBiB2b iQ 2M?�M+2 i?2 MmK#2`
Q7 b2H2+i2/ 2p2Mib rBi?Qmi HQQbBM; i?2 Tm`Biv Q7 i?2 b2H2+iBQM,

Ç � }i mbBM; #Qi? ~�pQm`b Q7 HB;?i H2TiQMb- 2H2+i`QMb �M/ KmQMbX h?2 }M�H
bi�i2b rBi? 2H2+i`QMb bmz2` 7`QK ?B;? pT i?`2b?QH/b BM �p�BH�#H2 bBM;H2@2H2+i`QM
i`B;;2`bX h?2 vB2H/ Q7 i?2 tt 2p2Mi b2H2+iBQM rBi? KmQMb rQmH/ #2 �#Qmi 8y@
eyW H�`;2` i?�M i?2 b2H2+iBQM rBi? 2H2+i`QMb i?�i Bb +QMbB/2`2/ BM i?Bb �M�HvbBbX
�M BM+`2�b2 Q7 i?2 Qp2`�HH 2p2Mi b�KTH2 #v 8yW rQmH/ bB;MB}+�MiHv `2/m+2 i?2
bi�iBbiB+�H ~m+im�iBQMbX

Ç �M �/p�M+2/ >Gh rBi? HQr2` pT i?`2b?QH/b 7Q` i?2 H2TiQMbX h?2 DY T`Q@
+2bb2b- 2bT2+B�HHv i?2 DY ! ⌧`⌫`⌫⌧⌧h⌫⌧ }M�H bi�i2- �`2 b2MbBiBp2 iQ i?2 H2TiQM
pT i?`2b?QH/bX h?2 tt T`Q+2bb2b �HbQ ?�p2 2p2Mib 7Q` r?B+? i?2 H2TiQM pT Bb
#2HQr 30:2oX � `⌧h Q` � `YD2ib >Gh rBi? � HQr H2TiQM pT i?`2b?QH/ +QmH/
bB;MB}+�MiHv BM+`2�b2 i?2 MmK#2` Q7 b2H2+i2/ 2p2MibX

Ç � HQr pT i?`2b?QH/ 7Q` ⌧h +�M/B/�i2bX h?2 ⌧h +�M/B/�i2b ?�p2 � bQ7i2` pT

/Bbi`B#miBQM i?�M i?2 HB;?i H2TiQMb BM #Qi? tt �M/ DY 2p2Mib- #2+�mb2 Q7 i?2
M2mi`BMQ BM i?2 ⌧ /2+�vX h?2`27Q`2- i?2 2p2Mi b2H2+iBQM Bb b2MbBiBp2 iQ i?2 +mib
QM i?2 ⌧h pTX � i?`2b?QH/ Q7 10:2o rQmH/ BM+`2�b2 i?2 2p2Mi vB2H/ #v �#Qmi
8yW BM +QKT�`BbQM rBi? i?2 mbm�H i?`2b?QH/ Q7 20:2oX >Qr2p2`- i?2 ⌧h B/2M@
iB}+�iBQM �H;Q`Bi?Kb �`2 p�HB/�i2/ QMHv 7Q` i?2 FBM2K�iB+ `�M;2 bi�`iBM; �i
20:2o (j)X h?2 p�HB/Biv Q7 i?2 �H;Q`Bi?Kb �i HQr pT i?`2b?QH/b Kmbi #2 �//B@
iBQM�HHv +QM}`K2/X "mi i?2`2 �`2 QM;QBM; bBKBH�` T`QD2+ib iQ /2p2HQT HQr@pT
H2TiQM B/2MiB}+�iBQM �i *Ja- rBi? i?2 ;Q�H iQ BM+`2�b2 i?2 bB;M�H �++2Ti�M+2
BM " T?vbB+bX

Ç �M BKT`Qp2/ `2+QMbi`m+iBQM Q7 i?2 ⌧h b2+QM/�`v p2`i2t rBi? � #2ii2` i`2�iK2Mi
Q7 i?2 i`�+F `2+QMbi`m+iBQM mM+2`i�BMiB2b BM i?2 /2i2+iQ`X h?2M i?2 +mi QM i?2
bB;MB}+�M+2 Q7 i?2 ao H2M;i? Q7 ~B;?i rQmH/ MQi ?�p2 iQ #2 bQ ?B;? iQ Q#i�BM �
Tm`2 b2H2+iBQM Q7 ;2MmBM2 ⌧hX



Rjj

Ç h?2 2p2Mi b2H2+iBQM +�M #2 QTiBKBx2/ rBi? K�+?BM2 H2�`MBM; �H;Q`Bi?KbX AM
T�`iB+mH�`- i?2 ⌧h B/2MiB}+�iBQM �H;Q`Bi?K +�M #2 `2i`�BM2/ bT2+B}+�HHv �;�BMbi
i?2 KBbB/2MiB}2/ #�+F;`QmM/b 7`QK i?2 b2KBH2TiQMB+ tt }M�H bi�i2- bm+? �b D2ib
i?�i Q`B;BM�i2 7`QK # �M/ + [m�`FbX h?2M i?2 �H;Q`Bi?K b?QmH/ BM+Hm/2 i?2 T�@
`�K2i2`b `2H2p�Mi iQ i?2b2 D2ib, i?2 KQK2Mi� �M/ BKT�+i T�`�K2i2`b Q7 i`�+Fb
i?�i 7Q`K i?2 ⌧h +�M/B/�i2- �M/ �HbQ i?2 KQK2Mi� �M/ BKT�+i T�`�K2i2`b Q7
i?2 i`�+Fb BM i?2 BbQH�iBQM +QM2 �`QmM/ i?2 bB;M�H i`�+FbX

Ç � ;`2�i MmK#2` Q7 2p2Mib ?�p2 R@T`QM; ⌧h +�M/B/�i2b, i?2 ⌧ H2TiQM /2+�vb BMiQ
i?2 R@T`QM; ?�/`QMB+ }M�H bi�i2b �#Qmi irB+2 KQ`2 7`2[m2MiHv i?�M BM i?2 j@
T`QM; }M�H bi�i2bX "mi i?2 #�+F;`QmM/ Q7 KBbB/2MiB}2/ R@T`QM; ⌧h +�M/B/�i2b
Bb H�`;2` �M/ ?�`/2` iQ /BbiBM;mBb? 7`QK i?2 ;2MmBM2 ⌧h }M�H bi�i2bX >Qr2p2`- �
MmK#2` Q7 FBM2K�iB+ /Bbi`B#miBQMb +�M Tm`B7v i?2 2p2Mi b2H2+iBQM BM tt �M/ DY

}M�H bi�i2b rBi?Qmi `2HvBM; bQH2Hv QM i?2 Tm`Biv Q7 i?2 ⌧h +�M/B/�i2bX

Ç h?2 K2�bm`2K2Mi +�M #2 +�``B2/ Qmi rBi? KQ`2 /�i� BM _mMjX AM Q`/2` iQ
T2`7Q`K i?Bb K2�bm`2K2Mi BM _mMj- 2Bi?2` i?2 bBM;H2 H2TiQM i`B;;2`b Kmbi F22T
HQr pT i?`2b?QH/b Q` bT2+B�H +QKTH2t i`B;;2`b +�M #2 /2p2HQT2/ iQ `2+Q`/ 2p2Mib
7`QK #Qi? tt ! `⌧h �M/ DY ! ⌧`⌧h T`Q+2bb2bX

� +�`27mH bim/v Q7 i?2 TQbbB#H2 /2T2M/2M+2 Q7 i?2 ⌧h B/2MiB}+�iBQM 2{+B2M+v QM
i?2 pT �M/ Qi?2` FBM2K�iB+ T�`�K2i2`b Q7 i?2 ⌧h +�M/B/�i2b Bb M2+2bb�`v iQ +QM}`K
i?�i i?2 2z2+i Bb M2;HB;B#H2- Q` iQ BM+Hm/2 i?Bb 2z2+i BM i?2 }iX

aBM+2 i?2 mM+2`i�BMiv +QK2b 7`QK i?2 bi�iBbiB+�H HBKBi�iBQMb- i?2 K2i?Q/b +�M #2
BKT`Qp2/ rBi? �M QTiBKBx�iBQM Q7 i?2 2p2Mi b2H2+iBQM- �M/ +�M #2 2KTHQv2/ BM T`2+Bb2
i2bib Q7 i?2 H2TiQM mMBp2`b�HBiv BM i?2 7mim`2 _mMj /�i�X

h?2 +m``2Mi `2bmHi b2`p2b �b � ;QQ/ i2bi Q7 i?2 K2i?Q/b M22/2/ 7Q` � T`2+Bb2
K2�bm`2K2Mi Q7 i?2 H2TiQM mMBp2`b�HBiv BM q #QbQM /2+�vb rBi? ?�/`QMB+ ⌧ H2TiQM
/2+�vb �i G>*X h?2 �+?B2p2/ K2�bm`2K2Mi rBi? 3.5W mM+2`i�BMiv +�M #2 `2/m+2/
7m`i?2` /QrM iQ i?2 H2p2H Q7 kĜjW rBi? �//BiBQM Q7 Qi?2` HB;?i H2TiQM }M�H bi�i2b �M/
#2ii2` 2p2Mi b2H2+iBQM bi`�i2;vX � K2�bm`2K2Mi BM ?�/`QMB+ ⌧ /2+�vb Bb MQi #B�b2/ iQ
i?2 bB;M�H KQ/2HX Ai rQmH/ K�F2 � bB;MB}+�Mi +QMi`B#miBQM iQ i?2 +m``2Mi rQ`H/@#2bi
K2�bm`2K2MibX
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*?�Ti2` 3

amKK�`v

h?2 T`2b2Mi2/ rQ`F BM+Hm/2b � /2i�BH2/ bim/v Q7 i?2 iQT [m�`F T�B` UttV }M�H bi�i2
rBi? i�m H2TiQMb U⌧V BM i?2 }M�H bi�i2- tt ! `⌫`⌧h⌫⌧bb +?�MM2H r?2`2 ` /2MQi2b �
HB;?i H2TiQM- BX2X2Bi?2` �M 2H2+i`QM UeV Q` � KmQM UµVX h?2 iQT [m�`F T�B` T`Q/m+iBQM
+`Qbb b2+iBQM (Rky)- �tt(`⌧h)- i?2 `�iBQ iQ i?2 +`Qbb b2+iBQM BM i?2 HB;?i /BH2TiQM }M�H
bi�i2 (k) R`⌧h/``- �M/ i?2 `�iBQ Q7 i?2 T�`iB�H iQ i?2 iQi�H rB/i? Q7 i?2 iQT [m�`F
�(t ! ⌧⌫⌧b)/�iQi�H �`2 K2�bm`2/ BM i?2 /�i� b�KTH2 +QHH2+i2/ #v i?2 *Ja /2i2+iQ`
�i G>* BM kyReX AM Q`/2` iQ 2bi�#HBb? i?2 K2i?Q/b 7Q` i?2 +`Qbb b2+iBQM K2�bm`2K2Mi-
i?2 B/2MiB}+�iBQM Q7 i?2 ⌧ H2TiQMb �M/ i?2 +Q``2bTQM/BM; #�+F;`QmM/b Q7 KBbB/2MiB}2/
Q#D2+ib �`2 bim/B2/ 2ti2MbBp2HvX 6BM�HHv- � 72�bB#BHBiv bim/v iQ +�``v Qmi � H2TiQM
mMBp2`b�HBiv i2bi BM i?2 tt /BH2TiQM }M�H bi�i2b Bb T`2b2Mi2/ 7Q` i?2 7mHH _mMk /�i�
b�KTH2X

h?2 K2�bm`2K2Mi Q7 i?2 tt T`Q/m+iBQM +`Qbb b2+iBQM Bb i?2 }`bi BM p
s = 13h2o

T`QiQM@T`QiQM +QHHBbBQMb i?�i BM+Hm/2b ⌧ H2TiQMb BM i?2 }M�H bi�i2X Ai BKT`Qp2b i?2
`2H�iBp2 T`2+BbBQM rBi? `2bT2+i iQ i?2 _mMR `2bmHib (R3- RN)X h?2 2biBK�i2/ `�iBQ iQ
i?2 HB;?i /BH2TiQM }M�H bi�i2 �M/ i?2 `�iBQ Q7 i?2 T�`iB�H iQ i?2 iQi�H rB/i? Q7 i?2 iQT
[m�`F BKT`Qp2 Qp2` i?2 T`2pBQmb K2�bm`2K2Mib (kR- kk)X

h?2 K2i?Q/b /2p2HQT2/ 7Q` i?2 +`Qbb b2+iBQM K2�bm`2K2Mi +�M #2 2KTHQv2/ iQ
T2`7Q`K � T`2+Bb2 i2bi Q7 i?2 H2TiQM mMBp2`b�HBiv T`BM+BTH2 BM i?2 `�iBQ #2ir22M q
#QbQM #`�M+?BM; 7`�+iBQMb B(W ! ⌧⌫⌧ )/B(W ! `⌫`)X h?2 T`2b2Mi2/ �M�HvbBb b?Qrb
� TQbbB#BHBiv iQ K2�bm`2 i?Bb `�iBQ rBi? � `2H�iBp2 mM+2`i�BMiv Q7 �#Qmi jW BM i?2 7mHH
_mMk /�i� b�KTH2- i?�i rQmH/ K�F2 � bB;MB}+�Mi +QMi`B#miBQM iQ +m``2Mi rQ`H/@#2bi
`2bmHib (9)X

h?2 i?2bBb T`2b2Mib /2i�BH2/ BM7Q`K�iBQM �#Qmi i?2 ⌧ H2TiQMb �M/ i?2 +Q``2bTQM/@
BM; #�+F;`QmM/b BM i?2 2MpB`QMK2Mi Q7 i?2 tt }M�H bi�i2b T`Q/m+2/ BM ?B;? 2M2`;v
T`QiQM@T`QiQM +QHHBbBQMb- i?�i +�M #2 mb27mH 7Q` �Mv �M�HvbBb BMpQHpBM; ⌧ H2TiQMbX

Rj8



Rje



"B#HBQ;`�T?v

(R) hQ`#Dƺ`M aDƺbi`�M/- ai27�M �bF- C2bT2` _X *?`BbiB�Mb2M- _B+?�`/ *Q`F2- LBb?Bi�
.2b�B- S?BHBT AHi2M- ai2T?2M J`2MM�- ai27�M S`2bi2H- *?`BbiBM2 PX _�bKmbb2M-
�M/ S2i2` wX aF�M/bX �M BMi`Q/m+iBQM iQ Suh>A� 3XkX *QKTmiX S?vbX *QK@
KmMX- RNR,R8N- kyR8X

(k) �H#2`i J aB`mMv�M 2i �HX J2�bm`2K2Mi Q7 i?2 tt T`Q/m+iBQM +`Qbb b2+iBQM- i?2
iQT [m�`F K�bb- �M/ i?2 bi`QM; +QmTHBM; +QMbi�Mi mbBM; /BH2TiQM 2p2Mib BM TT
+QHHBbBQMb �i p

s = Rj h2oX 1m`X S?vbX CX *- dN,je3- kyRNX

(j) �H#2`i J aB`mMv�M 2i �HX S2`7Q`K�M+2 Q7 `2+QMbi`m+iBQM �M/ B/2MiB}+�iBQM Q7
⌧ H2TiQMb /2+�vBM; iQ ?�/`QMb �M/ ⌫⌧ BM TT +QHHBbBQMb �i ps = Rj h2oX CALah-
Rj,SRyyy8- kyR3X

(9) S�`iB+H2 .�i� :`QmT- JX h�M�#�b?B- 2i �HX _2pB2r Q7 T�`iB+H2 T?vbB+bX S?vbX
_2pX .- N3,yjyyyR- kyR3X

(8) _X ��BD 2i �HX h2bi Q7 H2TiQM ~�pQ` mMBp2`b�HBiv #v i?2 K2�bm`2K2Mi Q7 i?2
B

0 ! D
⇤�
⌧
+
⌫⌧ #`�M+?BM; 7`�+iBQM mbBM; i?`22@T`QM; ⌧ /2+�vbX S?vbX _2pX .-

Nd,ydkyRj- kyR3X

(e) _Q2H ��BD 2i �HX a2�`+? 7Q` H2TiQM@mMBp2`b�HBiv pBQH�iBQM BM B
+ ! K

+
`
+
`
�

/2+�vbX S?vbX _2pX G2iiX- Rkk,RNR3yR- kyRNX

(d) CX SX G22b 2i �HX 1pB/2M+2 7Q` �M 2t+2bb Q7 B̄ ! D
(⇤)
⌧
�
⌫̄⌧ /2+�vbX S?vbX _2pX

G2iiX- RyN,RyR3yk- kyRkX

(3) CX SX G22b 2i �HX J2�bm`2K2Mi Q7 �M 2t+2bb Q7 B̄ ! D
(⇤)
⌧
�
⌫̄⌧ /2+�vb �M/

BKTHB+�iBQMb 7Q` +?�`;2/ >B;;b #QbQMbX S?vbX _2pX .- 33,ydkyRk- kyRjX

(N) aBKQM2 "B7�MB- aû#�biB2M .2b+Qi2b@:2MQM- �MiQMBQ _QK2`Q oB/�H- �M/ J�`B2@
>ûHĕM2 a+?mM2X _2pB2r Q7 H2TiQM mMBp2`b�HBiv i2bib BM B /2+�vbX CX S?vbX :-
9e,ykjyyR- kyRNX

Rjd



Rj3

(Ry) JX >mb+?H2 2i �HX J2�bm`2K2Mi Q7 i?2 #`�M+?BM; `�iBQ Q7 B̄ ! D
(⇤)
⌧
�
⌫̄⌧ `2H@

�iBp2 iQ B̄ ! D
(⇤)
`
�
⌫̄` /2+�vb rBi? ?�/`QMB+ i�;;BM; �i "2HH2X S?vbX _2pX .-

Nk,ydkyR9- kyR8X

(RR) uX a�iQ 2i �HX J2�bm`2K2Mi Q7 i?2 #`�M+?BM; `�iBQ Q7 B̄0 ! D
⇤+
⌧
�
⌫̄⌧ `2H�iBp2

iQ B̄
0 ! D

⇤+
`
�
⌫̄` /2+�vb rBi? � b2KBH2TiQMB+ i�;;BM; K2i?Q/X S?vbX _2pX .-

N9,ydkyyd- kyReX

(Rk) aX >B`Qb2 2i �HX J2�bm`2K2Mi Q7 i?2 ⌧ H2TiQM TQH�`Bx�iBQM �M/ R(D
⇤
) BM i?2

/2+�v B̄ ! D
⇤
⌧
�
⌫̄⌧ X S?vbX _2pX G2iiX- RR3,kRR3yR- kyRdX

(Rj) �#/2H?�F .DQm�/BX h?2 �M�iQKv Q7 2H2+i`Qr2�F bvKK2i`v #`2�FBM;X AAX h?2
>B;;b #QbQMb BM i?2 KBMBK�H bmT2`bvKK2i`B+ KQ/2HX S?vbX _2TiX- 98N,R- kyy3X

(R9) :X *X "`�M+Q- SX JX 62``2B`�- GX G�pQm`�- JX LX _2#2HQ- J�`+ a?2`- �M/ CQ�Q SX
aBHp�X h?2Q`v �M/ T?2MQK2MQHQ;v Q7 irQ@>B;;b@/Qm#H2i KQ/2HbX S?vbX _2TiX-
8Re,R- kyRkX

(R8) �H#2`i J aB`mMv�M 2i �HX a2�`+? 7Q` +?�`;2/ >B;;b #QbQMb BM i?2 H
± ! ⌧

±
⌫⌧

/2+�v +?�MM2H BM T`QiQM@T`QiQM +QHHBbBQMb �i ps = Rj h2oX C>1S- yd,R9k- kyRNX

(Re) JQ`�/ ��#Qm/ 2i �HX a2�`+? 7Q` +?�`;2/ >B;;b #QbQMb /2+�vBM; pB� H
± !

⌧
±
⌫⌧ BM i?2 ⌧YD2ib �M/ ⌧YH2TiQM }M�H bi�i2b rBi? je 7#�1 Q7 TT +QHHBbBQM /�i�

`2+Q`/2/ �i p
s = 13 h2o rBi? i?2 �hG�a 2tT2`BK2MiX C>1S- yN,RjN- kyR3X

(Rd) h2bi Q7 i?2 mMBp2`b�HBiv Q7 ⌧ �M/ µ H2TiQM +QmTHBM;b BM q #QbQM /2+�vb 7`QK tt̄

2p2Mib �i Rj h2o rBi? i?2 �hG�a /2i2+iQ`X h2+?MB+�H _2TQ`i �hG�a@*PL6@
kyky@yR9- *1_L- :2M2p�- CmM kykyX

(R3) a2`;m2B *?�i`+?v�M 2i �HX J2�bm`2K2Mi Q7 i?2 iQT [m�`F T�B` T`Q/m+iBQM +`Qbb
b2+iBQM BM TT +QHHBbBQMb �i p

s = 7 h2o BM /BH2TiQM }M�H bi�i2b +QMi�BMBM; � ⌧ X
S?vbX _2pX .- 38,RRkyyd- kyRkX

(RN) o�`/�M E?�+?�i`v�M 2i �HX J2�bm`2K2Mi Q7 i?2 ttT`Q/m+iBQM +`Qbb b2+iBQM BM
TT +QHHBbBQMb �i p

s = 8 h2o BM /BH2TiQM }M�H bi�i2b +QMi�BMBM; QM2 ⌧ H2TiQMX
S?vbX G2iiX "- djN,kj- kyR9X

(ky) :H2M *Qr�M- EvH2 *`�MK2`- 1BH�K :`Qbb- �M/ P72` oBi2HHbX �bvKTiQiB+ 7Q`@
KmH�2 7Q` HBF2HB?QQ/@#�b2/ i2bib Q7 M2r T?vbB+bX 1m`X S?vbX CX *- dR,R889- kyRRX
(1``�imK, RyXRR9yf2TD+fbRyy8k@yRj@k8yR@x)X



RjN

(kR) hBKQ �Mi2`Q ��HiQM2M 2i �HX aim/v Q7 iQT@[m�`F T`Q/m+iBQM �M/ /2+�vb BM@
pQHpBM; � i�m H2TiQM �i *.6 �M/ HBKBib QM � +?�`;2/@>B;;b #QbQM +QMi`B#miBQMX
S?vbX _2pX .- 3N,yNRRyR- kyR9X

(kk) :2Q`;2b ��/ 2i �HX J2�bm`2K2Mib Q7 i?2 iQT [m�`F #`�M+?BM; `�iBQb BMiQ
+?�MM2Hb rBi? H2TiQMb �M/ [m�`Fb rBi? i?2 �hG�a /2i2+iQ`X S?vbX _2pX .-
Nk,ydkyy8- kyR8X

(kj) 6X �#2 2i �HX P#b2`p�iBQM Q7 iQT [m�`F T`Q/m+iBQM BM p̄p +QHHBbBQMbX S?vbX _2pX
G2iiX- d9,kekeĜkejR- RNN8X

(k9) aX �#�+?B 2i �HX P#b2`p�iBQM Q7 i?2 iQT [m�`FX S?vbX _2pX G2iiX- d9,kejkĜkejd-
RNN8X

(k8) *Ja *QHH�#Q`�iBQMX *QK#BM�iBQM Q7 �hG�a �M/ *Ja iQT [m�`F T�B` +`Qbb
b2+iBQM K2�bm`2K2Mib BM i?2 2Km }M�H bi�i2 mbBM; T`QiQM@T`QiQM +QHHBbBQMb �i
3 h2oX N kyR9X

(ke) o�`/�M E?�+?�i`v�M 2i �HX J2�bm`2K2Mi Q7 i?2 tt̄ T`Q/m+iBQM +`Qbb b2+iBQM
mbBM; 2p2Mib BM i?2 2µ }M�H bi�i2 BM TT +QHHBbBQMb �i p

s = Rj h2oX 1m`X S?vbX
CX *- dd,Rdk- kyRdX

(kd) JQ`�/ ��#Qm/ 2i �HX J2�bm`2K2Mi Q7 i?2 tt̄ T`Q/m+iBQM +`Qbb@b2+iBQM mbBM;
eµ 2p2Mib rBi? #@i�;;2/ D2ib BM TT +QHHBbBQMb �i p

s4Rj h2o rBi? i?2 �hG�a
/2i2+iQ`X S?vbX G2iiX "- deR,Rje- kyReX (1``�imK, S?vbXG2iiX" ddk- 3dNĜ3dN
UkyRdV)X

(k3) :2Q`;2b ��/ 2i �HX J2�bm`2K2Mi Q7 i?2 tt̄ T`Q/m+iBQM +`Qbb@b2+iBQM �M/ H2TiQM
/Bz2`2MiB�H /Bbi`B#miBQMb BM eµ /BH2TiQM 2p2Mib 7`QK pp +QHHBbBQMb �i p

s = 13

h2o rBi? i?2 �hG�a /2i2+iQ`X Ry kyRNX

(kN) JB+?�H *x�FQM �M/ �H2t�M/2` JBiQpX hQTYY, � T`Q;`�K 7Q` i?2 +�H+mH�iBQM
Q7 i?2 iQT@T�B` +`Qbb@b2+iBQM �i ?�/`QM +QHHB/2`bX *QKTmiX S?vbX *QKKmMX-
R38,kNjy- kyR9X

(jy) �H#2`i JX aB`mMv�M 2i �HX J2�bm`2K2Mi Q7 i?2 tt̄ T`Q/m+iBQM +`Qbb b2+iBQM mbBM;
2p2Mib rBi? QM2 H2TiQM �M/ �i H2�bi QM2 D2i BM TT +QHHBbBQMb �i p

s 4 Rj h2oX
C>1S- yN,y8R- kyRdX

(jR) *Ja *QHH�#Q`�iBQMX 6B`bi K2�bm`2K2Mi Q7 i?2 /Bz2`2MiB�H +`Qbb b2+iBQM 7Q` tt

T`Q/m+iBQM BM i?2 /BH2TiQM }M�H bi�i2 �i p
s = 13 h2oX 3 kyR8X



R9y

(jk) �XJX aB`mMv�M 2i �HX J2�bm`2K2Mib Q7 /Bz2`2MiB�H +`Qbb b2+iBQMb Q7 iQT [m�`F
T�B` T`Q/m+iBQM �b � 7mM+iBQM Q7 FBM2K�iB+ 2p2Mi p�`B�#H2b BM T`QiQM@T`QiQM
+QHHBbBQMb �i p

s = 13 h2oX C>1S- ye,yyk- kyR3X

(jj) �X JX aB`mMv�M 2i �HX J2�bm`2K2Mi Q7 MQ`K�HBx2/ /Bz2`2MiB�H tt +`Qbb b2+iBQMb
BM i?2 /BH2TiQM +?�MM2H 7`QK TT +QHHBbBQMb �i p

s = 13 h2oX C>1S- y9,yey-
kyR3X

(j9) JQ`�/ ��#Qm/ 2i �HX J2�bm`2K2Mib Q7 iQT@[m�`F T�B` /Bz2`2MiB�H +`Qbb@b2+iBQMb
BM i?2 eµ +?�MM2H BM pp +QHHBbBQMb �i p

s = 13 h2o mbBM; i?2 �hG�a /2i2+iQ`X
1m`X S?vbX CX *- ddU8V,kNk- kyRdX

(j8) JX ��#Qm/ 2i �HX J2�bm`2K2Mib Q7 iQT@[m�`F T�B` /Bz2`2MiB�H +`Qbb@b2+iBQMb
BM i?2 H2TiQMYD2ib +?�MM2H BM pp +QHHBbBQMb �i p

s = 13 h2o mbBM; i?2 �hG�a
/2i2+iQ`X C>1S- RR,RNR- kyRdX

(je) :2Q`;2b ��/ 2i �HX J2�bm`2K2Mib Q7 iQT@[m�`F T�B` /Bz2`2MiB�H �M/ /Qm#H2@
/Bz2`2MiB�H +`Qbb@b2+iBQMb BM i?2 `YD2ib +?�MM2H rBi? pp +QHHBbBQMb �i p

s = 13

h2o mbBM; i?2 �hG�a /2i2+iQ`X 1m`X S?vbX CX *- dNURkV,Ryk3- kyRNX

(jd) a2`;m2B *?�i`+?v�M 2i �HX J2�bm`2K2Mi Q7 i?2 hQT@Zm�`F J�bb BM tt̄ 1p2Mib
rBi? .BH2TiQM 6BM�H ai�i2b BM pp *QHHBbBQMb �i p

s = 7 h2oX 1m`X S?vbX CX *-
dk,kkyk- kyRkX

(j3) o�`/�M E?�+?�i`v�M 2i �HX a2�`+? 7Q` � +?�`;2/ >B;;b #QbQM BM TT +QHHBbBQMb
�i p

s = 8 h2oX C>1S- RR,yR3- kyR8X

(jN) G1S /2bB;M `2TQ`iX *1_L- :2M2p�- RN39X *QTB2b b?2Hp2/ �b `2TQ`ib BM G1S-
Sa �M/ aSa HB#`�`B2bX

(9y) "`ɃMBM;- PHBp2` aBK �M/ *QHHB2`- S�mH �M/ G2#`mM- S �M/ Jv2`b- ai2T?2M �M/
PbiQDB+- _�MFQ �M/ SQQH2- CQ?M �M/ S`Qm/HQ+F- S�mHX G>* .2bB;M _2TQ`iX
*1_L u2HHQr _2TQ`ib, JQMQ;`�T?bX *1_L- :2M2p�- kyy9X

(9R) GvM/QM 1p�Mb �M/ S?BHBT "`v�MiX G>* K�+?BM2X CQm`M�H Q7 AMbi`mK2Mi�iBQM-
jUy3V,ay3yyRĜay3yyR- �m; kyy3X

(9k) GBM2�` �++2H2`�iQ` kX a2T kyRkX

(9j) h?2 S`QiQM avM+?`Qi`QM "QQbi2`X CmH kyRkX

(99) S`QiQM avM+?`Qi`QMX RN8NX



R9R

(98) h?2 amT2` S`QiQM avM+?`Qi`QMX C�M kyRkX

(9e) >B;?@GmKBMQbBiv G�`;2 >�/`QM *QHHB/2` U>G@G>*V, h2+?MB+�H .2bB;M _2TQ`i
oX yXRX *1_L u2HHQr _2TX JQMQ;`X- 9,R- kyRdX

(9d) aX *?�i`+?v�M 2i �HX h?2 *Ja 2tT2`BK2Mi �i i?2 *1_L G>*X CALah-
j,ay3yy9- kyy3X

(93) a2`;m2B *?�i`+?v�M 2i �HX .2b+`BTiBQM �M/ T2`7Q`K�M+2 Q7 i`�+F �M/ T`BK�`v@
p2`i2t `2+QMbi`m+iBQM rBi? i?2 *Ja i`�+F2`X CALah- NURyV,SRyyyN- kyR9X

(9N) o�`/�M E?�+?�i`v�M 2i �HX *Ja h`�+FBM; S2`7Q`K�M+2 _2bmHib 7`QK 1�`Hv
G>* PT2`�iBQMX 1m`X S?vbX CX *- dy,RRe8- kyRyX

(8y) a2`;m2B *?�i`+?v�M 2i �HX 1M2`;v *�HB#`�iBQM �M/ _2bQHmiBQM Q7 i?2 *Ja
1H2+i`QK�;M2iB+ *�HQ`BK2i2` BM pp *QHHBbBQMb �i ps = 7 h2oX CALah- 3,SyNyyN-
kyRjX (CALah3-NyyNUkyRjV)X

(8R) aX �#/mHHBM 2i �HX .2bB;M- T2`7Q`K�M+2- �M/ +�HB#`�iBQM Q7 *Ja ?�/`QM@#�``2H
+�HQ`BK2i2` r2/;2bX 1m`X S?vbX CX- *88URV,R8NĜRdR- kyy3X

(8k) o�`/�M E?�+?�i`v�M 2i �HX C2i 2M2`;v b+�H2 �M/ `2bQHmiBQM BM i?2 *Ja 2tT2`@
BK2Mi BM TT +QHHBbBQMb �i 3 h2oX CALah- Rk,SykyR9- kyRdX

(8j) �X JX aB`mMv�M 2i �HX S2`7Q`K�M+2 Q7 i?2 *Ja KmQM /2i2+iQ` �M/ KmQM `2+QM@
bi`m+iBQM rBi? T`QiQM@T`QiQM +QHHBbBQMb �i p

s = Rj h2oX CALah- Rj,SyeyR8-
kyR3X

(89) o�`/�M E?�+?�i`v�M 2i �HX h?2 *Ja i`B;;2` bvbi2KX CALah- Rk,SyRyky- kyRdX

(88) : "�m2`- " "2++�iB- l "2?`2Mb- E "B2`v- P "Qmz2i- C "`�MbQM- a "mFQrB2+-
1 *�MQ- > *?2mM;- J *B;�M2F- a *BiiQHBM- C � *Q�`�b�- * .2H/B+[m2-
� .mTQMi- a 1`?�M- . :B;B- 6 :H2;2- _ :QK2x@_2BMQ- . >�iiQM- � >QHxM2`-
u G >rQM;- G J�b2iiB- 6 J2BD2`b- 1 J2b+?B- _ E JQKKb2M- _ JQb2`-
o P^.2HH- G P`bBMB- * S�mb- � S2i`m++B- J SB2`B- � _�+x- P _�;BM2H- > a�FmHBM-
J a�MB- S a+?B272`/2+F2`- * a+?rB+F- . a?T�FQp- J aBKQM- �M/ E amKQ`QFX
h?2 /�i�@�+[mBbBiBQM bvbi2K Q7 i?2 *Ja 2tT2`BK2Mi �i i?2 G>*X CQm`M�H Q7
S?vbB+b, *QM72`2M+2 a2`B2b- jjRUkV,ykkykR- /2+ kyRRX

(8e) 1X JB;HBQ`2X *Ja TBt2H /2i2+iQ` /2bB;M 7Q` >G@G>*X CQm`M�H Q7 AMbi`mK2Mi�@
iBQM- RRURkV,*RkyeRĜ*RkyeR- /2+ kyReX



R9k

(8d) 1`M2biQ JB;HBQ`2X h?2 *Ja h`�+F2` lT;`�/2 7Q` i?2 >B;?@GmKBMQbBiv G>*X
AM *QMM2+iBM; i?2 .Qib �M/ qQ`Fb?QT QM AMi2HHB;2Mi h`�+F2`b- RR kyRNX

(83) J�Hi2 "�+F?�mbX h?2 lT;`�/2 Q7 i?2 *Ja AMM2` h`�+F2` 7Q` >G@G>*X h2+?@
MB+�H _2TQ`i *Ja@*_@kyRN@yRR- *1_L- :2M2p�- 62# kyRNX

(8N) C2H2M� Gm2iBÉX h?2 *Ja Pmi2` h`�+F2` lT;`�/2 7Q` i?2 >B;? GmKBMQbBiv G>*X
SQa- o2`i2t kyRd,yyj- kyR3X

(ey) 62/2`B+Q 62``BX h?2 *Ja 1*�G S?�b2@k mT;`�/2 7Q` ?B;? T`2+BbBQM 2M2`;v �M/
iBKBM; K2�bm`2K2MibX Lm+HX AMbi`mKX J2i?X �- N83,RekR8N- kykyX

(eR) �`�#2HH� J�`i2HHBX h?2 *Ja >:*�G /2i2+iQ` 7Q` >G@G>* mT;`�/2X AM 8i?
G�`;2 >�/`QM *QHHB/2` S?vbB+b *QM72`2M+2- 3 kyRdX

(ek) *Ja *QHH�#Q`�iBQMX h?2 S?�b2@k lT;`�/2 Q7 i?2 *Ja JmQM .2i2+iQ`bX h2+?@
MB+�H _2TQ`i *1_L@G>**@kyRd@yRkX *Ja@h._@yRe- *1_L- :2M2p�- a2T
kyRdX h?Bb Bb i?2 }M�H p2`bBQM- �TT`Qp2/ #v i?2 G>**X

(ej) *`BbiB�M >X S2Ƣ� �M/X S`2+BbBQM iBKBM; rBi? i?2 *Ja JAS iBKBM; /2i2+iQ`X
CQm`M�H Q7 S?vbB+b, *QM72`2M+2 a2`B2b- RRek,yRkyj8- D�M kyRNX

(e9) : S2i`m++B�MB- � _BxxB- �M/ * omQb�HQX JBMB@�P., � M2r �M�HvbBb /�i� 7Q`K�i
7Q` *JaX CQm`M�H Q7 S?vbB+b, *QM72`2M+2 a2`B2b- ee9UdV,ydky8k- kyR8X

(e8) �X JX aB`mMv�M 2i �HX S�`iB+H2@~Qr `2+QMbi`m+iBQM �M/ ;HQ#�H 2p2Mi /2b+`BTiBQM
rBi? i?2 *Ja /2i2+iQ`X CALah- Rk,SRyyyj- kyRdX

(ee) J�ii2Q *�++B�`B- :�pBM SX a�H�K- �M/ :`2;Q`v aQv2xX h?2 �MiB@kTD2i +Hmbi2`BM;
�H;Q`Bi?KX C>1S- y9,yej- kyy3X

(ed) S�QHQ L�bQMX � M2r K2i?Q/ 7Q` +QK#BMBM; LGP Z*. rBi? b?Qr2` JQMi2
*�`HQ �H;Q`Bi?KbX C>1S- RR,y9y- kyy9X

(e3) ai27�MQ 6`BtBQM2- S�QHQ L�bQM- �M/ *�`HQ PH2�`BX J�i+?BM; LGP Z*. +QKTm@
i�iBQMb rBi? T�`iQM b?Qr2` bBKmH�iBQMb, i?2 SPq>1: K2i?Q/X C>1S- RR,ydy-
kyydX

(eN) aBKQM2 �HBQHB- S�QHQ L�bQM- *�`HQ PH2�`B- �M/ 1K�Mm2H2 _2X � ;2M2`�H 7`�K2@
rQ`F 7Q` BKTH2K2MiBM; LGP +�H+mH�iBQMb BM b?Qr2` JQMi2 *�`HQ T`Q;`�Kb, i?2
SPq>1: "PsX C>1S- ye,y9j- kyRyX
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(dy) CQ?M JX *�KT#2HH- _X E2Bi? 1HHBb- S�QHQ L�bQM- �M/ 1K�Mm2H2 _2X hQT@T�B`
T`Q/m+iBQM �M/ /2+�v �i LGP K�i+?2/ rBi? T�`iQM b?Qr2`bX C>1S- y9,RR9-
kyR8X

(dR) ai27�MQ 6`BtBQM2- S�QHQ L�bQM- �M/ :BQp�MMB _B/QH}X � TQbBiBp2@r2B;?i M2ti@iQ@
H2�/BM;@Q`/2` JQMi2 *�`HQ 7Q` ?2�pv ~�pQm` ?�/`QT`Q/m+iBQMX C>1S- yN,Rke-
kyydX

(dk) S2i2` aF�M/b- ai27�MQ *�``�xx�- �M/ Cm�M _QDQX hmMBM; Suh>A� 3XR, i?2
JQM�b? kyRj imM2X 1m`X S?vbX CX *- d9,jyk9- kyR9X

(dj) CX �Hr�HH- _X 6`2/2`Bt- aX 6`BtBQM2- oX >B`b+?B- 6X J�HiQMB- PX J�ii2H�2`- >X aX
a?�Q- hX ai2Hx2`- SX hQ``B2HHB- �M/ JX w�`QX h?2 �miQK�i2/ +QKTmi�iBQM Q7 i`22@
H2p2H �M/ M2ti@iQ@H2�/BM; Q`/2` /Bz2`2MiB�H +`Qbb b2+iBQMb- �M/ i?2B` K�i+?BM;
iQ T�`iQM b?Qr2` bBKmH�iBQMbX C>1S- yd,ydN- kyR9X

(d9) CQ?�M �Hr�HH 2i �HX *QKT�`�iBp2 bim/v Q7 p�`BQmb �H;Q`Bi?Kb 7Q` i?2 K2`;BM;
Q7 T�`iQM b?Qr2`b �M/ K�i`Bt 2H2K2Mib BM ?�/`QMB+ +QHHBbBQMbX 1m`X S?vbX CX *-
8j,9dj- kyy3X

(d8) _BFF2`i 6`2/2`Bt �M/ ai27�MQ 6`BtBQM2X J2`;BM; K22ib K�i+?BM; BM J*!LGPX
C>1S- Rk,yeR- kyRkX

(de) 1K�Mm2H2 _2X aBM;H2@iQT qi@+?�MM2H T`Q/m+iBQM K�i+?2/ rBi? T�`iQM b?Qr2`b
mbBM; i?2 SPq>1: K2i?Q/X 1m`X S?vbX CX *- dR,R89d- kyRRX

(dd) aBKQM2 �HBQHB- S�QHQ L�bQM- *�`HQ PH2�`B- �M/ 1K�Mm2H2 _2X LGP bBM;H2@iQT
T`Q/m+iBQM K�i+?2/ rBi? b?Qr2` BM SPq>1:, s@ �M/ t@+?�MM2H +QMi`B#miBQMbX
C>1S- yN,RRR- kyyNX (1``�imK, RyXRyydfC>1SykUkyRyVyRR)X

(d3) _B+?�`/ .X "�HH 2i �HX S�`iQM /Bbi`B#miBQMb 7Q` i?2 G>* _mM AAX C>1S- y9,y9y-
kyR8X

(dN) aX �;QbiBM2HHB 2i �HX :2�Mi9ě� bBKmH�iBQM iQQHFBiX Lm+HX AMbi`mKX J2i?X �-
8ye,k8y- kyyjX

(3y) �H#2`i J aB`mMv�M 2i �HX J2�bm`2K2Mi Q7 i?2 BM2H�biB+ T`QiQM@T`QiQM +`Qbb
b2+iBQM �i p

s = 13 h2oX C>1S- yd,ReR- kyR3X

(3R) a�vBTD�K�H .mH�i- hB2@CBmM >Qm- CmM :�Q- J�`+Q :mxxB- CQ2v >mbiQM- S�p2H
L�/QHbFv- CQM SmKTHBM- *�`H a+?KB/i- .�MB2H aimKT- �M/ *X SX um�MX L2r
T�`iQM /Bbi`B#miBQM 7mM+iBQMb 7`QK � ;HQ#�H �M�HvbBb Q7 [m�MimK +?`QKQ/vM�K@
B+bX S?vbX _2pX .- Nj,yjjyye- kyReX
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(3k) u2 GB �M/ 6`�MF S2i`B2HHQX *QK#BMBM; Z*. �M/ 2H2+i`Qr2�F +Q``2+iBQMb iQ
/BH2TiQM T`Q/m+iBQM BM 61qwX S?vbX _2pX .- 3e,yN9yj9- kyRkX

(3j) JX �HB2p- >X G�+F2`- lX G�M;2M72H/- aX JQ+?- SX lr2`- �M/ JX qB2/2`K�MMX
>�h>P_, >�/`QMB+ hQT �M/ >2�pv [m�`Fb +`Pbb b2+iBQM +�H+mH�iQ_X *QKTmiX
S?vbX *QKKmMX- R3k,Ryj9- kyRRX

(39) SX E�Mi- PX JX EBM/- hX EBMib+?2`- hX GQ?b2- hX J�`iBMB- aX JƺH#Bix- SX _B2+F-
�M/ SX lr2`X >�i>Q` 7Q` bBM;H2 iQT@[m�`F T`Q/m+iBQM, lT/�i2/ T`2/B+iBQMb �M/
mM+2`i�BMiv 2biBK�i2b 7Q` bBM;H2 iQT@[m�`F T`Q/m+iBQM BM ?�/`QMB+ +QHHBbBQMbX
*QKTmiX S?vbX *QKKmMX- RNR,d9- kyR8X

(38) LBFQH�Qb EB/QM�FBbX hrQ@HQQT bQ7i �MQK�HQmb /BK2MbBQMb 7Q` bBM;H2 iQT [m�`F
�bbQ+B�i2/ T`Q/m+iBQM rBi? � q Q` >X S?vbX _2pX .- 3k,y89yR3- kyRyX

(3e) LBFQH�Qb EB/QM�FBbX LLGG i?`2b?QH/ `2bmKK�iBQM 7Q` iQT@T�B` �M/ bBM;H2@iQT
T`Q/m+iBQMX S?vbX S�`iX Lm+HX- 98,dR9- kyR9X

(3d) CQ?M JX *�KT#2HH �M/ _X EX 1HHBbX J*6J 7Q` i?2 h2p�i`QM �M/ i?2 G>*X
Lm+HX S?vbX S`Q+X amTTHX- ky8@kye,Ry- kyRyX

(33) CQ?M JX *�KT#2HH- _X E2Bi? 1HHBb- �M/ *B�`�M qBHHB�KbX o2+iQ` #QbQM T�B`
T`Q/m+iBQM �i i?2 G>*X C>1S- yd,yR3- kyRRX

(3N) oX E?�+?�i`v�M 2i �HX S2`7Q`K�M+2 Q7 2H2+i`QM `2+QMbi`m+iBQM �M/ b2H2+iBQM
rBi? i?2 *Ja /2i2+iQ` BM T`QiQM@T`QiQM +QHHBbBQMb �i p

s = 8h2oX CALah-
Ry,Syeyy8- kyR8X

(Ny) 1H2+i`QM �M/ T?QiQM T2`7Q`K�M+2 BM *Ja rBi? i?2 7mHH kyRe /�i� b�KTH2X *Ja
.2i2+iQ` S2`7Q`K�M+2 _2TQ`i *Ja@.S@kyRd@yy9- kyRdX

(NR) S2`7Q`K�M+2 Q7 KmQM B/2MiB}+�iBQM BM TT +QHHBbBQMb �i p
s = 7 h2oX h2+?MB+�H

_2TQ`i *Ja@S�a@JlP@Ry@yyk- *1_L- :2M2p�- kyRyX

(Nk) JmQM B/2MiB}+�iBQM �M/ BbQH�iBQM 2{+B2M+v QM 7mHH kyRe /�i�b2iX h2+?MB+�H
_2TQ`i *Ja@.S@kyRd@yyd- *1_L- J�` kyRdX

(Nj) JmQM SP:X "�b2HBM2 KmQM b2H2+iBQMb 7Q` `mM@BBX hrBFB- *1_L- kyRdX

(N9) 1H2+i`QM `2+QMbi`m+iBQM �M/ B/2MiB}+�iBQM �i b[`iUbV 4 d h2oX h2+?MB+�H _2TQ`i
*Ja@S�a@1:J@Ry@yy9- *1_L- :2M2p�- kyRyX

(N8) 1:�KK� SP:X *mi #�b2/ 2H2+i`QM B/ 7Q` `mM kX hrBFB- *1_L- kyRdX
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(Ne) qQH7;�M; �/�K- _X 6`Ƀ?rB`i?- �`2 ai`�M/HB2- �M/ hX hQ/Q`X _2+QMbi`m+iBQM
Q7 1H2+i`QMb rBi? i?2 :�mbbB�M@amK 6BHi2` BM i?2 *Ja h`�+F2` �i i?2 G>*X R
kyy8X

(Nd) C2i �H;Q`Bi?Kb T2`7Q`K�M+2 BM Rj h2o /�i�X h2+?MB+�H _2TQ`i *Ja@S�a@CJ1@
Re@yyj- *1_L- :2M2p�- kyRdX

(N3) �X JX aB`mMv�M 2i �HX A/2MiB}+�iBQM Q7 ?2�pv@~�pQm` D2ib rBi? i?2 *Ja /2i2+iQ`
BM TT +QHHBbBQMb �i Rj h2oX CALah- Rj,Sy8yRR- kyR3X

(NN) S2`7Q`K�M+2 Q7 KBbbBM; 2M2`;v `2+QMbi`m+iBQM BM Rj h2o TT +QHHBbBQM /�i� mbBM;
i?2 *Ja /2i2+iQ`X h2+?MB+�H _2TQ`i *Ja@S�a@CJ1@Re@yy9- *1_L- :2M2p�-
kyReX

(Ryy) JX ��#Qm/ 2i �HX J2�bm`2K2Mi Q7 i?2 BM2H�biB+ T`QiQM@T`QiQM +`Qbb b2+iBQM
�i p

s = 13 h2o rBi? i?2 �hG�a /2i2+iQ` �i i?2 G>*X S?vbX _2pX G2iiX-
RRd,R3kyyk- kyReX

(RyR) JB+?�H *x�FQM- .�pB/ >2vK2b- �M/ �H2t�M/2` JBiQpX >B;?@T`2+BbBQM /Bz2`2M@
iB�H T`2/B+iBQMb 7Q` iQT@[m�`F T�B`b �i i?2 G>*X S?vbX _2pX G2iiX- RRe,y3kyyj-
kyReX

(Ryk) o�`/�M E?�+?�i`v�M 2i �HX J2�bm`2K2Mi Q7 /Bz2`2MiB�H +`Qbb b2+iBQMb 7Q` iQT
[m�`F T�B` T`Q/m+iBQM mbBM; i?2 H2TiQMYD2ib }M�H bi�i2 BM T`QiQM@T`QiQM +QHHB@
bBQMb �i Rj h2oX S?vbX _2pX .- N8,yNkyyR- kyRdX

(Ryj) o�`/�M E?�+?�i`v�M 2i �HX J2�bm`2K2Mi Q7 i?2 /Bz2`2MiB�H +`Qbb b2+iBQM 7Q`
iQT [m�`F T�B` T`Q/m+iBQM BM TT +QHHBbBQMb �i p

s = 8h2oX 1m`X S?vbX CX *-
d8,89k- kyR8X

(Ry9) o�`/�M E?�+?�i`v�M 2i �HX J2�bm`2K2Mi Q7 i?2 tt T`Q/m+iBQM +`Qbb b2+iBQM BM
i?2 �HH@D2ib }M�H bi�i2 BM TT +QHHBbBQMb �i ps = 8 h2oX 1m`X S?vbX CX *- de,Rk3-
kyReX

(Ry8) SB2i`Q oBb+?B�X a2�`+? 7Q` � +?�`;2/ >B;;b #QbQM BM ⌧⌫tau �M/ tb̄ /2+�vb BM
T`QiQM@T`QiQM +QHHBbBQMb �i p

s = 7 �M/ 8 h2o rBi? i?2 *Ja /2i2+iQ`- �m;
kyReX S`2b2Mi2/ kd CmH kyReX

(Rye) *`BbiQp�Q "2B`�Q .� *`mx 1 aBHp�X a2�`+? 7Q` .B`2+i ai�m S�B` S`Q/m+iBQM �i
3 h2o rBi? i?2 *Ja .2i2+iQ`- kyRdX
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(Ryd) S2`7Q`K�M+2 Q7 i�m B/2MiB}+�iBQM rBi? kyRe /�i� �i p
s 4 Rj h2oX h2+?MB+�H

_2TQ`i *Ja@.S@kyRd@yye- *1_L- :2M2p�- J�` kyRdX

(Ry3) *Ja HmKBMQbBiv K2�bm`2K2Mib 7Q` i?2 kyRe /�i� i�FBM; T2`BQ/X *Ja S?vbB+b
�M�HvbBb amKK�`v *Ja@S�a@GlJ@Rd@yyR- kyRdX

(RyN) :X �##B2M/B 2i �HX AM+HmbBp2 �M�HvbBb Q7 i?2 # [m�`F 7`�;K2Mi�iBQM 7mM+iBQM BM
w /2+�vb �i G1SX 1m`X S?vbX CX *- kN,9ej- kyyjX

(RRy) �X >2Bbi2` 2i �HX aim/v Q7 i?2 7`�;K2Mi�iBQM Q7 # [m�`Fb BMiQ " K2bQMb �i i?2
w T2�FX S?vbX G2iiX "- 8Rk,jy- kyyRX

(RRR) EQv� �#2 2i �HX J2�bm`2K2Mi Q7 i?2 # [m�`F 7`�;K2Mi�iBQM 7mM+iBQM BM Z
0 /2@

+�vbX S?vbX _2pX .- e8,yNkyye- kyykX (1``�imK, RyXRRyjfS?vb_2p.XeeXydNNy8)X

(RRk) CX �#/�HH�? 2i �HX � bim/v Q7 i?2 #@[m�`F 7`�;K2Mi�iBQM 7mM+iBQM rBi? i?2
.1GS>A /2i2+iQ` �i G1S A �M/ �M �p2`�;2/ /Bbi`B#miBQM Q#i�BM2/ �i i?2 w
TQH2X 1m`X S?vbX CX *- dR,R88d- kyRRX

(RRj) JX :X "QrH2`X e+e� T`Q/m+iBQM Q7 ?2�pv [m�`Fb BM i?2 bi`BM; KQ/2HX wX S?vbX
*- RR,ReN- RN3RX

(RR9) *X S2i2`bQM- .X a+?H�ii2`- AX a+?KBii- �M/ SX JX w2`r�bX a+�HBM; pBQH�iBQMb BM
BM+HmbBp2 e

+
e
� �MMB?BH�iBQM bT2+i`�X S?vbX _2pX .- kd,Ry8- RN3jX

(RR8) AMp2biB;�iBQMb Q7 i?2 BKT�+i Q7 i?2 T�`iQM b?Qr2` imMBM; BM Svi?B� 3 BM i?2
KQ/2HHBM; Q7 tt �i p

s = 8 �M/ Rj h2oX *Ja S?vbB+b �M�HvbBb amKK�`v
*Ja@S�a@hPS@Re@ykR- kyReX

(RRe) h?2 G>* >B;;b *QK#BM�iBQM :`QmT h?2 �hG�a *QHH�#Q`�iBQM- h?2 *Ja *QH@
H�#Q`�iBQMX S`Q+2/m`2 7Q` i?2 G>* >B;;b #QbQM b2�`+? +QK#BM�iBQM BM amKK2`
kyRRX h2+?MB+�H `2TQ`i- *1_L- :2M2p�- �m; kyRRX

(RRd) :2Q`;2b ��/ 2i �HX J2�bm`2K2Mib Q7 i?2 >B;;b #QbQM T`Q/m+iBQM �M/ /2+�v
`�i2b �M/ +QMbi`�BMib QM Bib +QmTHBM;b 7`QK � +QK#BM2/ �hG�a �M/ *Ja �M�H@
vbBb Q7 i?2 G>* TT +QHHBbBQM /�i� �i p

s = 7 �M/ 3 h2oX C>1S- y3,y98- kyReX

(RR3) GX JQM2i�- EX "2H�b+Q- EX aX *`�MK2`- �X G�xx�`Q- .X SBT�`Q- :X a+?Qii-
qX o2`F2`F2- �M/ JX qQH7X h?2 _QQai�ib S`QD2+iX AM Rji? AMi2`M�iBQM�H qQ`F@
b?QT QM �/p�M+2/ *QKTmiBM; �M/ �M�HvbBb h2+?MB[m2b BM S?vbB+b _2b2�`+?
U�*�hkyRyVX aAaa�- kyRyX SQaU�*�hkyRyVy8dX
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(RRN) *Ja >B;;b *QK#BM2 +QKKmMBivX *QK#BM2X :B?m#"QQF- *1_L- kyRdX

(Rky) �H#2`i J aB`mMv�M 2i �HX J2�bm`2K2Mi Q7 i?2 iQT [m�`F T�B` T`Q/m+iBQM +`Qbb
b2+iBQM BM /BH2TiQM }M�H bi�i2b +QMi�BMBM; QM2 ⌧ H2TiQM BM TT +QHHBbBQMb �i ps =

Rj h2oX C>1S- yk,RNR- kykyX

(RkR) aX a+?�2H 2i �HX 1H2+i`Qr2�F J2�bm`2K2Mib BM 1H2+i`QM@SQbBi`QM *QHHBbBQMb �i
q@"QbQM@S�B` 1M2`;B2b �i G1SX S?vbX _2TiX- 8jk,RRNĜk99- kyRjX

(Rkk) uX �K?Bb 2i �HX >2�pv6H�pQm` �p2`�;BM; :`QmT U>6G�oVX �p2`@
�;2 Q7 R(D) �M/ R(D

⇤
) 7Q` bT`BM; kyRNX h2+?MB+�H `2TQ`i- kyRNX

�p�BH�#H2 �i ?iiTb,ff?7H�p@2QbXr2#X+2`MX+?f?7H�p@2Qbfb2KBfbT`BM;RNf
?iKHf_.b.bbi�`f_._.bX?iKHX

(Rkj) aX .vb+? �M/ hX_X qv�iiX � b2H7@+�HB#`�iBM;- /Qm#H2@`�iBQ K2i?Q/ iQ i2bi i�m
H2TiQM mMBp2`b�HBiv BM q #QbQM /2+�vb �i i?2 G>*X 1m`X S?vbX CX *- 3yUkV,R88-
kykyX

https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
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