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AKT`QpBM; i?2 bB;M�H b2H2+iBQM 7Q` i`B;;2`@H2p2H- HQr@K�bb `2bQM�M+2
b2�`+?2b rBi? �hG�a
h?2 b2�`+? 7Q` /BD2i `2bQM�M+2b Bb � bi`QM; iQQH iQ BMp2biB;�i2 S?vbB+b #2vQM/ i?2
ai�M/�`/ JQ/2H bm+? �b /�`F K�ii2`X A7 �M mMFMQrM- K�bbBp2 T�`iB+H2 Bb T`Q/m+2/
BM � +QHHBbBQM- Bi +QmH/ /2+�v BMiQ irQ ai�M/�`/ JQ/2H T�`iB+H2b �M/ H2�p2 � /BbiBM+i
bB;M�im`2 BM i?2 BMp�`B�Mi K�bb /Bbi`B#miBQM Q7 i?2 irQ D2ibX .m2 iQ ?B;? T`Q/m+iBQM
+`Qbb@b2+iBQMb �b r2HH �b }MBi2 `2�/Qmi +�T�+BiB2b- i?2 b2�`+? 7Q` bm#@h2o /BD2i
`2bQM�M+2b �i i?2 G>* Bb bi�iBbiB+�HHv HBKBi2/X h?2 �hG�a i`B;;2`@H2p2H �M�HvbBb
+Qp2`b i?Bb T�`i Q7 i?2 bT2+i`mK #v `2+Q`/BM; � bi`QM;Hv `2/m+2/ b2i Q7 2p2Mi@H2p2H
BM7Q`K�iBQM T`Q+2bb2/ #v i?2 >B;? G2p2H h`B;;2` 7Q` �HH 2p2Mib T�bbBM; i?2 b22/BM;
G2p2H@R i`B;;2`X h?Bb ?�b bQ 7�` �HHQr2/ 7Q` HQr2`BM; i?2 KBMBK�H /2i2+i�#H2 /BD2i
`2bQM�M+2 K�bb 7`QK ⇡R h2o iQ 98y :2o mbBM; i?2 G2p2H@R i`B;;2`b Cd8 �M/ CRyyX
hQ 7m`i?2` HQr2` i?Bb i?`2b?QH/- i?Bb i?2bBb T`2b2Mib � bB;M�H b2H2+iBQM bi`�i2;v i?�i
b2H2+ib i?2 2{+B2Mi T?�b2 bT�+2 #�b2/ QM i?2 /BD2i K�bb iQ QTiBKBx2 i?2 b2H2+iBQM
+`Bi2`B� 7Q` hG� /BD2i b2�`+?2bX �//BiBQM�HHv- i?2 TQi2MiB�H Q7 BM+Hm/BM; 2p2M HQr2`
pT G2p2H@R i`B;;2`b Bb BMp2biB;�i2/X h?2 T2`7Q`K2/ bim/v Bb #�b2/ QM i?2 �M�HvbBb
Q7 T`QiQM@T`QiQM +QHHBbBQMb �i p

s 4 Rj h2o �i �M BMi2;`�i2/ HmKBMQbBiv Q7 jyX9
fb�1- `2+Q`/2/ #v i?2 �hG�a /2i2+iQ` �i i?2 G�`;2 >�/`QM *QHHB/2` BM kyReX

PTiBKB2`mM; /2` 1p2Mi�mbr�?H 7Ƀ` 2BM2 am+?2 M�+? h`B;;2`@G2p2H .BD2i
_2bQM�Mx2M �K �hG�a .2i2FiQ`
.B2 am+?2 M�+? .BD2i@_2bQM�Mx2M 2`Kƺ;HB+?i /B2 1`7Q`b+?mM; pQM T?vbBF�HBb+?2M
S? MQK2M2M D2Mb2Bib /2b ai�M/�`/KQ/2HHb UaJV- rB2 xmK "2BbTB2H /mMFH2` J�@
i2`B2X 6�HHb 2BM M2m2b- K�bb2`2B+?2b q2+?b2HrB`FmM;bi2BH+?2M BM 2BM2` h2BH+?2MFQH@
HBbBQM 2Mibi2?i- FƺMMi2 /B2b2b BM xr2B ai�M/�`/ JQ/2H h2BH+?2M x2`7�HH2M- r�b �Hb
_2bQM�Mx BK BMp�`B�Mi2M J�bb2MbT2Fi`mK /2b .BD2ib #2Q#�+?i2i r2`/2M rɃ`/2X
�m7;`mM/ 2BM2b ?Q?2M qB`FmM;b[m2`b+?MBiib mM/ HBKBiB2`i2` .2i2FiQ`F�T�xBi i2M-
bBM/ am+?2M M�+? .BD2i@avbi2K2M KBi J�bb2M mMi2` R h2o bi�iBbiBb+? #2;`2MxiX
.B2 �hG�a h`B;;2`@G2p2H �M�HvbBb mK;2?i /B2b2 _2bi`BFiBQM BM/2K Mm` #2;`2Mx@
i2 1p2MiBM7Q`K�iBQM2M p2`�`#2Bi2i r2`/2MX JBi /2` 2`?ƺ?i2M �mbH2b2`�i2 FƺMM2M
KBi /2M G2p2H@R h`B;;2`M CRyy mM/ Cd8 bQKBi .BD2i@_2bQM�Mx2M #Bb J�bb2M pQM
98y :2o ;2bm+?i r2`/2MX .B2b2 pQ`HB2;2M/2 �`#2Bi T` b2MiB2`i 2BM2 M2m2 �mbr�?H@
bi`�i2;B2- KBi /2` /2` 2{xB2Mi2 S?�b2M`�mK #x;HX /2` BMp�`B�Mi2M .BD2i@J�bb2
�mb;2r ?Hi rB`/X lMi2` /B2b2K :`mM/b�ix- r2`/2M /B2 1p2Mi@�mbr�?HF`Bi2`B2M
QTiBKB2`i- bQ/�bb MQ+? MB2/`B;2`2 J�bb2M �mb~ƺb#�` r2`/2MX wm/2K rB`/ /�b SQ@
i2MiB�H pQM G2p2H@R h`B;;2`M KBi MB2/`B;2`2M a+?r2HH2Mr2`i2M �M�HvbB2`iX .B2 xm@
;`mM/2HB2;2M/2M .�i2M rm`/2M kyRe BM S`QiQM@S`QiQM EQHHBbBQM2M #2B ps 4 Rj
h2o mM/ 2BM2` BMi2;`B2`i2M GmKBMQbBi i pQM jyX9 fb�1 KBi /2K �hG�a .2i2FiQ`
�K G>* �m7;2MQKK2MX
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k h?2Q`2iB+�H 6QmM/�iBQM d
kXR h?2 ai�M/�`/ JQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X d
kXk Zm�MimK *?`QKQ/vM�KB+b X X X X X X X X X X X X X X X X X X X X X N
kXj S`QiQM@S`QiQM *QHHBbBQMb X X X X X X X X X X X X X X X X X X X X X X X Ry

kXjXR C2i 6Q`K�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 Ry
kXjXk >�/`QM *QHHBbBQM EBM2K�iB+b X X X X X X X X X X X X X X X X Rk

kX9 "2vQM/ i?2 ai�M/�`/ JQ/2H X X X X X X X X X X X X X X X X X X X X X Rj
kX9XR .�`F J�ii2` a2�`+?2b BM S�`iB+H2 *QHHB/2`b X X X X X X X X X R9

j 1tT2`BK2Mi�H 6QmM/�iBQM Re
jXR G�`;2 >�/`QM *QHHB/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 Re
jXk h?2 �hG�a@.2i2+iQ` X X X X X X X X X X X X X X X X X X X X X X X X X Rd
jXj h?2 �hG�a h`B;;2` avbi2K X X X X X X X X X X X X X X X X X X X X X RN

jXjXR h?2 h`B;;2` J2Mm X X X X X X X X X X X X X X X X X X X X X X ky
jXjXk h?2 G2p2H@R h`B;;2` X X X X X X X X X X X X X X X X X X X X X kR
jXjXj h?2 >Gh 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 kR

9 a2�`+? 7Q` GB;?i .BD2i _2bQM�M+2b kk
9XR h`B;;2`@P#D2+i G2p2H �M�HvbBb X X X X X X X X X X X X X X X X X X X X kj

8 PTiBKBx�iBQM Q7 aB;M�H a2H2+iBQM ke
8XR 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 ke
8Xk S`2HBKBM�`v *QMbB/2`�iBQMb X X X X X X X X X X X X X X X X X X X X X kd
8Xj h`B;;2` 1{+B2M+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 k3
8X9 S`2HBKBM�`v GR h`B;;2` a2H2+iBQM ai`�i2;v X X X X X X X X X X X X X jy
8X8 mjj@#�b2/ aB;M�H a2H2+iBQM X X X X X X X X X X X X X X X X X X X X X X jR

8X8XR mjj h?`2b?QH/b X X X X X X X X X X X X X X X X X X X X X X X X jj
8X8Xk h?`2b?QH/@.2T2M/2M+v QM >Gh _272`2M+2 h`B;;2` X X X X X j9
8X8Xj C2i@pT 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 j8
8X8X9 .BD2i a2H2+iBQM BM i2`Kb Q7 |y⇤| X X X X X X X X X X X X X X X X jd

e *QM+HmbBQM 9k

� �//BiBQM�H SHQib 99
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AMi`Q/m+iBQM

aBM+2 Bib }`bi /Bb+Qp2`v BM i?2 RNjyb- /�`F K�ii2` ?�b #22M �M 2MB;K� iQ i?2 rQ`H/
Q7 T?vbB+b (R)X .2bTBi2 i?2 +QKT2HHBM; �KQmMi Q7 2pB/2M+2 i?�i TQBMib iQr�`/b Bib
2tBbi2M+2- MQ 2tT2`BK2Mi�H bB;M�im`2b ?�p2 v2i #22M �#H2 iQ bmTTQ`i i?2 i?2Q`B2b
i?�i �BK iQ 2tTH�BM Bib M�im`2X
h?2 ai�M/�`/ JQ/2H Q7 S�`iB+H2 S?vbB+b UaJV Bb QM2 Q7 i?2 KQbi bm++2bb7mH i?2@
Q`B2b BM KQ/2`M b+B2M+2X Aib bm++2bb Bb 7QmM/2/ QM � MmK#2` Q7 K�DQ` i?2Q`2iB@
+�H T`2/B+iBQMb i?�i r2`2 H�i2` 2tT2`BK2Mi�HHv +QM}`K2/ (kĜ9)X .2bTBi2 Bib ;`2�i
�+?B2p2K2Mib- i?2 ai�M/�`/ JQ/2H BM+Hm/2b MQ pB�#H2 T�`iB+H2 +�M/B/�i2 i?�i Bb
�#H2 iQ �++QmMi 7Q` i?2 Q#b2`p�iBQMb K�/2 7`QK /�`F K�ii2` (8)X >Qr2p2`- i?Bb
;Bp2b `Bb2 iQ MmK2`Qmb i?2Q`2iB+�H 2ti2MbBQMb #2vQM/ i?2 aJ i?�i +QmH/ 2tTH�BM
i?2 +?�`�+i2`BbiB+b Q7 /�`F K�ii2`X
AM � bBKTH2 i?2Q`2iB+�H KQ/2H- /�`F K�ii2` Bb BM+�T�#H2 Q7 +QmTHBM; /B`2+iHv iQ
ai�M/�`/ JQ/2H T�`iB+H2b- #mi `�i?2` T2`7Q`Kb BMi2`�+iBQMb pB� � ?vTQi?2iB+�H
T�`iB+H2 K2/B�iQ` Z 0X :Bp2M i?�i Z 0 +QmTH2b iQ #Qi? [m�`Fb �M/ /�`F K�ii2`- Bi
+QmH/ #2 T`Q/m+2/ BM � ?�/`QM +QHHB/2` (e)X
h?2 G�`;2 >�/`QM *QHHB/2` UG>*V Bb i?2 rQ`H/Ƕb H�`;2bi �M/ ?B;?2bi 2M2`;2iB+ T�`@
iB+H2 +QHHB/2`- 2M�#HBM; T`QiQM@T`QiQM +QHHBbBQMb �i mMT`2+2/2Mi2/ +2Mi2`@Q7@K�bb
2M2`;B2bX A7 � Z 0 K2/B�iQ` Bb T`Q/m+2/ BM � +QHHBbBQM �M/ /2+�vb #�+F BMiQ irQ
[m�`Fb- irQ +QHHBK�i2/ D2ib Q7 ?�/`QMb U/BD2iV rQmH/ 7Q`K � +?�`�+i2`BbiB+ `2bQ@
M�M+2 BM i?2 BMp�`B�Mi K�bb /Bbi`B#miBQM �i i?2 K2/B�iQ` K�bbX h?2 b2�`+? 7Q`
bm+? /BD2i `2bQM�M+2b Bb MQi HBKBi2/ iQ /�`F K�ii2` #mi +�M 7m`i?2` #2 �TTHB2/ iQ
� p�`B2iv Q7 M2r T?vbB+b #2vQM/ i?2 ai�M/�`/ JQ/2HX
h?2 �hG�a /2i2+iQ`- HQ+�i2/ �i i?2 G>*- ?�b #22M b2�`+?BM; 7Q` bm+? `2bQM�M+2b
�i H�`;2 K�bb p�Hm2b rBi?Qmi �Mv bB;MB}+�Mi 2t+2bb (d- 3)X .m2 iQ HBKBi�iBQMb QM i?2
i`�Mb72` #�M/rB/i?- i?2 /2i2+iQ` Bb BM+�T�#H2 Q7 `2+Q`/BM; 2p2`v Q++m``BM; #mM+?
+`QbbBM; �M/ M22/b iQ 2KTHQv � bQT?BbiB+�i2/ i`B;;2` bvbi2K BM Q`/2` iQ b2H2+i QMHv
2p2Mib Q7 BMi2`2biX aBM+2 +`Qbb b2+iBQMb BM+`2�b2 `�TB/Hv 7Q` HQr2`@pT BMi2`�+iBQMb-
HQr i?`2b?QH/ i`B;;2`b QMHv `2+Q`/ � 7`�+iBQM Q7 i?2 T�bb2/ 2p2Mib iQ +QT2 rBi? i?2
?B;? T�`iB+H2 T`Q/m+iBQM `�i2bX AM +QMb2[m2M+2- i?2 /2i2+iQ` b2MbBiBpBiv iQ /BD2i
2p2Mib rBi? BMp�`B�Mi K�bb2b BM i?2 bm#@h2o `�M;2 Bb +QMbB/2`�#Hv /2+`2�b2/X
hQ +B`+mKp2Mi i?Bb bi�iBbiB+�H HBKBi�iBQM QM i?2 b2�`+? 7Q` HB;?i /BD2i `2bQM�M+2b-
i?2 �hG�a h`B;;2`@P#D2+i G2p2H �M�HvbBb UhG�V Bb `2+Q`/BM; 2p2Mib rBi? bi`QM;Hv
`2/m+2/ D2i BM7Q`K�iBQMX "vT�bbBM; i?2 `2�/Qmi HBKBi�iBQMb- hG� Bb �#H2 iQ H�`;2Hv
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`2biQ`2 i?2 HQbb BM bi�iBbiB+b �M/ T`Q#2 7Q` `2bQM�M+2 K�bb2b /QrM iQ 98y :2o (3)X
h?2b2 b2�`+?2b r2`2 +QM/m+i2/ mbBM; i?2 G2p2H@R UGRV bBM;H2@D2i i`B;;2`b Cd8 �M/
CRyy i?�i +Q``2bTQM/ iQ D2i 2M2`;v i?`2b?QH/b Q7 d8 �M/ Ryy :2oX
h?Bb i?2bBb T`2b2Mib � MQp2H bB;M�H b2H2+iBQM bi`�i2;v i?�i b2H2+ib i?2 2{+B2Mi T?�b2
bT�+2 #�b2/ QM i?2 /BD2i K�bbX lM/2` i?Bb F2vMQi2- i?2 bB;M�H b2H2+iBQM +`Bi2`B� Q7
i?2 �7Q`2K2MiBQM2/ i`B;;2`b rBHH #2 QTiBKBx2/ iQ T`Q#2 7Q` i?2 T`2b2M+2 Q7 2p2M
HB;?i2` T�`iB+H2 K2/B�iQ`bX AM �//BiBQM- GR bBM;H2@D2i i`B;;2`b rBi? HQr2` i`B;;2`
i?`2b?QH/b rBHH #2 BMp2biB;�i2/ mM/2` i?Bb 2p2Mi b2H2+iBQM �TT`Q�+? iQ 2t�KBM2 i?2B`
TQi2MiB�H Q7 7m`i?2` 2ti2M/BM; i?2 b2MbBiBpBiv `2;BQM iQ HQr2` BMp�`B�Mi K�bb2bX
h?2 bi`m+im`2 Q7 i?Bb i?2bBb Bb �b 7QHHQrbX AM *?�Ti2` k- i?2 ai�M/�`/ JQ/2H
�M/- KQ`2 bT2+B}+�HHv- Zm�MimK *?`QKQ/vM�KB+b rBHH #2 QmiHBM2/- H2�/BM; BMiQ �
/2b+`BTiBQM Q7 i?2 7Q`K�iBQM Q7 D2ib BM T`QiQM@T`QiQM +QHHBbBQMbX 6m`i?2`- i?2 b?Q`i@
+QKBM;b Q7 i?2 ai�M/�`/ JQ/2H �M/ b2�`+?2b 7Q` /�`F K�ii2` BM T�`iB+H2 +QHHB/2`b
rBHH #2 /Bb+mbb2/X h?2 2tT2`BK2Mi�H 7QmM/�iBQMb �`2 T`2b2Mi2/ BM *?�Ti2` j rBi?
bT2+B�H 7Q+mb QM i?2 G>* �b r2HH �b i?2 �hG�a /2i2+iQ` �M/ Bib i`B;;2` bvbi2KX
h?2 +m``2Mi bi�imb �M/ i?2 +?�HH2M;2b Q7 i?2 b2�`+? 7Q` HB;?i /BD2i `2bQM�M+2b Bb
`2pB2r2/ BM *?�Ti2` 9- 7QHHQr2/ #v �M Qp2`pB2r Q7 i?2 hG�X *?�Ti2` 8 +QKT`Bb2b
�M 2ti2M/2/ �M�HvbBb QM QTiBKBxBM; i?2 bB;M�H b2H2+iBQM T�`�K2i2`b 7Q` � b2H2+iBQM
Q7 G2p2H@R bBM;H2@D2i i`B;;2`bX
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h?2Q`2iB+�H 6QmM/�iBQM

h?Bb i?2bBb 7Q+mb2b QM i?2 bB;M�H b2H2+iBQM Q7 2p2Mib rBi? irQ@D2i }M�H bi�i2b r?B+?
�`2 T`Q/m+2/ BM T`QiQM@T`QiQM +QHHBbBQMb �i i?2 G�`;2 >�/`QM *QHHB/2`X AM Q`/2`
iQ ;Bp2 �M mM/2`bi�M/BM; Q7 i?2 mM/2`HvBM; T?vbB+�H T`Q+2bb2b Q7 /BD2i 2p2Mib- i?Bb
+?�Ti2` �BKb iQ bmKK�`Bx2 i?2 i?2Q`2iB+�H #�+F;`QmM/X
� ;2M2`�H Qp2`pB2r Q7 i?2 ai�M/�`/ JQ/2H �M/ Bib +QMbiBim2Mib Bb ;Bp2M BM a2+iBQM
kXR- 7QHHQr2/ #v � #`B27 BMi`Q/m+iBQM iQ i?2 i?2Q`v Q7 Zm�MimK *?`QKQ/vM�KB+b BM
a2+iBQM kXkX "�b2/ QM i?Bb 7QmM/�iBQM- a2+iBQM kXj 2tTH�BMb i?2 7Q`K�iBQM Q7 D2ib BM
T`QiQM@T`QiQM +QHHBbBQMb rBi? 7m`i?2` `272`2M+2 iQ i?2 FBM2K�iB+ p�`B�#H2bX 6BM�HHv-
a2+iBQM kX9 +Qp2`b i?2Q`B2b #2vQM/ i?2 ai�M/�`/ JQ/2H �M/ ;Bp2b �M BMi`Q/m+iBQM
iQ /�`F K�ii2` b2�`+?2b BM T�`iB+H2 +QHHB/2`bX

kXR h?2 ai�M/�`/ JQ/2H
h?2 ai�M/�`/ JQ/2H UaJV Q7 T�`iB+H2 T?vbB+b Bb � i?2Q`v /2b+`B#BM; i?`22 Q7 i?2
7Qm` 7mM/�K2Mi�H 7Q`+2b Q7 i?2 mMBp2`b2 �b r2HH +H�bbB7vBM; Bib 2H2K2Mi�`v T�`iB+H2bX
AM i?Bb b2Mb2- Bi Bb QM2 Q7 i?2 KQbi 2ti2MbBp2 �M/ T`Q7QmM/ i?2Q`2iB+�H KQ/2HbX
>Qr2p2`- H�+FBM; �M 2tTH�M�iBQM Q7 i?2 ;`�pBi�iBQM�H 7Q`+2- Bi /Q2b MQi ;Bp2 � 7mHH
i?2Q`v Q7 i?2 7mM/�K2Mi�H BMi2`�+iBQMbX
J�i?2K�iB+�HHv- i?2 aJ Bb +H�bbB}2/ �b � ;�m;2 [m�MimK }2H/ i?2Q`v- /2b+`B#BM;
BMi2`�+iBQMb i?`Qm;? [m�MimK }2H/b �M/ i?2 T�`i�FBM; 2H2K2Mi�`v T�`iB+H2b BM
i2`Kb Q7 }2H/ [m�Mi� Q7 i?2B` `2bT2+iBp2 2t+Bi�iBQMbX h?2 ;�m;2 +?�`�+i2` Q7 i?2
ai�M/�`/ JQ/2H BM/B+�i2b i?�i i?2 G�;`�M;B�M- Q` Bib T?vbB+�H bi�i2- bi�vb BMp�`B�Mi
mM/2` HQ+�H i`�Mb7Q`K�iBQMb `2T`2b2Mi2/ #v +2`i�BM GB2 ;`QmTbX
h?2 �7Q`2K2MiBQM2/ }2H/b +�M #2 +H�bbB}2/ �++Q`/BM; iQ i?2B` BMi2`M�H �M;mH�`
KQK2MimK UbTBMV- BM mMBib Q7 ~- �b bTBM@12 72`KBQMb UQ` ǴK�ii2`@}2H/bǴV- bTBM@1
#QbQMb UQ` ǴBMi2`�+iBQM }2H/bǴV �M/ i?2 >B;;b #QbQM rBi? bTBM yX 6B;m`2 kXR ;Bp2b
� b+?2K�iB+ Qp2`pB2r Q7 i?2 ir2Hp2 72`KBQMb- }p2 #QbQMb �b r2HH �b i?2 i?`22
7mM/�K2Mi�H 7Q`+2b 2M+QKT�bb2/ BM i?2 ai�M/�`/ JQ/2HX

d
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6B;m`2 kXR, h?2 2H2K2Mi�`v T�`iB+H2b �M/ 7Q`+2@+�``B2`b Q7 i?2 ai�M/�`/ JQ/2H-
b?QrM rBi? bQK2 Q7 i?2B` T`QT2`iB2b �M/ b+?2K�iB+�HHv �HHQ+�i2/ iQ i?2 `2bT2+iBp2
BMi2`�+iBQMbX h�F2M 7`QK (N)X

62`KBQMb
�b K2MiBQM2/ �#Qp2- 72`KBQMb �`2 bTBM@12 T�`iB+H2b �M/ i?2`27Q`2 `2bT2+i i?2 S�mHB
2t+HmbBQM T`BM+BTH2 �++Q`/BM; iQ i?2 bTBM@bi�iBbiB+b i?2Q`2K (Ry)X h?2 ai�M/�`/
JQ/2H /2b+`B#2b � iQi�H Q7 ir2Hp2 72`KBQMb- 7m`i?2` bm#@+H�bbB}2/ BMiQ H2TiQMb �M/
[m�`FbX h?2`2 �`2 bBt H2TiQMb- �HH +�``vBM; � r2�F BbQbTBM �M/ i?`22 �//BiBQM�HHv
+�``vBM; �M 2H2+i`B+ +?�`;2, i?2 2H2+i`QM UeV- KmQM UµV �M/ i?2 i�m U⌧VX h?2b2 �`2
?2�pv +QKT�`2/ iQ i?2B` K�bbH2bbR M2mi`BMQ +QmMi2`T�`ib ⌫e- ⌫µ �M/ ⌫⌧ X
AM �//BiBQM- i?2`2 �`2 bBt ivT2b Q7 [m�`Fb, mT UmV- /QrM U/V- +?�`K U+V- bi`�M;2
UbV- iQT UiV- #QiiQK U#VX h?2b2 �`2 K�bbBp2 T�`iB+H2b +�``vBM; 7`�+iBQM�H 2H2+i`B+�H
+?�`;2bX lT- +?�`K �M/ iQT [m�`Fb �`2 �HbQ `272``2/ iQ �b mT@ ivT2 [m�`Fb- b?�`BM;
�M 2H2+i`B+�H +?�`;2 Q7 Y2

3 X GBF2rBb2- i?2 /QrM- bi`�M;2 �M/ #QiiQK [m�`Fb �`2
`272``2/ iQ �b /QrM@ivT2 [m�`Fb rBi? �M 2H2+i`B+�H +?�`;2 Q7 @13 X �HH [m�`Fb +�``v
� r2�F BbQbTBM �b r2HH �b � +QHQ` +?�`;2- i?2 H�ii2` #2BM; 7m`i?2` /Bb+mbb2/ BM i?2
7QHHQrBM; b2+iBQMX
�HH 72`KBQMb ?�p2 �M �MiB@T�`iB+H2 Q7 b�K2 K�bb #mi QTTQbBi2 [m�MimK MmK#2`bX
"Qi? [m�`Fb �M/ H2TiQMb +�M #2 7m`i?2` bTHBi mT BMiQ T�B`b `272``2/ iQ �b ;2M2`@
�iBQMbX �b 7Q` i?2 [m�`Fb- i?2b2 T�B`b +QMbBbi Q7 QM2 mT@ivT2 �M/ QM2 /QrM@ivT
[m�`F- r?2`2�b QM2 +?�`;2/ H2TiQM T�`iB+H2 �M/ Bib +Q``2bTQM/BM; M2mi`BMQ 7Q`K

RAM i?2 +m``2Mi ai�M/�`/ JQ/2H Q7 S�`iB+H2 S?vbB+b- M2mi`BMQb �`2 /2}M2/ �b K�bbH2bb T�`iB@
+H2bX >Qr2p2`- MmK2`Qmb 2tT2`BK2Mib bm;;2bi i?�i M2mi`BMQb BM 7�+i TQbb2bb � bK�HH K�bb #�b2/
QM i?2 Q#b2`p�iBQMb Q7 M2mi`BMQ Qb+BHH�iBQMb (RR- Rk)X aBM+2 i?2 mM/2`HvBM; K2+?�MBbK ?�b MQi
v2i #22M 7mHHv mM/2`biQQ/- i?2v �`2 biBHH `272``2/ iQ �b K�bbH2bb BM i?2 aJX



*>�Sh1_ kX h>1P_1hA*�G 6PlL.�hAPL N

� H2TiQM@;2M2`�iBQMX aBM+2 i?2 `2bT2+iBp2 T�`iB+H2b Q7 2�+? ;2M2`�iBQM bm`T�bb i?2
K�bb Q7 Bib T`2/2+2bbQ`- i?2 }`bi ;2M2`�iBQM Bb bi�#H2 BM i?2 b2Mb2 i?�i Bib T�`iB+H2b
K�F2 mT �HH Q`/BM�`v U#�`vQMB+V K�ii2`X h?Bb rQmH/ #2 `2T`2b2Mi2/ #v �M mT �M/
/QrM [m�`F T�B` �b r2HH �b �M 2H2+i`QM �M/ ⌫e T�B`X

"QbQMb
h?2 ai�M/�`/ JQ/2H vB2H/b � /2b+`BTiBQM Q7 i?`22 7mM/�K2Mi�H 7Q`+2b, i?2 2H2+@
i`QK�;M2iB+ 7Q`+2 UZ1.V- i?2 r2�F Mm+H2�` 7Q`+2 �M/ i?2 bi`QM; Mm+H2�` 7Q`+2
UZ*.VX h?2B` �+iBQM Bb BMi2`T`2i2/ �b i?2 2t+?�M;2 Q7 ;�m;2 #QbQMb- `272``2/ iQ
�b 7Q`+2@K2/B�iBM; T�`iB+H2b- #2ir22M irQ BMi2`�+iBM; T�`iB+H2bX h?2v +�``v �M BM@
bi`BMbB+ �M;mH�` KQK2MimK Q7 RX
h?2 2H2+i`QK�;M2iB+ 7Q`+2 Bb K2/B�i2/ #v i?2 K�bbH2bb T?QiQM U�VX h?2 bi`QM;
Mm+H2�` 7Q`+2 Bb K2/B�i2/ #v ;HmQMb U;V- r?B+? �`2 K�bbH2bb T�`iB+H2b +�``vBM; �M
BMi`BMbB+ +QHQ` +?�`;2X aBM+2 #Qi? TQbb2bb � p�MBb?BM; K�bb- i?2B` K2/B�iBQM `�M;2
Bb BM/2}MBi2X h?2 K2/B�iQ`b Q7 i?2 r2�F Mm+H2�` 7Q`+2 �`2 i?2 W�- W+ �M/ Z0X
PTTQb2/ iQ i?2 irQ T`2+2/BM; #QbQMb- i?2b2 �`2 K�bbBp2 T�`iB+H2b �M/ i?2`27Q`2
`2bi`B+i2/ BM i?2B` K2/B�iBQM `�M;2 �++Q`/BM; iQ >2Bb2M#2`;Ƕb mM+2`i�BMiv T`BM+BTH2
(Rj)X G�biHv- i?2 >B;;b #QbQM- � K�bbBp2 bTBM@y T�`iB+H2- ;Bp2b � T?vbB+�H /2b+`BT@
iBQM r?v bQK2 2H2K2Mi�`v T�`iB+H2b +�``v K�bb �M/ Qi?2`b @ T?QiQMb �M/ ;HmQMb @
/Q MQiX

kXk Zm�MimK *?`QKQ/vM�KB+b
Zm�MimK *?`QKQ/vM�KB+b UZ*.V Bb i?2 [m�MimK }2H/ i?2Q`v /2b+`B#BM; i?2
bi`QM; Mm+H2�` 7Q`+2X aBKBH�` iQ i?2 2H2+i`QK�;M2iB+ 7Q`+2 `2[mB`BM; �M 2H2+i`B+
+?�`;2- Z*. QMHv �TTHB2b iQ [m�`Fb �M/ ;HmQMb- �HbQ `272``2/ iQ �b T�`iQMb- bBM+2
i?2v +�``v � +QHQ` +?�`;2X h?2 +?�`;2 +�M #2 H�#2H2/ �b `2/ U`V- ;`22M U;V Q` #Hm2
U#V- r?2`2�b �MiB@[m�`Fb +�``v �M �MiB@+QHQ` Ur̄-ḡ-b̄VX
:Bp2M i?�i #Qi? BMi2`�+iBM; T�`iB+H2b �M/ 7Q`+2@K2/B�iBM; #QbQMb +�``v � +QHQ`
+?�`;2- bi`QM; BMi2`�+iBQMb �`2 7mM/�K2Mi�HHv /Bz2`2Mi 7`QK i?2 2H2+i`QK�;M2iB+
Q` r2�F 7Q`+2X aBM+2 Z*. b?Qrb �M BMi`BMbB+ BMp�`B�M+2 mM/2` HQ+�H T?�b2 i`�Mb7Q`@
K�iBQMb Q7 i?2 alUjV bvKK2i`v ;`QmT- Bi Bb /2+H�`2/ � MQM@�#2HB�M ;�m;2 i?2Q`vX
h?Bb 2M�#H2b ;HmQMb MQi QMHv iQ BMi2`�+i rBi? [m�`Fb #mi 7m`i?2`KQ`2 �HHQrb 7Q`
;HmQM b2H7@BMi2`�+iBQMbX
6Q` `2�bQMb MQi v2i �M�HviB+�HHv T`Qp2M- MQ Q#b2`p�iBQMb Q7 � bBM;H2 T�`iQM r2`2
K�/2 iQ /�i2X AM 7�+i- [m�`Fb �`2 M�im`�HHv 7QmM/ BM #QmM/ bi�i2b `272``2/ iQ
�b ?�/`QMbX JQ`2 bT2+B}+�HHv- bvbi2Kb Q7 i?`22 [m�`Fb �`2 M�K2/ #�`vQMb- r?BH2
K2bQMb �`2 +QKTQb2/ Q7 � [m�`F �M/ �M �MiB@[m�`FX h?2 KQbi r2HH@FMQrM #�`vQM
Bb i?2 T`QiQM- +QKTQbBi2/ Q7 irQ mT �M/ QM2 /QrM [m�`FX Ai Bb 7m`i?2`KQ`2 i?2
QMHv bi�#H2 #�`vQM- r?2`2 BM +QMi`�bi �HH K2bQMb �`2 BM?2`2MiHv mMbi�#H2X "QmM/
bi�i2b �`2 � +QMb2[m2M+2 Q7 i?2 7�+i i?�i +QHQ`2/ Q#D2+ib �Hr�vb b22F +QHQ` bBM;H2i
bi�i2b BM Q`/2` iQ T`QT�;�i2 7`22Hv- BKTHvBM; � M2i Q7 x2`Q +QHQ` +?�`;2X h?Bb T?2@
MQK2MQM Bb `272``2/ iQ �b +QHQ` +QM}M2K2Mi �M/ Bib Q`B;BM Bb �bbmK2/ iQ HB2 BM i?2
b2H7@BMi2`�+iBM; +?�`�+i2` Q7 i?2 ;HmQMbX
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� bB;MB}+�Mi +?�`�+i2`BbiB+ Q7 Z*.- r?B+? bi�M/b BM bi�`F +QMi`�bi iQ +QHQ` +QM@
}M2K2Mi- Bb TQb2/ #v i?2 +QM+2Ti `272``2/ iQ �b �bvKTiQiB+�H 7`22/QKX Ai /2b+`B#2b
i?2 `2H�iBQM #2ir22M i?2 bi`QM; +QmTHBM; +QMbi�Mi ↵s- r?B+? /2MQi2b i?2 bi`2M;i?
Q7 7Q`+2 2t2`i2/ BM � bi`QM; BMi2`�+iBQM- �M/ i?2 KQK2MimK i`�Mb72` Q #2ir22M
i?2 BMi2`�+iBM; T�`iB+H2bX >2`2- ↵s Bb MQi +QMbi�Mi #mi `�i?2` � 7mM+iBQM Q7 Q @
� T2+mHB�`Biv Q`B;BM�iBM; BM i?2 +QMi`B#miBQM Q7 ?B;?2` Q`/2` 62vMK�M /B�;`�KbX
AM HQr@Q `2;BK2b- ↵s Bb Q7 Q`/2` O(1) #mi #2+QK2b �bvKTiQiB+�HHv bK�HH2` 7Q` BM@
+`2�bBM; i`�Mb72` Q7 KQK2MimK Q` /2+`2�bBM; H2M;i? b+�H2bX >2M+2- T�`iQMb +�M
#2 �TT`QtBK�i2/ iQ [m�bB@7`22 T�`iB+H2b mM/2` i?2b2 +QM/BiBQMbX

kXj S`QiQM@S`QiQM *QHHBbBQMb
kXjXR C2i 6Q`K�iBQM
AM �++Q`/�M+2 rBi? +QHQ` +QM}M2K2Mi- T�`iQMb +�M MQi #2 /2i2+i2/ �b 7`22 T�`iB@
+H2bX AMbi2�/- ;HmQMb �M/ [m�`Fb H2�p2 �M 2tT2`BK2Mi�H bB;M�im`2 BM /2i2+iQ`b BM
i?2 7Q`K Q7 � p�`B2iv Q7 +QHQ`@M2mi`�H Q#D2+ib- +QHH2+iBp2Hv `272``2/ iQ �b D2ibX h?2b2
�`2 +QHHBK�i2/ T�`iB+H2 bT`�vb- K�BMHv +QMbiBimi2/ Q7 ?�/`QMb #mi �HbQ H2TiQMb �M/
T?QiQMbX � #`B27 /2b+`BTiBQM Q7 i?2 7Q`K�iBQM Q7 D2ib BM T`QiQM@T`QiQM +QHHBbBQMb
rBHH #2 ;Bp2M BM i?2 7QHHQrBM;- rBi? `272`2M+2 iQ /2b+`BTiBQMb ;Bp2M #v (R9- R8)X

6B;m`2 kXk, a2H2+iBQM Q7 62vMK�M /B�;`�Kb 7Q` bm#@T`Q+2bb2b `2bTQMbB#H2 7Q` irQ@
D2i T`Q/m+iBQM BM T`QiQMĜT`QiQM +QHHBbBQMbX "Qi? ŝ �M/ t̂@+?�MM2H /B�;`�Kb �`2
b?QrM BM /Bz2`2Mi +QK#BM�iBQMb Q7 BMBiB�H@ �M/ }M�H@bi�i2 T�`iQMbX

AM i?2 T`2+2/BM; b2+iBQM- T`QiQMb r2`2 BMi`Q/m+2/ �b +Hmbi2`b Q7 [m�`Fb �M/ ;Hm@
QMb #QmM/ iQ;2i?2` iQ 7Q`K � +QHQ`@M2mi`�H T�`iB+H2X 6QHHQrBM; i?Bb /2b+`BTiBQM- �
T`QiQM +�M #2 i?Qm;?i Q7 �b � #�; Q7 T�`iQMb- bm;;2biBM; i?�i � T`QiQM@T`QiQM +QH@
HBbBQM Bb iQ #2 mM/2`biQQ/ �b �M BMi2`�+iBQM #2ir22M i?2B` +QMbiBim2MibX q?2M irQ
?B;?@2M2`;v T�`iQMb +QHHB/2- � ?B;?@Z BMi2`�+iBQM #2ir22M i?2K Q++m`b- `272``2/ iQ
�b � ?�`/ b+�ii2`BM; T`Q+2bbX AM � ?�`/ b+�ii2`BM; T`Q+2bb- KQbiHv bi�M/�`/ Z*.
T`Q+2bb2b Q++m` bm+? �b i?Qb2 b?QrM BM 6B;m`2 kXkX �Hi2`M�iBp2Hv- � b?Q`i@HBp2/
`2bQM�M+2 T�`iB+H2 +QmH/ #2 +`2�i2/ r?B+? KB;?i H�i2` /2+�v #�+F iQ irQ T�`iQMbX
h?2 FBM2K�iB+b Q7 2�+? Q7 i?2 BM+QKBM; T�`iQMb Bb r2HH@/2}M2/ #v � S�`iQM .Bbi`B@
#miBQM 6mM+iBQM US.6V rBi? `2bT2+i iQ i?2 KQK2MimK Q7 Bib Q`B;BM�iBM; T`QiQMX
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6B;m`2 kXj, AHHmbi`�iBQM Q7 i?2 D2i 7Q`K�iBQM `2bmHiBM; 7`QK � T`QiQM@T`QiQM +QHHB@
bBQMX h?2 ?�`/ b+�ii2`BM; T`Q+2bb gg ! gg Bb b?QrM BM v2HHQrX h?2 mM/2`HvBM;
2p2Mi Bb /2TB+i2/ BM #Hm2 +QHQ`X AMBiB�H ai�i2 _�/B�iBQM UAa_V 7`QK i?2 BM+QKBM;
T�`iQMb �M/ 6BM�H ai�i2 _�/B�iBQM U6a_V 7`QK i?2 Qmi;QBM; T�`iQMb Bb b?QrM BM
TBMFX �//BiBQM�H T�`iQM T`Q/m+iBQM Bb b?QrM BM ;`22MX h?2 ?�/`QMBx�iBQM T`Q+2bb
Bb BM/B+�i2/ #v ;`2v 2HHBTbBb �M/ i?2 `2bmHiBM; ?�/`QMb �`2 b?QrM BM `2/X h?Bb
};m`2 Bb �/�Ti2/ 7`QK (R8)X

S.6Ƕb ;Bp2 i?2 T`Q#�#BHBiv iQ }M/ T�`iQMb BM � ?�/`QM �b � 7mM+iBQM Q7 i?2 7`�+iBQM
t Q7 i?2 T`QiQMǶb KQK2MimK +�``B2/ #v i?2 `2bT2+iBp2 T�`iQMX
AM �//BiBQM iQ � ?�`/ b+�ii2`BM; T`Q+2bb- MmK2`Qmb Qi?2` T`Q+2bb2b Q++m` �HQM; �
T�`iQM@T�`iQM +QHHBbBQM- 7m`i?2` +QMi`B#miBM; iQ i?2 +QKTQbBiBQM Q7 i?2 `2bmHiBM;
D2iX �++2H2`�i2/ BM+QKBM; T�`iQMb �`2 HBF2Hv iQ `�/B�i2 T�`iB+H2b bm+? �b T?QiQMb
Q` ;HmQMb- `2bmHiBM; BM AMBiB�H ai�i2 _�/B�iBQM UAa_VX h?2 b�K2 ?QH/b i`m2 7Q`
i?2 Qmi;QBM; T�`iB+H2b- 7Q`KBM; i?2 6BM�H ai�i2 _�/B�iBQM U6a_VX 6Q` bm{+B2MiHv
?B;? 2M2`;B2b- T�`iB+H2b `2bmHiBM; 7`QK i?2b2 BMi2`�+iBQMb +�M bTHBi BMiQ �//BiBQM�H
T�`iQMb 2KBii2/ �HQM; i?2 BMBiB�H ~B;?i /B`2+iBQM U2X;X g ! gg- g ! qq̄VX h?Bb
`2bmHib BM � +�b+�/2 Q7 M�``Qr@+QM2/ T�`iQM b?Qr2`b- T`QT�;�iBM; BM i?2 �TT`QtB@
K�i2 /B`2+iBQM Q7 i?2 Q`B;BM�H T�`iQMX AMi2`�+iBQMb Q7 T�`iQMb MQi BMpQHp2/ BM i?2
?�`/@b+�ii2`BM; T`Q+2bb �`2 +QHH2+iBp2Hv `272``2/ iQ �b i?2 mM/2`HvBM; 2p2MiX
PM+2 i?2 T�`iQMb b2T�`�i2 7m`i?2` �7i2` i?2 +QHHBbBQM �M/ `2�+? HQr2` 2M2`;B2b-
i?2 Z*. +QmTHBM; bi`2M;i? BM+`2�b2b- K�FBM; i?2K MQ HQM;2` �bvKTiQiB+�HHv 7`22X
�i i?Bb TQBMi +QHQ` +QM}M2K2Mi i�F2b Qp2`- +Hmbi2`BM; i?2 T�`iQMb iQ;2i?2` BM
+QHQ` bBM;H2i bi�i2b- � T`Q+2bb `272``2/ iQ �b ?�/`QMBx�iBQMX h?mb- 2�+? b?Qr2`
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Q7 �//BiBQM�HHv T`Q/m+2/ T�`iQMb MQr 7Q`Kb � +QHHBK�i2/ b?Qr2` Q7 ?�/`QMb BM
i?2 /B`2+iBQM Q7 Bib BMBiB�iQ`X h?Bb +Hmbi2`2/ ;`QmT Q7 ?�/`QMb Bb +�HH2/ � D2iX �
b+?2K�iB+ BHHmbi`�iBQM Q7 i?2 7Q`K�iBQM Q7 D2ib 7`QK � gg ! gg ?�`/ b+�ii2`BM;
T`Q+2bb Bb ;Bp2M BM 6B;m`2 kXjX

kXjXk >�/`QM *QHHBbBQM EBM2K�iB+b
h?Bb i?2bBb 7Q+mb2b QM 2p2Mib Q`B;BM�iBM; BM ?�/`QM@?�/`QM +QHHBbBQMbX hQ �HHQr
7Q` �++m`�i2 T?vbB+�H /2b+`BTiBQMb- i?Bb b2+iBQM rBHH ;Bp2 #`B27 /2}MBiBQMb Q7 i?2
mM/2`HvBM; FBM2K�iB+b �M/ �bbQ+B�i2/ p�`B�#H2b 7QHHQrBM; (Re- Rd)X .m2 iQ i?2
T�`iB+mH�i2 M�im`2 Q7 ?�/`QMb- � +QHHBbBQM Bb BMi2`T`2i2/ �b �M BMi2`�+iBQM #2ir22M
i?2 `2bT2+iBp2 T�`iQMb Q7 2�+? ?�/`QMX h?2 FBM2K�iB+b Q7 bm+? �M 2p2Mi +�M #2
7mHHv /2b+`B#2/ #v i?2 7`�+iBQMb Q7 KQK2MimK x1- x2 Q7 i?2 T�`iQMb rBi? `2bT2+i
iQ i?2B` Q`B;BM�iBM; ?�/`QM �M/ i?2 i`�Mb72` Q7 KQK2MimK QX
�i +QHHB/2`b HBF2 i?2 G>*- +QHHBbBQMb i�F2 TH�+2 BM i?2 +2Mi2`@Q7@K�bb U*PJV 7`�K2
Q7 i?2 T`QiQM@T`QiQM@bvbi2K r?B+? /Bz2`b 7`QK i?2 *PJ@7`�K2 Q7 i?2 +QHHB/BM;
T�`iQMbX >2M+2- BM T`Q+2bb2b bm+? �b pp ! k D2ib Y s- i?2 }M�H D2ib �`2 #QQbi2/
HQM;Bim/BM�HHv `2H�iBp2 iQ i?2 H�# 7`�K2X h?Bb Bb �HbQ `272``2/ iQ �b i?2 #2�K �tBb-
+QMp2MiBQM�HHv /2}M2/ �b i?2 x@�tBb Q7 i?2 H�#@7`�K2X �b � `2bmHi- ?B;?@2M2`;v
2tT2`BK2Mib i2M/ iQ mb2 FBM2K�iB+ p�`B�#H2b BMp�`B�Mi mM/2` #QQbib �HQM; i?2
#2�K �tBb- M�K2Hv i`�Mbp2`b2 KQK2MimK pT - `�TB/Biv y �M/ i?2 �xBKmi?�H �M;H2
�X
h?2 +QKTQM2Mi Q7 KQK2MimK BM i?2 TH�M2 i`�Mbp2`b2 iQ i?2 #2�K �tBb 7Q` � D2i
/2}M2/ #v i?2 7Qm`@p2+iQ` UE, px, py, pzV Bb ;Bp2M #v

pT =
q
p2x + p2y. UkXRV

hQ 7mHHv /2b+`B#2 i?2 +`Qbb@b2+iBQM Q7 i?2 BMi2`�+iBQM- i?2 D2i �M;H2b `2H�iBp2 iQ i?2
#2�K �tBb �`2 /2b+`B#2/ #v i?2 `�TB/Biv

y =
1

2
ln

✓
E + pz
E � pz

◆
, UkXkV

r?2`2 1 �M/ pz /2MQi2 i?2 D2i 2M2`;v �M/ KQK2MimK �HQM; i?2 #2�K �tBbX
h?2 BMp�`B�Mi K�bb Q7 � D2i- `272``2/ iQ �b D2i K�bb- Bb /2}M2/ #v i?2 D2i +QMbiBim2Mib
�M/ /Bz2`b 7`QK i?2 K�bb Q7 i?2 T`BK�`v T�`iQMX AM ?B;?@2M2`;v BMi2`�+iBQMb- i?2
D2i K�bb Bb M2;HB;B#H2 +QKT�`2/ iQ Bib 2M2`;v- vB2H/BM; i?2 bQ@+�HH2/ Tb2m/Q`�TB/Biv

⌘ = � ln
�
tan

⇥

2

�
, UkXjV

�M �TT`QtBK�iBQM Q7 i?2 `�TB/Biv y- r?2`2 ⇥ /2MQi2b i?2 TQH�` �M;H2X
G�biHv- i?2 `2H�iBp2 �M;mH�` b2T�`�iBQM #2ir22M irQ T�`iB+H2b BM i?2 U⌘,�V@TH�M2 Bb
/2}M2/ �b

�R =
p

(��)2 + (�⌘)2. UkX9V
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kX9 "2vQM/ i?2 ai�M/�`/ JQ/2H
.2bTBi2 i?2 ;`�M/ bm++2bb Q7 i?2 ai�M/�`/ JQ/2H BM T`2/B+iBM; �M/ 2tTH�BMBM; �
p�`B2iv Q7 7mM/�K2Mi�H T`Q+2bb2b �M/ T�`iB+H2b BM i?2 mMBp2`b2- Bi Bb �M BM+QKTH2i2
i?2Q`vX h?Bb b2+iBQM �BKb �i ;BpBM; � #`B27 Qp2`pB2r Q7 bQK2 Q7 i?2 KQbi bB;MB}+�Mi
b?Q`i+QKBM;b Q7 i?Bb i?2Q`2iB+�H 7`�K2rQ`FX

h?2 KQbi +QMbB/2`�#H2 ~�r Q7 i?2 ai�M/�`/ JQ/2H Bb Bib BM+QKT�iB#BHBiv rBi? i?2
i?2Q`v Q7 ;2M2`�H `2H�iBpBiv- ?2M+2 H�+FBM; � /2b+`BTiBQM Q7 i?2 ;`�pBi�iBQM�H 7Q`+2X
6Q` 2M2`;B2b #2HQr i?2 SH�M+F b+�H2 U⇠1016 h2oV- ;`�pBi�iBQM�H BMi2`�+iBQMb �`2
bB;MB}+�MiHv r2�F2` i?�M i?Qb2 Q7 Qi?2` 7Q`+2b �M/ +�M i?2`27Q`2 #2 M2;H2+i2/X
>Qr2p2`- �TT`Q�+?BM; i?2 SH�M+F b+�H2- i?2 bi`2M;i? Q7 ;`�pBiv #2+QK2b +QKT�@
`�#H2 iQ i?2 i?`22 `2K�BMBM; 7mM/�K2Mi�H 7Q`+2b �M/ 2z2+ib Q7 [m�MimK ;`�pBiv
+�M MQ HQM;2` #2 M2;H2+i2/ (R3)X �i i?Bb TQBMi- i?2 ai�M/�`/ JQ/2H #`2�Fb /QrM-
H2�pBM; MQ 7m`i?2` 2tTH�M�iBQM 7Q` i?2 BMi2`�+iBQMbX
�MQi?2` b?Q`i+QKBM; Q7 i?2 aJ Bb `2H�i2/ iQ i?2 K�bb Q7 M2mi`BMQbX AM i?2 ai�M@
/�`/ JQ/2H i?2b2 �`2 TQbimH�i2/ �b K�bbH2bb T�`iB+H2b bm+? �b T?QiQMbX >Qr2p2`-
i?2 /Bb+Qp2`v Q7 M2mi`BMQb Qb+BHH�iBM; #2ir22M H2TiQM ~�pQ`b BM/B+�i2b i?�i i?2v BM
7�+i TQbb2b � MQM@p�MBb?BM; K�bb (RR- RN)- r?B+? ?�b MQi v2i #22M 7mHHv 2tTH�BM2/
#v i?2 ai�M/�`/ JQ/2HX
� 7m`i?2` F2v /2}+B2M+v Q7 i?2 ai�M/�`/ JQ/2H Bb Bib H�+FBM; �#BHBiv iQ ;Bp2 �M
2tTH�M�iBQM Q7 /�`F K�ii2`- /2bTBi2 i?2 +QKT2HHBM; 2tT2`BK2Mi�H 2pB/2M+2 7Q` Bib
2tBbi2M+2X hQ /�i2- /�`F K�ii2` biBHH `2K�BMb �M 2MB;K� iQ b+B2M+2 �M/ MQ /B`2+i
2tT2`BK2Mi�H 2pB/2M+2 ?�b v2i #22M 7QmM/ iQ bmTTQ`i i?2 i?2Q`2iB+�H 2tTH�M�iBQMbX
h?2 7QHHQrBM; b2+iBQM rBHH ;Bp2 � #`B27 bmKK�`v Q7 i?2 2tBbiBM; 2pB/2M+2 �M/ KQ/@
2`M �TT`Q�+?2bX
AM RNjj- arBbb �bi`QT?vbB+Bbi 6`Bix wrB+Fv Q#b2`p2/ i?�i i?2 `Qi�iBQM +m`p2b Q7
;�H�tB2b BM i?2 *QK� +Hmbi2` �`2 MQi BM �HB;MK2Mi rBi? T`2/B+iBQMb K�/2 #v i?2
L2riQMB�MfE2TH2`B�M ;`�pBi�iBQM H�r (R)X lM/2` i?2 �bbmKTiBQM i?�i QMHv HmKB@
MQmb K�ii2` �++QmMib 7Q` i?2 iQi�H K�bb Q7 i?2b2 ;�H�tB2b- ?2 2biBK�i2/ i?2 p2HQ+Biv
/BbT2`bBQM Q7 ;�H�tB2b BM *QK� iQ #2 ⇠ 80 kms�1X am`T`BbBM;Hv- ?2 Q#b2`p2/ p2@
HQ+BiB2b irQ Q`/2`b Q7 K�;MBim/2 H�`;2` i?�M ?Bb +�H+mH�iBQM- BM/B+�iBM; i?�i i?2
+Hmbi2` Kmbi +QMi�BM KQ`2 K�bb i?�M Bb Q#b2`p2/X wrB+Fv i2`K2/ i?Bb mMb22M
MQM@HmKBMQmb K�bb �b /mMFH2 K�i2`B2 U/�`F K�ii2`VX aBM+2 i?2M- MmK2`Qmb bm+?
Q#b2`p�iBQMb r2`2 K�/2- �HH bmTTQ`iBM; i?2 ?vTQi?2bBb i?�i i?2 �KQmMib Q7 pBbB#H2
K�bb �`2 MQi BM �HB;MK2Mi rBi? i?2 +m``2Mi bi�i2 Q7 i?2 mMBp2`b2 (kyĜkk)X
.�`F K�ii2` +QMbiBimi2b � bm#bi�MiB�H +QMi`B#miBQM iQ i?2 7Q`K�iBQM �M/ bi�#BHBiv
Q7 bi`m+im`2b BM i?2 mMBp2`b2 (kj)X AM KQ/2`M �TT`Q�+?2b- Bi Bb /2}M2/ BM i?`22
7�KBHB2b �++Q`/BM; iQ Bib ivTB+�H p2HQ+Biv BM i?2 mMBp2`b2, ?Qi- r�`K �M/ +QH/X
*�M/B/�i2b 7Q` ?Qi U>.JV �M/ r�`K Uq.JV /�`F K�ii2` T�`iB+H2b �`2 T`2/QKB@
M�MiHv TQb2/ #v `2H�iBpBbiB+ HB;?i M2mi`BMQb �M/ bi2`BH2 M2mi`BMQb- `2bT2+iBp2Hv (k9)X
q?BH2 i?2 H�ii2` biBHH `2K�BMb � p�HB/ +�M/B/�i2- Q#b2`p�iBQMb 7`QK i?2 +QbKB+ KB@
+`Qr�p2 #�+F;`QmM/ U*J"V ?�p2 b?QrM i?�i i?2 K�bb Q7 Q#b2`p2/ M2mi`BMQb �HQM2
+�M MQi �++QmMi 7Q` i?2 2MiB`2iv Q7 TQbimH�i2/ /�`F K�ii2` (k8)(ke)X
h?2 +m``2Mi bi�M/�`/ +QbKQHQ;B+�H KQ/2H- i2`K2/ i?2 ⇤CDM- Bb #�b2/ QM i?2
+QM+2Ti Q7 +QH/ /�`F K�ii2` U*.JV +QMbiBimi2/ Q7 bHQr- MQM@`2H�iBpBbiB+ T�`iB+H2bX
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⇤ 7m`i?2` /2MQi2b i?2 MQM@p�MBb?BM; +QbKQHQ;B+�H +QMbi�Mi BM ;2M2`�H `2H�iBpBiv
r?B+? `2T`2b2Mib /�`F 2M2`;vX h?Bb KQ/2H T`2/B+ib i?�i #�`vQMB+ K�ii2` QMHv �+@
+QmMib 7Q` 8W Q7 i?2 iQi�H 2M2`;v@K�ii2` /2MbBiv BM i?2 mMBp2`b2- rBi? /�`F K�ii2`
7m`i?2` +QMi`B#miBM; kjW �M/ /�`F 2M2`;v dkW `2bT2+iBp2HvX
.2bTBi2 i?2 Qp2`r?2HKBM; 2pB/2M+2 TQBMiBM; iQr�`/b i?2 2tBbi2M+2 Q7 /�`F K�ii2`-
i?2 ai�M/�`/ JQ/2H vB2H/b MQ bmBi�#H2 +�M/B/�i2 7Q` Bib 2tTH�M�iBQM- ;BpBM; `Bb2 iQ
7m`i?2` 2ti2MbBQMb Q7 �M/ i?2Q`B2b #2vQM/ i?2 ai�M/�`/ JQ/2HX h?2b2 bm;;2bi i?�i
/�`F K�ii2` Bb KQbi@HBF2Hv T�`iB+mH�i2- K�bbBp2- 2H2+i`B+�HHv M2mi`�H �M/ BMi2`�+ib
pB� i?2 ;`�pBi�iBQM�H 7Q`+2 (kd)X � r2HH@bmBi2/ *.J +�M/B/�i2- b�iBb7vBM; i?2b2
`2[mB`2K2Mib- Bb i2`K2/ i?2 q2�FHv AMi2`�+iBM; J�bbBp2 S�`iB+H2 UqAJSVX Ai +�M
#2 b?QrM i?�i bm+? T�`iB+H2 rBi? � K�bb BM i?2 :2o@h2o `�M;2 �M/ r2�F@b+�H2
+QmTHBM;b +QmH/ #2 �#H2 iQ T`Q/m+2 i?2 /�`F K�ii2` �#mM/�M+2 Q#b2`p2/ iQ/�v
(k3)X
�b i?2B` r2�FHv BMi2`�+iBM; M�im`2 BM/B+�i2b- i?2b2 T�`iB+H2b rQmH/ #2 �#H2 iQ BM@
i2`�+i rBi? ai�M/�`/ JQ/2H T�`iB+H2b- �HHQrBM; 7Q` i?2B` T`Q/m+iBQM BM T�`iB+H2
+QHHB/2`b bm+? �b i?2 G>*X h?2 M2ti b2+iBQM �BKb iQ 7m`i?2` 2tT�M/ i?Bb B/2� �M/
;Bp2 `2�bQM�#H2 �TT`Q�+?2b iQr�`/b i?2 /2i2+iBQM Q7 /�`F K�ii2`X

kX9XR .�`F J�ii2` a2�`+?2b BM S�`iB+H2 *QHHB/2`b
h?2 b2�`+? 7Q` /�`F K�ii2` 2K#Q/B2b QM2 Q7 i?2 K�DQ` `2b2�`+? }2H/b Q7 KQ/@
2`M T�`iB+H2 +QHHB/2` 2tT2`BK2Mib- 2X;X i?2 G>*X lM/2` i?2 �bbmKTiBQM i?�i /�`F
K�ii2` U�V +QmTH2b iQ ai�M/�`/ JQ/2H T�`iB+H2b pB� i?2 r2�F Mm+H2�` 7Q`+2- i?2b2
T�`iB+H2b +QmH/ #2 T`Q/m+2/ BM aJ T�`iB+H2 +QHHBbBQMbX >Qr2p2`- B7 T`Q/m+2/- i?2v
i`�Mbp2`b2 i?2 /2i2+iQ` rBi?Qmi +QMbB/2`�#Hv BMi2`�+iBM; rBi? i?2 #�`vQMB+ /2i2+@
iQ` BMbi`mK2MibX aBM+2 i?Bb K�F2b /B`2+i b2�`+?2b BKTQbbB#H2- i?2 �hG�a 2tT2`B@
K2Mi 7QHHQrb irQ K�BM bi`�i2;B2b 7Q` BM/B`2+i /�`F K�ii2` /2i2+iBQM (kN)X

Z 0

q

q �

�

U�V

Z 0

q

q q

q

U#V

6B;m`2 kX9, 62vMK�M /B�;`�Kb 7Q` r2�F BMi2`�+iBQMb Q7 �M mMFMQrM K2/B�iQ`
T�`iB+H2 Z 0 +QmTHBM; iQ /�`F K�ii2` �M/ aJ T�`iB+H2bX 6B;m`2 U�V /2TB+ib �M
BMi2`�+iBQM i?�i Bb bmBi�#H2 7Q` ǴJQMQ@sǴ b2�`+?- r?2`2�b i?2 BMi2`�+iBQM b?QrM
BM U#V �HHQrb 7Q` /2i2+iBQM Q7 Z 0 pB� Bib /BD2i `2bQM�M+2X

AM � bBKTHB}2/ KQ/2H- i?2 +QmTHBM; #2ir22M /�`F K�ii2` �M/ [m�`Fb Bb 2M�#H2/
i?`Qm;? � r2�F b+�H2 K2/B�iQ` Z 0X aBM+2 Z 0 +QmTH2b iQ #Qi? [m�`Fb �M/ /�`F
K�ii2` T�`iB+H2b- Bi +�M ?2M+27Q`i? /2+�v #�+F BMiQ � T�`iB+H2@�MiBT�`iB+H2@T�B` Q7
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2Bi?2` bQ`iX h?2 }`bi �TT`Q�+? +Qp2`b i?2 +�b2 r?2`2 Z 0 /2+�vb BMiQ � ��̄@T�B`-
QmiHBM2/ BM 6B;m`2 kX9�X aBM+2 i?2 T`Q/m+2/ T�`iB+H2b +�M MQi #2 /B`2+iHv /2i2+i2/-
�M AMBiB�H ai�i2 _�/B�iBQM T�`iB+H2- 2X;X ;HmQM- +QmH/ #�H�M+2 Qmi i?2 KBbbBM;
i`�Mbp2`b2 2M2`;v ET BM i?2 /2i2+iQ`- H2�pBM; � +?�`�+i2`BbiB+ bB;M�im`2 BM i?2
/2i2+iQ`X h?Bb Bb `272``2/ iQ �b ǴJQMQ@sǴ b2�`+?X
�Hi2`M�iBp2Hv- � /2+�v Q7 Z 0 BMiQ � qq̄@T�B`- b?QrM BM 6B;m`2 kX9#- rQmH/ `2bmHi BM
� /BD2i@2p2Mi �b /Bb+mbb2/ BM a2+iBQM kXjXRX Zm�MimK *?`QKQ/vM�KB+b T`2/B+ib
� bKQQi?Hv 7�HHBM; BMp�`B�Mi K�bb /Bbi`B#miBQM 7Q` /BD2i 2p2Mib- /2i2`KBM2/ #v i?2
BMp�`B�Mi K�bb Q7 i?2 irQ ?B;?2bi@KQK2Mi� D2ibX h?mb- D2ib Q`B;BM�iBM; 7`QK �M
b@+?�MM2H T`Q/m+iBQM �b BM 6B;m`2 kX9# rBHH 7Q`K � HQ+�HBx2/ `2bQM�M+2 T2�F BM
i?2 BMp�`B�Mi K�bb bT2+i`mK �i i?2 K2/B�iQ` K�bb mZ0 X h?Bb /2i2+iBQM bi`�i2;v @
?Qr2p2`- MQi �TTHB2/ QM /BD2i 2p2Mib @ ?�b T`Qp2M iQ #2 bm++2bb7mH #27Q`2- �HHQrBM;
7Q` i?2 /Bb+Qp2`v Q7 i?2 >B;;b "QbQM BM kyRk (k)X



*?�Ti2` j

1tT2`BK2Mi�H 6QmM/�iBQM

h?2 �hG�a /2i2+iQ` Bb � H�`;2 ;2M2`�H@Tm`TQb2 T�`iB+H2 /2i2+iQ` HQ+�i2/ �i i?2
G�`;2 >�/`QM *QHHB/2` UG>*V �i *1_L +HQb2 iQ :2M2p�- arBix2`H�M/X aBM+2 Bib
+QKTH2iBQM BM kyy3- i?2 G>* ?�b #22M +QHHB/BM; ?�/`QMb BM Tm`bmBi Q7 p�HB/�iBM;
T`2/B+iBQMb Q7 i?2 ai�M/�`/ JQ/2H �M/ b2�`+?BM; 7Q` T?vbB+b #2vQM/ BiX
h?2 G�`;2 >�/`QM *QHHB/2` Bb BMi`Q/m+2/ BM a2+iBQM jXR- 7QHHQr2/ #v � +QM+Bb2
/2b+`BTiBQM Q7 i?2 �hG�a /2i2+iQ` BM a2+iBQM jXkX G�biHv- i?2 �hG�a i`B;;2` �M/
/�i� �+[mBbBiBQM bvbi2K Bb QmiHBM2/ BM a2+iBQM jXjX JQ`2 /2i�BH2/ /2b+`BTiBQMb Q7
i?2 G>* �M/ �hG�a �`2 T`QpB/2/ BM (jy) �M/ (jR)X

jXR G�`;2 >�/`QM *QHHB/2`
h?2 G>* Bb i?2 rQ`H/Ƕb H�`;2bi T�`iB+H2 �++2H2`�iQ` rBi? � iQi�H +B`+mK72`2M+2 Q7
kd FK HQ+�i2/ �`QmM/ Ryy K mM/2`;`QmM/X �++2H2`�i2/ ?B;?@2M2`;v T`QiQMb +QH@
HB/2 �i 7Qm` /Bz2`2Mi BMi2`�+iBQM TQBMib �HQM; i?2 �++2H2`�iQ` `BM;- r?2`2 /2i2+iQ`b
�`2 HQ+�i2/ Ub22 6B;m`2 jXRVX h?2b2 +�M #2 /BbiBM;mBb?2/ BMiQ ;2M2`�H@Tm`TQb2 /2@
i2+iQ`b @ �hG�a �M/ *Ja @ �M/ KQ`2 bT2xB�HBx2/ /2i2+iQ`b @ �GA*1 �M/ G>*#X
AM i2`Kb Q7 T2`7Q`K�M+2- T�`iB+H2 +QHHB/2`b �`2 ivTB+�HHv +?�`�+i2`Bx2/ #v i?2B`
+2Mi2`@Q7@K�bb 2M2`;v �M/ HmKBMQbBivX h?2 +2Mi2`@Q7@K�bb 2M2`;v p

s `272`b iQ i?2
iQi�H 2M2`;v �p�BH�#H2 iQ i?2 +QHHB/BM; T�`iB+H2b BM i?2B` `2bT2+iBp2 +2Mi2`@Q7@K�bb
7`�K2X .m`BM; Bib b2+QM/ /�i�@i�FBM; T2`BQ/ UkyR8@kyR3V- i?2 G>* `2�+?2/ �M
mMT`2+2/2Mi2/ +2Mi2`@Q7@K�bb 2M2`;v Q7 p

s 4 Rj h2oX AM Q`/2` iQ �ii�BM bm+?
?B;? 2M2`;B2b- i?2 T`QiQMb �`2 b2[m2MiB�HHv �++2H2`�i2/ BM � bvbi2K Q7 /Bz2`2Mi
�++2H2`�iQ`b �b QmiHBM2/ BM 6B;m`2 jXRX h?2 T`2@�++2H2`�i2/ T`QiQMb �`2 BMD2+i2/
BMiQ i?2 K�BM G>* `BM; BM #mM+?2b Q7 mT iQ 1011 T`QiQMb 2p2`v k8 MbX h?2`2- i?2
#mM+?2b �`2 �++2H2`�i2/ BM QTTQbBi2 /B`2+iBQMb iQ i?2B` }M�H p2HQ+BiB2b BM irQ b2T@
�`�i2 p�+mmK im#2b �M/ 2p2Mim�HHv H2�/ iQ +QHHBbBQMb BM i?2 `2bT2+iBp2 /2i2+iQ`bX
� b2+QM/ F2v +?�`�+i2`BbiB+ Q7 � T�`iB+H2 +QHHB/2` Bb ;Bp2M #v i?2 BMbi�Mi�M2Qmb Hm@
KBMQbBiv Linst r?B+? TQb2b � `2H�iBQMb?BT #2ir22M i?2 +`Qbb@b2+iBQM � Q7 � T?vbB+�H
T`Q+2bb �M/ Bib 2p2Mi `�i2 BM +QHHBbBQMb @N

@t

�Linst =
@N

@t
. UjXRV

Re
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6B;m`2 jXR, h?Bb };m`2 b?Qrb � bBKTHB}2/ b+?2K�iB+ /B�;`�K Q7 i?2 G>* �++2H2`@
�iQ` `BM;X h?2 T`QiQMb �`2 T`2@�++2H2`�i2/ #v p�`BQmb �++2H2`�iQ`b BM i?2 7QHHQrBM;
Q`/2`, � HBM2�` �++2H2`�iQ` UGAL�*V- i?2 "QQbi2`- i?2 S`QiQM@avM+?`Qi`QM USaV
�M/ i?2 amT2`@S`QiQM@avM+?`Qi`QM UaSaVX �7i2`r�`/b- i?2v �`2 7m`i?2` �++2H2`@
�i2/ BM i?2 G>* `BM; �M/ H2�/ iQ +QHHBbBQMb BM i?2 /2i2+iQ`b Q7 �hG�a- �GA*1-
G>*# �M/ *JaX h?Bb };m`2 Bb �/�Ti2/ 7`QK (jk)X

AM S�`iB+H2 S?vbB+b- i?2 +`Qbb@b2+iBQM � Q7 �M BMi2`�+iBQM Bb � K2�bm`2 7Q` i?2
[m�MimK@K2+?�MB+�H T`Q#�#BHBiv Q7 Bib Q++m``2M+2X h?2 [m�MiBiv Bb ;Bp2M BM mMBib
Q7 #�`M- r?2`2 R #�`M Bb 2[m�H iQ 10�24cm2X AM i?Bb b2Mb2- T`Q+2bb2b rBi? � HQr
+`Qbb@b2+iBQM Q++m` H2bb 7`2[m2MiHv i?�M i?Qb2 rBi? � H�`;2 +`Qbb@b2+iBQMX
"v BMi2;`�iBM; i?2 BMbi�Mi�M2Qmb HmKBMQbBiv rBi? `2bT2+i iQ iBK2- QM2 Q#i�BMb
i?2 BMi2;`�i2/ HmKBMQbBiv Lint ;Bp2M #v Lint = N

� X AM Q`/2` iQ b2�`+? 7Q` `�`2
2p2Mib rBi? � HQr +`Qbb@b2+iBQM- ?B;? HmKBMQbBiB2b �`2 M22/2/- 2KT?�bBxBM; i?2
BKTQ`i�M+2 Q7 i?Bb [m�MiBiv 7Q` i?2 2tT2`BK2MiX AM T2�F T2`7Q`K�M+2b- i?2 G>*
?�b `2�+?2/ HmKBMQbBiB2b Q7 i?2 Q`/2` Q7 1034 cm�2s�1X

jXk h?2 �hG�a@.2i2+iQ`
h?2 �hG�a@/2i2+iQ` Bb � ;2M2`�H@Tm`TQb2 /2i2+iQ` rBi? � +vHBM/`B+�HHv bvKK2i`B+
;2QK2i`vX Ai K2�bm`2b 99 K BM H2M;i?- k8 K BM /B�K2i2` �M/ �++QmMib 7Q` Qp2` dyyy
i BM K�bbX h?2 /2i2+iQ` mb2b � `B;?i@?�M/2/ +QQ`/BM�i2 bvbi2K r?2`2 i?2 MQKBM�H
BMi2`�+iBQM TQBMi /2i2`KBM2b i?2 Q`B;BM Q7 i?2 +QQ`/BM�i2 bvbi2K �M/ i?2 TQbBiBp2
x@/B`2+iBQM +QBM+B/2b rBi? i?2 #2�K /B`2+iBQM BM �MiB@+HQ+FrBb2 /B`2+iBQMX 6m`i?2`-
i?2 TQbBiBp2 v@/B`2+iBQM TQBMib mTr�`/b �M/ i?2 TQbBiBp2 t@/B`2+iBQM iQr�`/b i?2
+2Mi2` Q7 i?2 G>* `BM;X .m2 iQ Bib ;2QK2i`v- K2�bm`2K2Mib �`2 ;2M2`�HHv 2tT`2bb2/
BM +vHBM/`B+�H +QQ`/BM�i2bX h?2 �xBKmi?�H �M;H2 � Bb K2�bm`2/ �`QmM/ i?2 #2�K
�tBb- r?2`2�b i?2 TQH�` �M;H2 ⇥ /2}M2b i?2 �M;H2 `2H�iBp2 iQ i?2 #2�K TBT2 (jj)X
h?2 �hG�a /2i2+iQ` `2�+?2b � K�tBKmK Tb2m/Q`�TB/Biv Q7 |⌘| 4 9XN- HBKBi2/
#v i?2 #2�K TBT2X AM i2`Kb Q7 /2i2+iBQM BMbi`mK2Mib- �hG�a Bb +QMbiBimi2/ Q7
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6B;m`2 jXk, � b+?2K�iB+ +`Qbb b2+iBQM Q7 i?2 �hG�a /2i2+iQ` rBi? 2KT?�bBb QM
Bib +QM+2Mi`B+�HHv �``�M;2/ bm#@/2i2+iQ`bX h?Bb 6B;m`2 r�b i�F2M 7`QK (j9)X

/Bz2`2Mi bm#/2i2+iQ`b +QM+2Mi`B+�HHv r`�TT2/ �`QmM/ i?2 #2�K �tBbX h?2b2 �`2
;2M2`�HHv +�i2;Q`Bx2/ BMiQ i?2 BMM2` /2i2+iQ`- i?2 +�HQ`BK2i2` bvbi2K �M/ i?2 KmQM
bT2+i`QK2i2`X � b+?2K�iB+ +`Qbb b2+iBQM Q7 i?2 /2i2+iQ` Bb ;Bp2M BM 6B;m`2 jXkX

h?2 AMM2` .2i2+iQ`
h?2 BMM2` /2i2+iQ` +QKT`Bb2b bm#@/2i2+iQ`b BM +HQb2 T`QtBKBiv iQ i?2 BMi2`�+iBQM
TQBMi Q7 i?2 +QHHBbBQMX Ai Bb +QKTQb2/ Q7 � bBHB+QM TBt2H /2i2+iQ`- bBHB+QM KB+`Q@bi`BT
/2i2+iQ` �M/ i`�MbBiBQM@`�/B�iBQM bi`�r@im#2 i`�+F2`X h?2 �``�M;2K2Mi Bb 7m`i?2`
2K#2//2/ BMiQ � kh bmT2`+QM/m+iBM; bQH2MQB/ K�;M2iX >2M+2- +?�`;2/ T�`iB+H2b
i`�p2`bBM; i?2 BMM2` /2i2+iQ` �`2 #2M/ BM i?2B` i`�D2+iQ`v #v i?2 BM/m+2/ GQ`2Mix
7Q`+2X *QK#BM2/ rBi? i?2 }M2 ;`�MmH�`Biv Q7 i?2 bBHB+QM b2MbQ`b- i?Bb b2imT �HHQrb
7Q` T`2+Bb2 K2�bm`2K2Mib Q7 T�`iB+H2 i`�D2+iQ`B2b 7`QK r?B+? i?2B` KQK2Mi� �M/
2H2+i`B+ +?�`;2b +�M #2 `2+QMbi`m+i2/X h?2 BMM2` /2i2+iQ` Bb +�T�#H2 7Q` T�`iB+H2
i`�+FBM; mT iQ � Tb2m/Q`�TB/Biv Q7 |⌘| 4 kX8 (j8)X

*�HQ`BK2i2`b
h?2 +�HQ`BK2i2` bvbi2K bm``QmM/b i?2 BMM2` /2i2+iQ`X Aib K�BM Tm`TQb2 Bb iQ K2�@
bm`2 i?2 2M2`;v Q7 i?2 T�`iB+H2b T`Q/m+2/ BM T`QiQM@T`QiQM +QHHBbBQMb pB� /Bz2`2Mi
b�KTHBM; i2+?MB[m2bX h?2 +�HQ`BK2i2`b �`2 +QKTQb2/ Q7 �Hi2`M�iBM; H�v2`b Q7 �+@
iBp2 K�i2`B�H- BX2 HB[mB/ �`;QM- �M/ T�bbBp2 K�i2`B�H- ivTB+�HHv H2�/ Q` bi22HX AM
+QMi`�bi iQ i?2 i`�+F2` bvbi2Kb Q7 i?2 BMM2` /2i2+iQ`- ?B;?@w K�i2`B�Hb �`2 +?Q@
b2M 7Q` i?2 +�HQ`BK2i2`bX h?Bb T`QpQF2b i?�i BM+B/2Mi T�`iB+H2b HQQb2 i?2B` 2M2`;v
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i?`Qm;? BMi2`�+iBQMb rBi? i?2 T�bbBp2 K�i2`B�H U�#bQ`#2`V �M/ b2i Qz � +�b+�/2
Q7 b2+QM/�`v T�`iB+H2b `272``2/ iQ �b b?Qr2`X am#b2[m2MiHv- � bB;M�H Bb BM/m+2/ BM
i?2 M2B;?#Q`BM; �+iBp2 K�i2`B�H pB� BQMBx�iBQM Q` b+BMiBHH�iBQMX aBM+2 i?Bb `2~2+ib
i?2 2M2`;v Q7 i?2 b?Qr2` T�`iB+H2b- i?2 iQi�H 2M2`;v Q7 i?2 BM+B/2Mi T�`iB+H2 +�M #2
`2+QMbi`m+i2/ 7`QK bm+? K2�bm`2K2MiX
AM i?2 :2o `�M;2- 2H2+i`QMb- TQbBi`QMb �M/ T?QiQMb K�BMHv HQQb2 2M2`;v BM i?2
�#bQ`#2` K�i2`B�H /m2 iQ #`2Kbbi`�?HmM; �M/ T�B`@T`Q/m+iBQM- `2bmHiBM; BM �M
2H2+i`QK�;M2iB+ b?Qr2` Q7 b2+QM/�`v T�`iB+H2bX �b i?2 +�b+�/2 /2p2HQTb- i?2 T�`@
iB+H2b 2p2Mim�HHv i�F2 QM 2M2`;B2b BM i?2 J2o `�M;2 r?2`2 i?2 T?QiQ2H2+i`B+ 2z2+i
�M/ BQMBx�iBQM /QKBM�i2 i?2 2M2`;v HQbb �M/ �HHQr 7Q` /2i2+iBQM BM i?2 2H2+i`QK�;@
M2iB+ +�HQ`BK2i2` U1*�HVX
>�/`QMB+ T�`iB+H2b- BX2 T`QiQMb Q` TBQMb- ivTB+�HHv 2M;�;2 BM BM2H�biB+ Mm+H2�` BM@
i2`�+iBQMb rBi? i?2 �#bQ`#2` K�i2`B�H- K�FBM; i?2 `2bmHiBM; ?�/`QMB+ b?Qr2` bB;@
MB}+�MiHv KQ`2 +QKTH2t i?�M i?2 2H2+i`QK�;M2iB+ +QmMi2`T�`iX �b � +QMb2[m2M+2-
i?2 ?�/`QMB+ +�HQ`BK2i2` U>*�HV TQbb2bb2b � KQ`2 +QKTH2t bi`m+im`2 i?�M i?2
1*�H iQ 2Mbm`2 ;QQ/ |⌘|@+Qp2`�;2 �M/ T`2+Bb2 D2i `2+QMbi`m+iBQMX :2M2`�HHv- i?2
+�HQ`BK2i2` bvbi2K Bb �#H2 iQ /2i2+i i?2 K�DQ`Biv Q7 BM+B/2Mi T�`iB+H2b- rBi? i?2
2t+2TiBQM Q7 KmQMb �M/ M2mi`BMQbX

JmQM aT2+i`QK2i2`
.m2 iQ i?2B` `2H�iBp2Hv ?B;? BMp�`B�Mi K�bb- KmQMb M�im`�HHv /Q MQi /2TQbBi Km+?
2M2`;v BM i?2 +�HQ`BK2i2`bX h?2 Qmi2`KQbi /2i2+iQ` bvbi2K Q7 �hG�a +QMbBbib Q7
�`QmM/ R-R8y KmQM /`B7i im#2 +?�K#2`b UJ.hV 2M+�TbmH�iBM; � iQi�H Q7 j8y-yyy
BM/BpB/m�H /`B7i im#2b (je)X 1K#2//2/ BM � kX3h iQ`QB/�H K�;M2i- i?Bb b2imT �HHQrb
7Q` T`2+Bb2 KmQM B/2MiB}+�iBQM �M/ KQK2MimK K2�bm`2K2MiX

jXj h?2 �hG�a h`B;;2` avbi2K
.m`BM; _mM k Q7 i?2 G>*- � #mM+?@+`QbbBM; `�i2 Q7 9y J>x r�b `2+Q`/2/X aBM+2 �
7mHHv `2+Q`/2/ 2p2Mi Bb T`Q+2bb2/ BM i?2 Q`/2` Q7 b2+QM/b �M/ #�M/rB/i? �b r2HH �b
biQ`�;2 +�T�+Biv �`2 HBKBi2/ [m�MiBiB2b- i?2 �hG�a /2i2+iQ` Bb BM+�T�#H2 Q7 T`Q@
+2bbBM; 2p2`v bBM;H2 #mM+?@+`QbbBM; 2p2MiX h?2`27Q`2- � `2HB�#H2 h`B;;2` �M/ .�i�
�+[mBbBiBQM avbi2K Uh.�ZV Bb �M 2bb2MiB�H +QKTQM2Mi Q7 i?2 �hG�a /2i2+iQ` iQ
2Mbm`2 � bm{+B2Mi 2p2Mi `�i2 `2/m+iBQMX
h?2 i`B;;2` bvbi2K Q7 �hG�a +QMbBbib Q7 irQ BM/2T2M/2Mi H2p2Hb- � ?�`/r�`2@
#�b2/ }`bi H2p2H UGRV i`B;;2` �M/ � bQ7ir�`2@#�b2/ ?B;? H2p2H i`B;;2` U>GhVX h?Bb
bvbi2K Bb QTiBKBx2/ iQ /2+B/2 r?2i?2` �M 2p2Mi Bb /Bb+�`/2/ Q` T�bb2/ iQ i?2 /�i�
�+[mBbBiBQM bvbi2K U.�ZV r?2`2 i?2 2p2Mi /�i� Bb biQ`2/ 7Q` 7mim`2 `2+QMbi`m+@
iBQM �M/ �M�HvbBbX h?2 mM/2`HvBM; i`B;;2` b2H2+iBQM +`Bi2`B� �`2 #�b2/ QM � b2i Q7
T`2/2}M2/ +QM/BiBQMb i2`K2/ i`B;;2` Bi2Kb r?B+? �`2 biQ`2/ BM i?2 i`B;;2` K2Mm
(jd)X h?2 i`B;;2` /2+BbBQMb �`2 i�F2M rBi? `2;�`/ iQ BM/B+�iQ`b bm+? �b KBbbBM;
i`�Mbp2`b2 2M2`;v Q` D2ib �M/ Qi?2` Q#D2+i KmHiBTHB+BiB2b bm+? �b T?QiQMb- 2H2+i`QMb
Q` KmQMb 2t+22/BM; i?2 FBM2K�iB+ i?`2b?QH/bX AM ;2M2`�H- Q#D2+ib i?�i �`2 #2BM;
`2+QMbi`m+i2/ BM T�`�HH2H iQ i?2 `mM @ QMHBM2 @ �`2 `272``2/ iQ �b i`B;;2` Q#D2+ib-
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r?2`2�b i?Qb2 `2+QMbi`m+i2/ 7`QK biQ`2/ /�i� TQBMib �`2 i2`K2/ Q|BM2 Q#D2+ibX AM
i?Bb b2Mb2- `2+QMbi`m+iBQM /2MQi2b i?2 i`�Mb7Q`K�iBQM Q7 `�r /2i2+iQ` BM7Q`K�iBQM
BMiQ Q#D2+ib r?B+? +�M #2 B/2MiB}2/ �b T�`iB+H2bX
h?2 ?B;? BMbi�Mi�M2Qmb HmKBMQbBiv Q7 i?2 G>* +`2�i2b � ?B;? /2MbBiv ?�/`QMB+
2MpB`QMK2Mi BM i?2 /2i2+iQ`- H2�/BM; iQ ?B;? /2i2+iQ` Q++mT�M+B2bX �b � `2bmHi-
?B;? i`B;;2` `�i2b �M/ � ?B;? `�i2 Q7 #�+F;`QmM/ T`Q+2bb2b 7`QK ?�/`QMB+ +QHHB@
bBQMb- `272``2/ iQ �b TBH2@mT- K�F2 i`B;;2`BM; � /B{+mHi i�bFX hQ 2Mbm`2 7mHH i`B;;2`
2{+B2M+v �M/ � ?B;? bB;M�H Tm`Biv mM/2` i?2b2 +QM/BiBQMb- i?2 h.�Z bvbi2K 2M@
+QKT�bb2b � `�i?2` +QKTH2t bvbi2K- �b QmiHBM2/ BM 6B;m`2 jXjX

6B;m`2 jXj, �M Qp2`pB2r Q7 i?2 �hG�a h`B;;2` �M/ .�i� �+[mBbBiBQM avbi2KX
h?Bb };m`2 Bb i�F2M 7`QK (j3)X

jXjXR h?2 h`B;;2` J2Mm
h?2 i`B;;2` K2Mm Bb `2bTQMbB#H2 7Q` i?2 �/KBMBbi`�iBQM Q7 i?2 p�`BQmb i`B;;2` bvb@
i2Kb �M/ i?2B` `2bT2+iBp2 /2+BbBQM +QM/BiBQMbX h?2 biQ`2/ i`B;;2` Bi2Kb /2}M2
i?2b2 +QM/BiQMb #�b2/ QM 2X;X FBM2K�iB+ i?`2b?QH/b Q` T�`iB+mH�` T�`iB+H2 +QM@
i2Mib- KQiBp�i2/ #v i?2 2tT2`BK2Mi�H Q#D2+iBp2b �M/ BMi2`2bibX h?2 i`B;;2` K2Mm
7m`i?2` +QKT`Bb2b � HBbi Q7 7mHH GR iQ >Gh i`B;;2` b2H2+iBQMb- `272``2/ iQ �b i`B;@
;2` +?�BMb (jd)X :2M2`�HHv- i`B;;2` +?�BMb �`2 � +QK#BM�iBQM Q7 G2p2H@R �M/ >Gh
i`B;;2` Q#D2+ibX �M 2t�KTH2 Q7 � i`B;;2` +?�BM rQmH/ #2 >Ghn9D98nGRnjCR8X
h?Bb /2}M2b � i`B;;2` bvbi2K i?�i `2[mB`2b 2p2Mib BM r?B+? �i H2�bi i?`22 GR@D2ib
rBi? i`�Mbp2`b2 2M2`;v �#Qp2 R8 :2o r2`2 B/2MiB}2/ �M/ �i H2�bi 7Qm` D2ib rBi?
i`�Mbp2`b2 2M2`;B2b �#Qp2 98 :2o r2`2 B/2MiB}2/ #v i?2 >Gh 7Q` i?2 b�K2 2p2MiX
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AM i?Bb 2t�KTH2- i?2 GRnjCR8 i`B;;2` 2H2K2Mi `2T`2b2Mib i?2 bQ@+�HH2/ b22/ 7Q`
i?2 >Ghn9D98 i`B;;2` 2H2K2Mi- bBM+2 i?2 H�ii2` QMHv 2p�Hm�i2b � /2+BbBQM �7i2` i?2
2p2Mi ?�b �H`2�/v T�bb2/ i?2 `2[mB`2K2Mib Q7 i?2 GR i`B;;2` Bi2K (jN)X
hQ 7m`i?2` `2/m+2 i?2 i`B;;2` +?�BM `�i2- � T`2b+�HBM; 7�+iQ` +�M #2 �TTHB2/ iQ 2�+?
bi�;2 Q7 i?2 +?�BMX � T`2b+�HBM; 7�+iQ` Q7 M BM/B+�i2b i?�i QMHv QM2 Qmi Q7 M 2p2Mib
r?B+? b�iBb}2b i?2 i`B;;2` `2[mB`2K2Mib Bb F2TiX h?2b2 BM/BpB/m�H +QMbi`�BMib QM
i?2 i`B;;2` +?�BM 2M�#H2 K�tBKmK mb2 Q7 i?2 �p�BH�#H2 #�M/rB/i? 7Q` HmKBMQbBiv
~m+im�iBQMb- K�FBM; i?2 i`B;;2` K2Mm � /vM�KB+�H bvbi2K (jd)X

jXjXk h?2 G2p2H@R h`B;;2`
h?2 K�BM i�bF Q7 i?2 GR i`B;;2` bvbi2K Bb iQ `2/m+2 i?2 BMBiB�H +QHHBbBQM `�i2 Q7 9y
J>x iQ Ryy F>x 7Q` i?2 `2�/QmiX h?2 /2+BbBQM iBK2 T2` #mM+?@+`QbbBM; Bb H2bb i?�M
kX8 µsX hQ �/?2`2 iQ i?Bb +QMbi`�BMi- GR mb2b BM7Q`K�iBQM rBi? `2/m+2/ ;`�MmH�`@
Biv 7`QK i?2 +�HQ`BK2i2`b �M/ i?2 KmQM /2i2+iQ`X P#D2+ib i?�i �`2 `2+QMbi`m+i2/
QMHBM2 #v i?2 GR i`B;;2` �`2 +QHH2+iBp2Hv `272``2/ iQ �b GR i`B;;2` Q#D2+ibX
h?2 G2p2H@R i`B;;2` bvbi2K Bb +QKTQb2/ Q7 7Qm` bm#@bvbi2KbX h?2 G2p2H@R JmQM
h`B;;2` UGRJmQMV �M/ i?2 G2p2H@R *�HQ`BK2i2` h`B;;2` UGR*�HQV T`Q+2bb /�i� �i
`2/m+2/ `2bQHmiBQM 7`QK i?2B` `2bT2+iBp2 /2i2+iQ`b 7Q` QMHBM2 i`B;;2` Q#D2+i `2@
+QMbi`m+iBQMX h?Bb /�i� Bb T�bb2/ QM iQ i?2 G2p2H@R hQTQHQ;B+�H h`B;;2` avbi2K
UGRhQTQV �M/ mb2/ iQ +�H+mH�i2 FBM2K�iB+ [m�MiBiB2b Q7 2�+? 2p2Mi- 2X;X �M;mH�`
b2T�`�iBQM Q` BMp�`B�Mi K�bbX qBi? i?2b2 [m�MiBiB2b- GRhQTQ T2`7Q`Kb `2�H@iBK2
2p2Mi b2H2+iBQM #�b2/ QM i?2 FBM2K�iB+ �M/ ;2QK2i`B+ `2H�iBQMb?BTb #2ir22M i?2
i`B;;2` Q#D2+ib (jj- 9y)X 1p2Mim�HHv- KmHiBTHB+BiB2b 2t+22/BM; i?2 FBM2K�iB+ �M/
iQTQHQ;B+�H i?`2b?QH/b Q7 i?2 bm#bvbi2Kb �`2 T�bb2/ QM iQ i?2 *2Mi`�H h`B;;2`
S`Q+2bbQ` U*hSVX h?2`2 i?2 i`B;;2` Q#D2+ib �`2 +QKT�`2/ iQ i?2 `2[mB`2K2Mib
bT2+B}2/ BM i?2 i`B;;2` Bi2KbX A7 i?2b2 �`2 7mH}HH2/- � GR �++2Ti UGR�V bB;M�H Bb Bb@
bm2/ �M/ i?2 i`B;;2` Bi2K Bb T�bb2/ iQ i?2 >Gh iQ;2i?2` rBi? Bib _2;BQM@Q7@AMi2`2bi
U_QAVX h?2 _QA +QMi�BMb ;2Q;`�T?B+�H +QQ`/BM�i2b U⌘-�V Q7 /2i2+iQ` `2;BQMb rBi?
BMi2`2biBM; 2p2Mi 72�im`2bX

jXjXj h?2 >Gh h`B;;2`
h?2 >Gh i`B;;2` bvbi2K T`Q+2bb2b �HH 2p2Mib ~�;;2/ rBi? �M GR�- +�mbBM; � 7m`i?2`
2p2Mi `�i2 `2/m+iBQM iQ RF>xX h?2 QMHBM2 `2+QMbi`m+iBQM Q7 i?2 >Gh bvbi2K Bb p2`v
bBKBH�` iQ i?2 QM2 �TTHB2/ Q|BM2 iQ /�i� biQ`2/ BM i?2 /�i� bi`2�KbX 6Q` 2p2`v
2p2Mi T�bb2/ iQ i?2 >Gh- i?2 �bbQ+B�i2/ _QA Bb mb2/ �b � b22/ 7Q` KQ`2 �/p�M+2/
`2+QMbi`m+iBQM �H;Q`Bi?Kb i�FBM; �/p�Mi�;2 Q7 7mHH +�HQ`BK2i2` ;`�MmH�`Biv �b r2HH
�b �//BiBQM�H BM7Q`K�iBQM 7`QK i?2 KmQM +?�K#2`b �M/ i`�+F2` /2i2+iQ`bX �i i?Bb
TQBMi- i?2 i`B;;2` +?�BMb �`2 bm#D2+i iQ � /2+BbBQM iBK2 Q7 kyy Kb- T`QpQFBM; i?�i
KQbi �H;Q`Bi?Kb QMHv i�F2 i?2 _QA BMiQ +QMbB/2`�iBQM 7Q` QTiBKBx2/ +QKTmi�iBQM
iBK2X A7 �i H2�bi QM2 i`B;;2` +?�BM Bb T�bb2/- i?2 2p2Mi Bb biQ`2/ BM /Bz2`2Mi /�i�
bi`2�Kb 7Q` Q|BM2 `2+QMbi`m+iBQM �M/ �M�HvbBbX
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a2�`+? 7Q` GB;?i .BD2i _2bQM�M+2b

AM Q`/2` iQ i2bi �M/ ;mB/2 ?vTQi?2b2b i?�i `2�+? #2vQM/ i?2 ai�M/�`/ JQ/2H-
b2�`+?2b +�M #2 +QM/m+i2/ QM � p�`B2iv Q7 /Bz2`2Mi }M�H bi�i2b �M/ 2tT2`BK2Mi�H
bB;M�im`2bX h?Bb i?2bBb rBHH #2 +QM}M2/ QM i?2 b2�`+? 7Q` `2bQM�M+2b BM /BD2i }M�H
bi�i2b �M/ ?2M+27Q`i? 2tTH�M�iBQMb �M/ BMi2`T`2i�iBQMb rBHH #2 ;Bp2M rBi? `272`@
2M+2 iQ bm+? 2p2MibX AM a2+iBQM kX9XR- � bBKTHB}2/ KQ/2H r�b BMi`Q/m+2/- r?2`2 �
?vTQi?2iB+�H K2/B�iQ` T�`iB+H2 Z 0 +QmTH2b iQ #Qi? [m�`Fb �M/ /�`F K�ii2`X aBM+2
Bi +�M #2 T`Q/m+2/ #v i?2 �MMB?BH�iBQM Q7 #Qi? [m�`F �M/ /�`F K�ii2` T�`iB+H2@
�MiB@T�`iB+H2 T�B`b- Bi +�M ?2M+27Q`i? /2+�v #�+F BMiQ 2Bi?2` bQ`iX �b /2b+`B#2/ BM
a2+iBQM kXjXR- � /2+�v #�+F BMiQ [m�`Fb rQmH/ `2bmHi BM � /BD2i 2p2Mi- H2�pBM; �
`2bQM�M+2 Q` /BD2i bB;M�im`2 BM i?2 BMp�`B�Mi K�bb /Bbi`B#miBQM Q7 i?2 `2bT2+iBp2
/BD2iX

AM i?2 T�bi- MmK2`Qmb 2tT2`BK2Mib ?�p2 b2�`+?2/ 7Q` bm+? /BD2i }M�H bi�i2b �i
/Bz2`2Mi +2Mi2`@Q7@K�bb 2M2`;B2b �M/ rBi? /Bz2`2Mi /�i� b2i bBx2bX lM7Q`imM�i2Hv-
MQM2 r�b �#H2 iQ ;�i?2` bB;MB}+�Mi 2pB/2M+2 7Q` � TQbbB#H2 M2r `2bQM�M+2X >Qr@
2p2`- i?Bb b?QmH/ MQi /Bb+Qm`�;2 2tT2`BK2Mib 7`QK +QMiBMmBM; iQ b2�`+? 7Q` /BD2i
`2bQM�M+2bX �b i?2 +2Mi2`@Q7@K�bb 2M2`;v Q7 KQ/2`M +QHHB/2`b BM+`2�b2b- ?B;?2` /B@
D2i K�bb2b #2+QK2 �++2bbB#H2X 6m`i?2`- �M BM+`2�b2 Q7 HmKBMQbBiv �HHQrb 7Q` H�`;2`
/�i�b2ib �M/ i?2`27Q`2 BM+`2�b2b i?2 b2MbBiBpBiv iQ /BD2i }M�H bi�i2b rBi? � HQr
+`Qbb@b2+iBQMX h?2 BKT�+i Q7 i?2b2 F2v 7�+iQ`b QM i?2 b2MbBiBpBiv 7Q` /BD2i `2bQ@
M�M+2b Bb `2~2+i2/ BM i?2 2t+HmbBQM HBKBib QM i?2 [m�`F +QmTHBM; +QMbi�Mi b2i #v
i?2 `2b2�`+? ;`QmTbX �M 2t+HmbBQM HBKBi /2}M2b � +QMiQm` �#Qp2 r?B+? +QmTHBM;b @
?2`2 i?2 +QmTHBM; Q7 [m�`Fb iQ i?2 wǶ #QbQM @ �`2 2t+Hm/2/ �i � +QM}/2M+2 H2p2H Q7
N8WX 6B;m`2 9XR b?Qrb i?2 2t+HmbBQM HBKBib b2i #v �hG�a BM i?2 TH�M2 Q7 [m�`F
+QmTHBM; gq �b � 7mM+iBQM Q7 i?2 K2/B�iQ` K�bb mZ0

A
7Q` �M �tB�H@p2+iQ` KQ/2HX Ai

/2KQMbi`�i2b i?�i /Bz2`2Mi BMp�`B�Mi K�bb `2;BQMb �`2 �++2bbB#H2 rBi? i?2 bim/@
B2/ }M�H@bi�i2 bB;M�im`2b- �HHQrBM; iQ T`Q#2 7Q` `2bQM�M+2 K�bb2b �b HQr �b Ryy
:2oX LQM2i?2H2bb- Bi Bb MQi2rQ`i?v i?�i- 2t+2Ti 7Q` i?2 .BD2i hG� b2�`+?- �HH Qi?2`
b2�`+?2b ?�p2 #22M `2HvBM; QM HBKBi2/ 2p2Mi bi�iBbiB+b /m2 iQ `2/m+2/ `2�/Qmi `�i2bX
h?Bb 2KT?�bBx2b i?2 M2+2bbBiv iQ +QMiBMm2 b2�`+?BM; 7Q` HQr `2bQM�M+2 K�bb2b BM
/BD2i }M�H bi�i2bX �i HQr2` K�bb2b- 2bT2+B�HHv #2HQr 9yy :2o- 2t+HmbBQM HBKBib �`2
r2�F2` �M/ b2i #v `2/m+2/ /�i�b2ibX
h?2 `2�bQM 7Q` i?Bb Bb i?�i �b 2tT2`BK2Mib �+?B2p2 ?B;?2` +2Mi2`@Q7@K�bb 2M2`@
;B2b- i?2v 2M+QmMi2` �M BM+`2�bBM; �KQmMi Q7 Z*. #�+F;`QmM/ T`Q+2bb2b �i HQr2`

kk
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6B;m`2 9XR, h?2 2t+HmbBQM HBKBib 7Q` i?2 [m�`F +QmTHBM; +QMbi�Mi gq �b � 7mM+iBQM
Q7 i?2 �tB�H@p2+iQ` K2/B�iQ` K�bb mZ0

A
X h?2 HBKBi +QMiQm`b �`2 b?QrM 7Q` � p�`B2iv

Q7 }M�H@bi�i2 bB;M�im`2b �i /Bz2`2Mi +2Mi2`@Q7@K�bb 2M2`;B2b �M/ /�i�b2i bBx2bX h?2
2tT2+i2/ HBKBib 7`QK 2�+? b2�`+? �`2 BM/B+�i2/ #v /Qii2/ HBM2bX h�F2M 7`QK (9R)X

K�bb2bX AM Q`/2` iQ +QT2 rBi? i?2b2 H�`;2 #�+F;`QmM/ `�i2b BM i?2 b2�`+? 7Q` HB;?i
/BD2i `2bQM�M+2b- i?2 �hG�a i`B;;2`@Q#D2+i H2p2H �M�HvbBb UhG�V `2+Q`/b QMHv T�`@
iB�H 2p2Mi BM7Q`K�iBQM iQ +B`+mKp2Mi i?2 bi�iBbiB+�H HBKBi�iBQMb b2i #v i?2 �hG�a
/2i2+iQ`X h?2 7QHHQrBM; b2+iBQM rBHH ;Bp2 �M BMi`Q/m+iBQM iQ i?Bb MQp2H i`B;;2` �M/
/�i� �M�HvbBb bi`�i2;vX

9XR h`B;;2`@P#D2+i G2p2H �M�HvbBb
h?2 `2�/Qmi T2`7Q`K�M+2 Q7 i?2 �hG�a /2i2+iQ` Bb K�BMHv HBKBi2/ #v Q|BM2 biQ`@
�;2 +�T�+Biv- *Sl T`Q+2bbBM; iBK2 �M/ i`�Mb72` #�M/rB/i?X h?mb- � +QKTH2t
i`B;;2` bvbi2K Bb `2bTQMbB#H2 iQ b2H2+i QMHv � 7`�+iBQM Q7 �HH 2p2Mib 7Q` Q|BM2 �M�Hv@
bBbX h?Bb b2H2+iBQM T`Q+2bb Bb #�b2/ QM i?2 T`2b2M+2 Q7 ?B;?@pT T?vbB+b Q#D2+ib bm+?
�b KmQMb- 2H2+i`QMb- T?QiQMb- D2ib �M/ KBbbBM; i`�Mbp2`b2 KQK2MimK (9k)X 1p2Mib
i?�i /Q MQi T�bb i?2 i`B;;2` `2[mB`2K2Mib �`2 /Bb+�`/2/X h?2`27Q`2- i?2 i`B;;2`
bvbi2K Bb mHiBK�i2Hv `2bTQMbB#H2 7Q` i?2 /�i� i?�i Bb �p�BH�#H2 iQ i?2 2tT2`BK2MiX
1p2Mib Q`B;BM�iBM; BM Z*. T`Q+2bb2b �`2 i?2 KQbi 7`2[m2Mi- T`QpQFBM; i?�i ?B;?
i`B;;2` i?`2b?QH/b M22/ iQ #2 �TTHB2/ iQ T?vbB+b 2p2Mib +QMi�BMBM; D2ibX :Bp2M
i?�i i?2 D2i T`Q/m+iBQM +`Qbb@b2+iBQM Bb bB;MB}+�MiHv ?B;?2` 7Q` HQr@pT 2p2Mib +QK@
T�`2/ iQ i?Qb2 rBi? ?B;?2` i`�Mbp2`b2 KQK2Mi�- bBM;H2@D2i i`B;;2`b rBi? HQr pT
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i?`2b?QH/b �`2 T`2b+�H2/ BM Q`/2` iQ +QT2 rBi? i?2 HBKBi�iBQMb Q7 i?2 /2i2+iQ`X
S`2b+�HBM; `272`b iQ � T`Q+2/m`2 r?2`2 Qmi Q7 �HH 2p2Mib QMHv i?2 BMp2`b2 7`�+iBQM
Q7 i?2 T`2b+�H2 7�+iQ` Bb F2Ti 7Q` Q|BM2 biQ`�;2X S?vbB+b Q#D2+ib T`Q/m+2/ BM HQr
+`Qbb@b2+iBQM 2p2Mib- bm+? �b 2H2+i`QMb Q` KmQMb- �`2 KQbiHv mM�z2+i2/ #v i?2b2
b2H2+iBQM +QMbi`�BMib 2p2M 7Q` HQr i`�Mbp2`b2 KQK2Mi�X >Qr2p2`- i?Bb /Q2b MQi
�TTHv iQ }M�H bi�i2b +QMi�BMBM; D2ib- r?2`2 2p2Mi `�i2b �`2 ?B;? �M/ ;`Qr `�TB/Hv
rBi? i?2 MmK#2` Q7 bBKmHi�M2Qmb T`QiQMĜT`QiQM BMi2`�+iBQMb- �HbQ `272``2/ iQ �b
TBH2@mT BMi2`�+iBQMb (9j)X
�b � `2bmHi- � H�`;2 7`�+iBQM Q7 HQr pT D2ib �`2 /Bb+�`/2/X aBM+2 i?2 KQK2Mi� Q7
i?2 irQ KQbi 2M2`;2iB+ D2ib Q7 i?2 2p2Mi �M/ i?2 BMp�`B�Mi /BD2i K�bb �`2 HBM2�`Hv
+Q``2H�i2/R- b2�`+?2b 7Q` HQr /BD2i `2bQM�M+2 K�bb2b �`2 ?2M+27Q`i? bi�iBbiB+�HHv
HBKBi2/X 6B;m`2 9Xk /2KQMbi`�i2b i?�i i?2 �TTHB+�iBQM Q7 T`2b+�H2b QM HQr@pT i`B;@
;2`b `2/m+2b i?2 bi�iBbiB+b 7Q` bm#@h2o BMp�`B�Mi /BD2i K�bb2b #v b2p2`�H Q`/2`b Q7
K�;MBim/2X

6B;m`2 9Xk, h?2 BMp�`B�Mi K�bb /Bbi`B#miBQM 7Q` /BD2i }M�H bi�i2b +QMbB/2`BM; /B7@
72`2Mi `2�/QmibX h?2 2p2Mib r?B+? T�bb i?2 bBM;H2@D2i i`B;;2`b �`2 b?QrM BM #Hm2-
i?Qb2 r?B+? �`2 7m`i?2` +Q``2+i2/ 7Q` i?2B` T`2b+�H2 �`2 b?QrM BM `2/ �M/ /BD2i
2p2Mib mbBM; i`B;;2`@H2p2H D2ib �`2 /2TB+i2/ BM #H�+FX h�F2M 7`QK (3)X

h?2 h`B;;2`@P#D2+i G2p2H �M�HvbBb TQb2b � MQp2H bi`�i2;v iQ +B`+mKp2Mi i?Bb bi�iBb@
iB+�H HBKBi�iBQMX AM i?2B` �TT`Q�+?- QMHv T?vbB+b Q#D2+ib r?B+? r2`2 `2+QMbi`m+i2/
BM `2�H@iBK2 rBi?BM i?2 >Gh bvbi2K �`2 biQ`2/ 7Q` H�i2` �M�HvbBbX h?mb- �//BiBQM�H
2p2Mi BM7Q`K�iBQM 7`QK i?2 BMM2` /2i2+iQ`- KmQM bT2+i`QK2i2` Q` i?2 +�HQ`BK2i2`b
�`2 B;MQ`2/ 7Q` i?2 Q#D2+i `2+QMbi`m+iBQMX am+? i`B;;2`@H2p2H Q#D2+ib �`2 biQ`2/

Rh?2 BMp�`B�Mi K�bb Q7 � T�`iB+H2 /2+�v U2X;X ;HmQM Q` Z 0 K2/B�iQ`V BMiQ irQ D2ib Bb ;Bp2M #v
m2

12 = (E1 + E2)2 � kT1 + T2k
2 r?2`2 i?2 BM/B+2b `272` iQ i?2 KQbi �M/ b2+QM/@KQbi 2M2`;2iB+

D2iX
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Luminosity Block [~ 60s]
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High Level Trigger Total Output
Other Streams (full EB)
Detector Monitoring (partial EB)
Detector Calibration (partial EB)
Trigger Level Analysis (partial EB)
Express stream (full EB)
Delayed Physics (full EB)
Main Physics (full EB)

ATLAS Trigger Operation
HLT Stream Rates
(with overlaps)
pp Data July 2016

= 13 TeVs

U�V U#V

6B;m`2 9Xj, h?2 mM/2`HvBM; /�i� bi2Kb 7`QK � }HH i�F2M BM CmHv kyRe �i � T2�F
HmKBMQbBiv Q7 G 4 1.02 · 1034cm�2s�1X U�V hQi�H �M/ BM/BpB/m�H bi`2�K `�i2b �i
i?2 >Gh �b � 7mM+iBQM Q7 i?2 MmK#2` Q7 HmKBMQbBiv #HQ+Fb r?B+? +Q``2bTQM/ iQ QM
�p2`�;2 eyb T2` HmKBMQbBiv #HQ+FX hG� bi`2�K `�i2b �`2 b?QrM BM v2HHQr +QKT�`2/
iQ J�BM S?vbB+b bi`2�K `�i2b BM ;`22MX �M �p2`�;2 TBH2 mT Q7 µ 4 k9Xk Bb ;Bp2MX
U#V *QMi`B#miBQM Q7 i?2 iQi�H QmiTmi #�M/rB/i? Q7 i?2 p�`BQmb bi`2�Kb �i i?2 >B;?
G2p2H h`B;;2` 7Q` � T2�F TBH2 mT Q7 µ 4 j8X "Qi? �`2 i�F2M 7`QK (98)X

rBi? QMHv T�`iB�H 2p2Mi BM7Q`K�iBQM- 2z2+iBp2Hv `2/m+BM; i?2 2p2Mi bBx2 #v N8X8W
`2H�iBp2 iQ � 7mHHv Q|BM2@`2+QMbi`m+i2/ 2p2Mi (9k)X
6`QK i?2 /2}MBiBQM Q7 i?2 #�M/rB/i? (99)

bandwidth = event rate⇥ event size,

Bi #2+QK2b +H2�` i?�i � `2/m+2/ 2p2Mi bBx2 �HHQrb 7Q` ?B;?2` 2p2Mi `�i2b �i � }t2/
#�M/rB/i?X h?2 �H;Q`Bi?Kb `2bTQMbB#H2 7Q` QMHBM2 i`B;;2` Q#D2+i `2+QMbi`m+iBQM
�i >Gh H2p2H +HQb2Hv `2b2K#H2 i?2 Q|BM2 `2+QMbi`m+iBQM (3) �M/ �`2 QTiBKBx2/ iQ
MQi +QMi`B#mi2 bB;MB}+�MiHv iQ i?2 Qp2`�HH i`B;;2` +QKTmiBM; `2bQm`+2bX AM +QMb2@
[m2M+2- i?2 hG� i�F2b �/p�Mi�;2 Q7 bB;MB}+�MiHv ?B;?2` >Gh i`B;;2` `�i2b `2H�iBp2
iQ i?2 J�BM S?vbB+b >Gh `�i2 r?BH2 K�BMi�BMBM; � KBMBK�H BKT�+i QM i?2 iQi�H
#�M/rB/i? Ub22 6B;m`2b 9Xj� �M/ 9Xj#VX �b � `2bmHi Q7 i?2b2 2zQ`ib- i?2 hG� Bb
�#H2 iQ H�`;2Hv `2biQ`2 i?2 HQbb BM bi�iBbiB+b �i �M/ bB;MB}+�MiHv BM+`2�b2 i?2 b2MbB@
iBpBiv iQ HQr2` /BD2i `2bQM�M+2 K�bb2bX
1p2Mi BM7Q`K�iBQM �`2 biQ`2/ BM � /2/B+�i2/ hG� /�i� bi`2�K- +�HH2/ .�i�b+Qmi@

BM; ai`2�K U.aVX �b 7�` �b D2ib �`2 +QM+2`M2/- QMHv i?2 D2i 7Qm`@KQK2MimK �b r2HH
�b � b2i Q7 p�`B�#H2b M22/2/ 7Q` i?2 D2i B/2MiB}+�iBQM �M/ +�HB#`�iBQM �`2 biQ`2/ BM
i?2 .a (9k)X C2ib `2+Q`/2/ #v i?2 hG� �`2 `272``2/ iQ �b i`B;;2`@H2p2H D2ib- r?2`2�b
Q|BM2 D2ib �`2 `2+QMbi`m+i2/ rBi? 7mHH 2p2Mi BM7Q`K�iBQM �M/ biQ`2/ BM i?2 K�BM
T?vbB+b bi`2�KX "Qi? i`B;;2`@H2p2H �M/ Q|BM2 D2i Q#D2+ib �`2 `2+QMbi`m+i2/ mbBM;
i?2 �MiB@Fh D2i `2+QMbi`m+iBQM �H;Q`Bi?K- r?B+? +Hmbi2`b +QMiB;mQmb +�HQ`BK2i2`
2M2`;v /2TQbBib UiQTQHQ;B+�H +Hmbi2`bV iQ;2i?2` BMiQ � D2i rBi? � `�/Bmb T�`�K2i2`
Q7 �_ 4 yX9 (9e)X �7i2` biQ`�;2- i?2 D2ib �`2 +�HB#`�i2/ BM � T`Q+2/m`2 i?�i Bb p2`v
bBKBH�` iQ i?2 Q|BM2 +�HB#`�iBQM (3)X AM ;2M2`�H- +�HB#`�iBQM Q7 i?2 biQ`2/ Q#D2+ib
Bb M2+2bb�`v iQ +Q``2+i 7Q` FMQrM /2i2+iQ` 2z2+ib QM T?vbB+�H [m�MiBiB2b Q7 i`B;;2`
Q#D2+ib- 2X;X i`�Mbp2`b2 2M2`;v (R8)X



*?�Ti2` 8

PTiBKBx�iBQM Q7 aB;M�H a2H2+iBQM

.m2 iQ i?2 `2/m+2/ `2�/Qmi `�i2 Q7 i?2 �hG�a /2i2+iQ` 7Q` HQr@pT bBM;H2@D2i i`B;@
;2`b- i?2 b2�`+? 7Q` HQr /BD2i `2bQM�M+2 K�bb2b Bb bi�iBbiB+�HHv HBKBi2/X "v `2+Q`/BM;
bi`QM;Hv `2/m+2/ 2p2Mi BM7Q`K�iBQM- i?2 �hG�a i`B;;2` H2p2H �M�HvbBb r�b �#H2 iQ
+B`+mKp2Mi i?Bb HBKBi�iBQM �M/ 2z2+iBp2Hv HQr2` i?2 KBMBK�H /2i2+i�#H2 `2bQM�M+2
K�bb 7`QK `Qm;?Hv R h2o iQ 98y :2o (3)X
�M QTiBK�H bB;M�H b2H2+iBQM �BKb iQ KBMBKBx2 i?2 �KQmMi Q7 `2+Q`/2/ TBH2@mT BMi2`@
�+iBQMb iQ vB2H/ i?2 #2bi TQbbB#H2 bB;M�H@iQ@#�+F;`QmM/ `�iBQ 7Q` /BD2i `2bQM�M+2bX
6m`i?2`- i?2 b2H2+iBQM +`Bi2`B� M22/ iQ #2 +?Qb2M bm+? i?�i i?2 2p2Mib �`2 b2H2+i2/ �i
7mHH i`B;;2` 2{+B2M+vX *QMbB/2`BM; i?�i i?2 HQr BMp�`B�Mi /BD2i K�bb UmjjV `2;BK2
Bb biBHH Q7 ;`2�i `2H2p�M+2 iQ T`Q#2 7Q` i?2 T`2b2M+2 Q7 M2r T�`iB+H2b- i?Bb i?2bBb
T`BQ`BiBx2b i?2 b2�`+? 7Q` b2H2+iBQM +`Bi2`B� r?B+? BM+`2�b2 Qm` b2MbBiBpBiv iQ HQr2`
BMp�`B�Mi K�bb2bX
AM i?Bb +?�Ti2`- � MQp2H �TT`Q�+? iQr�`/b bB;M�H b2H2+iBQM rBHH #2 T`2b2Mi2/ r?B+?
�HHQrb 7Q` i?2 /2i2+iBQM Q7 /BD2i 2p2Mib rBi? bB;MB}+�MiHv HQr2` BMp�`B�Mi K�bb2b
`2H�iBp2 iQ i?2 +m``2Mi b2H2+iBQM �TT`Q�+? Q7 i?2 hG�X h?2 7QHHQrBM; �M�HvbBb rBHH
bim/v i?2 BKTHB+�iBQMb �M/ #2?�pBQm` Q7 i?Bb �TT`Q�+? �KQM; �//BiBQM�HHv �TTHB2/
Q|BM2 +`Bi2`B� BM Q`/2` iQ vB2H/ i?2 #2bi@TQbbB#H2 b2H2+iBQM +`Bi2`B� 7Q` HB;?i /BD2i
`2bQM�M+2bX 6m`i?2`- i?2 TQi2MiB�H Q7 BM+Hm/BM; 2p2M HQr2` pT G2p2H@R i`B;;2`b Bb
BMp2biB;�i2/ BM i?Bb +QMi2tiX
AM a2+iBQM 8XR- i?2 ;2M2`�H b2H2+iBQM +`Bi2`B� 7Q` i?2 +QMbB/2`2/ 2p2Mib �`2 QmiHBM2/X
a2+iBQM 8Xk BHHmbi`�i2b i?2 2z2+ib Q7 pT - mjj �M/ |y⇤| +mib rBi? bT2+B�H 2KT?�bBb
QM i?2 `2H�iBQM #2ir22M i?2 [m�MiBiB2bX �7i2`r�`/b- �M BMi`Q/m+iBQM iQ i`B;;2`
2{+B2M+B2b rBHH #2 ;Bp2M BM a2+iBQM 8XjX qBi? i?2b2 /2}MBiBQMb +H�`B}2/- a2+iBQM
8X9 �BKb iQ ;Bp2 �M Qp2`pB2r Q7 i?2 +m``2Mi bB;M�H b2H2+iBQM �TT`Q�+? BKTH2K2Mi2/
#v i?2 hG�X AM +QKT�`BbQM- a2+iBQM 8X8 rBHH T`2b2Mi � bB;M�H b2H2+iBQM �TT`Q�+?
#�b2/ QM mjj i?`2b?QH/b �M/ �M�Hvb2 i?2 BKTHB+�iBQMb Q7 i?BbX

8XR 1p2Mi a2H2+iBQM
6Q` i?Bb �M�HvbBb- /�i� +QHH2+i2/ BM kyRe Bb mb2/- r?B+? r�b i�F2M /m`BM; G>* _mM
k �i � +2Mi2`@Q7@K�bb 2M2`;v Q7 Rj h2o �M/ HmKBMQbBiv Q7 jyX9 fb�1X �HH 2p2Mib �`2
`2[mB`2/ iQ +QMi�BM �i H2�bi irQ i`B;;2`@H2p2H D2ib BM � Tb2m/Q`�TB/Biv `�M;2 Q7 |⌘| I

ke
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kX3X h?Bb 2Mbm`2b i?�i r2 �`2 MQi +QMbB/2`BM; /�i� i�F2M 7`QK i?2 7Q`r�`/ `2;BQM
Q7 i?2 �hG�a /2i2+iQ` r?2`2 i?2 D2i 2M2`;v `2bQHmiBQM BM+`2�b2b (jj)X h?2 D2i
Q#D2+ib r2`2 `2+QMbi`m+i2/ �i >Gh@H2p2H- mbBM; QMHv BM7Q`K�iBQM 7`QK i?2 �hG�a
+�HQ`BK2i2`bX AM � /BD2i 2p2Mi- i?2 D2i rBi? i?2 ?B;?2bi i`�Mbp2`b2 KQK2MimK Bb
i2`K2/ i?2 H2�/BM; D2i r?2`2�b i?2 bm#H2�/BM; D2i `272`b iQ i?2 D2i rBi? i?2 b2+QM/
?B;?2bi i`�Mbp2`b2 KQK2MimKX "Qi? D2ib �`2 `2[mB`2/ iQ ?�p2 pT = 38 :2o BM
Q`/2` iQ KBiB;�i2 i?2 BKT�+i Q7 TBH2@mT BMi2`�+iBQMb QM Qm` /�i�X
6m`i?2`- +QMbB/2`2/ /BD2i 2p2Mib �`2 `2[mB`2/ iQ #2 #2HQr � |y⇤|@i?`2b?QH/- r?2`2
ivTB+�H p�Hm2b �`2 yXj �M/ yXeX h?Bb ?2HTb iQ `2/m+2 i?2 #�+F;`QmM/ 7`QK Z*.
T`Q+2bb2b �M/ i�F2 BM~m2M+2 QM i?2 i`B;;2` 2{+B2M+B2bX

8Xk S`2HBKBM�`v *QMbB/2`�iBQMb
:Bp2M i?�i i?Bb i?2bBb �BKb �i QTiBKBxBM; i?2 b2H2+iBQM +`Bi2`B� 7Q` /BD2i 2p2Mib- Bi Bb
M2+2bb�`v iQ /2KQMbi`�i2 i?2 `2H�iBQMb #2ir22M i?2 +QMbB/2`2/ b2H2+iBQM p�`B�#H2b
bQ i?�i i?2v +�M #2 +QMbB/2`2/ BM i?2 7QHHQrBM; �M�HvbBbX h?2b2 �`2 2tTHB+BiHv i?2
H2�/BM; �M/ bm#H2�/BM; D2i pT - i?2 BMp�`B�Mi K�bb �b r2HH �b i?2 |y⇤| `2[mB`2K2Mi
7Q` i`B;;2`@H2p2H D2ibX
AM �M B/2�H /BD2i bvbi2K- i?2 H2�/BM; �M/ bm#H2�/BM; D2i pT �`2 #�H�M+2/X >Qr2p2`-
�//BiBQM�H D2i �+iBpBiB2b H2�/ iQ � bHB;?i �bvKK2i`v #2ir22M #Qi? [m�MiBiB2b- 2p2M
i?Qm;? i?2v �`2 biBHH bi`QM;Hv +Q``2H�i2/X h?Bb BM/B+�i2b i?�i i?2 TH�+2K2Mi Q7
H2�/BM; D2i pT +mib QM i?2 2p2Mi b2H2+iBQM Q7 i?2 i`B;;2` �z2+ib i?2 bm#H2�/BM; D2i
pT @/Bbi`B#miBQM Q7 i?2 b2H2+i2/ /BD2i bvbi2KbX aBM+2 i?2 BMp�`B�Mi K�bb Bb `2+QM@
bi`m+i2/ 7`QK i?2 K2�bm`2/ D2i KQK2Mi�- i?2 pT /Bbi`B#miBQMb Q7 #Qi? D2ib HBF2rBb2
�z2+i i?2 mjj /Bbi`B#miBQMX h?Bb Bb /2KQMbi`�i2/ BM 6B;m`2 8XR r?B+? /2TB+ib i?2
mjj /Bbi`B#miBQM �;�BMbi i?2 bm#H2�/BM; D2i pT /Bbi`B#miBQM 7Q` /Bz2`2Mi H2�/BM; D2i
pT +mibX
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U#V pleadT = kky :2o

6B;m`2 8XR, h?2 BMp�`B�Mi K�bb Q7 � /BD2i bvbi2K �;�BMbi i?2 bm#H2�/BM; D2i pT 7Q`
/Bz2`2Mi H2�/BM; D2i pT +mibX h?2 `2bmHib �`2 b?QrM 7Q` |y⇤| I yXj �M/ psublead

T =
38 :2pX
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6`QK 6B;m`2 8XR Bi #2+QK2b +H2�` i?�i i?2 BMp�`B�Mi /BD2i K�bb �M/ i?2 bm#H2�/BM;
D2i pT b?Qr bi`QM; HBM2�` +Q``2H�iBQM- �b BM/B+�i2/ #v i?2 v2HHQr #�M/X 6m`i?2`-
Bi +�M #2 Q#b2`p2/ i?�i ?B;?2` +mib QM i?2 H2�/BM; D2i pT b?B7i i?2 /Bbi`B#miBQM Q7
i?2 bm#H2�/BM; D2i pT iQ ?B;?2` p�Hm2bX h?Bb T`QpQF2b i?�i /BD2i 2p2Mib rBi? HQr2`
BMp�`B�Mi K�bb2b �`2 /Bb+�`/2/- b?B7iBM; i?2 /Bbi`B#miBQM iQ ?B;?2` mjj p�Hm2bX
�b K2MiBQM2/ BM a2+iBQM 8XR- � |y⇤|@+mi r�b BMi`Q/m+2/ iQ +QMbi`m+iBp2Hv b?B7i i?2
i`B;;2` 2{+B2M+v /Bbi`B#miBQM iQ ?B;?2` Q` HQr2` BMp�`B�Mi K�bb2bX h?2 BKT�+i Q7
i?Bb `2[mB`2K2Mi Bb BHHmbi`�i2/ BM 6B;m`2 8Xk r?B+? /2TB+ib i?2 /Bbi`B#miBQM Q7 mjj

p2`bmb bm#H2�/BM; D2i pT 7Q` |y⇤| I yXj �M/ MQ |y⇤| +miX
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U#V MQ |y⇤| +mi

6B;m`2 8Xk, h?2 BMp�`B�Mi K�bb Q7 � /BD2i bvbi2K �;�BMbi i?2 bm#H2�/BM; D2i pT 7Q`
/Bz2`2Mi |y⇤| +mibX h?2 `2bmHib �`2 b?QrM 7Q` plead

T -psublead
T = 38 :2oX

6B;m`2 8Xk� `2p2�Hb i?�i TH�+BM; � bi`BM;2Mi |y⇤| +mi QM i?2 2p2Mi b2H2+iBQM T`QpQF2b
i?�i ?B;?2`@pT D2ib �`2 b2H2+i2/ 7Q` � ;Bp2M BMp�`B�Mi K�bb- i?mb `2/m+BM; i?2
�bvKK2i`v #2ir22M i?2 H2�/BM; �M/ bm#H2�/BM; D2i pT X AM +QMb2[m2M+2- bm#H2�/BM;
D2ib �`2 KQ`2 HBF2Hv iQ b�iBb7v i?2 2p2Mi b2H2+iBQM +`Bi2`B�- �M BKTHB+�iBQM i?�i rBHH
#2 7m`i?2` /Bb+mbb2/ BM a2+iBQM 8X8X h?2 7QHHQrBM; �M�HvbBb T`2b2Mi2/ BM a2+iBQM
8X8 i�F2b i?2b2 +Q``2H�iBQMb Q7 2p2Mi FBM2K�iB+b �M/ b2H2+iBQM +`Bi2`B� BMiQ �++QmMi
iQ QTiBKBx2 i?2 b2H2+iBQM T�`�K2i2`bX

8Xj h`B;;2` 1{+B2M+v
�b K2MiBQM2/ #27Q`2- �M QTiBK�H bB;M�H b2H2+iBQM 2Mbm`2b i?�i �HH i`B;;2`b �`2
`mMMBM; �i 7mHH 2{+B2M+v- r?B+? +�M #2 +QMbB/2`2/ r?2M i?2 i`B;;2` 2t+22/b �M
2{+B2M+v Q7 NNXNWX
h?2 G2p2H@R i`B;;2` bvbi2K Bb `2bTQMbB#H2 7Q` b2H2+iBM; 2p2Mib iQ #2 biQ`2/ BM i?2
.�i�b+QmiBM; ai`2�K Q7 hG�X h?mb- i?Bb i?2bBb �BKb �i QTiBKBxBM; i?2 bB;M�H b2@
H2+iBQM +`Bi2`B� Q7 i?2 7QHHQrBM; GR bBM;H2@D2i i`B;;2`b, CRyy- Cd8- C8y �M/ C9yX
h?2 MQK2M+H�im`2 +�M #2 BMi2`T`2i2/ bm+? i?�i BM 2t�KTH2 i?2 GR CRyy i`B;;2`
`2[mB`2b �M 2p2Mi iQ +QMi�BM �i H2�bi QM2 D2i rBi? � i`�Mbp2`b2 2M2`;v 2t+22/BM;
i?2 i`B;;2` i?`2b?QH/ Q7 Ryy :2o iQ #2 T�bb2/ QM #v i?2 GR i`B;;2` bvbi2KX .m2
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iQ i?2 ?B;? #mM+?@+`QbbBM; `�i2 Q7 9y J>x Q7 i?2 G>*- GR Bb i�FBM; /2+BbBQMb �i
� `�TB/ `�i2 �M/ rBi? BM7Q`K�iBQM Q7 +Q�`b2 ;`�MmH�`BivX >2M+2- i?2 `2bQHmiBQM
Q7 i`�Mbp2`b2 2M2`;v �i i?2 GR i`B;;2` bvbi2K Bb bB;MB}+�MiHv rB/2` +QKT�`2/ iQ
i?2 i`B;;2`@H2p2H D2ib �i >Gh (9j)X 6m`i?2`KQ`2- GR D2ib �`2 QMHv +�HB#`�i2/ iQ
i?2 2H2+i`QK�;M2iB+ b+�H2 Q7 i?2 +�HQ`BK2i2`b- r?B+? K2�Mb i?�i � H�`;2 7`�+iBQM
Q7 i?2 2M2`;v Q7 i?2 ?�/`QMB+ b?Qr2` Bb BMpBbB#H2 iQ i?2 i`B;;2` (9d)X �b � `2bmHi-
i?2 i`�Mbp2`b2 KQK2Mi� r?2`2 i?2 GR i`B;;2`b im`M 7mHHv 2{+B2Mi �`2 Km+? ?B;?2`
i?�M i?2B` MQKBM�H i?`2b?QH/bX
h?2 TQBMi �i r?B+? � i`B;;2` im`Mb 7mHHv 2{+B2Mi Bb ivTB+�HHv /2i2`KBM2/ rBi? i?2
`2bT2+iBp2 im`M@QM +m`p2 �M/ rBHH #2 7m`i?2` `272``2/ iQ �b im`M@QM TQBMiX 6B;m`2
8Xj b?Qrb i?2 i`B;;2` 2{+B2M+v �b � 7mM+iBQM Q7 i`�Mbp2`b2 KQK2MimK 7Q` i?2 +QM@
bB/2`2/ GR i`B;;2`bX h?2 2{+B2M+v Q7 � i`B;;2` Bb /2}M2/ �b i?2 MmK#2` Q7 2p2Mib
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L1_J40-HLT_j60

|y*| < 0.3
-1 = 13 TeV, 30.4 fbs

6B;m`2 8Xj, h?2 im`M@QM +m`p2b Q7 i?2 GR bBM;H2@D2i i`B;;2`b CRyy- Cd8- C8y �M/
C9yX h?2 2{+B2M+v Bb b?QrM �b � 7mM+iBQM Q7 BMp�`B�Mi /BD2i K�bb pT X

i?�i ?�p2 T�bb2/ i?2 T�`iB+mH�` i`B;;2` `2H�iBp2 iQ i?2 iQi�H MmK#2` Q7 2p2MibX
aBM+2 i?2 �#bQHmi2 MmK#2` Q7 2p2Mib +�M MQi #2 /2i2`KBM2/ rBi?Qmi � i`B;;2`- �M
>Gh i`B;;2`@+?�BM b2`p2b �b � `272`2M+2 7`�K2X hQ ;Bp2 �M 2t�KTH2- ǴGRnCRyy@
>GhnDRRyǴ /2}M2b i?2 2{+B2M+v Q7 GR CRyy �b i?2 MmK#2` Q7 2p2Mib i?�i ?�p2
T�bb2/ #Qi? i?2 GR i`B;;2` �M/ >Gh i`B;;2` +?�BM /BpB/2/ #v i?2 MmK#2` Q7 2p2Mib
r?B+? ?�p2 T�bb2/ i?2 H�ii2`X
hQ /2i2`KBM2 i?2 pT i?`2b?QH/ r?2`2 i?2 i`B;;2` im`Mb 7mHHv 2{+B2Mi- � irQ@
T�`�K2i`B+ bB;KQB/ 7mM+iBQM Bb mb2/ �b �M �Mb�ix iQ }i i?2 +m`p2b-

�(x) =
1

1 + e�a(x�b)
. U8XRV

h?2 7mM+iBQM Bb QMHv }ii2/ iQ 2{+B2M+B2b Q7 N8W �M/ �#Qp2- bBM+2 r2 �`2 QMHv
BMi2`2bi2/ BM 2{+B2M+B2b +HQb2 iQ RyyWX qBi? bm+? }i- i?2 i`�Mbp2`b2 KQK2MimK
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r?2`2 i?2 i`B;;2` 2t+22/b �M 2{+B2M+v Q7 NNXNW +�M #2 /2i2`KBM2/X
AM Q`/2` iQ �pQB/ #B�b 7`QK i?2 }iiBM; i2+?MB[m2- � i?Q`Qm;? 2``Q` +�H+mH�iBQM
M22/b iQ #2 +�``B2/ QmiX h?2 bi�iBbiB+�H mM+2`i�BMiv 7`QK 2``Q` T`QT�;�iBQM Q7 i?2
}i T�`�K2i2`b +�M #2 /2i2`KBM2/ rBi? 2[m�iBQM U8XkV-

�x =

s✓
log

✓
1

y
� 1

◆✓
�a

a2

◆◆2

+�b2. U8XkV

AM i?Bb �M�HvbBb- �HH bi�iBbiB+�H 2``Q`b Q`B;BM�iBM; BM }i mM+2`i�BMiB2b r2`2 Q7 Q`/2`
O(0.1) :2o �M/ �`2 ?2M+27Q`i? bK�HH2` i?�M i?2 +?Qb2M #BM bBx2 Q7 R :2oX hQ
�pQB/ #B�b 7`QK i?2 }i `�M;2- i?2 HQr2` }i #QmM/�`v r�b p�`B2/ BM bi2Tb Q7 RW
#2ir22M 3yW �M/ N8W 2{+B2M+vX 6Q` 2�+? }i BMi2`p�H- i?2 im`M@QM TQBMi r�b
/2i2`KBM2/ �M/ i?2 Qp2`�HH bi�M/�`/ /2pB�iBQM rBi? `2bT2+i iQ i?2 BMBiB�H im`M@QM
TQBMi r�b i�F2M �b � b2+QM/ bi�iBbiB+�H mM+2`i�BMivX aBM+2 i?2 +?QB+2 Q7 mTT2`
#QmM/�`v b?Qr2/ MQ bB;MB}+�Mi #B�b QM i?2 i?`2b?QH/b- i?Bb r�b MQi 7m`i?2` i�F2M
BMiQ �++QmMiX h?2 vB2H/2/ mM+2`i�BMiB2b r2`2 Q7 Q`/2` O(1) :2o- �M/ rBHH #2
7m`i?2` +QMbB/2`2/ �b i?2 bB;MB}+�Mi bi�iBbiB+�H 2``Q` 7Q` i?2 7QHHQrBM; �M�Hvb2bX

8X9 S`2HBKBM�`v GR h`B;;2` a2H2+iBQM ai`�i2;v
hQ KQiBp�i2 i?2 bim/v Q7 M2r bB;M�H b2H2+iBQM �TT`Q�+?2b- i?Bb b2+iBQM �BKb iQ ;Bp2
� #`B27 Qp2`pB2r Q7 i?2 +m``2MiHv BKTH2K2Mi2/ 2p2Mi b2H2+iBQM bi`�i2;v Q7 i?2 hG�
�M/ /2KQMbi`�i2 i?2 BKTHB+�iBQMb QM i?2 b2�`+? 7Q` HQr `2bQM�M+2 K�bb2bX h?Bb
/2b+`BTiBQM Bb #�b2/ QM i?2 QmiHBM2 ;Bp2M BM (3)X
AM i?2 +m``2Mi bi`�i2;v- 2p2Mib Kmbi +QMi�BM �i H2�bi irQ i`B;;2`@H2p2H D2ib rBi?
|⌘| I kX3X :Bp2M i?�i i?2 i`B;;2` /2+BbBQMb �`2 +�``B2/ Qmi #v i?2 GR bBM;H2@D2i
i`B;;2`b CRyy �M/ Cd8- D2ib �`2 `2[mB`2/ iQ ?�p2 2Bi?2` ET = Ryy :2o Q` ET = d8
:2o- `2bT2+iBp2HvX lTQM i?2b2 +QMbi`�BMib- i?2 bm#H2�/BM; D2i ?�b iQ b�iBb7v pT =
38 :2o- r?2`2�b i?2 H2�/BM; D2i Bb `2[mB`2/ iQ ?�p2 pT = R38 :2o Q` pT = kky
:2o BM Q`/2` iQ }`2 i?2 Cd8 Q` CRyy- `2bT2+iBp2HvX h?2 H2�/BM; pT +mi Bb TH�+2/
iQ 2Mbm`2 i?�i 2p2Mib �`2 b2H2+i2/ �i 7mHH i`B;;2` 2{+B2M+vX h?Bb 7m`i?2` BKTHB2b
i?�i i?2 H2�/BM; D2i ?�b iQ }`2 i?2 GR i`B;;2` 7Q` i?2 2p2Mi iQ #2 `2+Q`/2/X 6Q` �M
2p2Mi iQ T�bb i?2 G2p2H@R CRyy- i?2 irQ@D2i }M�H bi�i2 Bb `2[mB`2/ iQ ?�p2 |y⇤| I
yXe- r?2`2�b i?2 GR Cd8 `2[mB`2b |y⇤| < 0.3X h?2 KQ`2 bi`BM;2Mi +?QB+2 T`QpQF2b
i?�i ?B;?2`@pT D2ib �`2 b2H2+i2/ �i � ;Bp2M BMp�`B�Mi K�bb- T`QpB/BM; �M BM+`2�b2/
b2MbBiBpBiv 7Q` HQr2` BMp�`B�Mi K�bb2b �i }t2/ pT +mibX h?2b2 b2H2+iBQM +`Bi2`B�
�HHQr i?2 hG� iQ T`Q#2 7Q` `2bQM�M+2 K�bb2b �#Qp2 8jR :2o rBi? i?2 GR CRyy-
r?2`2�b i?2 Cd8 7m`i?2` 2ti2M/b i?2 b2MbBiBpBiv `2;BQM iQ BMp�`B�Mi K�bb2b �#Qp2
9yy :2oX
*QKT�`2/ iQ i`�/BiBQM�H /BD2i b2�`+?2b �i i?2 G>* r?B+? r2`2 HBKBi2/ iQ BMp�`B�Mi
K�bb2b �#Qp2 Nyy :2o (3)- i?Bb TQb2b � bB;MB}+�Mi BM+`2�b2 Q7 b2MbBiBpBiv iQ HQr2`
K�bb `2;BQMbX >Qr2p2`- rBi? `2;�`/ iQ 6B;m`2 9XR- b2�`+?2b #2HQr 9yy :2o KB;?i
biBHH vB2H/ BMi2`2biBM; `2bmHib bBM+2 2t+HmbBQM HBKBib BM i?2b2 K�bb `2;BK2b �`2 r2�F2`
�M/ `2Hv QM `2/m+2/ 2p2Mi bi�iBbiB+bX
h?2 HBKBi�iBQM Q7 i?2 +m``2Mi bB;M�H b2H2+iBQM iQr�`/b HQr2` K�bb2b Q`B;BM�i2b BM
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i?2 H2�/BM; D2i pT +QMbi`�BMibX :Bp2M i?�i i?2 H2�/BM; D2i Bb 2tTHB+BiHv `2[mB`2/ iQ
}`2 i?2 GR i`B;;2`- 2p2Mib rBi? H2�/BM; D2ib #2HQr i?2 i?`2b?QH/ �`2 /Bb+�`/2/X .m2
iQ i?2 HBM2�` `2H�iBQMb?BT #2ir22M D2i pT �M/ BMp�`B�Mi K�bb QmiHBM2/ BM a2+iBQM
8Xk- /BD2i 2p2Mib i?�i }`2/ i?2 G2p2H@R Cd8 �`2 QMHv +QMbB/2`2/ B7 i?2v 2t+22/ 9yy
:2o BM BMp�`B�Mi K�bbX �b K2MiBQM2/ �#Qp2- i?2 `2[mB`2K2Mib QM i?2 H2�/BM; D2i
pT �`2 b2i iQ 2Mbm`2 7mHH i`B;;2` 2{+B2M+vX >Qr2p2`- 6B;m`2 8X9 `2p2�Hb i?�i i?2
+m``2Mi bB;M�H b2H2+iBQM Bb MQi i�FBM; �/p�Mi�;2 Q7 i?2 2MiB`2 BMp�`B�Mi K�bb `2;BK2
7Q` r?B+? i?2 i`B;;2`b �`2 7mHHv 2{+B2MiX h?Bb BM/B+�i2b- i?�i i?2 bBM;H2@D2i i`B;;2`b
�`2 +�T�#H2 Q7 /2i2+iBM; /BD2i `2bQM�M+2b rBi? bB;MB}+�MiHv HQr2` BMp�`B�Mi K�bb2b
i?�M +m``2MiHv �+?B2p2/ r?BH2 K�BMi�BMBM; 7mHH 2{+B2M+vX
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 > 410 GeVjjm
L1_J75
|y*| < 0.3

-1 = 13 TeV, 30.4 fbs
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 > 531 GeVjjm
L1_J100
|y*| < 0.3

-1 = 13 TeV, 30.4 fbs

U#V CRyy

6B;m`2 8X9, h?2 im`M@QM +m`p2b 7Q` i?2 `2bT2+iBp2 G2p2H@R bBM;H2@D2i i`B;;2`b mb2/
BM i?2 +m``2Mi bB;M�H b2H2+iBQM �TT`Q�+? �b � 7mM+iBQM Q7 mjjX G2p2H@R Cd8 `2[mB`2b
2p2Mib iQ ?�p2 |y⇤| I yXj- r?2`2�b CRyy `2[mB`2b |y⇤| I yXeX h?2 `2/ HBM2b /2TB+i
i?2 +m``2Mi HQr2` #QmM/�`v Q7 i?2 b2MbBiBpBiv `2;BQM- ?2M+2 MQ 2p2Mib #2HQr i?Bb
i?`2b?QH/ �`2 +QMbB/2`2/X

h?2 7QHHQrBM; b2+iBQM BMi`Q/m+2b �M �TT`Q�+? iQr�`/b bB;M�H b2H2+iBQM r?B+? K�F2b
mb2 Q7 i?2 2{+B2Mi T?�b2 bT�+2 rBi? `2bT2+i iQ i?2 /BD2i K�bb �M/ i?mb 2ti2M/b
i?2 b2MbBiBpBiv iQ HQr2` `2bQM�M+2 K�bb2bX AM �//BiBQM- i?2 TQi2MiB�H Q7 HQr2`@pT
i`B;;2`b- M�K2Hv i?2 GR C8y �M/ C9y- Bb BMp2biB;�i2/ BM i?Bb +QMi2tiX

8X8 mjj@#�b2/ aB;M�H a2H2+iBQM
AM i?2 +m``2Mi bB;M�H b2H2+iBQM bi`�i2;v- 2p2Mib �`2 b2H2+i2/ #v +mib QM i?2 H2�/BM;
�M/ bm#H2�/BM; D2i pT X h?Bb bB;MB}+�MiHv HBKBib i?2 2tTHQBi�iBQM Q7 2{+B2Mi T?�b2
bT�+2 BM i2`Kb Q7 /BD2i K�bbX
A r�b b?QrM QM JQMi2@*�`HQ bBKmH�iBQMb i?�i i?2 BMi`Q/m+iBQM Q7 � mjj i?`2b?QH/
`�i?2` i?�M bi`BM;2Mi pT +mib QM i?2 `2bT2+iBp2 D2ib �HHQrb iQ 2z2+iBp2Hv K�F2 mb2
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Q7 i?2 2{+B2Mi T?�b2 bT�+2 �M/ bB;MB}+�MiHv 2ti2M/ i?2 b2MbBiBpBiv `2;BQM iQ HQr2`
BMp�`B�Mi K�bb2b (93)X h?Bb +�M #2 mM/2`biQQ/ #v +QMbB/2`BM; i?�i i?2 +m``2Mi
�TT`Q�+? 2tTHB+BiHv `2[mB`2b i?2 H2�/BM; D2i iQ }`2 i?2 i`B;;2` 7Q` i?2 2p2Mi iQ #2
`2+Q`/2/X aBM+2 i?2 2{+B2M+v +m`p2b �`2 MQi T2`72+i bi2T@7mM+iBQMb- i?2 2{+B2M+v
7Q` � ;Bp2M D2i pT Bb H2bb i?�M RyyWX qBi? i?2 �TTHB+�iBQM Q7 |y⇤| +mib- H2�/BM; �M/
bm#H2�/BM; D2i �`2 Q7 bBKBH�` pT p�Hm2b Ub22 a2+iBQM 8XkVX h?2`27Q`2 Bi Bb TQbbB#H2
i?�i i?2 bm#H2�/BM; D2i }`2b i?2 i`B;;2` r?2`2�b i?2 H2�/BM; D2i 7�BH2/ iQX AM i?Bb
+�b2- i?2 2p2Mi rQmH/ #2 /Bb+�`/2/ B7 QMHv pT +mib �`2 �TTHB2/X AM +QMi`�bi- #v QMHv
`2[mB`BM; �M 2p2Mi iQ 2t+22/ �M mjj i?`2b?QH/- #Qi? i?2 H2�/BM; Q` bm#H2�/BM; D2i
+�M }`2 i?2 i`B;;2` �M/ i?2 2p2Mi rBHH #2 b2H2+i2/ B7 Bi b�iBb}2b i?2 `2[mB`2K2MiX 6Q`
2p2Mib rBi? KmHiBTH2 D2ib- i?Bb BM/B+�i2b i?�i �M 2p2Mi ?�b KmHiBTH2 +?�M+2b iQ #2
b2H2+i2/ #v i?2 i`B;;2` bvbi2KX �b � +QMb2[m2M+2- i?2 H2�/BM; D2i pT `2[mB`2K2Mi
+�M #2 HQr2`2/- `2bmHiBM; BM bB;MB}+�MiHv HQr2` mjj i?`2b?QH/bX
6m`i?2`KQ`2- Bi r�b b?QrM i?�i i?2 BM+HmbBQM Q7 HQr2`@pT bBM;H2@D2i i`B;;2`b @ ?2`2
GR C9y �M/ C8y @ �HHQr iQ T`Q#2 7Q` 2p2M HQr2` `2bQM�M+2 K�bb2b 7QHHQrBM; �M
mjj@#�b2/ b2H2+iBQM bi`�i2;vX :Bp2M i?�i i?2b2 `2bmHib r2`2 Q#i�BM2/ 7`QK J*
bBKmH�iBQMb- i?2 7QHHQrBM; b2+iBQMb rBHH �TTHv i?Bb �TT`Q�+? QM kyRe /�i� iQ p2`B7v
Bib BKTHB+�iBQMbX 6m`i?2`KQ`2- i?2 QTiBK�H i`B;;2` b2H2+iBQM +`Bi2`B� BM i2`Kb Q7
mjj- D2i@pT �M/ |y⇤| rBHH #2 /2i2`KBM2/ 7Q` i?2 GR bBM;H2@D2i i`B;;2`b CRyy- Cd8-
C8y �M/ C9yX
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L1_J100-HLT_j110
L1_J75-HLT_j110
L1_J50-HLT_j60
L1_J40-HLT_j60

|y*| < 0.3
-1 = 13 TeV, 30.4 fbs

6B;m`2 8X8, h?2 im`M@QM +m`p2b 7Q` i?2 GR bBM;H2@D2i i`B;;2`b CRyy- Cd8- C8y �M/
C9y rBi? `2bT2+i iQ i?2 `272`2M+2 >Gh i`B;;2`@+?�BMb DRRy �M/ Dey �b � 7mM+iBQM Q7
mjjX h?2 2p2Mib �`2 `2[mB`2/ iQ b�iBb7v |y⇤| < 0.3X
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8X8XR mjj h?`2b?QH/b
AM Q`/2` iQ K�F2 7mHH mb2 Q7 i?2 2{+B2Mi T?�b2 bT�+2 Q7 2�+? i`B;;2`- i?2 im`M@QM
TQBMib Q7 i?2 `2bT2+iBp2 2{+B2M+v +m`p2b �`2 +?Qb2M �b i?2 i`B;;2` mjj i?`2b?QH/bX
h?2 im`M@QM TQBMi /2MQi2b i?2 BMp�`B�Mi K�bb p�Hm2 7Q` r?B+? i?2 i`B;;2` 2t+22/b
�M 2{+B2M+v Q7 NNXNWX h?2 2{+B2M+v +m`p2b 7Q` i?2 +QMbB/2`2/ GR i`B;;2`b �`2
b?QrM BM 6B;m`2 8X8 �b � 7mM+iBQM Q7 mjj �M/ rBi? |y⇤| I yXjX

mjj i?`2b?QH/b (:2o)
GR h`B;;2` >Gh _272`2M+2 |y⇤| I yXj |y⇤| I yXe

C9y Dey kkdXe ± jXy kjRXk ± 9XR
C8y Dey k9eXe ± jXN keeXe ± jX3
Cd8 DRRy jkeXd ± jX3 j9jXj ± kXd
CRyy DRRy 9RjXk ± jXN 9jRXj ± jXj

h�#H2 8XR, h?2 mjj p�Hm2b 7Q` r?B+? i?2 `2bT2+iBp2 GR i`B;;2` 2t+22/b �M 2{+B2M+v
Q7 NNXNW BM i?2 `272`2M+2 7`�K2 Q7 i?2 `2bT2+iBp2 >Gh i`B;;2`@+?�BMX _2bmHib �`2
b?QrM 7Q` |y⇤| I yXj �M/ |y⇤| I yXeX

�b /Bb+mbb2/ BM a2+iBQM 8Xj- i?2 mjj i?`2b?QH/ +�M #2 Q#i�BM2/ #v }iiBM; � irQ@
T�`�K2i`B+ bB;KQB/ 7mM+iBQM iQ � `2/m+2/ `�M;2 Q7 im`M@QM +m`p2b �M/ /2i2`KBMBM;
i?2 TQBMi r?2`2 i?2 i`B;;2` `2�+?2b �M 2{+B2M+v Q7 NNXNW X h?2 `2bmHib �`2 b?QrM
BM h�#H2 8XRX h?2b2 r2`2 Q#i�BM2/ 7`QK im`M@QM +m`p2b r?B+? �//BiBQM�HHv `2[mB`2/
plead
T -psublead

T = 38 :2oX h?2 ?2HTb iQ KBiB;�i2 2z2+ib 7`QK TBH2@mT BMi2`�+iBQMb �M/
Bb 7m`i?2` /Bb+mbb2/ BM a2+iBQM 8X8XjX

m⇤
jj (:2o)

GR h`B;;2` |y⇤| I yXj |y⇤| I yXe
C9y kj8 k9y
C8y key k3y
Cd8 j9y jey
CRyy 9k8 998

h�#H2 8Xk, h?2 }t2/ mjj +mib 7Q` i?2 `2bT2+iBp2 GR i`B;;2` bB;M�H b2H2+iBQMX h?2
+mi Bb /2}M2/ �b i?2 mjj im`M@QM TQBMi THmb irQ bi�iBbiB+�H /2pB�iBQMb �M/ i?2M
`QmM/2/ mT iQ i?2 M2ti 8 :2o #BMX _2bmHib �`2 b?QrM 7Q` |y⇤| I yXj �M/ |y⇤| I
yXeX

AM Q`/2` iQ /2`Bp2 }t2/ mjj +mib 7`QK i?2b2 `2bmHib- i?2 `2bT2+iBp2 bi�iBbiB+�H 2``Q`b
r2`2 i�F2M BMiQ �++QmMi bQ i?�i i?2 }t2/ p�Hm2 m⇤

jj Bb /2}M2/ �b i?2 im`M@QM TQBMi
THmb irQ bi�iBbiB+�H /2pB�iBQMbX hQ �pQB/ #B�b 7`QK +Q�`b2` #BMMBM;- i?2 +mib r2`2
`QmM/2/ mT iQ i?2 HQr2` 2/;2 Q7 i?2 M2ti 8 :2o #BMX h?2 }M�H +mib �`2 b?QrM
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BM h�#H2 8XkX 6`QK i?2`2- Bi +�M #2 b22M i?�i i?2 Q#i�BM2/ mjj i?`2b?QH/b 7Q`
i?2 GR Cd8 �M/ CRyy �`2 bB;MB}+�MiHv HQr2` i?�M i?2B` +m``2Mi KBMBK�H /2i2+i�#H2
`2bQM�M+2 K�bb2bX qBi? i?2 �//BiBQM Q7 HQr2`@pT bBM;H2@D2i i`B;;2`b- mjj i?`2b?QH/b
�b HQr �b kj8 :2o UC9yV �`2 TQbbB#H2X

8X8Xk h?`2b?QH/@.2T2M/2M+v QM >Gh _272`2M+2 h`B;;2`
:Bp2M i?�i GR i`B;;2` 2{+B2M+B2b �`2 /2i2`KBM2/ rBi? `272`2M+2 iQ �M >Gh i`B;;2`@
+?�BM- r2 M22/ iQ 2Mbm`2 i?2 Q#i�BM2/ mjj i?`2b?QH/b �`2 MQi #B�b2/ #v i?2 +?QB+2
Q7 i?2 >Gh `272`2M+2 7`�K2X
�b K2MiBQM2/ BM a2+iBQM 8Xj- G2p2H@R D2ib �`2 bQH2Hv +�HB#`�i2/ iQ i?2 2H2+i`QK�;@
M2iB+ b+�H2 Q7 i?2 �hG�a +�HQ`BK2i2`b r?B+? /Q2b MQi M2+2bb�`BHv `2~2+i i?2B` i`m2
2M2`;vX h?Bb K2�Mb i?�i i?2 pBbB#H2 D2i 2M2`;v 7Q` � GR i`B;;2` /Q2b MQi i�F2
BMiQ �++QmMi 2M2`;v HQbb2b /m2 iQ 2X;X 2b+�TBM; T�`iB+H2b BM ?�/`QMB+ b?Qr2`b Q`
mMBMbi`mK2Mi2/ /2i2+iQ` K�i2`B�HX AM Q`/2` iQ +�HB#`�i2 i?2 D2i 2M2`;B2b iQ i?2 C2i
1M2`;v a+�H2 UC1aV H�i2` QM- +Q``2+iBQM 7�+iQ`b- ivTB+�HHv Q7 Q`/2` irQ- �`2 �TTHB2/
iQ +Q``2+i 7Q` i?2 HQbi 2M2`;v (9d)X h?2`27Q`2- i?2 ET i?`2b?QH/b Q7 GR i`B;;2`b
M22/ iQ #2 BMi2`T`2i2/ BM i2`Kb Q7 i?2 HBKBi2/ D2i 2M2`;v BM7Q`K�iBQMX h?2 >Gh
i`B;;2`@+?�BMb mb2/ �b `272`2M+2 +QMbBbi Q7 �M >Gh i`B;;2` r?B+? Bb b22/2/ #v �
HQr@pT GR i`B;;2`RX h?Bb �HHQrb 7Q` BMbi�M+2 iQ mb2 �M >Gh DRRy i`B;;2` rBi? � pT
= RRy :2o i?`2b?QH/ �b � `272`2M+2 7Q` �M GR CRyy rBi? ET = Ryy :2o- bBM+2 i?2
7Q`K2` Bb b+�H2/ iQ i?2 C1a �M/ i?2 i`B;;2` +?�BM Bb �H`2�/v 7mHHv 2{+B2Mi #27Q`2
GR im`M@QM TQBMiX
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U#V Cd8

6B;m`2 8Xe, h?2 2{+B2M+B2b 7Q` i?2 G2p2H@R bBM;H2@D2i i`B;;2`b C8y �M/ Cd8 7Q`
/Bz2`2Mi `272`2M+2 >Gh i`B;;2`bX 1p2Mib �`2 `2[mB`2/ iQ ?�p2 plead

T -psublead
T = 38

:2o �b r2HH �b |y⇤| I yXjX
R.2i�BH2/ BM7Q`K�iBQM QM i?2 �bbB;M2/ GR i`B;;2`b 7Q` >Gh i`B;;2` b22/BM; �M/ i?2 `2bT2+iBp2

T`2b+�H2 7�+iQ`b +�M #2 7QmM/ ?2`2 (9N)X
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6B;m`2 8Xe b?Qrb i?2 2{+B2M+B2b Q7 GR C8y �M/ GR Cd8 7Q` /Bz2`2Mi >Gh `272`2M+2
i`B;;2`b �b � 7mM+iBQM Q7 mjjX 6Q` #Qi? GR i`B;;2`b- i?2 mjj im`M@QM TQBMi b22Kb
iQ #2 mM#B�b2/ 7`QK i?2 +?QB+2 Q7 >Gh `272`2M+2 i`B;;2`Ub22 6B;m`2 8Xe�VX h?Bb Bb
+QM}`K2/ #v i?2 `2bmHib b?QrM BM h�#H2 8XjX

mjj i?`2b?QH/b (:2o)
GR >Gh Dey >Gh D38 >Gh DRRy

|y⇤| < 0.3

C9y kkdXe ± jXy kk3Xe ± eXy @
C8y k9eX8 ± jXN k99XN ± jX3 @
Cd8 jjeXe ± 9Xe jj9X3 ± 8Xj jkeXd ± jX3
CRyy @ 9kdXN ± 9XN 9RjXk ± jXN

|y⇤| < 0.6

C9y kjRXk ± 9XR kjkX3 ± eXy @
C8y keeXe ± jX3 keeXd ± kX8 @
Cd8 j8RX9 ± jX3 j9eXN ± 9XR j9jXj ± kXd
CRyy @ 99jXy ± 9Xy 9jRXj ± jXj

h�#H2 8Xj, h?2 mjj p�Hm2b 7Q` r?B+? i?2 `2bT2+iBp2 GR bBM;H2@D2i i`B;;2` im`Mb 7mHHv
2{+B2Mi rBi? `2bT2+i iQ i?2 ;Bp2M >Gh `272`2M+2 i`B;;2`X h?2 `2bmHib �`2 ;Bp2M 7Q`
|y⇤| I yXj �M/ |y⇤| I yXeX

1p2M i?Qm;? /Bz2`2Mi >Gh `272`2M+2 i`B;;2`b /Q MQi vB2H/ i?2 b�K2 mjj i?`2b?QH/b-
i?2 p�Hm2b �`2 biBHH rBi?BM `2�bQM�#H2 `�M;2 rBi? `2bT2+i iQ i?2 bi�iBbiB+�H 2``Q`b
�M/ /Q MQi /Bz2` KQ`2 i?�M QM2 �@/2pB�iBQM- 2t+2Ti 7Q` i?2 CRyy rBi? irQ �@
/2pB�iBQMbX
AM +QM+HmbBQM- i?2 +?QB+2 Q7 >Gh `272`2M+2 i`B;;2` /Q2b MQi TQb2 � bB;MB}+�Mi #B�b
QM i?2 `2bmHiBM; mjj i?`2b?QH/b Q7 i?2 `2bT2+iBp2 GR i`B;;2`bX h?2 b2H2+iBQM ;Bp2M
BM h�#H2 8XR r�b K�/2 #2+�mb2 i?2b2 T�B`b vB2H/2/ i?2 KQbi +QKTH2i2 im`M@QM
+m`p2b �M/ HQr2bi bi�iBbiB+�H 2``Q`b QM i?2 }i `2bmHibX

8X8Xj C2i@pT a2H2+iBQM
AM �//BiBQM iQ �M mjj +mi QM i?2 /BD2i b2H2+iBQM- pT `2[mB`2K2Mib M22/ iQ #2 TQb2/
QM i?2 H2�/BM; �M/ bm#H2�/BM; D2i BM Q`/2` iQ KBiB;�i2 i?2 2z2+ib Q7 TBH2@mT BMi2`@
�+iBQMbX q?2`2�b #27Q`2- i?2 H2�/BM; D2i pT +mi 2Mbm`2/ i?�i i?2 i`B;;2` Bb `mMMBM;
7mHHv 2{+B2Mi- i?Bb Bb MQr ;m�`�Mi22/ #v `2[mB`BM; i?2 2p2Mi iQ 2t+22/ � +2`i�BM
BMp�`B�Mi K�bbX
6B;m`2 8Xd /2TB+ib i?2 2{+B2M+v Q7 i?2 GR bBM;H2@D2i i`B;;2`b �b � 7mM+iBQM Q7 H2�/BM;
D2i pT X h?2 2p2Mib �`2 b2H2+i2/ �++Q`/BM; iQ i?2 `2bT2+iBp2 mjj i?`2b?QH/ Q7 i?2
i`B;;2`X h?2 /Qii2/ HBM2b /2KQMbi`�i2 i?2 pT +mi i?�i rQmH/ ?�p2 #22M �TTHB2/
QM i?2 H2�/BM; D2i BM � pT @#�b2/ bB;M�H b2H2+iBQMX h?2 +mi p�Hm2b r2`2 Q#i�BM2/
bBKBH�`Hv iQ i?2 mjj i?`2b?QH/b 7`QK h�#H2 8XR #v }iiBM; 2[m�iBQM U8XRV iQ i?2
2{+B2M+v +m`p2b b?QrM BM 6B;m`2 8Xj 7Q` i?2 `2bT2+iBp2 GR i`B;;2`b �M/ |y⇤| +mibX
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|y*| < 0.3
-1 = 13 TeV, 30.4 fbs

 > 235 GeVjjL1 J40,   m
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 > 340 GeVjjL1 J75,   m
 > 425 GeVjjL1 J100, m

-based Threshold
T

p

U�V |y⇤| I yXj
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|y*| < 0.6
-1 = 13 TeV, 30.4 fbs

 > 240 GeVjjL1 J40,   m
 > 280 GeVjjL1 J50,   m
 > 360 GeVjjL1 J75,   m
 > 445 GeVjjL1 J100, m

-based Threshold
T

p

U#V |y⇤| I yXe

6B;m`2 8Xd, h?2 2{+B2M+B2b 7Q` i?2 GR bBM;H2@D2i i`B;;2`b CRyy- Cd8- C8y �M/ C9y �b �
7mM+iBQM Q7 i?2 H2�/BM; D2i pT X h?2 2p2Mib �`2 b2H2+i2/ #v i?2 i`B;;2` rBi? `272`2M+2
iQ i?2 mjj i?`2b?QH/b 7`QK h�#H2 8XkX h?2 /Qii2/ HBM2b /2TB+i i?2 H2�/BM; D2i pT
i?`2b?QH/ i?�i rQmH/ ?�p2 #22M �TTHB2/ 7Q` � pT @#�b2/ bB;M�H b2H2+iBQM �TT`Q�+?X
_2bmHib �`2 b?QrM 7Q` |y⇤| I yXj �M/ |y⇤| I yXeX

"Qi? };m`2b /2KQMbi`�i2 i?�i �M mjj@#�b2/ bB;M�H b2H2+iBQM 2ti2M/b i?2 2p2Mi
�++2Ti�M+2 iQ HQr2`@pT D2ib `2H�iBp2 iQ � pT @#�b2/ 2{+B2M+v �TT`Q�+? r?BH2 K�BM@
i�BMBM; 7mHH i`B;;2` 2{+B2M+vX AM +QMb2[m2M+2- i?2 `2[mB`2K2Mib QM i?2 H2�/BM; D2i
pT +�M #2 +QMbB/2`�#Hv HQr2`2/X
qBi? `272`2M+2 iQ a2+iBQM 8X9- i?2 +m``2Mi pT `2[mB`2K2Mi QM i?2 bm#H2�/BM; D2i
Bb 38 :2oX � HQQb2` +QMbi`�BMi QM i?Bb /BD2i p�`B�#H2 rQmH/ K2�M i?�i HQr2`@pT
bm#H2�/BM; D2ib +QmH/ #2 b2H2+i2/ #v i?2 i`B;;2` �M/ i?2`27Q`2 BKT�B` i?2 bB;M�H
b2MbBiBpBiv /m2 iQ BM+`2�b2/ �++2Ti�M+2 Q7 TBH2@mT BMi2`�+iBQMbX �b � +QKT`QKBb2-
#Qi? i?2 H2�/BM; �M/ bm#H2�/BM; pT +mib +QmH/ #2 TH�+2/ �i 38 :2o iQ �pQB/ BM@
+`2�b2/ �++mKmH�iBQM Q7 TBH2@mT bB;M�Hb BM i?2 i`B;;2` bvbi2K #mi K�F2 7mHH mb2 Q7
i?2 2{+B2Mi T?�b2 bT�+2X
AM Q`/2` iQ K�BMi�BM ~2tB#BHBiv 7Q` TQbbB#H2 +?�M;2b QM i?2 pT +mib 7Q` i?2 H2�/@
BM; D2i- Bi Bb M2+2bb�`v iQ /2i2`KBM2 i?2 ?B;?2bi TQbbB#H2 H2�/BM; D2i pT i?`2b?QH/
r?B+? �++QmMib 7Q` MQ HQbb BM bi�iBbiB+b `2H�iBp2 iQ � i?`2b?QH/ Q7 38 :2oX A7 M2+2b@
b�`v- i?Bb �HHQrb 7Q` i?2 +mi iQ #2 +?Qb2M rBi?BM i?2b2 #QmM/�`B2b rBi?Qmi K�FBM;
+QKT`QKBb2b QM 2p2Mi bi�iBbiB+bX h?2 mTT2` i?`2b?QH/b r2`2 /2i2`KBM2/ #v +QK@
T�`BM; i?2 mjj /Bbi`B#miBQMb Q7 GR bBM;H2@D2i i`B;;2`b 7Q` /Bz2`2Mi H2�/BM; D2i pT
+mib `2H�iBp2 iQ plead

T = 38 :2oX h?2b2 +mib r2`2 �TTHB2/ iQ �M >Gh i`B;;2` i?�i
T`Q+2bb2b i?2 b2H2+i2/ 2p2Mib Q7 GR- bBM+2 i?2 /�i� `2[mB`2b � +?QB+2 Q7 >Gh i`B;;2`
/m2 iQ /Bz2`2M+2b BM T`2b+�H2 7�+iQ`bX �M 2t�KTH2 7Q` i?2 GR C9y �M/ CRyy rBi?
i?2 `2bT2+iBp2 >Gh i`B;;2`b �M/ �TTHB2/ mjj +mib +�M #2 b22M BM 6B;m`2 �XRX
h?2 ?B;?2bi TQbbB#H2 pT i?`2b?QH/ Bb +?Qb2M �b i?2 ?B;?2bi +mi i?�i vB2H/b � +QM@
bi�Mi `�iBQ Q7 RXyX h?2 `2bmHib 7Q` i?2b2 mTT2` #QmM/�`B2b QM i?2 +?QB+2 Q7 H2�/BM;
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D2i pT +mi �`2 b?QrM BM h�#H2 8X9X 6`QK i?2b2- Bi +�M #2 /2/m+2/ i?�i i?2 H2�/@
BM; D2i pT b2H2+iBQM i?`2b?QH/b +�M #2 +QMbB/2`�#Hv BM+`2�b2/ rBi? MQ HQbb BM i?2
`2+Q`/2/ 2p2Mi bi�iBbiB+bX

pleading
T (:2o)

GR h`B;;2` |y⇤| I yXj |y⇤| I yXe
C9y RRy Ryy
C8y Rky RRy
Cd8 Rey R8y
CRyy R38 R38

h�#H2 8X9, h?2 ?B;?2bi@TQbbB#H2 pT @+mib QM i?2 H2�/BM; D2i +Q``2bTQM/BM; iQ MQ
HQbb BM bi�iBbiB+b `2H�iBp2 iQ pleading

T = 38 :2oX _2bmHib �`2 ;Bp2M 7Q` |y⇤| I yXj �M/
|y⇤| I yXeX

8X8X9 .BD2i a2H2+iBQM BM i2`Kb Q7 |y⇤|

�b K2MiBQM2/ BM a2+iBQM 8XR- 2p2Mib �`2 `2[mB`2/ iQ b�iBb7v � +2`i�BM |y⇤| i?`2b?QH/
BM Q`/2` iQ T�bb i?2 bB;M�H b2H2+iBQMX h?2`27Q`2- i?Bb b2+iBQM �BKb iQ BMp2biB;�i2
�M/ QTiBKBx2 i?2 +?QB+2 Q7 |y⇤| +mi 7Q` i?2 b2�`+? Q7 HQr `2bQM�M+2 K�bb2b #v
BM+Q`TQ`�iBM; i?2 T`2+2/BM; `2bmHibX

.2T2M/2M+v Q7 mjj@#�b2/ aB;M�H a2H2+iBQM QM |y⇤|

a2+iBQM 8Xk r�b �#H2 iQ b?Qr i?�i � |y⇤| +mi QM 2p2Mib rBi? /BD2i }M�H@bi�i2b T`Q@
pQF2b i?�i ?B;?2`@pT D2ib �`2 b2H2+i2/ 7Q` � ;Bp2M BMp�`B�Mi K�bb- /2+`2�bBM; i?2
/Bz2`2M+2 Q7 H2�/BM; �M/ bm#H2�/BM; D2i pT X
h?Bb BM~m2M+2 QM i?2 D2i pT @b2H2+iBQM- ?Qr2p2`- �HbQ `2~2+ib BM i?2 Q#i�BM2/ mjj

i?`2b?QH/b ;Bp2M BM h�#H2 8XRX 6`QK i?2b2 `2bmHib- Bi +�M #2 /2/m+2/ i?�i � KQ`2
bi`BM;2Mi +?QB+2 Q7 |y⇤| +mi H2�/b iQ HQr2` mjj i?`2b?QH/b 7Q` +QMbi�Mi D2i pT b2@
H2+iBQM +`Bi2`B�X h?Bb BMi2`T`2i�iBQM Bb p�HB/�i2/ #v 6B;m`2 8X3� r?B+? /2TB+ib i?2
2{+B2M+v Q7 G2p2H@R i`B;;2` CRyy �b � 7mM+iBQM Q7 i?2 BMp�`B�Mi /BD2i K�bb 7Q` /B7@
72`2Mi |y⇤| +mib �TTHB2/X q?2M +QKT�`BM; i?2 2{+B2M+v +m`p2b 7Q` |y⇤| I yXj �M/
|y⇤| I yXe- QM2 +�M b22 i?�i i?2 im`M@QM TQBMi Q7 i?2 GR CRyy Bb b?B7i2/ iQ ?B;?2`
BMp�`B�Mi K�bb2b 7Q` � HQQb2` +miX :Bp2M i?�i bm#H2�/BM; D2ib rBi? ?B;?2` i`�Mb@
p2`b2 KQK2Mi� �`2 b2H2+i2/ 7Q` bi`B+i2` |y⇤| +mib- i?2v TQbb2bb �M BM+`2�b2/ +?�M+2
Q7 b�iBb7vBM; i?2 pT `2[mB`2K2Mi- `2bmHiBM; BM HQr2` im`M@QM TQBMibX
�MQi?2` BKTQ`i�Mi +QM+HmbBQM i?�i +�M #2 /`�rM 7`QK i?Bb };m`2 Bb i?�i �M mjj@
#�b2/ bB;M�H b2H2+iBQM �TT`Q�+? 7Q` i?2 CRyy 2tTHB+BiHv `2[mB`2b �M �//BiBQM�H |y⇤|
+mi QM /BD2i 2p2Mib BM Q`/2` iQ ;m�`�Mi22 i?�i i?2 i`B;;2` Bb `mMMBM; �i 7mHH 2{@
+B2M+vX h?Bb Bb /m2 iQ i?2 7�+i i?�i rBi? MQ +mi �TTHB2/- i?2 GR CRyy i`B;;2` /Q2b
MQi im`M 7mHHv 2{+B2MiX h?Bb +�M #2 mM/2`biQQ/ 7`QK +QMbB/2`BM; i?�i rBi? MQ |y⇤|
+mi �TTHB2/ QM i?2 2p2Mib- i?2 i`B;;2` bB;M�H BMTmi 7Q` � ;Bp2M BMp�`B�Mi /BD2i K�bb
Bb /QKBM�i2/ #v HQr@pT D2ibX aBM+2 D2ib Q7 HQr i`�Mbp2`b2 KQK2Mi� �`2 +�Tim`2/
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|y*| < 0.3
|y*| < 0.6
no |y*| cut

|y*| < 0.3
|y*| < 0.6
no |y*| cut

|y*| < 0.3
|y*| < 0.6
no |y*| cut

L1 J100
HLT j110
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T
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|y*| < 0.3
|y*| < 0.6
no |y*| cut

|y*| < 0.3
|y*| < 0.6
no |y*| cut

|y*| < 0.3
|y*| < 0.6
no |y*| cut

L1 J100
HLT j110

U#V

6B;m`2 8X3, h?2 2{+B2M+B2b 7Q` i?2 G2p2H@R bBM;H2@D2i i`B;;2` CRyy 7Q` |y⇤| I yXj-
|y⇤| I yXe �M/ MQ |y⇤|@+miX 6B;m`2 8X3� b?Qrb i?2 2{+B2M+v �b � 7mM+iBQM Q7 mjj

�M/ 7m`i?2`KQ`2 `2[mB`2b i?2 H2�/BM; D2i pT = 38 :2o- r?2`2�b 8X3# /2TB+ib i?2
2{+B2M+v �b � 7mM+iBQM Q7 H2�/BM; D2i@pT X

rBi? i`B;;2` 2{+B2M+B2b bK�HH2` i?�M RyyW Ub22 6B;m`2 8XjV- i?2 i`B;;2` /Q2b MQi
im`M 7mHHv 2{+B2Mi rBi? `2bT2+i iQ mjj 7Q` bm#@h2o K�bb2bX AM +QMi`�bi- 6B;m`2
8X3# b?Qrb i?�i i?2 im`M@QM TQBMi Q7 i?2 CRyy rBi? `2bT2+i iQ i?2 H2�/BM; D2i pT
Bb mM#B�b2/ 7`QK i?2 +?QB+2 Q7 |y⇤| +miX h?Bb /2KQMbi`�i2b i?�i i?2 H2�/BM; D2i pT
i?`2b?QH/b mb2/ BM i?2 T`2HBKBM�`v bB;M�H b2H2+iBQM �TT`Q�+? /B/ MQi M22/ iQ #2
�/Dmbi2/ iQ i?2 +?QB+2 Q7 |y⇤| +miX h?2 b�K2 `2bmHib r2`2 Q#i�BM2/ 7Q` i?2 Qi?2`
GR bBM;H2@D2i i`B;;2`b C9y- C8y �M/ Cd8X
AM +QM+HmbBQM- i?Bb K2�Mb i?�i QTTQb2/ iQ i?2 T`2pBQmbHv mb2/ pT @#�b2/ b2H2+iBQM
�TT`Q�+?- i?2 mjj@#�b2/ bB;M�H b2H2+iBQM bT2+B}+�HHv `2[mB`2b � |y⇤| +mi QM i?2 b2@
H2+i2/ 2p2Mib 7Q` i?2 i`B;;2`b iQ `mM 7mHHv 2{+B2MiX AM �//BiBQM- i?2 �TTHB2/ mjj

i?`2b?QH/b iQ 2�+? `2bT2+iBp2 GR i`B;;2` M22/ iQ #2 �/Dmbi2/ iQ i?2 +?QB+2 Q7 |y⇤|
`2[mB`2K2MiX

aB;M�H@a2MbBiBpBiv BM .2T2M/2M+2 Q7 |y⇤|

aBM+2 i?Bb 2KT?�bBx2b i?2 BKTQ`i�M+2 Q7 � |y⇤| +mi BM �M mjj@#�b2/ bB;M�H b2H2+iBQM
bi`�i2;v- i?Bb b2+iBQM �BKb iQ QTiBKBx2 i?Bb +`Bi2`BQM bQ i?�i i?2 mjj i?`2b?QH/
+�M #2 �/Dmbi2/ �++Q`/BM;HvX � p2`v BKTQ`i�Mi K2�bm`2 7Q` i?2 ;QQ/M2bb Q7 i?2
i`B;;2` b2H2+iBQM rBi? `2bT2+i iQ i?2 b2�`+? 7Q` HQr@K�bb `2bQM�M+2b Bb i?2 bB;M�H@
iQ@#�+F;`QmM/ `�iBQX Ai /2b+`B#2b i?2 `�iBQ Q7 i?2 K�bb `2bQM�M+2 #mKT `2H�iBp2
iQ i?2 #�+F;`QmM/ bB;M�H iQ +QKT�`2 i?2 bB;M�H b2MbBiBpBiv 7Q` /Bz2`2Mi b2H2+iBQM
+`Bi2`B�X
AM Q`/2` iQ BMp2biB;�i2 i?2 /2T2M/2M+2 Q7 i?2 bB;M�H@iQ@#�+F;`QmM/ `�iBQ QM i?2
+?QB+2 Q7 |y⇤| +mi- JQMi2@*�`HQ UJ*V bBKmH�iBQMb 7Q` /Bz2`2Mi bB;M�H b�KTH2b r2`2
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i�F2MX h?2 bBKmH�iBQMb `2~2+i TQbbB#H2 `2bQM�M+2b 7Q` /Bz2`2Mi K2/B�iQ` K�bb2b
mZ0 �M/ ai�M/�`/ JQ/2H +QmTHBM; +QMbi�Mib gSM X h?2b2 r2`2 ;2M2`�i2/ mbBM;
J�/:`�T? 8 UpXkXkXjV- Suh>A�3 UpX3XkRV �M/ 1pi:2MUpXRXkXyVXk
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6B;m`2 8XN, h?2 bB;M�H@iQ@#�+F;`QmM/ `�iBQ �b � 7mM+iBQM Q7 i?2 |y⇤| +mi 7Q` /Bz2`2Mi
`2bQM�M+2 K�bb2b mZ0 �M/ +QmTHBM; +QMbi�Mib gSM X h?2 2p2Mi b2H2+iBQM r�b +�``B2/
Qmi rBi? `2bT2+i iQ i?2 GR i`B;;2` i?�i +Qp2`b i?2 K�bb `2;BK2 BM r?B+? i?2
`2bQM�M+2 K�bb HB2bX 1p2Mib �`2 `2[mB`2/ iQ ?�p2 plead

T - psublead
T = 38 :2oX

kJQ`2 BM7Q`K�iBQM QM 2p2Mi ;2M2`�iBQM mbBM; JQMi2@*�`HQ bBKmH�iBQMb +�M #2 7QmM/ ?2`2 (8y)X
.2i�BH2/ BM7Q`K�iBQM QM i?2 `2bT2+iBp2 ;2M2`�iQ`b �`2 7m`i?2` ;Bp2M BM (8RĜ8j)X
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hQ /2i2`KBM2 i?2 bB;M�H@iQ@#�+F;`QmM/ `�iBQ- � :�mbbB�M 7mM+iBQM r�b }ii2/ iQ
i?2 `B;?i bB/2 Q7 i?2 `2bQM�M+2 T2�F iQ Q#i�BM Bib bi�M/�`/ /2pB�iBQM �X PMHv i?2
`B;?i bB/2 r�b mb2/ bBM+2 i?2 bB;M�H /Bbi`B#miBQM +�M #2 /2b+`B#2/ #v � *`vbi�H
"�HH 7mM+iBQM- r?2`2 � :�mbbB�M i`�MbBiBQMb BMiQ �M 2tTQM2MiB�H 7mM+iBQM �#Qp2
� /2}M2/ i?`2b?QH/X 6B;m`2b �Xk� iQ �Xk+ b?Qr i?�i i?2 `B;?i bB/2 Q7 i?2 bB;M�H
T2�F 7QHHQrb � :�mbbB�M /Bbi`B#miBQMX h?2 `�iBQ r�b i?2M Q#i�BM2/ #v BMi2;`�iBM;
i?2 bB;M�H �M/ #�+F;`QmM/ /Bbi`B#miBQM rBi?BM QM2 �@/2pB�iBQM Q7 i?2 T2�F `2bT2+@
iBp2Hv �M/ /BpB/BM; i?2 bB;M�H +QmMib #v i?2 b[m�`2@`QQi Q7 i?2 #�+F;`QmM/ +QmMibX
AM i?Bb �M�HvbBb- i?`22 /Bz2`2Mi bB;M�H b�KTH2b r2`2 mb2/- +Q``2bTQM/BM; iQ `2b@
QM�M+2 K�bb2b Q7 � Z 0 K2/B�iQ` T�`iB+H2 Q7 j8y :2o- 98y :2o �M/ R h2oX h?2
bB;M�H@b2MbBiBpBiv Q7 i?2 b�KTH2b 7Q` /Bz2`2Mi |y⇤| +mib r�b 2t�KBM2/ rBi? `2bT2+i
iQ i?2 G2p2H@R i`B;;2` i?�i +Qp2`b i?2 `2bT2+iBp2 K�bb `2;BQM- K2�MBM; i?�i i?2
i`B;;2` Bb 7mHHv 2{+B2Mi 7Q` i?2 `2bQM�M+2 K�bb #mi i?2 M2ti ?B;?2` GR i`B;;2` Bb
MQiX h?2 QTiBK�H |y⇤| +mi 7Q` i?2 bT2+B}+ i`B;;2` rQmH/ i?2M vB2H/ i?2 H�`;2bi
bB;M�H@iQ@#�+F;`QmM/ `�iBQX h?2 `2bmHib �`2 b?QrM BM 6B;m`2b 8XN� iQ 8XN+X
6`QK i?2 i?`22 };m`2b Bi +�M #2 Q#b2`p2/ i?�i 7Q` `2bQM�M+2 K�bb2b Q7 R h2o �M/
j8y :2o- � |y⇤| I yXd `2[mB`2K2Mi vB2H/b i?2 ?B;?2bi bB;M�H b2MbBiBpBiv- r?2`2�b
|y⇤| I yXe Bb QTiBK�H 7Q` mZ0 4 98y :2oX :Bp2M i?�i i?2 /Bz2`2M+2 Q7 i?2b2 K�t@
BK� 2[m�Hb i?2 #BM rB/i?- Bi +�M #2 ;2M2`�HHv +QM+Hm/2/ i?�i � `2[mB`2K2Mi Q7
|y⇤| I yXe Bb bm{+B2Mi iQ ;m�`�Mi22 �M QTiBK�H b2MbBiBpBiv iQ Z 0@`2bQM�M+2b BM i?2
bm#@h2o K�bb@`�M;2X h?Bb �TTHB2b iQ i?2 G2p2H@R i`B;;2`b C8y- Cd8 �M/ CRyy- #mi
b?QmH/ MQi /2pB�i2 +QMbB/2`�#Hv 7Q` i?2 C9yX
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-1 = 13 TeV, 30.4 fbs
|y*| < 0.6

 > 85 GeV
T

p

6B;m`2 8XRy, h?2 /Bbi`B#miBQM Q7 BMp�`B�Mi /BD2i K�bb 7Q` i?2 G2p2H@R bBM;H2@D2i
i`B;;2`b CRyy- Cd8- C8y �M/ C9yX AM i2`Kb Q7 bB;M�H b2H2+iBQM- i?2 �TTHB2/ mjj

i?`2b?QH/b �`2 b2i �i 998 :2o- jey :2o- k3y :2o �M/ k9y :2o- `2bT2+iBp2HvX
6m`i?2`- 2p2Mib �`2 `2[mB`2/ iQ b�iBb7v |y⇤| < yXe �b r2HH �b pT > 38 :2o 7Q` i?2
irQ ?B;?2bi@KQK2Mi� D2ibX
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h?2 `2�bQM 7Q` r?v HQQb2` |y⇤| +QMbi`�BMib vB2H/ � /2+`2�b2/ bB;M�H b2MbBiBpBiv +�M
#2 7QmM/ BM i?2 7�+i i?�i i?2 im`M@QM TQBMib Q7 i?2 GR i`B;;2`b �`2 b?B7i2/ iQ ?B;?2`
BMp�`B�Mi K�bb2b 7Q` HQQb2` +mib- �b /Bb+mbb2/ �#Qp2X >2M+27Q`i?- i?2 i`B;;2` /Q2b
MQi b2H2+i bm#@h2o /BD2i 2p2Mib �i 7mHH 2{+B2M+v 7Q` ?B;?2` +mibX
6Q` �M QTiBK�H bB;M�H b2H2+iBQM- i?2 �TTHB2/ mjj +mib M22/ iQ #2 +?Qb2M rBi? `2bT2+i
iQ � |y⇤| = yXe +mi- r?2`2�b i?2 �//BiBQM�H pT +mib �`2 BM/2T2M/2Mi Q7 i?Bb b2H2+iBQM
p�`B�#H2X 6B;m`2 8XRy b?Qrb i?2 `2bmHiBM; BMp�`B�Mi /BD2i K�bb /Bbi`B#miBQMb 7Q` i?2
GR i`B;;2`b rBi? i?2 /2i2`KBM2/ i?`2b?QH/b �TTHB2/X 6Q` i?2 GR Cd8 �M/ CRyy
Bi Bb 7m`i?2` BHHmbi`�i2/ ?Qr HQr2` pT `2[mB`2K2Mib ?�p2 �HHQr2/ iQ 2ti2M/ i?2
b2MbBiBpBiv `2;BQM iQ HQr2` BMp�`B�Mi K�bb2bX



*?�Ti2` e

*QM+HmbBQM

�M �M�HvbBb 7Q` BKT`QpBM; i?2 bB;M�H b2H2+iBQM +`Bi2`B� 7Q` � p�`B2iv Q7 G2p2H@R UGRV
bBM;H2@D2i i`B;;2`b r�b +�``B2/ Qmi rBi? `2;�`/ iQ � i`B;;2`@H2p2H /BD2i b2�`+?X AM
Q`/2` iQ 2ti2M/ i?2 b2�`+? iQ HQr2` `2bQM�M+2 K�bb2b- i?2 b2H2+iBQM i?`2b?QH/b QM
mjj- pT �M/ |y⇤| 7Q` /BD2i 2p2Mib r2`2 QTiBKBx2/ 7Q` i?2 `2bT2+iBp2 GR i`B;;2`bX
h?2b2 BM+Hm/2 T`2pBQmbHv mb2/ i`B;;2`b @ CRyy �M/ Cd8 @ �b r2HH �b M2r HQr2`@pT
i`B;;2`b @ C8y �M/ C9yX
6QHHQrBM; �M mjj@#�b2/ 2{+B2M+v �TT`Q�+?- i?2 i`B;;2` 2p2Mi b2H2+iBQM r�b /2}M2/
bm+? i?�i QMHv 2p2Mib rBi? �M BMp�`B�Mi K�bb �#Qp2 i?2 NNXNW 2{+B2M+v TQBMi Q7
i?2 `2bT2+iBp2 i`B;;2` �`2 b2H2+i2/X Ai r�b b?QrM i?�i i?Bb �HHQrb iQ +QMbB/2`�#Hv
HQr2` i?2 `2[mB`2K2Mib QM i?2 H2�/BM; D2i pT X AM +QMb2[m2M+2- i?2 GR CRyy �M/
Cd8 i`B;;2`b �`2 �#H2 iQ 2ti2M/ i?2 `2bT2+iBp2 b2MbBiBpBiv `2;BQMb Q7 i?2 i`B;;2`@H2p2H
�M�HvbBb #v �#Qmi Ryy :2o `2H�iBp2 iQ i?2 +m``2Mi bB;M�H b2H2+iBQMX AM �//BiBQM- i?2
GR C9y �M/ C8y ?�p2 T`Qp2M i?�i i?2v �HHQr iQ T`Q#2 7Q` `2bQM�M+2 K�bb2b �b HQr
�b kj8 :2o r?BH2 K�BMi�BMBM; 7mHH i`B;;2` 2{+B2M+vX :Bp2M i?�i � |y⇤| `2[mB`2K2Mi
Bb +`m+B�H 7Q` i?Bb b2H2+iBQM �TT`Q�+?- i?2 `2bT2+iBp2 i?`2b?QH/ r�b QTiBKBx2/ rBi?
`2;�`/ iQ �M QTiBK�H bB;M�H b2MbBiBpBiv 7Q` bm#@h2o `2bQM�M+2 K�bb2bX
h?2 bB;MB}+�M+2 Q7 i?2 T`2b2Mi2/ `2bmHib `2~2+ib BM i?2 7�+i i?�i i?2 QTiBKBx2/
bB;M�H b2H2+iBQM �b r2HH �b i?2 HQr i?`2b?QH/ i`B;;2`b �HHQr iQ 2ti2M/ i?2 b2�`+? 7Q`
HQr K�bb K2/B�iQ`b BM /BD2i bB;M�im`2b iQ bm#bi�MiB�HHv HQr2` K�bb2bX *QMbB/2`BM;
i?�i i?2b2 `2bmHib r2`2 Q#i�BM2/ mbBM; /�i� +QHH2+i2/ BM kyRe- � mb27mH 2ti2MbBQM
rQmH/ #2 iQ +�``v Qmi i?2 �M�HvbBb QM kyRd �M/ kyR3 /�i� bBM+2 i?2v Qz2` /B7@
72`2Mi TBH2@mT T`Q}H2b �b r2HH �b /Bz2`2Mi #2�K +QM};m`�iBQMb i?�i �z2+i i?2 GR
+QM};m`�iBQM �M/ D2i `2+QMbi`m+iBQM T`Q+2/m`2bX

9k
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6B;m`2 �Xk, JQMi2@*�`HQ bBKmH�iBQMb 7Q` Z 0 K2/B�iQ` `2bQM�M+2 bB;M�Hb 7Q` /Bz2`@
2Mi T�`iB+H2 K�bb2b mZ0 �M/ +QmTHBM; +QMbi�Mib gSM X aB;M�Hb �`2 b2H2+i2/ #v i?2
2{+B2Mi i`B;;2` BM i?2 `2bT2+iBp2 K�bb `2;BQMX 1p2Mib 7m`i?2` M22/ iQ b�iBb7v pT >
38 :2o �M/ |y⇤| < yXe iQ #2 +QMbB/2`2/X



"B#HBQ;`�T?v

(R) 6`Bix wrB+FvX ǳ.B2 _Qip2`b+?B2#mM; pQM 2ti`�;�H�FiBb+?2M L2#2HMǴX AM, >2H@
p2iB+� T?vbB+� �+i� e URNjjVX

(k) J�`+2H� *�`2M� 2i �HX ǳJaaJ >B;;b #QbQM b2�`+?2b �i i?2 G>*, #2M+?K�`F
b+2M�`BQb �7i2` i?2 /Bb+Qp2`v Q7 � >B;;b@HBF2 T�`iB+H2ǴX AM, h?2 1m`QT2�M S?vb@
B+�H CQm`M�H * dj UkyRjVX

(j) E EQ/�K� 2i �HX ǳP#b2`p�iBQM Q7 i�m M2mi`BMQ BMi2`�+iBQMbǴX AM, S?vbB+b
G2ii2`b " 8y9Xj UkyyRVX

(9) *H�m/BQ *�KT�;M�`B �M/ J2HBbb� 6`�MFHBMX ǳh?2 /Bb+Qp2`v Q7 i?2 iQT [m�`FǴX
AM, _2pX JQ/X S?vbX eN UR C�MX RNNdVX /QB, RyXRRyjf_2pJQ/S?vbXeNXRjdX

(8) J�iib _QQbX .�`F J�ii2`, h?2 2pB/2M+2 7`QK �bi`QMQKv- �bi`QT?vbB+b �M/
+QbKQHQ;vX kyRyX �`sBp, RyyRXyjRe (�bi`Q@T?X*P)X

(e) �MiQMBQ "Qp2B� �M/ *�i2`BM� .Q;HBQMBX ǳ.�`F J�ii2` a2�`+?2b �i *QHHB/2`bǴX
AM, �MMm�H _2pB2r Q7 Lm+H2�` �M/ S�`iB+H2 a+B2M+2 e3XR UP+iX kyR3VX BbbM,
R898@9Rj9X /QB, RyXRR9ef�MMm`2p@Mm+H@RyRNRd@ykRyy3X m`H, ?iiT,
ff/tX/QBXQ`;fRyXRR9ef�MMm`2p@Mm+H@RyRNRd@ykRyy3X

(d) h?2 �hG�a *QHH�#Q`�iBQMX ǳa2�`+? 7Q` M2r T?2MQK2M� BM /BD2i 2p2Mib mb@
BM; jd 7#ƐR Q7 TT +QHHBbBQM /�i� +QHH2+i2/ �i p

s4Rj h2o rBi? i?2 �hG�a
/2i2+iQ`ǴX AM, S?vbB+�H _2pB2r . NeX8 Ua2TiX kyRdVX BbbM, k9dy@yykNX /QB,
RyXRRyjfT?vb`2p/XNeXy8kyy9X m`H, ?iiT,ff/tX/QBXQ`;fRyXRRyjf
S?vb_2p.XNeXy8kyy9X

(3) h?2 �hG�a *QHH�#Q`�iBQMX ǳa2�`+? 7Q` HQr@K�bb /BD2i `2bQM�M+2b mbBM;
i`B;;2`@H2p2H D2ib rBi? i?2 �hG�a /2i2+iQ` BM TT +QHHBbBQMb �i b[`iUbV4Rj
h2oǴX AM, S?vbX _2pX G2iiX RkR UkyR3VX /QB, RyXRRyjfS?vb_2pG2iiXRkRX
y3R3yRX m`H, ?iiTb,ff�`tBpXQ`;f�#bfR3y9Xyj9NeX

(N) lE_A a+B2M+2 �M/ h2+?MQHQ;v 6�+BHBiB2b *QmM+BHX ?iiTb,ffbi7+XmF`BX
Q`;f`2b2�`+?fT�`iB+H2@T?vbB+b@�M/@T�`iB+H2@�bi`QT?vbB+bfT2i2`@
?B;;b@�@i`mHv@#`BiBb?@b+B2MiBbifr?v@Bb@i?2@?B;;b@/Bb+Qp2`v@bQ@
bB;MB7B+�MifX (�++2bb2/, kykR@yk@yj)X

(Ry) qX S�mHBX ǳh?2 *QMM2+iBQM "2ir22M aTBM �M/ ai�iBbiB+bǴX AM, S?vbX _2pX 83
U3 P+iX RN9yVX /QB, RyXRRyjfS?vb_2pX83XdReX m`H, ?iiTb,ffHBMFX�TbX
Q`;f/QBfRyXRRyjfS?vb_2pX83XdReX

(RR) uQb?BvmFB 6mFm/� 2i �HX ǳ1pB/2M+2 7Q` Qb+BHH�iBQM Q7 �iKQbT?2`B+ M2mi`BMQbǴX
AM, S?vbB+�H _2pB2r G2ii2`b 3RX3 URNN3VX

9d

https://doi.org/10.1103/RevModPhys.69.137
https://arxiv.org/abs/1001.0316
https://doi.org/10.1146/annurev-nucl-101917-021008
http://dx.doi.org/10.1146/annurev-nucl-101917-021008
http://dx.doi.org/10.1146/annurev-nucl-101917-021008
https://doi.org/10.1103/physrevd.96.052004
http://dx.doi.org/10.1103/PhysRevD.96.052004
http://dx.doi.org/10.1103/PhysRevD.96.052004
https://doi.org/10.1103/PhysRevLett.121.081801
https://doi.org/10.1103/PhysRevLett.121.081801
https://arxiv.org/abs/1804.03496
https://stfc.ukri.org/research/particle-physics-and-particle-astrophysics/peter-higgs-a-truly-british-scientist/why-is-the-higgs-discovery-so-significant/
https://stfc.ukri.org/research/particle-physics-and-particle-astrophysics/peter-higgs-a-truly-british-scientist/why-is-the-higgs-discovery-so-significant/
https://stfc.ukri.org/research/particle-physics-and-particle-astrophysics/peter-higgs-a-truly-british-scientist/why-is-the-higgs-discovery-so-significant/
https://stfc.ukri.org/research/particle-physics-and-particle-astrophysics/peter-higgs-a-truly-british-scientist/why-is-the-higgs-discovery-so-significant/
https://doi.org/10.1103/PhysRev.58.716
https://link.aps.org/doi/10.1103/PhysRev.58.716
https://link.aps.org/doi/10.1103/PhysRev.58.716
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(Rk) aX 6X EBM;X ǳL2mi`BMQ K�bb KQ/2HbǴX AM, _2TQ`ib QM S`Q;`2bb BM S?vbB+b ed
U.2+X kyyjVX /QB, RyXRy33fyyj9@9338fedfkf`yRX m`H, ?iiTb,ff/QBXQ`;f
RyXRy33fyyj9@9338fedfkf`yRX

(Rj) qXLX *QiiBM;?�K �M/ .X�X :`22MrQQ/X �M AMi`Q/m+iBQM iQ i?2 ai�M/�`/
JQ/2H Q7 S�`iB+H2 S?vbB+bX *�K#`B/;2 lMBp2`bBiv S`2bb- kyydX Bb#M, Nd3RRjN9ekkRRX
m`H, ?iiTb,ff#QQFbX;QQ;H2X/2f#QQFb\B/4.Kje"u[NBmy*X

(R9) _Q#2`i JX >�``Bb �M/ EQMbi�MiBMQb EQmbQm`BbX ǳa2�`+?2b 7Q` .BD2i _2bQ@
M�M+2b �i >�/`QM *QHHB/2`bǴX AM, AMi2`M�iBQM�H CQm`M�H Q7 JQ/2`M S?vbB+b �
ke U.2+X kyRRVX BbbM, RdNj@e8esX /QB, RyXRR9kfbykRdd8RtRRy89Ny8X m`H,
?iiT,ff/tX/QBXQ`;fRyXRR9kfaykRdd8RsRRy89Ny8X

(R8) Gv/B� �m/`2v "2`2b7Q`/X ǳa2�`+?2b 7Q` /BD2i `2bQM�M+2b mbBM; p
s 4 Rj h2o

T`QiQM@T`QiQM +QHHBbBQM /�i� `2+Q`/2/ #v i?2 �hG�a /2i2+iQ` �i i?2 G�`;2
>�/`QM *QHHB/2`ǴX S?. i?2bBbX lMBp2`bBiv Q7 Pt7Q`/- kyRdX

(Re) aBKQM2 J�`x�MB- :`2;Q`v aQv2x- �M/ JB+?�2H aT�MMQrbFvX GQQFBM; BMbB/2
D2ib, �M BMi`Q/m+iBQM iQ D2i bm#bi`m+im`2 �M/ #QQbi2/@Q#D2+i T?2MQK2MQHQ;vX
aT`BM;2`- kyRNX

(Rd) J�`F h?QKbQMX JQ/2`M T�`iB+H2 T?vbB+bX *�K#`B/;2 lMBp2`bBiv S`2bb- kyRjX
(R3) h?2 lMBp2`bBiv Q7 L2r aQmi? q�H2bX h?2 SH�M+F b+�H2, `2H�iBpBiv K22ib

[m�MimK K2+?�MB+b K22ib ;`�pBivX ?iiTb,ffM2riXT?vbXmMbrX2/mX�mf
2BMbi2BMHB;?ifDrfKQ/mH2enSH�M+FX?iKHX (�++2bb2/, kykR@yk@Rk)X

(RN) _�vKQM/ .�pBbX ǳ� `2pB2r Q7 i?2 >QK2bi�F2 bQH�` M2mi`BMQ 2tT2`BK2MiǴX
AM, S`Q;`2bb BM S�`iB+H2 �M/ Lm+H2�` S?vbB+b jk URNN9VX BbbM, yR9e@e9RyX
/QB, ?iiTb,ff/QBXQ`;fRyXRyRefyR9e@e9RyUN9VNyyy9@jX m`H, ?iiTb,
ffrrrXb+B2M+2/B`2+iX+QKfb+B2M+2f�`iB+H2fTBBfyR9ee9RyN9Nyyy9jX

(ky) o2`� * _m#BM- q E2Mi 6Q`/ C`- �M/ LQ`#2`i h?QMM�`/X ǳ_Qi�iBQM�H T`QT2`@
iB2b Q7 kR a* ;�H�tB2b rBi? � H�`;2 `�M;2 Q7 HmKBMQbBiB2b �M/ `�/BB- 7`QK L:*
9ey8f_4 9FT+fiQ l:* k338f_4 Rkk FT+ǴX AM, h?2 �bi`QT?vbB+�H CQm`M�H
kj3 URN3yVX

(kR) aBM+H�B` aKBi?X ǳh?2 J�bb Q7 i?2 oB`;Q *Hmbi2`ǴX AM, �bi`QT?vbX CX 3j URNjeVX
/QB, RyXRy3efR9jeNdX

(kk) _B+?�`/ J�bb2v- h?QK�b EBi+?BM;- �M/ CQ?�M _B+?�`/X ǳh?2 /�`F K�ii2`
Q7 ;`�pBi�iBQM�H H2MbBM;ǴX AM, _2TQ`ib QM S`Q;`2bb BM S?vbB+b dj UkyRyVX

(kj) *�`HQb a 6`2MF �M/ aBKQM .J q?Bi2X ǳ.�`F K�ii2` �M/ +QbKB+ bi`m+im`2ǴX
AM, �MM�H2M /2` S?vbBF 8k9 UkyRkVX

(k9) �H2t2v "Qv�`bFv- PH2; _m+?�vbFBv- �M/ JBF?�BH a?�TQb?MBFQpX ǳh?2 `QH2
Q7 bi2`BH2 M2mi`BMQb BM +QbKQHQ;v �M/ �bi`QT?vbB+bǴX AM, �MMm�H _2pB2r Q7
Lm+H2�` �M/ S�`iB+H2 a+B2M+2 8N UkyyNVX

(k8) L2mi`BMQb �b .�`F J�ii2`X ?iiT , f f rrr X �bi`Q X m+H� X 2/m f �r`B;?i f
M2mi`BMQbX?iKHX (�++2bb2/, kykR@yk@y3)X

https://doi.org/10.1088/0034-4885/67/2/r01
https://doi.org/10.1088/0034-4885/67/2/r01
https://doi.org/10.1088/0034-4885/67/2/r01
https://books.google.de/books?id=Dm36BYq9iu0C
https://doi.org/10.1142/s0217751x11054905
http://dx.doi.org/10.1142/S0217751X11054905
https://newt.phys.unsw.edu.au/einsteinlight/jw/module6_Planck.html
https://newt.phys.unsw.edu.au/einsteinlight/jw/module6_Planck.html
https://doi.org/https://doi.org/10.1016/0146-6410(94)90004-3
https://www.sciencedirect.com/science/article/pii/0146641094900043
https://www.sciencedirect.com/science/article/pii/0146641094900043
https://doi.org/10.1086/143697
http://www.astro.ucla.edu/~wright/neutrinos.html
http://www.astro.ucla.edu/~wright/neutrinos.html
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(ke) J�MQD E�THBM;?�i- GHQv/ EMQt- �M/ uQM;@a2QM aQM;X ǳ.2i2`KBMBM; L2m@
i`BMQ J�bb 7`QK i?2 *QbKB+ JB+`Qr�p2 "�+F;`QmM/ �HQM2ǴX AM, S?vbX _2pX
G2iiX NR U.2+X kyyjVX /QB, RyXRRyjfS?vb_2pG2iiXNRXk9RjyRX m`H, ?iiTb,
ffHBMFX�TbXQ`;f/QBfRyXRRyjfS?vb_2pG2iiXNRXk9RjyRX

(kd) :B�M7`�M+Q "2`iQM2- .�M >QQT2`- �M/ CQb2T? aBHFX ǳS�`iB+H2 /�`F K�ii2`,
2pB/2M+2- +�M/B/�i2b �M/ +QMbi`�BMibǴX AM, S?vbB+b _2TQ`ib 9y8 UC�MX kyy8VX
BbbM, yjdy@R8djX /QB, RyXRyRefDXT?vb`2TXkyy9Xy3XyjRX m`H, ?iiT,
ff/tX/QBXQ`;fRyXRyRefDXT?vb`2TXkyy9Xy3XyjRX

(k3) :`�+B2H� " :2HKBMBX ǳh?2 ?mMi 7Q` /�`F K�ii2`ǴX AM, CQm`M2vb h?`Qm;? i?2
S`2+BbBQM 6`QMiB2`, �KTHBim/2b 7Q` *QHHB/2`b, h�aA kyR9 S`Q+22/BM;b Q7 i?2
kyR9 h?2Q`2iB+�H �/p�M+2/ aim/v AMbiBimi2 BM 1H2K2Mi�`v S�`iB+H2 S?vbB+bX
qQ`H/ a+B2MiB}+- kyReX

(kN) JQ`�/ ��#Qm/ 2i �HX ǳ*QMbi`�BMib QM K2/B�iQ`@#�b2/ /�`F K�ii2` �M/ b+�H�`
/�`F 2M2`;v KQ/2H mbBM; p

s4 Rj h2o p +QHHBbBQM /�i� +QHH2+i2/ #v i?2
�hG�a /2i2+iQ`ǴX AM, CQm`M�H Q7 >B;? 1M2`;v S?vbB+b kyRN UkyRNVX

(jy) PHBp2` aBK "`ɃMBM; 2i �HX G>* .2bB;M _2TQ`iX *1_L u2HHQr _2TQ`ib, JQMQ@
;`�T?bX :2M2p�, *1_L- kyy9X /QB, RyX8Rdyf*1_L@kyy9@yyj@o@RX m`H,
?iiTb,ff+/bX+2`MX+?f`2+Q`/fd3kydeX

(jR) h?2 �hG�a *QHH�#Q`�iBQMX ǳh?2 �hG�a 1tT2`BK2Mi �i i?2 *1_L G�`;2
>�/`QM *QHHB/2`ǴX AM, CQm`M�H Q7 AMbi`mK2Mi�iBQM jXy3 U�m;X kyy3VX /QB,
RyXRy33fRd93@ykkRfjfy3fby3yyjX m`H, ?iiTb,ff/QBXQ`;fRyXRy33f
Rd93@ykkRfjfy3fby3yyjX

(jk) h?2 �hG�a KmQM bvbi2KX ?iiTb , f f +/b X +2`M X +? f `2+Q`/ f kRNd88NX
(�++2bb2/, kykR@yk@Re)X

(jj) >�MMQ J2v2` xm h?22M?�mb2MX ǳa2�`+? 7Q` GB;?i .BD2i _2bQM�M+2b mbBM;
h`B;;2` C2ib rBi? i?2 �hG�a 1tT2`BK2Mi �i i?2 G�`;2 >�/`QM *QHHB/2`ǴX
S?. i?2bBbX lMBp2`bBi i >2B/2H#2`;- kyR3X

(j9) CQ�Q S2[m2M�QX ǳ*QKTmi2` ;2M2`�i2/ BK�;2 Q7 i?2 r?QH2 �hG�a /2i2+iQ`ǴX
J�`X kyy3X m`H, ?iiTb,ff+/bX+2`MX+?f`2+Q`/fRyN8Nk9X

(j8) h?2 �hG�a *QHH�#Q`�iBQMX �hG�a BMM2` /2i2+iQ`, h2+?MB+�H .2bB;M _2TQ`i
RX h2+?MB+�H /2bB;M `2TQ`iX �hG�aX :2M2p�, *1_L- RNNdX m`H, ?iiTb ,
ff+/bX+2`MX+?f`2+Q`/fjjRyejX

(je) h?2 *1_L �++2H2`�iQ` +QKTH2tX ?iiTb,ffrrrXKTTXKT;X/2f2Mf`2b2�`+?f
bi`m+im`2@Q7@K�ii2`f�iH�b@/2i2+iQ`@T�`iB+H2@+QHHBbBQMb@�i@i?2@
H?+f�iH�b@KmQM@bT2+i`QK2i2`X (�++2bb2/, kykR@yj@RN)X

(jd) �`�Mx�xm _mBx@J�`iBM2x �M/ �hG�a *QHH�#Q`�iBQMX h?2 _mM@k �hG�a
h`B;;2` avbi2KX h2+?X `2TX �hG@.�Z@S_P*@kyRe@yyjX �++2bb2/, kykR@yk@
kyX :2M2p�, *1_L- 62#X kyReX /QB, RyXRy33fRd9k@e8NefdekfRfyRkyyjX
m`H, ?iiTb,ff+/bX+2`MX+?f`2+Q`/fkRjjNyNX

(j3) ǳS2`7Q`K�M+2 Q7 i?2 �hG�a h`B;;2` avbi2K BM kyR8ǴX AM, 1m`X S?vbX CX *
ddX*1_L@1S@kyRe@k9RX 8 ULQpX kyReVX /QB, RyXRR9yf2TD+fbRyy8k@yRd@
938k@jX m`H, ?iiTb,ff+/bX+2`MX+?f`2+Q`/fkkj8839X

https://doi.org/10.1103/PhysRevLett.91.241301
https://link.aps.org/doi/10.1103/PhysRevLett.91.241301
https://link.aps.org/doi/10.1103/PhysRevLett.91.241301
https://doi.org/10.1016/j.physrep.2004.08.031
http://dx.doi.org/10.1016/j.physrep.2004.08.031
http://dx.doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.5170/CERN-2004-003-V-1
https://cds.cern.ch/record/782076
https://doi.org/10.1088/1748-0221/3/08/s08003
https://doi.org/10.1088/1748-0221/3/08/s08003
https://doi.org/10.1088/1748-0221/3/08/s08003
https://cds.cern.ch/record/2197559
https://cds.cern.ch/record/1095924
https://cds.cern.ch/record/331063
https://cds.cern.ch/record/331063
https://www.mpp.mpg.de/en/research/structure-of-matter/atlas-detector-particle-collisions-at-the-lhc/atlas-muon-spectrometer
https://www.mpp.mpg.de/en/research/structure-of-matter/atlas-detector-particle-collisions-at-the-lhc/atlas-muon-spectrometer
https://www.mpp.mpg.de/en/research/structure-of-matter/atlas-detector-particle-collisions-at-the-lhc/atlas-muon-spectrometer
https://doi.org/10.1088/1742-6596/762/1/012003
https://cds.cern.ch/record/2133909
https://doi.org/10.1140/epjc/s10052-017-4852-3
https://doi.org/10.1140/epjc/s10052-017-4852-3
https://cds.cern.ch/record/2235584
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(jN) *H�B`2 �Mi2HX ǳ1M?�M+BM; HQr K�bb /�`F K�ii2` K2/B�iQ` `2bQM�M+2 b2�`+?2b
rBi? BKT`Qp2/ i`B;;2`BM; BM i?2 �hG�a /2i2+iQ`ǴX S?. i?2bBbX lMBp2`bBi i
>2B/2H#2`;- kyRNX

(9y) AKK� _Bm �M/ QM #2?�H7 Q7 i?2 �hG�a *QHH�#Q`�iBQMX ǳh?2 �hG�a G2p2H@R
hQTQHQ;B+�H h`B;;2` T2`7Q`K�M+2 BM _mM kǴX AM, CQm`M�H Q7 S?vbB+b, *QM72`@
2M+2 a2`B2b 3N3 UP+iX kyRdVX /QB, RyXRy33fRd9k@e8Nef3N3fjfyjkyjdX
m`H, ?iiTb,ff/QBXQ`;fRyXRy33fRd9k@e8Nef3N3fjfyjkyjdX

(9R) h?2 �hG�a *QHH�#Q`�iBQMX .�`F J�ii2` amKK�`v SHQibX (�++2bb2/ keXyjXkykR)X
kykyX m`H, ?iiTb , f f �iH�b X r2# X +2`M X +? f �iH�b f :_PlSa f S>uaA*a f
Sl"LPh1af�hG@S>ua@Sl"@kyky@ykRfX

(9k) h?2 �hG�a *QHH�#Q`�iBQMX ǳa2�`+? 7Q` HB;?i /BD2i `2bQM�M+2b rBi? i?2 �h@
G�a /2i2+iQ` mbBM; � h`B;;2`@G2p2H �M�HvbBb BM G>* TT +QHHBbBQMb �i ps = 13
h2oǴX AM, UCmM2 kyReVX

(9j) h?2 �hG�a *QHH�#Q`�iBQMX h`B;;2`@Q#D2+i G2p2H �M�HvbBb rBi? i?2 �hG�a
/2i2+iQ` �i i?2 G�`;2 >�/`QM *QHHB/2`, bmKK�`v �M/ T2`bT2+iBp2bX h2+?X
`2TX �hG@.�Z@Sl"@kyRd@yyjX :2M2p�, *1_L- .2+X kyRdX m`H, ?iiTb ,
ff+/bX+2`MX+?f`2+Q`/fkkN8djNX

(99) �MiQMBQ "Qp2B� *�i2`BM� .Q;HQMBX h`B;;2` G2p2H �M�Hvb2b BM �hG�aX (�+@
+2bb2/ y9XyjXkykR)X kyRdX m`H, ?iiTb,ffBM/B+QX+2`MX+?f2p2Mifeye9kRf
+QMi`B#miBQMb f k883yk3 f �ii�+?K2Mib f R9983ey f kkkdk3R f kyRdy9R3 n
#Qp2B�nH#HXT/7X

(98) h?2 �hG�a *QHH�#Q`�iBQMX h`B;;2` PT2`�iBQM Sm#HB+ _2bmHibX (�++2bb2/
yeXyjXkykR)X m`H, ?iiTb,ffirBFBX+2`MX+?firBFBf#BMfpB2rf�iH�bSm#HB+f
h`B;;2`@PT2`�iBQMSm#HB+_2bmHibX

(9e) J�ii2Q *�++B�`B- :�pBM S a�H�K- �M/ :`2;Q`v aQv2xX ǳh?2 �MiB@FiD2i +Hmb@
i2`BM; �H;Q`Bi?KǴX AM, CQm`M�H Q7 >B;? 1M2`;v S?vbB+b kyy3Xy9 U�T`X kyy3VX
BbbM, RykN@39dNX /QB, RyXRy33fRRke@edy3fkyy3fy9fyejX m`H, ?iiT,
ff/tX/QBXQ`;fRyXRy33fRRke@edy3fkyy3fy9fyejX

(9d) ai2p2M a+?`�KKX �hG�a C2i _2+QMbi`m+iBQM- *�HB#`�iBQM- �M/ h�;;BM; Q7
GQ`2Mix@#QQbi2/ P#D2+ibX h2+?X `2TX �hG@S>ua@S_P*@kyRd@kjeX :2M2p�,
*1_L- LQpX kyRdX m`H, ?iiTb,ff+/bX+2`MX+?f`2+Q`/fkkNRey3X

(93) 1H2M� p�M /2` oQ`biX ǳPTiBKBb�iBQM Q7 aB;M�H a2H2+iBQM BM � a2�`+? 7Q` GQr
J�bb J2/B�iQ`b BM .BD2i aB;M�im`2bǴX "�+?2HQ`Ƕb h?2bBbX AKT2`B�H *QHH2;2
GQM/QM- CmHv kykyX
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�+FMQrH2/;2K2Mib

�i i?2 p2`v 2M/ Q7 Kv i?2bBb- A rQmH/ HBF2 iQ i?�MF �HH i?2 T2QTH2 i?�i bmTTQ`i2/
K2 i?`Qm;?Qmi i?Bb T`Q+2bb �M/ K�/2 Bi bQ Km+? KQ`2 2MDQv�#H2X
A rQmH/ HBF2 iQ 2tT`2bb Kv p2`v ;`2�i �TT`2+B�iBQM iQ Kv bmT2`pBbQ` .`X JQMB+�
.mM7Q`/ 7Q` ;BpBM; K2 i?2 QTTQ`imMBiv iQ rQ`F BM bm+? � rQM/2`7mH `2b2�`+? ;`QmTX
A rQmH/ �HbQ HBF2 iQ 2ti2M/ Kv bT2+B�H i?�MFb iQ 6�HF 7Q` �Mbr2`BM; Kv 2M/H2bb
[m2biBQMb �M/ i2�+?BM; K2 bQ Km+?X Ai r�b � TH2�bm`2 iQ T�`i�F2 BM Qm` r22FHv
K22iBM;b �M/ A rQmH/ HBF2 iQ 2tT`2bb Kv ;`�iBim/2 iQ #Qi? Q7 vQm 7Q` vQm` ?2HT
�M/ ;mB/�M+2X
A r�Mi iQ i?�MF 2p2`vQM2 BM i?2 �hG�a ;`QmT �i i?2 EAS BMbiBimi2 7Q` vQm` r�`K
r2H+QK2 �M/ ?2HT7mHM2bbX A �HbQ rBb? iQ 2tT`2bb Kv ;`�iBim/2 iQ 2p2`vQM2 r?Q
iQQF i?2 iBK2 iQ T`QQ7`2�/ T�`ib Q7 Kv i?2bBb, hB;`�M- a2#�biB�M- J�`iBM- 6�HF
�M/ GmF�bX
G�biHv- A rQmH/ HBF2 iQ i?�MF Kv T�`2Mib �M/ Kv ;`�M/T�`2Mib 7Q` i?2B` 2M/H2bb
HQp2 �M/ bmTTQ`i i?`Qm;?Qmi Kv bim/B2bX

8j



1`FH `mM;

A+? p2`bB+?2`2- /�bb B+? /B2b2 �`#2Bi b2H#bibi M/B; p2`7�bbi mM/ F2BM2 �M/2`2M �Hb
/B2 �M;2;2#2M2M Zm2HH2M mM/ >BH7bKBii2H #2Mmixi ?�#2X
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