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NXk *mi 2{+B2M+v ~Qr BM i?2 KmQM +?�MM2HX h?2 2{+B2M+B2b �`2 rBi? `2bT2+i iQ i?2
T`2pBQmb HBM2X h?2 MmK#2`b BM T�`2Mi?2b2b �`2 i?2 MmK#2` Q7 2p2Mib MQ`K�HBx2/
iQ i?2 BMi2;`�i2/ HmKBMQbBiv Q7 i?2 /�i�- #mi rBi?Qmi +Q``2+iBQMb bm+? �b K@
7�+iQ`b- 2{+B2M+v b+�H2 7�+iQ`b- �M/ TBH2mT `2r2B;?iBM;X �HH b�KTH2b �`2 bFBKK2/
rBi? i?2 `2[mB`2K2Mi Q7 �i H2�bi QM2 +QK#BM2/ KmQM rBi? pT = 8y :2oX . . . . . Ny

RyXR amKK�`v Q7 i?2 bvbi2K�iB+ mM+2`i�BMiB2b �M/ +Q``2H�iBQMb #2ir22M +?�MM2HbX . . RyN

RyXk avbi2K�iB+ mM+2`i�BMiB2b BM i?2 2tT2+i2/ MmK#2` Q7 2p2Mib �b 2biBK�i2/ 7Q` i?2
iQi�H #�+F;`QmM/ �M/ 7Q` bB;M�H rBi? � W

0
aSM K�bb Q7 k U9V h2oX h?2 mM+2`i�BMiv

Bb 2biBK�i2/ rBi? i?2 #BMMBM; b?QrM BM 6B;m`2 RyX8 iQ RyX3 �i mT = k U9V h2o
7Q` i?2 #�+F;`QmM/ �M/ BM � i?`22@#BM rBM/Qr �`QmM/ mT = k U9V h2o 7Q` i?2
bB;M�HX lM+2`i�BMiB2b i?�i �`2 MQi �TTHB+�#H2 �`2 /2MQi2/ ǳMf�Ǵ- �M/ ǳM2;HXǴ
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;BQMb BM i?2 2H2+i`QM +?�MM2HX h?2 mM+2`i�BMiB2b BM+Hm/2 #Qi? bi�iBbiB+�H mM@
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;BQMb BM i?2 KmQM +?�MM2HX h?2 mM+2`i�BMiB2b BM+Hm/2 #Qi? bi�iBbiB+�H �M/ bvb@
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RkXR 1tT2+i2/ �M/ Q#b2`p2/ N8W *G HQr2` HBKBi QM i?2 aaJ W
0 K�bb BM i?2 2H2+i`QM

�M/ KmQM +?�MM2Hb �M/ i?2B` +QK#BM�iBQMX . . . . . . . . . . . . . . . . . . . . Rke

RkXk P#b2`p2/ N8W *G HQr2` HBKBib QM i?2 aaJ W
0 K�bb 7`QK T`2pBQmb �M/ Qi?2`

b2�`+?2bX h?2 H�bi `Qr Bb i?2 `2bmHi Q7 i?Bb �M�HvbBbX . . . . . . . . . . . . . . . . Rkd

�XR JQMi2 *�`HQ b�KTH2b 7Q` #�+F;`QmM/b i?�i +QMi`B#mi2 iQ #Qi? i?2 2H2+i`QM �M/
KmQM +?�MM2HbX 6Q` 2�+? /�i�b2i- i?2 7QHHQrBM; Bb HBbi2/, i?2 �hG�a JQMi2
*�`HQ /�i�b2i A.- i?2 T?vbB+b T`Q+2bb UBM+Hm/BM; i?2 K�bb `�M;2 BM :2o r?2M
�TT`QT`B�i2V- i?2 MmK#2` Q7 ;2M2`�i2/ 2p2Mib- i?2 +`Qbb b2+iBQM iBK2b #`�M+?BM;
`�iBQ- K@7�+iQ`- �M/ i?2 2[mBp�H2Mi BMi2;`�i2/ HmKBMQbBiv LBMi = N2vt/(�B)X
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UK(m) /2MQi2b � K�bb /2T2M/2Mi K@7�+iQ` Bb mb2/V- �M/ i?2 2[mBp�H2Mi BMi2;`�i2/
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RX AMi`Q/m+iBQM

h?2 [m2bi iQ mM/2`bi�M/ i?2 7mM/�K2Mi�H #mBH/BM; #HQ+Fb Q7 M�im`2 �M/ i?2B` BMi2`�+iBQMb

Bb QM2 Q7 i?2 QH/2bi �M/ KQbi �K#BiBQmb Q7 ?mK�M 2M/2�pQ`bX _2K�`F�#H2 #`2�Fi?`Qm;?b #v

/Qx2Mb Q7 2tT2`BK2Mib BM i?2 2�`Hv kyi? +2Mim`v 2bi�#HBb?2/ i?2 +QM+2Ti Q7 T�`iB+H2b bm+? �b

i?2 T`QiQM (R)- M2mi`QM (k) �M/ 2H2+i`QM (j)X 6m`i?2` /Bb+Qp2`B2b Q7 M2r T�`iB+H2b H2/ iQ �M

BMi`Q/m+iBQM Q7 i?2 [m�`F KQ/2H (9)- r?B+? /2b+`B#2b M2r T�`iB+H2b �b #QmM/ bi�i2b Q7 [m�`Fb

�M/ ;HmQMbX am++2bb2b Q7 i?2Q`2iB+�H T`2/B+iBQMb �M/ 2tT2`BK2Mi�H Q#b2`p�iBQMb H2/ iQ i?2

7Q`KmH�iBQM Q7 i?2 ai�M/�`/ JQ/2H UaJV- r?B+? /2b+`B#2b i?2 7mM/�K2Mi�H T�`iB+H2b �M/

i?2B` BMi2`�+iBQMb BM [m�MimK }2H/ i?2Q`vX h?2 aJ Bb � p2`v bm++2bb7mH i?2Q`v �b MmK2`Qmb

2tT2`BK2Mi�H K2�bm`2K2Mib �;`22 rBi? i?2 aJ T`2/B+iBQMb BM ;`2�i T`2+BbBQMX h?2 H�bi

KBbbBM; TB2+2 Q7 i?2 aJ- i?2 >B;;b #QbQM- r�b /Bb+Qp2`2/ (8- e) BM kyRk #v i?2 �hG�a U�

hQ`QB/�H G>* �TT�`�imaV �M/ *Ja U*QKT�+i JmQM aQH2MQB/V 2tT2`BK2Mib �i i?2 G>*

UG�`;2 >�/`QM *QHHB/2`V �i *1_LX 1p2M i?Qm;? i?2 aJ Bb +QKTH2i2/ rBi? i?2 >B;;b #QbQM-

i?2`2 �`2 T?2MQK2M� r?B+? +�MMQi #2 2tTH�BM2/ #v i?2 aJ bm+? �b /�`F K�ii2`- M2mi`BMQ

K�bb- �M/ ;`�pBivX >2M+2- p�`BQmb 2ti2MbBQMb iQ i?2 aJ ?�p2 #22M /2p2HQT2/ /m`BM; i?2

H�bi 72r /2+�/2b �b r2 FMQr i?2 aJ Bb MQi � +QKTH2i2 i?2Q`v iQ 2tTH�BM �HH i?�i r2 b22

7`QK M�im`2X AM i?Bb i?2bBb- � b2�`+? 7Q` � M2r ?2�pv ;�m;2 #QbQM- r?B+? Bb T`2/B+i2/ #v

b2p2`�H i?2Q`B2b 7Q` T?vbB+b #2vQM/ i?2 aJ- Bb T`2b2Mi2/X h?2 �M�HvbBb Bb T2`7Q`K2/ mbBM; i?2

/�i�b2i Q7 T`QiQM@T`QiQM +QHHBbBQMb �i � +2Mi2`@Q7@K�bb 2M2`;v Q7 Rj h2o- r?B+? �`2 +QHH2+i2/

7`QK kyR8@kyRd #v i?2 �hG�a /2i2+iQ`X h?2 }M�H bi�i2b rBi? QM2 2H2+i`QM Q` QM2 KmQM

�M/ KBbbBM; i`�Mbp2`b2 KQK2MimK �`2 +QMbB/2`2/ BM i?2 �M�HvbBbX h?Bb i?2bBb Bb Q`;�MBx2/

�b 7QHHQrb,

*?�Ti2` k QmiHBM2b i?2 i?2Q`2iB+�H #�+F;`QmM/b Q7 i?2 �M�HvbBb Q7 i?Bb i?2bBbX

*?�Ti2` j ;Bp2b �M Qp2`pB2r Q7 i?2 G>* �M/ i?2 �hG�a /2i2+iQ`X

*?�Ti2` 9 2tTH�BMb i?2 `2+QMbi`m+iBQM Q7 i`�+F- +�HQ`BK2i2` +Hmbi2`- �M/ ?B;?@H2p2H T?vbB+b

Q#D2+ib rBi? i?2 �hG�a /2i2+iQ`X

R



*?�Ti2` 8 /2b+`B#2b JQMi2 *�`HQ bBKmH�iBQM Q7 T`QiQM@T`QiQM +QHHBbBQMb �M/ i?2 bBKmH�iBQM

Q7 /2i2+iQ` `2bTQMb2bX

*?�Ti2` e /Bb+mbb2b i?2 2tT2`BK2Mi�H bB;M�im`2 Q7 i?2 bB;M�H T`Q+2bb �M/ i?2 #2M+?K�`F

KQ/2H mb2/ BM i?2 �M�HvbBb Q7 i?Bb i?2bBbX

*?�Ti2` d /2b+`B#2b p�`BQmb #�+F;`QmM/ T`Q+2bb2b �`BbBM; 7`QK i?2 aJ T`Q+2bb2b r?B+?

+QMi`B#mi2 iQ i?2 b2�`+? 7Q` � M2r ?2�pv #QbQM BM }M�H bi�i2b rBi? �M 2H2+i`QM Q` KmQM �M/

KBbbBM; i`�Mbp2`b2 KQK2MimKX

*?�Ti2` 3 T`2b2Mib i?2 /�i�b2ib 7Q` i?2 �M�HvbBb �M/ i?2 2p2Mi b2H2+iBQMb 7Q` #Qi? 2H2+i`QM

�M/ KmQM +?�MM2HbX

*?�Ti2` N /Bb+mbb2b i?2 #�+F;`QmM/ 2biBK�iBQMb 7Q` J*@#�b2/ #�+F;`QmM/b �M/ � #�+F@

;`QmM/ rBi? i?2 /�i�@/`Bp2M 2biBK�iBQM i2+?MB[m2X

*?�Ti2` Ry /2b+`B#2b i?2 2tT2`BK2Mi�H �M/ i?2Q`2iB+�H bvbi2K�iB+ mM+2`i�BMiB2b QM i?2 #�+F@

;`QmM/ 2biBK�iBQMb �M/ i?2 bB;M�H T`2/B+iBQMbX

*?�Ti2` RR T`2b2Mib i?2 `2bmHi Q7 i?2 2p2Mi b2H2+iBQM �M/ i?2 #�+F;`QmM/ 2biBK�iBQMb rBi?

mM+2`i�BMiB2b #v +QKT�`BM; i?2 2tT2+i2/ #�+F;`QmM/ iQ i?2 /�i�X

*?�Ti2` Rk T`2b2Mib i?2 bi�iBbiB+�H BMi2`T`2i�iBQM Q7 i?2 `2bmHi T`2b2Mi2/ BM *?�Ti2` RRX

*?�Ti2` Rj ;Bp2b � bmKK�`v Q7 i?2 `2bmHib �M/ �M QmiHQQF QM i?2 7mim`2 b2�`+?2b 7Q` �

M2r ?2�pv #QbQM BM }M�H bi�i2b rBi? QM2 2H2+i`QM Q` QM2 KmQM �M/ KBbbBM; i`�Mbp2`b2

KQK2MimKX

k



kX h?2Q`2iB+�H "�+F;`QmM/

h?2 i?2Q`2iB+�H #�+F;`QmM/ Q7 i?2 �M�HvbBb Q7 i?Bb i?2bBb Bb #`B2~v BMi`Q/m+2/X a2+iBQM kXR

BMi`Q/m+2b i?2 #�bB+ +QM+2Ti Q7 i?2 aJ �b Bi Bb i?2 #�bBb Q7 KQ/2`M T�`iB+H2 T?vbB+bX h?2

HBKBi�iBQMb Q7 i?2 aJ �M/ i?2 i?2Q`B2b Q7 i?2 T?vbB+b #2vQM/ i?2 ai�M/�`/ JQ/2H U"aJV

�`2 BMi`Q/m+2/ BM a2+iBQM kXkX

kXR h?2 ai�M/�`/ JQ/2H Q7 S�`iB+H2 S?vbB+b

h?2 aJ /2b+`B#2b M�im`2 #v K2�Mb Q7 7mM/�K2Mi�H T�`iB+H2b �M/ i?2B` BMi2`�+iBQMbX Ai

?�b #22M /2p2HQT2/ Qp2` i?2 H�bi /2+�/2b rBi? �M BMi2`TH�v #2ir22M i?2Q`2iB+�H T`2/B+iBQMb

�M/ 2tT2`BK2Mi�H /Bb+Qp2`B2bX h?2 aJ BM+Hm/2b i?`22 Q7 i?2 7Qm` FMQrM 7mM/�K2Mi�H 7Q`+2b

BM M�im`2, i?2 bi`QM; BMi2`�+iBQM- i?2 r2�F BMi2`�+iBQM- �M/ i?2 2H2+i`QK�;M2iB+ BMi2`�+iBQMX

_2H�iBpBbiB+ [m�MimK }2H/ i?2Q`v (d) Bb � K�i?2K�iB+�H 7`�K2rQ`F iQ +QMbi`m+i i?2 aJX

h?2 7mM/�K2Mi�H T�`iB+H2b �`2 /2b+`B#2/ #v i?2 bi�i2b Q7 [m�MiBx2/ }2H/bX h�#H2 kXR b?Qrb

7mM/�K2Mi�H K�ii2` T�`iB+H2b QM i?2 H27i@?�M/ bB/2- r?B+? �`2 �bbQ+B�i2/ rBi? }2H/b Q7

bTBM@Rfk �M/ +�HH2/ 72`KBQMbX h?2 G�;`�M;B�M Q7 i?2 aJ- r?B+? /2b+`B#2b i?2 KQiBQM �M/

BMi2`�+iBQMb Q7 2t+Bi�iBQMb Q7 i?2 }2H/b- Bb #�b2/ QM � ;�m;2 ;`QmT Q7 alUjV⇥alUkV⇥lURVX

h?mb- i?2 G�;`�M;B�M Q7 i?2 aJ Bb BMp�`B�Mi mM/2` bT�+2@iBK2 /2T2M/2Mi HQ+�H i`�Mb7Q`@

K�iBQMbX h?2 ;�m;2 BMp�`B�M+2 Q7 i?2 G�;`�M;B�M `2[mB`2b �//BiBQM�H [m�MimK }2H/b rBi?

bTBM@RX h?2b2 �`2 +�HH2/ ;�m;2 }2H/b �M/ �bbQ+B�i2/ rBi? i?2 ;�m;2 #QbQMb �b b?QrM BM i?2

KB//H2 Q7 h�#H2 kXRX AM i?2 aJ- ir2Hp2 ;�m;2 }2H/b �`2 BM+Hm/2/ BM i?2 G�;`�M;B�M, 2B;?i

7Q` i?2 alUjV ;�m;2 bvKK2i`v U;HmQMb- gV iQ /2b+`B#2 i?2 bi`QM; BMi2`�+iBQMb- i?`22 7Q` i?2

alUkV ;�m;2 bvKK2i`v UW± �M/ Z #QbQMbV iQ /2b+`B#2 i?2 r2�F BMi2`�+iBQMb- �M/ QM2 7Q`

i?2 lURV ;�m;2 bvKK2i`v UT?QiQMb- �V iQ /2b+`B#2 i?2 2H2+i`QK�;M2iB+ BMi2`�+iBQMbX

� KQ/B}+�iBQM iQ i?2 i?2Q`v /2b+`B#2/ �#Qp2 Bb `2[mB`2/ /m2 iQ i?2 K�bb2b Q7 T�`iB+H2bX

h?2 ;�m;2 }2H/b Q7 i?2 2H2+i`QK�;M2iB+ �M/ r2�F BMi2`�+iBQMb- ;Qp2`M2/ #v i?2 alUkV⇥lURV

j



aTBM@Rfk 72`KBQMb

:2M2`�iBQMb
A AA AAA

Zm�`Fb u c t

d s b

G2TiQM e
�

µ
�

⌧
�

⌫e ⌫µ ⌫⌧

aTBM@R ;�m;2 #QbQMb

ai`QM; 7Q`+2 g

q2�F 7Q`+2 W
±- Z0

1H2+i`QK�;M2iB+ 7Q`+2 �

aTBM@y #QbQM

H

h�#H2 kXRX h?2 7mM/�K2Mi�H T�`iB+H2b Q7 i?2 aJ 7Q` i?2 K�ii2` T�`iB+H2b UH27iV-
;�m;2 #QbQMb UKB//H2V- �M/ i?2 >B;;b #QbQM U`B;?iVX

bvKK2i`v- b?QmH/ �TT2�` �b K�bbH2bb T�`iB+H2b iQ T`2b2`p2 ;�m;2 BMp�`B�M+2X >Qr2p2`- i?2

;�m;2 #QbQMb �`2 `2[mB`2/ iQ ?�p2 � H�`;2 K�bb BM Q`/2` iQ T`QT2`Hv /2b+`B#2 i?2 r2�F 7Q`+2-

r?B+? b22KBM;Hv +QMi`�/B+ib i?2 T`2/B+iBQMX �MQi?2` 7�+iQ` Bb /m2 iQ i?2 7�+i i?�i i?2 r2�F

BMi2`�+iBQM pBQH�i2b T�`Biv �M/ +QmTH2b /Bz2`2MiHv iQ i?2 H27i �M/ `B;?i@?�M/2/ [m�`Fb �M/

H2TiQM ?2HB+Biv bi�i2bX >2M+2- i?2 H27i �M/ `B;?i@?�M/2/ 72`KBQMb �`2 +QMbB/2`2/ �b /Bz2`2Mi

}2H/b rBi? /Bz2`2Mi +QmTHBM;b BM i?2 aJX � 72`KBQM K�bb i2`K BM i?2 G�;`�M;B�M rQmH/

+QmTH2 i?2b2 /Bz2`2Mi }2H/b �M/ i?mb #`2�F ;�m;2 BMp�`B�M+2X AM Q`/2` iQ T`2b2`p2 i?2 ;�m;2

BMp�`B�M+2 Q7 H27i@?�M/2/ r2�F BMi2`�+iBQM- i?2 72`KBQM }2H/b b?QmH/ MQi ?�p2 K�bb i2`Kb

�M/ +QMb2[m2MiHv i?2 [m�`Fb �M/ H2TiQMb b?QmH/ #2 K�bbH2bb T�`iB+H2bX h?Bb +QMi`�/B+ib i?2

K�bbBp2 [m�`Fb �M/ H2TiQMb 7`QK i?2 Q#b2`p�iBQMbX

�M BMi`Q/m+iBQM Q7 �//BiBQM�H [m�MimK }2H/b iQ i?2 i?2Q`v `2bQHp2b i?2 K�bb2b Q7 T�`@

iB+H2bX h?2b2 }2H/b +QmTH2 iQ i?2 2H2+i`Qr2�F alUkV⇥lURV ;�m;2 }2H/b �M/ ?�p2 bTBM@y-

r?B+? �`2 �HbQ +�HH2/ b+�H�` }2H/bX h?2 b+�H�` }2H/b �`2 BM+Hm/2/ BM i?2 G�;`�M;B�M Q7 i?2

aJ BM � r�v i?�i 7QHHQrb i?2 alUkV⇥lURV bvKK2i`v �M/ T`2b2`p2b i?2 ;�m;2 BMp�`B�M+2X

h?2 F2v Bb i?�i i?2 b+�H�` }2H/b i�F2 � bT2+B�H 7Q`K Q7 BMi2`�+iBQMb bm+? i?�i x2`Q p�Hm2b Q7

i?2 }2H/b /Q MQi +Q``2bTQM/ iQ i?2 HQr2bi 2M2`;v bi�i2X q?BH2 i?2 �+im�H BMi2`�+iBQM BM i?2

G�;`�M;B�M T`2b2`p2b i?2 alUkV⇥lURV bvKK2i`v- i?2 ;`QmM/ bi�i2 Q7 i?2 }2H/b M2+2bb�`BHv

#`2�F i?2 bvKK2i`vX >2M+2- i?2 G�;`�M;B�M T`2b2`p2b ;�m;2 BMp�`B�M+2- /2bTBi2 i?2 T�`iB+@
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mH�` p�+mmK r?B+? /2b+`B#2b M�im`2 /Q2b MQi b?Qr alUkV⇥lURV bvKK2i`vX h?Bb Bb +�HH2/

bTQMi�M2Qmb bvKK2i`v #`2�FBM;X

�b � `2bmHi Q7 i?2 bTQMi�M2Qmb bvKK2i`v #`2�FBM;- i?2 b+�H�` }2H/b i�F2 � MQM@x2`Q p�Hm2-

+�HH2/ i?2 p�+mmK 2tT2+i�iBQM p�Hm2 Uo1oVX h?2 o1o +QmTH2b iQ i?2 72`KBQM �M/ ;�m;2

}2H/b BM � r�v i?�i Bb 2[mBp�H2Mi iQ ?�pBM; K�bb i2`KbX �b � `2bmHi- i?2 72`KBQMb �M/ ;�m;2

#QbQMb �TT2�` �b K�bbBp2 T�`iB+H2b BM M�im`2- r?B+? Bb +QMbBbi2Mi rBi? i?2 2tT2`BK2Mi�H

Q#b2`p�iBQMbX �MQi?2` +QMb2[m2M+2 Q7 i?2 bTQMi�M2Qmb bvKK2i`v #`2�FBM; Bb i?2 T`2/B+iBQM

Q7 � K�bbBp2 b+�H�` T�`iB+H2X h?2 BMi2`�+iBQMb i?�i ;2M2`�i2 i?2 o1o ;Bp2 K�bb iQ QM2 Q7

i?2 �//BiBQM�H b+�H�` }2H/bX h?Bb }2H/ b?QmH/ �TT2�` �b � M2mi`�H K�bbBp2 bTBM@x2`Q #QbQM

BM M�im`2X h?Bb T�`iB+H2 Bb +�HH2/ i?2 >B;;b #QbQM- r?B+? r�b /Bb+Qp2`2/ #v i?2 �hG�a �M/

*Ja 2tT2`BK2Mib BM kyRk (8- e)X

kXk GBKBi�iBQMb Q7 i?2 ai�M/�`/ JQ/2H

�HH T�`iB+H2b T`2/B+i2/ #v i?2 aJ ?�p2 #22M Q#b2`p2/- �M/ `2H�iBQMb?BTb #2ir22M aJ

T�`�K2i2`b ?�p2 #22M +QM}`K2/ 2tT2`BK2Mi�HHv iQ � ?B;? /2;`22 Q7 �++m`�+vX .2bTBi2 i?2

;`2�i bm++2bb2b Q7 i?2 aJ- i?2`2 �`2 KQiBp�iBQMb 7Q` T?vbB+b #2vQM/ i?2 ai�M/�`/ JQ/2H �b

/2b+`B#2/ #2HQrX

Ç L2mi`BMQ K�bb, h?2 ai�M/�`/ JQ/2H /Q2b MQi BM+Hm/2 `B;?i@?�M/2/ M2mi`BMQb �b

i?2v /Q MQi T�`iB+BT�i2 BM �Mv aJ BMi2`�+iBQMbX h?2 Q#b2`p�iBQMb Q7 M2mi`BMQ@Qb+BHH�iBQMb

�`2 BMi2`T`2i2/ �b `2[mB`BM; bQK2 bK�HH K�bb2b 7Q` M2mi`BMQbX h?2 K�bbBp2 M2mi`BMQb

H2�/ iQ �M BM+HmbBQM Q7 `B;?i@?�M/2/ M2mi`BMQb BMiQ i?2 aJX �M 2ti2MbBQM Q7 i?2 aJ

+�M #2 DmbiB}2/ iQ ?�p2 BMi2`�+iBQMb 7Q` `B;?i@?�M/2/ M2mi`BMQbX

Ç .�`F K�ii2` �M/ /�`F 2M2`;v, h?2 2tBbi2M+2 Q7 /�`F K�ii2` Bb bmTTQ`i2/ #v K�Mv

�bi`QT?vbB+�H Q#b2`p�iBQMb bm+? �b K2�bm`2K2Mib Q7 i?2 +QbKB+ KB+`Qr�p2 #�+F;`QmM/

~m+im�iBQMb (3) �M/ Q#b2`p�iBQMb Q7 ;`�pBi�iBQM�H H2MbBM; (N)X h?2 2tBbi2M+2 Q7 /�`F

2M2`;v Bb M22/2/ iQ 2tTH�BM i?2 Q#b2`p2/ �++2H2`�iBQM Q7 i?2 2tT�MbBQM Q7 i?2 mMB@

p2`b2 (Ry)X L2Bi?2` Q7 i?2K �`2 BM+Hm/2/ BM i?2 aJX h?2 QMHv +�M/B/�i2 BM i?2 aJ Bb
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M2mi`BMQb #mi i?2 aJ M2mi`BMQb +�M �++QmMi 7Q` � bK�HH 7`�+iBQM Q7 i?2 /�`F K�ii2`

/m2 iQ HB;?i K�bbX

Ç >B2`�`�+?v T`Q#H2K, h?2 K�bb Q7 i?2 >B;;b #QbQM +QMi�BMb H�`;2 +QMi`B#miBQMb

7`QK `�/B�iBp2 HQQT +Q``2+iBQMbX AM T�`iB+mH�`- Bi Bb b2MbBiBp2 iQ ?2�pv T�`iB+H2b Q7 i?2

aJ U�b r2HH �b iQ ?vTQi?2iB+�H T�`iB+H2b Q7 M2r T?vbB+b i?�i KB;?i HB2 �i i?2 h2o

b+�H2VX h?2b2 +Q``2+iBQMb �`2 [m�/`�iB+�HHv /Bp2`;2Mi r?B+? H2�/b iQ �M mMM�im`�HHv

?B;? K�bb Q7 i?2 >B;;b #QbQMX Ai Bb TQbbB#H2 iQ `2biQ`2 i?2 >B;;b K�bb iQ � T`QT2`

p�Hm2 i?`Qm;? }M2@imMBM;- #mi i?Bb Bb +QMbB/2`2/ iQ #2 mMM�im`�HX

kXj S?vbB+b "2vQM/ i?2 ai�M/�`/ JQ/2Hb rBi? � *?�`;2/ G2TiQM �M/ � L2m@

i`BMQ BM i?2 6BM�H ai�i2

J�Mv i?2Q`B2b r?B+? 2ti2M/ i?2 aJ ?�p2 #22M /2p2HQT2/ iQ /2b+`B#2 T?2MQK2M� r?B+?

+�MMQi #2 2tTH�BM2/ #v i?2 aJ �b /Bb+mbb2/ BM i?2 T`2pBQmb +?�Ti2`X h?2b2 BM+Hm/2 i?2Q`B2b

bm+? �b bmT2`bvKK2i`v (RR)- 2ti`� /BK2MbBQMb (Rk)- �M/ 2ti2M/2/ ;�m;2 ;`QmTb (Rj)X aQK2 Q7

i?2b2 i?2Q`B2b T`2/B+i �//BiBQM�H ?2�pv ;�m;2 #QbQMb UbQ@+�HH2/ W
0 �M/ Z

0VX h?2 7QHHQrBM;

�`2 bQK2 KQ/2Hb r?B+? BM+Hm/2 }M�H bi�i2b rBi? QM2 H2TiQM U2H2+i`QM Q` KmQMV �M/ KBbbBM;

i`�Mbp2`b2 KQK2MimKX JQ/2Hb i?�i /Q MQi T`2/B+i �//BiBQM�H ?2�pv ;�m;2 #QbQMb #mi b?�`2

}M�H bi�i2b �`2 �HbQ BMi`Q/m+2/ �b i?2 b2�`+? T`2b2Mi2/ BM i?Bb i?2bBb +�M #2 BMi2`T`2i2/ BM

i?2 +QMi2ti Q7 i?2b2 KQ/2HbX

G27i _B;?i avKK2i`B+ JQ/2H

h?2 H27i@`B;?i bvKK2i`B+ KQ/2H (R9) BM+Hm/2b i?2 W
0±
R

#QbQMb r?B+? Q#i�BM � K�bb pB�

bTQMi�M2Qmb bvKK2i`v #`2�FBM; Q7 � ;�m;2 ;`QmT alUkVR⇥alUkVL⇥lURVX h?2 K�bb Q7 i?2

W
0±
R

#QbQMb Bb 2tT2+i2/ iQ #2 ?B;?2` i?�M i?2 aJ W #QbQM- �M/ i?2 +QmTHBM;b iQ i?2 [m�`Fb

�M/ H2TiQMb �`2 2[m�H iQ i?2 aJ W #QbQMX h?2`27Q`2- i?2 W
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transverse and longitudinal directions with a sensor thickness of 200 µm. For the remaining three layers
of the pixel system, located at mean radii of 50.5, 88.5, and 122.5 mm respectively, a typical pixel has a
size of 50 µm by 400 µm in the transverse and longitudinal directions with a thickness of 250 µm. The
pixel layer at a radius of 50.5 mm is referred to as the B-layer in this paper. The coverage in the end-cap
region is enhanced by three disks on either side of the interaction point. The pixel detectors measure the
charge collected in each individual pixel using the time over threshold (ToT) [4]. ToT is the time the pulse
exceeds a given threshold and is proportional to the deposited energy.

Outside the pixel volume, the barrel of the silicon microstrip detector (SCT) consists of four double strip
layers at radii of 299 mm to 514 mm, complemented by nine disks in each of the end-caps. A typical strip
of a barrel SCT sensor has a length of 126 mm and a pitch of 80 µm. On each layer, the strips are parallel
to the beam direction on one side and at a stereo angle of 40 mrad on the other. The information from the
two sides of each layer can be combined to provide an average of four three-dimensional measurements
per track. The SCT sensors are connected to binary read-out chips, which do not provide information
about the collected charge. The silicon detectors are complemented by the transition radiation tracker
(TRT) [5], which extends track reconstruction radially up to a radius of 1082 mm for charged particles
within |⌘| = 2.0 while providing r–� information. The raw timing information from its straw tubes is
translated into calibrated drift circles that are matched to track candidates reconstructed from the silicon
detectors [5].

Figure 1:
Sketch of the barrel region of the ATLAS inner detector.

The solenoid is surrounded by sampling calorimeters. Calorimetry is provided by three distinct detectors
outside the ID volume. A lead/liquid-argon sampling electromagnetic calorimeter is split into barrel (|⌘|
< 1.5) and end-cap (1.5 < |⌘| < 3.2) sections. A steel/scintillator-tile hadronic calorimeter covers the
barrel region (|⌘| < 1.7) and two end-cap copper/liquid-argon sections extend to higher pseudorapidity
(1.5 < |⌘| < 3.2). Finally, the forward region (3.1 < |⌘| < 4.9) is covered by a liquid-argon calorimeter

3
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T2` i`�+F- �M/ ?�b � TQbBiBQM `2bQHmiBQM Q7 Ry µm BM i?2 r�� TH�M2- �M/ RR8 µm BM i?2 z/r

/B`2+iBQM Q7 i?2 #�``2Hf2M/@+�TX

h?2 a*h +QMbBbib Q7 7Qm` #�``2H �M/ MBM2 2M/@+�T H�v2`b- +Qp2`BM; � `�M;2 Q7 |⌘| I kX8X

1�+? a*h H�v2` Bb +QKTQb2/ Q7 � /Qm#H2 H�v2` Q7 bBHB+QM bi`BTbX Ai T`QpB/2b #2ir22M 7Qm`

iQ MBM2 K2�bm`2K2Mib T2` i`�+F- �M/ i?2 K2�bm`2K2Mib #v � /Qm#H2 H�v2` ?�b � TQbBiBQM

`2bQHmiBQM Q7 Rd µm BM i?2 r�� TH�M2- �M/ 83y µm BM i?2 z/r /B`2+iBQM Q7 i?2 #�``2Hf2M/@+�TX

h?2 h_h Bb +QKTQb2/ Q7 �#Qmi jyy-yyy bi`�r im#2b- +Qp2`BM; � `�M;2 Q7 |⌘| I kXyX

� bi`�r Bb � T`QTQ`iBQM�H /`B7i im#2 rBi? � /B�K2i2` Q7 9 KK- }HH2/ rBi? � KBtim`2 Q7

s2 UQ` �`V- *P2- P2 ;�b BM i?2 `�iBQ dy,kd,jX h?2 bT�+2 #2ir22M bi`�rb Bb }HH2/ rBi?

`�/B�iQ` K�i2`B�H iQ T`Q/m+2 i`�MbBiBQM `�/B�iBQM Uh_V T?QiQMX h?2 h_h T`QpB/2b �#Qmi

j8 K2�bm`2K2Mib T2` i`�+F- �M/ ?�b � TQbBiBQM `2bQHmiBQM Q7 Rjy µm T2` bi`�r im#2X AM

�//BiBQM iQ i?2 i`�+FBM;- i?2 h_h �HbQ T`QpB/2b �M 2H2+i`QM B/2MiB}+�iBQM mbBM; i?2 bB;M�H

7`QK h_ T?QiQMbX

jXkXj *�HQ`BK2i2` avbi2K

h?2 +�HQ`BK2i2` bvbi2K- bm``QmM/BM; i?2 A.- Bb /2bB;M2/ iQ K2�bm`2 i?2 2M2`;v Q7 �HH

T�`iB+H2b 2t+2Ti r2�FHv BMi2`�+iBM; T�`iB+H2b bm+? �b KmQMb Q` M2mi`BMQbX 6B;m`2 jXe b?Qrb

i?2 �hG�a +�HQ`BK2i2` bvbi2K- r?B+? Bb +QKT`Bb2/ Q7 i?2 2H2+i`QK�;M2iB+ U1JV +�HQ`BK2i2`

M2ti iQ i?2 A.- i?2 ?�/`QMB+ +�HQ`BK2i2`b bm``QmM/BM; i?2 1J +�HQ`BK2i2`b- �M/ i?2 7Q`r�`/

+�HQ`BK2i2`b �i H�`;2 ⌘X

h?2 1J +�HQ`BK2i2` Bb � ?B;?@;`�MmH�`Biv HB[mB/@�`;QM UG�`V b�KTHBM; +�HQ`BK2i2`- mbBM;

H2�/ �b �M �#bQ`#2`X Ai +Qp2`b � `�M;2 Q7 |⌘| I jXk- �M/ Bb /BpB/2/ BMiQ QM2 #�``2H �M/ irQ 2M/@

+�T `2;BQMbX 6B;m`2 jXd b?Qrb � #�``2H KQ/mH2 Q7 i?2 G�` 1J +�HQ`BK2i2`X Ai Bb +QKTQb2/

Q7 i?`22 H�v2`b rBi? /Bz2`2Mi i?B+FM2bb2b �M/ �⌘⇥�� ;`�MmH�`BiB2b Q7 i?2 +�HQ`BK2i2` +2HHbX

h?2 b2+QM/ H�v2` T`QpB/2b KQbi Q7 i?2 2M2`;v K2�bm`2K2Mib �M/ ?�b }M2 ;`�MmH�`Biv BM #Qi?

⌘ �M/ � /B`2+iBQMbX h?2 iQi�H i?B+FM2bb Q7 i?2 1J +�HQ`BK2i2` Bb H�`;2` i?�M kk `�/B�iBQM

H2M;i?b UX0V- r?B+? �HHQrb iQ biQT ?B;? pT 2H2+i`QMb �M/ T?QiQMbX
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Figure 5.4: Sketch of a barrel module where the different layers are clearly visible with the ganging
of electrodes in f . The granularity in h and f of the cells of each of the three layers and of the
trigger towers is also shown.

5.2.2 Barrel geometry

The barrel electromagnetic calorimeter [107] is made of two half-barrels, centred around the z-
axis. One half-barrel covers the region with z > 0 (0 < h < 1.475) and the other one the region
with z < 0 (�1.475 < h < 0). The length of each half-barrel is 3.2 m, their inner and outer
diameters are 2.8 m and 4 m respectively, and each half-barrel weighs 57 tonnes. As mentioned
above, the barrel calorimeter is complemented with a liquid-argon presampler detector, placed in
front of its inner surface, over the full h-range.

A half-barrel is made of 1024 accordion-shaped absorbers, interleaved with readout elec-
trodes. The electrodes are positioned in the middle of the gap by honeycomb spacers. The size
of the drift gap on each side of the electrode is 2.1 mm, which corresponds to a total drift time
of about 450 ns for an operating voltage of 2000 V. Once assembled, a half-barrel presents no
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h?2 ?�/`QMB+ +�HQ`BK2i2` Bb /2bB;M2/ 7Q` 2M2`;v K2�bm`2K2Mi Q7 D2ib �M/ ?�/`QMB+�HHv

BMi2`�+iBM; T�`iB+H2b- +Qp2`BM; � `�M;2 Q7 |⌘| I jXkX Ai +QMbBbib Q7 i?2 hBH2 +�HQ`BK2i2`

BM #�``2H �M/ i?2 >�/`QMB+ 2M/@+�T +�HQ`BK2i2` BM irQ 2M/@+�T `2;BQMbX h?2 hBH2 �M/ i?2

>�/`QMB+ 2M/@+�T +�HQ`BK2i2`b �`2 b�KTHBM; +�HQ`BK2i2`b mbBM; B`QM �M/ +QTT2` �b �#bQ`#2`-

`2bT2+iBp2HvX h?2 iQi�H i?B+FM2bb Q7 �#Qmi Ry Mm+H2�` BMi2`�+iBQM H2M;i? U�V T`QpB/2b � ;QQ/

2M2`;v `2bQHmiBQM 7Q` ?B;? 2M2`;v D2ib �M/ � bB;MB}+�Mi `2/m+iBQM Q7 TmM+?@i?`Qm;? iQ i?2

KmQM bvbi2KX h?2 7Q`r�`/ +�HQ`BK2i2` +Qp2`b p2`v 7Q`r�`/ `2;BQM- jXR I |⌘| I 9XNX Ai

+QMbBbib Q7 i?`22 H�v2`b- i?2 }`bi 7Q` 2H2+i`QM �M/ T?QiQM K2�bm`2K2Mib �M/ i?2 Qi?2` irQ

7Q` ?�/`QMbX

jXkX9 JmQM aT2+i`QK2i2`

h?2 JmQM aT2+i`QK2i2` UJaV Bb i?2 Qmi2`KQbi bvbi2K r?B+? bm``QmM/b i?2 +�HQ`BK2i2`bX

h?2 Ja Bb /2bB;M2/ iQ K2�bm`2 i?2 i`�D2+iQ`B2b Q7 KmQMb �b Qi?2` /2i2+i�#H2 T�`iB+H2b �`2

6B;m`2 jX3X h?2 +mi�r�v pB2r Q7 i?2 �hG�a KmQM bvbi2KX
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KQbiHv biQTT2/ #v i?2 +�HQ`BK2i2`bX h?2 Ja +QMbBbib Q7 � #�``2H �M/ irQ 2M/@+�T iQ`QB/

K�;M2ib iQ #2M/ i?2 KmQM i`�D2+iQ`B2b �M/ i?2 KmQM +?�K#2`b 7Q` T`2+BbBQM i`�+FBM; �M/

i`B;;2`BM; �b b?QrM BM 6B;m`2 jX3X h?2 _2bBbiBp2 SH�i2 *?�K#2`b U_S*- i?`22 /Qm#H2i

H�v2`b 7Q` |⌘| I RXy8V �M/ i?2 h?BM :�T *?�K#2`b Uh:*- QM2 i`BTH2i H�v2` 7QHHQr2/ #v irQ

/Qm#H2ib 7Q` RXy I |⌘| I kX9V �`2 K�BMHv mb2/ 7Q` i`B;;2`BM;X � T`2+BbBQM K2�bm`2K2Mi Q7 i?2

i`�+F rBi? Tb2m/Q`�TB/Biv mT iQ kXd Bb T`QpB/2/ #v i?`22 H�v2`b Q7 i?2 JQMBiQ`2/ .`B7i hm#2b

UJ.hbV- rBi? 2�+? +?�K#2` T`QpB/BM; bBt iQ 2B;?i ⌘ K2�bm`2K2Mib �HQM; i?2 i`�D2+iQ`vX 6Q`

|⌘| = k- i?2 }`bi H�v2` Bb BMbi`mK2Mi2/ rBi? i?2 *�i?Q/2 ai`BT *?�K#2`b U*a*bV BMbi2�/ Q7

J.hb /m2 iQ ?B;? `�/B�iBQM H2p2H BM i?Bb `2;BQMX

6B;m`2 jXNX a+?2K�iB+ pB2r Q7 i?2 KmQM bT2+i`QK2i2` BM i?2 t@v T`QD2+iBQM (k8)X
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9X _2+QMbi`m+iBQM Q7 S?vbB+b P#D2+ib

h?2 �hG�a /2i2+iQ` K2�bm`2 i`�+2b H27i BM 2�+? bm#@/2i2+iQ` #v T�`iB+H2b r?B+? i`�p2`b2

i?2 /2i2+iQ` pQHmK2X h?2 i`�Mb7Q`K�iBQM Q7 i?2 `�r /2i2+iQ` bB;M�H BMiQ ?B;?@H2p2H T?vbB+b

Q#D2+ib bm+? �b 2H2+i`QMb Q` KmQMb Bb +QHH2+iBp2Hv `272``2/ iQ �b `2+QMbi`m+iBQMX 6B;m`2 9XR

b?Qrb � b+?2K�iB+ Q7 i?2 bB;M�im`2b 7`QK p�`BQmb T�`iB+H2b BM i?2 �hG�a /2i2+iQ`X AM i?Bb

+?�Ti2`- i`�+F �M/ +�HQ`BK2i2` +Hmbi2` `2+QMbi`m+iBQMb �`2 #`B2~v /Bb+mbb2/ BM a2+iBQM 9XR

6B;m`2 9XRX a+?2K�iB+ +mi�r�v Q7 i?2 �hG�a /2i2+iQ` rBi? i?2 bB;M�im`2b 7`QK
p�`BQmb T�`iB+H2bX
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�M/ a2+iBQM 9Xk- `2bT2+iBp2Hv- �b T�`iB+H2 i`�D2+iQ`B2b Ui`�+FbV �M/ +�HQ`BK2i2` +Hmbi2`b �`2

i?2 #�bB+ BM;`2/B2Mib 7Q` i?2 `2+QMbi`m+iBQM Q7 ?B;?@H2p2H T?vbB+b Q#D2+ibX am#b2[m2MiHv-

`2+QMbi`m+iBQM �M/ B/2MiB}+�iBQM Q7 ?B;?@H2p2H T?vbB+b Q#D2+ib �`2 /Bb+mbb2/ BM a2+iBQM 9XjX

9XR h`�+F _2+QMbi`m+iBQM

h?2 �hG�a i`�+F `2+QMbi`m+iBQMb �`2 T2`7Q`K2/ b2T�`�i2Hv BM i?2 A. �M/ i?2 JaX h?2

`2+QMbi`m+iBQM BM i?2 A. Bb i?2 T`BK�`v i`�+F `2+QMbi`m+iBQM 7Q` +?�`;2/ T�`iB+H2b- �M/ i?2

`2+QMbi`m+iBQM BM i?2 Ja Bb mb2/ �b � /2/B+�i2/ i`�+F K2�bm`2K2Mi 7Q` KmQMbX

9XRXR h`�+F `2+QMbi`m+iBQM BM i?2 A.

h`�+F `2+QMbi`m+iBQM Q7 i?2 A. +QMbBbib Q7 b2p2`�H �H;Q`Bi?Kb (ke)X 6Q` #`2pBiv- QMHv

i?2 K�BM �H;Q`Bi?K- i?2 BMbB/2@Qmi i`�+F }M/BM;- Bb /2b+`B#2/X Ai +QMbBbib Q7 i?2 7QHHQrBM;

b2[m2M+2 Q7 bi2Tb,

Ç 6Q`K�iBQM Q7 bT�+2@TQBMib, h?2 }`bi bi2T Bb i?2 +`2�iBQM Q7 +Hmbi2`b BM i?2 SBt2H �M/

a*h- �M/ /`B7i +B`+H2b BM i?2 h_hX h?2M- +Hmbi2`b �M/ /`B7i +B`+H2b �`2 i`�Mb7Q`K2/

BMiQ j. bT�+2@TQBMibX h?2 bT�+2@TQBMib BM i?2 SBt2H �M/ a*h #�``2H H�v2`b 7`QK � tt̄

2p2Mi �`2 b?QrM �b #H�+F +B`+H2b BM 6B;m`2 9XkX

Ç h`�+F }M/BM; b22/2/ #v bT�+2@TQBMib, a2ib Q7 i?`22 bT�+2@TQBMib 7Q`K � b22/- r?B+? /2@

}M2b � +B`+mH�` i`�+F b2;K2Mi- 2Bi?2` SBt2H@QMHv- a*h@QMHv Q` JBt2/ b22/X 6B;m`2 9Xk

b?Qrb i?2 SBt2H@QMHv b22/b BM `2/ HBM2b �M/ i?2 Qi?2`b BM #Hm2 HBM2bX a22/b r?B+?

T�bb i?2 BMBiB�H i`�Mbp2`b2 KQK2MimK �M/ BKT�+i T�`�K2i2` `2bQHmiBQM U/2}M2/ BM

a2+iBQM 9XRXjV +mib �`2 �HbQ `2[mB`2/ iQ K�i+? � 7Qm`i? bT�+2@TQBMi i?�i Bb +QKT�iB@

#H2 rBi? i?2 T�`iB+H2Ƕb i`�D2+iQ`v 2biBK�i2/ 7`QK i?2 b22/X � +QK#BM�iQ`B�H E�HK�M

}Hi2` (kd) Bb i?2M mb2/ iQ +QKTH2i2 i`�+F +�M/B/�i2b rBi?BM i?2 bBHB+QM /2i2+iQ`X

Ç �K#B;mBiv bQHpBM;, h`�+F +�M/B/�i2b �`2 `�MF2/ #�b2/ QM i`�+F b+Q`2- 7�pQ`BM; i`�+Fb

rBi? � ?B;?2` b+Q`2X AM ;2M2`�H- 2�+? ?Bi �bbQ+B�i2/ rBi? i?2 i`�+F H2�/b iQ � #2ii2`

b+Q`2 p�Hm2 iQ 7�pQ` 7mHHv `2+QMbi`m+i2/ i`�+Fb `�i?2` i?�M bK�HH i`�+F b2;K2MibX h`�+F
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Figure 3: SpacePoint seeds consisting of two (short seeds) respectively three (long seeds) objects in the
ATLAS Inner Detector barrel for a tt̄ event, found with the z-vertex constraint seed search: the seeds consisting
of two SpacePoint objects are used to determine z-coordinates of the predicted vertex positions. Only vertices
within a defined range around the interaction point are used to constrain further seeds with three or more
SpacePoint objects. For convenience, only seeds that are entirely in the barrel region are drawn.

AlgTool. The vertices are filled in histograms, keeping the seeds compatible with a given
momentum and transverse impact range. A fast primary vertex search is performed and the
primary vertex is used to further constrain the seeds with three or more space points. The
tolerance region for predicted vertices from constructed seeds can hereby be chosen as a cut
parameter. Figure 3 shows the seeds for vertex finding and track candidate search for an example
tt̄ event in the pixel and SCT barrel.

• Unconstrained seed search: The seed search can also be performed without the given z vertex
constraint, which leads to a significantly higher number of initial track seeds (and in the following
track candidates). The unconstrained seed search is evidently more time consuming, but more
e�cient to find tracks in events with loosely constraint primary vertices, such as H ! �� decays
or non-physical single track events with superimposed pile-up signatures. Figure 4 shows the
z vertex distribution for an example tt̄ event and Fig. 5 shows the resulting SpacePoint seeds
found without z vertex constraint.

The z vertex scan is the standard SpacePoint seeded track search strategy in the ATLAS release
12.0.6, while for further production releases the unconstrained seeding is foreseen to be default in the
ID NEWT track reconstruction.
Once the SpacePoint seeds are found, the road building process is started: the seeds provide already
enough directional information to build roads of detector elements for the further search of associated
hits to one track candidate. This marks the beginning of the local part of the silicon pattern recogni-
tion. At this stage, the SpacePoint objects are dissolved into the cluster objects of which they have
been originally build from. This is, because the track candidate creation involves track fitting, which
is in general performed on either PrepRawData or RIO OnTrack level11. The cluster collections that
contain also the clusters that have not been used to create SpacePoint objects are retrieved from the
transient event store and those that are located on detector elements that build a road are used for the
track candidate. A Kalman fitter-smoother formalism is used to simultaneously follow the trajectory

11
The SpacePoint class, however, has been recently integrated into the MeasurementBase schema and could also be

used for track fitting on this level. Since the creation of the SpacePoint objects include a projective error treatment,

the fit on RIO OnTrack level is more precise.

6B;m`2 9XkX aT�+2@TQBMib �M/ i`�+F }M/BM; b22/b BM i?2 SBt2H �M/ a*h #�``2H
H�v2`b 7`QK � tt̄ 2p2MiX h?2 A"G �i � `�/Bmb Q7 jjXk8 KK Bb KBbbBM; BM i?2 };m`2X

+�M/B/�i2b �`2 `2D2+i2/ B7 i?2v 7�BH iQ K22i #�bB+ [m�HBiv +`Bi2`B� bm+? �b ;QQ/M2bb Q7 i?2

i`�+F }iX � M2m`�H M2irQ`F +Hmbi2`BM; �H;Q`Bi?K ?�b #22M BKTH2K2Mi2/ 7Q` i?2 SBt2H

+Hmbi2`b �bbB;M2/ iQ KmHiBTH2 i`�+F +�M/B/�i2b BM Q`/2` iQ b2T�`�i2 KmHiBTH2 T�`iB+H2b

rBi?BM � K2`;2/ +Hmbi2` BM /2Mb2 2MpB`QMK2MibX

Ç h_h 2ti2MbBQM, 6BM�HHv- i?2 i`�+F +�M/B/�i2b �`2 2ti2M/2/ iQ i?2 h_h B7 i?2`2 Bb �

p�HB/ b2i Q7 K�i+?BM; /`B7i +B`+H2bX h?2M- i?2 i`�+F Bb `2}ii2/ mbBM; �HH A. BM7Q`K�iBQM

iQ BKT`Qp2 KQK2MimK `2bQHmiBQMX h?2 h_h 2ti2M/2/ i`�+Fb 7`QK i?2 b�K2 tt̄ 2p2Mi

�`2 b?QrM BM 6B;m`2 9XjX

AM �//BiBQM iQ i?2 BMbB/2@Qmi i`�+F }M/BM; �H;Q`Bi?K- i?2 QmibB/2@BM i`�+F }M/BM; �H;Q`Bi?K

Bb �HbQ BKTH2K2Mi2/ BM Q`/2` iQ `2+QMbi`m+i i`�+Fb 7`QK T?QiQM +QMp2`bBQM Q` b2+QM/�`v

/2+�v p2`iB+2bX h?2 h_h b2;K2Mib 7`QK i?2 QmibB/2@BM i`�+F }M/BM; �H;Q`Bi?K �`2 b?QrM

BM 6B;m`2 9XjX
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6B;m`2 9XjX h_h 2ti2MbiBQMb BM `2/ 7mHH +B`+H2b �M/ h_h b2;K2Mib BM #H�+F 7mHH
+B`+H2b BM i?2 A. #�``2H 7Q` i?2 b�K2 tt̄ 2p2Mi b?QrM BM 6B;m`2 9XkX h?2 A"G �i �
`�/Bmb Q7 jjXk8 KK Bb KBbbBM; BM i?2 };m`2X

9XRXk h`�+F `2+QMbi`m+iBQM BM i?2 Ja

h`�+F `2+QMbi`m+iBQM Bb T2`7Q`K2/ BM/2T2M/2MiHv BM i?2 Ja- �M/ i?2 `2+QMbi`m+i2/ i`�+F
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Figure 3: The perigee representation ex-

pressed in the ATLAS track parameterisation.

The local expression of the point of closest ap-

proach is given by the signed transverse im-

pact parameter d0 and the longitudinal im-

pact parameter z0. The momentum direction

is expressed in global coordinates using the az-

imuthal angle � that is defined in the projected

x � y plane and the polar angle ✓, which is

measured with respect to the global z axis.

Neutral Parameters Recently, the ATLAS tracking EDM has been extended to deploy a dedicated
schema for neutral particle representations [8]. The fifth parameter of the representation as given in
Eq. (1) is hereby modified to represent 1/q, omitting the charge definition. Charged and neutral trajec-
tory representations are realised through the same templated class objects to avoid code duplication,
while keeping the type diversity to prevent misinterpretations to happen during the reconstruction
flow. The extrapolation package and propagation tools have been adapted to cope with both charged
and neutral types, but the ATLAS Track class remains restricted to charged trajectories2. Neutral
parameters are only transported along a straight line to the provided target surface. Material e↵ects
are not taken into account and thus the navigation process is not necessary in this context. This doc-
uments concentrates therefore on the extrapolation process of charged track representations and will
only briefly mention the particularities for neutral parameterisation in the various di↵erent modules.

2 Propagation

The mathematical propagation of track parameters to a destination surface is — when omitting
energy loss and multiple scattering e↵ects — determined by the starting parameters and the traversed
magnetic field. A homogenous magnetic field setup (no field or constant field value and direction)
allows to use an underlying parametric track model for the propagation. Many propagation processes
can then be solved purely analytically to find the intersection of the track with the destination surface
and even for the transported covariances. However, the highly inhomogeneous magnetic field of the
ATLAS detector setup requires tracking of particles by numerical methods. Figure 4 shows the
magnetic field of the ATLAS detector in an r � z projection for both, the Inner Detector in detail,
and the Muon Spectrometer.
The variety of the di↵erent propagation techniques is enhanced by di↵erent implementations of a
common abstract AlgTool interface, the IPropagator. The interface for propagator AlgTool classes
is kept very simple; it reflects the pure principle of the task: an input TrackParameters object, a
destination surface, magnetic field properties and a boolean for the surface bound handling is passed
through the method signature, while on the other hand the propagated parameters are returned as
the method value. Returning a pointer to a new object puts the responsibility of memory cleanup
onto the client algorithm, but complies fully with the factory pattern design described in Sec. 1.2.
The following main interface methods are defined for the IPropagator interface:

• The propagate() method shall be used in cases when the track parameters to be transported
are likely to carry a covariance matrix and the client algorithm relies on the transported error
description as well. If the input parameters do not have associated errors, only the parameters
are transported to the destination surface.

• To save CPU time, the propagateParameters() that only performs the transport of the pa-
2This is because neutral particles are not subject of tracking in the classical terms of track finding and track fitting.
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Figure 1: The e�ciency to identify electrons from Z ! ee decays (left) and the e�ciency to identify hadrons as
electrons (background rejection, right) estimated using simulated dijet samples. The e�ciencies are obtained using
Monte Carlo simulations, and are measured with respect to reconstructed electrons. The candidates are matched to
true electron candidates for Z ! ee events. For background rejection studies the electrons matched to true electron
candidates are not included in the analysis. Note that the last bin used for the optimisation of the ID is 45-50 GeV,
which is why the signal e�ciency increases slightly more in the 50 GeV bin than in others, and the background
e�ciency increases in this bin as well.

The electron identification performance may be influenced by the parasitic collisions taking place in the
same beam crossing (in-time pileup) or a consecutive bunch crossing (out-of-time pileup) as the hard pp

collision producing the electron candidate. The number of reconstructed primary vertices is indicative
of the level of pileup in each event, with the average number of primary vertices (eight per event)
corresponding to an average pileup of 13.7. Since some shower shape distributions depend on the number
of pileup collisions per bunch crossing, the cut on the LH discriminant value is loosened as a function
of the number of primary vertices. This is done to ensure that the LH identification remains e�cient at
high pileup, without drastically increasing the amount of background accepted by the LH selection. The
optimisation included simulations with a number of pileup collisions of up to 40, covering the range of
the pileup observed in 2015.

At high ET, some of the calorimeter variable distributions are di�erent from the typical distributions
obtained with Z ! ee and used to construct the LH PDFs. Higher energy electrons tend to deposit
relatively smaller fractions of their energy in the early layers of the EM calorimeter, and more in the later
layers of the EM calorimeter or even in the hadronic calorimeter. Loose and Medium were deemed to be
loose enough to be robust against these ET-dependent changes. However, the tighter requirement used in
Tight would lead to ine�ciencies at high ET, if not handled properly. Thus, for electron candidates with
ET above 125 GeV, Tight uses the same discriminant selection as Medium but adds rectangular cuts on
wstot and E/p, which were found to be particularly e�ective at discriminating signal from background at
high ET.

In addition to the multivariate approach used in the LH method described so far, a cut-based method using
a set of rectangular cuts on the electron ID discriminating variables was used in Run-1. This method
encompasses a similar set of operating points. The cut-based Loose operating point relies primarily on
information from the hadronic calorimeter and the first two layers of the EM calorimeter for distinguishing
signal from background. The cut-based Medium operating point adds information from the TRT, the
transverse impact parameter, and the third layer of the EM calorimeter, in addition to tighter cuts on the
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Figure 1: The e�ciency to identify electrons from Z ! ee decays (left) and the e�ciency to identify hadrons as
electrons (background rejection, right) estimated using simulated dijet samples. The e�ciencies are obtained using
Monte Carlo simulations, and are measured with respect to reconstructed electrons. The candidates are matched to
true electron candidates for Z ! ee events. For background rejection studies the electrons matched to true electron
candidates are not included in the analysis. Note that the last bin used for the optimisation of the ID is 45-50 GeV,
which is why the signal e�ciency increases slightly more in the 50 GeV bin than in others, and the background
e�ciency increases in this bin as well.

The electron identification performance may be influenced by the parasitic collisions taking place in the
same beam crossing (in-time pileup) or a consecutive bunch crossing (out-of-time pileup) as the hard pp

collision producing the electron candidate. The number of reconstructed primary vertices is indicative
of the level of pileup in each event, with the average number of primary vertices (eight per event)
corresponding to an average pileup of 13.7. Since some shower shape distributions depend on the number
of pileup collisions per bunch crossing, the cut on the LH discriminant value is loosened as a function
of the number of primary vertices. This is done to ensure that the LH identification remains e�cient at
high pileup, without drastically increasing the amount of background accepted by the LH selection. The
optimisation included simulations with a number of pileup collisions of up to 40, covering the range of
the pileup observed in 2015.

At high ET, some of the calorimeter variable distributions are di�erent from the typical distributions
obtained with Z ! ee and used to construct the LH PDFs. Higher energy electrons tend to deposit
relatively smaller fractions of their energy in the early layers of the EM calorimeter, and more in the later
layers of the EM calorimeter or even in the hadronic calorimeter. Loose and Medium were deemed to be
loose enough to be robust against these ET-dependent changes. However, the tighter requirement used in
Tight would lead to ine�ciencies at high ET, if not handled properly. Thus, for electron candidates with
ET above 125 GeV, Tight uses the same discriminant selection as Medium but adds rectangular cuts on
wstot and E/p, which were found to be particularly e�ective at discriminating signal from background at
high ET.

In addition to the multivariate approach used in the LH method described so far, a cut-based method using
a set of rectangular cuts on the electron ID discriminating variables was used in Run-1. This method
encompasses a similar set of operating points. The cut-based Loose operating point relies primarily on
information from the hadronic calorimeter and the first two layers of the EM calorimeter for distinguishing
signal from background. The cut-based Medium operating point adds information from the TRT, the
transverse impact parameter, and the third layer of the EM calorimeter, in addition to tighter cuts on the
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Ç q/p bB;MB}+�M+2, h?2 �#bQHmi2 p�Hm2 Q7 i?2 /Bz2`2M+2 #2ir22M i?2 q/p BM i?2 A. �M/

Ja /BpB/2/ #v i?2 bmK BM [m�/`�im`2 Q7 2�+? mM+2`i�BMivX

Ç h?2 �#bQHmi2 p�Hm2 Q7 i?2 /Bz2`2M+2 #2ir22M i?2 pT BM i?2 A. �M/ Ja /BpB/2/ #v i?2

pT Q7 i?2 +QK#BM2/ i`�+FX

Ç h?2 MQ`K�HBx2/ �
2 Q7 i?2 +QK#BM2/ i`�+F }iX

�//BiBQM�H i`�+F [m�HBiv `2[mB`2K2Mib �`2 �TTHB2/ iQ �bbm`2 � `Q#mbi KQK2MimK K2�bm`2@

K2Mi bm+? �b i?2 MmK#2` Q7 ?Bib BM i?2 A. �M/ JaX

�hG�a T`QpB/2b 7Qm` H2p2Hb Q7 KmQM B/2MiB}+�iBQM b2H2+iBQMb r?B+? �`2 `272``2/ iQ �b

Loose- Medium- Tight- �M/ High@pTX �b BM i?2 2H2+i`QM B/2MiB}+�iBQM- i?2 Medium KmQMb

�`2 � bm#b2i Q7 Loose KmQMb- �M/ Tight KmQMb �`2 � bm#b2i Q7 Medium KmQMbX

Ç J2/BmK KmQM, *" �M/ J1 KmQMb �`2 mb2/X h?2 *" KmQMb �`2 `2[mB`2/ iQ ?�p2

KQ`2 i?�M j ?Bib BM �i H2�bi irQ J.h H�v2`b 2t+2Ti 7Q` i`�+Fb BM i?2 `2;BQM Q7 |⌘| I

yXRX h?2 J1 KmQMb �`2 `2[mB`2/ iQ ?�p2 �i H2�bi i?`22 J.hf*a* H�v2`b- �M/ �`2

mb2/ QMHv BM i?2 `2;BQM Q7 kX8 I |⌘| I kXdX h?2 q/p bB;MB}+�M+2 Bb `2[mB`2/ iQ #2 H2bb

i?�M b2p2MX

Ç GQQb2 KmQM, �HH KmQM ivT2b �`2 mb2/X h?Bb b2H2+iBQM vB2H/b K�tBK�H KmQM 2{+B2M+v

�b r�b bT2+B}+B�HHv /2bB;M2/ 7Q` >B;;b #QbQM +�M/B/�i2b BM i?2 7Qm`@H2TiQM }M�H bi�i2X

jj



*h �M/ ah KmQMb �`2 `2bi`B+i2/ iQ i?2 `2;BQM Q7 |⌘| I yXRX AM i?2 `2;BQM Q7 |⌘| I kX8-

�#Qmi N3W Q7 i?2 Loose KmQMb �`2 *" KmQMbX

Ç hB;?i KmQM, PMHv *" KmQMb �`2 mb2/X JQ`2 bi`BM;2Mi `2[mB`2K2Mib �`2 �TTHB2/

i?�M i?2 Medium KmQMb- r?B+? �HHQr K�tBK�H Tm`Biv �i i?2 +Qbi Q7 bQK2 2{+B2M+v

2bT2+B�HHv pT I ky :2oX

Ç >B;?@pT KmQM, PMHv *" KmQMb �`2 mb2/- r?B+? T�bb i?2 Medium b2H2+iBQM �M/ ?�p2

�i H2�bi i?`22 ?Bib BM i?`22 Ja bi�iBQMbX h?Bb b2H2+iBQM K�tBKBx2b i?2 KQK2MimK

`2bQHmiBQM 7Q` i`�+Fb rBi? pT = Ryy :2oX h?2 pT `2bQHmiBQM BKT`Qp2b �#Qmi jyW

�#Qp2 RX8 h2oX aT2+B}+ `2;BQMb Q7 i?2 Ja r?2`2 i?2 �HB;MK2Mi Bb bm#QTiBK�H �`2

p2iQ2/ �b � T`2+�miBQMX

h?2 2{+B2M+B2b Q7 KmQM `2+QMbi`m+iBQM 7Q` i?2 B/2MiB}+�iBQM b2H2+iBQMb �`2 2p�Hm�i2/ BM i?2

`2;BQM Q7 |⌘| I kX8 7`QK W J* 7Q` T`QKTi KmQMb �M/ tt̄ J* 7Q` #�+F;`QmM/ KmQMb 7`QK

?�/`QMb- �M/ i?2 2{+B2M+B2b BM i?2 `2;BQM Q7 9 I pT I ky :2o �M/ ky I pT I Ryy :2o

�`2 b?QrM BM h�#H2 9XjX h?2 2{+B2M+B2b �`2 �#Qmi Ny iQ N3W 7Q` T`QKTi KmQMb rBi?

9 I pT I ky :2o ky I pT I Ryy :2o

a2H2+iBQM ✏
MC
µ ✏

MC

Hadrons
✏
MC
µ ✏

MC

Hadrons

GQQb2 NeXd yX8j N3XR yXde

J2/BmK N8X8 yXj3 NeXR yXRd

hB;?i 3NXN yXRN NRX3 yXRR

>B;?@pT d3XR yXke 3yX9 yXRj

h�#H2 9XjX JmQM `2+QMbi`miBQM 2{+B2M+B2b 7Q` i?2 B/2MiB}+�iBQM b2H2+iBQMb 2p�H@
m/�i2/ BM i?2 `2;BQM Q7 |⌘| I kX8 7`QK W J* 7Q` T`QKTi KmQMb �M/ tt̄ J* 7Q`
#�+F;`QmM/ KmQMb 7`QK ?�/`QMbX

#�+F;`QmM/ 2{+B2M+v #2HQr RW 7Q` �HH B/2MiB}+�iBQM b2H2+iBQMb 2t+2Ti >B;?@pT b2H2+iBQMX

h?2 >B;?@pT b2H2+iBQM Bb /2bB;M2/ 7Q` T?vbB+b �M�Hvb2b r?B+? `2[mB`2 ;QQ/ pT `2bQHmiBQMb

7Q` ?B;? pT KmQMbX
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JmQM AbQH�iBQM

AM �//BiBQM iQ i?2 B/2MiB}+�iBQM b2H2+iBQM- �M BbQH�iBQM `2[mB`2K2Mi 7m`i?2` /Bb+`BKBM�i2b

T`QKTi KmQMb 7`QK #�+F;`QmM/b bm+? �b KmQMb BMbB/2 D2ibX h?2 7QHHQrBM; /Bb+`BKBM�iBM;

p�`B�#H2b �`2 /2bB;M2/,

Ç i`�+F@#�b2/ BbQH�iBQM- p
varcone30
T , amK i?2 pT Q7 �HH i`�+Fb rBi?BM � +QM2 Q7 �R 4

KBMUyXj- Ry :2ofETV �`QmM/ i?2 KmQM- i?2M bm#i`�+i i?2 pT Q7 i?2 KmQMX

Ç +�HQ`BK2i2`@#�b2/ BbQH�iBQM- Etopocone20
T , amK i?2 ET Q7 iQTQHQ;B+�H +Hmbi2`b BM � +QM2 Q7

�R 4 yXk �`QmM/ i?2 KmQM- i?2M bm#i`�+i i?2 +QMi`B#miBQM 7`QK i?2 2tT2+i2/ 2M2`;v

/2TQbBi Q7 i?2 KmQMX *QMi`B#miBQM 7`QK TBH2@mT �M/ mM/2`HvBM; 2p2Mi Bb +Q``2+i2/ QM

�M 2p2Mi@#v@2p2Mi #�bBb mbBM; i?2 �K#B2Mi 2M2`;v@/2MbBiv i2+?MB[m2 (je)X

aBKBH�` iQ i?2 2H2+i`QM BbQH�iBQM- QT2`�iBQM TQBMib �`2 /2bB;M2/ mbBM; i?2 `2H�iBp2 BbQH�iBQM

p�`B�#H2b- r?B+? �`2 /2}M2/ �b p
varcone30
T /pT �M/ E

topocone20
T /pTX h?2 QT2`�iBM; TQBMib

�`2 b2i #v i?2 2{+B2M+v Q7 i?2 BbQH�iBQM `2[mB`2K2Mi- r?B+? +�M #2 2Bi?2` +QMbi�Mi Q` �b �

7mM+iBQM Q7 pT �b b?QrM BM h�#H2 9X9X AM �//BiBQM iQ i?2 QT2`�iBM; TQBMib b?QrM BM h�#H2 9X9-

i?2 }t2/ +mi QT2`�iBM; TQBMib �`2 �HbQ /2bB;M2/ 7Q` T?vbB+b �M�Hvb2b mbBM; HQr pT KmQMbX

� KQ`2 /2i�BH2/ /2b+`BTiBQM Q7 i?2 KmQM BbQH�iBQM Bb ;Bp2M BM `272`2M+2 (j3)X

PT2`�iBM; TQBMi .Bb+`BKBM�iBM; p�`B�#H2UbV hQi�H 2{+B2M+v

GQQb2h`�+FPMHv p
varcone30
T /pT NNW

GQQb2 p
varcone30
T /pT- Etopocone20

T /pT NNW

hB;?i p
varcone30
T /pT- Etopocone20

T /pT NeW

:`�/B2Mi p
varcone30
T /pT- Etopocone20

T /pT NyfNNW �i k8fey :2o

:`�/B2MiGQQb2 p
varcone30
T /pT- Etopocone20

T /pT N8fNNW �i k8fey :2o

h�#H2 9X9X h?2 KmQM BbQH�iBQM QT2`�iBM; TQBMib r?B+? �`2 b2i #v i?2 2{+B2M+v
Q7 i?2 BbQH�iBQM `2[mB`2K2MiX

j8



*Q``2+iBQMb iQ JmQM

aBKBH�` iQ i?2 2H2+i`QM- +Q``2+iBQMb �`2 �TTHB2/ QM i?2 KQK2MimK b+�H2- KQK2MimK

KQK2MimK `2bQHmiBQM- �M/ 2{+B2M+B2bX h?2 KmQM KQK2MimK b+�H2 �M/ `2bQHmiBQM �`2

K2�bm`2/ mbBM; J/ ! µµ �M/ Z ! µµ /2+�vb 7Q` /�i� �M/ J* bBKmH�iBQM- �M/ i?2M

+Q``2+iBQMb �`2 �TTHB2/ iQ i?2 bBKmH�i2/ KmQM KQK2MimK iQ K�i+? i?2 BMp�`B�Mi K�bb

/Bbi`B#miBQMb BM /�i�X

9XjXj C2ib

C2ib �`2 K�/2 Q7 +QHHBK�i2/ b?Qr2`b Q7 ?�/`QMb 7`QK p�`BQmb Q`B;BMb bm+? �b [m�`Fb Q`

;HmQMbX AM i?Bb +?�Ti2`- D2ib r?B+? �`2 `2H2p�Mi iQ i?2 �M�HvbBb Q7 i?Bb i?2bBb �`2 #`B2~v

/Bb+mbb2/X

C2i _2+QMbi`m+iBQM

C2i `2+QMbi`m+iBQM +�M #2 /BpB/2/ BMiQ i?`22 T`BK�`v bi2Tb, BMTmi +QMbiBim2Mib 7Q` i?2

D2i `2+QMbi`m+iBQM- D2i �H;Q`Bi?K- �M/ }M�HHv D2i ;`QQKBM; 7Q` H�`;2@R D2ibX aK�HH@R D2ib

�`2 mb2/ iQ `2+QMbi`m+i MQM@iQT@[m�`Fb �M/ ;HmQMb- �M/ H�`;2@R D2ib �`2 BMbi2�/ mb2/ iQ

`2+QMbi`m+i i?2 /2+�vb Q7 K�bbBp2 ?�/`QMB+�HHv /2+�vBM; T�`iB+H2b- bm+? �b W �M/ Z #QbQMb-

�M/ iQT [m�`FbX h?2 7QHHQrBM; BMi`Q/m+2b bK�HH@R D2ib `2+QMbi`m+i2/ rBi? irQ /Bz2`2Mi

BMTmib mbBM; i?2 b�K2 D2i �H;Q`Bi?KX

Ç 1JhQTQ C2i, C2ib �`2 `2+QMbi`m+i2/ 7`QK +�HB#`�i2/ iQTQ@+Hmbi2`b �i i?2 1J b+�H2

mbBM; i?2 �MiB@kt �H;Q`Bi?K (jN) rBi? � /Bbi�M+2 T�`�K2i2` R 4 yX9X C2ib �`2 i?2M

+�HB#`�i2/ mbBM; i?2 1JYC1a b+?2K2 (9y) rBi? � +Q``2+iBQM 7Q` TBH2@mT (9R)X

Ç S�`iB+H2 6HQr UQ` S6HQrV C2i, C2ib �`2 `2+QMbi`m+i2/ 7`QK K2�bm`2K2Mib BM i?2

+�HQ`BK2i2` �M/ i?2 A. mbBM; i?2 �MiB@kt �H;Q`Bi?K rBi? � /Bbi�M+2 T�`�K2i2` R 4 yX9X

h?2 S6HQr �H;Q`Bi?K miBHBx2b +?�`;2/ i`�+Fb r?B+? �`2 �bbQ+B�i2/ rBi? i?2 T`BK�`v

p2`i2t �b +?�`;2/ +QMbiBim2Mib �M/ iQTQ@+Hmbi2`b �7i2` bm#i`�+iBQM Q7 � +QMi`B#miBQM

je



7`QK +?�`;2/ i`�+Fb �b M2mi`�H +QMbiBim2MibX h?Bb bi`�i2;v T`QpB/2b BKT`Qp2K2Mib Q7

i?2 D2i 2M2`;v `2bQHmiBQM- `2/m+2/ TBH2@mT D2i `�i2b- �M/ � KQ`2 �++m`�i2 D2i /B`2+@

iBQM 2biBK�iBQM BM i?2 ⌘ � � TH�M2X h?2 S6HQr �H;Q`Bi?K Bb /2b+`B#2/ BM /2i�BH BM

`272`2M+2 (9k)X

C2i A/2MiB}+�iBQM

C2ib Q`B;BM�i2 7`QK 2Bi?2` � ?�`/ b+�ii2` +QHHBbBQM Q` Qi?2` #�+F;`QmM/bX "�+F;`QmM/

D2ib +�M �`Bb2 7`QK 2Bi?2` MQM@+QHHBbBQM Q`B;BMb �M/ TBH2@mT +QHHBbBQMbX

h?2 K�BM bQm`+2b Q7 MQM@+QHHBbBQM #�+F;`QmM/ �`2 i?2 #2�K@BM/m+2/ #�+F;`QmM/ U"A"V-

+QbKB+@`�v b?Qr2`b- �M/ +�HQ`BK2i2` MQBb2 (9j)X h?2 "A" Bb /m2 iQ T`QiQM HQbb2b mTbi`2�K

Q7 i?2 BMi2`�+iBQM TQBMiX h?2 `�i2 Q7 "A" Bb T`QTQ`iBQM�H iQ i?2 #2�K +m``2Mi �M/ /2T2M/b

QM i?2 QT2`�iBQM +QM/BiBQMb Q7 i?2 G>*X *QbKB+@`�v b?Qr2`b T`Q/m+2/ BM i?2 �iKQbT?2`2

+�M Qp2`H�T rBi? T`QiQM +QHHBbBQM 2p2MibX S2`K�M2MiHv MQBbv +�HQ`BK2i2` +2HHb �`2 K�bF2/

Qmi #27Q`2 D2i `2+QMbi`m+iBQM- r?BH2 bTQ`�/B+�HHv MQBbv +2HHb �`2 K�bF2/ QM �M 2p2Mi@#v@2p2Mi

#�bBbX �hG�a T`QpB/2b `2KQp�H Q7 bm+? D2ib �i �M Q#D2+i@H2p2H Q` 2p2Mi@H2p2HX 1p2Mi@H2p2H

+H2�MBM; Bb T`272``2/ �b i?2 T`2b2M+2 Q7 � +Q``mTi2/ D2i BM �M 2p2Mi +�M �z2+i Qi?2` Q#D2+ib-

2bT2+B�HHv i?2 E
miss
T +�H+mH�iBQM �M/ i?2 iQTQ@+Hmbi2` `2+QMbi`m+iBQMX �hG�a T`QpB/2b i?2

GQQb2fhB;?i b2H2+iBQM rQ`FBM; TQBMib r?B+? �`2 /2bB;M2/ iQ T`QpB/2 �M 2{+B2M+v Q7 b2H2+iBM;

D2ib 7`QK T`QiQM@T`QiQM +QHHBbBQMb �#Qp2 NNX8WfN8W 7Q` pT = ky :2oX

C2ib 7`QK TBH2@mT +QHHBbBQMb �`2 }Hi2`2/ mbBM; � i�;;BM; �H;Q`Bi?K- r?B+? Bb `272``2/ iQ �b

i?2 D2i p2`i2t i�;;BM; UCohV �H;Q`Bi?K (99)- iQ b2H2+i ?�`/@b+�ii2` D2ibX h?2 Coh �H;Q`Bi?K

T`QpB/2b � HBF2HB?QQ/ /Bb+`BKBM�Mi- r?B+? `�M;2b 7`QK y UTBH2@mT@HBF2V iQ R U?�`/@b+�ii2`@

HBF2V- 7Q` 2�+? D2i rBi? K�i+?2/ i`�+FbX h?2 1JhQTQ D2ib �`2 `2[mB`2/ iQ ?�p2 Coh = yX8N

7Q` D2ib rBi? pT I ey :2o �M/ |⌘| I kX9X h?2 S6HQr D2ib �`2 `2[mB`2/ iQ ?�p2 Coh = yXk 7Q`

i?2 2MiB`2 T?�b2 bT�+2X h?2 b2H2+iBQM +`Bi2`B� b?Qr i?2 b�K2 TBH2@mT D2i `2D2+iBQM 7Q` #Qi?

1JhQTQ D2ib �M/ S6HQr D2ibX

jd



*Q``2+iBQMb iQ C2i

*Q``2+iBQMb iQ i?2 D2i 2M2`;v b+�H2 �`2 �TTHB2/ iQ #Qi? /�i� �M/ J*X h?2 D2i 2M2`;v b+�H2

UC1aV +�HB#`�iBQM (9y) +QMbBbib Q7 b2p2`�H bi�;2b /2`Bp2/ 7`QK � +QK#BM�iBQM Q7 J*@#�b2/

K2i?Q/b �M/ BM bBim i2+?MB[m2bX h?2 J*@#�b2/ +Q``2+iBQM Bb �TTHB2/ iQ i?2 7Qm`@KQK2MimK

Q7 `2+QMbi`m+i2/ D2ib 7`QK i?2 bBKmH�i2/ T�`iB+H2b rBi?BM i?2 D2iX AM bBim i2+?MB[m2b �`2 mb2/

iQ K2�bm`2 i?2 /Bz2`2M+2 #2ir22M /�i� �M/ J*- �M/ i?2 +Q``2+iBQM QM i?2 `2bB/m�H Bb �TTHB2/

iQ QMHv /�i�X

9XjX9 JBbbBM; h`�Mbp2`b2 JQK2MimK

h?2 BMBiB�H KQK2MimK +�``B2/ #v � T�B` Q7 +QHHB/BM; T�`iQMb BM i?2 T`QiQMb Bb M2�`Hv

2MiB`2Hv HQM;Bim/BM�HX h?mb- i?2 i`�Mbp2`b2 KQK2Mi� Q7 �HH T�`iB+H2b BM i?2 }M�H bi�i2 b?QmH/

�// mT iQ x2`QX �Mv KQK2MimK BK#�H�M+2 BM i?2 i`�Mbp2`b2 TH�M2 K�v BM/B+�i2 T`Q/m+iBQM

Q7 BMpBbB#H2 T�`iB+H2b bm+? �b M2mi`BMQb Q` TQbbB#H2 � M2r T�`iB+H2X h?Bb KQK2MimK BK#�H�M+2

BM i?2 i`�Mbp2`b2 TH�M2 Bb `272``2/ iQ �b � KBbbBM; i`�Mbp2`b2 KQK2MimKk UEmiss
T VX

h?2 E
miss
T _2+QMbi`m+iBQM

h?2 E
miss
T Bb `2+QMbi`m+i2/ 7`QK irQ +QMi`B#miBQMbX h?2 }`bi Bb ?�`/ Q#D2+ib- r?B+? �`2

7mHHv `2+QMbi`m+i2/ �M/ +�HB#`�i2/ Q#D2+ib bm+? �b 2H2+i`QMb- T?QiQMb- KmQMb- ?�/`QMB+�HHv

/2+�vBM; ⌧ @H2TiQMb- �M/ D2ibX h?2 b2+QM/ Bb 7`QK bQ7i i2`Kb- r?B+? �`2 i?2 `2+QMbi`m+i2/

+?�`;2/ T�`iB+H2 i`�+Fb r?BH2 MQi K�i+?2/ iQ i?2 ?�`/ Q#D2+ibX h?2 KBbbBM; i`�Mbp2`b2

KQK2MimK Bb i?2M r`Bii2M �b

Emiss
T = �

X

b2H2+i2/
2H2+i`QMb

pe

T �
X

b2H2+i2/
KmQMb

pµ

T �
X

�++2Ti2/
T?QiQMb

p�

T �
X

�++2Ti2/
⌧@H2TiQMb

p⌧?�/
T �

X

�++2Ti2/
D2ib

pD2i
T

| {z }
?�`/ i2`K

�
X

mMmb2/
i`�+Fb

pi`�+F
T

| {z }
bQ7i i2`K

,

U9XeV

kJBbbBM; i`�Mbp2`b2 KQK2MimK Bb �HbQ FMQrM �b KBbbBM; i`�Mbp2`b2 2M2`;v-⇢ET- J1h- pmiss
T - �pTX

j3



�M/ i?2 K�;MBim/2 �M/ /B`2+iBQM Q7 Emiss
T �`2 /2}M2/ BM i?2 i`�Mbp2`b2 TH�M2 �b

E
miss
T =

q
(EKBbbt )2 + (EKBbbv )2, �

E
miss
T

= tan�1 E
KBbb
v

EKBbbt
. U9XdV

h?2 E
miss
T Q7 >�`/ P#D2+ib

1�+? ?�`/ Q#D2+i Bb 7mHHv `2+QMbi`m+i2/ �M/ +�HB#`�i2/ T`BQ` iQ i?2 +�H+mH�iBQM Q7 Emiss
T Q7

i?2 ;Bp2M 2p2MiX GQr@H2p2H Q#D2+ib bm+? �b � i`�+F �M/ � +�HQ`BK2i2` +Hmbi2` +�M #2 �bbQ+B�i2/

rBi? KmHiBTH2 ?B;?@H2p2H Q#D2+ib BM Q`/2` iQ K�tBKBx2 i?2 2{+B2M+v Q7 ?B;?@H2p2H Q#D2+ibX

JmHiBTH2 BM+HmbBQM Q7 i?2 b�K2 HQr@H2p2H Q#D2+i M22/b iQ #2 `2bQHp2/ BM i?2 +�H+mH�iBQM Q7

E
miss
T X h?2 Qp2`H�T `2KQp�H Q7 +�HQ`BK2i2` +Hmbi2`b Bb T2`7Q`K2/ #2ir22M D2i �M/ e/�- �M/

�HbQ #2ir22M D2i �M/ KmQMX h?2 KQbi +QKKQM Q`/2` 7Q` i?2 E
miss
T `2+QMbi`m+iBQM b2[m2M+2

7Q` i?2 ?�`/ Q#D2+i bi�`ib rBi? KmQMb- 2H2+i`QMb- T?QiQMb- ?�/`QMB+�HHv /2+�vBM; ⌧ @H2TiQMb-

�M/ }M�HHv D2ibX h?2 b2H2+iBQM Q7 ?�`/ Q#D2+ib /2T2M/b QM i?2 T?vbB+b �M�HvbBbX a2p2`�H

p�Hm2b Q7 Emiss
T +�M #2 /2}M2/ 7Q` � ;Bp2M 2p2Mi /2T2M/BM; QM i?2 b2H2+iBQM Q7 Q#D2+ibX h?2

7QHHQrBM; /2b+`B#2b i?2 2t�KTH2 b2H2+iBQMb mb2/ BM i?2 2H2+i`QM +?�MM2H �M�HvbBb Q7 i?Bb i?2bBb,

Ç 1H2+i`QMb, _2+QMbi`m+i2/ 2H2+i`QMb rBi? i?2 b2H2+iBQM /2b+`B#2/ BM a2+iBQM 3XjXkX

Ç JmQMb, _2+QMbi`m+i2/ KmQMb rBi? � HQQb2M2/ p2`bBQM Q7 i?2 K2/BmK KmQM b2H2+iBQM

/2b+`B#2/ BM a2+iBQM 3X9XkX h?2 pT i?`2b?QH/ Bb HQr2`2/ iQ ky :2o �M/ i?2 B/2MiB}+�iBQM

`2[mB`2K2Mi Bb HQQb2M2/ iQ i?2 K2/BmK Q` ?B;?@pT B/2MiB}+�iBQM rQ`FBM; TQBMiX

Ç S?QiQMb, _2+QMbi`m+i2/ T?QiQMb rBi? i?2 hB;?i B/2MiB}+�iBQM (98)- pT = k8 :2o- |⌘|

I kX9d U2t+Hm/BM; i?2 +`�+F `2;BQM RXjd I |⌘| I RX8kV- �M/ rBi?Qmi bB;M�H Qp2`H�T rBi?

2H2+i`QMbX

Ç >�/`QMB+�HHv /2+�vBM; ⌧ @H2TiQMb, _2+QMbi`m+i2/ ⌧ @H2TiQMb rBi? i?2 K2/BmK B/2MiB}@

+�iBQM (9e)- pT = ky :2o- |⌘| I kX9d U2t+Hm/BM; i?2 +`�+F `2;BQM RXjd I |⌘| I RX8kV-

�M/ rBi?Qmi bB;M�H Qp2`H�T rBi? 2H2+i`QMb Q` T?QiQMbX

jN



Ç C2i, _2+QMbi`m+i2/ 1JhQTQ D2ibX h?2 b2H2+iBQM Q7 D2ib Bb K�/2 #v i?2 E
miss
T rQ`FBM;

TQBMi �b /Bb+mbb2/ BM a2+iBQM 9XjX9X h?2 D2i Bb 2t+Hm/2/ B7 Bi Qp2`H�Tb rBi? �Mv Q7 �#Qp2

Q#D2+ibX

h?2 E
miss
T aQ7i h2`K

h?2 bQ7i i2`K +QMbBbib Q7 �HH /2i2+iQ` bB;M�Hb r?B+? �`2 MQi K�i+?2/ iQ ?�`/ Q#D2+ibX

h?2 7QHHQrBM; +QM};m`�iBQMb �`2 �p�BH�#H2 7Q` i?2 bQ7i i2`K `2+QMbi`m+iBQM,

Ç h`�+F@#�b2/ aQ7i h2`K UhahV, h?2 bQ7i i2`K `2+QMbi`m+i2/ 2t+HmbBp2Hv 7`QK A. i`�+Fb

r?B+? �`2 �bbQ+B�i2/ rBi? i?2 ?�`/@b+�ii2` p2`i2tX h?2 hah T2`7Q`Kb #2ii2` i?�M i?2

*�HQ`BK2i2`@#�b2/ aQ7i h2`K /m2 iQ #2ii2` i`2�iK2Mi Q7 TBH2@mT +QMi`B#miBQM iQ i?2

bQ7i i2`KX h?2 hah bQ7i i2`K Bb /2}M2/ 7Q` #Qi? 1JhQTQ D2ib �M/ S6HQr D2ib,

Ĝ hah 7Q` 1JhQTQ E
miss
T , h`�+Fb �`2 b2H2+i2/ rBi? pT = yX9 :2o- |⌘| I kX8- d0

bB;MB}+�M+2 I k- �M/ |�z0 sin ✓|I jXy KKX h?2 i`�+Fb r?B+? �`2 +HQb2 iQ i?2

?�`/ Q#D2+ib �`2 `2KQp2/ 7`QK i?2 bQ7i i2`KX

Ĝ hah 7Q` S6HQr E
miss
T , h`�+Fb �`2 b2H2+i2/ rBi? pT = yX8 :2o- |⌘| I kX8- �M/

|�z0 sin ✓| I kXy KKX h?2 hah 7Q` S6HQr E
miss
T mb2b i`�+Fb �bbQ+B�i2/ iQ +?�`;2/

S6HQr +QMbiBim2Mib r?B+? �`2 MQi �bbQ+B�i2/ iQ �Mv ?�`/ Q#D2+iX

Ç *�HQ`BK2i2`@#�b2/ aQ7i h2`K U*ahV, h?2 bQ7i i2`K `2+QMbi`m+i2/ 7`QK iQTQ@+Hmbi2`bX

h?2 *ah Bb � KQ`2 BM+HmbBp2 bQ7i i2`K /m2 iQ �M BM+HmbBQM Q7 bQ7i M2mi`�H T�`iB+H2bX

qQ`FBM; SQBMib 7Q` E
miss
T

h?2 T2`7Q`K�M+2 Q7 Emiss
T Bb KQbiHv �z2+i2/ #v i?2 b2H2+iBQM Q7 D2ib mb2/ iQ `2+QMbi`m+i

i?2 E
miss
T X �hG�a T`QpB/2b i?2 7QHHQrBM; rQ`FBM; TQBMib 7Q` T?vbB+b �M�Hvb2b rBi? /Bz2`2Mi

D2i `2[mB`2K2Mib (9d),

Ç GQQb2 E
miss
T rQ`FBM; TQBMi, �HH D2ib rBi? pT = ky :2o �M/ �HbQ T�bb i?2 Coh +`Bi2`B�

r?2M i?2 D2i ?�b |⌘| I kX9 �M/ pT I ey :2oX

9y



Ç hB;?i E
miss
T rQ`FBM; TQBMi, 1t+Hm/2 7Q`r�`/ D2ib rBi? |⌘| = kX9 �M/ pT I jy :2oX

h?Bb rQ`FBM; TQBMi Bb /2bB;M2/ iQ `2/m+2 TBH2@mT /2T2M/2M+2 �b D2ib 7`QK TBH2@mT i2M/

iQ TQTmH�i2 BM i?2 7Q`r�`/ `2;BQMX PM i?2 Qi?2` ?�M/- i?2 b+�H2 Q7 Emiss
T Bb /2;`�/2/

#v i?Bb b2H2+iBQMX

Ç 6Q`r�`/@Coh U7CohV E
miss
T rQ`FBM; TQBMi, AM �//BiBQM iQ i?2 GQQb2 E

miss
T rQ`FBM;

TQBMi- `2D2+i 7Q`r�`/ D2ib rBi? |⌘| = kX8 �M/ ky I pT I 8y :2o B7 i?2v 7�BH i?2 GQQb2

7Coh +`Bi2`B� (93)X

AM i?2 �M�HvbBb Q7 i?Bb i?2bBb- 1JhQTQ D2ib rBi? i?2 hB;?i rQ`FBM; TQBMi �M/ i?2 hah

7Q` 1JhQTQ E
miss
T �`2 mb2/ 7Q` i?2 `2+QMbi`m+iBQM Q7 Emiss

T X

*Q``2+iBQM iQ E
miss
T

*Q``2+iBQMb iQ i?2 bQ7i i2`K Q7 Emiss
T �`2 �TTHB2/ iQ J*X Pi?2` +QMi`B#miBQMb 7`QK i?2

?�`/ i2`Kb iQ i?2 E
miss
T �`2 +�HB#`�i2/ #27Q`2 i?2 +�H+mH�iBQM Q7 Emiss

T X
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8X JQMi2 *�`HQ aBKmH�iBQM

JQMi2 *�`HQ UJ*V bBKmH�iBQM Bb QM2 Q7 KQbi BKTQ`i�Mi BM;`2/B2Mib BM T�`iB+H2 T?vbB+b 2t@

T2`BK2Mi �b Bi T`QpB/2b � +`m+B�H K2i?Q/ iQ �+im�HBx2 Qm` mM/2`bi�M/BM; Q7 T�`iB+H2 T?vbB+bX

AM i?2 `2�H rQ`H/- i?2 T�`iB+H2 �++2H2`�iQ` T`Q/m+2b T`QiQM@T`QiQM +QHHBbBQM 2p2MibX h?2

;2M2`�i2 T�`iB+H2b 7`QK i?2 T`QiQM@T`QiQM +QHHBbBQMb �`2 i?2M K2�bm`2/ #v i?2 /2i2+iQ`bX AM

i?2 pB`im�H rQ`H/- 2p2Mi ;2M2`�iQ`b TH�v i?2 `QH2 Q7 T�`iB+H2 �++2H2`�iQ`b- �M/ i?2 /2i2+iQ`

bBKmH�iBQM �M/ /B;BiBx�iBQM iQ bBKmH�i2 /2i2+iQ` `2bTQMb2bX 6B;m`2 8XR b?Qrb � b+?2K�iB+

`2T`2b2Mi�iBQM Q7 i?2 7mHH T`Q/m+iBQM +?�BM 7Q` i?2 bBKmH�iBQM �M/ i?2 /�i�X AM i?Bb +?�T@

i2`- i?2 2p2Mi ;2M2`�iBQM Bb /Bb+mbb2/ BM a2+iBQM 8XR- �M/ i?2 :1�Lh bBKmH�iBQM �M/ i?2

/B;BiBx�iBQM �`2 #`B2~v /Bb+mbb2/ BM a2+iBQM 8XkX h?2 H�bi bi2T- 7`QK `2+QMbi`m+iBQM iQ �M�H@

vbBb Q#D2+i /�i�- Bb b?�`2/ #2ir22M bBKmH�iBQM �M/ /�i�- �M/ i?2 /2i�BH Q7 `2+QMbi`m+iBQM Bb

/Bb+mbb2/ BM *?�Ti2` 9X

Event 
Generation

Detector 
Simulation Digitization

Reconstruction Analysis 
Object Data

Collision Data

Simulation:

Data:

6B;m`2 8XRX a+?2K�iB+ `2T`2b2Mi�iBQM Q7 i?2 7mHH T`Q/m+iBQM +?�BMX

8XR JQMi2 *�`HQ :2M2`�iQ`

h?2 }`bi bi2T Q7 i?2 bBKmH�iBQM Bb 2p2Mi ;2M2`�iBQM �b b?QrM BM 6B;m`2 8XRX �M 2p2Mi ;2M@

2`�iBQM Q7 i?2 T`QiQM@T`QiQM +QHHBbBQM `2[mB`2b b2p2`�H bi2Tb- �M/ i?2 7QHHQrBM; bmKK�`Bx2b

i?Bb BM � Mmib?2HH (9N),

9k



Ç � +QHHBbBQM #2ir22M irQ T�`iQMb- QM2 7`QK 2�+? T`QiQM- ;Bp2b i?2 ?�`/ T`Q+2bb Q7

BMi2`2bi bm+? �b ud̄ ! W
+- gg ! tt̄H- ud̄ ! W

0 - 2i+X h?2 ?�`/ T`Q+2bb +�M #2

+�H+mH�i2/ 7`QK i?2 G�;`�M;B�M Q7 � i?2Q`v mbBM; i?2 62vMK�M `mH2b r?B+? H2�/ iQ i?2

K�i`Bt 2H2K2Mi UJ1V Q7 i?2 +Q``2bTQM/BM; T`Q+2bbX h?2 /2+�v Q7 b?Q`i@HBp2/ `2bQM�M+2

T�`iB+H2b- bm+? �b iQT- W Q` Z- 7`QK i?2 ?�`/ T`Q+2bb �`2 BM+Hm/2/ BM i?2 +�H+mH�iBQMX

Ç 1KBbbBQMb i?�i +�M #2 �bbQ+B�i2/ rBi? i?2 irQ BM+QKBM; +QHHB/BM; T�`iQMb �`2 +�HH2/

AMBiB�H@ai�i2 _�/B�iBQM UAa_VX

Ç 1KBbbBQMb i?�i +�M #2 �bbQ+B�i2/ rBi? i?2 irQ Qmi;QBM; T�`iQMb �`2 +�HH2/ 6BM�H@ai�i2

_�/B�iBQM U6a_VX

Ç am++2bbBp2 2KBbbBQM H2�/b � T�`iQM +�b+�/2- r?B+? Bb +�HH2/ T�`iQM b?Qr2` USaVX

Ç S�`iQMb r?B+? �`2 MQi �bbQ+B�i2/ iQ i?2 ?�`/ T`Q+2bb K�v biBHH +QHHB/2 rBi?BM QM2 bBM;H2

T`QiQM@T`QiQM +QHHBbBQMX am+? +�b2b �`2 `272``2/ iQ �b KmHiBTH2 T�`iQM BMi2`�+iBQMbX

Ç 1�+? T�`iQM KQp2b 7`22Hv r?2M i?2v �`2 +HQb2 iQ 2�+? Qi?2` #�b2/ QM i?2 T`BM+BTH2 Q7

�vKTiQiB+ 7`22/QK- #mi +QHQ` +QM}M2K2Mi 7Q`+2b #2+QK2 bB;MB}+�Mi �b T�`iQMb `2+2/2

7`QK 2�+? Qi?2`X S�`iQMb 7Q`K ?�/`QMb #v � T`Q+2bb +�HH2/ ?�/`QMBx�iBQMX

h?2 J* ;2M2`�iQ`b Bi2`�iBp2Hv 2t2+mi2 �HH Q` T�`i Q7 i?2 bi2Tb /2b+`B#2/ �#Qp2X J* ;2M2`@

�iQ`b mb2/ BM i?Bb �M�HvbBb �`2 /2b+`B#2/ #`B2~v #2HQrX

Ç Svi?B� (8y), � ;2M2`�H@Tm`TQb2 2p2Mi ;2M2`�iQ` r?B+? +�M T2`7Q`K i?2 r?QH2 2p2Mi

;2M2`�iBQM bi2Tb �b /2b+`B#2/ �#Qp2X Ai ?�b #22M 2ti2MbBp2Hv mb2/ 7Q` pp/pp̄- e
+
e
�-

�M/ ep T?vbB+b /m`BM; i?2 H�bi ky v2�`bX Svi?B� T2`7Q`Kb � ?�`/ T`Q+2bb +�H+mH�iBQM

�i H2�/BM;@Q`/2` UGPV- �M/ i?mb Svi?B�Bb Q7i2M BMi2`7�+2/ iQ Qi?2` 2p2Mi ;2M2`�iQ`b

rBi? i?2 ?B;?2` Q`/2` +�H+mH�iBQMbX

Ç SQr?2; (8R), � ?�`/ T`Q+2bb +�H+mH�iBQM �i M2ti@iQ@H2�/BM; Q`/2` ULGPV �++m`�+vX

SQr?2; +�M #2 BMi2`7�+2/ rBi? �HH KQ/2`M b?Qr2` JQMi2 *�`HQ T`Q;`�Kb i?�i bmT@

TQ`i i?2 G2b >Qm+?2b AMi2`7�+2 (8k) 7Q` mb2` ;2M2`�i2/ T`Q+2bb2bX

9j



Ç a?2`T� (8j), � ;2M2`�H@Tm`TQb2 2p2Mi ;2M2`�iQ` 7Q` H2TiQM@H2TiQM- H2TiQM@T?QiQM-

T?QiQM@T?QiQM- H2TiQM@?�/`QM �M/ ?�/`QM@?�/`QM +QHHBbBQMbX h?2 ?�`/ T`Q+2bb +�M

#2 +�H+mH�i2/ mT iQ LGP �M/ M2ti@iQ@M2ti@iQ@H2�/BM; Q`/2` ULLGPV BM Z*. 7Q` bQK2

T`Q+2bb2b BM `2+2Mi a?2`T� p2`bBQMbX

8Xk .2i2+iQ` aBKmH�iBQM

h?2 J* ;2M2`�iQ`b T`Q/m+2 2p2Mib BM bi�M/�`/ >2TJ* 7Q`K�i (89)- r?B+? +QMi�BMb

+QKT`2?2MbBp2 BM7Q`K�iBQM Q7 i?2 2p2Mi bm+? �b i?2 GQ`2Mix p2+iQ` Q7 T�`iB+H2b- p2`iB+2b �M/

i?2 ?BbiQ`v Q7 2p2MiX h?2 /2i2+iQ` bBKmH�iBQM i?2M 7QHHQrb �b b?QrM BM 6B;m`2 8XRX

8XkXR 6mHH aBKmH�iBQM

h?2 bi�M/�`/ bBKmH�iBQM Q7 �hG�a miBHBx2b i?2 :2�Mi9 T�`iB+H2 bBKmH�iBQM iQQHFBi (88)

7Q` bBKmH�iBM; i?2 T�bb�;2 Q7 T�`iB+H2b i?`Qm;? K�i2`B�H- r?B+? BM+Hm/2b p�`BQmb ivT2b Q7

BMi2`�+iBQMb bm+? �b 2M2`;v /2TQbBib BM i?2 b2MbBiBp2 /2i2+iQ` pQHmK2b- KmHiBTH2 b+�ii2`BM;b-

2M2`;v HQbb2b BM i?2 K�;M2i- �M/ i?2 b?Qr2` 2pQHmiBQM BM i?2 +�HQ`BK2i2`bX :2�Mi9 T`QpB/2b

� /2i�BH2/ bBKmH�iBQM r?B+? H2�/b iQ �++m`�i2 BMi2`�+iBQMb- #mi Bi `2[mB`2b b2p2`�H KBMmi2b

Q7 i?2 *Sl iBK2 T2` 2p2MiX

8XkXk 6�bi aBKmH�iBQM

6�bi bBKmH�iBQM T`Q;`�Kb ?�p2 #22M /2p2HQT2/ iQ +QKTH2K2Mi i?2 :2�Mi9 bBKmH�iBQMX

h?2 KQbi +QKKQM 7`�K2rQ`F Bb �hG6�ah@AA- r?B+? i`vb iQ bBKmH�i2 2p2Mib �b 7�bi �b

TQbbB#H2 r?BH2 biBHH #2BM; �#H2 iQ `mM i?2 bi�M/�`/ �hG�a `2+QMbi`m+iBQMX �hG6�ah@AA

+QMbBbib Q7 i?2 6�bi �hG�a h`�+FBM; aBKmH�iBQM U6�i`�bV 7Q` i?2 A. �M/ Ja bBKmH�iBQM

�M/ i?2 6�bi +�HQ`BK2i2` aBKmH�iBQM U6�bi*�HQaBKV 7Q` i?2 +�HQ`BK2i2` bBKmH�iBQMX 6�i`�b

T`QpB/2b � bBKTHB}2/ `2+QMbi`m+iBQM ;2QK2i`v �b � bBKmH�iBQM ;2QK2i`v KQ/2H- r?B+? H2�/b

iQ � bB;MB}+�Mi `2/m+iBQM Q7 *Sl iBK2X 6�bi*�HQaBK T`QpB/2b � T�`�K2i2`Bx2/ bBKmH�iBQM

Q7 i?2 T�`iB+H2 2M2`;v `2bTQMb2 �M/ Q7 i?2 2M2`;v /Bbi`B#miBQMX � 7�+iQ` Q7 Ryy `2/m+iBQM
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BM *Sl iBK2 Bb �+?B2p2/ rBi? 6�i`�b �M/ 6�bi*�HQaBKX �hG6�ah@AA b?Qrb � 72r T2`+2Mi

/2pB�iBQMb 7Q` Q#b2`p�#H2b bm+? �b 2H2+i`QM B/2MiB}+�iBQM 2{+B2M+B2bX Ai Bb ;2M2`�HHv H27i iQ

i?2 T?vbB+b ;`QmTb iQ 2p�Hm�i2 B7 i?2 7�bi bBKmH�iBQM Bb �++2Ti�#H2 BM i?2B` �M�HvbBbX 6m`i?2`

/2i�BHb QM i?2 /2i2+iQ` bBKmH�iBQM BM �hG�a �`2 /2b+`B#2/ BM `272`2M+2 (8e)X

8Xj .B;BiBx�iBQM

h?2 /B;BiBx�iBQM Bb i?2 H�bi bi2T #27Q`2 i?2 `2+QMbi`m+iBQM �b b?QrM BM 6B;m`2 8XRX

:2�Mi9 T`Q/m+2b ǳ>BibǴ- r?B+? �`2 2M2`;v /2TQbBib BM b2MbBiBp2 /2i2+iQ` pQHmK2bX h?2

/B;BiBx�iBQM bQ7ir�`2 i?2M +QMp2`ib i?2b2 2M2`;v /2TQbBib BMiQ i?2 /2i2+iQ` `2bTQMb2b- bm+?

�b pQHi�;2b Q` iBK2bX >2M+2- i?2 T2+mHB�`BiB2b Q7 2�+? /2i2+iQ` �`2 KQ/2H2/ BM i?2 /B;BiBx�iBQM
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aBM;H2 iQT T`Q/m+iBQM Bb �M �//BiBQM�H #�+F;`QmM/- r?B+? BM+Hm/2b Wt- b@ �M/ i@+?�MM2H

T`Q/m+iBQM �b b?QrM BM 6B;m`2 dX9X Wt T`Q/m+iBQM ?�b � bBKBH�` }M�H bi�i2 iQ tt̄ T`Q/m+iBQM

�b irQ W #QbQMb �`2 BMpQHp2/ BM i?2 T`Q+2bbX "Qi? b@ �M/ i@+?�MM2H T`Q/m+iBQM BMpQHp2 � W

#QbQM 7`QK iQT@[m�`F rBi? �//BiBQM�H D2ib- r?B+? �HbQ b?�`2 i?2 }M�H bi�i2 rBi? i?2 bB;M�H

T`Q+2bbX h?2 b@+?�MM2H bBM;H2 iQT T`Q/m+iBQM +`Qbb b2+iBQM Bb �#Qmi Ry iBK2b bK�HH2` i?�M

i?2 i@+?�MM2H bBM;H2 iQT T`Q/m+iBQM +`Qbb b2+iBQM (ek) (ej)X

h?2 #�+F;`QmM/ 7`QK i@+?�MM2H T`Q/m+iBQM Bb bBKmH�i2/ mbBM; i?2 b�K2 2p2Mi ;2M2`�iQ`b

�M/ S.6 b2ib �b 7Q` i?2 tt̄ T`Q/m+iBQM- r?BH2 Wt T`Q+2bb Bb ;2M2`�i2/ �i LGP BM TZ*.

mbBM; SQr?2;@"Qt- i?2M BMi2`7�+2/ iQ i?2 Svi?B� e mbBM; i?2 *hRy S.6 b2iX h?2 Wt

�M/ i@+?�MM2H bBM;H2 iQT b�KTH2b �`2 T`Q/m+2/ 7Q` t �M/ t̄ b2T�`�i2HvX h�#H2 �XR T`QpB/2b �

bmKK�`v Q7 i?2 b�KTH2b mb2/ iQ KQ/2H i?2 Wt ! X �M/ t ! `X #�+F;`QmM/ +QKTQM2MiX

b

g W

t

W

q
0

q t

b

W

q q
0

tb

6B;m`2 dX9X G2�/BM; Q`/2` 62vMK�M /B�;`�Kb Q7 bBM;H2 iQT T`Q/m+iBQMb 7Q` Wt

UH27iV- b@+?�MM2H UKB//H2V- �M/ i@+?�MM2H U`B;?iV T`Q+2bb2bX
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q

q

Z/�
⇤

q Z/�
⇤

g q

q Z/�
⇤

q g

6B;m`2 dX8X G2�/BM; Q`/2` 62vMK�M /B�;`�Kb Q7 Z/�⇤ T`Q/m+iBQM

dXkXk Z/�
⇤ S`Q/m+iBQM

L2mi`�H +m``2Mi .`2HH@u�M T`Q/m+iBQM Bb �MQi?2` Q7 i?2 `2/m+B#H2 #�+F;`QmM/bX �Hi?Qm;?

/B2H2+i`QM �M/ /BKmQM 2p2Mib +�M #2 bmTT`2bb2/ #v `2D2+iBM; 2p2Mib rBi? �M �//BiBQM�H H2TiQM

BM i?2 2p2Mi b2H2+iBQM- QM2 H2TiQM +�M 7�HH QmibB/2 Q7 i?2 /2i2+iQ` �++2Ti�M+2- r?B+? H2�/b iQ

H�`;2 KBbbBM; i`�Mbp2`b2 KQK2MimK BM i?2 2p2MiX h?2 #�+F;`QmM/ 7`QK Z/�
⇤ ! ⌧⌧ �`Bb2b

BM i?2 }M�H bi�i2 Q7 QM2 H2TiQM 7`QK i?2 H2TiQMB+ /2+�v Q7 QM2 i�m@H2TiQM �M/ i?2 ?�/`QMB+

/2+�v Q7 i?2 Qi?2` i�m@H2TiQMX 6B;m`2 dX8 b?Qrb bQK2 GP 62vMK�M /B�;`�Kb +QMi`B#miBM;

iQ i?2 Z/�
⇤ T`Q/m+iBQMX

h?2 #�+F;`QmM/b 7`QK Z/�
⇤ ! `` �`2 bBKmH�i2/ mbBM; i?2 b�K2 2p2Mi ;2M2`�iQ`b- S.6

b2ib- �M/ +Q``2+iBQMb �b 7Q` W T`Q/m+iBQMX h?2 Z/�
⇤ ! `` b�KTH2b �`2 T`Q/m+2/ 7Q` �HH

i?`22 H2TiQM ~�pQ`b BM i?2 #BMb Q7 i`mi? BMp�`B�Mi K�bb Q7 i?2 /BH2TiQM T�B` m
truth
``

�b 7Q` W

T`Q/m+iBQMX h�#H2 �X3- h�#H2 �XN- �M/ h�#H2 �XRy T`QpB/2b � bmKK�`v Q7 i?2 b�KTH2b mb2/

iQ KQ/2H i?2 Z ! `` #�+F;`QmM/ +QKTQM2MiX

dXkXj .B#QbQM S`Q/m+iBQM

� KBMQ` #�+F;`QmM/ �`Bb2b 7`QK /B#QbQM T`Q/m+iBQMb- BX2X- WW - WZ- �M/ ZZX h?2

7QHHQrBM; T`Q+2bb2b r?B+? +QMi�BMb �i H2�bi QM2 H2TiQM BM i?2 }M�H bi�i2 �`2 bBKmH�i2/,

WW/WZ ! `⌫qq- WZ ! `⌫⌫⌫- WZ/ZZ ! qq``- WW/ZZ ! ``⌫⌫- WZ ! ```⌫- �M/

ZZ ! ````X h?2 }M�H bi�i2b rBi? QM2 H2TiQM b?�`2 i?2 b�K2 }M�H bi�i2 �b i?2 bB;M�H
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T`Q+2bbX "2bB/2b- i?2 }M�H bi�i2b rBi? KQ`2 i?�M QM2 H2TiQM +�M 7�F2 i?2 bB;M�H T`Q+2bb 7Q`

i?2 b�K2 `2�bQM �b i?2 /BH2TiQM T`Q/m+iBQMX 1p2M i?Qm;? i?2 p�`BQmb /B#QbQM T`Q+2bb2b

+QMi`B#mi2 iQ i?2 #�+F;`QmM/- #�+F;`QmM/ 7`QK /B#QbQM T`Q+2bb2b Bb � KBMQ` +QMi`B#miBQM

�b i?2 T`Q/m+iBQM +`Qbb b2+iBQM Q7 /B#QbQM T`Q+2bb2b Bb bK�HH �b b?QrM BM 6B;m`2 jXkX

h?2 #�+F;`QmM/b 7`QK /B#QbQM T`Q+2bb2b �`2 bBKmH�i2/ rBi? i?2 a?2`T� kXk mbBM; i?2

LLS.6jXy LLGP S.6 b2iX h?2 /B#QbQM b�KTH2b �`2 T`Q/m+2/ 7Q` �HH T`Q+2bb2b K2MiBQM2/

�#Qp2- �M/ h�#H2 �XR T`QpB/2b � bmKK�`v Q7 i?2 b�KTH2bX

dXkX9 JmHiBD2i "�+F;`QmM/

h?2 T`2/QKBM�Mi T`Q+2bb �i ?�/`QM +QHHB/2`b Bb Z*. KmHiBD2i 2p2Mib /m2 iQ �#mM/�Mi

HB;?i [m�`Fb �M/ ;HmQMb BM +QHHB/BM; ?�/`QMbX J�Mv /Bz2`2Mi /B�;`�Kb +�M +QMi`B#mi2 iQ

i?2 #�+F;`QmM/- �M/ bQK2 Q7 GP 62vMK�M /B�;`�Kb 7Q` /BD2i T`Q/m+iBQM �`2 b?QrM BM

6B;m`2 dXeX 6BM�H bi�i2b rBi? HB;?i@~�pQ` D2ib +�M 7�F2 i?2 }M�H bi�i2 Q7 i?2 bB;M�H �b QM2

D2i +�M #2 KBbB/2MiB}2/ �b � H2TiQMX Ai Bb � bBx�#H2 +QMi`B#miBQM 7Q` i?2 2H2+i`QM +?�MM2H

#mi p2`v mMHBF2Hv 7Q` i?2 bB;M�H }M�H bi�i2 Q7 KmQM +?�MM2H �b i?2 T`Q#�#BHBiv Q7 T�`iB+H2b

7`QK � HB;?i ~�pQ` D2i i`�p2`bBM; �HH Q7 i?2 +�HQ`BK2i2` K�i2`B�H rBi?Qmi #2BM; �#bQ`#2/ �M/

`2�+?BM; i?2 KmQM +?�K#2`b Bb p2`v bK�HHX >Qr2p2`- i?2 #�+F;`QmM/ 7`QK KmHiBD2i biBHH

+QMi`B#mi2b iQ i?2 KmQM +?�MM2H �b � ?2�pv ~�pQ` D2i +�M ?�p2 �M 2M2`;2iB+ KmQM BM i?2

}M�H bi�i2 Q` � HB;?i ?�/`QM UHBF2 ⇡±,K±V- r?B+? /2+�vb BMiQ � KmQMX

g

g q

q g

g g

g

q g

q g

6B;m`2 dXeX aQK2 H2�/BM; Q`/2` 62vMK�M /B�;`�Kb Q7 Z*. /BD2i T`Q/m+iBQM
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h?2 #�+F;`QmM/ 7`QK Z*. KmHiBD2i Bb 2biBK�i2/ 7`QK /�i� mbBM; � /�i�@/`Bp2M i2+?MB[m2

�b mM+2`i�BMiB2b QM i?2 T`2/B+i2/ +`Qbb@b2+iBQM- Z*. KQ/2HBM;- �M/ KQ/2HBM; ?�/`QMB+

�+iBpBiv MQi �bbQ+B�i2/ rBi? i?2 ?�`/@b+�ii2`BM; �`2 +QMbB/2`�#H2X
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3X 1p2Mi a2H2+iBQM

AM i?Bb +?�Ti2`- i?2 +QHHBbBQM /�i� mb2/ BM i?2 �M�HvbBb Bb /Bb+mbb2/ BM a2+iBQM 3XRX h?2 2p2Mi

b2H2+iBQM 7Q` i?2 2p2Mi iQTQHQ;v Q7 � ?B;? i`�Mbp2`b2 KQK2MimK H2TiQM �M/ ?B;? KBbbBM;

i`�Mbp2`b2 KQK2MimK Bb /Bb+mbb2/ 7`QK a2+iBQM 3Xk iQ a2+iBQM 3X9X h?2 2p2Mi b2H2+iBQM

2{+B2M+v 7Q` i?2 W
0 bB;M�H Bb /Bb+mbb2/ BM a2+iBQM 3X8X

3XR *QHHBbBQM .�i�

h?Bb �M�HvbBb mb2b i?2 pp +QHHBbBQM /�i� +QHH2+i2/ rBi? i?2 �hG�a /2i2+iQ` 7`QK kyR8

iQ kyRd �i � +2Mi2`@Q7@K�bb 2M2`;v Q7 p
s 4 Rj h2o rBi? � #mM+? bT�+BM; Q7 k8 MbX h?2

iQi�H BMi2;`�i2/ HmKBMQbBiv mb2/ BM i?2 �M�HvbBb Bb dNX3 fb�1- r?B+? Bb i?2 bmK Q7 jXk fb�1

BM kyR8- jjXy fb�1 BM kyRe- �M/ 9jXe fb�1 BM kyRdX h?2 +mKmH�iBp2 BMi2;`�i2/ HmKBMQbBiv

�b � 7mM+iBQM Q7 iBK2 Bb b?QrM QM i?2 H27i@?�M/ bB/2 Q7 6B;m`2 3XRX h?2 �hG�a _2+Q`/2/

Month in Year
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6B;m`2 3XRX G27i, *mKmH�iBp2 BMi2;`�i2/ HmKBMQbBiv /2HBp2`2/ iQ �hG�a U;`22MV-
`2+Q`/2/ #v �hG�a Uv2HHQrV- �M/ +2`iB}2/ iQ #2 ;QQ/ [m�HBiv /�i� U#Hm2V p2`bmb
iBK2 7`QK kyR8 iQ kyRdX _B;?i, J2�M MmK#2` Q7 BMi2`�+iBQMb T2` #mM+? +`QbbBM;
/Bbi`B#miBQMb 7`QK kyR8 iQ kyRdX
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HmKBMQbBiv `2~2+ib i?2 HQbb2b /m2 iQ i?2 .�Z BM2{+B2M+v �M/ i?2 `�KT@mT iBK2 Q7 i?2

i`�+FBM; /2i2+iQ`b �b i?2v `�KT �7i2` i?2 bi�#H2 #2�K ~�; 7Q` T`Qi2+iBQM Tm`TQb2X h?2

ǳ:QQ/ 7Q` S?vbB+bǴ +�i2;Q`Bx�iBQM `2[mB`2b i?�i �HH /2i2+iQ` +QKTQM2Mib mb2/ iQ `2+QMbi`m+i

T?vbB+b Q#D2+ib 7Q` i?2 �M�HvbBb r2`2 T`Q/m+BM; ;QQ/ /�i�X h?2 K2�M TBH2@mT Bb b?QrM QM

i?2 `B;?i@?�M/ bB/2 Q7 6B;m`2 3XRX h?2 K2�M TBH2@mT 7`QK kyR8 iQ kyRd Bb �#Qmi jk +QHHBbBQMb

T2` #mM+? +`QbbBM;- �M/ i?2 ?B;?2` TBH2@mT 7mM/�K2Mi�HHv +Q``2bTQM/b iQ i?2 bi22T2` bHQT2

BM i?2 +mKmH�iBp2 BMi2;`�i2/ HmKBMQbBiv /Bbi`B#miBQMX

3Xk S`2b2H2+iBQM

h?2 �M�HvbBb Bb T2`7Q`K2/ QM � bm#b2i Q7 i?2 7mHH /�i�b2i T`2b2H2+i2/ iQ #2 Q7 BMi2`2bi

iQ i?2 �M�HvbBb iQ bB;MB}+�MiHv `2/m+2 i?2 +QKTmiBM; iBK2 mb2/X h?2 2p2Mib �`2 T`2b2H2+i2/

rBi? i?2 `2[mB`2K2Mi Q7 �i H2�bi QM2 2H2+i`QM +�M/B�i2 rBi? pT �#Qp2 ey :2o BM i?2 2H2+i`QM

+?�MM2H �M/ �i H2�bi QM2 KmQM +�M/B/�i2 B/2MiB}2/ �b � +QK#BM2/ KmQM rBi? pT �#Qp2 8y

:2o BM i?2 KmQM +?�MM2HX

3XkXR .�i� Zm�HBiv

h?2 7mM/�K2Mi�H iBK2 mMBi Q7 �hG�a /2i2+iQ` +QM};m`�iBQM �M/ bi�imb Bb i?2 HmKBMQb@

Biv #HQ+F UG"V- r?B+? Bb `Qm;?Hv QM2 KBMmi2 Q7 /�i� rBi? +QMbi�Mi HmKBMQbBiv (e9)X h?2

T?vbB+b �M�HvbBb mb2b �HH 2p2Mib BM i?2 HBbi Q7 G"b r?B+? 7mH}HH [m�HBiv `2[mB`2K2Mib Q7 i?2

`2+QMbi`m+i2/ T?vbB+b Q#D2+ibX h?2 HBbi Q7 ;QQ/ [m�HBiv G"b Bb +�HH2/ :QQ/ _mM GBbi U:_GV-

�M/ i?`22 :_GbR 7Q` kyR8 iQ kyRd /�i� �`2 mb2/ BM i?Bb �M�HvbBbX h?2 :_G Bb �TTHB2/ QMHv

iQ i?2 +QHHBbBQM /�i�X

R/�i�R8nRjh2oXT2`BQ/�HHu2�`n.2iai�imb@p3N@T`QkR@yknlMFMQrMnS>uanai�M/�`/:_Gn�HHn:QQ/nk8MbXtKH-
/�i�RenRjh2oXT2`BQ/�HHu2�`n.2iai�imb@p3N@T`QkR@yRn.Z.272+ib@yy@yk@y9nS>uanai�M/�`/:_Gn�HHn:QQ/nk8MbXtKH-
/�i�RdnRjh2oXT2`BQ/�HHu2�`n.2iai�imb@pNd@T`QkR@RjnlMFMQrMnS>uanai�M/�`/:_Gn�HHn:QQ/nk8Mb
nh`B;;2`MQRd2jjT`BKXtKH

8d



3XkXk 1p2Mi *H2�MBM;

1p2Mib �`2 /Bb+�`/2/ B7 �Mv Q7 i?2 7QHHQrBM; +QM/BiBQMb �`2 b�iBb}2/X h?2 a*h BKTH2@

K2Mi2/ 2z2+iBp2 `2+Qp2`v Q7 a1l@BM/m+2/ #Bi ~BTb iQ KBMBKBx2 MQBbv +?BTb- �M/ i`�+FBM;

BM7Q`K�iBQM Bb KBbbBM; 7Q` 2p2Mib +QHH2+i2/ /m`BM; i?2 `2+Qp2`v T`Q+2/m`2X h?2 G�` bmz2`b

#m`bib Q7 +Q?2`2Mi MQBb2 Qp2` � H�`;2 `2;BQM Q7 i?2 /2i2+iQ`- �M/ 2p2Mib rBi?BM � iBK2 rBM@

/Qr Q7 � #m`bi �`2 `2D2+i2/ bBM+2 2M2`;v K2�bm`2K2Mib �`2 +Q``mTi2/X h?2 hBH2 +QMi�BMb

+Q``mTi2/ /�i� /m2 iQ i?2 MQM@QTiBK�H �H;Q`Bi?K r?B+? `2D2+ib T`Q#H2K�iB+ 2p2MibX AM+QK@

TH2i2 2p2Mib /m2 iQ � `2+Qp2`v T`Q+2bb Q7 � bT2+B}+ /2i2+iQ` bvbi2K /m`BM; � `mM �M/ 2p2Mib

rBi?Qmi � T`BK�`v p2`i2t r?B+? `2[mB`2b iQ ?�p2 �i H2�bi irQ i`�+Fb �bbQ+B�i2/ iQ Bi �`2 �HbQ

/Bb+�`/2/X h?2 2{+B2M+v Q7 i?2 2p2Mi +H2�MBM; Bb �#Qp2 NNW 7Q` #Qi? 2H2+i`QM �M/ KmQM

+?�MM2Hb �b b?QrM BM h�#H2 3Xk �M/ h�#H2 3Xj- `2bT2+iBp2HvX

3Xj 1H2+i`QM *?�MM2H

3XjXR h`B;;2` *QM};m`�iBQM

PMHv 2p2Mib i?�i T�bb i?2 2H2+i`QM i`B;;2`b b?QrM BM h�#H2 3XR �`2 �++2Ti2/ 7Q` �M�HvbBbX

h?2 i`B;;2` +QM};m`�iBQM 7Q` i?2 kyR8 /�i�@i�FBM; T2`BQ/ Bb i?2 HQ;B+�H P_ Q7 i?2 i?`22

7QHHQrBM; i`B;;2`bX h?2 }`bi i`B;;2` Bb b22/2/ #v �M G2p2H@R i`B;;2` i?�i mb2b ⌘@/2T2M/2Mi

2M2`;v i?`2b?QH/b BM i?2 2H2+i`QK�;M2iB+ +�HQ`BK2i2` �M/ +mib QM i?2 �KQmMi Q7 2M2`;v

/2TQbBi2/ BM i?2 ?�/`QMB+ +�HQ`BK2i2` /B`2+iHv #2?BM/ i?2 +Q`2 2H2+i`QK�;M2iB+ +Hmbi2` (e8)

Bb H2bb i?�M � +2`i�BM p�Hm2X h?2 i`B;;2` i?2M `2[mB`2b QM2 2H2+i`QM rBi? pT > k9 :2o

.�i�@i�FBM; T2`BQ/ h`B;;2`

kyR8 /�i� 2k9nH?K2/BmKnGR1Jkyo> P_ 2eynH?K2/BmK P_ 2RkynH?HQQb2

kyRe /�i� 2eynH?K2/BmKnMQ/y P_ 2R9ynH?HQQb2nMQ/y

kyRd /�i� 2eynH?K2/BmKnMQ/y P_ 2R9ynH?HQQb2nMQ/y

h�#H2 3XRX h`B;;2` +QM};m`�iBQM Q7 2H2+i`QM +?�MM2H 7Q` 2�+? /�i�@i�FBM; T2`BQ/
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�M/ i?2 K2/BmK HBF2HB?QQ/ B/2MiB}+�iBQM QT2`�iBM; TQBMiX h?2 b2+QM/ i`B;;2` `2[mB`2b QM2

2H2+i`QM rBi? pT > ey :2o �M/ i?2 K2/BmK HBF2HB?QQ/ B/2MiB}+�iBQM QT2`�iBM; TQBMiX h?2

i?B`/ i`B;;2` `2[mB`2b QM2 2H2+i`QM rBi? pT > Rky :2o �M/ i?2 HQQb2 HBF2HB?QQ/ B/2MiB}+�iBQM

QT2`�iBM; TQBMiX h?2 i`B;;2` +QM};m`�iBQMb 7Q` i?2 kyRe �M/ kyRd /�i�@i�FBM; T2`BQ/b �`2

i?2 b�K2 �M/ i?2 HQ;B+�H P_ Q7 irQ i`B;;2`bX h?2 }`bi i`B;;2` `2[mB`2b QM2 2H2+i`QM rBi?

pT > ey :2o �M/ i?2 K2/BmK HBF2HB?QQ/ B/2MiB}+�iBQM QT2`�iBM; TQBMi r?2`2 HBF2HB?QQ/ Bb
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�#Qp2X h?2 2p2Mi Bb �HbQ `2D2+i2/ B7 i?2 2p2Mi +QMi�BMb �M �//BiBQM�H H2TiQM r?B+? b�iBb}2b

i?2 HQQb2M2/ p2`bBQM Q7 KmQM b2H2+iBQM Q` 2H2+i`QM b2H2+iBQMX h?2 pT i?`2b?QH/ Bb �HbQ

HQr2`2/ iQ ky :2o- �M/ i?2 ?B;?@pT rQ`FBM; TQBMi Bb `2TH�+2/ #v i?2 BM+HmbBp2 P_ Q7 i?2

K2/BmK �M/ ?B;?@pT rQ`FBM; TQBMi 7Q` i?2 HQQb2M2/ KmQM b2H2+iBQM rBi? `2bT2+i iQ i?2

}M�H b2H2+iBQM /2b+`B#2/ BM a2+iBQM 3X9XkX h?2 pT i?`2b?QH/ Bb HQr2`2/ iQ ky :2o- �M/

i?2 hB;?i B/2MiB}+�iBQM Bb `2TH�+2/ #v i?2 J2/BmK B/2MiB}+�iBQM QT2`�iBM; TQBMi 7Q` i?2

HQQb2M2/ 2H2+i`QM b2H2+iBQM rBi? `2bT2+i iQ i?2 }M�H b2H2+iBQM /2b+`B#2/ BM a2+iBQM 3XjXkX

ed



h?2 �//BiBQM�H H2TiQM p2iQ `2[mB`2K2Mi 2z2+iBp2Hv `2/m+2b #�+F;`QmM/b 7`QK Z/�
⇤- iQT-

�M/ /B#QbQM 2p2Mib �b /Bb+mbb2/ BM a2+iBQM dXkX

6�F2 C2i o2iQ

�M 2p2Mi r?B+? +QMi�BMb �Mv D2ib B/2MiB}2/ �b ǳ7�F2Ǵ Bb `2D2+i2/- �b BM i?2 2H2+i`QM

+?�MM2H- BM Q`/2` iQ T`2p2Mi � r`QM; E
miss
T 2biBK�iBQMX

h`�Mbp2`b2 JBbbBM; JQK2MimK

h?2 2p2Mi Bb `2[mB`2/ iQ ?�p2 E
miss
T > 88 :2oX "�+F;`QmM/ T`Q+2bb2b rBi?Qmi M2mi`BMQb

BM i?2 }M�H bi�i2 �`2 bmTT`2bb2/ rBi? i?Bb `2[mB`2K2MiX

h`�Mbp2`b2 J�bb

h?2 2p2Mi Bb }M�HHv `2[mB`2/ iQ ?�p2 mT > jyy :2o- 7`QK i?2 b2H2+i2/ KmQM �M/ i?2

E
miss
T X h?2 i?`2b?QH/ r�b +?Qb2M iQ 7Q+mb QM i?2 b2�`+? BM i?2 ?B;?@K�bb `2;BQMX
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3X9X9 *mi@~Qr BM i?2 JmQM *?�MM2H

h�#H2 3Xj b?Qrb i?2 +mi@~Qr �i i?2 bB;M�H b2H2+iBQM BM i?2 KmQM +?�MM2HX

*mi JmQM +?�MM2H

S`2b2H2+iBQM
:QQ/ _mM GBbi kjN-ey3-N3R U@V

1p2Mi +H2�MBM; kjN-9ky-N89 UNNXNWV

h`B;;2` Rd9-e3R-j98 UdjXyWV

JmQM Q#D2+i
b2H2+iBQM

*QK#BM2/ KmQM Rd9-e3R-j9R URyyXyWV

pT = 88 :2o RRd-8e9-jy8 UedXjWV

d0 bB;MB}+�M+2 3e-j9R-y8e UdjX9WV

|�z0 sin ✓| 38-Ny8-ykd UNNX8WV

JmQM B/2MiB}+�iBQM dR-k8N-ey8 U3jXyWV

JmQM [m�HBiv dR-k8N-je8 URyyXyWV

AbQH�iBQM 8k-kRR-9Ny UdjXjWV

1p2Mi iQTQHQ;v
b2H2+iBQM

�//BiBQM�H KmQM p2iQ 99-yNj-Ryy U39X8WV

�//BiBQM�H 2H2+i`QM p2iQ 9j-3jd-Njd UNNX9WV

6�F2 D2i p2iQ 9j-d3d-8yy UNNXNWV

E
miss
T = 88 :2o N-8RR-jRk UkRXdWV

mT = jyy :2o ey-yed UyXeWV

h�#H2 3XjX LmK#2` Q7 2p2Mib �7i2` 2�+? b2H2+iBQM BM i?2 KmQM +?�MM2HX h?2
MmK#2`b BM i?2 T�`2Mi?2b2b �`2 i?2 2{+B2M+B2b rBi? `2bT2+i iQ i?2 T`2pBQmb HBM2X
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3X8 1p2Mi a2H2+iBQM 1{+B2M+v 7Q` i?2 W
0 aB;M�H

h?2 2p2Mi b2H2+iBQMb �`2 �TTHB2/ iQ i?2 W
0 ! e⌫ +?�MM2H �M/ i?2 W

0 ! µ⌫ +?�MM2HX h?2

+mi 2{+B2M+v ~Qr 7Q` i?2 W
0 K�bb2b Q7 j h2o- 9 h2o- �M/ 8 h2o Bb b?QrM BM h�#H2 3X9 7Q`

i?2 W
0 ! e⌫ +?�MM2H �M/ h�#H2 3X8 7Q` i?2 W

0 ! µ⌫ +?�MM2HX h?2 b2H2+iBQM 2{+B2M+B2b

*mi aaJ W
0 Uj h2oV aaJ W

0 U9 h2oV aaJ W
0 U8 h2oV

hQi�H 2p2Mib UNyNV U93NV UjkXdV

1p2Mi +H2�MBM; RyyXyW RyyXyW RyyXyW

h`B;;2` NRXkW NyX3W 3kXNW

Sb2m/Q`�TB/Biv NNX8W NNXjW NNXjW

1H2+i`QM [m�HBiv NNXNW NNXNW NNXNW

pT = e8 :2o NeX8W NeX9W N8XeW

d0 bB;MB}+�M+2 NNXNW NNXNW NNX3W

1H2+i`QM B/2MiB}+�iBQM NkXdW NkXdW NkXdW

AbQH�iBQM NNX9W NNXjW NNXjW

�//BiBQM�H 2H2+i`QM p2iQ RyyXyW NNXNW NNXNW

�//BiBQM�H KmQM p2iQ RyyXyW RyyXyW RyyXyW

6�F2 D2i p2iQ RyyXyW RyyXyW RyyXyW

E
miss
T > e8 :2o NNXdW NNXdW N3X3W

mT > jyy :2o NdX9W UdRyV NdXyW Ujd3V NyX9W UkRXyV

hQi�H 2{+B2M+v d3XRW ddXkW e9X9W

h�#H2 3X9X *mi 2{+B2M+v ~Qr Q7 W
0 bB;M�Hb BM i?2 2H2+i`QM +?�MM2HX h?2 2{@

+B2M+B2b �`2 rBi? `2bT2+i iQ i?2 T`2pBQmb HBM2X h?2 MmK#2`b BM T�`2Mi?2b2b
�`2 i?2 MmK#2` Q7 2p2Mib MQ`K�HBx2/ iQ i?2 BMi2;`�i2/ HmKBMQbBiv Q7 i?2 /�i�-
#mi rBi?Qmi +Q``2+iBQMb bm+? �b K@7�+iQ`b- 2{+B2M+v b+�H2 7�+iQ`b- �M/ TBH2mT
`2r2B;?iBM;X
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*mi aaJ W
0 Uj h2oV aaJ W

0 U9 h2oV aaJ W
0 U8 h2oV

hQi�H 2p2Mib UNkkV UR99V UjkX8V

1p2Mi +H2�MBM; RyyXyW RyyXyW RyyXyW

h`B;;2` dkXkW dyX9W edX3W

*QK#BM2/ KmQM RyyXyW RyyXyW RyyXyW

pT= 88 :2o NNX8W NNXRW N3X9W

d0 bB;MB}+�M+2 NNXdW NNXdW NNXdW

|z0| sin ✓ N3XjW N3XjW N3XkW

JmQM B/2MiB}+�iBQM 3kXdW 3kX9W 3kXeW

JmQM [m�HBiv NNXkW N3X3W N3X9W

AbQH�iBQM NNX8W NNX8W NNX9W

�//BiBQM�H KmQM p2iQ RyyXyW RyyXyW RyyXyW

�//BiBQM�H 2H2+i`QM p2iQ NNXNW NNXNW NNXNW

6�F2 D2i p2iQ RyyXyW NNXNW NNXNW

E
miss
T = 88 :2o NNXdW NNX9W N3X3W

mT = jyy :2o NeXeW U9N3V NjXjW UdkXRV 3dX8W UR9X8V

hQi�H 2{+B2M+v 89XRW 8yXyW 99XeW

h�#H2 3X8X *mi 2{+B2M+v ~Qr Q7 W 0 bB;M�Hb BM i?2 KmQM +?�MM2HX h?2 2{+B2M+B2b
�`2 rBi? `2bT2+i iQ i?2 T`2pBQmb HBM2X h?2 MmK#2`b BM T�`2Mi?2b2b �`2 i?2 MmK@
#2` Q7 2p2Mib MQ`K�HBx2/ iQ i?2 BMi2;`�i2/ HmKBMQbBiv Q7 i?2 /�i�- #mi rBi?Qmi
+Q``2+iBQMb bm+? �b K@7�+iQ`b- 2{+B2M+v b+�H2 7�+iQ`b- �M/ TBH2mT `2r2B;?iBM;X

�`2 ;2M2`�HHv r2HH �#Qp2 N8W- #mi i?2 i`B;;2` �M/ B/2MiB}+�iBQM 2{+B2M+B2b �`2 `2H�iBp2Hv

HQr BM #Qi? +?�MM2HbX >2M+2- i?2 iQi�H 2{+B2M+v Bb K�BMHv /2i2`KBM2/ #v i?2 i`B;;2` �M/

B/2MiB}+�iBQM 2{+B2M+B2bX h?2 iQi�H 2{+B2M+v Bb �#Qmi kyW ?B;?2` BM i?2 2H2+i`QM +?�MM2H

i?�M BM i?2 KmQM +?�MM2H /m2 iQ �#Qmi kyW HQr2` i`B;;2` 2{+B2M+v �M/ �#Qmi RyW HQr2`
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B/2MiB}+�iBQM 2{+B2M+v BM i?2 KmQM +?�MM2HX AM �//BiBQM- � /2+`2�b2 BM i?2 iQi�H 2{+B2M+v

Bb Q#b2`p2/ rBi? W
0 K�bb- r?B+? Bb /`Bp2M #v i?2 HQr2` i`B;;2` 2{+B2M+v BM ?B;?2` W 0 K�bbX

6B;m`2 3X8 b?Qrb i?2 iQi�H �++2Ti�M+2 iBK2b 2{+B2M+v �b � 7mM+iBQM Q7 W
0 TQH2 K�bbX

h?2 iQi�H �++2Ti�M+2 iBK2b 2{+B2M+v Bb /2}M2/ �b i?2 MmK#2` Q7 `2+QMbi`m+i2/ +�M/B/�i2b

/BpB/2/ #v �HH ;2M2`�i2/ +�M/B/�i2bX h?2 iQi�H �++2Ti�M+2 iBK2b 2{+B2M+v BM+`2�b2b `�/B+�HHv

7`QK i?2 HQr TQH2 K�bb iQ i?2 BMi2`K2/B�i2 TQH2 K�bb �`QmM/ R h2o �b i?2 ?B;? FBM2K�iB+

+mi Q7 pT- Emiss
T - �M/ mT `2D2+ib � bB;MB}+�Mi 7`�+iBQM Q7 2p2Mib 7Q` i?2 HQr W

0 TQH2 K�bb2bX

h?2 iQi�H �++2Ti�M+2 iBK2b 2{+B2M+v `Bb2b rBi? i?2 W
0 TQH2 K�bb2b �M/ Bi bi�`ib iQ /2+`2�b2

7Q` i?2 ?B;? W
0 TQH2 K�bb2b �#Qp2 k h2oX h?Bb Bb /m2 iQ i?2 /QKBM�Mi Q77@b?2HH T`Q/m+iBQMb

7Q` i?2 ?B;? W
0 TQH2 K�bb2b �b b?QrM BM 6B;m`2 eXkX �Hi?Qm;? i?2 C�+Q#B�M T2�Fb KQp2 iQ

?B;?2` K�bb2b rBi? BM+`2�bBM; W
0 TQH2 K�bb2b- i?2 7`�+iBQM Q7 Q77@b?2HH T`Q/m+iBQM �HbQ `Bb2b

rBi? BM+`2�bBM; W
0 TQH2 K�bbX
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6B;m`2 3X8X hQi�H W 0 bB;M�H �++2Ti�M+2 ⇥ 2{+B2M+v �b � 7mM+iBQM Q7 aaJ W
0

TQH2 K�bb BM i?2 2H2+i`QM +?�MM2H �M/ i?2 KmQM +?�MM2HX
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NX "�+F;`QmM/ 1biBK�iBQM

AM i?Bb +?�Ti2`- i?2 K2i?Q/b mb2/ iQ 2biBK�i2 i?2 +QMi`B#miBQM Q7 2�+? #�+F;`QmM/ T`Q+2bb iQ

i?2 Q#b2`p2/ 2p2Mib �`2 T`2b2Mi2/X h?2 KmHiBD2i #�+F;`QmM/ 2biBK�iBQM mbBM; � /�i�@/`Bp2M

�TT`Q�+? Bb /Bb+mbb2/ BM a2+iBQM NXRX h?2 Qi?2` #�+F;`QmM/b KQ/2H2/ #v J* bBKmH�iBQMb �`2

/Bb+mbb2/ BM a2+iBQM NXkX h?2 #�+F;`QmM/ 2ti`�TQH�iBQM iQ p2`v ?B;? mT 7Q` i?2 bi�iBbiB+�HHv

HBKBi2/ #�+F;`QmM/b Bb /Bb+mbb2/ BM a2+iBQM NXjX

NXR JmHiBD2i "�+F;`QmM/ 1biBK�iBQM

h?2 KmHiBD2i #�+F;`QmM/ �`Bb2b 7`QK KBbB/2MiB}2/ H2TiQMb �b /Bb+mbb2/ BM a2+iBQM dXkX9X

� /�i�@/`Bp2M #�+F;`QmM/ 2biBK�iBQM i2+?MB[m2- i?2 K�i`Bt K2i?Q/- Bb mb2/ iQ 2biBK�i2 i?2

KmHiBD2i #�+F;`QmM/ BM i?2 2H2+i`QM �M/ KmQM +?�MM2HX

NXRXR S`BM+BTH2 Q7 i?2 J�i`Bt J2i?Q/

h?2 K�i`Bt K2i?Q/ Bb � TQr2`7mH i2+?MB[m2 iQ 2biBK�i2 � 7�F2 +QMi`B#miBQM BM i?2 bB;M�H

Q#D2+i b2H2+iBQMX Ai miBHBx2b � HQQb2M2/ Q#D2+i b2H2+iBQM BM �//BiBQM iQ i?2 bB;M�H Q` iB;?i Q#D2+i

b2H2+iBQM- �M/ K2�bm`2b i?2 2{+B2M+B2b Q7 HQQb2 Q#D2+ib iQ T�bb i?2 iB;?i b2H2+iBQMX h?Bb

�HHQrb �M 2biBK�iBQM Q7 i?2 7�F2 +QMi`B#miBQM BM i?2 iB;?i b2H2+iBQMX h?2 7�F2 +QMi`B#miBQM Bb

2biBK�i2/ QM �M 2p2Mi@#v@2p2Mi #�bBb #v +QmMiBM; MmK#2` Q7 HQQb2 �M/ iB;?i H2TiQMb- r?BH2

i?2 2{+B2M+B2b b?QmH/ #2 K2�bm`2/ BM �/p�M+2X

h?2 #�bB+ [m�MiBiB2b K2�bm`2/ Q` +�H+mH�i2/ 7Q` 2�+? 2p2Mi �`2,

Ç NT 4 MmK#2` Q7 H2TiQM +�M/B/�i2b BM i?2 iB;?i b2H2+iBQM UK2�bm`2/ BM /�i�V

Ç NL 4 MmK#2` Q7 H2TiQM +�M/B/�i2b BM i?2 HQQb2 b2H2+iBQM UK2�bm`2/ BM /�i�V

Ç NR 4 MmK#2` Q7 `2�H H2TiQMb BM i?2 GQQb2 b�KTH2UiQ #2 /2i2`KBM2/V

Ç NF 4 MmK#2` Q7 7�F2 H2TiQMb BM i?2 GQQb2 b�KTH2 UiQ #2 /2i2`KBM2/V
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h?2 2{+B2M+v Bb /2}M2/ b2T�`�i2Hv 7Q` `2�H H2TiQMb U`2�H 2{+B2M+v ✏RV �M/ 7�F2 H2TiQMb U7�F2

2{+B2M+v ✏F V,

✏F =
N

7�F2
iB;?i

N
7�F2
HQQb2

, ✏R =
N

`2�H
iB;?i

N
`2�H
HQQb2

. UNXRV

h?2 `2�H 2{+B2M+v Bb K2�bm`2/ 7`QK J* �b i`mi? BM7Q`K�iBQM Q7 `2�H H2TiQMb Bb �p�BH�#H2X

PM i?2 Qi?2` ?�M/- i?2 7�F2 2{+B2M+v Bb mbm�HHv K2�bm`2/ 7`QK /�i� BM � 7�F2 2M`B+?2/

+QMi`QH `2;BQMX h?2 +QMM2+iBQM #2ir22M 2�+? [m�MiBiv Bb `2T`2b2Mi2/ BM 1[m�iBQM NXkX

0

B@
NT

NL
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0
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1 1
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CA UNXkV

h?2 2[m�iBQM +�M #2 2tT`2bb2/ 7Q` i?2 i`mi? [m�MiBiB2b #v BMp2`iBM; i?2 K�i`Bt,

0
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0
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�1 ✏R

1
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0
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CA UNXjV

6BM�HHv- i?2 7�F2 +QMi`B#miBQM iQ i?2 bB;M�H b2H2+iBQM +�M #2 2tT`2bb2/ #v KmHiBTHvBM; i?2

b2+QM/ HBM2 Q7 1[m�iBQM NXj #v i?2 7�F2 2{+B2M+v,

✏FNF =
✏F ✏R

✏R � ✏F
NL � ✏F

✏R � ✏F
NT UNX9V

NXRXk JmHiBD2i "�+F;`QmM/ 1biBK�iBQM BM i?2 1H2+i`QM *?�MM2H

h?2 KmHiBD2i #�+F;`QmM/ BM i?2 2H2+i`QM +?�MM2H �`Bb2b K�BMHv 7`QK HB;?i@~�pQ` D2ib �b

/Bb+mbb2/ BM a2+iBQM dXkX9X h?2 K�i`Bt K2i?Q/ `2[mB`2b #Qi? � HQQb2 �M/ � iB;?i b2H2+iBQMX

h?2 iB;?i b2H2+iBQM Bb i?2 bB;M�H b2H2+iBQM /2b+`B#2/ BM a2+iBQM 3XjXkX h?2 HQQb2 b2H2+iBQM

Q7 i?2 2H2+i`QM Q#D2+i r?B+? �HHQrb KQ`2 Z*. D2ib +�M #2 �+?B2p2/ #v `2KQpBM; BbQH�iBQM

`2[mB`2K2Mi �M/ #v � HQQb2` B/2MiB}+�iBQM `2[mB`2K2MiX h?2 2H2+i`QM B/2MiB}+�iBQM `2[mB`2@

K2Mi BM i?2 i`B;;2` `2bi`B+ib i?2 B/2MiB}+�iBQM QT2`�iBM; TQBMi 7Q` i?2 HQQb2 b2H2+iBQMX h?2

i`B;;2` `2[mB`2b i?2 K2/BmK B/2MiB}+�iBQM QT2`�iBM; TQBMi 7Q` pT < R98 :2o �M/ i?2 HQQb2

B/2MiB}+�iBQM QT2`�iBM; TQBMi 7Q` pT > R98 :2o �b /Bb+mbb2/ BM a2+iBQM 3XjXRX h?mb- i?2
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HQQb2 b2H2+iBQM `2KQp2b i?2 BbQH�iBQM `2[mB`2K2Mi 7`QK i?2 iB;?i b2H2+iBQM �M/ `2TH�+2b i?2

iB;?i B/2MiB}+�iBQM rBi? i?2 K2/BmK B/2MiB}+�iBQM 2t+Hm/BM; +�M/B/�i2b i?�i 7�BH i?2 iB;?i

B/2MiB}+�iBQM 7Q` pT < R98 :2o Q` rBi? i?2 HQQb2 B/2MiB}+�iBQM 2t+Hm/BM; +�M/B/�i2b i?�i

7�BH i?2 iB;?i B/2MiB}+�iBQM 7Q` pT > R98 :2oX

_2�H 1{+B2M+v 1biBK�iBQM

h?2 `2�H 2{+B2M+v Bb i?2 T`Q#�#BHBiv 7Q` `2�H 2H2+i`QMb iQ T�bb i?2 iB;?i b2H2+iBQMX >2M+2-

i?2 `2�H 2{+B2M+v Bb 2biBK�i2/ mbBM; 2H2+i`QMb 7`QK i?2 W J* b�KTH2 rBi? �M �//BiBQM�H

i`mi?@K�i+?BM; `2[mB`2K2Mi r?B+? Bb �R < yXk #2ir22M `2+QMbi`m+i2/ �M/ i`mi? 2H2+i`QMX

h?2 `2�H 2{+B2M+v Bb K2�bm`2/ �b � 7mM+iBQM Q7 pT �M/ ⌘ �b b?QrM BM 6B;m`2 NXRX h?2 `2�H
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#mKT BM i?2 mT /Bbi`B#miBQM #2ir22M Ryy :2o �M/ kyy :2o Bb +�mb2/ #v KBbKQ/2HBM; Q7

E
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T X h?2 /Bb+`2T�M+B2b �`2 MQi v2i 7mHHv mM/2`biQQ/ �M/ 2ti2MbBp2 bim/B2b �`2 QM;QBM;X

�b i?2 b2�`+? Bb 7Q+mbBM; BM i?2 ?B;? mT `2;BQM- Bi r�b /2+B/2/ iQ �TTHv � +mi Q7 mT = jyy

:2o 7Q` i?Bb �M�HvbBbX h?2 �� /Bbi`B#miBQM b?Qrb � ;QQ/ �;`22K2MiX h?2 W #�+F;`QmM/

T`272`b i?2 #�+F@iQ@#�+F iQTQHQ;v �b 2tT2+i2/- r?BH2 i?2 KmHiBD2i #�+F;`QmM/ +QMi`B#mi2b

mMB7Q`KHvX

JmHiBD2i "�+F;`QmM/ BM i?2 aB;M�H _2;BQM

6B;m`2 NX3 b?Qrb i?2 i`�Mbp2`b2 K�bb /Bbi`B#miBQM Q7 i?2 KmHiBD2i #�+F;`QmM/ BM i?2 bB;M�H
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~m+im�iBQMb #2;BM iQ /QKBM�i2X h?mb- i?2 KmHiBD2i #�+F;`QmM/ BM i?2 ?B;? mT `2;BQM Bb

2biBK�i2/ 7`QK �M 2ti`�TQH�iBQM r?B+? rBHH #2 /Bb+mbb2/ BM a2+iBQM NXjX

NXRXj JmHiBD2i "�+F;`QmM/ 1biBK�iBQM BM i?2 JmQM *?�MM2H

h?2 KmHiBD2i #�+F;`QmM/ BM i?2 KmQM +?�MM2H �`Bb2b K�BMHv 7`QK ?2�pv ~�pQ` ?�/`QM

/2+�vb iQ `2�H KmQMb �b /Bb+mbb2/ BM a2+iBQM dXkX9X h?2 iB;?i b2H2+iBQM Bb i?2 bB;M�H Q#D2+i
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b2H2+iBQM /2b+`B#2/ BM a2+iBQM 3X9XkX � HQQb2 b2H2+iBQM Bb �+?B2p2/ #v `2KQpBM; i?2 BbQH�iBQM

`2[mB`2K2Mi 7`QK i?2 bB;M�H Q#D2+i b2H2+iBQM �b KmQMb 7`QK ?2�pv ~�pQ` ?�/`QM /2+�vb i2M/

iQ #2 bm``QmM/2/ #v Qi?2` T�`iB+H2b 7`QK i?2 D2i �bbQ+B�i2/ rBi? i?2 ?�/`QMX

_2�H 1{+B2M+v 1biBK�iBQM

h?2 `2�H 2{+B2M+v Bb 2biBK�i2/ mbBM; KmQMb 7`QK i?2 W J* b�KTH2 #v i�FBM; i?2 `�iBQ

Q7 i?2 MmK#2` Q7 KmQMb BM � ;Bp2M #BM Q7 pT #27Q`2 �M/ �7i2` i?2 BbQH�iBQM `2[mB`2K2MiX h?2

`2�H 2{+B2M+v Bb p2`v ?B;? �M/ `�M;2b 7`QK N3Xk% iQ NNXd% �b b?QrM BM 6B;m`2 NXNX
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6B;m`2 NXNX h?2 `2�H 2{+B2M+v �b � 7mM+iBQM Q7 pT BM i?2 KmQM +?�MM2HX

6�F2 1{+B2M+v 1biBK�iBQM

h?2 7�F2 2{+B2M+v Bb K2�bm`2/ BM � 7�F2 2M`B+?2/ +QMi`QH `2;BQM mbBM; /�i� �b BM i?2

2H2+i`QM +?�MM2HX h?2 7�F2 2M`B+?2/ +QMi`QH `2;BQM Bb /2}M2/ #v KQ/B7vBM; i?2 7QHHQrBM;

b2H2+iBQMb rBi? `2bT2+i iQ i?2 KmQM b2H2+iBQM /2b+`B#2/ BM a2+iBQM 3X9X h?2 +mi QM mT Bb

`2KQp2/- �M/ i?2 +mi QM E
miss
T Bb +?�M;2/ iQ E

miss
T < 88 :2oX h?2 +mi QM d0 bB;MB}+�M+2 Bb

+?�M;2/ iQ d0 bB;MB}+�M+2 > RX8 iQ 2M?�M+2 ?2�pv ~�pQ` /2+�vb iQ KmQMb r?2`2 i?2 /2+�v

Q7i2M T`Q/m+2b � /BbTH�+2 p2`i2t �M/ ?2M+2 T�`iB+H2b rBi? H�`;2 BKT�+i T�`�K2i2`bX h?2

2p2Mi Bb �HbQ `2[mB`2/ iQ ?�p2 �i H2�bi QM2 D2i rBi? pT > 9y :2o r?B+? /Q2b MQi Qp2`H�T rBi?
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i?2 b2H2+i2/ KmQM #v `2[mB`BM; �Rµ,jet > yXk- �b rQmH/ #2 T`2b2Mi BM bb̄ T`Q/m+iBQMX h?2

QT2MBM; �M;H2 BM i?2 i`�Mbp2`b2 TH�M2 #2ir22M i?2 KmQM �M/ i?2 E
miss
T b?QmH/ #2 bK�HH2`

i?�M yX8X G�biHv- 2p2Mib rBi? Z ! µµ /2+�vb �`2 bmTT`2bb2/ #v `2D2+iBM; 2p2Mib rBi? irQ

KmQMb r?Qb2 BMp�`B�Mi K�bb 7�HHb BM i?2 `2;BQM 3y :2o < mµµ < Ryy :2oX h?2 `2�H KmQM

+QMi`B#miBQM 2biBK�i2/ 7`QK J* BM i?2 7�F2 2M`B+?2/ +QMi`QH `2;BQM Bb �TT`QtBK�i2Hv Rk%

BM i?2 HQQb2 b2H2+iBQM �M/ 8k% BM i?2 iB;?i b2H2+iBQMX h?2 `2�H KmQM +QMi`B#miBQMb �`2

bm#i`�+i2/ iQ +�H+mH�i2 i?2 7�F2 2{+B2M+vX h?2 K2�bm`2/ 7�F2 2{+B2M+v �b � 7mM+iBQM Q7 pT

Bb b?QrM BM 6B;m`2 NXRyX
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6B;m`2 NXRyX h?2 7�F2 2{+B2M+v �b � 7mM+iBQM Q7 pT BM i?2 KmQM +?�MM2HX

o�HB/�iBQM Q7 i?2 JmHiBD2i "�+F;`QmM/

h?2 KmHiBD2i p�HB/�iBQM `2;BQM Bb /2}M2/ #v `2KQpBM; i?2 E
miss
T �M/ mT b2H2+iBQMb 7`QK

i?2 bB;M�H b2H2+iBQM /2b+`B#2/ BM a2+iBQM 3X9X 6B;m`2 NXRR b?Qrb i?2 MmK#2` Q7 D2ib rBi?

pT > 9y :2o- d0 bB;MB}+�M+2- pT- E
miss
T - mT- �M/ |��

µ,E
miss
T

| /Bbi`B#miBQMb 7Q` /�i� �M/

#�+F;`QmM/b BM i?2 KmHiBD2i p�HB/�iBQM `2;BQMX h?2 H�`;2bi /Bb+`2T�M+v Bb Q#b2`p2/ BM i?2

MmK#2` Q7 D2ib /Bbi`B#miBQM- �M/ i?2 /Bb�;`22K2Mi Bb HQ+�HBx2/ BM i?2 `2;BQM Q7 k  Njet

 9 r?2`2 i?2 W #�+F;`QmM/ /QKBM�i2bX PM i?2 Qi?2` ?�M/- i?2 KmHiBD2i #�+F;`QmM/ Bb

rB/2Hv /Bbi`B#mi2/ �M/ `2�+?2b �TT`QtBK�i2Hv RyW 7Q` Njet > RX h?2 /Bb+`2T�M+v Q#b2`p2/
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BM i?2 E
miss
T �M/ mT /Bbi`B#miBQMb �`2 p2`v +QKT�`�#H2 rBi? i?2 QM2b BM i?2 2H2+i`QM +?�MM2H

b?QrM BM 6B;m`2 NXdX h?Bb BKTHB2b i?�i i?2 /Bb+`2T�M+v Bb /`Bp2M #v i?2 W #�+F;`QmM/b 7Q`

#Qi? +?�MM2HbX

JmHiBD2i "�+F;`QmM/ BM i?2 aB;M�H _2;BQM

6B;m`2 NXRk b?Qrb i?2 i`�Mbp2`b2 K�bb /Bbi`B#miBQM Q7 i?2 KmHiBD2i #�+F;`QmM/ BM i?2

bB;M�H `2;BQMX h?2 KmHiBD2i #�+F;`QmM/ Bb �#Qmi � 7�+iQ` Q7 i?`22 bK�HH2` BM i?2 KmQM
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+?�MM2H i?�M i?2 2H2+i`QM +?�MM2H /m2 iQ i?2 bK�HH2` +`Qbb@b2+iBQM 7Q` ?2�pv ~�pQ` T`Q/m+@

iBQM +QKT�`2/ iQ HB;?i ~�pQ` T`Q/m+iBQM �M/ i?2 #2ii2` `2D2+iBQM 7`QK i?2 +QK#BM2/ KmQM

`2[mB`2K2MiX

NXk "�+F;`QmM/b 7`QK J* aBKmH�iBQM

h?2 #�+F;`QmM/ +QMi`B#miBQMb 7`QK W - Z/�
⇤- iQT- �M/ /B#QbQM �`2 2biBK�i2/ mbBM;

J* bBKmH�iBQM �b /Bb+mbb2/ BM a2+iBQM dX h?2 2p2Mi b2H2+iBQMb /2b+`B#2/ BM a2+iBQM 3Xk-

a2+iBQM 3Xj- �M/ a2+iBQM 3X9 �`2 �TTHB2/ iQ i?2 J* b�KTH2b iQ 2biBK�i2 i?2 #�+F;`QmM/

+QMi`B#miBQMb BM i?2 bB;M�H `2;BQMX h�#H2 NXR �M/ h�#H2 NXk b?Qr i?2 +mi 2{+B2M+v ~Qrb
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7Q` 2�+? #�+F;`QmM/ BM i?2 2H2+i`QM +?�MM2H �M/ i?2 KmQM +?�MM2HX h?2 2{+B2M+B2b �`2

rBi? `2bT2+i iQ i?2 T`2pBQmb HBM2X h?2 MmK#2`b BM T�`2Mi?2b2b �`2 i?2 MmK#2` Q7 2p2Mib

MQ`K�HBx2/ iQ i?2 BMi2;`�i2/ HmKBMQbBiv Q7 i?2 /�i�- #mi rBi?Qmi +Q``2+iBQMb bm+? �b K@

7�+iQ`b- 2{+B2M+v b+�H2 7�+iQ`b- �M/ TBH2mT `2r2B;?iBM;X �HH b�KTH2b �`2 bFBKK2/ rBi? i?2

`2[mB`2K2Mi Q7 �i H2�bi QM2 2H2+i`QM b�iBb7vBM; i?2 HQQb2 HBF2HB?QQ/ QT2`�iBM; TQBMi rBi? pT

= ey :2o 7Q` i?2 2H2+i`QM +?�MM2H �M/ �i H2�bi QM2 +QK#BM2/ KmQM rBi? pT = 8y :2o 7Q`

i?2 KmQM +?�MM2HX

AM i?2 2H2+i`QM +?�MM2H- +mi 2{+B2M+B2b �`2 [mBi2 +QKT�`�#H2 #2ir22M #�+F;`QmM/b mT

iQ i?2 BbQH�iBQM +mi- �b �HH #�+F;`QmM/ 2p2Mib +QMi�BM � r2HH@/2}M2/ 2H2+i`QMX h?2 +mi QM

i?2 �//BiBQM�H 2H2+i`QM p2iQ `2D2+ib KQ`2 i?�M 8yW Q7 i?2 #�+F;`QmM/ 2p2Mib 7`QK Z �M/

�#Qmi R8W Q7 i?2 #�+F;`QmM/ 7`QK /B#QbQM r?B+? +QMi�BMb �M �//BiBQM�H 2H2+i`QM BM i?2

}M�H bi�i2X h?2 +mi QM i?2 �//BiBQM�H KmQM p2iQ `2D2+ib �#Qmi RyW Q7 2p2Mib 7`QK iQT �M/

/B#QbQM- #mi ?�b HBiiH2 2z2+i QM i?2 W �M/ Z #�+F;`QmM/bX h?2 +mi QM i?2 E
miss
T Bb p2`v

2{+B2Mi 7Q` i?2 #�+F;`QmM/ 7`QK Z �b QMHv kXe9W Q7 2p2Mib T�bb i?2 +miX Ai �HbQ `2D2+ib

�#Qmi 3eW Q7 #�+F;`QmM/ 7`QK W �b i?2 E
miss
T Bb T2�FBM; �`QmM/ j8 :2oX h?2 iQT �M/

/B#QbQM #�+F;`QmM/b �`2 �HbQ `2D2+i2/ #v �#Qmi eyW �M/ dyW- `2bT2+iBp2Hv- �b QM2 Q` KQ`2

M2mi`BMQb �`2 BM+Hm/2/ BM i?2 }M�H bi�i2bX h?2 KQbi 2{+B2Mi +mi iQ `2D2+i i?2 #�+F;`QmM/

Bb i?2 +mi QM i?2 mT rBi? +mi 2{+B2M+B2b #2HQr 8W 7Q` �HH #�+F;`QmM/bX h?2 MmK#2` Q7

2p2Mib �7i2` i?2 mT +mi BM h�#H2 NXR b?Qr i?2 #�+F;`QmM/ +QMi`B#miBQM BM i?2 2H2+i`QM bB;M�H

`2;BQMX

AM i?2 KmQM +?�MM2H- +mi 2{+B2M+B2b b?Qr bBKBH�` 72�im`2b �b BM i?2 2H2+i`QM +?�MM2HX

*QKT�`�#H2 2{+B2M+B2b mT iQ i?2 BbQH�iBQM +mi �`2 Q#b2`p2/X h?2 �//BiBQM�H KmQM p2iQ

`2D2+ib �#Qmi dyW Q7 i?2 #�+F;`QmM/ 7`QK Z �M/ �#Qmi R8W Q7 i?2 #�+F;`QmM/ 7`QK /B#QbQMX

h?2 �//BiBQM�H 2H2+i`QM p2iQ `2D2+ib �#Qmi dW Q7 2p2Mib 7`QK iQT �M/ /B#QbQMX h?2 +mi QM

i?2 Emiss
T `2D2+ib 3dW Q7 i?2 #�+F;`QmM/ 7`QK Z �M/ �#Qmi 3yW 7`QK W X h?2 +mi 2{+B2M+B2b

Q7 i?2 +mi QM i?2 E
miss
T Bb � #Bi ?B;?2` BM i?2 KmQM +?�MM2H i?�M i?2 2H2+i`QM +?�MM2H- �b

i?2 i?`2b?QH/b QM pT �M/ E
miss
T �`2 Ry :2o HQr2` BM i?2 KmQM +?�MM2HX h?Bb +�M #2 �HbQ

�ii`B#mi2/ iQ i?2 bK�HH2` �++2Ti�M+2 BM i?2 KmQM +?�MM2H iQ /2i2+i �M �//BiBQM�H H2TiQMX
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*mi q w hQT .B#QbQM

hQi�H 2p2Mib UjX3R2YydV URXRd2YydV U9XjR2YyeV U8X332Yy8V

1p2Mi +H2�MBM; N8Xk9W NkXNkW RyyXyW RyyXyW

h`B;;2` 33XkjW 33XdjW 33XjNW 3NXeeW

Sb2m/Q`�TB/Biv NNXedW NNXNW NNXN3W NNX38W

1H2+i`QM [m�HBiBv NNXN3W NNXNNW RyyXyW NNXNNW

pT = e8 :2o djXNW djXyW 38Xd9W 3jX8NW

d0 bB;MB}+�M+2 NNX88W NNX8NW NNXR8W NNX93W

1H2+i`QM B/2MiB}+�iBQM NjX8dW NjXNkW NkXeW NjXydW

AbQH�iBQM N3Xj3W N3X99W NdXe9W N3Xj9W

�//BiBQM�H 2H2+i`QM p2iQ NNXN3W 9dXRkW N9Xy8W 39X98W

�//BiBQM�H KmQM p2iQ NNXN3W NNXN9W NyXNdW 3NX38W

6�F2 D2i p2iQ NNXN8W NNXN8W NNXNRW NNXNRW

E
miss
T > e8 :2o RjXd9W kXe9W 9yXyjW jyX8kW

mT > jyy :2o RX3NW
U8X8N2Yy9V

yXddW
UeXkj2YykV

RX8eW
URX8e2Yy9V

9X8kW
U9XRN2YyjV

hQi�H 2{+B2M+v yXR9dW yXyy8W yXjekW yXdRkW

h�#H2 NXRX *mi 2{+B2M+v ~Qr BM i?2 2H2+i`QM +?�MM2HX h?2 2{+B2M+B2b �`2 rBi?
`2bT2+i iQ i?2 T`2pBQmb HBM2X h?2 MmK#2`b BM T�`2Mi?2b2b �`2 i?2 MmK#2` Q7
2p2Mib MQ`K�HBx2/ iQ i?2 BMi2;`�i2/ HmKBMQbBiv Q7 i?2 /�i�- #mi rBi?Qmi +Q`@
`2+iBQMb bm+? �b K@7�+iQ`b- 2{+B2M+v b+�H2 7�+iQ`b- �M/ TBH2mT `2r2B;?iBM;X �HH
b�KTH2b �`2 bFBKK2/ rBi? i?2 `2[mB`2K2Mi Q7 �i H2�bi QM2 2H2+i`QM b�iBb7vBM; i?2
HQQb2 HBF2HB?QQ/ QT2`�iBM; TQBMi rBi? pT = ey :2oX

h?2 +mi rBi? i?2 ?B;?2bi `2D2+iBQM TQr2` Bb i?2 +mi QM mT �b BM i?2 2H2+i`QM +?�MM2H rBi?

+mi 2{+B2M+B2b #2HQr kW 7Q` �HH #�+F;`QmM/bX

AM bmKK�`v- #�+F;`QmM/ 2{+B2M+B2b �`2 KQbiHv r2HH #2HQr RW 7Q` #Qi? 2H2+i`QM �M/

KmQM +?�MM2HbX h?2 ?B;? #�+F;`QmM/ `2D2+iBQMb �`2 T`2/QKBM�MiHv /`Bp2M #v i?2 ?B;?

FBM2K�iB+ +mib Q7 pT- Emiss
T �M/- mTX
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*mi W Z hQT .B#QbQM

hQi�H 2p2Mib U3X9y2YydV UkX8d2YydV U8XNdY2yeV UdX3R2Yy8V

1p2Mi +H2�MBM; RyyXyW RyyXyW RyyXyW RyyXyW

h`B;;2` dkXjW d3X3W dNXkW dNXkW

*QK#BM2/ KmQM RyyXyW RyyXyW RyyXyW RyyXyW

pT = 88 :2o e3XjW e9XdW 38XNW 3jXkW

d0 bB;MB}+�M+2 NNXRW NNXjW NeXNW N3XNW

|z0| sin ✓ NNXjW NNXdW NNXNW NNX8W

JmQM B/2MiB}+�iBQM 39XdW 38XjW 38XyW 38XyW

JmQM [m�HBiv RyyXyW RyyXyW RyyXyW RyyXyW

AbQH�iBQM N3X3W N3XNW NeXeW N3XdW

�//BiBQM�H KmQM p2iQ RyyXyW jRXeW N9X9W 38XRW

�//BiBQM�H 2H2+i`QM p2iQ RyyXyW NNXNW NkX8W NjXkW

6�F2 D2i p2iQ RyyXyW NNXNW NNXNW NNXNW

E
miss
T = 88 :2o RNXRW RjXyW 9NXRW j8XRW

mT = jyy :2o yXdW
U9X9j2Yy9V

yX3W
UjX8e2YyjV

yXNW
URXk92Yy9V

RX3W
UkXyd2YyjV

hQi�H 2{+B2M+v yXy8W yXyRW yXkW yXjW

h�#H2 NXkX *mi 2{+B2M+v ~Qr BM i?2 KmQM +?�MM2HX h?2 2{+B2M+B2b �`2 rBi?
`2bT2+i iQ i?2 T`2pBQmb HBM2X h?2 MmK#2`b BM T�`2Mi?2b2b �`2 i?2 MmK#2` Q7
2p2Mib MQ`K�HBx2/ iQ i?2 BMi2;`�i2/ HmKBMQbBiv Q7 i?2 /�i�- #mi rBi?Qmi +Q`@
`2+iBQMb bm+? �b K@7�+iQ`b- 2{+B2M+v b+�H2 7�+iQ`b- �M/ TBH2mT `2r2B;?iBM;X �HH
b�KTH2b �`2 bFBKK2/ rBi? i?2 `2[mB`2K2Mi Q7 �i H2�bi QM2 +QK#BM2/ KmQM rBi?
pT = 8y :2oX

NXj 1ti`�TQH�iBQM iQ >B;? h`�Mbp2`b2 J�bb

h?2 b2�`+? Bb T2`7Q`K2/ BM i?2 `2;BQM Q7 mT mT iQ b2p2`�H h2oX >2M+2 #�+F;`QmM/b

M22/ iQ #2 2biBK�i2/ rBi? � `2�bQM�#H2 T`2+BbBQM mT iQ ?B;? mTX h?2 J* b�KTH2b 7Q` i?2

#�+F;`QmM/ 7`QK W �M/ Z �`2 T`Q/m+2/ BM #BMb Q7 i`mi? BMp�`B�Mi K�bb iQ ?�p2 2MQm;?

Ny



bi�iBbiB+b BM i?2 ?B;? mT `2;BQM �b /Bb+mbb2/ BM a2+iBQM dX PM i?2 Qi?2` ?�M/- i?2 J*

b�KTH2b 7Q` i?2 #�+F;`QmM/b 7`QK iQT �M/ /B#QbQM bmz2` HBKBi2/ bi�iBbiB+b BM i?2 ?B;?

mT `2;BQMX h?2 KmHiBD2i #�+F;`QmM/ Bb �HbQ bi�iBbiB+�HHv HBKBi2/ BM i?2 ?B;? mT `2;BQM

�b i?2 KmHiBD2i #�+F;`QmM/ Bb 2biBK�i2/ 7`QK /�i�X h?mb- i?2 iQT- /B#QbQM- �M/ KmHiBD2i

#�+F;`QmM/b �`2 2biBK�i2/ mbBM; � }i@#�b2/ #�+F;`QmM/ 2ti`�TQH�iBQM BMiQ i?2 `2;BQM Q7

mT r?2`2 i?2 bi�iBbiB+b Bb HBKBi2/X hrQ }i 7mM+iBQMb �`2 mb2/ iQ K�F2 i?2 #�+F;`QmM/

2ti`�TQH�iBQMX h?2 2ti`�TQH�iBQM 7mM+iBQMb �`2 i�F2M 7`QK i?2 �hG�a b2�`+?2b 7Q` /BD2i

`2bQM�M+2b (ee) �M/ 7Q` /BH2TiQM `2bQM�M+2b (ed),

f(mT) = e
�a

m
b+c log(mT)
T , UNX8V

f(mT) =
a

(mT + b)c
. UNXeV

NXjXR 1ti`�TQH�iBQM Q7 i?2 hQT "�+F;`QmM/

h?2 iQT #�+F;`QmM/b 7`QK i?2 2H2+i`QM �M/ KmQM +?�MM2Hb �`2 }ii2/ mbBM; #Qi? 7mM+@

iBQMb 7Q` p�`BQmb }i `�M;2bX h?2 }i rBi? i?2 #2bi �2
/Nd.o.f �KQM; T2`7Q`K2/ }ib Bb +?Qb2M

�b i?2 2ti`�TQH�i2/ #�+F;`QmM/- �M/ i?2 2ti`�TQH�i2/ #�+F;`QmM/ `2TH�+2b i?2 #�+F;`QmM/

2biBK�iBQM BM i?2 `2;BQM Q7 ?B;? mTX h?2 iQT THQib BM 6B;m`2 NXRj b?Qr i?2 #�+F;`QmM/b

rBi? �HH }ib BM i?2 2H2+i`QM +?�MM2H QM i?2 H27i@?�M/ bB/2 �M/ i?2 KmQM +?�MM2H QM i?2

`B;?i@?�M/ bB/2X h?2 #2bi }i Bb b?QrM �b i?2 `2/ /�b?2/ HBM2 �M/ i?2 2Mp2HQT2 Q7 �HH }ib Bb

+QMbB/2`2/ �b i?2 bvbi2K�iB+ mM+2`i�BMiv Q7 i?2 2ti`�TQH�iBQMX AM i?2 2H2+i`QM +?�MM2H- i?2

bi�`i TQBMi Q7 i?2 }i `�M;2 Bb p�`B2/ 7`QK jyy :2o iQ jey :2o BM bi2Tb Q7 ky :2o- �M/ i?2

2M/ TQBMi Q7 i?2 }i `�M;2 Bb p�`B2/ 7`QK 3yy :2o iQ RRyy :2o BM bi2Tb Q7 ky :2oX h?2 }i

rBi? i?2 `�M;2 7`QK jyy :2o iQ 3ey :2o ;Bp2b i?2 #2bi �2
/Nd.o.f - ?2M+2 i?�i }i Bb +?Qb2M �b

i?2 2ti`�TQH�i2/ #�+F;`QmM/X h?2 2ti`�TQH�i2/ #�+F;`QmM/ `2TH�+2b i?2 J* #�+F;`QmM/

7Q` mT > Nyy :2oX AM i?2 KmQM +?�MM2H- i?2 bi�`i TQBMi Q7 i?2 }i `�M;2 Bb p�`B2/ 7`QK jyy

:2o iQ 9ey :2o BM bi2Tb Q7 ky :2o- �M/ i?2 2M/ TQBMi Q7 i?2 }i `�M;2 Bb p�`B2/ 7`QK N8y
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6B;m`2 NXRjX "�+F;`QmM/ 2ti`�TQH�iBQM Q7 i?2 iQT #�+F;`QmM/ BM i?2 2H2+i`QM
+?�MM2H UH27iV �M/ i?2 KmQM +?�MM2H U`B;?iVX

:2o iQ kyyy :2o BM bi2Tb Q7 8y :2oX h?2 #2bi }i Bb 7Q` i?2 }i `�M;2 7`QK 9ky :2o iQ N8y

:2o �M/ i?2 #2bi }i `2TH�+2b i?2 #�+F;`QmM/ 7Q` mT > eyy :2oX h?2 [m�HBiv Q7 i?2 }ib

Bb +?2+F2/ 7`QK i?2 KB//H2 �M/ #QiiQK THQib Q7 6B;m`2 NXRjX h?2 KB//H2 THQib b?Qr i?2

Nk



`�iBQ Q7 i?2 J* iQ i?2 2ti`�TQH�i2/ #�+F;`QmM/ rBi? i?2 mM+2`i�BMiv #�M/X h?2 `�iBQb �`2

mMBiv mMiBH i?2 J* Bb `2TH�+2/ #v i?2 2ti`�TQH�i2/ #�+F;`QmM/- �M/ i?2 mM+2`i�BMiv #�M/

;2M2`�HHv +Qp2`b i?2 ~m+im�iBQMbX h?2 #QiiQK THQib b?Qr i?2 +mKmH�iBp2 /Bbi`B#miBQM Q7

i?2 J* �M/ i?2 2ti`�TQH�i2/ #�+F;`QmM/X h?2 2ti`�TQH�i2/ #�+F;`QmM/b �;`22 `2�bQM�#Hv

r2HH rBi? i?2 J* 7Q` #Qi? +?�MM2HbX

NXjXk 1ti`�TQH�iBQM Q7 i?2 .B#QbQM "�+F;`QmM/

h?2 /B#QbQM #�+F;`QmM/b �`2 2ti`�TQH�i2/ mbBM; i?2 b�K2 K2i?Q/ �b i?2 iQT #�+F@

;`QmM/X 6B;m`2 NXR9 b?Qrb i?2 }i `2bmHib Q7 i?2 /B#QbQM #�+F;`QmM/bX AM i?2 2H2+i`QM

+?�MM2H- i?2 bi�`i TQBMi Q7 i?2 }i `�M;2 Bb p�`B2/ 7`QK j8y :2o iQ 8yy :2o BM bi2Tb Q7 ky

:2o- �M/ i?2 2M/ TQBMi Q7 i?2 }i `�M;2 Bb p�`B2/ 7`QK RRyy :2o iQ Rjyy :2o BM bi2Tb Q7 ky

:2oX h?2 #2bi }i Bb 7Q` i?2 }i `�M;2 7`QK jdy :2o iQ Rk3y :2o- �M/ i?2 #2bi }i `2TH�+2b

i?2 #�+F;`QmM/ 7Q` mT > 3yy :2oX AM i?2 KmQM +?�MM2H- i?2 bi�`i TQBMi Q7 i?2 }i `�M;2

Bb p�`B2/ 7`QK jyy :2o iQ 9yy :2o BM bi2Tb Q7 ky :2o- �M/ i?2 2M/ TQBMi Q7 i?2 }i `�M;2

Bb p�`B2/ 7`QK 3yy :2o iQ Rjyy :2o BM bi2Tb Q7 8y :2oX h?2 #2bi }i Bb 7Q` i?2 }i `�M;2

7`QK 9ky :2o iQ N8y :2o- �M/ i?2 #2bi }i `2TH�+2b i?2 #�+F;`QmM/ 7Q` mT > eyy :2oX

h?2 `�iBQ �M/ +mKmH�iBp2 THQib b?Qr i?2 2ti`�TQH�i2/ #�+F;`QmM/ BM i?2 2H2+i`QM +?�MM2H

�;`22b `2�bQM�#Hv r2HH rBi? i?2 J*X PM i?2 Qi?2` ?�M/- i?2 2ti`�TQH�i2/ #�+F;`QmM/ Bb

bHB;?iHv Qp2`2biBK�i2/ BM i?2 KmQM +?�MM2H �b i?2 J* TQTmH�i2b #2HQr mMBiv BM i?2 `�iBQ

THQi #mi biBHH rBi?BM i?2 mM+2`i�BMivX

NXjXj 1ti`�TQH�iBQM Q7 i?2 JmHiBD2i "�+F;`QmM/

h?2 #�+F;`QmM/ 2ti`�TQH�iBQM Q7 i?2 KmHiBD2i #�+F;`QmM/ BM i?2 2H2+i`QM +?�MM2H miBHBx2b

� /Bz2`2Mi +`Bi2`BQM iQ /2i2`KBM2 i?2 #2bi }i �M/ i?2 bvbi2K�iB+ mM+2`i�BMivX h?2 [m�MiBiv

Q Bb /2}M2/ �b,

Q =
1

N.o.B.

N
est
b >0X

b>bs

⇣
N

est

b
�N

fit

b

⌘2

�
2
b

UNXdV
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6B;m`2 NXR9X "�+F;`QmM/ 2ti`�TQH�iBQM Q7 i?2 /B#QbQM #�+F;`QmM/ BM i?2 2H2+@
i`QM +?�MM2H UH27iV �M/ i?2 KmQM +?�MM2H U`B;?iVX

r?2`2 N.o.B. Bb i?2 MmK#2` Q7 #BMb- �M/ bs Bb i?2 #BM r?2`2 i?2 }i `2TH�+2b i?2 `�r 2biBK�i2

7`QK i?2 K�i`Bt K2i?Q/- N est

b
�M/ N

fit

b
�`2 i?2 MmK#2` Q7 2Mi`B2b BM i?2 ;Bp2M #BM �++Q`/BM;

iQ i?2 K�i`Bt K2i?Q/ �M/ i?2 }i- �b Bb i?2 mM+2`i�BMiv BM i?2 ;Bp2M #BMX h?2 [m�MiBiv Bb
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bBKBH�` iQ i?2 +QKKQM �
2 /2}MBiBQM #mi Bi 7Q+mb2b QM i?2 ?B;? mT i�BHX h?2 }i rBi? i?2

HQr2bi Q p�Hm2 Bb +?Qb2M �b i?2 2ti`�TQH�i2/ #�+F;`QmM/- �M/ i?2 2Mp2HQT2 Q7 �HH }ib rBi?

Q I RX8 Bb +QMbB/2`2/ �b i?2 bvbi2K�iB+ mM+2`i�BMiv Q7 i?2 2ti`�TQH�iBQMX h?2 bi�`i TQBMi

Q7 i?2 }i `�M;2 Bb p�`B2/ 7`QK jyy :2o iQ 9yy :2o BM bi2Tb Q7 ky :2o- �M/ i?2 2M/ TQBMi Q7

i?2 }i `�M;2 Bb p�`B2/ 7`QK 3jy :2o iQ Ryjy :2o BM bi2Tb Q7 k8 :2oX h?2 #2bi }i Bb 7Q` i?2

}i `�M;2 7`QK j3y :2o iQ 3jy :2o- �M/ i?2 #2bi }i `2TH�+2b i?2 #�+F;`QmM/ 7Q` mT > Ryyy

:2oX 6B;m`2 NXR8 b?Qrb i?2 }i `2bmHib Q7 i?2 KmHiBD2i #�+F;`QmM/ BM i?2 2H2+i`QM +?�MM2HX

h?2 #QiiQK THQib b?Qr � `2�bQM�#H2 �;`22K2Mi #2ir22M i?2 `�r 2biBK�i2 7`QK i?2 K�i`Bt

K2i?Q/ �M/ i?2 2ti`�TQH�i2/ #�+F;`QmM/X h?2 iQT `B;?i THQi b?Qrb i?2 }M�H #�+F;`QmM/

2biBK�iBQM BM+Hm/BM; mM+2`i�BMiv #�M/X
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RyX avbi2K�iB+ lM+2`i�BMiB2b

AM i?Bb +?�Ti2`- i?2 bvbi2K�iB+ mM+2`i�BMiB2b QM i?2 #�+F;`QmM/ 2biBK�iBQMb �M/ i?2 W
0

bB;M�H T`2/B+iBQMb �`2 /Bb+mbb2/X h?2 bvbi2K�iB+ mM+2`i�BMiB2b +�M #2 +�i2;Q`Bx2/ �b 2Bi?2`

2tT2`BK2Mi�H bvbi2K�iB+ Q` i?2Q`2iB+�H bvbi2K�iB+X h?2 2tT2`BK2Mi�H bvbi2K�iB+b Q`B;BM�i2

7`QK i?2 K2i?Q/ mb2/ iQ Q#i�BM i?2 #�+F;`QmM/ Q` BKT2`72+i bBKmH�iBQMb Q` i?2 #2�K

+QM/BiBQMbX h?2 i?2Q`2iB+�H bvbi2K�iB+b �`Bb2 7`QK i?2Q`2iB+�H T`2/B+iBQMbX

� MmBb�M+2 T�`�K2i2` Bb BMi`Q/m+2/ 7Q` 2�+? bQm`+2 Q7 bvbi2K�iB+ mM+2`i�BMiB2bX LmB@

b�M+2 T�`�K2i2`b �`2 MQi Q7 /B`2+i BMi2`2bi UHBF2 i?2 bB;M�H +`Qbb b2+iBQMV- #mi BM~m2M+2 i?2

T�`�K2i2` Q7 BMi2`2bi �b #Qi? bB;M�H �M/ #�+F;`QmM/ T`2/B+iBQMb /2T2M/ QM i?2KX

RyXR 1tT2`BK2Mi�H avbi2K�iB+ lM+2`i�BMiB2b

RyXRXR 1H2+i`QM

avbi2K�iB+ mM+2`i�BMiB2b QM i?2 2H2+i`QM �`2 T`QpB/2/ #v i?2 �hG�a e/� *QK#BM2/
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1H2+i`QM 1M2`;v _2bQHmiBQM
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iBQM (9y)X �b i?Bb �M�HvbBb Bb MQi bi`QM;Hv /2T2M/2Mi QM i?2 D2i B/2MiB}+�iBQM +`Bi2`B�- i?Bb

`2/m+2/ b2i Q7 C1a bvbi2K�iB+ T�`�K2i2`b Bb �/2[m�i2 iQ +�Tim`2 C1a@`2H�i2/ 2z2+ibX h?2
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RyXRX9 SBH2@mT

SBH2@mT b+�HBM; Bb �TTHB2/ iQ /�i� BM Q`/2` iQ ?�p2 � +QKT�`�#H2 T2`7Q`K�M+2 Q7 TBH2@mT@

/2T2M/2Mi T?vbB+b Q#b2`p�#H2b �i � ;Bp2M TBH2@mT +QM/BiBQMX h?2 bvbi2K�iB+ mM+2`i�BMiv QM

i?2 b+�H2 7�+iQ` Bb T`QpB/2/ #v i?2 �hG�a S?vbB+b JQ/2HBM; ;`QmT- r?B+? Bb #�b2/ QM i?2

mM+2`i�BMiv QM i?2 `�iBQ #2ir22M i?2 T`2/B+i2/ �M/ K2�bm`2/ BM2H�biB+ +`Qbb b2+iBQMb (eN)X

RyXRX8 GmKBMQbBiv

avbi2K�iB+ mM+2`i�BMiv QM i?2 BMi2;`�i2/ HmKBMQbBiv 7Q` i?2 kyR8@kyRd /�i�b2i Bb kXyW-

r?B+? Bb T`QpB/2/ #v i?2 �hG�a GmKBMQbBiv ;`QmTX Ai Bb /2`Bp2/ 7`QK � bBKBH�` K2i?Q/@

QHQ;v /2b+`B#2/ BM `272`2M+2 (dy)- �M/ mbBM; i?2 Gl*A.@k /2i2+iQ` (dR) 7Q` i?2 #�b2HBM2

K2�bm`2K2MibX

RyXRXe JmHiBD2i "�+F;`QmM/ 1biBK�iBQM

avbi2K�iB+ mM+2`i�BMiv QM i?2 KmHiBD2i #�+F;`QmM/ Bb 2biBK�i2/ b2T�`�i2Hv 7Q` #Qi?

2H2+i`QM �M/ KmQM +?�MM2HbX
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Ç E
miss
T I ky :2oX

Ç ky I E
miss
T I ey :2oX

Ryy



100 150 200 250 300 350 400 450 500
 [GeV]

T
 p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Fa
ke

 E
ffi

ci
en

cy

 < 20 GeVmiss
TE

 < 60 GeVmiss
T20 < E

No Z veto
Nominal

0 0.5 1 1.5 2 2.5 3
|miss

Te,E
φΔ |

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Fa
ke

 E
ffi

ci
en

cy

 < 20 GeVmiss
TE

 < 60 GeVmiss
T20 < E

No Z veto
Nominal

6B;m`2 RyXRX 6�F2 2{+B2M+v p�`B�iBQMb �b � 7mM+iBQM Q7 pT �M/ �� 7`QK i?2 7�F2
2M`B+?2/ b�KTH2bX h?2 bQHB/ �M/ /�b?2/ HBM2b +Q``2bTQM/ iQ pT < R98 :2o �M/
pT > R98 :2o `2bT2+iBp2HvX
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JmQM *?�MM2H
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I Ryk :2oX h?2 p�`B�iBQMb Q7 7�F2 2{+B2M+v �`2 T2`7Q`K2/ #v i?2 7QHHQrBM; +?�M;2b rBi?
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6B;m`2 RyX9X h?2 KmHiBD2i #�+F;`QmM/b BM i?2 mT /Bbi`B#miBQM �i }M�H b2H2+iBQM
mM/2` �HH bvbi2K�iB+ p�`B�iBQMb UH27iVX h?2 `�iBQ Q7 i?2 iQi�H #�+F;`QmM/ rBi?
i?2 bvbi2K�iB+ p�`B�iBQMb iQ i?2 MQKBM�H U`B;?iVX h?2 /Bz2`2Mi HBM2 bivH2b BM i?2
`B;?i@?�M/ bB/2 THQi `2bT`2b2Mi /Bz2`2Mi #�+F;`QmM/ 2ti`�THQ�iBQM `�M;2bX

Ç ky I E
miss
T I 88 :2oX

h?2 `2�H 2{+B2M+v p�`B�iBQM Bb b?QrM QM i?2 H27i@?�M/ bB/2 Q7 6B;m`2 RyXjX h?2 /Bz2`2M+2

#2ir22M i?2 irQ K2i?Q/b Bb K�`;BM�H �b QMHv �#Qmi yXRW /Bz2`2M+2 Bb Q#b2`p2/ BM i?2 �p2`�;2

2{+B2M+vX PM i?2 Qi?2` ?�M/- `2H�iBp2Hv H�`;2 +?�M;2b �`2 Q#b2`p2/ 7`QK i?2 7�F2 2{+B2M+v

p�`B�iBQMb �b b?QrM QM i?2 `B;?i@?�M/ bB/2 Q7 6B;m`2 RyXjX h?2 BKT�+i Bb H�`;2bi 7Q` i?2

b2H2+iBQM rBi?Qmi Z p2iQ �M/ ��
µ,E

miss
T

+mibX
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h?2 KmHiBD2i #�+F;`QmM/b BM i?2 mT /Bbi`B#miBQM �i }M�H b2H2+iBQM BM+Hm/BM; �HH bvbi2K@

�iB+ p�`B�iBQMb �`2 b?QrM QM i?2 H27i@?�M/ bB/2 Q7 6B;m`2 RyX9X 6BM�HHv- i?2 `�iBQ Q7 i?2 iQi�H

#�+F;`QmM/ rBi? i?2 7�F2 2{+B2M+v p�`B�iBQMb iQ i?2 MQKBM�H Bb b?QrM QM i?2 `B;?i@?�M/

bB/2 Q7 6B;m`2 RyX9X h?2 /Bz2`2Mi HBM2 bivH2b `2T`2b2Mi /Bz2`2Mi #�+F;`QmM/ 2ti`�TQH�iBQM

`�M;2b 7Q` i?2 KmHiBD2i #�+F;`QmM/bX h?2 bQHB/ �M/ /�b?2/ HBM2b +Q``2bTQM/ iQ i?2 `�M;2

jyy @ Ryyy :2o �M/ 9yy @ Ryyy:2o- `2bT2+iBp2HvX h?2 KQbi bB;MB}+�Mi /2pB�iBQM- bQHB/ `2/

HBM2- Bb mb2/ �b i?2 bvbi2K�iB+ mM+2`i�BMiv QM i?2 KmHiBD2i #�+F;`QmM/X 1p2M i?Qm;? i?2`2

Bb � `2H�iBp2Hv H�`;2 mM+2`i�BMiv BM i?2 7�F2 2{+B2M+v- i?2 BKT�+i iQ i?2 iQi�H #�+F;`QmM/ Bb

#2HQr jW /m2 iQ i?2 bK�HH +QMi`B#miBQM Q7 i?2 KmHiBD2i #�+F;`QmM/ iQ i?2 iQi�H #�+F;`QmM/X

RyXRXd 1ti`�TQH�iBQM

avbi2K�iB+ mM+2`i�BMiB2b QM i?2 2ti`�TQH�iBQM Q7 i?2 iQT- /B#QbQM- �M/ i?2 KmHiBD2i #�+F@

;`QmM/b �`2 Q#i�BM2/ 7`QK i?2 2Mp2HQT2 Q7 }ib iQ 2ti`�TQH�i2 i?2 #�+F;`QmM/b �b /Bb+mbb2/

BM a2+iBQM NXjX

RyXk h?2Q`2iB+�H avbi2K�iB+ lM+2`i�BMiB2b

RyXkXR W �M/ Z "�+F;`QmM/b

S.6 lM+2`i�BMiv

h?2 S.6 mM+2`i�BMiv Q7 i?2 *hR9 LLGP S.6 b2i Bb 2biBK�i2/ 7`QK i?2 mM+2`i�BMiv

�i i?2 NyW +QM}/2M+2 H2p2H �b � 7mM+iBQM Q7 i?2 #QbQM K�bbX � `2@/B�;QM�HBx2/ b2i Q7 b2p2M

S.6 2B;2Mp2+iQ`b- r?B+? �`2 T`QpB/2/ #v i?2 �mi?Q`b Q7 i?2 *hR9 S.6 mbBM; JS9G>*-

�`2 mb2/ `�i?2` i?�M i?2 Q`B;BM�H k3 *hR9 mM+2`i�BMiv 2B;2Mp2+iQ`b (dk)X

a2p2`�H S.6b �`2 +QKT�`2/ 7Q` i?2 W +`Qbb b2+iBQM- �M/ i?2 *hR9 S.6 mM+2`i�BMiB2b

/Q MQi +Qp2` i?2 /Bz2`2M+2b iQ i?2 LLS.6jXy T`2/B+iBQMX h?mb- � bvbi2K�iB+ mM+2`i�BMiv

QM i?2 S.6 +?QB+2 7Q` i?2 LLS.6jXy Bb �HbQ +QMbB/2`2/X
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↵s lM+2`i�BMiv

h?2 mM+2`i�BMiv Q7 ↵s Bb �bbmK2/ iQ #2 ±yXyyj- r?B+? Bb irQ iBK2b H�`;2` i?�M i?2

mM+2`i�BMiv `2+QKK2M/2/ #v i?2 S.69G>* ;`QmT (dj) 7Q` ↵s(m2
Z
) �i i?2 e3W +QM}/2M+2

H2p2HX

1H2+i`Qr2�F lM+2`i�BMiv

h?2 mM+2`i�BMiv Q7 i?2 2H2+i`Qr2�F +Q``2+iBQMb Bb 2biBK�i2/ #v +QKT�`BM; /Bz2`2Mi �T@

T`Q�+?2b iQ +�H+mH�i2 i?2 }M�H +Q``2+iBQM 7�+iQ`X h?2 �//BiBp2 �TT`Q�+? URY�EWY�QCDV

Bb i�F2M �b i?2 +2Mi`�H p�Hm2 �b /Bb+mbb2/ BM a2+iBQM dXRXR- �M/ i?2 /Bz2`2M+2 7`QK i?2

KmHiBTHB+�iBp2 �TT`Q�+? UURY�EW V⇥URY�QCDVV Bb i�F2M �b � bvbi2K�iB+ mM+2`i�BMivX

RyXkXk hQT �M/ .B#QbQM "�+F;`QmM/b

h?2 mM+2`i�BMiv QM i?2 iQT #�+F;`QmM/b Bb i�F2M iQ #2 eW 7Q` i?2 +`Qbb b2+iBQM- r?B+?

Bb T`BK�`BHv /2`Bp2/ 7`QK i?2 mM+2`i�BMiv Q7 i?2 tt̄ #�+F;`QmM/X h?2 mM+2`i�BMiB2b QM i?2

+`Qbb b2+iBQM Q7 /B#QbQM #�+F;`QmM/b �`2 �#Qmi 8@RyW (d9)- �M/ i?2b2 �`2 M2;H2+i2/ /m2 iQ

i?2 bK�HH +QMi`B#miBQM iQ i?2 iQi�H #�+F;`QmM/X

RyXj amKK�`v

h?2 b+�H2 Q7 2�+? bvbi2K�iB+ mM+2`i�BMiv �b � 7mM+iBQM Q7 i`�Mbp2`b2 K�bb Bb /Bb+mbb2/

BM i?2 7QHHQrBM;X avbi2K�iB+ mM+2`i�BMiB2b �`2 +�H+mH�i2/ QM i?2 iQi�H #�+F;`QmM/ 7Q` 2�+?

MmBb�M+2 T�`�K2i2` �b,

avbi2K�iB+ mM+2`i�BMiv[%] =
p�`B�iBQM @ MQKBM�H

MQKBM�H ⇥ 100. URyXRV

6B;m`2 RyX8 b?Qrb i?2 2tT2`BK2Mi�H mM+2`i�BMiB2b BM i?2 2H2+i`QM QM i?2 H27i@?�M/ bB/2 �M/ i?2

KmQM QM i?2 `B;?i@?�M/ bB/2X h?2 2H2+i`QM 2M2`;v b+�H2 mM+2`i�BMiv Bb �#Qmi jW 7`QK HQr mT

iQ p2`v ?B;? mT �`QmM/ j h2oX h?2 2H2+i`QM B/2MiB}+�iBQM �M/ BbQH�iBQM mM+2`i�BMiB2b bi�v
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Muon Momentum Resolution (ID)
Muon Momentum Resolution (MS)
Muon Reconstruction Efficiency
Muon Trigger Efficiency
Muon Identification Efficiency - Bad Muon Veto

6B;m`2 RyX8X 1tT2`BK2Mi�H bvbi2K�iB+ mM+2`i�BMiB2b QM i?2 2H2+i`QM UH27iV �M/
i?2 KmQM U`B;?iVX

400 1000 2000 3000
 [GeV]Tm

4−

2−

0

2

4

6

8

10

Sy
st

em
at

ic
 U

nc
er

ta
in

ty
 [%

]

Jet Energy Resolution
Jet Energy Scale - NP1
Jet Energy Scale - NP2
Jet Energy Scale - NP3

 Scalemiss
TE

 Resolution - Parallelmiss
TE

 Resolution - Perpendicularmiss
TE

300 400 1000 2000 3000
 [GeV]Tm

4−

2−

0

2

4

6

8

10

Sy
st

em
at

ic
 U

nc
er

ta
in

ty
 [%

]
Jet Energy Resolution

 Scalemiss
TE

 Resolution - Parallelmiss
TE

 Resolution - Perpendicularmiss
TE

6B;m`2 RyXeX 1tT2`BK2Mi�H bvbi2K�iB+ mM+2`i�BMiB2b QM i?2 D2i �M/ E
miss
T BM i?2

2H2+i`QM +?�MM2H UH27iV �M/ i?2 KmQM +?�MM2H U`B;?iVX

#2HQr kW 7Q` mT H2bb i?�M 8yy :2o �M/ `2�+? �#Qmi 8W BM i?2 ?B;?2` mT `2;BQM r?2`2 i?2

bi�iBbiB+�H mM+2`i�BMiv Q7 /�i� /QKBM�i2bX h?mb- QMHv i?2 2H2+i`QM 2M2`;v b+�H2 mM+2`i�BMiv Bb

+QMbB/2`2/X h?2 mM+2`i�BMiB2b BM i?2 KmQM +?�MM2H �`2 #2HQr kW mT iQ mT �`QmM/ R h2o �M/

#2+QK2 bBx�#H2 BM i?2 ?B;?2` mT `2;BQMX 6B;m`2 RyXe b?Qrb i?2 2tT2`BK2Mi�H mM+2`i�BMiB2b

QM i?2 D2i �M/ E
miss
T BM i?2 2H2+i`QM +?�MM2H QM i?2 H27i@?�M/ bB/2 �M/ i?2 KmQM +?�MM2H QM

i?2 `B;?i@?�M/ bB/2X h?2 mM+2`i�BMiv QM i?2 D2i 2M2`;v `2bQHmiBQM Bb H�`;2bi #mi biBHH bi�vb

#2HQr RW Qp2` i?2 r?QH2 mT `�M;2 7Q` #Qi? +?�MM2HbX h?mb- i?2 mM+2`i�BMiB2b QM i?2 D2i �M/
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6B;m`2 RyX3X h?2Q`2iB+�H bvbi2K�iB+ mM+2`i�BMiB2b BM i?2 2H2+i`QM +?�MM2H UH27iV
�M/ i?2 KmQM +?�MM2H U`B;?iVX

E
miss
T �`2 M2;H2+i2/X 6B;m`2 RyXd b?Qrb i?2 2tT2`BK2Mi�H mM+2`i�BMiB2b Q7 i?2 #�+F;`QmM/

2ti`�TQH�iBQM- TBH2@mT- �M/ HmKBMQbBiv BM i?2 2H2+i`QM +?�MM2H QM i?2 H27i@?�M/ bB/2 �M/ i?2

KmQM +?�MM2H QM i?2 `B;?i@?�M/ bB/2X h?2 mM+2`i�BMiB2b Q7 i?2 KmHiBD2i #�+F;`QmM/ �M/

HmKBMQbBiv �`2 �#Qmi kW BM i?2 HQr mT `2;BQM BM #Qi? +?�MM2HbX h?2 mM+2`i�BMiB2b Q7 i?2

KmHiBD2i �M/ /B#QbQM 2ti`�TQH�iBQM �`2 i?2 /QKBM�Mi mM+2`i�BMiv BM i?2 ?B;? mT `2;BQM BM

i?2 2H2+i`QM +?�MM2HX PM i?2 Qi?2` ?�M/- i?2 mM+2`i�BMiB2b Q7 i?2 #�+F;`QmM/ 2ti`�TQH�iBQM
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�`2 `2H�iBp2Hv bK�HH BM i?2 KmQM +?�MM2HX h?2 mM+2`i�BMiv Q7 i?2 TBH2@mT Bb M2;H2+i2/ 7Q`

#Qi? +?�MM2HbX 6B;m`2 RyX3 b?Qrb i?2 i?2Q`2iB+�H mM+2`i�BMiB2b BM i?2 2H2+i`QM +?�MM2H QM i?2

H27i@?�M/ bB/2 �M/ i?2 KmQM +?�MM2H QM i?2 `B;?i@?�M/ bB/2X h?2 mM+2`i�BMiB2b Q7 i?2 *hR9

S.6 2B;2Mp2+iQ`b �`2 bBKBH�` #2ir22M 2H2+i`QM �M/ KmQM +?�MM2Hb- �M/ i?2 /Bz2`2M+2b BM

i?2 b?�T2b �`2 /m2 iQ i?2 rQ`b2 `2bQHmiBQM BM i?2 KmQM +?�MM2HX h?2 H�`;2bi mM+2`i�BMiv BM

i?2 2H2+i`QM +?�MM2H Bb i?2 S.6 +?QB+2- r?B+? `2�+?2b mT iQ 88W �i mT �`QmM/ 8 h2oX h?2

mM+2`i�BMiv Q7 i?2 ↵s Bb M2;H2+i2/X

�HH i?2 bvbi2K�iB+ mM+2`i�BMiB2b +QMbB/2`2/ BM i?2 �M�HvbBb �`2 HBbi2/ BM h�#H2 RyXRX h?2

2tT2`BK2Mi�H mM+2`i�BMiB2b �`2 �TTHB2/ iQ i?2 #�+F;`QmM/b �M/ i?2 W
0 bB;M�H T`2/B+iBQMbX

PM i?2 Qi?2` ?�M/- i?2 i?2Q`2iB+�H mM+2`i�BMiB2b �`2 �TTHB2/ QMHv iQ i?2 #�+F;`QmM/b BM

Q`/2` iQ `2/m+2 i?2 #B�b Q7 � bT2+B}+ W
0 KQ/2H 7Q` i?2 b2�`+?X
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W
0 ! e⌫ W

0 ! µ⌫
*Q``2H�i2/

#2ir22M +?�MM2Hb
1H2+i`QM 1M2`;v a+�H2 �TTHB2/ Mf� @
1H2+i`QM 1M2`;v _2bQHmiBQM M2;H2+i2/ Mf� @
JmQM JQK2MimK a+�H2 U_>PV Mf� �TTHB2/ @
JmQM JQK2MimK a+�H2 U_1a"A�aV Mf� �TTHB2/ @
JmQM JQK2MimK _2bQHmiBQM UA.V Mf� �TTHB2/ @
JmQM JQK2MimK _2bQHmiBQM UJaV Mf� �TTHB2/ @
G2TiQM h`B;;2` 1{+B2M+v M2;H2+i2/ �TTHB2/ MQ
G2TiQM _2+QMbi`m+iBQM 1{+B2M+v M2;H2+i2/ �TTHB2/ @
G2TiQM a2H2+iBQM 1{+B2M+v M2;H2+i2/ �TTHB2/ @
C2i 1M2`;v _2bQHmiBQM M2;H2+i2/ M2;H2+i2/ @
C2i 1M2`;v a+�H2 LSR M2;H2+i2/ M2;H2+i2/ @
C2i 1M2`;v a+�H2 LSk M2;H2+i2/ M2;H2+i2/ @
C2i 1M2`;v a+�H2 LSj M2;H2+i2/ M2;H2+i2/ @
E

miss
T _2bQHmiBQM S�`�HH2H M2;H2+i2/ M2;H2+i2/ @

E
miss
T _2bQHmiBQM S2`T2M/B+mH�` M2;H2+i2/ M2;H2+i2/ @

E
miss
T a+�H2 M2;H2+i2/ M2;H2+i2/ @

SBH2@mT M2;H2+i2/ M2;H2+i2/ @
GmKBMQbBiv �TTHB2/ �TTHB2/ v2b
Z*. "�+F;`QmM/ �TTHB2/ �TTHB2/ MQ
Z*. 1ti`�TQH�iBQM �TTHB2/ M2;H2+i2/ @
hQT "�+F;`QmM/ �TTHB2/ �TTHB2/ v2b
hQT 1ti`�TQH�iBQM �TTHB2/ �TTHB2/ MQ
.B#QbQM 1ti`�TQH�iBQM �TTHB2/ �TTHB2/ MQ
*hR9 LLGP 1oR �TTHB2/ �TTHB2/ v2b
*hR9 LLGP 1ok �TTHB2/ �TTHB2/ v2b
*hR9 LLGP 1oj �TTHB2/ �TTHB2/ v2b
*hR9 LLGP 1o9 �TTHB2/ �TTHB2/ v2b
*hR9 LLGP 1o8 M2;H2+i2/ M2;H2+i2/ @
*hR9 LLGP 1oe M2;H2+i2/ M2;H2+i2/ @
*hR9 LLGP 1od M2;H2+i2/ M2;H2+i2/ @
S.6 *?QB+2 LLS.6jXy �TTHB2/ �TTHB2/ v2b
↵s M2;H2+i2/ M2;H2+i2/ @
1H2+i`Qr2�F *Q``2+iBQMb �TTHB2/ �TTHB2/ @

h�#H2 RyXRX amKK�`v Q7 i?2 bvbi2K�iB+ mM+2`i�BMiB2b �M/ +Q``2H�iBQMb #2ir22M
+?�MM2HbX
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aQm`+2 1H2+i`QM +?�MM2H JmQM +?�MM2H

"�+F;`QmM/ aB;M�H "�+F;`QmM/ aB;M�H

h`B;;2` M2;HX UM2;HXV M2;HX UM2;HXV RW URWV kW UkWV

G2TiQM `2+QMbi`m+iBQM
M2;HX UM2;HXV M2;HX UM2;HXV dW UkRWV 8W UkNWV

�M/ B/2MiB}+�iBQM

G2TiQM KQK2MimK
9W UjWV 9W UjWV jW URkWV dW URyWV

b+�H2 �M/ `2bQHmiBQM

JmHiBD2i #�+F;`QmM/ dW URRjWV Mf� UMf�V RW URWV Mf� UMf�V

hQT 2ti`�TQH�iBQM kW U8WV Mf� UMf�V jW UjWV Mf� UMf�V

hQT MQ`K�HBx�iBQM IyX8W UIyX8WV Mf� UMf�V IyX8W UIyX8WV Mf� UMf�V

.B#QbQM 2ti`�TQH�iBQM kW UNWV Mf� UMf�V jW URyWV Mf� UMf�V

S.6 +?QB+2 7Q` .u RW UR9WV Mf� UMf�V IyX8W UIyX8WV Mf� UMf�V

S.6 p�`B�iBQM 7Q` .u 3W URkWV Mf� UMf�V dW URRWV Mf� UMf�V

1q +Q``2+iBQMb 7Q` .u 9W U8WV Mf� UMf�V 9W UeWV Mf� UMf�V

GmKBMQbBiv kW URWV kW UkWV kW UkWV kW UkWV

hQi�H RjW URR8WV 9W U9WV RkW UkNWV NW UjRWV

h�#H2 RyXkX avbi2K�iB+ mM+2`i�BMiB2b BM i?2 2tT2+i2/ MmK#2` Q7 2p2Mib �b 2biB@
K�i2/ 7Q` i?2 iQi�H #�+F;`QmM/ �M/ 7Q` bB;M�H rBi? � W

0
aSM K�bb Q7 k U9V h2oX

h?2 mM+2`i�BMiv Bb 2biBK�i2/ rBi? i?2 #BMMBM; b?QrM BM 6B;m`2 RyX8 iQ RyX3 �i
mT = k U9V h2o 7Q` i?2 #�+F;`QmM/ �M/ BM � i?`22@#BM rBM/Qr �`QmM/ mT = k
U9V h2o 7Q` i?2 bB;M�HX lM+2`i�BMiB2b i?�i �`2 MQi �TTHB+�#H2 �`2 /2MQi2/ ǳMf�Ǵ-
�M/ ǳM2;HXǴ K2�Mb i?�i i?2 mM+2`i�BMiv Bb MQi BM+Hm/2/ BM i?2 bi�iBbiB+�H �M�HvbBbX
aQm`+2b Q7 mM+2`i�BMiB2b MQi BM+Hm/2/ BM i?2 i�#H2 �`2 M2;H2+i2/ BM i?2 bi�iBbiB+�H
�M�HvbBbX
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RRX _2bmHib

lbBM; i?2 2p2Mi b2H2+iBQM BM a2+iBQM 3- i?2 #�+F;`QmM/ 2biBK�iBQM BM a2+iBQM N- �M/ i?2

2biBK�iBQM Q7 bvbi2K�iB+ mM+2`i�BMiB2b BM a2+iBQM Ry- i?2 iQi�H #�+F;`QmM/ 2biBK�i2 �M/ Bib

mM+2`i�BMiv Bb +QKT�`2/ iQ /�i� iQ b2�`+? 7Q` � M2r ?2�pv ;�m;2 #QbQM BM i?2 2H2+i`QM Q`

KmQM �M/ E
miss
T }M�H bi�i2bX

6B;m`2 RRXR b?Qrb i?2 ⌘- �- pT- �M/ E
miss
T /Bbi`B#miBQMb �7i2` i?2 }M�H bB;M�H b2H2+iBQM

BM i?2 W
0 ! e⌫ +?�MM2HX h?2 +QMi`B#miBQM 7`QK W Bb /QKBM�Mi Qp2` i?2 r?QH2 `�M;2X h?2

iQT #�+F;`QmM/ Bb i?2 b2+QM/ H�`;2bi BM i?2 +2Mi`�H `2;BQM- r?BH2 i?2 KmHiBD2i #�+F;`QmM/

#2+QK2b i?2 b2+QM/ H�`;2bi BM i?2 7Q`r�`/ `2;BQM U|⌘| = RX8VX h?2 `�iBQ Q7 /�i� iQ i?2

iQi�H #�+F;`QmM/ b?Qrb � ;QQ/ �;`22K2Mi Qp2` i?2 r?QH2 ⌘ `�M;2 rBi?BM i?2 bvbi2K�iB+

mM+2`i�BMiv r?B+? Bb b?QrM �b i?2 ;`�v ?�b?2/ #�M/X h?2 � /Bbi`B#miBQM b?Qrb � ~�i

/Bbi`B#miBQM Qp2` i?2 r?QH2 � `�M;2- �M/ � `2�bQM�#H2 �;`22K2Mi rBi?BM i?2 bvbi2K�iB+

mM+2`i�BMivX h?2 pT /Bbi`B#miBQM b?Qrb � bi22T `Bb2 7`QK e8 :2o iQ R8y :2o �M/ i?2M

/`QTb b?�`THv iQ �`QmM/ k h2oX h?2 b?�T2 Q7 i?2 pT /Bbi`B#miBQM Q`B;BM�i2b 7`QK i?2 +mi QM

mT �i jyy :2o- r?B+? `2D2+ib � H�`;2 7`�+iBQM Q7 2p2Mib rBi? pT I R8y :2oX aBKBH�` #2?�pBQ`

Bb Q#b2`p2/ BM i?2 Emiss
T /Bbi`B#miBQM- �Hi?Qm;? i?2 `Bb2 #2HQr R8y :2o Bb `2H�iBp2Hv ;2MiH2 /m2

iQ i?2 rQ`b2 `2bQHmiBQM BM E
miss
T X h?2 #�+F;`QmM/ +QKTQbBiBQM +?�M;2b MQiB+2�#Hv BM #Qi?

pT �M/ E
miss
T X q?BH2 i?2 W #�+F;`QmM/ Bb i?2 H�`;2bi Qp2`�HH- i?2 iQT #�+F;`QmM/ /QKBM�i2b

BM i?2 HQr pT `2;BQM �b KmHiBTH2 T�`iB+H2b b?�`2 i?2 BMBiB�H i`�Mbp2`b2 KQK2MimK Q7 � iQT

[m�`F �M/ i?2 KmHiBD2i #�+F;`QmM/ #2+QK2b i?2 T`BK�`v #�+F;`QmM/ BM i?2 ?B;? pT `2;BQM

/m2 iQ KBbB/2MiB}2/ H2TiQMb �b /Bb+mbb2/ BM a2+iBQM dXkX9X � bBKBH�` #2?�pBQ` Bb Q#b2`p2/

#2ir22M i?2 /B#QbQM �M/ Z/�
⇤ #�+F;`QmM/bX h?2 /B#QbQM #�+F;`QmM/ i2M/b iQ TQTmH�i2

� HQr2` pT `2;BQM i?�M i?2 Z/�
⇤ #�+F;`QmM/X h?2 +Q``2bTQM/BM; #2?�pBQ` Bb Q#b2`p2/

7Q` i?2 #�+F;`QmM/ +QKTQbBiBQM BM i?2 E
miss
T /Bbi`B#miBQMX h?2 /QKBM�Mi #�+F;`QmM/ BM

i?2 HQr E
miss
T `2;BQM Bb i?2 KmHiBD2i #�+F;`QmM/ �b MQ M2mi`�H T�`iB+H2b �`2 2tT2+i2/ BM

KmHiBD2i 2p2MibX �;`22K2Mi #2ir22M /�i� �M/ #�+F;`QmM/ Bb `2�bQM�#Hv ;QQ/ rBi?BM i?2
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6B;m`2 RRXRX 1H2+i`QM ⌘ UH27i iQTV- � U`B;?i iQTV- pT UH27i #QiiQKV- �M/ E
miss
T

U`B;?i #QiiQKV /Bbi`B#miBQMb �i i?2 bB;M�H b2H2+iBQM BM i?2 W
0 ! e⌫ +?�MM2HX

bvbi2K�iB+ mM+2`i�BMiv 7Q` #Qi? i?2 pT �M/ E
miss
T /Bbi`B#miBQMb 2t+2Ti BM i?2 HQr pT `2;BQMX

h?2 #�+F;`QmM/ Qp2`2biBK�iBQM BM i?2 HQr pT `2;BQM +�M #2 �ii`B#mi2/ iQ i?2 KmHiBD2i

#�+F;`QmM/X h?2 /Bb+QMiBMmBiv �i pT �`QmM/ R8y :2o BM i?2 `�iBQ T�M2H +Q``2bTQM/b iQ i?2

bm#bi�MiB�H +?�M;2 BM i?2 7�F2 2{+B2M+v �b b?QrM BM 6B;m`2 NX8X � /2i�BH2/ bim/v +�M #2

7QmM/ BM �TT2M/Bt "X

6B;m`2 RRXk b?Qrb i?2 ⌘- �- pT- �M/ E
miss
T /Bbi`B#miBQMb �7i2` i?2 }M�H bB;M�H b2H2+iBQM

BM i?2 W
0 ! µ⌫ +?�MM2HX h?2 �p2`�;2 +QMi`B#miBQM Q7 2�+? #�+F;`QmM/ Bb BM i?2 7QHHQrBM;

Q`/2`, W - iQT- Z/�⇤- /B#QbQM- �M/ KmHiBD2iX h?2 ⌘ /Bbi`B#miBQM b?Qrb /BTb �i |⌘| �`QmM/
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6B;m`2 RRXkX JmQM ⌘ UH27i iQTV- � U`B;?i iQTV- pT UH27i #QiiQKV- �M/ E
miss
T U`B;?i

#QiiQKV /Bbi`B#miBQMb �i i?2 bB;M�H b2H2+iBQM BM i?2 W
0 ! µ⌫ +?�MM2HX

R- r?B+? �`2 +�mb2/ #v i?2 ?B;?@pT KmQM B/2MiB}+�iBQM �b /Bb+mbb2/ BM a2+iBQM 9XjXkX h?2

/BT �i ⌘ �`QmM/ y Bb /m2 iQ i?2 /2i2+iQ` b2`pB+2bX h?2 iQT #�+F;`QmM/ Bb i?2 b2+QM/ H�`;2bi

#�+F;`QmM/ BM i?2 +2Mi`�H `2;BQM �b Q#b2`p2/ BM i?2 2H2+i`QM +?�MM2H- r?BH2 i?2 KmHiBD2i

#�+F;`QmM/ Bb i?2 bK�HH2bi #�+F;`QmM/ BM i?2 KmQM +?�MM2H �b D2ib +�MMQi `2�+? KmQM

+?�K#2`b �b /Bb+mbb2/ BM a2+iBQM dXkX9X h?2 Z/�
⇤ #�+F;`QmM/ +QMi`B#miBQM #2+QK2b 2pB/2Mi

BM i?2 7Q`r�`/ `2;BQM- mMHBF2 BM i?2 2H2+i`QM +?�MM2HX AM +�b2 Q7 i?2 Z/�
⇤ ! µµ 2p2Mi- QM2

Q7 irQ KmQMb +�M #2 HQbi /m2 iQ i?2 Ja �++2Ti�M+2 mT iQ |⌘| 4 kXd- i?mb i?2 KBbbBM;

KmQM BM i?2 2p2Mi +�M H2�/ � H�`;2 7�F2 E
miss
T X AM +�b2 Q7 i?2 Z/�

⇤ ! ee 2p2Mi- QM2 Q7 irQ
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2H2+i`QMb +�M #2 biBHH `2+QMbi`m+i2/ �b D2i /m2 iQ H�`;2 �++2Ti�M+2 Q7 i?2 +�HQ`BK2i2` mT iQ

|⌘| 4 9XN- i?mb i?2 2p2Mi Bb mMHBF2Hv iQ T�bb i?2 bB;M�H b2H2+iBQMX h?2 �;`22K2Mi #2ir22M

/�i� �M/ #�+F;`QmM/ Bb `2�bQM�#Hv ;QQ/ Qp2` i?2 r?QH2 ⌘ `�M;2X h?2 � /Bbi`B#miBQM b?Qrb

� `BTTH2 bi`m+im`2 r?B+? �`Bb2b 7`QK i?2 bi`m+im`2 Q7 iQ`QB/ K�;M2ib BM i?2 JaX h?2 KQ`2

T`QMQmM+2/ /BTb �i � �`QmM/ �k �M/ �R +Q``2bTQM/ iQ i?2 722i r?B+? bmTTQ`i i?2 �hG�a

/2i2+iQ`X h?2 pT �M/ E
miss
T /Bbi`B#miBQMb b?Qr � bi22T `Bb2 7`QK 88 :2o iQ R8y :2o �M/

i?2M 7�HH bi22THv iQ k h2o �b Q#b2`p2/ BM i?2 2H2+i`QM +?�MM2HX h?2 #�+F;`QmM/ +QKTQbBiBQM

�b � 7mM+iBQM Q7 pT �M/ E
miss
T Bb bBKBH�` iQ i?2 2H2+i`QM +?�MM2H 7Q` i?2 W �M/ i?2 iQT

#�+F;`QmM/bX

6B;m`2 RRXj b?Qrb i?2 i`�Mbp2`b2 K�bb /Bbi`B#miBQMb BM i?2 2H2+i`QM �M/ KmQM +?�MM2HbX

h?2 2tT2+i2/ aaJ W
0 bB;M�H /Bbi`B#miBQMb 7Q` j- 9- �M/ 8 h2o K�bb2b �`2 �HbQ b?QrM QM iQT

Q7 i?2 aJ #�+F;`QmM/ T`2/B+iBQMX h?2 C�+Q#B�M T2�Fb Q7 i?2 W 0 bB;M�H �`2 Km+? rB/2` BM i?2

KmQM +?�MM2H /m2 iQ i?2 rQ`b2 pT `2bQHmiBQM i?�M BM i?2 2H2+i`QM +?�MM2HX LQ bB;MB}+�Mi

/2pB�iBQM Bb Q#b2`p2/ BM i?2 /�i� 7`QK i?2 aJ #�+F;`QmM/ T`2/B+iBQMX h�#H2 RRXR �M/

h�#H2 RRXk b?Qr i?2 +QMi`B#miBQMb Q7 BM/BpB/m�H #�+F;`QmM/b �b r2HH �b i?2 iQi�H #�+F;`QmM/

�M/ i?2 /�i� BM b2p2`�H mT `2;BQMb BM i?2 2H2+i`QM �M/ KmQM +?�MM2Hb- `2bT2+iBp2HvX h?2
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6B;m`2 RRXjX h`�Mbp2`b2 K�bb /Bbi`B#miBQMb �i i?2 bB;M�H b2H2+iBQM BM i?2 2H2+i`QM
UH27iV �M/ KmQM U`B;?iV +?�MM2HbX �b 2t�KTH2b- i?2 2tT2+i2/ aaJ W

0 bB;M�H
/Bbi`B#miBQMb 7Q` i?`22 /Bz2`2Mi K�bb2b �`2 b?QrM QM iQT Q7 i?2 aJ T`2/B+iBQMX

RR9



2tT2+i2/ +QMi`B#miBQMb 7`QK b2p2`�H W
0 K�bb2b �`2 �HbQ b?QrM BM 2�+? mT `2;BQMX h?2

bi�iBbiB+�H �M�HvbBb Q7 i?2 `2bmHib rBHH #2 /Bb+mbb2/ BM i?2 7QHHQrBM; +?�Ti2`X

W
0 ! e⌫ b2H2+iBQM

S`Q+2bb mT (:2o)
300Ĝ400 400Ĝ600 600Ĝ1000 1000Ĝ2000 2000Ĝ3000 3000Ĝ7000

W 34947± 1964 14730± 932 3430± 271 424± 44 10.41± 1.53 0.62± 0.13

hQT 12995± 524 3405± 209 353± 34 14± 5 0.11± 0.29 0.005± 0.040

JmHiB@D2i 4243± 917 1337± 291 254± 60 29± 11 1.34± 1.78 0.26± 0.80

.B#QbQM 1683± 73 677± 40 142± 14 14.9± 3.5 0.45± 0.36 0.053± 0.069

Z/�
⇤ 521± 108 95± 28 8.2± 8.6 1.07± 0.56 0.01± 0.00 0.00± 0.00

hQi�H aJ 54390± 2234 20244± 1000 4187± 280 483± 46 12.3± 2.4 0.94± 0.81

.�i� 54844 20519 4239 470 9 0

W
0 Uk h2oV 148± 12 418± 31 1291± 91 7146± 543 670± 192 1.83± 0.18

W
0 Uj h2oV 15.96± 1 34± 2 74± 5 263± 20 506± 39 50± 16

W
0 U9 h2oV 4.26± 0.14 7.56± 0.33 12.75± 0.74 26± 2 29± 2 50± 4

W
0 U8 h2oV 1.68± 0.05 2.87± 0.12 4.18± 0.22 5.68± 0.39 3.37± 0.24 8.05± 0.58

h�#H2 RRXRX *QMi`B#miBQMb Q7 BM/BpB/m�H #�+F;`QmM/b rBi? mM+2`i�BMiB2b 7Q`
/Bz2`2Mi mT `2;BQMb BM i?2 2H2+i`QM +?�MM2HX h?2 mM+2`i�BMiB2b BM+Hm/2 #Qi?
bi�iBbiB+�H mM+2`i�BMiv �M/ �HH bvbi2K�iB+b- �M/ �HH r2B;?ib �`2 BM+Hm/2/ bQ i?�i
i?2 iQi�H #�+F;`QmM/ H2p2H +�M #2 +QKT�`2/ iQ /�i�X

W
0 ! µ⌫ b2H2+iBQM

S`Q+2bb mT (:2o)
300Ĝ400 400Ĝ600 600Ĝ1000 1000Ĝ2000 2000Ĝ3000 3000Ĝ7000

W 26200± 1100 10700± 500 2510± 150 287± 23 8.6± 1.3 1.04± 0.28

hQT 9550± 180 2570± 70 305± 15 19± 6 0.37± 0.30 0.04± 0.04

Z/�
⇤ 2458± 100 770± 40 132± 9 15.9± 2.2 0.51± 0.08 0.073± 0.025

.B#QbQM 1257± 31 495± 16 101± 7 13± 5 0.6± 0.5 0.13± 0.14

JmHiB@D2i 1080± 1000 310± 280 40± 40 4± 4 0.11± 0.11 0.018± 0.019

hQi�H aJ 40500± 1600 14800± 700 3100± 170 339± 26 10.2± 1.5 1.29± 0.32

.�i� 41445 15111 3129 368 12 2

W
0 Uk h2oV 121± 5 343± 15 960± 40 3900± 180 870± 70 30± 16

W
0 Uj h2oV 11.98± 0.34 26.01± 1.00 58.2± 2.9 185± 15 221± 19 91± 21

W
0 U9 h2oV 3.12± 0.06 5.50± 0.15 9.1± 0.4 18.4± 1.7 19.7± 2.5 25± 6

W
0 U8 h2oV 1.226± 0.022 2.02± 0.05 2.840± 0.100 3.80± 0.27 2.22± 0.34 3.8± 1.1

h�#H2 RRXkX *QMi`B#miBQMb Q7 BM/BpB/m�H #�+F;`QmM/b rBi? mM+2`i�BMiB2b 7Q` /B7@
72`2Mi mT `2;BQMb BM i?2 KmQM +?�MM2HX h?2 mM+2`i�BMiB2b BM+Hm/2 #Qi? bi�iBb@
iB+�H �M/ bvbi2K�iB+ mM+2`i�BMiv- �M/ �HH r2B;?ib �`2 BM+Hm/2/ bQ i?�i i?2 iQi�H
#�+F;`QmM/ H2p2H +�M #2 +QKT�`2/ iQ /�i�X
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RkX ai�iBbiB+�H AMi2`T`2i�iBQM Q7 i?2 _2bmHib

AM i?Bb +?�Ti2`- i?2 7`�K2rQ`F 7Q` bi�iBbiB+�H �M�HvbBb Bb BMi`Q/m+2/ BM a2+iBQM RkXRX h?2

bi�iBbiB+�H �M�HvbBb 7Q` /Bb+Qp2`v Q7 � M2r ?2�pv #QbQM Bb /Bb+mbb2/ BM a2+iBQM RkXk- �M/

2t+HmbBQM HBKBib �`2 /Bb+mbb2/ BM a2+iBQM RkXjX

RkXR 6`�K2rQ`F 7Q` ai�iBbiB+�H �M�HvbBb

h?2 b2�`+? Bb T2`7Q`K2/ mbBM; i?2 #BMM2/ mT /Bbi`B#miBQM- r?B+? Bb b?QrM BM 6B;m`2 RRXj-

7Q` 2�+? Q7 i?2 aaJ W
0 bB;M�Hb 7Q` K�bb2b 7`QK j8y :2o iQ e h2o BM bi2Tb Q7 8y :2oX h?2

/�i� �`2 BMi2`T`2i2/ mbBM; � KmHiBTH2 #BM +QmMiBM; �TT`Q�+?- r?B+? +QMbB/2`b i?2 2p2Mi +QmMi

BM 2�+? i`�Mbp2`b2 K�bb #BM iQ 2ti`�+i i?2 b?�T2 Q7 i?2 mT /Bbi`B#miBQMX h?Bb �TT`Q�+? Bb

�HbQ `272``2/ iQ �b ǳ#BMM2/ b?�T2 �M�HvbBbǴX

h?2 T�`�K2i2` Q7 BMi2`2bi Q7 i?Bb �M�HvbBb Bb i?2 bB;M�H +`Qbb b2+iBQM �X h?2 2tT2+i�iBQM

p�Hm2 �kl BM 2�+? i`�Mbp2`b2 K�bb #BM l Q7 /2+�v +?�MM2H k Bb r`Bii2M �b i?2 bmK Q7 i?2 bB;M�H

�M/ #�+F;`QmM/ +QMi`B#miBQMb,

�kl(�,✓) = skl(�,✓) + bkl(✓) , URkXRV

r?2`2 i?2 MmBb�M+2 T�`�K2i2`b ✓ /2b+`B#2 i?2 2z2+i Q7 bvbi2K�iB+ mM+2`i�BMiB2bX

h?2 Q#b2`p2/ 2p2Mi +QmMi BM 2�+? i`�Mbp2`b2 K�bb #BM Bb /2b+`B#2/ mbBM; � SQBbbQM

/Bbi`B#mi2/ biQ+?�biB+ p�`B�#H2X >2M+2- i?2 MmK#2` Q7 2tT2+i2/ bB;M�H 2p2Mib BM i`�Mbp2`b2

K�bb #BM Q7 l Q7 /2+�v +?�MM2H k Bb r`Bii2M �b

skl(�,✓) = skl(�) exp

0

@
NsysX

i=1

sgn[(�skl)i)] ✓i

vuutln

"
1 +

✓
(�skl)i
skl

◆2
#1

A URkXkV

RRe



rBi? i?2 +2Mi`�H p�Hm2

skl(�) = Lint �Ak "kl, URkXjV

r?2`2 Lint Bb i?2 BMi2;`�i2/ HmKBMQbBiv Q7 i?2 /�i�- Ak Bb i?2 iQi�H �++2Ti�M+2 iBK2b 2{+B2M+v

7Q` bB;M�H 2p2Mib BM /2+�v +?�MM2H k- �M/ "kl Bb i?2 7`�+iBQM Q7 i?2 2p2Mib r?B+? ;Q BMiQ #BM

l 7`QK i?2 bB;M�H i`�Mbp2`b2 K�bb ?BbiQ;`�K BM /2+�v +?�MM2H kX h?2 #BMMBM; BM i?2 mT

/Bbi`B#miBQM Bb +Q�`b2 2MQm;? iQ B;MQ`2 #BM KB;`�iBQM 2z2+ibX h?2 iQi�H �++2Ti�M+2 iBK2b

2{+B2M+v 7Q` bB;M�H Ak Bb /Bb+mbb2/ BM a2+iBQM 3X8 �M/ THQii2/ �b � 7mM+iBQM Q7 i?2 W
0 K�bb

7Q` #Qi? 2H2+i`QM �M/ KmQM +?�MM2Hb BM 6B;m`2 3X8X 6Q` BMbi�M+2- i?2 /Bz2`2M+2 #2ir22M i?2

W
0 U+QHQ`2/ HBM2bV �M/ i?2 iQi�H #�+F;`QmM/ U#H�+F HBM2V BM i?2 ;Bp2M i`�Mbp2`b2 K�bb #BM l

BM 6B;m`2 RRXj Bb i?2 +2Mi`�H p�Hm2 skl Q7 i?2 bB;M�H +QMi`B#miBQM Q7 i?2 +?�MM2H k iQ i?2 #BM

lX

h?2 MmK#2` Q7 2tT2+i2/ #�+F;`QmM/ 2p2Mib BM i`�Mbp2`b2 K�bb #BM l Q7 /2+�v +?�MM2H k

Bb r`Bii2M �b

bkl(✓) = bkl exp

0

@
NsysX

i=1

sgn[(�bkl)i] ✓i

vuutln

"
1 +

✓
(�bkl)i
bkl

◆2
#1

A , URkX9V

rBi? i?2 +2Mi`�H p�Hm2 bkl Bb i?2 #�+F;`QmM/ 2biBK�i2bX

h?2 2tTQM2Mi i2`Kb BM 1[m�iBQM RkXk �M/ 1[m�iBQM RkX9 `2~2+i i?2 2z2+i Q7 bvbi2K�iB+

mM+2`i�BMiB2b iQ i?2 bB;M�H �M/ #�+F;`QmM/ 2tT2+i�iBQM p�Hm2b- `2bT2+iBp2HvX h?2 i2`K

(�skl)i/skl �M/ (�bkl)i/bkl BM 2�+? Q7 i?2 2tTQM2Mi 2tT`2bbBQMb �`2 i?2 `2H�iBp2 b?B7i BM/m+2/

#v � ǳQM2 bi�M/�`/ /2pB�iBQMǴ p�`B�iBQM Q7 i?2 MmBb�M+2 T�`�K2i2` ✓i �bbQ+B�i2/ rBi? i?2 ii?

bvbi2K�iB+ mM+2`i�BMivX h?2 +QKTH2i2 HBbi Q7 bvbi2K�iB+ mM+2`i�BMiB2b Bb b?QrM BM h�#H2 RyXR

�M/ i?2 +Q``2bTQM/BM; #�+F;`QmM/ /Bbi`B#miBQMb �`2 b?QrM BM 6B;m`2 RyX8 iQ 6B;m`2 RyX3X

*Q``2H�iBQMb Q7 MmBb�M+2 T�`�K2i2`b #2ir22M 2H2+i`QM �M/ KmQM +?�MM2Hb �M/ #2ir22M skl

�M/ bkl �`2 T`QT2`Hv +QMbB/2`2/X h?2 `2H�iBp2 b?B7i Bb b2i iQ x2`Q 7Q` MmBb�M+2 T�`�K2i2`b

r?B+? �z2+i QMHv QM2 Q7 i?2 +?�MM2Hb Q` QMHv i?2 #�+F;`QmM/X

RRd



h?2 HBF2HB?QQ/ Bb i?2M r`Bii2M #v i?2 T`Q/m+i Q7 i?2 SQBbbQM T`Q#�#BHBiB2b 7Q` 2�+?

i`�Mbp2`b2 K�bb #BM l Q7 /2+�v +?�MM2H k,

L(�,✓) = P (n|�,✓) =
NchanY

k=1

NbinY

l=1

�kl(�,✓)nkl e
��kl(�,✓)

nkl!
URkX8V

r?2`2 n /2MQi2b i?2 b2i Q7 Q#b2`p�iBQMb nkl 7`QK BM/BpB/m�H #BMbX h?2 MmK#2` Q7 +?�MM2Hb

Nchan Bb 2[m�H iQ 1 7Q` i?2 2H2+i`QM Q` KmQM +?�MM2Hb �`2 �M�Hvx2/ b2T�`�i2Hv- �M/ 2 7Q` i?2

+QK#BM2/ �M�HvbBbX

RkXk .Bb+Qp2`v ai�iBbiB+b

h?2 b2�`+? 7Q` � M2r ?2�pv ;�m;2 #QbQM Bb T2`7Q`K2/ BM i?2 +QMi2ti Q7 � 7`2[m2MiBbi

bi�iBbiB+�H i2biX

RkXkXR 6`2[m2MiBbi S`Q#�#BHBiv 7Q` .Bb+Qp2`v Q7 � L2r aB;M�H

h?2 p@p�Hm2- r?B+? `2T`2b2Mib i?2 T`Q#�#BHBiv i?�i i?2 #�+F;`QmM/ ~m+im�iBQM +`2�i2b

� bB;M�H@HBF2 2t+2bb ;`2�i2` Q` 2[m�H iQ i?2 Q#b2`p2/ QM2- Bb +QKTmi2/ mbBM; � i2bi bi�iBbiB+X

� i2bi bi�iBbiB+ q0 7Q` /Bb+Qp2`v Q7 � TQbBiBp2 bB;M�H Bb +?Qb2M �b i?2 i2bi bi�iBbiB+ Q7 i?2

�M�HvbBb (d8)X Ai +QKT�`2b i?2 H2p2H Q7 �;`22K2Mi Q7 i?2 Q#b2`p2/ /�i� rBi? #�+F;`QmM/@

QMHv �M/ bB;M�H THmb #�+F;`QmM/ ?vTQi?2b2b mbBM; � T`Q}H2 HBF2HB?QQ/ `�iBQ �M/ +QMbB/2`b

QMHv i?2 TQbBiBp2 bB;M�H +QMi`B#miBQM r?B+? H2�/b �M 2t+2bb BM �//BiBQM iQ i?2 #�+F;`QmM/

+QMi`B#miBQMX h?2 HBF2HB?QQ/ Q7 i?2 #�+F;`QmM/@QMHv ?vTQi?2bBb �M/ bB;M�H THmb #�+F;`QmM/

?vTQi?2b2b �`2 #mBHi mbBM; 1[m�iBQM RkX8X h?2 i2bi bi�iBbiB+ q0 Bb i?2M /2}M2/ 7Q` �̂ > y

RR3



mbBM; i?2 T`Q}H2 HBF2HB?QQ/ `�iBQ rBi? i?2 #�+F;`QmM/@QMHv ?vTQi?2bBb BM i?2 MmK2`�iQ` �M/

i?2 bB;M�H THmb #�+F;`QmM/ ?vTQi?2bBb BM i?2 /2MQKBM�iQ`,

q0 =

8
>>>>>><

>>>>>>:

�2 ln

"
L(0, ✓̂0)

L(�̂, ✓̂)

#
7Q` �̂ > 0,

0 7Q` �̂ < 0,

URkXeV

r?2`2 ✓̂0 BM i?2 MmK2`�iQ` �`2 i?2 MmBb�M+2 T�`�K2i2` p�Hm2b K�tBKBxBM; L(0,✓) �M/ �̂ �M/

✓̂ BM i?2 /2MQKBM�iQ` �`2 i?2 T�`�K2i2` p�Hm2b K�tBKBxBM; L(�,✓)X � H�`;2 2t+2bb BM i?2

/�i� +QKT�`2/ iQ i?2 #�+F;`QmM/ H2�/b iQ � H�`;2 /Bz2`2M+2 #2ir22M L(0, ✓̂0) �M/ L(�̂, ✓̂)-

�M/ ?2M+2 � H�`;2 +Q``2bTQM/BM; q0 p�Hm2X h?2 i2bi bi�iBbiB+ q0 Bb b2i iQ x2`Q 7Q` i?2 +�b2 �̂

I y �b i?2 bB;M�H +`Qbb b2+iBQM +�MMQi #2 M2;�iBp2X

h?2 p@p�Hm2 p0 +�M #2 [m�MiB}2/ mbBM; i?2 Q#b2`p2/ p�Hm2 Q7 q0,

p0 = P (q0 > q
obs
0 |� = 0) =

Z 1

q
obs
0

f(q0|0, ✓̂0) dq0, URkXdV

r?2`2 f(q0|0, ✓̂0) Bb i?2 T`Q#�#BHBiv /2MbBiv 7mM+iBQM Q7 i?2 i2bi bi�iBbiB+ q0 mM/2` �bbmKTiBQM

Q7 i?2 #�+F;`QmM/@QMHv ?vTQi?2bBbX "�+F;`QmM/@QMHv Tb2m/Q@2tT2`BK2Mib �`2 ;2M2`�i2/ iQ
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510 Pseudo-experiment distribution

 distribution (1 d.o.f.)2χ
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510 Pseudo-experiment distribution

 distribution (1 d.o.f.)2χ

6B;m`2 RkXRX .Bbi`B#miBQM Q7 i?2 i2bi bi�iBbiB+ q0 7Q` #�+F;`QmM/@QMHv Tb2m/Q@
2tT2`BK2Mib BM i?2 2H2+i`QM +?�MM2H UH27iV �M/ KmQM +?�MM2H U`B;?iVX

RRN



#mBH/ i?2 T`Q#�#BHBiv /2MbBiv 7mM+iBQM �b b?QrM BM 6B;m`2 RkXRX h?2 T2�F �i q0 4 y +Q``2@

bTQM/b iQ /QrMr�`/ ~m+im�iBQMb U�̂ < 0V Q7 #�+F;`QmM/@QMHv ?vTQi?2bBbX AM i?2 �bvKTiQiB+

HBKBi- i?2 /Bbi`B#miBQM Q7 i2bi bi�iBbiB+ q0 7Q` mTr�`/ ~m+im�iBQMb mM/2` i?2 #�+F;`QmM/@QMHv

?vTQi?2bBb 7QHHQrb � �
2 /Bbi`B#miBQM 7Q` QM2 /2;`22 Q7 7`22/QK �++Q`/BM; iQ qBHFbǶ i?2Q@

`2K (de) �b b?QrM BM 6B;m`2 RkXRX h?2`27Q`2- i?2 p@p�Hm2 +�M #2 /B`2+iHv +�H+mH�i2/ 7`QK

q0 (d8),

p0 = 1� �(
p
q0) URkX3V

r?2`2 � Bb i?2 +mKmH�iBp2 /Bbi`B#miBQM Q7 i?2 bi�M/�`/ :�mbbB�MX

h?2 bB;MB}+�M+2 Z `2T`2b2Mib i?2 MmK#2` Q7 bi�M/�`/ /2pB�iBQMb r?B+? +Q``2bTQM/ iQ

�M �`2� 2[m�H iQ i?2 p@p�Hm2 mM/2` i?2 `B;?i@KQbi i�BH Q7 � bi�M/�`/ MQ`K�H /Bbi`B#miBQMX

h?2 bB;MB}+�M+2 +�M #2 r`Bii2M �b 7QHHQrb 7`QK i?2 p0 p�Hm2,

Z = ��1(1� p0) , URkXNV

�M/ +�M #2 bBKTHB}2/ BM i?2 �bvKTiQiB+ HBKBi mbBM; 1[m�iBQM RkX3,

Z =
p
q0 . URkXRyV

"v +QMp2MiBQM- � bB;MB}+�M+2 Q7 j� Bb +H�BK2/ �b ǵ2pB/2M+2Ƕ Q7 � bB;M�H- r?B+? +Q``2bTQM/b

iQ � T`Q#�#BHBiv Q7 #�+F;`QmM/ ~m+im�iBQM Q7 RXj8 ⇥ Ry�3X � bB;MB}+�M+2 Q7 8� Bb +H�BK2/

�b ǵ/Bb+Qp2`vǶ- r?B+? +Q``2bTQM/b iQ � T`Q#�#BHBiv Q7 #�+F;`QmM/ ~m+im�iBQM Q7 kX3d ⇥ Ry�7X

h?2 bB;MB}+�M+2 /2b+`B#2/ �#Qp2 Bb 2p�Hm�i2/ �i � ;Bp2M W
0 K�bb- r?B+? Bb +�HH2/ i?2

HQ+�H bB;MB}+�M+2X h?2 bB;MB}+�M+2 Q7 Q#b2`pBM; � HQ+�H 2t+2bb b?QmH/ #2 +QKT�`2/ rBi?

i?2 T`Q#�#BHBiv Q7 Q#b2`pBM; bm+? �M 2t+2bb �Mvr?2`2 BM i?2 W
0 K�bb2bX h?Bb Bb +�HH2/ i?2

HQQF 2Hb2r?2`2 2z2+i (dd)X h?2 T`Q#�#BHBiv Q7 � #�+F;`QmM/ ~m+im�iBQM �i �Mv K�bb p�Hm2

BM i?2 `�M;2 Q7 BMi2`2bi Bb +�HH2/ i?2 ;HQ#�H p@p�Hm2X h?2 ;HQ#�H bB;MB}+�M+2 Bb 2p�Hm�i2/ #v

;2M2`�iBM; #�+F;`QmM/@QMHv Tb2m/Q@2tT2`BK2Mib mbBM; i?2 #2bi@}i p�Hm2 Q7 i?2 MmBb�M+2 T�@

`�K2i2`bX h?2 r?QH2 W
0 K�bb `�M;2 Bb b+�MM2/ 7Q` 2�+? Tb2m/Q@2tT2`BK2Mi- �M/ i?2 ?B;?2bi

Rky



Highest local significance
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Muon channel

Combined

6B;m`2 RkXkX h?2 K�TTBM; #2ir22M i?2 ?B;?2bi HQ+�H bB;MB}+�M+2 �M/ ;HQ#�H
bB;MB}+�M+2 7Q` i?2 2H2+i`QM +?�MM2H- i?2 KmQM +?�MM2H- �M/ i?2 +QK#BM2/X

HQ+�H bB;MB}+�M+2 Bb 2ti`�+i2/X h?2 ;HQ#�H p@p�Hm2 7Q` � ;Bp2M ?B;?2bi HQ+�H bB;MB}+�M+2 Bb

/2i2`KBM2/,

pglobal =

Z 1

Z

f(Z) dZ URkXRRV

r?2`2 f(Z) Bb i?2 T`Q#�#BHBiv /2MbBiv 7mM+iBQM ;Bp2M #v i?2 /Bbi`B#miBQM Q7 ?B;?2bi HQ+�H

bB;MB}+�M+2b BM i?2 Tb2m/Q@2tT2`BK2MibX 6B;m`2 RkXk b?Qrb i?2 ;HQ#�H T@p�Hm2 2tT`2bb2/ BM

:�mbbB�M bB;MB}+�M+2 �b � 7mM+iBQM Q7 i?2 ?B;?2bi HQ+�H bB;MB}+�M+2 7Q` i?2 2H2+i`QM +?�MM2H-

i?2 KmQM +?�MM2H- �M/ i?2 +QK#BM2/ +?�MM2HX L2;�iBp2 p�Hm2b Q7 ;HQ#�H bB;MB}+�M+2 BM/B+�i2

+�b2b r?B+? �`2 H2bb bB;M�H@HBF2 i?�M 2tT2+i2/ 7`QK i?2 #�+F;`QmM/@QMHv +�b2X h?2 ;HQ#�H

bB;MB}+�M+2 Bb bK�HH2` i?�M i?2 ?B;?2bi HQ+�H bB;MB}+�M+2X h?2 ?B;?2bi HQ+�H bB;MB}+�M+2 Bb QM

�p2`�;2 HQr2` BM i?2 KmQM +?�MM2H i?�M i?2 2H2+i`QM +?�MM2H �i i?2 ;Bp2M ;HQ#�H bB;MB}+�M+2X

h?Bb Bb /m2 iQ i?2 #2ii2` 2M2`;v `2bQHmiBQM BM i?2 2H2+i`QM +?�MM2H- r?B+? H2�/b iQ � bK�HH2`

~m+im�iBQM �HQM; i?2 i`�Mbp2`b2 K�bb BM i?2 2H2+i`QM +?�MM2H �b b?QrM BM 6B;m`2 RRXjX

RkXkXk _2bmHib

h?2 Q#b2`p2/ HQ+�H p@p�Hm2b 7Q` i?2 aaJ W
0 bB;M�Hb #2ir22M j8y :2o �M/ e h2o �`2

b?QrM BM 6B;m`2 RkXjX h?2 `2bmHib �`2 b?QrM 7Q` i?2 2H2+i`QM +?�MM2H QM iQT H27i- i?2 KmQM

RkR



6B;m`2 RkXjX h?2 HQ+�H p@p�Hm2b 7`QK W
0
SSM

bB;M�Hb #2ir22M yXj8 �M/ e h2o 7Q`
i?2 2H2+i`QM UiQT H27iV- KmQM UiQT `B;?iV- �M/ +QK#BM2/ +?�MM2H U#QiiQKVX h?2
HQ+�H bB;MB}+�M+2 H2p2Hb �`2 b?QrM �b /�b?2/ HBM2bX

+?�MM2H QM i?2 iQT `B;?i- �M/ i?2 +QK#BM2/ +?�MM2H QM i?2 #QiiQKX h?2 KQbi bB;MB}+�Mi

2t+2bb BM i?2 2H2+i`QM +?�MM2H Bb � HQ+�H bB;MB}+�M+2 Q7 RXR� �i mW 0 4 j8y :2oX h?2 2t+2bb2b

�i mW 0 4 RXy8 h2o rBi? � HQ+�H bB;MB}+�M+2 Q7 yXN� �M/ �i mW 0 4 kXR8 h2o rBi? yXd�

+Q``2bTQM/ iQ i?2 irQ #BMb �`QmM/ R h2o �#Qp2 i?2 #�+F;`QmM/ 2tT2+i�iBQM �M/ i?2 H�bi

#BM rBi? /�i�- `2bT2+iBp2Hv- �b b?QrM QM i?2 H27i@?�M/ bB/2 THQi Q7 6B;m`2 RRXjX AM i?2 KmQM

+?�MM2H- i?2 KQbi bB;MB}+�Mi 2t+2bb Bb � HQ+�H bB;MB}+�M+2 Q7 kXk� �i mW 0 4 RX88 h2o- r?B+?

+Q``2bTQM/b iQ i?2 72r +QMb2+miBp2 #BMb �`QmM/ RX8 h2o �b b?QrM QM i?2 `B;?i@?�M/ bB/2 Q7

6B;m`2 RRXjX h?2 #`Q�/ 2t+2bb BM i?2 p2`v ?B;? W
0 K�bb `2;BQM �`Bb2b 7`QK i?2 irQ 2p2Mib

�#Qp2 j h2o �b b?QrM QM i?2 `B;?i@?�M/ bB/2 Q7 6B;m`2 RRXjX 6Q` i?2 +QK#BM�iBQM Q7 i?2 irQ

+?�MM2Hb- i?2 KQbi bB;MB}+�Mi 2t+2bb Bb � HQ+�H bB;MB}+�M+2 Q7 RX9� �i mW 0 4 j8y :2oX h?2

Rkk



;HQ#�H bB;MB}+�M+2b Q7 i?2 ?B;?2bi HQ+�H bB;MB}+�M+2b �`2 ĜRX3� BM i?2 2H2+i`QM +?�MM2H- yXN�

BM i?2 KmQM +?�MM2H- �M/ ĜRXy� BM i?2 +QK#BM2/ +?�MM2HX LQ 2pB/2M+2 Q7 i?2 W
0 bB;M�H Bb

Q#b2`p2/ 7`QK i?2 bi�iBbiB+�H i2bib 7Q` i?2 2H2+i`QM- KmQM- �M/ +QK#BM2/ +?�MM2HX >2M+2-

i?2 Q#b2`p2/ /�i� �`2 +QMbBbi2Mi rBi? i?2 ai�M/�`/ JQ/2H T`2/B+iBQMX

RkXj 1t+HmbBQM GBKBib

h?2 bi�iBbiB+�H �M�HvbBb 7Q` /Bb+Qp2`v b?Qrb MQ bB;MB}+�Mi 2t+2bb BM i?2 /�i� Qp2` i?2

2tT2+i2/ aJ #�+F;`QmM/bX >2M+2- 2t+HmbBQM HBKBib �`2 +�H+mH�i2/ 7Q` i?2 aaJ W
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jejj83 WZ ! qq`` 89yyU�V f kR8jkU/V jX92Yyy � RXe2YyjU�V f eXj2YyjU/V
jejj8e ZZ ! qq`` 89yyU�V f 89yyU/V kXk2Yyy � kX82YyjU�V f kX82YyjU/V

hQT
9Ry9dy tt̄ ! `X 8NNN3U�V f d993eU/V 9Xy2Yyk RXR9 RX82YykU�V f RXN2YykU/V
9Rye9k i@+?�MM2H t ! `X 9NN9U�V f ekj3U/V jXd2YyR � RXj2YykU�V f RXd2YykU/V
9Rye9j i@+?�MM2H t̄ ! `X 9Nd8U�V f ek8yU/V kXk2YyR � kXj2YykU�V f kX32YykU/V
9RyyRj b@+?�MM2H Wt 8yyyU�V f 8yyyU/V jX92YyR RXy89 RX82YykU�V f RX82YykU/V
9RyyR9 b@+?�MM2H Wt̄ 9Ne3U�V f 9NN3U/V jX92YyR RXy89 RX82YykU�V f RX82YykU/V

h�#H2 �XRX JQMi2 *�`HQ b�KTH2b 7Q` #�+F;`QmM/b i?�i +QMi`B#mi2 iQ #Qi? i?2
2H2+i`QM �M/ KmQM +?�MM2HbX 6Q` 2�+? /�i�b2i- i?2 7QHHQrBM; Bb HBbi2/, i?2 �h@
G�a JQMi2 *�`HQ /�i�b2i A.- i?2 T?vbB+b T`Q+2bb UBM+Hm/BM; i?2 K�bb `�M;2
BM :2o r?2M �TT`QT`B�i2V- i?2 MmK#2` Q7 ;2M2`�i2/ 2p2Mib- i?2 +`Qbb b2+@
iBQM iBK2b #`�M+?BM; `�iBQ- K@7�+iQ`- �M/ i?2 2[mBp�H2Mi BMi2;`�i2/ HmKBMQbBiv
LBMi = N2vt/(�B)X G2ii2`b BM i?2 T�`2Mi?2b2b `2T`2b2Mi JQMi2 *�`HQ b�KTH2b
rBi? i?2 kyR8+kyRe /�i�b2i TBH2@mT T`Q}H2 rBi? U�V �M/ i?2 kyRd /�i�b2i TBH2@mT
T`Q}H2 rBi? U/VX

RkN



.�i�b2i A. S`Q+2bb N2vt (F) �B (T#) K@7�+iQ` LBnt (7#�1)
AM+HmbBp2 �M/ K�bb #BMM2/ W+ ! e⌫

jeRRyy W+ ! e⌫ 9R9R8U�V f 9yNR3U/V RXR2Yy9 K(m) jX32YyyU�V f jXd2YyyU/V
jyRyey W+(120, 180) ! e⌫ 8yyU�V f 8yyU/V jXk2YyR K(m) RXe2YyRU�V f RXe2YyRU/V
jyRyeR W+(180, 250) ! e⌫ k8yU�V f k8yU/V 8Xy2Yyy K(m) 8Xy2YyRU�V f 8Xy2YyRU/V
jyRyek W+(250, 400) ! e⌫ R9yU�V f Rj8U/V RX32Yyy K(m) dX32YyRU�V f dX82YyRU/V
jyRyej W+(400, 600) ! e⌫ RyyU�V f RyyU/V jXR2�yR K(m) jXk2YykU�V f jXk2YykU/V
jyRye9 W+(600, 800) ! e⌫ 8yU�V f 8yU/V eXR2�yk K(m) 3Xk2YykU�V f 3Xk2YykU/V
jyRye8 W+(800, 1000) ! e⌫ 8yU�V f 8yU/V RX32�yk K(m) kX32YyjU�V f kX32YyjU/V
jyRyee W+(1000, 1250) ! e⌫ 8yU�V f 98U/V dXj2�yj K(m) eX32YyjU�V f eXk2YyjU/V
jyRyed W+(1250, 1500) ! e⌫ 8yU�V f 8yU/V kX82�yj K(m) kXy2Yy9U�V f kXy2Yy9U/V
jyRye3 W+(1500, 1750) ! e⌫ 8yU�V f 8yU/V NXN2�y9 K(m) 8XR2Yy9U�V f 8XR2Yy9U/V
jyRyeN W+(1750, 2000) ! e⌫ 9yU�V f 9yU/V 9Xk2�y9 K(m) NX82Yy9U�V f NX82Yy9U/V
jyRydy W+(2000, 2250) ! e⌫ 9dU�V f 8yU/V RXN2�y9 K(m) kX82Yy8U�V f kXe2Yy8U/V
jyRydR W+(2250, 2500) ! e⌫ 8yU�V f 8yU/V NXj2�y8 K(m) 8X92Yy8U�V f 8X92Yy8U/V
jyRydk W+(2500, 2750) ! e⌫ 8yU�V f 8yU/V 9Xe2�y8 K(m) RXR2YyeU�V f RXR2YyeU/V
jyRydj W+(2750, 3000) ! e⌫ 8yU�V f 8yU/V kXj2�y8 K(m) kXk2YyeU�V f kXk2YyeU/V
jyRyd9 W+(3000, 3500) ! e⌫ 8yU�V f 8yU/V RX32�y8 K(m) kX32YyeU�V f kX32YyeU/V
jyRyd8 W+(3500, 4000) ! e⌫ 8yU�V f 8yU/V 8XR2�ye K(m) NX32YyeU�V f NX32YyeU/V
jyRyde W+(4000, 4500) ! e⌫ 8yU�V f 8yU/V RX92�ye K(m) jXe2YydU�V f jXe2YydU/V
jyRydd W+(4500, 5000) ! e⌫ 8yU�V f 98U/V 9Xy2�yd K(m) RXj2Yy3U�V f RXR2Yy3U/V
jyRyd3 W+(> 5000) ! e⌫ 8yU�V f 8yU/V RX82�yd K(m) jXj2Yy3U�V f jXj2Yy3U/V

h�#H2 �XkX JQMi2 *�`HQ b�KTH2b 7Q` #�+F;`QmM/b i?�i +QMi`B#mi2 iQ i?2 2H2+@
i`QM +?�MM2HX 6Q` 2�+? /�i�b2i- i?2 7QHHQrBM; Bb HBbi2/, i?2 �hG�a JQMi2 *�`HQ
/�i�b2i A.- i?2 T?vbB+b T`Q+2bb UBM+Hm/BM; i?2 K�bb `�M;2 BM :2o r?2M �TT`Q@
T`B�i2V- i?2 MmK#2` Q7 ;2M2`�i2/ 2p2Mib- i?2 +`Qbb b2+iBQM iBK2b #`�M+?BM; `�iBQ-
K@7�+iQ` UK(m) /2MQi2b � K�bb /2T2M/2Mi K@7�+iQ` Bb mb2/V- �M/ i?2 2[mBp�H2Mi
BMi2;`�i2/ HmKBMQbBiv LBMi = N2vt/(�B)X G2ii2`b BM i?2 T�`2Mi?2b2b `2T`2b2Mi
JQMi2 *�`HQ b�KTH2b rBi? i?2 kyR8+kyRe /�i�b2i TBH2@mT T`Q}H2 rBi? U�V �M/
i?2 kyRd /�i�b2i TBH2@mT T`Q}H2 rBi? U/VX

Rjy



.�i�b2i A. S`Q+2bb N2vt (F) �B (T#) K@7�+iQ` LBnt (7#�1)
AM+HmbBp2 �M/ K�bb #BMM2/ W� ! e⌫

jeRRyj W� ! e⌫ 9NNy9U�V f 9NNeRU/V 3Xj2Yyj K(m) eXy2YyyU�V f eXy2YyyU/V
jyRy3y W�(120, 180) ! e⌫ 8yyU�V f 8yyU/V kXk2YyR K(m) kXj2YyRU�V f kXj2YyRU/V
jyRy3R W�(180, 250) ! e⌫ k8yU�V f k8yU/V jXj2Yyy K(m) dXe2YyRU�V f dXe2YyRU/V
jyRy3k W�(250, 400) ! e⌫ R8yU�V f R8yU/V RXR2Yyy K(m) RX92YykU�V f RX92YykU/V
jyRy3j W�(400, 600) ! e⌫ RyyU�V f RyyU/V RX32�yR K(m) 8Xe2YykU�V f 8Xe2YykU/V
jyRy39 W�(600, 800) ! e⌫ 8yU�V f 8yU/V jXR2�yk K(m) RXe2YyjU�V f RXe2YyjU/V
jyRy38 W�(800, 1000) ! e⌫ 8yU�V f 8yU/V 3Xj2�yj K(m) eXy2YyjU�V f eXy2YyjU/V
jyRy3e W�(1000, 1250) ! e⌫ 8yU�V f 8yU/V jXk2�yj K(m) RXe2Yy9U�V f RXe2Yy9U/V
jyRy3d W�(1250, 1500) ! e⌫ 8yU�V f 8yU/V RXy2�yj K(m) 8Xy2Yy9U�V f 8Xy2Yy9U/V
jyRy33 W�(1500, 1750) ! e⌫ 8yU�V f 8yU/V jXd2�y9 K(m) RX92Yy8U�V f RX92Yy8U/V
jyRy3N W�(1750, 2000) ! e⌫ 8yU�V f 8yU/V RX82�y9 K(m) jXj2Yy8U�V f jXj2Yy8U/V
jyRyNy W�(2000, 2250) ! e⌫ 8yU�V f 8yU/V eX82�y8 K(m) dXd2Yy8U�V f dXd2Yy8U/V
jyRyNR W�(2250, 2500) ! e⌫ 8yU�V f 8yU/V jXy2�y8 K(m) RXd2YyeU�V f RXd2YyeU/V
jyRyNk W�(2500, 2750) ! e⌫ 8yU�V f 8yU/V RX82�y8 K(m) jXj2YyeU�V f jXj2YyeU/V
jyRyNj W�(2750, 3000) ! e⌫ 8yU�V f 8yU/V dXj2�ye K(m) eX32YyeU�V f eX32YyeU/V
jyRyN9 W�(3000, 3500) ! e⌫ 8yU�V f 8yU/V 8Xd2�ye K(m) 3X32YyeU�V f 3X32YyeU/V
jyRyN8 W�(3500, 4000) ! e⌫ 8yU�V f 8yU/V RXe2�ye K(m) jXR2YydU�V f jXR2YydU/V
jyRyNe W�(4000, 4500) ! e⌫ 8yU�V f 8yU/V 9Xd2�yd K(m) RXR2Yy3U�V f RXR2Yy3U/V
jyRyNd W�(4500, 5000) ! e⌫ 8yU�V f 8yU/V RX92�yd K(m) jXe2Yy3U�V f jXe2Yy3U/V
jyRyN3 W�(> 5000) ! e⌫ 8yU�V f 8yU/V eXk2�y3 K(m) 3XR2Yy3U�V f 3XR2Yy3U/V

h�#H2 �XjX JQMi2 *�`HQ b�KTH2b 7Q` #�+F;`QmM/b i?�i +QMi`B#mi2 iQ i?2 2H2+@
i`QM +?�MM2HX 6Q` 2�+? /�i�b2i- i?2 7QHHQrBM; Bb HBbi2/, i?2 �hG�a JQMi2 *�`HQ
/�i�b2i A.- i?2 T?vbB+b T`Q+2bb UBM+Hm/BM; i?2 K�bb `�M;2 BM :2o r?2M �TT`Q@
T`B�i2V- i?2 MmK#2` Q7 ;2M2`�i2/ 2p2Mib- i?2 +`Qbb b2+iBQM iBK2b #`�M+?BM; `�iBQ-
K@7�+iQ` UK(m) /2MQi2b � K�bb /2T2M/2Mi K@7�+iQ` Bb mb2/V- �M/ i?2 2[mBp�H2Mi
BMi2;`�i2/ HmKBMQbBiv LBMi = N2vt/(�B)X G2ii2`b BM i?2 T�`2Mi?2b2b `2T`2b2Mi
JQMi2 *�`HQ b�KTH2b rBi? i?2 kyR8+kyRe /�i�b2i TBH2@mT T`Q}H2 rBi? U�V �M/
i?2 kyRd /�i�b2i TBH2@mT T`Q}H2 rBi? U/VX

RjR



.�i�b2i A. S`Q+2bb N2vt (F) �B (T#) K@7�+iQ` LBnt (7#�1)
AM+HmbBp2 �M/ K�bb #BMM2/ W+ ! µ⌫

jeRRyR W+ ! µ⌫ jNNekU�V f jNN8kU/V RXR2Yy9 K(m) jXe2YyyU�V f jXe2YyyU/V
jyRRyy W+(120, 180) ! µ⌫ 8yyU�V f 8yyU/V jXk2YyR K(m) RXe2YyRU�V f RXe2YyRU/V
jyRRyR W+(180, 250) ! µ⌫ k8yU�V f k8yU/V 8Xy2Yyy K(m) 8Xy2YyRU�V f 8Xy2YyRU/V
jyRRyk W+(250, 400) ! µ⌫ R8yU�V f R8yU/V RX32Yyy K(m) 3Xj2YyRU�V f 3Xj2YyRU/V
jyRRyj W+(400, 600) ! µ⌫ RyyU�V f RyyU/V jXR2�yR K(m) jXk2YykU�V f jXk2YykU/V
jyRRy9 W+(600, 800) ! µ⌫ 8yU�V f 8yU/V eXR2�yk K(m) 3Xk2YykU�V f 3Xk2YykU/V
jyRRy8 W+(800, 1000) ! µ⌫ 8yU�V f 8yU/V RX32�yk K(m) kX32YyjU�V f kX32YyjU/V
jyRRye W+(1000, 1250) ! µ⌫ 8yU�V f 8yU/V dXj2�yj K(m) eX32YyjU�V f eX32YyjU/V
jyRRyd W+(1250, 1500) ! µ⌫ 8yU�V f 8yU/V kX82�yj K(m) kXy2Yy9U�V f kXy2Yy9U/V
jyRRy3 W+(1500, 1750) ! µ⌫ 8yU�V f 8yU/V NXN2�y9 K(m) 8XR2Yy9U�V f 8XR2Yy9U/V
jyRRyN W+(1750, 2000) ! µ⌫ 8yU�V f 8yU/V 9Xk2�y9 K(m) RXk2Yy8U�V f RXk2Yy8U/V
jyRRRy W+(2000, 2250) ! µ⌫ 8yU�V f 8yU/V RXN2�y9 K(m) kXe2Yy8U�V f kXe2Yy8U/V
jyRRRR W+(2250, 2500) ! µ⌫ 8yU�V f 8yU/V NXj2�y8 K(m) 8X92Yy8U�V f 8X92Yy8U/V
jyRRRk W+(2500, 2750) ! µ⌫ 8yU�V f 8yU/V 9Xe2�y8 K(m) RXR2YyeU�V f RXR2YyeU/V
jyRRRj W+(2750, 3000) ! µ⌫ 8yU�V f 8yU/V kXj2�y8 K(m) kXk2YyeU�V f kXk2YyeU/V
jyRRR9 W+(3000, 3500) ! µ⌫ 8yU�V f 8yU/V RX32�y8 K(m) kX32YyeU�V f kX32YyeU/V
jyRRR8 W+(3500, 4000) ! µ⌫ 8yU�V f 8yU/V 8XR2�ye K(m) NX32YyeU�V f NX32YyeU/V
jyRRRe W+(4000, 4500) ! µ⌫ 8yU�V f 8yU/V RX92�ye K(m) jXe2YydU�V f jXe2YydU/V
jyRRRd W+(4500, 5000) ! µ⌫ 8yU�V f 8yU/V 9Xy2�yd K(m) RXj2Yy3U�V f RXj2Yy3U/V
jyRRR3 W+(> 5000) ! µ⌫ 8yU�V f 8yU/V RX82�yd K(m) jXj2Yy3U�V f jXj2Yy3U/V

h�#H2 �X9X JQMi2 *�`HQ b�KTH2b 7Q` #�+F;`QmM/b i?�i +QMi`B#mi2 iQ i?2 KmQM
+?�MM2HX 6Q` 2�+? /�i�b2i- i?2 7QHHQrBM; Bb HBbi2/, i?2 �hG�a JQMi2 *�`HQ
/�i�b2i A.- i?2 T?vbB+b T`Q+2bb UBM+Hm/BM; i?2 K�bb `�M;2 BM :2o r?2M �TT`Q@
T`B�i2V- i?2 MmK#2` Q7 ;2M2`�i2/ 2p2Mib- i?2 +`Qbb b2+iBQM iBK2b #`�M+?BM; `�iBQ-
K@7�+iQ` UK(m) /2MQi2b � K�bb /2T2M/2Mi K@7�+iQ` Bb mb2/V- �M/ i?2 2[mBp�H2Mi
BMi2;`�i2/ HmKBMQbBiv LBMi = N2vt/(�B)X G2ii2`b BM i?2 T�`2Mi?2b2b `2T`2b2Mi
JQMi2 *�`HQ b�KTH2b rBi? i?2 kyR8+kyRe /�i�b2i TBH2@mT T`Q}H2 rBi? U�V �M/
i?2 kyRd /�i�b2i TBH2@mT T`Q}H2 rBi? U/VX

Rjk



.�i�b2i A. S`Q+2bb N2vt (F) �B (T#) K@7�+iQ` LBnt (7#�1)
AM+HmbBp2 �M/ K�bb #BMM2/ W� ! µ⌫

jeRRy9 W� ! µ⌫ jRNdjU�V f jRNd3U/V 3Xj2Yyj K(m) jXN2YyyU�V f jXN2YyyU/V
jyRRky W�(120, 180) ! µ⌫ 8yyU�V f 8yyU/V kXk2YyR K(m) kXj2YyRU�V f kXj2YyRU/V
jyRRkR W�(180, 250) ! µ⌫ k8yU�V f k8yU/V jXj2Yyy K(m) dXe2YyRU�V f dXe2YyRU/V
jyRRkk W�(250, 400) ! µ⌫ R8yU�V f R8yU/V RXR2Yyy K(m) RX92YykU�V f RX92YykU/V
jyRRkj W�(400, 600) ! µ⌫ RyyU�V f RyyU/V RX32�yR K(m) 8Xe2YykU�V f 8Xe2YykU/V
jyRRk9 W�(600, 800) ! µ⌫ 8yU�V f 8yU/V jXR2�yk K(m) RXe2YyjU�V f RXe2YyjU/V
jyRRk8 W�(800, 1000) ! µ⌫ 8yU�V f 8yU/V 3Xj2�yj K(m) eXy2YyjU�V f eXy2YyjU/V
jyRRke W�(1000, 1250) ! µ⌫ 8yU�V f 8yU/V jXk2�yj K(m) RXe2Yy9U�V f RXe2Yy9U/V
jyRRkd W�(1250, 1500) ! µ⌫ 8yU�V f 8yU/V RXy2�yj K(m) 8Xy2Yy9U�V f 8Xy2Yy9U/V
jyRRk3 W�(1500, 1750) ! µ⌫ 8yU�V f 8yU/V jXd2�y9 K(m) RX92Yy8U�V f RX92Yy8U/V
jyRRkN W�(1750, 2000) ! µ⌫ 8yU�V f 8yU/V RX82�y9 K(m) jXj2Yy8U�V f jXj2Yy8U/V
jyRRjy W�(2000, 2250) ! µ⌫ 8yU�V f 8yU/V eX82�y8 K(m) dXd2Yy8U�V f dXd2Yy8U/V
jyRRjR W�(2250, 2500) ! µ⌫ 8yU�V f 8yU/V jXy2�y8 K(m) RXd2YyeU�V f RXd2YyeU/V
jyRRjk W�(2500, 2750) ! µ⌫ 8yU�V f 8yU/V RX82�y8 K(m) jXj2YyeU�V f jXj2YyeU/V
jyRRjj W�(2750, 3000) ! µ⌫ 8yU�V f 8yU/V dXj2�ye K(m) eX32YyeU�V f eX32YyeU/V
jyRRj9 W�(3000, 3500) ! µ⌫ 8yU�V f 8yU/V 8Xd2�ye K(m) 3X32YyeU�V f 3X32YyeU/V
jyRRj8 W�(3500, 4000) ! µ⌫ 8yU�V f 8yU/V RXe2�ye K(m) jXR2YydU�V f jXR2YydU/V
jyRRje W�(4000, 4500) ! µ⌫ 8yU�V f 8yU/V 9Xd2�yd K(m) RXR2Yy3U�V f RXR2Yy3U/V
jyRRjd W�(4500, 5000) ! µ⌫ 8yU�V f 8yU/V RX92�yd K(m) jXe2Yy3U�V f jXe2Yy3U/V
jyRRj3 W�(> 5000) ! µ⌫ 8yU�V f 8yU/V eXk2�y3 K(m) 3XR2Yy3U�V f 3XR2Yy3U/V

h�#H2 �X8X JQMi2 *�`HQ b�KTH2b 7Q` #�+F;`QmM/b i?�i +QMi`B#mi2 iQ i?2 KmQM
+?�MM2HX 6Q` 2�+? /�i�b2i- i?2 7QHHQrBM; Bb HBbi2/, i?2 �hG�a JQMi2 *�`HQ
/�i�b2i A.- i?2 T?vbB+b T`Q+2bb UBM+Hm/BM; i?2 K�bb `�M;2 BM :2o r?2M �TT`Q@
T`B�i2V- i?2 MmK#2` Q7 ;2M2`�i2/ 2p2Mib- i?2 +`Qbb b2+iBQM iBK2b #`�M+?BM; `�iBQ-
K@7�+iQ` UK(m) /2MQi2b � K�bb /2T2M/2Mi K@7�+iQ` Bb mb2/V- �M/ i?2 2[mBp�H2Mi
BMi2;`�i2/ HmKBMQbBiv LBMi = N2vt/(�B)X G2ii2`b BM i?2 T�`2Mi?2b2b `2T`2b2Mi
JQMi2 *�`HQ b�KTH2b rBi? i?2 kyR8+kyRe /�i�b2i TBH2@mT T`Q}H2 rBi? U�V �M/
i?2 kyRd /�i�b2i TBH2@mT T`Q}H2 rBi? U/VX

Rjj



.�i�b2i A. S`Q+2bb Nevt (F) �B (T#) K@7�+iQ` LBnt (7#�1)
AM+HmbBp2 �M/ K�bb #BMM2/ W+ ! ⌧⌫

jeRRyk W+ ! ⌧⌫ kNN3kU�V f kNN8NU/V RXR2Yy9 K(m) kXd2YyyU�V f kXd2YyyU/V
jyRR9y W+(120, 180) ! ⌧⌫ 8yyU�V f 8yyU/V jXk2Yyy K(m) RXe2YyRU�V f RXe2YyRU/V
jyRR9R W+(180, 250) ! ⌧⌫ k8yU�V f k8yU/V 8Xy2Yyy K(m) 8Xy2YyRU�V f 8Xy2YyRU/V
jyRR9k W+(250, 400) ! ⌧⌫ R8yU�V f R8yU/V RX32Yyy K(m) 3Xj2YyRU�V f 3Xj2YyRU/V
jyRR9j W+(400, 600) ! ⌧⌫ RyyU�V f RyyU/V jXR2�yR K(m) jXk2YykU�V f jXk2YykU/V
jyRR99 W+(600, 800) ! ⌧⌫ 8yU�V f 8yU/V eXR2�yk K(m) 3Xk2YykU�V f 3Xk2YykU/V
jyRR98 W+(800, 1000) ! ⌧⌫ 8yU�V f 8yU/V RX32�yk K(m) kX32YyjU�V f kX32YyjU/V
jyRR9e W+(1000, 1250) ! ⌧⌫ 8yU�V f 8yU/V dXj2�yj K(m) eX32YyjU�V f eX32YyjU/V
jyRR9d W+(1250, 1500) ! ⌧⌫ 8yU�V f 8yU/V kX82�yj K(m) kXy2Yy9U�V f kXy2Yy9U/V
jyRR93 W+(1500, 1750) ! ⌧⌫ 8yU�V f 8yU/V NXN2�y9 K(m) 8XR2Yy9U�V f 8XR2Yy9U/V
jyRR9N W+(1750, 2000) ! ⌧⌫ 8yU�V f 8yU/V 9Xk2�y9 K(m) RXk2Yy8U�V f RXk2Yy8U/V
jyRR8y W+(2000, 2250) ! ⌧⌫ 8yU�V f 8yU/V RXN2�y9 K(m) kXe2Yy8U�V f kXe2Yy8U/V
jyRR8R W+(2250, 2500) ! ⌧⌫ 8yU�V f 8yU/V NXj2�y8 K(m) 8X92Yy8U�V f 8X92Yy8U/V
jyRR8k W+(2500, 2750) ! ⌧⌫ 8yU�V f 8yU/V 9Xe2�y8 K(m) RXR2YyeU�V f RXR2YyeU/V
jyRR8j W+(2750, 3000) ! ⌧⌫ 8yU�V f 8yU/V kXj2�y8 K(m) kXk2YyeU�V f kXk2YyeU/V
jyRR89 W+(3000, 3500) ! ⌧⌫ 8yU�V f 8yU/V RX32�y8 K(m) kX32YyeU�V f kX32YyeU/V
jyRR88 W+(3500, 4000) ! ⌧⌫ 8yU�V f 8yU/V 8XR2�ye K(m) NX32YyeU�V f NX32YyeU/V
jyRR8e W+(4000, 4500) ! ⌧⌫ 8yU�V f 8yU/V RX92�ye K(m) jXe2YydU�V f jXe2YydU/V
jyRR8d W+(4500, 5000) ! ⌧⌫ 8yU�V f 9dU/V 9Xy2�yd K(m) RXj2Yy3U�V f RXk2Yy3U/V
jyRR83 W+(> 5000) ! ⌧⌫ 8yU�V f 8yU/V RX82�yd K(m) jXj2Yy3U�V f jXj2Yy3U/V

h�#H2 �XeX JQMi2 *�`HQ b�KTH2b 7Q` #�+F;`QmM/b i?�i +QMi`B#mi2 iQ #Qi? i?2
2H2+i`QM �M/ KmQM +?�MM2HbX 6Q` 2�+? /�i�b2i- i?2 7QHHQrBM; Bb HBbi2/, i?2 �hG�a
JQMi2 *�`HQ /�i�b2i A.- i?2 T?vbB+b T`Q+2bb UBM+Hm/BM; i?2 K�bb `�M;2 BM :2o
r?2M �TT`QT`B�i2V- i?2 MmK#2` Q7 ;2M2`�i2/ 2p2Mib- i?2 +`Qbb b2+iBQM iBK2b
#`�M+?BM; `�iBQ- K@7�+iQ` UK(m) /2MQi2b � K�bb /2T2M/2Mi K@7�+iQ` Bb mb2/-
b22 �TT2M/BtV- �M/ i?2 2[mBp�H2Mi BMi2;`�i2/ HmKBMQbBiv LBMi = N2vt/(�B)X
G2ii2`b BM i?2 T�`2Mi?2b2b `2T`2b2Mi JQMi2 *�`HQ b�KTH2b rBi? i?2 kyR8+kyRe
/�i�b2i TBH2@mT T`Q}H2 rBi? U�V �M/ i?2 kyRd /�i�b2i TBH2@mT T`Q}H2 rBi? U/VX

Rj9



.�i�b2i A. S`Q+2bb Nevt (F) �B (T#) K@7�+iQ` LBnt (7#�1)
AM+HmbBp2 �M/ K�bb #BMM2/ W� ! ⌧⌫

jeRRy8 W� ! ⌧⌫ RNN88U�V f RNNdyU/V 3Xj2Yyj K(m) kX92YyyU�V f kX92YyyU/V
jyRRey W�(120, 180) ! ⌧⌫ 9dyU�V f 8yyU/V kXk2YyR K(m) kXR2YyRU�V f kXj2YyRU/V
jyRReR W�(180, 250) ! ⌧⌫ k8yU�V f k8yU/V jXj2Yyy K(m) dXe2YyRU�V f dXe2YyRU/V
jyRRek W�(250, 400) ! ⌧⌫ R8yU�V f R8yU/V RXR2Yyy K(m) RX92YykU�V f RX92YykU/V
jyRRej W�(400, 600) ! ⌧⌫ RyyU�V f RyyU/V RX32�yR K(m) 8Xe2YykU�V f 8Xe2YykU/V
jyRRe9 W�(600, 800) ! ⌧⌫ 8yU�V f 8yU/V jXR2�yk K(m) RXe2YyjU�V f RXe2YyjU/V
jyRRe8 W�(800, 1000) ! ⌧⌫ 8yU�V f 8yU/V 3Xj2�yj K(m) eXy2YyjU�V f eXy2YyjU/V
jyRRee W�(1000, 1250) ! ⌧⌫ 9eU�V f 8yU/V jXk2�yj K(m) RX92Yy9U�V f RXe2Yy9U/V
jyRRed W�(1250, 1500) ! ⌧⌫ 8yU�V f 8yU/V RXy2�yj K(m) 8Xy2Yy9U�V f 8Xy2Yy9U/V
jyRRe3 W�(1500, 1750) ! ⌧⌫ 8yU�V f 8yU/V jXd2�y9 K(m) RX92Yy8U�V f RX92Yy8U/V
jyRReN W�(1750, 2000) ! ⌧⌫ 8yU�V f 8yU/V RX82�y9 K(m) jXj2Yy8U�V f jXj2Yy8U/V
jyRRdy W�(2000, 2250) ! ⌧⌫ 8yU�V f 8yU/V eX82�y8 K(m) dXd2Yy8U�V f dXd2Yy8U/V
jyRRdR W�(2250, 2500) ! ⌧⌫ 8yU�V f 8yU/V jXy2�y8 K(m) RXd2YyeU�V f RXd2YyeU/V
jyRRdk W�(2500, 2750) ! ⌧⌫ 8yU�V f 8yU/V RX82�y8 K(m) jXj2YyeU�V f jXj2YyeU/V
jyRRdj W�(2750, 3000) ! ⌧⌫ 8yU�V f 8yU/V dXj2�ye K(m) eX32YyeU�V f eX32YyeU/V
jyRRd9 W�(3000, 3500) ! ⌧⌫ 8yU�V f 8yU/V 8Xd2�ye K(m) 3X32YyeU�V f 3X32YyeU/V
jyRRd8 W�(3500, 4000) ! ⌧⌫ 8yU�V f 8yU/V RXe2�ye K(m) jXR2YydU�V f jXR2YydU/V
jyRRde W�(4000, 4500) ! ⌧⌫ 8yU�V f 8yU/V 9Xd2�yd K(m) RXR2Yy3U�V f RXR2Yy3U/V
jyRRdd W�(4500, 5000) ! ⌧⌫ 8yU�V f 8yU/V RX92�yd K(m) jXe2Yy3U�V f jXe2Yy3U/V
jyRRd3 W�(> 5000) ! ⌧⌫ 8yU�V f 8yU/V eXk2�y3 K(m) 3XR2Yy3U�V f 3XR2Yy3U/V

h�#H2 �XdX JQMi2 *�`HQ b�KTH2b 7Q` #�+F;`QmM/b i?�i +QMi`B#mi2 iQ #Qi? i?2
2H2+i`QM �M/ KmQM +?�MM2HbX 6Q` 2�+? /�i�b2i- i?2 7QHHQrBM; Bb HBbi2/, i?2 �hG�a
JQMi2 *�`HQ /�i�b2i A.- i?2 T?vbB+b T`Q+2bb UBM+Hm/BM; i?2 K�bb `�M;2 BM :2o
r?2M �TT`QT`B�i2V- i?2 MmK#2` Q7 ;2M2`�i2/ 2p2Mib- i?2 +`Qbb b2+iBQM iBK2b
#`�M+?BM; `�iBQ- K@7�+iQ` UK(m) /2MQi2b � K�bb /2T2M/2Mi K@7�+iQ` Bb mb2/-
b22 �TT2M/BtV- �M/ i?2 2[mBp�H2Mi BMi2;`�i2/ HmKBMQbBiv LBMi = N2vt/(�B)X
G2ii2`b BM i?2 T�`2Mi?2b2b `2T`2b2Mi JQMi2 *�`HQ b�KTH2b rBi? i?2 kyR8+kyRe
/�i�b2i TBH2@mT T`Q}H2 rBi? U�V �M/ i?2 kyRd /�i�b2i TBH2@mT T`Q}H2 rBi? U/VX

Rj8



_mM S`Q+2bb N2vt (F) �B (T#) K@7�+iQ` LBnt (7#�1)
AM+HmbBp2 �M/ K�bb #BMM2/ Z ! ee

jeRRye Z ! ee dNN9kU�V f dNj9yU/V RXN2Yyj K(m) 9Xk2YyRU�V f 9Xk2YyRU/V
jyRyyy Z(120, 180) ! ee 9NNU�V f RRR8U/V RXd2YyR K(m) kXN2YyRU�V f eXe2YyRU/V
jyRyyR Z(180, 250) ! ee k8yU�V f k98U/V kXN2Yyy K(m) 3Xe2YyRU�V f 3X92YyRU/V
jyRyyk Z(250, 400) ! ee R8yU�V f R8yU/V RXR2Yyy K(m) RX92YykU�V f RX92YykU/V
jyRyyj Z(400, 600) ! ee RyyU�V f 3k8U/V kXy2�yR K(m) 8Xy2YykU�V f 9XR2YyjU/V
jyRyy9 Z(600, 800) ! ee R98U�V f j3eU/V jXd2�yk K(m) jXN2YyjU�V f RXy2Yy9U/V
jyRyy8 Z(800, 1000) ! ee 8yU�V f 8yU/V RXR2�yk K(m) 9X82YyjU�V f 9X82YyjU/V
jyRyye Z(1000, 1250) ! ee 8yU�V f 8yU/V 9Xj2�yj K(m) RXk2Yy9U�V f RXk2Yy9U/V
jyRyyd Z(1250, 1500) ! ee 8yU�V f RkU/V RX92�yj K(m) jXe2Yy9U�V f 3Xe2YyjU/V
jyRyy3 Z(1500, 1750) ! ee 8yU�V f 8yU/V 8X82�y9 K(m) NXR2Yy9U�V f NXR2Yy9U/V
jyRyyN Z(1750, 2000) ! ee RyyU�V f k8U/V kXj2�y9 K(m) 9Xj2Yy8U�V f RXR2Yy8U/V
jyRyRy Z(2000, 2250) ! ee 8yU�V f RkU/V RXy2�y9 K(m) 8Xy2Yy8U�V f RXk2Yy8U/V
jyRyRR Z(2250, 2500) ! ee 8yU�V f 8yU/V 9XN2�y8 K(m) RXy2YyeU�V f RXy2YyeU/V
jyRyRk Z(2500, 2750) ! ee 8yU�V f 8yU/V kX92�y8 K(m) kXR2YyeU�V f kXR2YyeU/V
jyRyRj Z(2750, 3000) ! ee 8yU�V f 8yU/V RXk2�y8 K(m) 9Xk2YyeU�V f 9Xk2YyeU/V
jyRyR9 Z(3000, 3500) ! ee RyU�V f 9yU/V RXy2�y8 K(m) RXy2YyeU�V f 9Xy2YyeU/V
jyRyR9 Z(3000, 3500) ! ee RyU�V f 9yU/V RXy2�y8 K(m) RXy2YyeU�V f 9Xy2YyeU/V
jyRyR8 Z(3500, 4000) ! ee 8yU�V f RkU/V kXN2�ye K(m) RXd2YydU�V f 9XR2YyeU/V
jyRyRe Z(4000, 4500) ! ee 8yU�V f 9eU/V NXy2�yd K(m) 8Xe2YydU�V f 8XR2YydU/V
jyRyRd Z(4500, 5000) ! ee 8yU�V f RRU/V kX32�yd K(m) RX32Yy3U�V f jXN2YydU/V
jyRyR3 Z(> 5000) ! ee 8yU�V f 8yU/V RXj2�yd K(m) jX32Yy3U�V f jX32Yy3U/V

h�#H2 �X3X JQMi2 *�`HQ b�KTH2b 7Q` #�+F;`QmM/b i?�i +QMi`B#mi2 iQ i?2 2H2+@
i`QM +?�MM2HX 6Q` 2�+? /�i�b2i- i?2 7QHHQrBM; Bb HBbi2/, i?2 �hG�a JQMi2 *�`HQ
/�i�b2i A.- i?2 T?vbB+b T`Q+2bb UBM+Hm/BM; i?2 K�bb `�M;2 BM :2o r?2M �TT`Q@
T`B�i2V- i?2 MmK#2` Q7 ;2M2`�i2/ 2p2Mib- i?2 +`Qbb b2+iBQM iBK2b #`�M+?BM; `�iBQ-
K@7�+iQ` UK(m) /2MQi2b � K�bb /2T2M/2Mi K@7�+iQ` Bb mb2/V- �M/ i?2 2[mBp�H2Mi
BMi2;`�i2/ HmKBMQbBiv LBMi = N2vt/(�B)X G2ii2`b BM i?2 T�`2Mi?2b2b `2T`2b2Mi
JQMi2 *�`HQ b�KTH2b rBi? i?2 kyR8+kyRe /�i�b2i TBH2@mT T`Q}H2 rBi? U�V �M/
i?2 kyRd /�i�b2i TBH2@mT T`Q}H2 rBi? U/VX

Rje



_mM S`Q+2bb N2vt (F) �B (T#) K@7�+iQ` LBnt (7#�1)
AM+HmbBp2 �M/ K�bb #BMM2/ Z ! µµ

jeRRyd Z ! µµ dN3d9U�V f 3yNRNU/V RXN2Yyj K(m) 9Xk2YyRU�V f 9Xj2YyRU/V
jyRyky Z(120, 180) ! µµ 8yyU�V f R93eU/V RXd2YyR K(m) kXN2YyRU�V f 3Xd2YyRU/V
jyRykR Z(180, 250) ! µµ k8yU�V f 3N3U/V kXN2Yyy K(m) 3Xe2YyRU�V f jXR2YykU/V
jyRykk Z(250, 400) ! µµ R8yU�V f RRN8U/V RXR2Yyy K(m) RX92YykU�V f RXR2YyjU/V
jyRykj Z(400, 600) ! µµ RyyU�V f NyyU/V kXy2�yR K(m) 8Xy2YykU�V f 9X82YyjU/V
jyRyk9 Z(600, 800) ! µµ RyyU�V f 9N8U/V jXd2�yk K(m) kXd2YyjU�V f RXj2Yy9U/V
jyRyk8 Z(800, 1000) ! µµ 8yU�V f k8yU/V RXR2�yk K(m) 9X82YyjU�V f kXj2Yy9U/V
jyRyke Z(1000, 1250) ! µµ 8yU�V f RyyU/V 9Xj2�yj K(m) RXk2Yy9U�V f kXj2Yy9U/V
jyRykd Z(1250, 1500) ! µµ 8yU�V f 8yU/V RX92�yj K(m) jXe2Yy9U�V f jXe2Yy9U/V
jyRyk3 Z(1500, 1750) ! µµ 8yU�V f 8yU/V 8X82�y9 K(m) NXR2Yy9U�V f NXR2Yy9U/V
jyRykN Z(1750, 2000) ! µµ 8yU�V f 8yU/V kXj2�y9 K(m) kXk2Yy8U�V f kXk2Yy8U/V
jyRyjy Z(2000, 2250) ! µµ 8yU�V f 8yU/V RXy2�y9 K(m) 8Xy2Yy8U�V f 8Xy2Yy8U/V
jyRyjR Z(2250, 2500) ! µµ 8yU�V f 8yU/V 9XN2�y8 K(m) RXy2YyeU�V f RXy2YyeU/V
jyRyjk Z(2500, 2750) ! µµ 8yU�V f 8yU/V kX92�y8 K(m) kXR2YyeU�V f kXR2YyeU/V
jyRyjj Z(2750, 3000) ! µµ 8yU�V f 8yU/V RXk2�y8 K(m) 9Xk2YyeU�V f 9Xk2YyeU/V
jyRyj9 Z(3000, 3500) ! µµ 8yU�V f 8yU/V RXy2�y8 K(m) 8Xy2YyeU�V f 8Xy2YyeU/V
jyRyj8 Z(3500, 4000) ! µµ 8yU�V f 8yU/V kXN2�ye K(m) RXd2YydU�V f RXd2YydU/V
jyRyje Z(4000, 4500) ! µµ 8yU�V f 8yU/V NXy2�yd K(m) 8Xe2YydU�V f 8Xe2YydU/V
jyRyjd Z(4500, 5000) ! µµ 8yU�V f 8yU/V kX32�yd K(m) RX32Yy3U�V f RX32Yy3U/V
jyRyj3 Z(> 5000) ! µµ 8yU�V f 8yU/V RXj2�yd K(m) jX32Yy3U�V f jX32Yy3U/V

h�#H2 �XNX JQMi2 *�`HQ b�KTH2b 7Q` #�+F;`QmM/b i?�i +QMi`B#mi2 iQ i?2 KmQM
+?�MM2HX 6Q` 2�+? /�i�b2i- i?2 7QHHQrBM; Bb HBbi2/, i?2 �hG�a JQMi2 *�`HQ
/�i�b2i A.- i?2 T?vbB+b T`Q+2bb UBM+Hm/BM; i?2 K�bb `�M;2 BM :2o r?2M �TT`Q@
T`B�i2V- i?2 MmK#2` Q7 ;2M2`�i2/ 2p2Mib- i?2 +`Qbb b2+iBQM iBK2b #`�M+?BM; `�iBQ-
K@7�+iQ` UK(m) /2MQi2b � K�bb /2T2M/2Mi K@7�+iQ` Bb mb2/V- �M/ i?2 2[mBp�H2Mi
BMi2;`�i2/ HmKBMQbBiv LBMi = N2vt/(�B)X G2ii2`b BM i?2 T�`2Mi?2b2b `2T`2b2Mi
JQMi2 *�`HQ b�KTH2b rBi? i?2 kyR8+kyRe /�i�b2i TBH2@mT T`Q}H2 rBi? U�V �M/
i?2 kyRd /�i�b2i TBH2@mT T`Q}H2 rBi? U/VX

Rjd



_mM S`Q+2bb N2vt (F) �B (T#) K@7�+iQ` LBnt (7#�1)
AM+HmbBp2 �M/ K�bb #BMM2/ Z ! ⌧⌧

jeRRy3 Z ! ⌧⌧ jN9N8U�V f jdRR9U/V RXN2Yyj K(m) kXR2YyRU�V f kXy2YyRU/V
jyRy9y Z(120, 180) ! ⌧⌧ 98yU�V f 98yU/V RXd2YyR K(m) kXe2YyRU�V f kXe2YyRU/V
jyRy9R Z(180, 250) ! ⌧⌧ R8yU�V f 98yU/V kXN2Yyy K(m) 8Xk2YyRU�V f RXe2YykU/V
jyRy9k Z(250, 400) ! ⌧⌧ 999U�V f 98yU/V RXR2Yyy K(m) 9Xy2YykU�V f 9XR2YykU/V
jyRy9j Z(400, 600) ! ⌧⌧ R8yU�V f 98yU/V kXy2�yR K(m) dX82YykU�V f kXk2YyjU/V
jyRy99 Z(600, 800) ! ⌧⌧ 98yU�V f 98yU/V jXd2�yk K(m) RXk2Yy9U�V f RXk2Yy9U/V
jyRy98 Z(800, 1000) ! ⌧⌧ 98yU�V f 98yU/V RXR2�yk K(m) 9XR2Yy9U�V f 9XR2Yy9U/V
jyRy9e Z(1000, 1250) ! ⌧⌧ 98yU�V f 98yU/V 9Xj2�yj K(m) RXy2Yy8U�V f RXy2Yy8U/V
jyRy9d Z(1250, 1500) ! ⌧⌧ 98yU�V f 98yU/V RX92�yj K(m) jXk2Yy8U�V f jXk2Yy8U/V
jyRy93 Z(1500, 1750) ! ⌧⌧ j8yU�V f j8yU/V 8X82�y9 K(m) eX92Yy8U�V f eX92Yy8U/V
jyRy9N Z(1750, 2000) ! ⌧⌧ kj8U�V f kj8U/V kXj2�y9 K(m) RXy2YyeU�V f RXy2YyeU/V
jyRy8y Z(2000, 2250) ! ⌧⌧ 98yU�V f 98yU/V RXy2�y9 K(m) 9X82YyeU�V f 9X82YyeU/V
jyRy8R Z(2250, 2500) ! ⌧⌧ j8yU�V f j8yU/V 9XN2�y8 K(m) dXR2YyeU�V f dXR2YyeU/V
jyRy8k Z(2500, 2750) ! ⌧⌧ j8yU�V f j8yU/V kX92�y8 K(m) RX82YydU�V f RX82YydU/V
jyRy8j Z(2750, 3000) ! ⌧⌧ j8yU�V f j8yU/V RXk2�y8 K(m) kXN2YydU�V f kXN2YydU/V
jyRy89 Z(3000, 3500) ! ⌧⌧ j8yU�V f j8yU/V RXy2�y8 K(m) jX82YydU�V f jX82YydU/V
jyRy88 Z(3500, 4000) ! ⌧⌧ 9yyU�V f 9yyU/V kXN2�ye K(m) RX92Yy3U�V f RX92Yy3U/V
jyRy8e Z(4000, 4500) ! ⌧⌧ jR8U�V f jR8U/V NXy2�yd K(m) jX82Yy3U�V f jX82Yy3U/V
jyRy8d Z(4500, 5000) ! ⌧⌧ j8yU�V f j8yU/V kX32�yd K(m) RXk2YyNU�V f RXk2YyNU/V
jyRy83 Z(> 5000) ! ⌧⌧ j8yU�V f j8yU/V RXj2�yd K(m) kXd2YyNU�V f kXd2YyNU/V

h�#H2 �XRyX JQMi2 *�`HQ b�KTH2b 7Q` #�+F;`QmM/b i?�i +QMi`B#mi2 iQ #Qi?
i?2 2H2+i`QM �M/ KmQM +?�MM2HbX 6Q` 2�+? /�i�b2i- i?2 7QHHQrBM; Bb HBbi2/, i?2
�hG�a JQMi2 *�`HQ /�i�b2i A.- i?2 T?vbB+b T`Q+2bb UBM+Hm/BM; i?2 K�bb `�M;2
BM :2o r?2M �TT`QT`B�i2V- i?2 MmK#2` Q7 ;2M2`�i2/ 2p2Mib- i?2 +`Qbb b2+iBQM
iBK2b #`�M+?BM; `�iBQ- K@7�+iQ` UK(m) /2MQi2b � K�bb /2T2M/2Mi K@7�+iQ` Bb
mb2/V- �M/ i?2 2[mBp�H2Mi BMi2;`�i2/ HmKBMQbBiv LBMi = N2vt/(�B)X G2ii2`b
BM i?2 T�`2Mi?2b2b `2T`2b2Mi JQMi2 *�`HQ b�KTH2b rBi? i?2 kyR8+kyRe /�i�b2i
TBH2@mT T`Q}H2 rBi? U�V �M/ i?2 kyRd /�i�b2i TBH2@mT T`Q}H2 rBi? U/VX

Rj3



"X GQr@pT *QMi`QH _2;BQM

h?Bb �TT2M/Bt /Q+mK2Mib bQK2 �//BiBQM�H +?2+Fb i?�i r2`2 T2`7Q`K2/ iQ 7m`i?2` mM/2`bi�M/

i?2 Qp2`2biBK�iBQM Q7 i?2 #�+F;`QmM/ Q#b2`p2/ �i HQr pT BM i?2 2H2+i`QM +?�MM2H �b b?QrM

BM 6B;m`2 RRXRX h?2 /Bbi`B#miBQMb BM 6B;m`2 "XR b?Qr i?2 Qp2`2biBK�iBQM Q7 i?2 #�+F;`QmM/

BM i?2 p�`BQmb /Bbi`B#miBQMb 7Q` pT I 145GeV BM i?2 }M�H b2H2+iBQMX h?2 Qp2`2biBK�iBQM

6B;m`2 "XRX .Bbi`B#miBQMb Q7 i?2 ⌘ UiQT H27iV- |��
e,E

miss
T

| UiQT `B;?iV- Emiss
T U#Qi@

iQK H27iV �M/ mT U#QiiQK `B;?iV 7Q` 2H2+i`QM pT H2bb i?�M 145GeV BM i?2 }M�H
b2H2+iBQMX

RjN



Bb �#Qmi Ry% �M/ Bi Bb MQi HQ+�HBx2/ �Mv Q7 i?2b2 /Bbi`B#miBQMbX aBM+2 i?2 i`�Mbp2`b2 K�bb

+mi Q7 300GeV BM i?2 }M�H b2H2+iBQM H2�/b �bvKK2i`B+ 2p2Mi iQTQHQ;B2b 7Q` pT I 145GeV

2p2Mib- Bi Bb +QKT�`2/ rBi? bvbK2i`B+ 2p2Mi iQTQHQ;B2b �b b?QrM BM 6B;m`2 "XkX

h?2 /Bbi`B#miBQMb BM 6B;m`2 "Xk b?Qr i?2 |��
e,E

miss
T

| �M/ i?2 �#bQHmi2 p�Hm2 Q7 i?2 /Bz2`@

2M+2 #2ir22M i?2 2H2+i`QM pT �M/ E
miss
T 7Q` pT I 145GeV QM i?2 H27i ?�M/ bB/2 �M/ R98 I

pT I 300GeV QM i?2 `B;?i ?�M/ bB/2X �b 2tT2+i2/ i?2 rB/i? Q7 i?2 |��
e,E

miss
T

| /Bbi`B#miBQM

Bb M�``Qr2`- �M/ i?2 /Bz2`2M+2 #2ir22M i?2 2H2+i`QM pT �M/ E
miss
T Bb T2�FBM; �i y 7Q` i?2

bvKK2i`B+ 2p2Mi iQTQHQ;v �b b?QrM QM i?2 `B;?i ?�M/ bB/2X h?2 �;`22K2Mi #2ir22M i?2

6B;m`2 "XkX .Bbi`B#miBQMb Q7 i?2 |��
e,E

miss
T

| UiQTV �M/ |pT � E
miss
T | U#QiiQKV

#2ir22M 2H2+i`QM pT �M/ E
miss
T 7Q` 2H2+i`QM pT < 145GeV QM i?2 H27i ?�M/ bB/2

�M/ 145 < pT < 300GeV QM i?2 `B;?i ?�M/ bB/2X

R9y



/�i� �M/ #�+F;`QmM/ Bb `2�bQM�#Hv ;QQ/ 7Q` i?2 bvKK2i`B+ 2p2Mi iQTQHQ;vX PM i?2 Qi?2`

?�M/- i?2 /Bz2`2M+2 #2ir22M i?2 2H2+i`QM pT �M/ E
miss
T 7Q` pT I 145GeV b?Qrb � `2H�iBp2Hv

H�`;2 /Bz2`2M+2 �b b?QrM BM 6B;m`2 "Xk U#QiiQK H27iVX AM i?Bb THQi- Bi +�M #2 b22M i?�i i?2

b?�T2 BM i?2 `�iBQ T�M2H 7QHHQrb i?2 QM2 7Q` R98 I pT I 300GeV 7Q` i?2 }`bi 72r #BMb-

#mi Bi Bb bvbi2K�iB+�HHv HQr2` �`QmM/ 100 @ 200GeVX AM �//BiBQM- i?2 K�;MBim/2 �M/ i?2

`�M;2 Q7 i?2 Qp2`biBK�iBQM �`2 bBKBHB�` iQ i?2 +QMi`B#miBQM Q7 KmHiBD2i #�+F;`QmM/X �i i?Bb

TQBMi- Bi Bb MQi bm`T`BbBM; i?�i i?2 KmHiBD2i #�+F;`QmM/ 2biBK�iBQM Bb MQi rQ`FBM; r2HH bBM+2

i?2 7�F2 2{+B2M+v Bb 2biBK�i2/ QMHv mT iQ E
miss
T H2bb i?�M 60GeV �b b?QrM BM 6B;m`2 NX8

U#QiiQK H27iVX h?2 7�F2 2{+B2M+v i�F2b i?2 |��
e,E

miss
T

| iQ `2bQHp2 i?2 E
miss
T /2T2M/2M+v #mi

Bi Bb MQi bm{+B2MiX h?2 /Bb+QMiBMmBiv �i pT �`QmM/ R8y :2o BM 6B;m`2 RRXR �HbQ bmTTQ`ib �b

Bi +QBM+B/2b rBi? i?2 /Bb+QMiBMmBiv BM i?2 7�F2 2{+B2M+v �b b?QrM BM 6B;m`2 NX8 UiQT H27iVX

h?2 /Bbi`B#miBQMb BM 6B;X "Xj b?Qr i?2 pT- Emiss
T - ⌘- |��

e,E
miss
T

|- |pT � E
miss
T | �M/ mT

/Bbi`B#miBQMb rBi?Qmi i?2 KmHiBD2i #�+F;`QmM/- �M/ Bi +�M #2 b22M i?�i i?2 /�i� �M/ #�+F@

;`QmM/ �;`22 [mBi2 r2HH rBi?Qmi i?2 KmHiBD2i #�+F;`QmM/ +QMi`B#miBQMX

h?2 BKT�+i iQ i?2 }M�H `2bmHi b?QmH/ #2 K�`;BM�H �b Bi Bb � 8ĜRyW Qp2`2biBK�iBQM Q7

RyW Q7 i?2 iQi�H #�+F;`QmM/ UyX8ĜRW iQ i?2 iQi�H #�+F;`QmM/VX Ai �HbQ TQTmH�i2b BM i?2 HQr

mT `2;BQM �b b?QrM BM 6B;m`2 "XR U`B;?i #QiiQKVX AM i?2 `�iBQ T�M2H- QMHv i?2 }`bi �M/

i?B`/ #BMb �`2 MQi +Qp2`2/ #v i?2 bvbi2K�iB+ mM+2`i�BMiv #�M/ r?B+? Bb �TT`QtBK�i2Hv 8W

BM i?Bb `2;BQMX 6m`i?2` bim/B2b �`2 QM;QBM; iQ BKT`Qp2 i?2 KmHiBD2i #�+F;`QmM/ 2biBK�iBQM-

2bT2+B�HHv BM i2`Kb Q7 Emiss
T /2T2M/2M+vX

R9R



6B;m`2 "XjX .Bbi`B#miBQMb Q7 i?2 pT- Emiss
T - ⌘- |��

e,E
miss
T

|- |pT � E
miss
T | �M/ mT

rBi?Qmi i?2 KmHiBD2i #�+F;`QmM/ 7Q` 2H2+i`QM pT H2bb i?�M 145GeV BM i?2 }M�H
b2H2+iBQMX

R9k



"A"GAP:_�S>u

(R) 1X _mi?2`7Q`/- h?2 b+�ii2`BM; Q7 �HT?� �M/ #2i� T�`iB+H2b #v K�ii2` �M/ i?2 bi`m+im`2
Q7 i?2 �iQK- S?BHX J�;X kR URNRRV eeNX

(k) CX *?�/rB+F- SQbbB#H2 1tBbi2M+2 Q7 � L2mi`QM- L�im`2 RkN URNjkV jRkX

(j) CX CX h?QKbQM- *�i?Q/2 `�vb- S?BHX J�;X 99 UR3NdV kNjX

(9) JX :2HH@J�MM- � a+?2K�iB+ JQ/2H Q7 "�`vQMb �M/ J2bQMb- S?vbX G2iiX 3 URNe9V kR9X

(8) �hG�a *QHH�#Q`�iBQM- P#b2`p�iBQM Q7� M2r T�`iB+H2 BM i?2 b2�`+? 7Q` i?2 ai�M/�`/
JQ/2H >B;;b #QbQM rBi? i?2 �hG�a /2i2+iQ` �i i?2 G>*- S?vbX G2iiX " dRe UkyRkV RX

(e) *Ja *QHH�#Q`�iBQM- P#b2`p�iBQM Q7� M2r #QbQM �i � K�bb Q7Rk8 :2o rBi? i?2 *Ja
2tT2`BK2Mi �i i?2 G>*- S?vbX G2iiX " dRe UkyRkV jyX

(d) JX S2bFBM �M/ .X a+?`Q2/2`- �M AMi`Q/m+iBQM iQ Zm�MimK 6B2H/ h?2Q`vX q2bipB2r-
RNN8X

(3) :X >BMb?�r 2i �HX- 6Bp2@u2�` qBHFBMbQM JB+`Qr�p2 �MBbQi`QTv S`Q#2 UqJ�SV
P#b2`p�iBQMb, .�i� S`Q+2bbBM;- aFv J�Tb- �M/ "�bB+ _2bmHib- �bi`QT?vbX CX amTTHX
R3y UkyyNV kk8X

(N) .X *HQr2 2i �HX- � /B`2+i 2KTB`B+�H T`QQ7 Q7 i?2 2tBbi2M+2 Q7 /�`F K�ii2`- �bi`QT?vbX CX
e93 UkyyeV RyNX

(Ry) SH�M+F *QHH�#Q`�iBQM- SH�M+F kyRj `2bmHibX AX Pp2`pB2r Q7 S`Q/m+ib �M/ a+B2MiB}+
_2bmHib- �bi`QMQKv �M/ �bi`QT?vB+b 8dR UkyR9VX

(RR) SX 6�v2i- amT2`bvKK2i`v �M/ r2�F- 2H2+i`QK�;M2iB+ �M/ bi`QM; BMi2`�+iBQMb- S?vbX
G2iiX " e9 URNdeV R8NX

(Rk) hX �TT2H[mBbi 2i �HX- "QmM/b QM mMBp2`b�H 2ti`� /BK2MbBQMb- S?vbX _2pX . e9 UkyyRV
yj8yykX

(Rj) EX >bB2? 2i �HX- :HQ#�H �M�HvbBb Q7 ;2M2`�H alUkV ⇥ alUkV ⇥ lURV KQ/2Hb rBi?
T`2+BbBQM /�i�- S?vbX _2pX . 3k UkyRyV yj8yRRX

(R9) �X J�B2xx� 2i �HX- G27i@_B;?i avKK2i`v �i G>*- S?vbX _2pX . 3k UkyRyV y88ykkX

(R8) :X �Hi�`2HHB 2i �HX- a2�`+?BM; 7Q` L2r >2�pv o2+iQ` "QbQMb BM Tp̄ *QHHB/2`b- wX S?vbX
* 9d URNNyV edeX

(Re) *X �`BM� 2i �HX- *QMbi`�BMib QM bM2mi`BMQ /�`F K�ii2` 7`QK G>* _mM R- C>1S y8
UkyR8V R9kX

(Rd) �X "B`F2/�H 2i �HX- .�`F K�ii2` �i +QHHB/2`b, � KQ/2H BM/2T2M/2Mi �TT`Q�+?- S?vbX
_2pX . dy Ukyy9V ydddyRX

R9j
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(R3) CX :QQ/K�M 2i �HX- *QMbi`�BMib QM HB;?i J�DQ`�M� /�`F K�ii2` 7`QK +QHHB/2`b- S?vbX
G2iiX " eN8 UkyRRV R38X

(RN) uX "�B 2i �HX- h?2 h2p�i`QM �i i?2 7`QMiB2` Q7 /�`F K�ii2` /B`2+i /2i2+iBQM- C>1S Rk
UkyRyV y93X

(ky) CX :QQ/K�M 2i �HX- *QMbi`�BMib QM /�`F K�ii2` 7`QK +QHHB/2`b- S?vbX _2pX . 3k
UkyRyV RReyRyX

(kR) GX _X 1p�Mb �M/ SX "`v�Mi- G>* J�+?BM2- CALah j Ukyy3V ay3yyRX

(kk) �hG�a *QHH�#Q`�iBQM- h?2 �hG�a 1tT2`BK2Mi �i i?2 *1_L G�`;2 >�/`QM *QHHB/2`-
CALah j Ukyy3V ay3yyjX

(kj) 1X JQ#b �M/ 1X �M�Bb- h?2 *1_L �++2H2`�iQ` +QKTH2t-
?iiTb,ff+/bX+2`MX+?f`2+Q`/fkkk839dX

(k9) :XS�TQiiB 2i �HX- PT2`�iBQM Q7 i?2 G>* rBi? S`QiQMb �i >B;? GmKBMQbBiv �M/ >B;?
1M2`;v- BM S`Q+22/BM;b- di? AMi2`M�iBQM�H S�`iB+H2 �++2H2`�iQ` *QM72`2M+2 UAS�*
kyReV- "mb�M- EQ`2�- J�v kyReX

(k8) �hG�a *QHH�#Q`�iBQM- *QKKBbbBQMBM; Q7 i?2 �hG�a JmQM aT2+i`QK2i2` rBi?
*QbKB+ _�vb- 1m`X S?vbX CX * dy UkyRyV 3d8X

(ke) hX *Q`M2HBbb2M 2i �HX- *QM+2Tib- .2bB;M �M/ AKTH2K2Mi�iBQM Q7 i?2 �hG�a L2r
h`�+FBM; UL1qhV- �hG�a@aP6h@Sl"@kyyd@yyd-
?iiTb,ff+/bX+2`MX+?f`2+Q`/fRykyRyeX

(kd) _X 6`Ƀ?rB`i?- �TTHB+�iBQM Q7 E�HK�M 6BHi2`BM; iQ h`�+F �M/ o2`i2t 6BiiBM;- Lm+HX
AMbi`mKX J2i?X� kek URN3dV 999X

(k3) hX *Q`M2HBbb2M 2i �HX- h?2 ;HQ#�H �2 i`�+F }ii2` BM �hG�a- CX S?vbX *QM7X a2`X RRN
Ukyy3V yjkyRjX

(kN) qX G�KTH 2i �HX- *�HQ`BK2i2` *Hmbi2`BM; �H;Q`Bi?Kb, .2b+`BTiBQM �M/ S2`7Q`K�M+2-
�hG@G�_:@Sl"@kyy3@yyk- ?iiTb,ff+/bX+2`MX+?f`2+Q`/fRyNNdj8X

(jy) �hG�a *QHH�#Q`�iBQM- hQTQHQ;B+�H +2HH +Hmbi2`BM; BM i?2 �hG�a +�HQ`BK2i2`b �M/ Bib
T2`7Q`K�M+2 BM G>* _mM R- 1m`X S?vbX CX * dd UkyRdV 9NyX

(jR) �hG�a *QHH�#Q`�iBQM- 1H2+i`QM �M/ T?QiQM `2+QMbi`m+iBQM �M/ T2`7Q`K�M+2 BM
�hG�a mbBM; � /vM�KB+�H- iQTQHQ;B+�H +2HH +Hmbi2`BM;@#�b2/ �TT`Q�+?-
�hG�a@S>ua@Sl"@kyRd@ykk- ?iiTb,ff+/bX+2`MX+?f`2+Q`/fkkN3N88X

(jk) �hG�a *QHH�#Q`�iBQM- AKT`Qp2/ 2H2+i`QM `2+QMbi`m+iBQM BM �hG�a mbBM; i?2
:�mbbB�M bmK }Hi2`@#�b2/ KQ/2H 7Q` #`2Kbbi`�?HmM;- �hG�a@*PL6@kyRk@y9d-
?iiT,ffBMbTB`2?2TXM2if`2+Q`/fRky9kdRX

(jj) �hG�a *QHH�#Q`�iBQM- 1H2+i`QM 2{+B2M+v K2�bm`2K2Mib rBi? i?2 �hG�a /2i2+iQ`
mbBM; kyRk G>* T`QiQMĜT`QiQM +QHHBbBQM /�i�- h?2 1m`QT2�M S?vbB+�H CQm`M�H * dd
UkyRdV RN8X

(j9) �hG�a *QHH�#Q`�iBQM- 1H2+i`QM 2{+B2M+v K2�bm`2K2Mib rBi? i?2 �hG�a /2i2+iQ`
mbBM; i?2 kyR8 G>* T`QiQM@T`QiQM +QHHBbBQM /�i�- �hG�a@*PL6@kyRe@yk9-
?iiT,ffBMbTB`2?2TXM2if`2+Q`/fR9edyejX

(j8) �X >Q2+F2` 2i �HX- hJo�, iQQHFBi 7Q` KmHiBp�`B�i2 /�i� �M�HvbBb- SQa �*�h y9y
UkyydV- �`sBp,T?vbB+bfydyjyjNX
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(je) JX *�++B�`B �M/ :X SX a�H�K- SBH2mT bm#i`�+iBQM mbBM; D2i �`2�b- S?vbX G2iiX " e8N
Ukyy3V RRNX

(jd) �hG�a *QHH�#Q`�iBQM- 1H2+i`QM �M/ T?QiQM 2M2`;v +�HB#`�iBQM rBi? i?2 �hG�a
/2i2+iQ` mbBM; G>* _mM R /�i�- 1m`X S?vbX CX * d9 UkyR9V jydRX

(j3) �hG�a *QHH�#Q`�iBQM- JmQM `2+QMbi`m+iBQM T2`7Q`K�M+2 Q7 i?2 �hG�a /2i2+iQ` BM
T`QiQMĜT`QiQM +QHHBbBQM /�i� �i ps = 13 h2o- 1m`X S?vbX CX * de UkyReV kNkX

(jN) JX *�++B�`B- :X SX a�H�K �M/ :X aQv2x- h?2 �MiB@FUiV D2i +Hmbi2`BM; �H;Q`Bi?K- C>1S
kyy3 MQX y9- UyejV kyy3X

(9y) �hG�a *QHH�#Q`�iBQM- C2i 2M2`;v b+�H2 K2�bm`2K2Mib �M/ i?2B` bvbi2K�iB+
mM+2`i�BMiB2b BM T`QiQMĜT`QiQM +QHHBbBQMb �i ps = 13 h2o rBi? i?2 �hG�a /2i2+iQ`-
S?vbX _2pX . Ne UkyRdV ydkyykX

(9R) �hG�a *QHH�#Q`�iBQM- S2`7Q`K�M+2 Q7TBH2@mT KBiB;�iBQM i2+?MB[m2b 7Q` D2ib BM TT
+QHHBbBQMb �i ps = 8 h2o mbBM; i?2 �hG�a /2i2+iQ`- 1m`X S?vbX CX * de UkyReV 83RX

(9k) �hG�a *QHH�#Q`�iBQM- C2i `2+QMbi`m+iBQM �M/ T2`7Q`K�M+2 mbBM; T�`iB+H2 ~Qr rBi?
i?2 �hG�a .2i2+iQ`- 1m`X S?vbX CX * dd UkyRdV 9eeX

(9j) �hG�a *QHH�#Q`�iBQM- a2H2+iBQM Q7 D2ib T`Q/m+2/ BM Rj h2o T`QiQM@T`QiQM +QHHBbBQMb
rBi? i?2 �hG�a /2i2+iQ`- �hG�a@*PL6@kyR8@ykN-
?iiT,ffBMbTB`2?2TXM2if`2+Q`/fRj39N3yX

(99) �hG�a *QHH�#Q`�iBQM- S2`7Q`K�M+2 Q7TBH2@mT KBiB;�iBQM i2+?MB[m2b 7Q` D2ib BM TT
+QHHBbBQMb �i ps = 8 h2o mbBM; i?2 �hG�a /2i2+iQ`- 1m`X S?vbX CX * de UkyReV 83RX

(98) �hG�a *QHH�#Q`�iBQM- J2�bm`2K2Mib Q7i?2 T?QiQM B/2MiB}+�iBQM 2{+B2M+v rBi? i?2
�hG�a /2i2+iQ` mbBM; 9XN 7#�1 Q7 TT +QHHBbBQM /�i� +QHH2+i2/ BM kyRR-
�hG�a@*PL6@kyRk@Rkj- ?iiT,ff+/bX+2`MX+?f`2+Q`/fR9dj9keX

(9e) �hG�a *QHH�#Q`�iBQM- _2+QMbi`m+iBQM- 1M2`;v *�HB#`�iBQM- �M/ A/2MiB}+�iBQM
Q7>�/`QMB+�HHv .2+�vBM; h�m G2TiQMb BM i?2 �hG�a 1tT2`BK2Mi 7Q` _mM@k Q7i?2
G>*- �hG�a@S>ua@Sl"@kyR8@y98- ?iiTb,ff+/bX+2`MX+?f`2+Q`/fkye9j3jX

(9d) �hG�a *QHH�#Q`�iBQM- Emiss

T
T2`7Q`K�M+2 BM i?2 �hG�a /2i2+iQ` mbBM; kyR8@kyRe

G>* pp +QHHBbBQMb- �hG�a@*PL6@kyR3@ykj- ?iiTb,ff+/bX+2`MX+?f`2+Q`/fkek8kjjX

(93) �hG�a *QHH�#Q`�iBQM- 6Q`r�`/ C2i o2`i2t h�;;BM;, � M2r i2+?MB[m2 7Q` i?2
B/2MiB}+�iBQM �M/ `2D2+iBQM QzQ`r�`/ TBH2mT D2ib- �hG�a@S>ua@Sl"@kyR8@yj9-
?iiTb,ff+/bX+2`MX+?f`2+Q`/fky9kyN3X

(9N) hX aDƺbi`�M/- JQMi2 *�`HQ :2M2`�iQ`b- �`sBp,?2T@T?fyeRRk9dX

(8y) hX aDƺbi`�M/ 2i �HX- � "`B27 AMi`Q/m+iBQM iQ Suh>A� 3XR- *QKTmiX S?vbX *QKKmMX
Rd3 Ukyy3V 38kX

(8R) aX �HBQHB 2i �HX- � ;2M2`�H 7`�K2rQ`F 7Q` BKTH2K2MiBM; LGP +�H+mH�iBQMb BM b?Qr2`
JQMi2 *�`HQ T`Q;`�Kb, i?2 SPq>1: "Ps- C>1S ye UkyRyV 9jX

(8k) CX �Hr�HH 2i �HX- � ai�M/�`/ 7Q`K�i 7Q` G2b >Qm+?2b 2p2Mi }H2- *QKTmiX S?vbX
*QKKmMX Rde UkyydV jyyX

(8j) hX :H2Bb#2`; 2i �HX- 1p2Mi ;2M2`�iBQM rBi? a?2`T� RXR- C>1S yk UkyyNV yydX
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(89) JX .Q##b 2i �HX- h?2 >2TJ* *YY JQMi2 *�`HQ 2p2Mi `2+Q`/ 7Q` ?B;? 2M2`;v T?vbB+b-
*QKTmiX S?vbX *QKKmMX Rj9 UkyyRV 9RX

(88) aX �;QbiBM2HHB 2i �HX- :2�Mi9 � bBKmH�iBQM iQQHFBi- Lm+HX AMbi`mKX J2i?Q/b S?vbX _2bX
� 8ye UkyyjV k8yX

(8e) �hG�a *QHH�#Q`�iBQM- h?2 �hG�a aBKmH�iBQM AM7`�bi`m+im`2- 1m`X S?vbX CX * dy
UkyRyV 3kjX

(8d) _X .X "�HH 2i �HX- S�`iQM /Bbi`B#miBQMb rBi? G>* /�i�- Lm+HX S?vbX " 3ed MQX k-
UkyRjV k99Ĝk3NX

(83) *X �M�bi�bBQm 2i �HX- >B;? T`2+BbBQM Z*. �i ?�/`QM +QHHB/2`b, 1H2+i`Qr2�F ;�m;2
#QbQM `�TB/Biv /Bbi`B#miBQMb �i LLGP- S?vbX _2pX . eN Ukyy9V yN9yy3X

(8N) aX .mH�i 2i �HX- h?2 *hR9 :HQ#�H �M�HvbBb Q7 Zm�MimK *?`QKQ/vM�KB+b- S?vbX _2pX
. Nj UkyReV yjjyyeX

(ey) *X ZmB;;- G>* S?vbB+b SQi2MiB�H pbX 1M2`;v- �`sBp,yNy3XjeeypkX

(eR) JX h�M�#�b?B 2i �HX- S�`iB+H2 .�i� :`QmT- S?vbX _2pX . N3 UkyR3V yjyyyRX

(ek) LX EB/QM�FBb- L2ti@iQ@M2ti@iQ@H2�/BM; HQ;�`Bi?K `2bmKK�iBQM 7Q` b@+?�MM2H bBM;H2 iQT
[m�`F T`Q/m+iBQM- S?vbX _2pX . 3R MQX 8- UkyRyV RĜRdX

(ej) LX EB/QM�FBb- L2ti@iQ@M2ti@iQ@H2�/BM;@Q`/2` +QHHBM2�` �M/ bQ7i ;HmQM +Q``2+iBQMb 7Q`
i@+?�MM2H bBM;H2 iQT [m�`F T`Q/m+iBQM- S?vbX _2pX . 3j MQX N- UkyRRV RĜRRX

(e9) hX :QHHBM; 2i �HX- h?2 �hG�a .�i� Zm�HBiv .272+i .�i�#�b2 avbi2K- h?2 1m`QT2�M
S?vbB+�H CQm`M�H * dk UkyRkV RNeyX

(e8) aX JX q2#2`- PT2`�iBQM �M/ S2`7Q`K�M+2 Q7 i?2 �hG�a G2p2H@R *�HQ`BK2i2` �M/
G2p2H@R hQTQHQ;B+�H h`B;;2`b BM _mM k �i i?2 G>*- BM h?2 1m`QT2�M S?vbB+�H aQ+B2iv
*QM72`2M+2 QM >B;? 1M2`;v S?vbB+b U1Sa@>1SkyRdV- o2MB+2- Ai�Hv- CmHv kyRdX

(ee) �hG�a *QHH�#Q`�iBQM- a2�`+? 7Q` M2r T?2MQK2M� BM /BD2i 2p2Mib mbBM; 37 7#�1 Q7 pp
+QHHBbBQM /�i� +QHH2+i2/ �i ps = 13 h2o rBi? i?2 �hG�a /2i2+iQ`- S?vbX _2pX . Ne
UkyRdV y8kyy9X

(ed) �hG�a *QHH�#Q`�iBQM- a2�`+? 7Q` M2r ?B;?@K�bb T?2MQK2M� BM i?2 /BH2TiQM }M�H
bi�i2 mbBM; 36 7#�1 Q7 T`QiQM@T`QiQM +QHHBbBQM /�i� �i ps = 13 h2o rBi? i?2 �hG�a
/2i2+iQ`- CX >B;? 1M2`;X S?vbX kyRd UkyRdV R3kX

(e3) �hG�a *QHH�#Q`�iBQM- J2�bm`2K2Mi Q7 i?2 KmQM `2+QMbi`m+iBQM T2`7Q`K�M+2 Q7i?2
�hG�a /2i2+iQ` mbBM; kyRR �M/ kyRk G>* T`QiQM@T`QiQM +QHHBbBQM /�i�- 1m`X S?vbX
CX * d9 UkyR9V jRjyX

(eN) �hG�a *QHH�#Q`�iBQM- J2�bm`2K2Mi Q7 i?2 AM2H�biB+ S`QiQM@S`QiQM *`Qbb a2+iBQM �ip
s = 13 h2o rBi? i?2 �hG�a .2i2+iQ` �i i?2 G>*- S?vbX _2pX G2iiX RRd UkyReV

R3kyykX

(dy) �hG�a *QHH�#Q`�iBQM- GmKBMQbBiv .2i2`KBM�iBQM BM TT *QHHBbBQMb �i ps = 8 h2o
mbBM; i?2 �hG�a .2i2+iQ` �i i?2 G>*- 1m`X S?vbX CX * de UkyReV e8jX

(dR) :X �X 2i �HX- h?2 M2r Gl*A.@k /2i2+iQ` 7Q` HmKBMQbBiv K2�bm`2K2Mi �M/ KQMBiQ`BM;
BM �hG�a- CALah Rj MQX yd- UkyR3V SydyRdX
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(dk) CX :�Q 2i �HX- � K2i�@�M�HvbBb Q7 T�`iQM /Bbi`B#miBQM 7mM+iBQMb- CX >B;? 1M2`;X S?vbX
yd UkyR9V yj8X

(dj) CX "X 2i �HX- S.69G>* `2+QKK2M/�iBQMb 7Q` G>* _mM AA- CX S?vbX :, Lm+HX S�`iX
S?vbX 9j UkyReV ykjyyRX

(d9) oX GQK#�`/Q- .B#QbQM T`Q/m+iBQM +`Qbb b2+iBQM �i G>*- �`sBp,Rjy8XjddjX

(d8) :X *X 2i �HX- �bvKTiQiB+ 7Q`KmH�2 7Q` HBF2HB?QQ/@#�b2/ i2bib Q7 M2r T?vbB+b- 1m`X S?vbX
CX * dR UkyRRV R889X

(de) qX qBHFb- h?2 H�`;2@b�KTH2 /Bbi`B#miBQM Q7i?2 HBF2HB?QQ/ `�iBQ 7Q` i2biBM; +QKTQbBi2
?vTQi?2b2b- �MMX J�i?X ai�iBbiX N URNj3V eyX

(dd) 1X :X 2i �HX- h`B�H 7�+iQ`b 7Q` i?2 HQQF 2Hb2r?2`2 2z2+i BM ?B;? 2M2`;v T?vbB+b- 1m`X
S?vbX CX * dy UkyRyV 8k8X

(d3) 6X "X 2i �HX- "�h, h?2 "�v2bB�M �M�HvbBb iQQHFBi- CX S?vbX *QM7X a2`X jjR UkyRRV
ydky9yX

(dN) .y *QHH�#Q`�iBQM- a2�`+? 7Q` W
0 "QbQMb .2+�vBM; iQ �M 1H2+i`QM �M/ � L2mi`BMQ

rBi? i?2 .y .2i2+iQ`- S?vbX _2pX G2iiX Ryy Ukyy3V yjR3y9X

(3y) *.6 *QHH�#Q`�iBQM- a2�`+? 7Q` � L2r >2�pv :�m;2 "QbQM W
0 rBi? 1H2+i`QM Y ⇢⇢ET

1p2Mi aB;M�im`2 BM pp̄ +QHHBbBQMb �i ps = 1.96 h2o- S?vbX _2pX . 3j UkyRRV yjRRykX

(3R) �hG�a *QHH�#Q`�iBQM- a2�`+? 7Q` M2r `2bQM�M+2b BM 2p2Mib rBi? QM2 H2TiQM �M/
KBbbBM; i`�Mbp2`b2 KQK2MimK BM TT +QHHBbBQMb �i ps = 13 h2o rBi? i?2 �hG�a
/2i2+iQ`- S?vbX G2iiX " dek UkyReV jj9X

(3k) *Ja *QHH�#Q`�iBQM- a2�`+? 7Q` ?2�pv ;�m;2 q #QbQMb BM 2p2Mib rBi? �M 2M2`;2iB+
H2TiQM �M/ H�`;2 KBbbBM; i`�Mbp2`b2 KQK2MimK �i ps = 13 h2o- S?vbXG2iiX " ddy
UkyRdV kd3X

(3j) �hG�a *QHH�#Q`�iBQM- a2�`+? 7Q` � M2r ?2�pv ;�m;2 #QbQM `2bQM�M+2 /2+�vBM; BMiQ �
H2TiQM �M/ KBbbBM; i`�Mbp2`b2 KQK2MimK BM je fb

�1 Q7 pp +QHHBbBQMb �i ps = 13 h2o
rBi? i?2 �hG�a 2tT2`BK2Mi- 1m`X S?vbX CX * d3 UkyR3V 9yRX

(39) *Ja *QHH�#Q`�iBQM- a2�`+? 7Q` ?B;?@K�bb `2bQM�M+2b BM }M�H bi�i2b rBi? � H2TiQM �M/
KBbbBM; i`�Mbp2`b2 KQK2MimK �i ps = 13 h2o- CX >B;? 1M2`;X S?vbX kyR3 UkyR3V
Rk3X

(38) �hG�a *QHH�#Q`�iBQM- a2�`+? 7Q` � M2r ?2�pv ;�m;2 #QbQM `2bQM�M+2 /2+�vBM; BMiQ �
H2TiQM �M/ KBbbBM; i`�Mbp2`b2 KQK2MimK BM dNX3 7#@1 Q7 pp +QHHBbBQMb �i ps 4 Rj h2o
rBi? i?2 �hG�a 2tT2`BK2Mi- �hG�a@*PL6@kyR3@yRdX
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