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"�+?2HQ`Ƕb i?2bBb

PTiBKBx�iBQM Q7 i?2 J�i+?BM; *`Bi2`B�
"2ir22M i?2 �hG�a �M/ �6S .2i2+iQ`b
�i *1_L

S2i` .Qbi�H

.2T�`iK2Mi Q7 aQ7ir�`2 1M;BM22`BM;
amT2`pBbQ`, /Q+X .`X �M/`û aQT+x�F

CmHv jy- kyky





�+FMQrH2/;2K2Mib

A �K p2`v i?�MF7mH iQ Kv bmT2`pBbQ`- /Q+X .` �M/`û aQT+x�F- 7Q` i?2 T�iB2M+2
?2 ?�/ rBi? K2 �M/ i?2 QTTQ`imMBiv iQ #2 � T�`i Q7 � `2�H `2b2�`+?X �HbQ A
rQmH/ HBF2 iQ i?�MF Kv 7`B2M/b �M/ Kv 7�KBHv 7Q` i?2 +QMiBMmQmb bmTTQ`i BM
Kv bim/B2bX





.2+H�`�iBQM

A ?2`2#v /2+H�`2 i?�i i?2 T`2b2Mi2/ i?2bBb Bb Kv QrM rQ`F �M/ i?�i A ?�p2
+Bi2/ �HH bQm`+2b Q7 BM7Q`K�iBQM BM �++Q`/�M+2 rBi? i?2 :mB/2HBM2 7Q` �/?2`BM;
iQ 2i?B+�H T`BM+BTH2b r?2M 2H�#Q`�iBM; �M �+�/2KB+ }M�H i?2bBbX

A �+FMQrH2/;2 i?�i Kv i?2bBb Bb bm#D2+i iQ i?2 `B;?ib �M/ Q#HB;�iBQMb biBT@
mH�i2/ #v i?2 �+i LQX RkRfkyyy *QHHX- i?2 *QTv`B;?i �+i- �b �K2M/2/- BM
T�`iB+mH�` i?�i i?2 *x2+? h2+?MB+�H lMBp2`bBiv BM S`�;m2 ?�b i?2 `B;?i iQ +QM@
+Hm/2 � HB+2Mb2 �;`22K2Mi QM i?2 miBHBx�iBQM Q7 i?Bb i?2bBb �b � b+?QQH rQ`F
mM/2` i?2 T`QpBbBQMb Q7 �`iB+H2 ey URV Q7 i?2 �+iX

AM S`�;m2 QM CmHv jy- kyky X X XX X XX X XX X XX X XX X XX X X



*x2+? h2+?MB+�H lMBp2`bBiv BM S`�;m2
6�+mHiv Q7 AM7Q`K�iBQM h2+?MQHQ;v
Ü kyky S2i` .Qbi�HX �HH `B;?ib `2b2`p2/X
h?Bb i?2bBb Bb b+?QQH rQ`F �b /2}M2/ #v *QTv`B;?i �+i Q7 i?2 *x2+? _2Tm#HB+X
Ai ?�b #22M bm#KBii2/ �i *x2+? h2+?MB+�H lMBp2`bBiv BM S`�;m2- 6�+mHiv Q7
AM7Q`K�iBQM h2+?MQHQ;vX h?2 i?2bBb Bb T`Qi2+i2/ #v i?2 *QTv`B;?i �+i �M/ Bib
mb�;2 rBi?Qmi �mi?Q`Ƕb T2`KBbbBQM Bb T`Q?B#Bi2/ UrBi? 2t+2TiBQMb /2}M2/ #v i?2
*QTv`B;?i �+iVX

*Bi�iBQM Q7 i?Bb i?2bBb
.Qbi�H- S2i`X PTiBKBx�iBQM Q7 i?2 J�i+?BM; *`Bi2`B� "2ir22M i?2 �hG�a �M/
�6S .2i2+iQ`b �i *1_LX "�+?2HQ`Ƕb i?2bBbX *x2+? h2+?MB+�H lMBp2`bBiv BM
S`�;m2- 6�+mHiv Q7 AM7Q`K�iBQM h2+?MQHQ;v- kykyX



�#bi`�+i

h?Bb i?2bBb Bb � T�`i Q7 *1_LǶb QM;QBM; `2b2�`+? Q7 i?2 b2�`+? 7Q` �tBQM@HBF2@
T�`iB+H2 U�GSVX Ai +QMbBbib Q7 � bQ7ir�`2 iQ KQ/B7v 2tBbiBM; /�i� iQ BM+Hm/2
+�H+mH�i2/ mM+2`i�BMiB2b QM T?QiQM �M/ T`QiQM K2�bm`2K2Mib �M/ � bQ7ir�`2
i?�i +�H+mH�i2b i?2 /Bz2`2M+2 #2ir22M +Q`2HH�i2/ �M/ mM+Q`2HH�i2/ /�i�X �HbQ
BM+Hm/2/ Bb � bim/v QM K�i+?BM; +`Bi2`B� 7Q` T`QiQM@T`QiQM BMi2`�+iBQMb rBi?
irQ /2i2+i2/ T?QiQMbX h?2 bim/v /Bb+mbb2b i?2 T2`7Q`K�M+2 Q7 i?`22 /Bz2`2Mi
K�i+?BM; +`Bi2`B� `2;�`/BM; i?2 FBM2K�iB+b Q7 i?2 /B@T?QiQM bvbi2K rBi? �i
H2�bi QM2 /2i2+i2/ T`QiQMX h?2 +`2�i2/ bQ7ir�`2 7mH}Hb �HH bi�i2/ `2[mB`2K2Mib-
BM+Hm/BM; 2t2+miBQM iBK2 `2[mB`2K2MiX h?2 K�BM /Bb+Qp2`v 7`QK i?2 T?vbB+b
TQBMi Q7 pB2r Bb i?�i i?2 BMi2`�+iBQMb bim/B2/ BM i?2 /�i� �`2 +�mb2/ #v TBH2@mT
#�+F;`QmM/- i?mb i?2v �`2 `�M/QK BMi2`�+iBQMb rBi? MQ BM/B+�iBQM Q7 � bT2+B}+
T?vbB+b T`Q+2bb- r?B+? Bb +QMbBbi2Mi rBi? T`2pBQmb bBKmH�iBQMbX

E2vrQ`/b *1_L- G>*- �hG�a- �6S- �tBQM@HBF2@T�`iB+H2- _PPh- /�i�
�M�HvbBb- K�i+?BM; +`Bi2`B�

pBB





�#bi`�Fi

h�iQ #�F�H�ǼbF� T`�+2 D2 bQmÍ�biő pɷxFmKm *1_Lm- Fi2`ɷ b2 bM�ʈő M�Dői �tBQM@
HBF2@T�`iB+H2 U�GSVX aFH�/� b2 x2 bQ7ir�`m- Fi2`ɷ mT`�pmD2 2tBbimDő+ő /�i� i�F-
�#v Q#b�?Qp�H� pvTQÍői�Mû Q/+?vHFv U+?v#vV T`Q KÿǼ2Mő T`QiQMɩ B 7QiQMɩX
h�Fû Q#b�?mD2 bim/BB TǼBǼ�xQp�+ő+? F`Biû`Bő T`Q T`QiQM@T`QiQM BMi2`�F+2 b2
/pÿKB /2i2FQp�MɷKB 7QiQMvX aim/B2 TQD2/M�p� pɷFQM iǼő `ɩxMɷ+? TǼBǼ�xQp�+ő+?
F`Biû`Bő Q?H2/Mÿ FBM2K�iBFv /pQD@7QiQMQpû?Q bvbiûKm b �H2bTQƚ D2/MőK /2i2@
FQp�MɷK T`QiQM2KX ovipQǼ2Mɷ bQ7ir�`2 bTHƚmD2 pȒ2+?Mv x�/�Mû TQʈ�/�pFv-
pÍ2iMÿ Í�bQpû bHQʈBiQbiBX >H�pMőK Q#D2p2K T`�+2 x 7vxBF�HMő?Q TQ?H2/m D2 xDBȒ@
iÿMő- ʈ2 TQxQ`Qp�Mû BMi2`�F+2 pxMBF�Dő /őFv TBH2@mT #�+F;`QmM/m- i2/v b2 D2/M�
Q M�?Q/Mû BMi2`�F+2 #2x BM/BF�+2 7vxBF�HMő?Q T`Q+2bm- +Qʈ D2 FQMxBbi2MiMő b
TǼ2/+?QxőKB bBKmH�+2KBX

EHőÍQp� bHQp� *1_L- G>*- �hG�a- �6S- �tBQM@HBF2@T�`iB+H2- _PPh- �M�@
Hɷx� /�i- TǼBǼ�xQp�+ő F`Biû`B�

Bt





*QMi2Mib

AMi`Q/m+iBQM R

R S?vbB+b 7`�K2rQ`F j
RXR *1_L X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j
RXk h?2 �hG�a 2tT2`BK2Mi X X X X X X X X X X X X X X X X X X X X X X j
RXj S`QiQM@T`QiQM BMi2`�+iBQM �M/ �GS a2�`+? X X X X X X X X X X X 9
RX9 J�i+?BM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d
RX8 J�i+?BM; +`Bi2`B� X X X X X X X X X X X X X X X X X X X X X X X X X X 3
RXe S?QiQM bvbi2K�iB+ mM+2`i�BMiB2b X X X X X X X X X X X X X X X X X X 3
RXd S`QiQM bvbi2K�iB+ mM+2`i�BMiB2b X X X X X X X X X X X X X X X X X X N
RX3 S`QiQM b2H2+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X RR
RXN J�i+?BM; #�+F;`QmM/ X X X X X X X X X X X X X X X X X X X X X X X RR

k aQ7ir�`2 /2p2HQTK2Mi Rj
kXR 6mM+iBQM�H �M/ MQM@7mM+iBQM�H `2[mB`2K2Mib X X X X X X X X X X X Rj
kXk �M�HvbBb �M/ /2bB;M X X X X X X X X X X X X X X X X X X X X X X X X R9

kXkXR .2p2HQTK2Mi bi`�i2;v X X X X X X X X X X X X X X X X X X X R9
kXkXk 6`QK `�r /�i� iQ LhmTH2b X X X X X X X X X X X X X X X X X R9
kXkXj _PPh X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8
kXkX9 GtTHmb X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8
kXkX8 AMTmi bi`m+im`2 X X X X X X X X X X X X X X X X X X X X X X X Re
kXkXe PmiTmi bi`m+im`2 X X X X X X X X X X X X X X X X X X X X X X Rd

kXj AKTH2K2Mi�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X Rd
kXjXR qQ`FBM; rBi? irQ BM/2T2M/2Mi hh`22b X X X X X X X X X X Rd
kXjXk a?�`2/ `2bQm`+2b X X X X X X X X X X X X X X X X X X X X X X R3
kXjXj J�i+?BM; b+`BTi X X X X X X X X X X X X X X X X X X X X X X X RN
kXjX9 .Bz2`2M+2 b+`BTi X X X X X X X X X X X X X X X X X X X X X X kR

kX9 h2biBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kj
kX9XR lMBi i2biBM; X X X X X X X X X X X X X X X X X X X X X X X X X kj

tB



kX9Xk hBK2 +QKTH2tBiv i2biBM; X X X X X X X X X X X X X X X X X X k9
kX9Xj lb2` �++2Ti�M+2 i2biBM; X X X X X X X X X X X X X X X X X X k9

j _2bmHib kd
jXR aQ7ir�`2 T2`7Q`K�M+2 X X X X X X X X X X X X X X X X X X X X X X X kd

jXRXR J�i+?BM; b+`BTi X X X X X X X X X X X X X X X X X X X X X X X kd
jXRXk .Bz2`2M+2 b+`BTi X X X X X X X X X X X X X X X X X X X X X X kd

jXk _2bmHib Q7 mbBM; i?2 bQ7ir�`2 X X X X X X X X X X X X X X X X X X X k3
jXkXR AMBiB�H /�i� b2H2+iBQM X X X X X X X X X X X X X X X X X X X X k3
jXkXk ai�iBbiB+�H mM+2`i�BMiB2b X X X X X X X X X X X X X X X X X X k3
jXkXj LmK#2` Q7 K�i+?2b X X X X X X X X X X X X X X X X X X X X X kN
jXkX9 _�M/QK K�i+?2b UTBH2@mT #�+F;`QmM/V X X X X X X X X X X kN
jXkX8 J�i+?BM; 2{+B2M+B2b X X X X X X X X X X X X X X X X X X X X jy

*QM+HmbBQMb jj

"B#HBQ;`�T?v j8

� �+`QMvKb jN

" *QMi2Mib Q7 2M+HQb2/ a. +�`/ 9R

tBB



GBbi Q7 6B;m`2b

RXR h?2 G>* 2tT2`BK2Mib �M/ i?2 T`2�++2H2`�iQ`bX X X X X X X X X X X X 9
RXk *QKTmi2` ;2M2`�i2/ BK�;2 Q7 i?2 r?QH2 �hG�a /2i2+iQ`X X X X X X 8
RXj �hG�a +2Mi`�H �M/ �6S /2i2+iQ`bX X X X X X X X X X X X X X X X X X X 8
RX9 62vMK�M /B�;`�K BHHmbi`�iBM; HB;?i@#v@HB;?i b+�ii2`BM; K2/B�i2/ #v

�M �GS UaVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e
RX8 _2H�iBp2 T`QiQM mM+2`i�BMiB2b i?�i �`2 i�F2M BMiQ �++QmMi rBi? i?2B`

[m�/`�im`2 bmK UiQi�H T`QiQM ξ mM+2`i�BMivVX X X X X X X X X X X X X Ry

kXR �M 2t�KTH2 rBM/Qr Q7 _PPhǶb h"`Qrb2` :lAX X X X X X X X X X X Re
kXk *H�bb /B�;`�K /2b+`B#BM; +H�bb S?QiQMX X X X X X X X X X X X X X X X kj

jXR _2H�iBp2 ∆ξ mM+2`i�BMiv +QKBM; 7`QK bB;M�H bBKmH�iBQM 7Q` bB/2 �
UH27iV �M/ bB/2 * U`B;?iVX X X X X X X X X X X X X X X X X X X X X X X X kN

jXk .B@T?QiQM BMp�`B�Mi K�bb Q7 i?2 K�i+?2/ 2p2Mib QM bB/2b � �M/ *
U�i i?2 b�K2 iBK2V 7Q` 10% K�i+?BM;X X X X X X X X X X X X X X X X X jy

jXj .B@T?QiQM BMp�`B�Mi K�bb Q7 i?2 K�i+?2/ 2p2Mib QM bB/2b � �M/ *
U�i i?2 b�K2 iBK2V 7Q` 1σ K�i+?BM;X X X X X X X X X X X X X X X X X X jR

jX9 .B@T?QiQM BMp�`B�Mi K�bb Q7 i?2 K�i+?2/ 2p2Mib QM bB/2b � �M/ *
U�i i?2 b�K2 iBK2V 7Q` 2σ K�i+?BM;X X X X X X X X X X X X X X X X X X jR

tBBB





GBbi Q7 h�#H2b

jXR LmK#2` Q7 K�i+?2b �+`Qbb bB/2 �- bB/2 *- bB/2 � Q` bB/2 *- �M/
bB/2 � �M/ bB/2 * 7Q` 10%- 1σ �M/ 2σ K�i+?BM; UkyRd /�i�VX X X X jy

jXk LmK#2` Q7 K�i+?2b 7Q` ǳKBt2/Ǵ +�b2 U/B@T?QiQM BM7Q`K�iBQM i�F2M
7`QK 2p2Mi ǳMǴ �M/ �6S BM7Q`K�iBQM i�F2M 7`QK 2p2Mi ǳM@RǴVX X X jk

jXj LmK#2` Q7 K�i+?2b 7Q` ǳbrBi+?2/ bB/2bǴ +�b2X X X X X X X X X X X X jk
jX9 *QKT�`BbQM #2ir22M i?2 MmK#2` Q7 MQKBM�H K�i+?2b �M/ `�M/QK

K�i+?2b rBi? mM+2`i�BMiv Ukσ K�i+?BM;VX X X X X X X X X X X X X X X jk
jX8 h?2 MmK#2` Q7 K�i+?2b �M/ i?2B` T2`+2Mi�;2b `2H�i2/ iQ i?2 iQi�H

MmK#2` Q7 /B@T?QiQM 2p2Mib rBi? �i H2�bi QM2 T`QiQM T`2b2Mi Udjdd
2p2MibV 7Q` �HH i?`22 K�i+?BM; +`Bi2`B�X h?2 i�#H2 �HbQ HBbib i?2
T2`+2Mi�;2b QM i?2 ;2M2`�iQ` H2p2H 7Q` RyW K�i+?BM;X X X X X X X X jk

tp





AMi`Q/m+iBQM

AM kyRd- *1_LǶb �hG�a *2Mi`�H �M/ �hG�a 6Q`r�`/ S`QiQM U�6SV /2i2+@
iQ`b iQQF H�`;2 b+�H2 /�i� BM+Hm/BM; T`QiQM@T`QiQM BMi2`�+iBQMb /�i�X aBM+2
i?2M- BM kyRN �hG�a Q#b2`p2/ HB;?i@#v@HB;?i UG#vGV b+�ii2`BM; (R- k- j- 9) U�
`�`2 BMi2`�+iBQM r?2`2 irQ ?B;?Hv 2M2`;2iB+ T?QiQMb T`Q/m+2 �MQi?2` T�B` Q7
T?QiQMbV #v T2`7Q`KBM; �M �M�HvbBb 7Q+mb2/ QM H2�/@H2�/ +QHHBbBQMb rBi? 2t@
�+iHv irQ T?QiQMb T`2b2Mi BM i?2 bvbi2KX GB;?i@#v@HB;?i b+�ii2`BM; +QmH/ �HbQ
#2 Q#b2`p2/ BM ?B;? 2M2`;v T`QiQM@T`QiQM +QHHBbBQMb- #mi i?2 Q++m``2M+2 Bb p2`v
`�`2X

>Qr2p2` i?2`2 Bb � i?2Q`v Q7 2tBbi2M+2 Q7 �M �tBQM@HBF2@T�`iB+H2 U�GSV (8)
r?B+? +QmH/ BM+`2�b2 i?2 Q++m``2M+2 `�i2 Qp2` i?2 2tT2+i2/ �KQmMi +QKBM;
7`QK i?2 ai�M/�`/ JQ/2H UaJV Q7 T�`iB+H2 T?vbB+bX h?Bb i?2bBb Bb � T�`i
Q7 QM;QBM; `2b2�`+? i?�i 2tTHQ`2b i?Bb �GS K2/B�i2/ G#vG b+�ii2`BM;X h?2
bT2+B}+ BMp2biB;�iBQM Bb i?2 K�i+?BM; Q7 FBM2K�iB+ T`QT2`iB2b Q7 i?2 /B@T?QiQM
bvbi2K rBi? �i H2�bi QM2 T`QiQM /2i2+i2/X

h?2`2 ?�b �H`2�/v #22M �M �M�HvbBb (e) i?�i b2`p2b �b � T`QQ7 Q7 +QM+2Ti i?�i
i?2 �6S +�M #2 mb2/ iQ;2i?2` rBi? �hG�a *2Mi`�H .2i2+iQ` /�i�X PM i?2
jyi? Q7 CmHv- kyky- i?2 �hG�a *QHH�#Q`�iBQM �MMQmM+2/ �i i?2 A*>1S kyky
+QM72`2M+2 i?2 }`bi `2bmHib Q7 K�i+?BM; �6S /�i� �M/ �hG�a *2Mi`�H /�i�
mbBM; /B@H2TiQMb (d)X �b � 7Q`K2` 1tT2`BK2Mi�H Lm+H2�` �M/ S�`iB+H2 S?vbB+b
bim/2Mi- i?2 QTTQ`imMBiv iQ #2 � T�`i Q7 i?Bb `2b2�`+? ?�b #22M ;`2�iX

h?2 K�BM ;Q�H Q7 i?Bb i?2bBb Bb iQ +`2�i2 bQ7ir�`2 i?�i rQmH/ KQ/B7v 2tBbiBM;
T`Q+2bb2/ /�i� iQ BM+Hm/2 bvbi2K�iB+ mM+2`i�BMiB2b �M/ i?�i rQmH/ +�H+mH�i2
i?2 /Bz2`2M+2 #2ir22M MQKBM�H K�i+?BM; �M/ K�i+?BM; /QM2 rBi? mM+Q``2@
H�i2/ /�i�X �HbQ � b2+QM/�`v ;Q�H Q7 i?2 i?2bBb Bb iQ �M�Hvx2 �M/ QTiBKBx2
i?2 K�i+?BM; +`Bi2`B� BM T`QiQM@T`QiQM BMi2`�+iBQMb rBi? 2t�+iHv irQ Qmi;QBM;
T?QiQMb Q#b2`p2/X h?Bb �M�HvbBb rBHH T`QpB/2 +H�`Biv iQ i?2 `�M/QKM2bb +QK@
BM; 7`QK mMr�Mi2/ `2�+iBQMb iQ 2M?�M+2 i?2 +H�`Biv Q7 i?2 bB;M�H +QKBM; 7`QK
G#vG b+�ii2`BM;X

R



AMi`Q/m+iBQM

PmiHBM2 h?2 i?2bBb Bb Q`;�MBx2/ BMiQ b2p2`�H +?�Ti2`b bi�`iBM; rBi? i?2 i?2@
Q`2iB+�H #�+F;`QmM/ �M/ i?2 T?vbB+b M22/2/ 7Q` i?Bb i?2bBb BM *?�Ti2` RXh?2
bQ7ir�`2 /2p2HQTK2Mi Bb /Bb+mbb2/ BM *?�Ti2` k �M/ i?2 Q#b2`p2/ `2bmHib- #Qi?
7`QK bQ7ir�`2 TQBMi Q7 pB2r �M/ T?vbB+b TQBMi Q7 pB2r- �`2 /Bb+mbb2/ BM *?�T@
i2` jX

k



*?�Ti2` R
S?vbB+b 7`�K2rQ`F

h?Bb +?�Ti2` bi�`ib rBi? i?2 BMi`Q/m+iBQM iQ *1_L- h?2 �hG�a 1tT2`BK2Mi
�M/ i?2 T`QiQM@T`QiQM BMi2`�+iBQM rBi? �GS b2�`+? h?2 7QHHQrBM; b2+iBQMb
/2}M2 i?2 K�i+?BM; �M/ i?2 +QKT�`2/ K�i+?BM; +`Bi2`B�X L2ti �`2 i?2 b2+iBQMb
i?�i bim/v i?2 T?QiQM �M/ T`QiQM bvbi2K�iB+ mM+2`i�BMiB2bX G�biHv- i?2 T`QiQM
b2H2+iBQM �M/ K�i+?BM; #�+F;`QmM/ �`2 2tTH�BM2/X

RXR *1_L
*1_L (3)- �HbQ FMQrM �b i?2 1m`QT2�M P`;�MBx�iBQM 7Q` Lm+H2�` _2b2�`+?
Bb QM2 Q7 i?2 KQbi BKTQ`i�Mi +QMi`B#miQ`b iQ T�`iB+H2 `2b2�`+?X h?2 �+`QMvK
*1_L U*QMb2BH 1m`QTû2M TQm` H� _2+?2`+?2 Lm+Hû�B`2V Bb �HbQ mb2/ 7Q` i?2
H�`;2bi T�`iB+H2 T?vbB+b H�#Q`�iQ`v BM i?2 rQ`H/ i?�i Bb � T�`i Q7 i?2 Q`;�MBx�@
iBQMX �MQi?2` MQi�#H2 BM7Q`K�iBQM Bb i?�i *1_L Bb i?2 #B`i?TH�+2 Q7 qQ`H/
qB/2 q2# (N)X

� p2`v BKTQ`i�Mi T�`i Q7 i?2 H�#Q`�iQ`v Bb i?2 G�`;2 >�/`QM *QHHB/2`
UG>*V (Ry- RR)X �b Q7 MQr Bi Bb i?2 H�`;2bi T�`iB+H2 +QHHB/2` BM i?2 rQ`H/X Ai
�HbQ ?QH/b i?2 rQ`H/ `2+Q`/ 7Q` i?2 ?B;?2bi iQi�H +QHHBbBQM 2M2`;v �i 13 h2oX
h?2 G>* +QMbBbib Q7 7Qm` K�DQ` 2tT2`BK2Mib Ĝ i?2 �hG�a 2tT2`BK2Mi- i?2
�GA*1 2tT2`BK2Mi- i?2 G>*# 2tT2`BK2Mi �M/ i?2 *Ja 2tT2`BK2MiX 1�+? 2t@
T2`BK2Mi Bb bBim�i2/ �i � /Bz2`2Mi T�`i Q7 G>* �M/ ?�b Bib QrM b2i Q7 /2i2+iQ`b
U6B;m`2 RXRVX

RXk h?2 �hG�a 2tT2`BK2Mi
� hQ`QB/�H G>* �TT�`�ima U�hG�aV Bb i?2 H�`;2bi 2tT2`BK2Mi Q7 G>* �i
*1_L (Rj- R9- R8)X Ai Bb �HbQ i?2 #B;;2bi b2i Q7 ;2M2`�H Tm`TQb2 T�`iB+H2 /2i2+@
iQ`bX

h?2 �hG�a +2Mi`�H /2i2+iQ` U6B;m`2 RXkV Bb � H�v2`2/ KmHiBTm`TQb2 T�`iB+H2
/2i2+iQ`X h?2 H�v2`b �`2 /2bB;M2/ iQ BM+`2�b2 i?2 bT2+i`mK Q7 T�`iB+H2b i?�i

j



RX S?vbB+b 7`�K2rQ`F

6B;m`2 RXR, h?2 G>* 2tT2`BK2Mib �M/ i?2 T`2�++2H2`�iQ`bX aQm`+2, (Rk)

+�M #2 B/2MiB}2/X 1�+? H�v2` /2i2+ib � bT2+B}+ `2;BQM Q7 Tb2m/Q`�TB/Biv η Q7 i?2
T�`iB+H2bX h?2 K�BM H�v2`b �`2 i?2 BMM2` /2i2+iQ`- i?2 +�HQ`BK2i2`b- i?2 KmQM
bT2+i`QK2i2` �M/ i?2 K�;M2i bvbi2KX �HbQ � T�`i Q7 i?2 �hG�a /2i2+iQ` Bb
i?2 �hG�a 6Q`r�`/ S`QiQM U�6SV /2i2+iQ`X

h?2 �6S (Re) Bb � b2i Q7 TBt2H b2MbQ`b HQ+�i2/ �i �`QmM/ 210 K QM 2�+?
bB/2 Q7 i?2 #2�K 7`QK i?2 BMi2`�+iBQM TQBMi UASVX h?2 K�BM ;Q�H Bb iQ /2i2+i
T`QiQMb i?�i HQb2 � 7`�+iBQM Q7 i?2B` 2M2`;v /m`BM; �M BMi2`�+iBQM BM i?2 AS
U7Q` 2t�KTH2 #v T?QiQM 2KBbbBQMVX h?2 BMi2`M�H bi`m+im`2 �`2 irQ bi�iBQMb-
`272``2/ iQ �b L1�_ �M/ 6�_ bi�iBQMb U/Bbi�M+2 7`QK AS ≈ 205 K �M/ ≈
217 K- `2bT2+iBp2HvVX 1�+? bi�iBQM +QMbBbib Q7 7Qm` j. bBHB+QM TBt2H b2MbQ`b
i?�i K2�bm`2 i?2 i`�D2+iQ`v Q7 i?2 T�bbBM; T`QiQMbX

RXj S`QiQM@T`QiQM BMi2`�+iBQM �M/ �GS a2�`+?
AM i?2Q`v- r?2M i?2 irQ p2`v 2M2`;2iB+ T`QiQMb ;2i p2`v +HQb2 iQ;2i?2`- i?`22
QTiBQMb +�M Q++m`X "Qi? Q7 i?2K `2K�BM BMi�+i- QM2 Q7 i?2K `2K�BMb BMi�+i
Ui?2 Qi?2` QM2 Bb /2bi`Qv2/V Q` M2Bi?2` Q7 i?2K `2K�BM BMi�+i U#Qi? T`QiQMb
�`2 /2bi`Qv2/VX .m`BM; bi�M/�`/ T`QiQM@T`QiQM +QHHBbBQMb i?2 T`QiQMb �`2 /2@
bi`Qv2/X AM i?Bb `2b2�`+? i?2 /2i2+i2/ T`QiQMb �`2 2tT2+i2/ bi�v BMi�+iX A7
i?2v bi�v BMi�+i- i?2 2tT2+i�iBQM Bb i?�i /m`BM; i?2 BMi2`�+iBQM i?2 T`QiQMb
HQb2 bQK2 Q7 i?2B` 2M2`;v- r?B+? �Hi2`b i?2B` /B`2+iBQM �++Q`/BM; iQ i?2 2M2`;v

9



RXjX S`QiQM@T`QiQM BMi2`�+iBQM �M/ �GS a2�`+?

6B;m`2 RXk, *QKTmi2` ;2M2`�i2/ BK�;2 Q7 i?2 r?QH2 �hG�a /2i2+iQ`X
aQm`+2, (Rd)

6B;m`2 RXj, �hG�a +2Mi`�H �M/ �6S /2i2+iQ`bX ZRĜZe �`2 K�;M2ib i?�i
7Q+mb i?2 #2�K- .RĜ.k �`2 /BTQH2b i?�i #2M/ i?2 #2�KX aQm`+2, (R3)

HQbiX
h?2 /B`2+iBQM +?�M;2 Bb +�mb2/ #v � b2i Q7 K�;M2ib i?�i �z2+ib T�`iB+H2b

rBi? /Bz2`2Mi 2H2+i`QK�;M2iB+ }2H/b /Bz2`2MiHvX h?Bb 2H2+i`QK�;M2iB+ }2H/ Bb
/B`2+iHv `2H�i2/ iQ i?2 2M2`;v Q7 i?2 T�`iB+H2- i?mb #v 2ti2MbBQM i?2 2M2`;v Bb
/B`2+iHv `2H�i2/ iQ i?2 T�i? i?2 T`QiQMb i�F2X

�++Q`/BM; iQ i?2 H�r Q7 +QMb2`p�iBQM Q7 2M2`;v i?2 2M2`;v Kmbi #2 i`�Mb@
72``2/ Q` i`�Mb7Q`K2/X h?Bb �M�HvbBb 2tT2+ib i?�i /m`BM; i?2 BMi2`�+iBQMb 2t@
�+iHv irQ T?QiQMb �`2 +`2�i2/ 7`QK i?2 2M2`;v HQbi #v i?2 T`QiQMbX AM +�b2 �
/Bz2`2Mi �KQmMi Q7 T?QiQMb Bb /2i2+i2/ BM i?2 +2Mi`�H /2i2+iQ`- i?2 2p2Mi Bb
}Hi2`2/ QmiX h?Bb �HHQrb iQ `2/m+2 i?2 mMr�Mi2/ #�+F;`QmM/ BM i?2 b2�`+? 7Q`
�M �tBQM@HBF2@T�`iB+H2 U�GSVX

8



RX S?vbB+b 7`�K2rQ`F

6B;m`2 RX9, 62vMK�M /B�;`�K BHHmbi`�iBM; HB;?i@#v@HB;?i b+�ii2`BM; K2/B�i2/
#v �M �GS UaVX aQm`+2, (R3)

h?2 62vMK�M /B�;`�K U6B;m`2 RX9V BHHmbi`�i2b i?�i r?2M i?2 T`QiQMb ;2i
p2`v +HQb2 iQ 2�+? Qi?2`- irQ T?QiQMb �`2 2KBii2/X h?2b2 T?QiQMb 7mb2 iQ +`2�i2
�M �GS i?�i b?Q`iHv �7i2` /2+�vb BMiQ � T�B` Q7 T?QiQMbX h?2b2 T?QiQMb +QmH/
#2 /2i2+i2/ BM i?2 �hG�a +2Mi`�H /2i2+iQ`X h?2 T`Q#H2K rBi? i?2 /B�;`�K
Bb i?�i Bi Bb MQi b2H7@2tTH�M�iQ`vX Ai +�M #2 +QKT�`2/ iQ � bi�i2 /B�;`�K
Q7 T�`iB+H2b T`2b2MiX hBK2 ~Qrb 7`QK H27i bB/2 Q7 i?2 /B�;`�K iQ i?2 `B;?i
bB/2X AM i?2 #2;BMMBM;- QM i?2 H27i bB/2- irQ T`QiQMb 2tBbiX L2ti i?2v M2�`Hv
+QHHB/2 �M/ irQ T?QiQMb �`2 2KBii2/X AM i?2 M2ti bi2T i?2 T?QiQMb +QHHB/2 �M/
7mb2- +`2�iBM; i?2 �GS T�`iB+H2X h?2 �GS T�`iB+H2 [mB+FHv /2+�vb BMiQ irQ
T?QiQMb �M/ BM i?2 }M�H bi�i2 irQ T?QiQMb �M/ irQ T`QiQMb �`2 BM i?2 bvbi2KX
h?2 /B�;`�K /Q2b MQi bm;;2bi i?2 /2i�BHb i?2 BMi2`�+iBQM #2ir22M T`QiQMb Q`
T?QiQMbX AM `2�HBiv i?2 T`QiQMb ~v �;�BMbi QM2 �MQi?2` iQ �+?B2p2 i?2 2H2+i`B+
+?�`;2 M22/2/ iQ +`2�i2 i?2 irQ T?QiQMb- 2p2M i?Qm;? Bi Bb MQi bi�i2/ #v i?2
/B�;`�KX

�7i2` i?2 T`QiQMb M2�`Hv +QHHB/2 �M/ i?2B` /B`2+iBQM Bb �Hi2`2/- i?2`2 Bb �
TQbbB#BHBiv i?�i i?2 T`QiQMb �`2 /2i2+i2/ #v i?2 �6S /2i2+iQ`X h?2 +?�M+2 Q7
/2i2+iBQM Bb /2i2`KBM2/ #v i?2 �KQmMi Q7 2M2`;v HQbi #v i?2 T`QiQMbX h?2 irQ
T`QiQMb /Q MQi ?�p2 iQ HQb2 i?2 b�K2 �KQmMi Q7 2M2`;v /m`BM; i?2 BMi2`�+iBQMX
PM i?2 Qi?2` ?�M/- i?2 �hG�a +2Mi`�H /2i2+iQ` /2i2+ib �HH T?QiQMb BM i?2
bvbi2KX

h?Bb i?2bBb Bb 7Q+mb2/ QM T�B`BM; i?2 /2i2+i2/ FBM2K�iB+ T`QT2`iB2b Ui?2B`
2M2`;vV 7`QK i?2 �hG�a +2Mi`�H /2i2+iQ` U/2i2+i2/ T?QiQMbV iQ i?2 /�i� 7`QK

e



RX9X J�i+?BM;

i?2 �6S U/2i2+i2/ T`QiQMbV iQ b22 B7 i?2v K�i+?- r?B+? Bb +�HH2/ i?2 K�i+?BM;X
h?2 �M�HvbBb /Q2b MQi BM+Hm/2 QMHv K2�bm`2/ /�i�- Bi �HbQ BM+Hm/2b bBKmH�i2/
/�i�X

hQ Q#i�BM i?2 bBKmH�i2/ /�i� � T�`iB+H2 ;2M2`�iQ` UBM i?Bb +�b2 amT2`@
*?B+j (RN)V Bb mb2/ iQ ;2M2`�i2 i`mi? T�`iB+H2bX L2ti- i?Bb ;2M2`�i2/ /�i� ;Q2b
i?`Qm;? � bBKmH�iBQM T`Q+2bb iQ Q#i�BM i?2 bBKmH�i2/ /�i� r?B+? KQ/2Hb i?2
�hG�a /2i2+iQ`X h?2 bBKmH�iBQM T`Q+2bb Bb /Bz2`2Mi 7Q` T?QiQMb �M/ T`Q@
iQMbX 6Q` T?QiQMb- r?B+? �`2 /2i2+i2/ #v �hG�a +2Mi`�H /2i2+iQ`- i?2`2 Bb �
/2/B+�i2/ ;`QmT i?�i bBKmH�i2b i?2 /2i2+iQ`X h?2 T`QiQMb- /2i2+i2/ #v �6S
/2i2+iQ`- /Q MQi ?�p2 � /2/B+�i2/ ;`QmT- #mi � iQQH +�HH2/ �6S6�biaBK 2tBbib
iQ Q#i�BM i?2 bBKmH�i2/ /�i� 7Q` T`QiQMbX

h?2`2 �`2 K�Mv K2�bm`2/ p�`B�#H2b #v i?2 /2i2+iQ`b- BM Q`/2` iQ `2/m+2
Bi i?2`2 �`2 bQ +�HH2/ ǳ/2`Bp�iBQMbǴX h?2`2 �`2 MmK2`Qmb /2`Bp�iBQMb- 2�+?
+QMi�BMBM; � /Bz2`2Mi HBbi Q7 p�`B�#H2b i?�i bmBi2b i?2 M22/b Q7 i?2 ;`QmTb mbBM;
i?2KX AM i?Bb �M�HvbBb- ah.Jk Uai�M/�`/ JQ/2H kV /2`Bp�iBQM Bb mb2/X h?2
MQi�#H2 T�`i �#Qmi ah.Jk Bb i?2 BM+HmbBQM Q7 T`QiQM /�i� K2�bm`2/ #v i?2
�6S /2i2+iQ`X

RX9 J�i+?BM;
J�i+?BM; Bb i?2 T�B`BM; #2ir22M i?2 FBM2K�iB+b #2ir22M /2i2+i2/ T`QiQMb �M/
/2i2+i2/ T?QiQMbX hQ #2 T`2+Bb2- r2 �`2 HQQFBM; �i `2H�iBp2 T`QiQM 2M2`;v
HQbb ξX h?2 /2}MBiBQMb 7Q` ξAFP UT`QiQMbV �M/ ξγγ UT?QiQMbV �`2 /Bz2`2Mi
U1[m�iBQMb RXR- RXk- `2bT2+iBp2Hv (R3)VX "v /2}MBiBQM #Qi? i?2 ξAFP �M/ ξγγ

p�Hm2b �`2 BM BMi2`p�H i?2 〈0; 1〉X h?2 mTT2` HBKBi 7Q` ξγγ Bb � `2bmHi Q7 �//BiBQM�H
+QMbi`�BMib QM mγγ �M/ η +QKBM; 7`QK i?2 H�r Q7 +QMb2`p�iBQM Q7 2M2`;vX

ξAFP = 1 − E

Ebeam
URXRV

ξγγ = mγγ · e±η

2Ebeam
URXkV

� b?Q`i 2tTH�M�iBQM Q7 i?2 bvK#QHb mb2/ BM 1[m�iBQMb RXR- RXk,

Ç E Ĝ 1M2`;v Q7 i?2 T`QiQM K2�bm`2/ #v i?2 �6S /2i2+iQ`

Ç mγγ Ĝ .B@T?QiQM BMp�`B�Mi K�bb

Ç η Ĝ .B@T?QiQM Tb2m/Q`�TB/Biv- /2}M2/ �b η = − ln tan θ
2 - r?2`2 θ Bb i?2

TQH�` �M;H2 BM `2H�iBQM iQ i?2 #2�K

Ç Ebeam Ĝ 1M2`;v Q7 i?2 #2�K U� +QMbi�Mi p�Hm2- 6.5 h2oV (ky)

aBM+2 i?2`2 �`2 irQ BM/2T2M/2Mi bB/2b Q7 i?2 #2�K UbB/2 �- bB/2 *V- i?2
K�i+?BM; Bb /QM2 7Q` #Qi? bB/2b b2T�`�i2HvX qBi?Qmi i?2 HQbb Q7 ;2M2`�HBiv Bi

d



RX S?vbB+b 7`�K2rQ`F

?�b #22M /2+B/2/ i?�i BM 1[m�iBQM RXk- bB/2 � +Q``2bTQM/b iQ TQbBiBp2 η- bB/2
* +Q``2bTQM/b iQ M2;�iBp2 ηX

RX8 J�i+?BM; +`Bi2`B�
Ai Bb M�im`�H i?�i i?2`2 +�MMQi #2 �M 2tT2+i�iBQM i?�i i?2 +QKT�`2/ 2M2`;v
HQbb rQmH/ #2 2t�+iHv i?2 b�K2 7Q` T`QiQMb �M/ T?QiQMbX h?Bb Bb r?2`2 i?2
K�i+?BM; +`Bi2`B� +QK2b BMX h?2 ;Q�H Bb iQ ;2i i?2 ?B;?2bi TQbbB#H2 �KQmMi Q7
K�i+?2b rBi? i?2 HQr2bi TQbbB#H2 �KQmMi Q7 7�Hb2 TQbBiBp2bX h?2 QTiBKBx�iBQM
Q7 i?2 K�i+?BM; +`Bi2`B� `272`b iQ i?2 BM+HmbBQM Q7 bvbi2K�iB+ mM+2`i�BMiB2b QM
i?2 T?QiQM �M/ T`QiQM K2�bm`2K2MibX

h?2 }`bi K�i+?BM; +`Bi2`B�- �HbQ H�i2` `272``2/ iQ �b bi�M/�`/ U1[m�iBQM RXjV-
Bb � M�Bp2 �TT`QtBK�iBQM i?�i i?2 `2H�iBp2 /Bz2`2M+2 Q7 2M2`;v HQbb2b b?QmH/
#2 H2bb i?�M RyWX ∆ξ Bb /2}M2/ �b i?2 �#bQHmi2 /Bz2`2M+2 #2ir22M T`QiQM �M/
T?QiQM ξ U∆ξ = ξAFP − ξγγVX G27i bB/2 Q7 i?2 2[m�iBQM Bb /BpB/2/ #v ξγγ - Bi Bb
KQ`2 T`2+Bb2 r?2M +QKT�`2/ iQ ξAFPX

|∆ξ|
ξγγ

< 10% URXjV

h?2 M2ti K�i+?BM; +`Bi2`B�- H�#2H2/ �b 1σ K�i+?BM; U1[m�iBQM RX9V- i�F2b
BMiQ �++QmMi mM+2`i�BMiB2b QM i?2 K2�bm`2K2MibX σξAFP , σξγγ `2T`2b2Mi i?2
�#bQHmi2 mM+2`i�BMiv QM ξAFP �M/ ξγγ - `2bT2+iBp2HvX 6`QK i?2 i?2Q`2iB+�H TQBMi
Q7 pB2r i?2 p�Hm2b b?QmH/ #2 i?2 b�K2- #v 2ti2MbBQM i?2 /Bz2`2M+2 #2ir22M i?2
/2i2+i2/ MmK#2`b b?QmH/ #2 HQr2` i?�M i?2 mM+2`i�BMiB2b QM i?2 K2�bm`2K2MibX

∆ξ < σξAFP + σξγγ URX9V

h?2`2 Bb QM2 KQ`2 K�i+?BM; +`Bi2`B� i?�i rBHH #2 i�F2M BMiQ �++QmMi- H�#2H2/
�b 2σ K�i+?BM; U1[m�iBQM RX8VX Ai Bb BM+Hm/2/ #2+�mb2 Q7 i?2 7�+i i?�i BM `2�HBiv
i?2`2 rBHH #2 bQK2 2M2`;v HQbi 7`QK Qi?2` bQm`+2b i?�M i?2 BMi2`�+iBQM Bib2H7X
"mi i?2 �KQmMi Q7 2M2`;v HQbi i?Bb r�v b?QmH/ #2 7`�+iBQM�H +QKT�`2/ iQ
i?2 iQi�H 2M2`;vX hQ �++QmMi 7Q` i?Bb �//BiBQM�H 2M2`;v HQbb- i?2 i?`2b?QH/
7Q` K�i+? r?2M i�FBM; mM+2`i�BMiB2b BMiQ �++QmMi Bb /Qm#H2/X "v /2}MBiBQM-
≈ 68.3W Q7 i?2 K�i+?2b b?QmH/ #2 /2i2+i2/ #v 1σ +QMbi`�BMi �M/ ≈ 95.5W Q7
i?2 K�i+?2b #v i?2 2σ +QMbi`�BMiX

∆ξ < 2
(
σξAFP + σξγγ

)
URX8V

RXe S?QiQM bvbi2K�iB+ mM+2`i�BMiB2b
h?2 /2i2`KBM�iBQM T`Q+2bb Q7 σξγγ Bb iQ T�`iB�HHv /2`Bp2 1[m�iBQM RXk #v Bib
p�`B�#H2b UBM i?Bb +�b2 mγγ �M/ ηVX Ai Bb FMQrM i?�i i?2 �M;H2 Bb K2�bm`2/ p2`v
T`2+Bb2Hv Ui?2 mM+2`i�BMiv QM i?2 �M;H2 Bb p2`v bK�HHV- r2 +�M �TT`QtBK�i2 i?�i
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RXdX S`QiQM bvbi2K�iB+ mM+2`i�BMiB2b

i?2`2 Bb MQ mM+2`i�BMiv QM i?2 �M;H2X qBi? i?Bb �bbmKTiBQM r2 �`2 H27i rBi?
1[m�iBQM RXeX

σξγγ = σmγγ · e±η

2Ebeam
URXeV

AM Q`/2` iQ /2i2`KBM2 σmγγ Ui?2 �#bQHmi2 mM+2`i�BMiv QM /B@T?QiQM BMp�`B@
�Mi K�bbV- #2+�mb2 mγγ Bb +�H+mH�i2/ �M/ MQi K2�bm`2/- r2 Kmbi K2MiBQM ?Qr
Bi Bb +�H+mH�i2/ U1[m�iBQM RXdVX

mγγ =
√

2E1E2(1 − cos α) URXdV
AM i?Bb +�b2 α Bb i?2 �M;H2 #2ir22M i?2 irQ T?QiQMbX �M/ �;�BM Bi Bb

K2�bm`2/ p2`v T`2+Bb2Hv bQ r2 M2;H2+i i?2 mM+2`i�BMiv QM BiX �;�BM r2 T�`@
iB�HHv /2`Bp2 #v p�`B�#H2b �M/ �// i?2 `2bmHib BM � [m�/`�im`2 bmK BM Q`/2` iQ
/2i2`KBM2 i?2 2[m�iBQM 7Q` σmγγ U1[m�iBQM RX3VX

σmγγ = mγγ

2

√(
σE1

E1

)2
+

(
σE2

E2

)2
= mγγ

2 ·
(

σE1

E1
⊕ σE2

E2

)
URX3V

h?2`2 ?�b �H`2�/v #22M � bim/v i?�i K2MiBQMb T?QiQM 2M2`;v `2bQHmiBQM
mM+2`i�BMiv (kR)- i?2 1[m�iBQM RXN Bb i�F2M /B`2+iHv 7`QK BiX

σ

E
= a√

E
⊕ b

E
⊕ c URXNV

AM 1[m�iBQM RXN- i?2 HBbi2/ p�`B�#H2b �`2,

Ç a Ĝ a�KTHBM; i2`K @ 9 − 10% U:2oV URyW Bb mb2/V

Ç b Ĝ LQBb2 i2`K @ 350 cosh η UJ2oV

Ç c Ĝ *QMbi�Mi i2`K @ 0.7%

Ç E Ĝ J2�bm`2/ 2M2`;v Q7 i?2 T?QiQM

Ç η Ĝ aBM;H2 T?QiQM Tb2m/Q`�TB/Biv

RXd S`QiQM bvbi2K�iB+ mM+2`i�BMiB2b
h?2 �H`2�/v K2MiBQM2/ /B@H2TiQM bim/v (e) BM+Hm/2b � +?�Ti2` rBi? �6S bvb@
i2K�iB+ mM+2`i�BMiB2bX

"2+�mb2 T`QiQM 2M2`;v Bb K2�bm`2/ mbBM; i?2 i`�D2+iQ`v Q7 i?2 T`QiQMb- i?2
mM+2`i�BMiB2b �`2 `2H�i2/ iQ i?2 TQbBiBQM QM i?2 t@�tBb QM i?2 /2i2+iQ` UrBi?
i?2 2t+2TiBQM Q7 #2�K QTiB+bVX

Ç :HQ#�H �HB;MK2Mi Ĝ 300 µK

Ç "2�K QTiB+b Ĝ 50 µ`�/

N



RX S?vbB+b 7`�K2rQ`F

6B;m`2 RX8, _2H�iBp2 T`QiQM mM+2`i�BMiB2b i?�i �`2 i�F2M BMiQ �++QmMi rBi?
i?2B` [m�/`�im`2 bmK UiQi�H T`QiQM ξ mM+2`i�BMivVX

Ç GQ+�H �HB;MK2Mi Ĝ 20 µK

Ç S`QiQM i`�MbTQ`i�iBQM Ĝ 2%

AM Q`/2` iQ +�H+mH�i2 i?2 σξAFP i?2`2 Bb �M �TT`QtBK�iBQM i?�i +�H+mH�i2b ξ
7`QK i?2 t@�tBb TQbBiBQM QM i?2 /2i2+iQ` U1[m�iBQM RXRyV (kk)X σx Bb /2}M2/ �b
i?2 mM+2`i�BMiv 7Q` i?2 t@�tBb TQbBiBQMX 6Q` i?2 #2�K QTiB+b �M/ i?2 T`QiQM
i`�MbTQ`i�iBQM i?2 σx(ξ) Bb b?QrM BM 1[m�iBQMb RXRR- RXRk- `2bT2+iBp2Hv (e)X

σξ = σx

−119 − 328ξ
URXRyV

σxbeam = −0.02 + 15.38ξ URXRRV

σxtransport = 0.00508 + 1.104ξ + 2.834ξ2 URXRkV

h?2 iQi�H mM+2`i�BMiv σξAFP Bb +�H+mH�i2/ #v [m�/`�im`2 bmK Q7 �HH Bib T�`ib
U1[m�iBQM RXRj- 6B;m`2 RX8VX

σξAFP = σξglobal ⊕ σξbeam ⊕ σξlocal ⊕ σξtransport URXRjV

Ry



RX3X S`QiQM b2H2+iBQM

RX3 S`QiQM b2H2+iBQM
h?2`2 Bb � `2[mB`2K2Mi 7Q` i?2 �M�Hvx2/ 2p2Mib iQ ?�p2 2t�+iHv irQ T?QiQMbX
6Q` T`QiQMb i?2`2 Bb � `2[mB`2K2Mi i?�i �i H2�bi QM2 T`QiQM ?�b iQ #2 /2i2+i2/
BM i?2 bvbi2KX h?Bb H2�/b iQ � H�`;2 �KQmMi Q7 2p2Mib r?2`2 i?2`2 KB;?i MQi
#2 � bBM;H2 T`QiQM Q` i?2`2 KB;?i #2 KQ`2 i?�M QM2 T`QiQM /2i2+i2/ QM 2Bi?2`
bB/2 Q7 i?2 #2�KX JQ`2 i?�M QM2 T`QiQM QM QM2 bB/2 Bb TQbbB#H2- #2+�mb2 i?2
BMi2`�+iBQMb �`2 MQi QM2 T`QiQM iQ QM2 T`QiQM- #mi � #mM+? Q7 T`QiQMb BMiQ �
#mM+? Q7 T`QiQMbX

h?2 +�b2 Q7 x2`Q T`QiQMb QM 2Bi?2` bB/2 Bb bQHp2/ #v MQi@K�i+?BM; i?2 bB/2
iQ � T?QiQMX "mi r?2`2 i?2`2 �`2 KQ`2 T`QiQMb QMHv QM2 +�M #2 +?Qb2M �b �
+�M/B/�i2 iQ #2 K�i+?2/X

h?2`2 �`2 j K�BM bi`�i2;B2b Ĝ +?QQbBM; i?2 T`QiQM rBi? i?2 HQr2bi K2�bm`2/
2M2`;v- i?2 ?B;?2bi K2�bm`2/ 2M2`;v Q` i?2 T`QiQM- r?B+? ?�b i?2 KQbi bBKBH�`
2M2`;v HQbb iQ i?2 +QKT�`2/ T?QiQMX 1�`Hv BM i?Bb �M�HvbBb i?2 T`QiQM rBi?
?B;?2bi 2M2`;v HQbb r�b +?Qb2M- #mi bBM+2 i?2M Bi r�b 7QmM/ Qmi i?�i i?2
?B;?2bi 2{+B2M+v Bb r?2M � T`QiQM rBi? i?2 +HQb2bi 2M2`;v HQbb iQ i?2 T?QiQM
r�b b2H2+i2/X

RXN J�i+?BM; #�+F;`QmM/
h?2 K�i+?BM; #�+F;`QmM/ Bb i?2 `�M/QKM2bb Q7 i?2 K�i+?BM;X "2+�mb2 i?2
2p2Mib �`2 mM+Q``2H�i2/- i?2`2 �`2 irQ K�BM bi`�i2;B2b Ĝ QM2 Bb iQ i�F2 T`QiQM
/�i� 7`QK � /Bz2`2Mi 2p2Mi �M/ i`v iQ K�i+? Bi iQ i?2 T?QiQMb 7`QK +m``2Mi
2p2Mi UH�i2` `272``2/ iQ �b ǳKBt2/ +�b2ǴV- i?2 Qi?2` Bb iQ brBi+? bB/2b r?2M
K�i+?BM; UK�i+?BM; bB/2 � T`QiQM iQ bB/2 * T?QiQM �M/ pB+2 p2`b�- H�i2`
`272``2/ iQ �b ǳbrBi+?2/ bB/2bǴVX

�7i2` K�i+?BM;- i?2 bBKBH�`BiB2b Q` /Bz2`2M+2b #2ir22M i?2 MmK#2` Q7
K�i+?2b Q7 MQKBM�H K�i+?BM; �M/ KBt2/ K�i+?BM; +�M b2`p2 �b � #�+F;`QmM/
KQ/2HX h?Bb KQ/2H b?Qrb ?Qr K�Mv K�i+?2b 7`QK i?2 MmK#2` Q7 MQKBM�H
K�i+?2b �`2 � `�M/QK +QBM+B/2M+2X

AM Q`/2` iQ 2HBKBM�i2 �Mv mMr�Mi2/ +Q``2H�iBQM i?2 T`QiQM b2H2+iBQM Kmbi
#2 /QM2 `B;?i #27Q`2 K�i+?BM; U�7i2` KBtBM; 2p2Mib Q` brBi+?BM; bB/2bVX

6Q` i?2 KBt2/ +�b2 i?2`2 Bb � bi�iBbiB+b i?�i +�M #2 2�bBHv K�/2X h?2
`2bmHib b?QmH/- #v /2}MBiBQM- #2 bBKBH�` r?2M i�FBM; T`QiQM BM7Q`K�iBQM 7`QK
2p2Mi n − 1- n − 2- X X Xh?2 MmK#2` Q7 K�i+?2b BM i?2b2 +�M #2 }ii2/ mbBM; �
:�mbbB�M 7mM+iBQMX h?2 rB/i? Q7 i?2 :�mbbB�M }i `2bmHib BM i?2 mM+2`i�BMiv
QM i?2 MmK#2` Q7 `�M/QK K�i+?2bX

AM i?2 BKTH2K2Mi�iBQM i?2 bi�iBbiB+b Bb MQi /QM2 mbBM; i?2 MmK#2` Q7
K�i+?2b- #mi mbBM; i?2 /Bz2`2M+2 #2ir22M i?2 MmK#2` Q7 MQKBM�H K�i+?2b
�M/ i?2 MmK#2` Q7 KBt2/ K�i+?2bX h?2 rB/i? Q7 i?2 :�mbbB�M Bb biBHH i?2
b�K2 BM #Qi? +�b2bX

RR



RX S?vbB+b 7`�K2rQ`F

�i i?Bb iBK2- i?2 MmK#2` Q7 K�i+?2b 7Q` �HH i?`22 K�i+?BM; +`Bi2`B� Uh�@
#H2 jXRV r�b FMQrMX �b � `2bmHi- i?2 K�i+?BM; #�+F;`QmM/ r�b �M�Hvx2/ QMHv
7Q` 2σ K�i+?BM;X

Rk



*?�Ti2` k
aQ7ir�`2 /2p2HQTK2Mi

AM i?Bb +?�Ti2` i?2 /2p2HQTK2Mi T`Q+2bb Bb /Bb+mbb2/X 6B`bi i?2 7mM+iBQM�H �M/
MQM@7mM+iBQM�H `2[mB`2K2Mib 7Q` i?2 bQ7ir�`2 �`2 bi�i2/X h?Bb Bb 7QHHQr2/ #v
i?2 �M�HvbBb �M/ /2bB;M Q7 i?2 bQ7ir�`2X Ai 7QHHQrb � b2+iBQM rBi? � /Bb+mbbBQM
QM i?2 BKTH2K2Mi�iBQMX �M/ H�biHv i?2 bQ7ir�`2 `2bmHib �`2 /Bb+mbb2/X

kXR 6mM+iBQM�H �M/ MQM@7mM+iBQM�H `2[mB`2K2Mib

h?2 7mM+iBQM�H `2[mB`2K2Mib �`2 i?2 +Q``2+i +�H+mH�iBQM Q7 bvbi2K�iB+ mM+2`@
i�BMiB2b 7Q` /2i2+i2/ T`QiQMb �M/ T?QiQMb- /Bb+mbb2/ BM b2+iBQMb RXe- RXdX �M@
Qi?2` 7mM+iBQM�H `2[mB`2K2Mi Bb iQ ?�p2 i?2 TQbbB#BHBiv iQ +?�M;2 i?2 T`QiQM b2@
H2+iBQM U/Bb+mbb2/ BM b2+iBQM RX3V 7`QK ǳbi�M/�`/Ǵ iQ ǳKBt2/Ǵ +�b2 Q` ǳbrBi+?2/
bB/2bǴ +�b2X �M �Hi2`M�iBp2 QTiBQM Bb iQ BM+Hm/2 i?2 `2bmHib Q7 �HH i?`22 T`Q@
iQM b2H2+iBQMb BMbB/2 QM2 _PPh }H2X G�biHv �MQi?2` 7mM+iBQM�H `2[mB`2K2Mi Bb
iQ +�H+mH�i2 i?2 /Bz2`2M+2 Q7 MmK#2`b Q7 K�i+?2b #2ir22M ǳbi�M/�`/Ǵ T`QiQM
b2H2+iBQM �M/ ǳKBt2/Ǵ T`QiQM b2H2+iBQM 7Q` n − 1, . . . , n − 1000X

h?2 bQ7ir�`2 b?QmH/ #2 bTHBi BMiQ irQ _PPh b+`BTib- QM2 +�H+mH�iBM; i?2
mM+2`i�BMiB2b- i?2 Qi?2` iQ +�H+mH�i2 i?2 /Bz2`2M+2 Q7 MmK#2`b Q7 K�i+?2bX h?2
KQbi BKTQ`i�Mi MQM@7mM+iBQM�H `2[mB`2K2Mi Bb i?�i i?2 bQ7ir�`2 Bb iQ #2 `mM
QM *1_LǶb HtTHmb b2`p2`bX �b � bB/2 MQi2- Bi rQmH/ #2 � THmb B7 i?2 +Q/2 +QmH/
#2 `mM QM *1_LǶb /Bbi`B#mi2/ ;`B/ M2irQ`F Q` HQ+�HHvX �MQi?2` `2[mB`2K2Mi
Bb i?�i i?2 QmiTmi }H2 Bb � _PPh }H2X �HbQ Bi Bb BKTQ`i�Mi i?�i i?2 bQ7ir�`2
UQ` T�`i Q7 i?2 bQ7ir�`2V i?�i +�H+mH�i2b i?2 /Bz2`2M+2 #2ir22M i?2 MmK#2`
Q7 K�i+?2b #2ir22M ǳbi�M/�`/Ǵ �M/ ǳKBt2/Ǵ T`QiQM b2H2+iBQM /Q2b MQi 2t+22/
KQ`2 i?�M ivTB+�HHv irQ ?Qm`b- r?B+? `2H�i2b iQ �`QmM/ 6 b2+QM/b T2` QM2
Bi2`�iBQM UK2�bm`2/ QM HtTHmb b2`p2`bVX PM2 Bi2`�iBQM Bb /2}M2/ �b +�H+mH�iBM;
QM2 /Bz2`2M+2 #2ir22M ǳbi�M/�`/Ǵ �M/ ǳKBt2/Ǵ +�b2X "2+�mb2 i?Bb bQ7ir�`2 Bb
� T�`i Q7 �M QM;QBM; `2b2�`+?- Bi Bb BKTQ`i�Mi i?�i i?2 +Q/2 Bb 2�bBHv KQ/B}�#H2
BM +�b2 �Mv T�`�K2i2` Q` +�H+mH�iBQMb +?�M;2bX

Rj



kX aQ7ir�`2 /2p2HQTK2Mi

kXk �M�HvbBb �M/ /2bB;M
AM i?Bb b2+iBQM }`bi i?2 /2p2HQTK2Mi bi`�i2;v Bb /Bb+mbb2/X Ai 7QHHQrb � b?Q`i
�M�HvbBb QM ?Qr i?2 /�i� Bb K2�bm`2/ �M/ T`Q+2bb2/ 7m`i?2`X L2ti- _PPh-
i?2 bQ7ir�`2 mb2/- �M/ HtTHmb b2`p2` +Hmbi2` �`2 #`B2~v /2b+`B#2/X G�biHv- i?2
BMTmi �M/ QmiTmi }H2 bi`m+im`2b �`2 �M�Hvb2/X

kXkXR .2p2HQTK2Mi bi`�i2;v
h?2 +QKTH2tBiv Q7 i?2 T?vbB+b #2?BM/ i?Bb bQ7ir�`2 `2bmHi2/ BM Kv /2+BbBQM
iQ +?QQb2 Ai2`�iBp2 /2p2HQTK2Mi Qp2` q�i2`7�HH Q` �;BH2X h?2 K�BM �/p�M@
i�;2 Q7 Ai2`�iBp2 /2p2HQTK2Mi Bb i?�i i?2 bQ7ir�`2 Bb /2p2HQT2/ BM BM+`2K2Mi�H
Bi2`�iBQMb r?2`2 2�+? Bi2`�iBQM K�BMHv BM+Hm/2b �//BiBQM�H 7mM+iBQM�HBivX AM
+QMi`�bi- r?2M mbBM; �;BH2 /2p2HQTK2Mi bi`�i2;v- i?2`2 �`2 `2;mH�` Bi2`�iBQMb
i?�i +QMi�BM �HH 7mM+iBQM�HBivX �M/ H�biHv i?2 q�i2`7�HH bi`�i2;v /Q2b MQi mb2
Bi2`�iBQMb �M/ Bb bHQr iQ �/QTi +?�M;2bX

hQ #2 KQ`2 bT2+B}+ �#Qmi i?2 `2�bQMBM; #2?BM/ i?2 /2+BbBQM- A `mH2/ Qmi
i?2 q�i2`7�HH K2i?Q/- #2+�mb2 /m`BM; � `2b2�`+? HBF2 i?Bb i?2`2 +�M #2 M2r
Q#b2`p�iBQMb i?�i `2bmHi BM � M22/ iQ +?�M;2 T�`ib Q7 i?2 +Q/2 �M/ i?2 bHQr
�/QTiBQM Q7 +?�M;2b Q7 i?2 q�i2`7�HH K2i?Q/ Bb MQi bmBi�#H2 7Q` � T`QD2+i HBF2
i?BbX h?2 /2+BbBQM #2ir22M �;BH2 �M/ Ai2`�iBp2 r�b /QM2 Tm`2Hv �++Q`/BM; iQ
T2`bQM�H T`272`2M+2X �b A T2`bQM�HHv ?�p2 p2`v HBiiH2 2tT2`B2M+2 rBi? �;BH2-
Ai2`�iBp2 72Hi HBF2 i?2 #2ii2` +?QB+2X

kXkXk 6`QK `�r /�i� iQ LhmTH2b
1p2`v iBK2 i?2`2 �`2 BMi2`�+iBQMb BM G>*- iQ B/2MiB7v i?2 /�i2 �M/ iBK2 Q7
i?2 BMi2`�+iBQM T2`BQ/- �M mMB[m2 B/2MiB}2`- _mMLmK#2`- Bb mb2/X 1�+? _mM
Bb bTHBi BMiQ QM2 KBMmi2 HQM; #HQ+Fb- `272``2/ iQ �b GmKB"HQ+FX 6Q` 2�+? BM@
i2`�+iBQM i?2 K2�bm`2/ /�i� Bb b2T�`�i2/ �M/ iQ B/2MiB7v 2�+? BMi2`�+iBQM �M
B/2MiB}2` 1p2MiLmK#2` Bb mb2/X h?2`2 +�M #2 KmHiBTH2 2p2Mib rBi? i?2 b�K2
1p2MiLmK#2` �+`Qbb /Bz2`2Mi _mMLmK#2`bX

6B`bi i?2 K2�bm`2/ /�i� Bb b�p2/ BMiQ bQ +�HH2/ +QMi�BM2`bX h?2 +QMi�BM2`b
�`2 +QHH2+iBQMb Q7 `2H�i2/ p�`B�#H2b- 7Q` 2t�KTH2 i?2 T?QiQM +QMi�BM2` +QMi�BMb
�HH K2�bm`2/ p�`B�#H2b `2H�i2/ iQ T?QiQMbX hQ }Hi2` i?2 +QMi�BM2`b i?�i �`2
`2H2p�Mi 7Q` /Bz2`2Mi ;`QmTb- bQ +�HH2/ /2`Bp�iBQMb �`2 mb2/X AM i?2 +�b2 Q7
i?Bb `2b2�`+? i?2 mb2/ /2`Bp�iBQM Bb ah.Jk Uai�M/�`/ KQ/2H kVX h?2 MQi�#H2
+QMi�BM2`b i?�i ah.Jk +QMi�BMb �`2 i?2 T?QiQM �M/ �6S +QMi�BM2`bX

�HH i?2 /�i� Bb b�p2/ QM i?2 ;`B/X "mi BM Q`/2` 7Q` b+B2MiBbib iQ rQ`F KQ`2
2{+B2MiHv- i?2 /�i� +�M #2 bTHBi BMiQ bK�HH2` 7`�;K2Mib i?�i +QMi�BM � bK�HH
7`�+iBQM Q7 i?2 /�i� +�M #2 i`�Mb72``2/ iQ HtTHmb b2`p2`b Q` /QrMHQ�/2/ iQ HQ+�H
K�+?BM2bX h?2b2 7`�;K2Mib �`2 ivTB+�HHv BM i?2 `�M;2 Q7 ?mM/`2/ K2;�#vi2b
iQ ?mM/`2/ ;B;�#vi2bX PM2 Q7 i?2 K�BM Tm`TQb2b 7Q` i?2b2 bK�HH2` 7`�;K2Mib
Bb iQ i2bi bQ7ir�`2 QM bK�HH2` /�i� +QKT�`2/ iQ i?2 r?QH2 /�i� b2ib QM i?2

R9



kXkX �M�HvbBb �M/ /2bB;M

;`B/X h?2 2t2+miBQM iBK2 Q7 bQ7ir�`2 i?�i T`Q+2bb2b i?2 /�i� 7Q` i?2 r?QH2
/�i� b2ib QM i?2 ;`B/ +�M ivTB+�HHv #2 � 72r /�vbX

h?2 T`Q+2bbBM; bQ7ir�`2 7Q` i?Bb `2b2�`+? Bb i?2 :`QmT LhmTH2 S`Q/m+iBQM
+Q/2X Aib BMTmi Bb i?2 ah.Jk /2`Bp�iBQMX Ai +�M T`Q+2bb #Qi? `2�H �M/ bBKm@
H�i2/ /�i�X h?2 K�BM i�bF Q7 i?2 +Q/2 Bb iQ }Hi2` 2p2Mib BM r?B+? r2`2 /2i2+i2/
2t�+iHv irQ T?QiQMbX �MQi?2` BKTQ`i�Mi }Hi2`BM; Bb /QM2 �i i?Bb bi�;2 �b r2HHX
Ai +�M bQK2iBK2b ?�TT2M i?�i bQK2 /2i2+iQ`b �`2 K�H7mM+iBQMBM;X hQ `2KQp2
i?2b2 +�b2b � :QQ/ _mM GBbi U:_GV Bb �TTHB2/ �M/ QMHv i?2 _mMLmK#2`b BM
i?2 :_G �`2 T`Q+2bb2/X 1�+? `2b2�`+? ;`QmT mb2b � /Bz2`2Mi QM2 bBM+2 2�+?
;`QmT M22/b /�i� 7`QK /Bz2`2Mi /2i2+iQ`bX AM Q`/2` iQ �++2bb i?2 /�i� BM i?2
+QMi�BM2`b Bi mb2b � bQ +�HH2/ �6ShQQH#Qt 7`�K2rQ`FX

kXkXj _PPh
_PPh (kj- k9) Bb � KmHiB@TH�i7Q`K bQ7ir�`2 /2p2HQT2/ #v *1_L rBi? BMi2M/2/
mb2 Q7 #B;@/�i� biQ`�;2- �M�HvbBb �M/ pBbm�HBb�iBQMX h?2 K�BM �TTHB+�iBQMb �`2
THQiiBM; �M/ biQ`BM; +QKTH2t Q` ?B;? �KQmMib Q7 /�i�X

h?2 biQ`�;2 }H2b �`2 b2H7@/2b+`BTiBp2 �M/ +QKT`2bb2/ #BM�`v }H2bX PM2 Q7
i?2 K�BM #2M2}ib Q7 _PPhǶb biQ`�;2 bQHmiBQM Bb i?�i QM2 }H2 +�M #2 bTHBi
BMiQ b2p2`�H bK�HH2` }H2b i?�i �`2 +?�BM2/ �M/ �++2bb2/ �b � bBM;H2 Q#D2+iX�M �
bBKTH2 }H2 +QMi�BMBM; b2p2`�H 2Mi`B2b 7Q` p�`B�#H2b +�HbQ #2 +�HH2/ � MimTH2X

h?2 K�BM r�v iQ +QMi`QH _PPh Bb mbBM; � +QKK�M/ HBM2 BMi2`7�+2 U*GAVX
"v /27�mHi Bi mb2b � *YY BMi2`T`2i2` *HBM;- #mi i?2`2 Bb �HbQ �M QTiBQM iQ ?�p2
�M BMi2`�+iBp2 b2bbBQM mbBM; � Svi?QM BMi2`T`2i2`X h?Bb �HHQrb i?2 +`2�iBQM Q7
p2`v +QKTH2t b+`BTib rBi? +mbiQK +H�bb2b �M/ bi`m+im`2bX

*`2�iBM; b+`BTib �M/ BMi2`T`2iBM; i?2K mbBM; i?2 *GA Bb MQi i?2 QMHv r�v iQ
BMi2`�+i rBi? _PPh }H2bX "2+�mb2 BMi2`T`2iBM; b+`BTib +�M #2 iBK2 BM2z2+iBp2-
i?2`2 Bb �HbQ �M QTiBQM iQ +QKTBH2 i?2 b+`BTib Q` +QKTBH2 i?2K �b b2T�`�i2
�TTHB+�iBQMb (k8)X

6Q` pBbm�HBx�iBQM i?2`2 Bb �HbQ � bBKTH2 ;`�T?B+ mb2` BMi2`7�+2 U:lAVX h?2
#�bB+ rBM/Qr Bb i?2 h"`Qrb2` U6B;m`2 kXRV- r?B+? b2`p2b �b � iQQH iQ pB2r i?2
bi`m+im`2 Q7 � _PPh }H2X Ai �HbQ BM+Hm/2b � T�`i rBi? h*�Mp�b- � +�Mp�b i?�i
Bb mb2/ 7Q` THQiiBM; ;`�T?bX

"Qi? i?2 *GA �M/ :lA BM+Hm/2 iQQHb iQ KQ/B7v i?2 pBbm�HBb�iBQM Q7 /�i�X
h?2 pBbm�HBb2/ /�i� +�M #2 �HbQ KQ/B}2/ r?BH2 pBbm�HBbBM;X

hQ F22T THQib �M/ };m`2b +QMbBbi2Mi- b+`BTib �`2 i?2 #2bi r�v iQ +`2�i2
i?2KX h?2 �hG�a 1tT2`BK2Mi ;`QmT ?�b Bib QrM pBbm�H bivH2 i?�i KQ/B}2b
i?2 7QMi mb2/- i?2 bivH2 Q7 HBM2b- ?B/2b };m`2 iBiH2 #v /27�mHi- 2i+X

kXkX9 GtTHmb
h?2 bQ7ir�`2 Bb iQ #2 `mM K�BMHv QM HtTHmb b2`p2`b (ke)X Ai Bb � +Hmbi2` Q7 GBMmt
K�+?BM2b `mMMBM; *1_L *2MiPa d BM e9@#Bi KQ/2X Ai Bb � HQ�/ #�H�M+2/
+Hmbi2` i?�i Bb �++2bbB#H2 #v aa>X 1�+? K�+?BM2 BM i?2 +Hmbi2` Bb +QMM2+i2/

R8



kX aQ7ir�`2 /2p2HQTK2Mi

6B;m`2 kXR, �M 2t�KTH2 rBM/Qr Q7 _PPhǶb h"`Qrb2` :lAX

iQ irQ }H2 bvbi2Kb iQ b?�`2 /�i�- i?2 �6a �M/ 1PaX lb2`b ?�p2 7QH/2`b rBi?
�++2bb QM #Qi? }H2 bvbi2KbX �6a Bb � bK�HH2`- #mi 7�bi2` }H2 bvbi2K r?BH2 1Pa
?�b #B;;2` +�T�+Biv- #mi Bb ;2M2`�HHv bHQr2`X aQ7ir�`2 QM HtTHmb b2`p2`b +�M #2
`mM /B`2+iHv Q` mbBM; � DQ# bvbi2K >h*QM/Q`X

kXkX8 AMTmi bi`m+im`2
h?2 BMTmi }H2 7Q` i?2 /2p2HQT2/ bQ7ir�`2 Bb � MimTH2 +`2�i2/ #v i?2 :`QmT
LhmTH2 S`Q/m+iBQM +Q/2 i?�i r�b #`B2~v /Bb+mbb2/ BM i?2 T`2pBQmb b2+iBQMX
h?2 BMTmi bi`m+im`2 Bb i?2 b�K2 7Q` #Qi? `2�H �M/ bBKmH�i2/ /�i� �M/ #Qi? �`2
iQ #2 T`Q+2bb2/ BM i?2 b�K2 r�vX h?2 MimTH2 +QMi�BMb irQ hh`22b- h`22S`QiQM
�M/ h`22S?QiQMX AMbB/2 i?2K �`2 h"`�M+?2b- 2�+? `2T`2b2MiBM; � K2�bm`2/
p�`B�#H2X

h?2`2 �`2 i?`22 p�`B�#H2b i?�i �`2 i?2 b�K2 BM #Qi? hh`22b Ĝ _mMLmK#2`-
1p2MiLmK#2` �M/ GmKB"HQ+FX Ai Bb BKTQ`i�Mi i?�i BM +�b2 Q7 bi�M/�`/ K�i+?@
BM; i?2b2 i?`22 p�`B�#H2b ?�p2 i?2 b�K2 p�Hm2b 7Q` 2�+? 2p2Mi Ĝ i?�i i?2 +Q/2
T`Q+2bb2b T`QiQMb �M/ T?QiQMb +Q``2bTQM/BM; iQ i?2 b�K2 2p2MiX h?2 :`QmT
LhmTH2 S`Q/m+iBQM +Q/2 }`bi +?2+Fb B7 �M 2p2Mi ?�b 2t�+iHv irQ T?QiQMbX A7 i?2
2p2Mi T�bb2b i?Bb +?2+F- i?2 K2�bm`2/ T?QiQM /�i� Bb BMb2`i2/ BMiQ h`22S?QiQMX
6�BHm`2 iQ T�bb bFBTb i?Bb 2p2Mi �M/ i?2 +Q/2 T`Q+2bb2b i?2 M2ti 2p2MiX �7i2`
i?Bb +QK2b �MQi?2` BKTQ`i�Mi +?2+F- B7 �i H2�bi QM2 T`QiQM r�b /2i2+i2/ #v i?2
�6S /2i2+iQ`X �b rBi? T?QiQMb- B7 i?Bb +?2+F Bb T�bb2/- i?2 K2�bm`2/ p�`B�#H2b
�`2 r`Bii2M BMiQ i?2 h`22S`QiQMX A7 MQi- MQi?BM; Bb r`Bii2M BMiQ h`22S`QiQMX
h?Bb BKTHB2b i?�i 7Q` 2p2`v 2Mi`v BM i?2 h`22S`QiQM i?2`2 Bb �M 2Mi`v BM i?2

Re



kXjX AKTH2K2Mi�iBQM

h`22S?QiQM rBi? i?2 b�K2 _mMLmK#2`- 1p2MiLmK#2` �M/ GmKB"HQ+FX

kXkXe PmiTmi bi`m+im`2
h?2 QmiTmi }H2b �`2 �HbQ MimTH2bX "2+�mb2 i?2 b+`BTib M22/ iQ T`Q+2bb QMHv
i?2 2p2Mib i?�i ?�p2 2t�+iHv irQ T?QiQMb /2i2+i2/ �M/ �i H2�bi QM2 T`QiQM
/2i2+i2/- i?2`2 Bb MQ M22/ 7Q` irQ b2T�`�i2 �M/ BM/2T2M/2Mi hh`22b rBi?
/Bz2`2Mi �KQmMi Q7 2p2MibX �b A ?�p2 /2+B/2/ iQ bTHBi i?2 bQ7ir�`2 BMiQ irQ
b+`BTib- QM2 +�H+mH�iBM; i?2 mM+2`i�BMiB2b �M/ QM2 +�H+mH�iBM; i?2 /Bz2`2M+2 Q7
MmK#2` Q7 K�i+?2b #2ir22M /Bz2`2Mi T`QiQM b2H2+iBQMb- i?2 bi`m+im`2b Q7 i?2
`2bmHiBM; MimTH2b Bb /Bz2`2MiX

6Q` i?2 b+`BTi i?�i +�H+mH�i2b i?2 mM+2`i�BMiB2b i?2 MimTH2 +QMi�BMb � hh`22-
�M�HvbBbh`22X AMbB/2 i?�i i`22 �`2 i?2 B/2MiB7vBM; p�`B�#H2b- _mMLmK#2`-
1p2MiLmK#2` �M/ GmKB"HQ+F- #mi �b � b�72 K2�bm`2 i?2 p�`B�#H2b �`2 i?2`2
irB+2- QM+2 i�F2M 7`QK i?2 h`22S?QiQM �M/ QM+2 7`QK h`22S`QiQMX AM +�b2
i?2`2 �`2 �Mv /Qm#ib B7 i?2 T`QiQM �M/ T?QiQM /�i� �`2 7`QK i?2 b�K2 2p2Mi
i?2 p�`B�#H2b +�M #2 +QKT�`2/X �HbQ BM+Hm/2/ �`2 �HKQbi �HH T?QiQM �M/ T`Q@
iQM p�`B�#H2b 7`QK i?2 BMTmi }H2X �//2/ r2`2 i?2 +�H+mH�i2/ mM+2`i�BMiB2b 7Q`
#Qi? T`QiQMb �M/ T?QiQMb �M/ �HbQ p�`B�#H2b b?QrBM; i?2 MmK#2` Q7 T`QiQMb
/2i2+i2/ BM i?2 r?QH2 bvbi2K �M/ BM #Qi? �6S /2i2+iQ`bX

h?2 MimTH2 +`2�i2/ #v i?2 b+`BTi i?�i +�H+mH�i2b i?2 /Bz2`2M+2 Q7 MmK#2`
Q7 K�i+?2b #2ir22M i?2 /Bz2`2Mi T`QiQM b2H2+iBQMb ?�b � bBKTH2` bi`m+im`2X Ai
+QMi�BMb QM2 hh`22 �b i?2 T`2pBQmb QM2- #mi QMHv 7Qm` p�`B�#H2b Ĝ �- *- �Q`*-
��M/* Ĝ 2�+? p�`B�#H2 +Q``2bTQM/BM; iQ K�i+? QM bB/2 �- bB/2 *- bB/2 � Q`
bB/2 *- bB/2 � �M/ bB/2 * Q7 i?2 �6SX

kXj AKTH2K2Mi�iBQM
AM i?Bb b2+iBQM i?2 BKTH2K2Mi�iBQM Q7 i?2 bQ7ir�`2 Bb /Bb+mbb2/X 6B`bi � b?Q`i
bm#b2+iBQM �#Qmi ?Qr A rQ`F2/ rBi? i?2 BMTmi }H2bX L2ti i?2 BKTH2K2Mi�@
iBQM Q7 i?2 `2bQm`+2b b?�`2/ #v #Qi? b+`BTib Bb ;Bp2MX Ai 7QHHQrb irQ b2+iBQMb-
/Bb+mbbBM; i?2 BKTH2K2Mi�iBQM Q7 i?2 K�i+?BM; �M/ /Bz2`2M+2 b+`BTib- `2bT2+@
iBp2HvX

kXjXR qQ`FBM; rBi? irQ BM/2T2M/2Mi hh`22b
"2+�mb2 Q7 i?2 bi`m+im`2 Q7 i?2 BMTmi }H2- #Qi? b+`BTib r2`2 T`2b2Mi2/ rBi? �
/B{+mHiv Q7 rQ`FBM; rBi? i?2 /�i�X >�pBM; i?2 T?QiQM �M/ T`QiQM /�i� BM irQ
b2T�`�i2 hh`22b Bb � T`Q#H2K- bBM+2 i?2 hh`22b �`2 BM/2T2M/2Mi QM QM2 �MQi?2`
�M/ i?2 b+`BTib M22/ iQ �++2bb /�i� 7`QK #Qi? hh`22bX qQ`i? K2MiBQMBM; Bb
i?�i i?2 +Q/2 M22/b iQ T`Q+2bb QMHv 2p2Mib i?�i �`2 BM h`22S`QiQM- #2+�mb2
K�i+?BM; +�M #2 /QM2 QMHv r?2M �i H2�bi QM2 T`QiQM Bb /2i2+i2/X

PM2 QTiBQM rQmH/ #2 iQ #`mi2@7Q`+2 �M/ 7Q` 2�+? 2p2Mi BM h`22S`QiQM
Bi2`�i2 Qp2` 2p2Mib BM h`22S?QiQM mMiBH i?2 _mMLmK#2` �M/ 1p2MiLmK#2`b �`2
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kX aQ7ir�`2 /2p2HQTK2Mi

i?2 b�K2X h?Bb K2i?Q/ Bb p2`v BM2{+B2Mi �M/ i?mb MQi bmBi�#H2- 2bT2+B�HHv
r?2M i?2 BMTmi }H2b +�M #2 p2`v H�`;2- BM `2�HK Q7 KBHHBQM 2p2MibX

h?Bb T`Q#H2K +�M #2 bQHp2/ mbBM; _PPh Ĝ i?2`2 Bb �M QTiBQM iQ �bbB;M
T`BK�`v �M/ b2+QM/�`v BM/2t iQ � hh`22 #v mbBM; K2i?Q/ hh`22,"mBH/AM/2tX
h?Bb K2i?Q/ M22/b iQ #2 +�HH2/ QMHv QM h`22S?QiQMX �MQi?2` BKTQ`i�Mi
K2i?Q/ Bb hh`22,�//6`B2M/X q?2M Bi2`�iBM; Qp2` 2Mi`B2b BM h`22S`QiQM #v
mbBM; hh`22,:2i1Mi`v- hh`22,:2i1Mi`v Bb �HbQ +�HH2/ QM 7`B2M/ hh`22b- BM
i?Bb +�b2 h`22S?QiQMX "2+�mb2 i?2 h`22S?QiQM ?�b BM/2t2b b2i- i?2 2Mi`v
i?�i Bb `2im`M2/ Bb i?2 QM2 rBi? i?2 b�K2 p�Hm2b BM i?2 BM/2t p�`B�#H2bX "v
/QBM; i?Bb i?2 _mMLmK#2`- 1p2MiLmK#2` �M/ GmKB"HQ+F p�`B�#H2b �`2 i?2 b�K2
BMbB/2 #Qi? hh`22b r?2M Bi2`�iBM; Qp2` h`22S`QiQMX h?Bb K2�Mb i?�i i?2 /�i�
BMbB/2 h`22S`QiQM +Q``2bTQM/b iQ i?2 /�i� BM h`22S?QiQMX

h?Bb K2i?Q/ +�MMQi #2 mb2/ rBi? ǳKBt2/Ǵ T`QiQM b2H2+iBQM- #2+�mb2 p�H@
m2b Q7 _mMLmK#2` �M/ 1p2MiLmK#2` p�`B�#H2b �`2 /Bz2`2Mi 7Q` T`QiQMb �M/
T?QiQMbX

�miQ S?QiQMh`22 4 Uhh`22 V .�i�@=:2iU]h`22S?QiQM]Vc
�miQ S`QiQMh`22 4 Uhh`22 V .�i�@=:2iU]h`22S`QiQM]Vc
S?QiQMh`22 @="mBH/AM/2tU]_mMLmK#2`]- ]1p2MiLmK#2`]Vc
S`QiQMh`22 @=�//6`B2M/U]h`22S?QiQM]Vc

kXjXk a?�`2/ `2bQm`+2b
AM Q`/2` iQ `2/m+2 i?2 TQbbB#BHBiB2b Q7 2``Q`b +QKBM; 7`QK BM�ii2MiBQM- ?�pBM;
QM2 }H2 rBi? 7mM+iBQMb M22/2/ #v irQ #Qi? b+`BTib Bb �M QTiBQMX "Qi? b+`BTib
M22/ iQ +�H+mH�i2 i?2 mM+2`i�BMiB2b 7Q` T`QiQMb �M/ T?QiQMb �M/ #Qi? b+`BTib
�`2 /QBM; i?2 T`QiQM b2H2+iBQM 7Q` r?B+? � 7mM+iBQM i?�i KBMBKBx2b i?2 /Bz2`@
2M+2 #2ir22M T?QiQM �M/ T`QiQM tB p�Hm2b Bb M22/2/X h?2 /2}MBiBQMb Q7 i?2
7mM+iBQMb i?�i �`2 BM+Hm/2/ BM #Qi? b+`BTib �`2 b?QrM BM GBbiBM; kXRX

.Qm#H2ni [m�/`�im`2amK U p2+iQ`I.Qm#H2ni = HBbi Vc

.Qm#H2ni +�H+S?QiQMaB;K�1 U .Qm#H2ni � S?QiQM1- .Qm#H2ni �
S?QiQM1i� Vc

.Qm#H2ni +�H+S`QiQMaB;K�sB U .Qm#H2ni � S`QiQMsB Vc

.Qm#H2ni +�H+.2Hi�sB U .Qm#H2ni � S`QiQMsB - .Qm#H2ni � S?QiQMsB Vc

.Qm#H2ni KBMBKBx2.2Hi�sB U p2+iQ`I.Qm#H2nh = � S`QiQMb- .Qm#H2ni �
S?QiQMsB Vc

GBbiBM; kXR, .2}MBiBQMb Q7 i?2 7mM+iBQMb BM b?�`2/X+ttX

6mM+iBQM [m�/`�im`2amK UGBbiBM; kXkV r�b BKTH2K2Mi2/ mbBM; � p2+iQ` �b
� T�`�K2i2`- #2+�mb2 7mM+iBQMb +�H+S?QiQMaB;K�1 �M/ +�H+S`QiQMaB;K�sB
M22/ iQ +�H+mH�i2 � [m�/`�im`2 bmK Q7 /Bz2`2Mi MmK#2` Q7 p�Hm2bX Pi?2`
QTiBQM iQ p2+iQ` Bb iQ /2}M2 i?2 7mM+iBQM irB+2- QM+2 7Q` i?`22 /Qm#H2b �b
T�`�K2i2`b U�b mb2/ BM +�H+S?QiQMaB;K�1V �M/ 7Q` 7Qm` T�`�K2i2`b U�b mb2/ BM

R3



kXjX AKTH2K2Mi�iBQM

+�H+S`QiQMaB;K�sBV- #mi i?�i rQmH/ #2 r`BiBM; irQ BKTH2K2Mi�iBQMb BMbi2�/
Q7 QM2X lbBM; � p2+iQ` �M/ �M �++mKmH�iQ` T`QpB/2b �M QTiBQM iQ +�H+mH�i2 i?2
[m�/`�im`2 bmK Q7 �Mv �KQmMi Q7 MmK#2`bX

.Qm#H2ni [m�/`�im`2amK U p2+iQ`I.Qm#H2ni = HBbi V &
.Qm#H2ni �++ 4 yc
7Q` U �miQ � B , HBbi V &

�++ Y4 TQrU B- k Vc
'
`2im`M b[`iU �++ Vc

'

GBbiBM; kXk, AKTH2K2Mi�iBQM Q7 i?2 7mM+iBQM [m�/`�im`2amKX

+�H+.2Hi�sB 7mM+iBQM Bb � p2`v bBKTH2 7mM+iBQM i?�i `2im`Mb −1 BM +�b2
S`QiQMsB 2[m�Hb −1 �M/ i?2 /Bz2`2M+2 #2ir22M S`QiQMsB �M/ S?QiQMsB Qi?@
2`rBb2X 6mM+iBQMb +�H+S?QiQMaB;K�1 �M/ +�H+S`QiQMaB;K�sB �`2 7mM+iBQMb
i?�i `2T`2b2Mi 1[m�iBQMb RXN- RXRj- `2bT2+iBp2HvX

h?2 H�bi 7mM+iBQM- KBMBKBx2.2Hi�sB UGBbiBM; kXjV i�F2b �b BMTmi � p2+iQ`
Q7 /Qm#H2b `2T`2b2MiBM; i?2 sB p�Hm2b Q7 /2i2+i2/ T`QiQMb �M/ � sB p�Hm2 Q7
i?2 T?QiQM i?2 T`QiQMb �`2 iQ #2 K�i+?2/ rBi?- �b /Bb+mbb2/ BM a2+iBQM RX3X
h?2 Tm`TQb2 Q7 i?2 7mM+iBQM Bb iQ `2im`M i?2 sB p�Hm2 Q7 � T`QiQM i?�i Bb i?2
+HQb2bi iQ � ;Bp2M T?QiQM sB p�Hm2X h?Bb Bb /QM2 mbBM; � #`mi2@7Q`+2 K2i?Q/ Ĝ
+?2+FBM; i?2 /Bz2`2M+2 Q7 2�+? T?QiQM sB �M/ T`QiQM sB �M/ b�pBM; i?2 HQr2bi
p�Hm2 BM � p�`B�#H2X AM +�b2 i?2 p2+iQ` rBi? T`QiQM sB p�Hm2b Bb 2KTiv- −1
Bb `2im`M2/X 6Q` #Qi? +�H+.2Hi�sB �M/ KBMBKBx2.2Hi�sB 7mM+iBQMb i?2 −1
`2im`M p�Hm2 r�b MQi +?Qb2M `�M/QKHv- i?2 p�Hm2 Bb 2�bBHv /BbiBM;mBb?�#H2 �b
7`QK i?2 T?vbB+b TQBMi Q7 pB2r Bi +�M MQi ?�TT2MX

.Qm#H2ni KBMBKBx2.2Hi�sB U p2+iQ`I.Qm#H2ni = � S`QiQMb- .Qm#H2ni �
S?QiQMsB V &

.Qm#H2ni KBMS`QiQMsB 4 @Rc

.Qm#H2ni KBM.2Hi�sB 4 NNNNNXc

.Qm#H2ni +m``.2Hi�sBc
7Q` U �miQ S`QiQMsB , S`QiQMb V &

+m``.2Hi�sB 4 7�#b U S`QiQMsB @ S?QiQMsBVc
B7 U +m``.2Hi�sB I KBM.2Hi�sB V &

KBMS`QiQMsB 4 S`QiQMsBc
KBM.2Hi�sB 4 +m``.2Hi�sBc

'
'
`2im`M KBMS`QiQMsBc

'

GBbiBM; kXj, AKTH2K2Mi�iBQM Q7 i?2 7mM+iBQM KBMBKBx2.2Hi�sBX

kXjXj J�i+?BM; b+`BTi
h?2 K�BM TQBMi Q7 i?Bb b+`BTi Bb iQ +`2�i2 � MimTH2 rBi? �//2/ T?QiQM �M/
T`QiQM mM+2`i�BMiB2bX h?2`2 Bb MQ bT2+B}+�HHv `2[mB`2/ iBK2 +QKTH2tBiv 7Q`

RN



kX aQ7ir�`2 /2p2HQTK2Mi

i?Bb b+`BTi- #mi i?2 +Q/2 b?QmH/ `mM rBi? HBM2�` iBK2 rBi? `2bT2+i rBi? i?2
MmK#2` Q7 2p2Mib BM i?2 _PPh MimTH2X

hQ b�iBb7v i?2 7mM+iBQM�H `2[mB`2K2Mi i?�i i?2 +Q/2 b?QmH/ ?�p2 i?2 TQb@
bB#BHBiv iQ +?�M;2 i?2 T`QiQM b2H2+iBQM 7`QK ǳbi�M/�`/Ǵ iQ ǳKBt2/Ǵ +�b2 Q`
ǳbrBi+?2/ bB/2bǴ +�b2- A ?�p2 /2+B/2/ iQ ?�p2 i?`22 b2+iBQMb- irQ +QKK2Mi2/
�M/ QM2 mM+QKK2Mi2/X h?2 irQ K�BM `2�bQMb 7Q` MQi BM+Hm/BM; �HH i?`22 bivH2b
�`2 i?2 2t2+miBQM iBK2 �M/ i?2 bBx2 Q7 i?2 QmiTmi MimTH2X "2+�mb2 2�+? 2p2Mi
Bb mM+Q``2H�i2/ iQ QM2 �MQi?2`- i?2 b+`BTi Bi2`�i2b Qp2` �HH 2p2Mib �M/ 7Q` 2�+?
2p2Mi /Q2b i?2 T`QiQM b2H2+iBQM `QmiBM2 �M/ +�H+mH�i2b i?2 mM+2`i�BMiB2bX

A7 A Tmi �HH p�`B�#H2b 7Q` �HH i?`22 b2H2+iBQM bivH2b BMbB/2 QM2 hh`22- i?2
bi`m+im`2 Q7 i?2 hh`22 rQmH/ MQi #2 +H2�`X �Hi2`M�iBp2 rQmH/ #2 iQ b2T�`�i2
i?2 b2H2+iBQM bivH2b BMiQ i?`22 /Bz2`2Mi hh`22b- #mi Bi Bb MQi bmBi�#H2 2Bi?2`-
#2+�mb2 � #B; T�`i Q7 i?2 /�i� rQmH/ #2 /mTHB+�i2/X

6B`bi Bi2`�iBQM Q7 i?Bb b+`BTi QT2M2/ i?2 BMTmi MimTH2 �M/ +`2�i2/ i?2 QmiTmi
MimTH2X h?2 BMTmi }H2 Bb QT2M2/ BM _1�. KQ/2 #2+�mb2 Bi /Q2b MQi ?�p2 iQ #2
KQ/B}2/X h?2 QmiTmi }H2 Bb QT2M2/ BM lS.�h1 KQ/2- r?B+? +`2�i2b � }H2 Q`
T`2T�`2b iQ mT/�i2 �H`2�/v 2tBbiBM; }H2X L2ti Bi2`�iBQM BM+Hm/2/ i?2 +`2�iBQM Q7
�M�HvbBbh`22 �M/ h"`�M+?2b `2T`2b2MiBM; p�`B�#H2bX A ?�p2 /2+B/2/ iQ im`M
Qz �miQa�p2 QTiBQM Q7 hh`22 #2+�mb2 B7 Bi Bb QM- i?2 `2bmHiBM; MimTH2 +QMi�BMb
KmHiBTH2 #�+FmT +QTB2b Q7 i?2 b�K2 hh`22X h?Bb Bi2`�iBQM �HbQ BM+Hm/2/ i?2
p�`B�#H2b 7Q` �HH h"`�M+?2bX �M BKTQ`i�Mi bi2T Q7 i?Bb Bi2`�iBQM r�b �HbQ i?2
BM+HmbBQM Q7 Bi2`�iBM; HQQT i?�i Bi2`�i2b Qp2` �HH 2p2Mib BM h`22S`QiQMX h?2
T?QiQM �M/ T`QiQM p�`B�#H2b r2`2 +QTB2/ mbBM; i?Bb Bi2`�iBQM HQQT 7`QK i?2
BMTmi }H2 iQ i?2 QmiTmi }H2X

�MQi?2` Bi2`�iBQM BM+Hm/2/ i?2 ǳbi�M/�`/Ǵ T`QiQM b2H2+iBQM �M/ i?2 +�H@
+mH�iBQMb Q7 i?2 mM+2`i�BMiB2b UGBbiBM; kX9VX ǳarBi+?2/ bB/2bǴ �M/ ǳKBt2/Ǵ
T`QiQM b2H2+iBQMb r2`2 BM+Hm/2/ BM M2ti Bi2`�iBQMX 6QHHQrb �M Bi2`�iBQM i?�i
BM7Q`Kb i?2 mb2` �#Qmi i?2 T�`i Q7 i?2 +Q/2 i?�i Bb 2t2+mi2/ �i i?2 KQK2Mi #v
T`BMiBM; HBM2b BMiQ bi�M/�`/ QmiTmiX AM i?Bb Bi2`�iBQM r2`2 �HbQ BM+Hm/2/ iBK2
K2�bm`2K2Mib mbBM; bi/,,+?`QMQ- #mi i?2v ?�p2 #22M `2KQp2/ 7Q` i?2 }M�H
Bi2`�iBQMX

h?2 }M�H Bi2`�iBQM }`bi QT2Mb i?2 BMTmi }H2 �M/ mb2b i?2 K2i?Q/ /Bb+mbb2/
BM bm#b2+iBQM kXjXR iQ 2Mbm`2 i?�i i?2 T?QiQM �M/ T`QiQM /�i� �++2bb2/ ?�p2
i?2 b�K2 _mMLmK#2` �M/ 1p2MiLmK#2`X �HbQ i?2 QmiTmi }H2 �M/ Bib hh`22
Bb +`2�i2/X h?Bb Bb 7QHHQr2/ #v /2+H�`�iBQMb Q7 p�`B�#H2b �M/ b2iiBM; i?2B`
#`�M+? �//`2bb2b UBM +�b2 i?2 p�`B�#H2b 2tBbi BM BMTmi }H2VX L2ti i?2 +`2�iBQM
Q7 #`�M+?2b BMbB/2 i?2 QmiTmi }H2 Bb /Bb+mbb2/X h?2 Bi2`�iBQM Qp2` �HH 2p2Mib BM
i?2 h`22S`QiQM 7QHHQrbX 6Q` 2�+? 2p2Mi S?QiQM1R �M/ S?QiQM1k �`2 +QMp2`i2/
7`QK J2o iQ :2o �M/ i?2 mM+2`i�BMiB2b �`2 +�H+mH�i2/X h?2M i?2 K2KQ`v Bb
+H2�M2/ mT �M/ i?2 QmiTmi }H2 Bb r`Bii2MX

ky



kXjX AKTH2K2Mi�iBQM

ff*QMp2`bBQM iQ :2o
S?QiQM1R f4 Ryyyc
S?QiQM1k f4 Ryyyc

ff*�H+mH�iBM; S?QiQMaB;K�b
S?QiQMaB;K�1R 4 +�H+S?QiQMaB;K�1U S?QiQM1R - S?QiQM1i�R Vc
S?QiQMaB;K�1k 4 +�H+S?QiQMaB;K�1U S?QiQM1k - S?QiQM1i�k Vc
S?QiQMaB;K�AMpJ�bb 4 S?QiQMAMpJ�bb f k  [m�/`�im`2amKU &

S?QiQMaB;K�1R f S?QiQM1R - S?QiQMaB;K�1k f S?QiQM1k ' Vc
S?QiQMaB;K�sB� 4 S?QiQMsB� f S?QiQMAMpJ�bb  S?QiQMaB;K�AMpJ�bbc
S?QiQMaB;K�sB* 4 S?QiQMsB* f S?QiQMAMpJ�bb  S?QiQMaB;K�AMpJ�bbc

ffJBMBKBxBM; .2Hi�sB @@ bi�M/�`/ +�b2
MS`QiQMb� 4 S`QiQM*�M/bsB� @=bBx2UVc
MS`QiQMb* 4 S`QiQM*�M/bsB* @=bBx2UVc
MS`QiQMb 4 MS`QiQMb� Y MS`QiQMb*c
S`QiQMsB� 4 KBMBKBx2.2Hi�sB U  S`QiQM*�M/bsB� - S?QiQMsB� Vc
S`QiQMsB* 4 KBMBKBx2.2Hi�sB U  S`QiQM*�M/bsB* - S?QiQMsB* Vc
.2Hi�sB� 4 +�H+.2Hi�sB U S`QiQMsB� - S?QiQMsB� Vc
S`QiQMaB;K�sB� 4 +�H+S`QiQMaB;K�sB U S`QiQMsB� Vc
.2Hi�sB* 4 +�H+.2Hi�sB U S`QiQMsB* - S?QiQMsB* Vc
S`QiQMaB;K�sB* 4 +�H+S`QiQMaB;K�sB U S`QiQMsB* Vc

GBbiBM; kX9, *�H+mH�iBQMb /QM2 7Q` 2�+? 2p2Mi 7Q` ǳbi�M/�`/Ǵ T?QiQM@T`QiQM
K�i+?BM;X

kXjX9 .Bz2`2M+2 b+`BTi
h?Bb b+`BTi +�H+mH�i2b i?2 /Bz2`2M+2 Q7 MmK#2` Q7 K�i+?2b #2ir22M ǳbi�M/�`/Ǵ
K�i+?BM; �M/ ǳKBt2/Ǵ K�i+?BM;- r?2`2 i?2 T`QiQM /�i� Bb mb2/ 7`QK �MQi?2`
2p2MiX AM i?Bb +�b2 i?2 ;Q�H Bb iQ ;2i i?2 bi�iBbiB+ p�`B�iBQM #2ir22M `�M/QK
K�i+?BM; �M/ MQKBM�H K�i+?BM;X AM Q`/2` iQ /Q i?�i- i?2`2 ?�p2 iQ #2 bi�@
iBbiB+�H Bi2`�iBQMb Q7 i?2 KBt2/ b2H2+iBQM +�b2X h?2 }`bi Bi2`�iBQM Bb i?2 T`QiQM
BM7Q`K�iBQM 7`QK T`2pBQmb 2p2Mi- BM i?2 M2ti Bi2`�iBQM T`QiQM BM7Q`K�iBQM 7`QK
i?2 2p2Mi ǳM@kǴ Bb i�F2M- 2i+X AM Q`/2` iQ `2KQp2 mMr�Mi2/ +Q``2H�iBQMb- i?2
T`QiQM b2H2+iBQM Kmbi #2 /QM2 b2T�`�i2Hv 7Q` 2�+? bi�iBbiB+�H Bi2`�iBQM 7Q` 2�+?
2p2MiX

h?Bb BMi`Q/m+2b � ?m;2 T`BQ`Biv BMiQ bT22/ QTiBKBx�iBQM Q7 i?2 b+`BTiX "2@
+�mb2 i?2 T`QiQM b2H2+iBQM Bb iQ #2 /QM2 7Q` n − 1, . . . , n − 1000 +�b2b- i?2
iBK2 iQ +QKTH2i2 2�+? Bi2`�iBQM b?QmH/ #2 �i rQ`bi +QMbi�Mi- r?B+? `2bmHib BM
HBM2�` iQi�H 2t2+miBQM iBK2 rBi? `2bT2+i iQ i?2 MmK#2` Q7 Bi2`�iBQMbX �Mvi?BM;
�bvKTiQiB+�HHv bHQr2` rQmH/ `2bmHi BM � HQM; 2t2+miBQM iBK2X

h?2 MmK#2` Q7 K�i+?2b 7Q` 2�+? Bi2`�iBQM 7Q` 2�+? /2i2+iQ` bB/2 QTiBQM
Bb F2Ti BM � p�`B�#H2 r?B+? Bb +?�M;2/ BM +�b2 Q7 K�i+?- �7i2` 2�+? Bi2`�iBQM
i?2 /Bz2`2M+2 #2ir22M i?2 ǳbi�M/�`/Ǵ �M/ i?2 ǳKBt2/Ǵ K�i+?BM; Bb +�H+mH�i2/
�M/ b�p2/ BMiQ i?2 QmiTmi }H2X

PM2 QTiBQM i?�i A ?�/ iQ +QMbB/2` r�b i?2 mb2 Q7 KmHiB@i?`2�/BM;X �7i2`
� /Bb+mbbBQM rBi? i?2 bmT2`pBbQ` A /2+B/2/ iQ i`2�i KmHiB@i?`2�/BM; �b � }@

kR



kX aQ7ir�`2 /2p2HQTK2Mi

M�H `2bQ`i B7 A +QmH/ MQi �+?B2p2 i?2 iBK2 `2[mB`2K2Mi rBi?Qmi BiX h?2 K�BM
/Bb�/p�Mi�;2 Q7 KmHiB@i?`2�/BM; Bb i?2 i?`2�/ b�72iv T`Q#H2K r?B+? rQmH/ #2
T`2b2Mi BM i?Bb +�b2X

h?2 }`bi B/2� r�b iQ +?2+F B7 �++2bbBM; /�i� BM BMTmi MimTH2 ?�b +QMbi�Mi
iBK2 +QKTH2tBivX h?2 B/2� Bb i?�i B7 i?2 iBK2 +QKTH2tBiv Bb +QMbi�Mi- i?2M
7Q` 2�+? Bi2`�iBQM i?2 b+`BTi +�M +QTv T?QiQM /�i� BMiQ b2T�`�i2 p�`B�#H2b �M/
i?2M �++2bb T`QiQM /�i� 7`QK /Bz2`2Mi 2p2Mi �M/ +�H+mH�i2X

h?2 }`bi Bi2`�iBQM i?�i +?2+F2/ i?2 �++2bb iBK2 +QKTH2tBiv BM+Hm/2/ i?2
b�K2 #�bB+ H�vQmi �b i?2 K�i+?BM; b+`BTiX 6B`bi i?2 b+`BTi QT2M2/ i?2 BMTmi
}H2 �M/ +`2�i2/ i?2 QmiTmi }H2X h?Bb r�b 7QHHQr2/ #v /2+H�`BM; i?2 M2+2bb�`v
p�`B�#H2b �M/ +`2�iBM; #`�M+?2b BM i?2 QmiTmi }H2X h?Bb r�b 7QHHQr2/ #v irQ
HQQTb- }`bi QM2 HQQTBM; Qp2` i?2 b2i MmK#2` Q7 Bi2`�iBQMb- BM i?Bb +�b2 1000X h?2
b2+QM/ HQQT Bi2`�i2/ Qp2` �HH 2p2Mib BM i?2 BMTmi }H2- /B/ i?2 T`QiQM b2H2+iBQM-
+�H+mH�i2/ M2+2bb�`v p�`B�#H2b �M/ +?2+F2/ i?2 2p2Mi 7Q` � K�i+? 7Q` bB/2 �
�M/ bB/2 *X L2ti i?2 p�`B�#H2b `2T`2b2MiBM; i?2 MmK#2` Q7 K�i+?2b BM QM2
Bi2`�iBQM 7Q` bB/2 �- bB/2 *- bB/2 � Q` bB/2 *- bB/2 � �M/ bB/2 * K�i+? r2`2
KQ/B}2/ �++Q`/BM;HvX �7i2` i?2 HQQTb QMHv � K2KQ`v +H2�MmT �M/ }H2 r`BiBM;
r2`2 /QM2X

h?2 `2bmHi Q7 i?Bb i2bi r�b i?�i i?2 2t2+miBQM iBK2 7Q` 2�+? Bi2`�iBQM r�b
BM+`2�bBM; 2p2M i?Qm;? i?2 MmK#2` Q7 �++2bb2b r�b +QMbi�MiX hQ ;2i Qp2` i?Bb
T`Q#H2K A /2+B/2/ iQ +QTv i?2 T`QiQM �M/ T?QiQM /�i� BMiQ bi`m+im`2b i?�i
?�p2 +QMbi�Mi �++2bb iBK2 UGBbiBM; kX8VX h?2 K�BM T`Q#H2K rBi? i?Bb bQHmiBQM
Bb i?�i i?2`2 Bb � +?�M+2 i?�i i?2`2 Bb � 7�BHm`2 iQ �HHQ+�i2 2MQm;? K2KQ`v iQ
+QMi�BM �HH /�i�X A /2+B/2/ iQ Tmi � i`v@+�i+? #HQ+F BMiQ i?2 +Q/2 iQ +�i+? i?Bb
TQbbB#H2 2t+2TiBQMX h?2 b2H2+i2/ /�i� bi`m+im`2 r�b bi/,,p2+iQ`X A ?�p2 �HbQ
+QMbB/2`2/ � bi�M/�`/ *YY �``�v- #mi i?2 2�b2 Q7 mb2 Q7 p2+iQ` �M/ i?2 2�bB2`
`2�/�#BHBiv Q7 i?2 +Q/2 r2`2 i?2 K�BM /2+BbBQM �`;mK2MibX

7Q` UGQM;e9ni B 4 yc B I M1Mi`B2bc BYYV &
S`QiQMh`22 @=:2i1Mi`vUBVc
i`v&

S`QiQM*�M/b�XTmb?n#�+FU S`QiQM*�M/bsB�Vc
S`QiQM*�M/b*XTmb?n#�+FU S`QiQM*�M/bsB*Vc
S?QiQMbXTmb?n#�+FUS?QiQMUS?QiQM�+QT - S?QiQM1R - S?QiQM1k -

S?QiQM1i�R - S?QiQM1i�k - S?QiQMsB� - S?QiQMsB* -
S?QiQMAMpJ�bbVVc

'
+�i+? U 2t+2TiBQM 2 V &

+Qmi II ]1t+2TiBQM `2H�i2/ iQ +QTvBM; /�i� Q++m`2/X] II 2M/Hc
+Qmi II 2Xr?�iUV II 2M/Hc
`2im`Mc

'
'

GBbiBM; kX8, GQQT BM i?2 /Bz2`2M+2 b+`BTi i?�i Bb `2bTQMbB#H2 7Q` +QTvBM; /�i�
7`QK i?2 BMTmi }H2 BMiQ bi/,,p2+iQ`X

6Q` i?2 T`QiQM /�i�- i?2 p�`B�#H2b +QTB2/ r2`2 �H`2�/v p2+iQ`b Q7 /Qm#H2b-

kk



kX9X h2biBM;

6B;m`2 kXk, *H�bb /B�;`�K /2b+`B#BM; +H�bb S?QiQMX

#mi 7Q` T?QiQMb i?2`2 r2`2 KQ`2 p�`B�#H2b i?�i M22/2/ iQ #2 +QTB2/ BM iQ
+�H+mH�i2 i?2 mM+2`i�BMiB2bX A ?�p2 /2+B/2/ iQ +`2�i2 � bBKTH2 +H�bb U6B;m`2
kXkV +QMi�BMBM; �HH i?2 M22/2/ p�`B�#H2b rBi? �M 2KTiv +QMbi`m+iQ` �M/ �
+QMbi`m+iQ` i?�i �bbB;Mb �HH i?2 p�`B�#H2b �++Q`/BM;HvX Ai Bb rQ`i? K2MiBQMBM;
i?�i BM +�b2 Q7 K2KQ`v �HHQ+�iBQM 7�BHm`2 i?2`2 Bb � TQbbB#BHBiv iQ MQi +QTv
i?2 T?QiQM /�i�- #mi i?2 /QrMbB/2 rQmH/ #2 BM+`2�b2/ 2t2+miBQM iBK2X "v
+QTvBM; �HbQ i?2 T?QiQM /�i� i?2 b+`BTi ;Q2b i?`Qm;? �HH 2p2Mib QMHv QM+2-
+QTB2b �HH M2+2bb�`v /�i� �M/ i?2M QMHv �++2bb2b i?2 M2rHv +`2�i2/ p2+iQ`b
rBi? +QMbi�Mi �++2bb iBK2X A7 QMHv T`QiQM /�i� r�b +QTB2/- i?2 b+`BTi rQmH/
biBHH M22/ iQ �++2bb i?2 MimTH2 QM+2 7Q` 2�+? 2p2Mi BM 2�+? Bi2`�iBQMX

h?2 }M�H Bi2`�iBQM }`bi QT2Mb i?2 BMTmi }H2 �M/ +`2�i2b i?2 QmiTmi }H2X
�7i2` i?2 /2+H�`�iBQM Q7 p�`B�#H2b �M/ +`2�iBM; #Qi? hh`22 �M/ h"`�M+?2b
BM i?2 QmiTmi }H2 i?2 b+`BTi +QTB2b i?2 T?QiQM �M/ T`QiQM /�i� BMiQ p2+iQ`bX
�7i2` i?Bb +QK2b � HQQT i?�i Bi2`�i2b Qp2` i?2 MmK#2` Q7 iQi�H Bi2`�iBQMb +1
Ui?2 `272`2M+2 +�b2- MmK#2` Q7 K�i+?2b r?2M mbBM; ǳbi�M/�`/Ǵ K�i+?BM;VX
AMbB/2 i?�i HQQT Bb �MQi?2` HQQT i?�i Bi2`�i2b Qp2` �HH 2p2MibX AMbB/2 i?�i �`2
i?2 M2+2bb�`v +�H+mH�iBQMb �M/ i?2 +?2+F B7 i?2`2 �`2 K�i+?2b QM 2�+? bB/2 Q7
i?2 �6S /2i2+iQ`X PM+2 �HH 2p2Mib BM i?2 Bi2`�iBQM �`2 T`Q+2bb2/- i?2 /Bz2`2M+2
#2ir22M `272`2M+2 �M/ i?2 Bi2`�iBQM Bb +�H+mH�i2/ UBM +�b2 Q7 i?2 `272`2M+2 +�b2
i?2 p�Hm2b �`2 QMHv b�p2/VX PM+2 �HH i?2 Bi2`�iBQMb �`2 T`Q+2bb2/- i?2 b+`BTi
+H2�Mb mT K2KQ`v �M/ b�p2b i?2 /�i� BMiQ i?2 QmiTmi }H2X

kX9 h2biBM;
h?Bb b2+iBQM BM+Hm/2b � /Bb+mbbBQM QM mMBi- iBK2 +QKTH2tBiv �M/ mb2` �++2T@
i�M+2 i2biBM;X �HH i?2 i2bib r2`2 /QM2 QM HtTHmb b2`p2`bX "2+�mb2 i?2 bQ7ir�`2
r�b `mM QM HtTHmb b2`p2`b �i �HH iBK2b- MQ bT2+B}+ BMi2;`�iBQM i2bib r2`2 K�/2X

kX9XR lMBi i2biBM;
h?2 Tm`TQb2 Q7 mMBi i2biBM; Bb iQ i2bi � p2`v bK�HH T�`i Q7 +Q/2- ivTB+�HHv QM2
7mM+iBQM Q` K2i?Q/X �HH 7mM+iBQMb BM i?2 }H2 rBi? b?�`2/ `2bQm`+2b +�M #2 mMBi
i2bi2/X hQ +?2+F B7 i?2 `2im`M2/ p�Hm2b Q7 i?2 7mM+iBQMb �`2 +Q``2+i A +?Qb2
iQ +`2�i2 � _PPh b+`BTi iQ mMBi i2biX Pi?2` QTiBQM i?�i A +QMbB/2`2/ r�b

kj



kX aQ7ir�`2 /2p2HQTK2Mi

bi�M/�`/ *YY +Q/2- #mi iQ F22T 2p2`vi?BM; +QMbBbi2Mi � _PPh b+`BTi r�b
i?2 #2ii2` +?QB+2X

JQbi Q7 i?2 mMBi i2bib ?�p2 i`BpB�H- 2/;2 +�b2b �M/ 72r K�Mm�HHv +`2�i2/
i2bib- MQM2 Q7 i?2 mMBi i2bib r2`2 `�M/QKHv ;2M2`�i2/ /m2 iQ H�+F Q7 iBK2 iQ
T`QT2`Hv +`2�i2 � ;2M2`�iQ`X h?2 QMHv KBMQ` T`Q#H2K rBi? mMBi i2biBM; BM i?Bb
+�b2 Bb i?2 T`Q#H2K Q7 +QKT�`BM; /Qm#H2b- �M 2TbBHQM p�Hm2 Q7 1 ·10−6 r�b mb2/X

#QQH i2biRUV &
.Qm#H2ni 2tT2+i2/ 4 yc
.Qm#H2ni `2bmHi 4 [m�/`�im`2amKU&'Vc

B7 U7�#bU`2bmHi@2tT2+i2/V I 1SaV &
+Qmi II ]h2bi R T�bb2/] II 2M/Hc
`2im`M i`m2c

'
+Qmi II ]h2bi R 7�BH2/] II 2M/Hc
`2im`M 7�Hb2c

'

GBbiBM; kXe, 1t�KTH2 Q7 mMBi i2bib mb2/X

kX9Xk hBK2 +QKTH2tBiv i2biBM;
�b bi�i2/ BM i?2 `2[mB`2K2Mib- i?2 /Bz2`2M+2 b+`BTi b?QmH/ MQi 2t+22/ e b2+@
QM/b T2` Bi2`�iBQM �M/ i?2 K�i+?BM; b+`BTi ?�b MQ 2tTHB+BiHv bi�i2/ 2t2+miBQM
iBK2 `2[mB`2K2MiX h?2 iBK2 K2�bm`2K2Mi Bib2H7 r�b �i }`bi /QM2 #v ?�M/
mbBM; � biQTr�i+? iQ ;2i � `Qm;? B/2� �#Qmi i?2 2t2+miBQM iBK2X hQ ;2i KQ`2
T`2+Bb2 iBK2b- bi/,,+?`QMQ HB#`�`v r�b mb2/ rBi? +QMDmM+iBQM rBi? T`BMi2/
HBM2b BMiQ bi�M/�`/ QmiTmi rBi? iBK2 bTHBib 7Q` 2�+? T�`i Q7 i?2 b+`BTibX h?Bb
K2i?Q/ r?B+? mb2b bi/,,+?`QMQ rQ`F2/ r2HH iQ ;2i i?2 Bi2`�iBQM iBK2b 7Q`
i?2 /Bz2`2M+2 b+`BTi U`2bmHib r2`2 i?2 b�K2 7Q` biQTr�i+? K2�bm`2K2MibV- #mi
i?2 Qp2`�HH 2t2+miBQM iBK2 r�b BM+`2�b2/ ;`2�iHvX hQ #2 KQ`2 bT2+B}+- i?2
2t2+miBQM iBK2 BM+`2�b2/ 7Q` i?2 BMBiB�HBx�iBQM T�`i Q7 i?2 +Q/2X h?Bb Bb i?2
`2�bQM r?v BM i?2 }M�H Bi2`�iBQMb Q7 i?2 b+`BTib i?2`2 �`2 MQ iBK2 K2�bm`2@
K2MibX 6`QK i?2 TQBMi Q7 _PPh- i?2 b+`BTib r2`2 #Qi? QMHv BMi2`T`2i2/ �M/
�HbQ T`2@+QKTBH2/ iQ +QKT�`2 �M/ ;2i � `Qm;? B/2� �#Qmi i?2 T2`7Q`K�M+2
#2M2}ib Q7 T`2@+QKTBHBM;X h?2 b+`BTib r2`2 2t2+mi2/ /B`2+iHv- rBi?Qmi i?2 mb2
Q7 i?2 >h*QM/Q` DQ# bvbi2KX

kX9Xj lb2` �++2Ti�M+2 i2biBM;
lb2` �++2Ti�M+2 i2bib �`2 i2bib i?�i p2`B7v rBi? i?2 2M/ mb2` B7 i?2 bQ7ir�`2
+QKTH2i2b i?2 b2i `2[mB`2K2MibX h?2 i2biBM; r�b /QM2 #v +QKT�`BM; i?2 QmiTmi
iQ �M 2tT2+i2/ `2bmHiX 6Q` i?2 K�i+?BM; b+`BTi- i?2 p�`B�#H2b i?�i r2`2 /B`2+iHv
i�F2M 7`QK i?2 BMTmi }H2 �M/ +QTB2/ BMiQ i?2 QmiTmi }H2 b?QmH/ #2 i?2 b�K2X
h?2 +�H+mH�i2/ p�`B�#H2b �`2 +?2+F2/ #v mMBi i2bibX h?2 `2bmHib Q7 i?2 /Bz2`2M+2

k9



kX9X h2biBM;

b+`BTi r2`2 �HbQ +QKT�`2/ iQ i?2 MmK#2` Q7 K�i+?2b BM i?2 K�i+?BM; b+`BTi
r?2M mbBM; �HH i?`22 /Bz2`2Mi T`QiQM b2H2+iBQM K2i?Q/bX

k8





*?�Ti2` j
_2bmHib

AM i?Bb +?�Ti2` i?2`2 Bb � /Bb+mbbBQM QM Q#b2`p2/ bQ7ir�`2 T2`7Q`K�M+2 r?B+?
Bb 7QHHQr2/ #v b2+iBQM �#Qmi i?2 T?vbB+b `2bmHib Q#i�BM2/ #v mbBM; i?2 bQ7ir�`2
�M/ �M�HvxBM; i?2 /�i� T`Q/m+2/X

jXR aQ7ir�`2 T2`7Q`K�M+2
h?2 b+`BTib r2`2 `mM QM i?2 HtTHmb b2`p2`b �b K2MiBQM2/ #27Q`2X h?2 7mHH
kyRd /�i� +QMi�BMb RkXj KBHHBQM 2p2Mib BM S?QiQMh`22 �M/ 9X3 KBHHBQM 2p2Mib
BM S`QiQMh`22X h?2 bBKmH�iBQM QM i?2 Qi?2` ?�M/ +QMi�BMb djdd 2p2Mib BM #Qi?
hh`22bX

jXRXR J�i+?BM; b+`BTi
h?2 }M�H Bi2`�iBQM ?�b 2t2+miBQM iBK2 Q7 �`QmM/ irQ KBMmi2b 7Q` i?2 r?QH2
kyRd /�i�X h?2`2 Bb MQ /Bz2`2M+2 BM 2t2+miBQM iBK2 #2ir22M BMi2`T`2iBM; i?2
+Q/2 �M/ T`2@+QKTBHBM; i?2 +Q/2X 6Q` i?2 bBKmH�iBQM i?2 2t2+miBQM iBK2 r�b
�HKQbi BMbi�Mi- mM/2` }p2 b2+QM/bX

h?Bb b+`BTi r�b i?2 K�BM `2�bQM r?v bi/,,+?`QMQ r�b `2KQp2/ 7`QK #Qi?
b+`BTibX h?2 Q#b2`p2/ 2t2+miBQM iBK2 rBi?Qmi bi/,,+?`QMQ r�b �`QmM/ irQ
KBMmi2b- #mi �7i2` �//BM; iBK2 K2�bm`2K2Mib i?2 2t2+miBQM iBK2 BM+`2�b2/ iQ
Qp2` Ry KBMmi2bX

jXRXk .Bz2`2M+2 b+`BTi
h?2 }`bi Bi2`�iBQM r?B+? +?2+F2/ B7 i?2 �++2bb iBK2 r�b +QMbi�Mi ?�/ HBM2�`Hv
BM+`2�bBM; 2t2+miBQM iBK2 T2` Bi2`�iBQMX q?BH2 BMi2`T`2iBM; i?2 }`bi Bi2`�iBQM Q7
i?2 b+`BTi- i?2 }`bi +�H+mH�i2/ Bi2`�iBQM iQQF QM �p2`�;2 ey b2+QM/b iQ +QKTH2i2-
i?2 b2+QM/ QM2 R9y b2+QM/b �M/ i?2 i?B`/ QM2 kyy b2+QM/bX

�b i?Bb `2bmHi r�b p2`v mMb�iBb7vBM;- Bi r�b 7QHHQr2/ #v i?2 Bi2`�iBQM Q7
i?2 +Q/2 i?�i +QTB2/ i?2 T`QiQM �M/ T?QiQM /�i� BMiQ bi/,,p2+iQ`X q?BH2

kd



jX _2bmHib

BMi2`T`2iBM; i?Bb Bi2`�iBQM Q7 i?2 +Q/2- i?2 bi�iBbiB+�H Bi2`�iBQMb ?�/ �M �p2`�;2
2t2+miBQM iBK2 Q7 dX3 b2+QM/bX h?2 QM2 /QrMbB/2 r�b i?2 BM+`2�b2/ iBK2 #27Q`2
i?2 +Q/2 bi�`i2/ +�H+mH�iBM; i?2 bi�iBbiB+�H Bi2`�iBQMb- #27Q`2 i?2 BMBiB�HBx�iBQM
r�b �HKQbi BMbi�Mi- #mi MQr i?2 bQ7ir�`2 iQQF QM �p2`�;2 R9y b2+QM/b iQ
+QTv BMBiB�HBx2 �M/ +QTv i?2 `2[mB`2/ /�i�X h?2 2t2+miBQM iBK2 T2` bi�iBbiB+�H
Bi2`�iBQM r�b 7m`i?2` `2/m+2/ #v T`2@+QKTBHBM; i?2 +Q/2 iQ RX8 b2+QM/b QM
�p2`�;2X

�7i2` `2�HBbBM; i?�i bi/,,+?`QMQ ?�b mMr�Mi2/ #2?�pBQ` Q7 BM+`2�bBM; i?2
2t2+miBQM iBK2- Bi r�b `2KQp2/ 7`QK i?Bb b+`BTi �b r2HH �M/ i?2 2t2+miBQM
iBK2b r2`2 `Qm;?Hv iBK2/ �;�BM #v mbBM; � biQTr�i+?X h?2 BMBiB�HBx�iBQM iBK2
r�b `2/m+2/ iQ �`QmM/ ey b2+QM/b �M/ i?2 iBK2 iQ +�H+mH�i2 �M Bi2`�iBQM r�b
i?2 b�K2- �`QmM/ RX8 b2+QM/b r?B+? b�iBb}2b i?2 `2[mB`2K2Mi i?�i �M Bi2`�iBQM
b?QmH/ #2 +�H+mH�i2/ BM H2bb i?�M e b2+QM/bX h?2 iQi�H 2t2+miBQM iBK2 7Q` �HH
Ryyy bi�iBbiB+�H Bi2`�iBQMb Bb �`QmM/ jy KBMmi2bX

jXk _2bmHib Q7 mbBM; i?2 bQ7ir�`2
AM i?Bb b2+iBQM �`2 /Bb+mbb2/ �HH i?2 `2bmHib 7`QK i?2 /�i� +`2�i2/ mbBM; i?2
/2p2HQT2/ +Q/2X 6B`bi- i?2 +mib QM i?2 /�i� �`2 K2MiBQM2/X L2ti- i?2 }M�H
MmK#2` Q7 /2i2+i2/ K�i+?2b Bb T`2b2Mi2/ �M/ i?2 QTiBKBx�iBQM Q7 i?2 K�i+?BM;
+`Bi2`B� Bb /Bb+mbb2/X G�biHv- i?2 `�M/QKM2bb Q7 i?2 K�i+?BM; �M/ i?2 �GS
bB;M�H K�i+?BM; 2{+B2M+B2b �`2 /Bb+mbb2/X

jXkXR AMBiB�H /�i� b2H2+iBQM
AKTQ`i�Mi +QM/BiBQM Bb i?�i i?2 kyRd /�i� UMQi bBKmH�iBQMbV M22/b iQ #2 bQ
+�HH2/ #HBM/2/ Ĝ i?2 T?QiQM �+QTH�M�`Biv Kmbi #2 ;`2�i2` i?�M yXyRX h?2
�+QTH�M�`Biv Bb i?2 �M;H2 7`QK #2BM; #�+F@iQ #�+FX h?2 `2�bQM 7Q` #HBM/BM;
Bb iQ �pQB/ �Mv #B�b BM i?2 �M�HvbBb r?B+? +QmH/ BM~m2M+2 i?2 /2i2+iBQM Q`
2t+HmbBQM Q7 �M �GS bB;M�HX Ai Bb � bi�M/�`/ T`Q+2/m`2 7Q` �Mv b2�`+? 7Q` �
M2r T�`iB+H2X

AM/2T2M/2Mi Q7 i?2 #HBM/BM; i?2`2 �`2 �HbQ +H2�MmT +mib ξAFP > 0.01 �M/
ξγγ > 0.01X h?2 `2�bQM 7Q` i?2b2 +mib Bb i?2 /2i2+iBQM `�M;2 Q7 i?2 �6S
/2i2+iQ`bX

jXkXk ai�iBbiB+�H mM+2`i�BMiB2b
h?2 bi�iBbiB+�H mM+2`i�BMiv QM i?2 /Bz2`2M+2 #2ir22M ξAF P �M/ ξγγ +�M #2 Q#@
i�BM2/ 7`QK i?2 bBKmH�i2/ /�i�X q?BH2 i?2 �hG�a +2Mi`�H /2i2+iQ` ?�b � /2/B@
+�i2/ ;`QmT iQr�`/b bBKmH�iBQM- i?2 �6S mb2b � KQ/mH2 +�HH2/ �6S6�biaBKhQQH
BMbB/2 i?2 �6ShQQH#Qt 7`�K2rQ`F iQ bBKmH�i2 i?2 T`QiQM /�i�X "2+�mb2 i?2
ah.Jk /2`Bp�iBQM Q7 i?2 �hG�a bBKmH�iBQM /B/ MQi BM+Hm/2 bQ +�HH2/ h`mi?@
S`QiQM +QMi�BM2`- � HQ+�H KQ/B}+�iBQM Q7 i?2 �6S6�biaBKhQQH ?�/ iQ #2 /QM2
BM i?2 :`QmT S`Q/m+iBQM LhmTH2 +Q/2 iQ Q#i�BM bBKmH�i2/ /�i� 7Q` T`QiQMbX

k3



jXkX _2bmHib Q7 mbBM; i?2 bQ7ir�`2

6B;m`2 jXR, _2H�iBp2 ∆ξ mM+2`i�BMiv +QKBM; 7`QK bB;M�H bBKmH�iBQM 7Q` bB/2
� UH27iV �M/ bB/2 * U`B;?iVX

h?2 bi�iBbiB+�H mM+2`i�BMiv `2T`2b2Mib `�M/QK ~m+im�iBQMb QM i?2 K2�bm`2@
K2Mib #v i?2 /2i2+iQ`bX h?2 bi�iBbiB+�H mM+2`i�BMiv Bb /2i2`KBM2/ #v i?2 rB/i?
Q7 i?2 ;�mbbB�M }i Q7 i?2 ∆ξ +QKBM; 7`QK i?2 bBKmH�iBQMbX h?2 /2i2`KBM2/
mM+2`i�BMiv 7Q` i?2 ∆ξ Bb �`QmM/ 2.5W 7Q` #Qi? bB/2b � �M/ * U6B;m`2 jXRVX

q?2M +QKT�`BM; i?2 bi�iBbiB+�H mM+2`i�BMiB2b iQ i?2 bvbi2K�iB+ QM2b i?2
+QM+HmbBQM Bb i?�i i?2 bvbi2K�iB+ mM+2`i�BMiB2b �`2 ;`2�i2` +QKT�`2/ iQ i?2
bi�iBbiB+�HX h?2 K�BM T�`i Q7 bvbi2K�iB+ mM+2`i�BMiB2b Bb i?2 T`QiQM bvbi2K�iB+
mM+2`i�BMiv- r?B+? Bb �`QmM/ RyWX

jXkXj LmK#2` Q7 K�i+?2b
h?2 MmK#2` Q7 K�i+?2b BM kyRd /�i� 7Q` 2�+? bB/2 �M/ 2�+? K�i+?BM; +QM/BiBQM
Bb b?QrM BM h�#H2 jXRX h?2 HQr �KQmMi Q7 K�i+?2b 7Q` RyW K�i+?BM; +�M #2
2tTH�BM2/ #v i?2 ?B;? bvbi2K�iB+ mM+2`i�BMiv /Bb+mbb2/ BM b2+iBQM bvbi2K�iB+
mM+2`i�BMiB2bX

h?2 /B@T?QiQM BMp�`B�Mi K�bb /Bbi`B#miBQMb 7Q` � �M/ * K�i+?BM; 7Q` �HH
i?`22 K�i+?BM; +`Bi2`B� Bb b?QrM BM 6B;m`2b jXk- jXj- jX9X h?2 };m`2b b?Qr
i?�i i?2 b?�T2 Q7 i?2 /B@T?QiQM BMp�`B�Mi K�bb /Bbi`B#miBQM HQQF bBKBH�` 7Q`
�HH K�i+?BM; +`Bi2`B� rBi? � T2�F �i �`QmM/ 8yy :2oX *H2�`Hv- i?2 1σ �M/
2σ K�i+?BM; +QM/BiBQMb BM+`2�b2/ i?2 �KQmMi Q7 K�i+?2b bB;MB}+�MiHvX Ai
Bb BKTQ`i�Mi iQ MQi2 i?�i i?2 QTiBKBx2/ K�i+?BM; +`Bi2`B� i�F2 BMiQ �++QmMi
p�`vBM; mM+2`i�BMiB2b 2p2Mi #v 2p2Mi- r?BH2 i?2 bBKTH2 RyW K�i+?BM; +`Bi2`B�
/Q2b MQiX

jXkX9 _�M/QK K�i+?2b UTBH2@mT #�+F;`QmM/V
h?2 MmK#2` Q7 K�i+?2b 7Q` ǳKBt2/Ǵ �M/ ǳbrBi+?2/ bB/2bǴ +�b2b �`2 b?QrM
BM h�#H2b jXk �M/ jXj- `2bT2+iBp2HvX h?2 /B`2+i +QKT�`BbQM #2ir22M MQKBM�H
�M/ KBt2/ K�i+?2b rBi? i?2 `2bT2+iBp2 mM+2`i�BMiv ;�BM2/ 7`QK n = 1000
bi�iBbiB+�H Bi2`�iBQMb �`2 b?QrM BM h�#H2 jX9X

kN



jX _2bmHib

J�i+?BM; � * � Q` * � �M/ *
10% j9 99k 9d 39N 3k kk9 ed
1σ 9d 9kR ee e9k RRj N9j Rky
2σ N8 NdR Rj8 j3e kjy 393 8yN

h�#H2 jXR, LmK#2` Q7 K�i+?2b �+`Qbb bB/2 �- bB/2 *- bB/2 � Q` bB/2 *- �M/
bB/2 � �M/ bB/2 * 7Q` 10%- 1σ �M/ 2σ K�i+?BM; UkyRd /�i�VX

6B;m`2 jXk, .B@T?QiQM BMp�`B�Mi K�bb Q7 i?2 K�i+?2/ 2p2Mib QM bB/2b � �M/
* U�i i?2 b�K2 iBK2V 7Q` 10% K�i+?BM;X

AM i?2Q`v i?2`2 Bb �M 2tT2+i�iBQM i?�i bQK2 7`�+iBQM Q7 K�i+?2b Bb #�b2/ QM
`�M/QKM2bbX h?2 7`�+iBQM Q7 `�M/QKM2bb Bb 2t�KBM2/ #v i�FBM; #v /2}MBiBQM
mM+Q``2H�i2/ /�i� �M/ HQQFBM; �i i?2 MmK#2` Q7 K�i+?2bX AM i?Bb +�b2 i?2
MmK#2` Q7 MQKBM�H K�i+?2b Bb +QKT�iB#H2 rBi?BM i?2 /2i2`KBM2/ bi�iBbiB+�H
mM+2`i�BMiB2b rBi? i?2 MmK#2` Q7 `�M/QK K�i+?2b UmM+Q``2H�i2/ K�i+?2bVX
h?Bb +QM+Hm/2b i?�i i?2 K�i+?BM; /QM2 BM i?Bb �M�HvbBb r�b � b2`B2b Q7 `�M/QK
+QBM+B/2M+2bX h?Bb Bb +QMbBbi2Mi rBi? T`2pBQmb bBKmH�iBQM `2bmHib r?2`2 Bi r�b
7QmM/ i?�i i?2 /QKBM�Mi #�+F;`QmM/ +QK2b 7`QK TBH2@mT- MQi 7`QK T?vbB+b
`2�+iBQMb (8)X

jXkX8 J�i+?BM; 2{+B2M+B2b
h?2 �GS bB;M�H K�i+?BM; 2{+B2M+B2b �`2 �M�Hvx2/ #v T2`7Q`KBM; i?2 K�i+?BM;
+`Bi2`B� QM i?2 bBKmH�i2/ /�i� Uh�#H2 jX8VX AM i?Bb +�b2 i?2 ξ /�i� +H2�MBM; +mi
Bb ξ ∈ 〈0.02; 0.1〉 7Q` #Qi? ξAFP �M/ ξγγ X �b 2tT2+i2/- i?2 2{+B2M+B2b �`2 HQr2`

jy



jXkX _2bmHib Q7 mbBM; i?2 bQ7ir�`2

6B;m`2 jXj, .B@T?QiQM BMp�`B�Mi K�bb Q7 i?2 K�i+?2/ 2p2Mib QM bB/2b � �M/
* U�i i?2 b�K2 iBK2V 7Q` 1σ K�i+?BM;X

6B;m`2 jX9, .B@T?QiQM BMp�`B�Mi K�bb Q7 i?2 K�i+?2/ 2p2Mib QM bB/2b � �M/
* U�i i?2 b�K2 iBK2V 7Q` 2σ K�i+?BM;X

i?�M �i i?2 ;2M2`�iQ` H2p2HX h?2b2 2{+B2M+B2b �`2 BKTQ`i�Mi iQ /2i2`KBM2 i?2
b2MbBiBpBiv iQ /2i2+i �M �tBQM@HBF2@T�`iB+H2 rBi? i?2 �hG�a +2Mi`�H �M/ �6S

jR



jX _2bmHib

J�i+?BM; � * � Q` * � �M/ *
10% j9 8j9 9d 3dy 3k jj3 ee
1σ 9d jj3 ed yyy RR9 kyN RkN
2σ N8 9eN Rj8 eje kjy 83y 8k8

h�#H2 jXk, LmK#2` Q7 K�i+?2b 7Q` ǳKBt2/Ǵ +�b2 U/B@T?QiQM BM7Q`K�iBQM i�F2M
7`QK 2p2Mi ǳMǴ �M/ �6S BM7Q`K�iBQM i�F2M 7`QK 2p2Mi ǳM@RǴVX

J�i+?BM; � * � Q` * � �M/ *
10% j9 j9y 93 Rjy 3k jNN dR
1σ 9d kNe ed ye3 RR9 kk9 R9y
2σ N8 3jy Rje 9ee kjR d98 88R

h�#H2 jXj, LmK#2` Q7 K�i+?2b 7Q` ǳbrBi+?2/ bB/2bǴ +�b2X

J�i+?BM; LQKBM�H U#HBM/2/V _�M/QK K�i+?BM; lM+2`i�BMiv
� N8 NdR N8 9eN ± kdR
* Rj8 j3e Rj8 eje ± jyd

� Q` * kjy 393 kjy 83y ± 9R8
� �M/ * 8yN 8k8 ± kk

h�#H2 jX9, *QKT�`BbQM #2ir22M i?2 MmK#2` Q7 MQKBM�H K�i+?2b �M/ `�M/QK
K�i+?2b rBi? mM+2`i�BMiv Ukσ K�i+?BM;VX

/2i2+iQ`bX

J�i+?BM; � * � Q` * � �M/ *
RyW jdje jdk8 8d8k RdyN

8yXeW 8yX8W d3XyW kjXkW
1σ jd98 jdjN 8ddy RdR9

8yX3W 8yXdW d3XkW kjXkW
2σ jd8d jdey 8dNy Rdkd

8yXNW 8RXyW d3X8W kjX9W

:2M2`�iQ` Ĝ RyW eeXNW eeXNW 3NXRW k8XyW

h�#H2 jX8, h?2 MmK#2` Q7 K�i+?2b �M/ i?2B` T2`+2Mi�;2b `2H�i2/ iQ i?2 iQi�H
MmK#2` Q7 /B@T?QiQM 2p2Mib rBi? �i H2�bi QM2 T`QiQM T`2b2Mi Udjdd 2p2MibV
7Q` �HH i?`22 K�i+?BM; +`Bi2`B�X h?2 i�#H2 �HbQ HBbib i?2 T2`+2Mi�;2b QM i?2
;2M2`�iQ` H2p2H 7Q` RyW K�i+?BM;X

jk



*QM+HmbBQMb

h?2 K�BM ;Q�H Q7 i?Bb i?2bBb r�b iQ +`2�i2 bQ7ir�`2 i?�i rQmH/ KQ/B7v 2tBbiBM;
/�i� iQ BM+Hm/2 +�H+mH�i2/ mM+2`i�BMiB2b �M/ i?�i rQmH/ +�H+mH�i2 i?2 /Bz2`2M+2
#2ir22M MQKBM�H K�i+?BM; �M/ mM+Q``2H�i2/ /�i� K�i+?BM;X h?2 bQ7ir�`2
+`2�i2/ 7mH}Hb �HH bi�i2/ `2[mB`2K2MibX �MQi?2` ;Q�H Q7 i?Bb i?2bBb r�b iQ
QTiBKBx2 i?2 K�i+?BM; +`Bi2`B� BM T`QiQM@T`QiQM BMi2`�+iBQMb rBi? 2t�+iHv irQ
T?QiQMb Q#b2`p2/X h?2 BKTQ`i�Mi 2ti2MbBQM Bb i?2 i?�i � bBKTH2 K�i+?BM;
+`Bi2`B� r�b 2ti2M/2/ iQ BM+Hm/2 i?2 bvbi2K�iB+ mM+2`i�BMiB2b BM i?2 T?QiQM
�M/ T`QiQM K2�bm`2K2MibX h?2 QTiBKBx�iBQM r�b mb2/ iQ bim/v i?2 MmK#2`
Q7 2p2Mib BM i?2 `2+Q`/2/ /�i� �M/ i?2 2{+B2M+B2b Q7 � bBKmH�i2/ �GS bB;M�HX
�HbQ �MQi?2` ;Q�H r�b iQ T`QpB/2 +H�`Biv iQ i?2 `�M/QKM2bb Q7 i?2 K�i+?BM;X
h?2 H�`;2 /�i� b2i T`QpB/2/ #v i?2 �hG�a +2Mi`�H �M/ �6S /2i2+iQ`b Bb �
+?�HH2M;2 7`QK i?2 TQBMi Q7 pB2r Q7 AM7Q`K�iBQM h2+?MQHQ;vX

� MQi�#H2 `2bmHi 7`QK i?2 T?vbB+b TQBMi Q7 pB2r Bb i?�i i?2 �M�Hvx2/ bBK@
BH�`Biv #2ir22M ξAFP �M/ ξγγ Bb � `�M/QK +QBM+B/2M+2 BMbi2�/ Q7 � T?vbB+b
T`Q+2bb rBi? HQr `�M/QKM2bbX h?Bb `2bmHi Bb +QMbBbi2Mi rBi? T`2pBQmb bBKmH�@
iBQMbX h?2 i?`22 K�i+?BM; +`Bi2`B� r2`2 +QKT�`2/ #v i?2 MmK#2` Q7 K�i+?2b
�M/ i?2 /B@T?QiQM BMp�`B�Mi K�bb /Bbi`B#miBQMX �HbQ i?2 mM+2`i�BMiB2b QM T`Q@
iQM �M/ T?QiQM `2+QMbi`m+iBQM r2`2 /Bb+mbb2/X Ai r�b /2i2`KBM2/ i?�i i?2
bmK Q7 T`QiQM �M/ T?QiQMb bvbi2K�iB+ mM+2`i�BMiB2b Bb Km+? H�`;2` i?�M i?2
bi�iBbiB+�H mM+2`i�BMiB2bX G�biHv- i?2 �GS bB;M�H K�i+?BM; 2{+B2M+B2b r2`2
+QKT�`2/ �;�BMbi 2{+B2M+B2b /2i2`KBM2/ QM i?2 ;2M2`�iQ` H2p2HX

h?2 r`Bii2M bQ7ir�`2 +�M b2`p2 7Q` bBKBH�` �M�HvbBb �M/ 7Q` `2T`Q/m+iBQM Q7
i?2b2 `2bmHibX h?2 +Q/2 Bb r`Bii2M BM � r�v i?�i +�M #2 +?�M;2/ BM +�b2 Q7 �M
mT/�i2 Q7 i?2 b2H2+iBQM Q7 i?2 /B@T?QiQMb Q` +?�M;2b BM i?2 T`QiQM /2i2+iBQM
bvbi2KX �MQi?2` mb2 7Q` i?2 bQ7ir�`2 Bb iQ b2`p2 �b �M 2t�KTH2 Q7 ?Qr iQ rQ`F
rBi? +Q``2H�i2/ /�i� BM irQ /Bz2`2Mi hh`22bX

jj
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(R) �hG�a *QHH�#Q`�iBQMX P#b2`p�iBQM Q7 HB;?i@#v@HB;?i b+�ii2`BM; BM mHi`�@
T2`BT?2`�H S#YS# +QHHBbBQMb rBi? i?2 �hG�a /2i2+iQ`X S?vbX _2pX G2iiX-
pQHmK2 Rkj- MQX 8- kyRN, TX y8kyyR- /QB,Ry.RRyjfS?vb_2pG2ii.Rkj.y8kyyR-
RNy9.yj8jeX

(k) /Ƕ1Mi2``B�- .Xc /� aBHp2B`�- :X :X P#b2`pBM; HB;?i@#v@HB;?i b+�ii2`BM; �i
i?2 G�`;2 >�/`QM *QHHB/2`X S?vbX _2pX G2iiX- pQHmK2 RRR- kyRj, TX y3y9y8-
/QB,Ry.RRyjfS?vb_2pG2ii.RRR.y3y9y8,Ry.RRyjfS?vb_2pG2ii.RRe.RkNNyR-
(1``�imK, S?vbX _2pX G2iiXRRe-MQXRk-RkNNyRUkyReV)- Rjy8.dR9kX

(j) 1mH2`- >X PM i?2 b+�ii2`BM; Q7 HB;?i #v HB;?i �++Q`/BM; iQ .B`�+Ƕb i?2@
Q`vX �MM�H2M S?vbX- pQHmK2 ke- MQX 8- RNje, TTX jN3Ĝ993- /QB,Ry.Ryykf
�M/T.RNje9R3y8yj- (�MM�H2M S?vbX9R3-MQX8-jN3URNjeV)X

(9) �hG�a *QHH�#Q`�iBQMX 1pB/2M+2 7Q` HB;?i@#v@HB;?i b+�ii2`BM; BM ?2�pv@BQM
+QHHBbBQMb rBi? i?2 �hG�a /2i2+iQ` �i i?2 G>*X L�im`2 S?vbX- pQHmK2 Rj-
MQX N- kyRd, TTX 38kĜ383- /QB,Ry.Ryj3fMT?vb9ky3- Rdyk.yRek8X

(8) "�H/2M2;`Q- *Xc 6B+?2i- aXc 2i �HX a2�`+?BM; 7Q` �tBQM@HBF2 T�`iB+H2b rBi?
T`QiQM i�;;BM; �i i?2 G>*X C>1S- pQHmK2 ye- kyR3, TX RjR- /QB,Ry.Ryydf
C>1SyeUkyR3VRjR- R3yj.Ry3j8X

(e) "2`2b7Q`/- GXc "mbb2v- SXc 2i �HX J2�bm`2K2Mi Q7 T`QiQM@i�;;2/ H2TiQM
T�B`b BM T?QiQM 7mbBQM mbBM; i?2 �hG�a 6Q`r�`/ S`QiQM bT2+i`QK2i2`X
h2+?MB+�H `2TQ`i �hG@*PJ@S>ua@kyky@ky8- *1_L- :2M2p�- J�` kyky-
(PMHBM2c �++2bb2/ �T`BH Ry- kykyc Tm#HB+ BM, �hG�a@*PL6@kyky@y9R)X
�p�BH�#H2 7`QK, ?iiTb,ff+/b.+2`M.+?f`2+Q`/fkdRkdkd

(d) GQQFBM; 7Q`r�`/, �hG�a K2�bm`2b T`QiQM b+�ii2`BM; r?2M HB;?i
im`Mb BMiQ K�ii2`X (PMHBM2c �++2bb2/ CmHv jy- kyky)X �p�BH�#H2 7`QK,
?iiTb,ff�iH�b.+2`MfmT/�i2bfT?vbB+b@#`B27BM;fHQQFBM;@7Q`r�`/@
HB;?i@K�ii2`

j8

1904.03536
1305.7142
1702.01625
1803.10835
https://cds.cern.ch/record/2712727
https://atlas.cern/updates/physics-briefing/looking-forward-light-matter
https://atlas.cern/updates/physics-briefing/looking-forward-light-matter
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(3) �#Qmi *1_LX (PMHBM2c �++2bb2/ J�v k3- kyky)X �p�BH�#H2 7`QK, ?iiTb,
ff?QK2.+2`Mf�#Qmi

(N) h?2 #B`i? Q7 i?2 q2#X (PMHBM2c �++2bb2/ J�v k3- kyky)X �p�BH�#H2 7`QK,
?iiTb,ff?QK2.+2`Mfb+B2M+2f+QKTmiBM;f#B`i?@r2#

(Ry) 1p�Mb- GXc "`v�Mi- SX G>* J�+?BM2X CALah- pQHmK2 j- kyy3, TX ay3yyR-
/QB,Ry.Ry33fRd93@ykkRfjfy3fay3yyRX

(RR) h?2 G�`;2 >�/`QM *QHHB/2`X (PMHBM2c �++2bb2/ J�v k3- kyky)X
�p�BH�#H2 7`QK, ?iiTb,ff?QK2.+2`Mfb+B2M+2f�++2H2`�iQ`bfH�`;2@
?�/`QM@+QHHB/2`

(Rk) >Q`p�i?- �X h?2 G>* 2tT2`BK2Mib �M/ i?2 T`2�++2H2`�iQ`bX kyye-
(PMHBM2 BK�;2c �++2bb2/ J�v k3- kyky)X �p�BH�#H2 7`QK, ?iiTb,ff
+QKKQMb.rBFBK2/B�.Q`;frBFBf6BH2,G>*.bp;

(Rj) �hG�a *QHH�#Q`�iBQMX h?2 �hG�a 1tT2`BK2Mi �i i?2 *1_L G�`;2
>�/`QM *QHHB/2`X CALah- pQHmK2 j- kyy3, TX ay3yyj- /QB,Ry.Ry33fRd93@
ykkRfjfy3fay3yyjX

(R9) �hG�a *QHH�#Q`�iBQMX S2`7Q`K�M+2 Q7 i?2 �hG�a /2i2+iQ` mbBM;
}`bi +QHHBbBQM /�i�X C>1S- pQHmK2 yN- kyRy, TX y8e- /QB,Ry.Ryydf
C>1SyNUkyRyVy8e- Ryy8.8k89X

(R8) �#Qmi i?2 �hG�a 1tT2`BK2MiX (PMHBM2c �++2bb2/ J�v k3- kyky)X �p�BH@
�#H2 7`QK, ?iiTb,ff�iH�b.+2`Mf/Bb+Qp2`f�#Qmi

(Re) �/�K+xvF- GXc 2i �HX h2+?MB+�H .2bB;M _2TQ`i 7Q` i?2 �hG�a 6Q`r�`/
S`QiQM .2i2+iQ`X kyR8X

(Rd) S2[m2M�Q- CX *QKTmi2` ;2M2`�i2/ BK�;2 Q7 i?2 r?QH2 �hG�a /2i2+iQ`X
kyy3- (PMHBM2 BK�;2c �++2bb2/ J�v k3- kyky)X �p�BH�#H2 7`QK, ?iiTb,
ff+/b.+2`M.+?fBK�;2bf*1_L@:1@y3yjyRk@yR

(R3) aQT+x�F- �Xc "mbb2v- SXc 2i �HX a2�`+? 7Q` �M �tBQM@GBF2 S�`iB+H2 BM GB;?i@
#v@GB;?i b+�ii2`BM; mbBM; i?2 �hG�a +2Mi`�H /2i2+iQ` �M/ i?2 �hG�a
6Q`r�`/ S`QiQM /2i2+iQ`X h2+?MB+�H `2TQ`i �hG@*PJ@S>ua@kyky@kj3-
*1_L- :2M2p�- J�` kyky- (PMHBM2c �++2bb2/ CmM2 R- kyky)X �p�BH�#H2
7`QK, ?iiTb,ff+/b.+2`M.+?f`2+Q`/fkdR99Re

(RN) >�`H�M/@G�M;- GX �Xc E?Qx2- oX �Xc 2i �HX S?QiQM@S?QiQM *QHHBbBQMb rBi?
amT2`*?B+X *1_L S`Q+X- pQHmK2 R- kyR3, TX 8N- /QB,Ry.kjdkdf*1_L@
S`Q+22/BM;b@kyR3@yyR.8N- RdyN.yyRdeX

(ky) hQ/2b+Q- 1Xc q2MMBM;2`- CX G�`;2 >�/`QM *QHHB/2` KQK2MimK +�H@
B#`�iBQM �M/ �++m`�+vX S?vbX _2pX �++2HX "2�Kb- pQHmK2 ky- kyRd,
TX y3Ryyj- /QB,Ry.RRyjfS?vb_2p�++2H"2�Kb.ky.y3RyyjX �p�BH�#H2 7`QK,
?iiTb,ffHBMF.�Tb.Q`;f/QBfRy.RRyjfS?vb_2p�++2H"2�Kb.ky.y3Ryyj

je

https://home.cern/about
https://home.cern/about
https://home.cern/science/computing/birth-web
https://home.cern/science/accelerators/large-hadron-collider
https://home.cern/science/accelerators/large-hadron-collider
https://commons.wikimedia.org/wiki/File:LHC.svg
https://commons.wikimedia.org/wiki/File:LHC.svg
1005.5254
https://atlas.cern/discover/about
https://cds.cern.ch/images/CERN-GE-0803012-01
https://cds.cern.ch/images/CERN-GE-0803012-01
https://cds.cern.ch/record/2714416
1709.00176
https://link.aps.org/doi/10.1103/PhysRevAccelBeams.20.081003
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(kR) �hG�a *QHH�#Q`�iBQMX 1H2+i`QM �M/ T?QiQM 2M2`;v +�HB#`�iBQM rBi? i?2
�hG�a /2i2+iQ` mbBM; G>* _mM R /�i�X kyR9- /QB,Ry.RR9yf2TD+fbRyy8k@
yR9@jydR@9- R9yd.8yejX

(kk) ai�bx2rbFB- _X hQr�`/b QTiB+b mM+2`i�BMivX kyRN- (S`Bp�i2 +QMp2`b�iBQM)X

(kj) "`mM- _Xc _�/2K�F2`b- 6X _PPh Ĝ �M Q#D2+i Q`B2Mi2/ /�i� �M�HvbBb
7`�K2rQ`FX Lm+HX AMbi`mKX J2i?X �- pQHmK2 j3N- MQX R- RNNd, TTX 3R Ĝ
3e- AaaL yRe3@Nyyk- /QB,Ry.RyRefayRe3@NyykUNdVyyy93@sX

(k9) �#Qmi _PPhX (PMHBM2c �++2bb2/ J�v k3- kyky)X �p�BH�#H2 7`QK, ?iiTb,
ff`QQi.+2`M.+?f�#Qmi@`QQi

(k8) _PPhf:2iiBM; ai�`i2/fJ�Mv q�vb iQ lb2 _PPhX (PMHBM2c �++2bb2/
J�v k3- kyky)X �p�BH�#H2 7`QK, ?iiTb,ff2M.rBFB#QQFb.Q`;frBFBf_PPhf
:2iiBM;nai�`i2/fJ�Mvnq�vbniQnlb2n_PPh

(ke) GsSGla a2`pB+2X (PMHBM2c �++2bb2/ CmHv jy- kyky)X �p�BH�#H2 7`QK, ?iiT,
ffBM7Q`K�iBQM@i2+?MQHQ;v.r2#.+2`M.+?fb2`pB+2bfHtTHmb@b2`pB+2

jd

1407.5063
https://root.cern.ch/about-root
https://root.cern.ch/about-root
https://en.wikibooks.org/wiki/ROOT/Getting_Started/Many_Ways_to_Use_ROOT
https://en.wikibooks.org/wiki/ROOT/Getting_Started/Many_Ways_to_Use_ROOT
http://information-technology.web.cern.ch/services/lxplus-service
http://information-technology.web.cern.ch/services/lxplus-service
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�+`QMvKb

�6S �iH�b 7Q`r�`/ T`QiQM

�GS �tBQM@HBF2@T�i`B+H2

�hG�a � hQ`QB/�H G>* �TT�`�imb

*1_L *QMb2BH 1m`QTû2M TQm` H� `2+?2`+?2 Mm+Hû�B`2

*GA *QKK�M/ HBM2 BMi2`7�+2

:_G :QQ/ _mM GBbi

:lA :`�T?B+�H mb2` BMi2`7�+2

AS AMi2`�+iBQM TQBMi

G#vG GB;?i@#v@HB;?i

aJ ai�M/�`/ KQ/2H

jN





�TT2M/Bt "
*QMi2Mib Q7 2M+HQb2/ a. +�`/

`2�/K2XitiXXXXXXXXXXXXXXXXXXXXi?2 }H2 rBi? a. +�`/ +QMi2Mib /2b+`BTiBQM
i?2bBbXT/7XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXi?2 i?2bBb i2ti BM S.6 7Q`K�i
BKTH2K2Mi�iBQMXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXBKTH2K2Mi�iBQM bQm`+2b

BMTmiXXXXXXXXXXXXXXXXXXXXXXXXXXXXX2t�KTH2 BMTmi }H2b 7Q` i?2 bQ7ir�`2
i?2bBbXXXXXXXXXXXXXXXXXXi?2 /B`2+iQ`v Q7 G�h1s bQm`+2 +Q/2b Q7 i?2 i?2bBb

7B;m`2bXXXXXXXXXXXXXXXXXXXXXi?2 /B`2+iQ`v rBi? };m`2b BM XTM; 7Q`K�i

9R
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