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6Q` � +QM+`2i2 2t�KTH2 Q7 ?Qr i?Bb +�M #2 rQ`F2/ Qmi- b22 1t2`+Bb2 9XRX :2M2`�HBbBM; i?Bb
�HbQ H2�/b iQ �M 2tT`2bbBQM 7Q` i?2 �+iBQM 7Q` �Mv MmK#2` Q7 b+�H�` bmT2`}2H/b �i- B;MQ`BM;
;�m;2 BMi2`�+iBQMb- r?B+? Bb,
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Bb +�HH2/ i?2 72`KBQMB+ K�bb K�i`BtX
h?2 Da@}2H/b Q++m` BM i?2 FBM2iB+ i2`Kb �M/ i?2 }2H/ bi`2M;i? i2`KbX AM i?2 FBM2iB+ i2`K-
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b?Qr rBi? bQK2 KQ`2 2zQ`i i?�i i?2 +QMi`B#miBQM Bb DaDa BM i?2 q2bbĜwmKBMQ ;�m;2X 6Q`
�#2HB�M ;�m;2 }2H/b i?2`2 Bb �HbQ � TQbbB#H2 kD +QMi`B#miBQM 7`QK i?2 6�v2iĜAHBQTQmHQb i2`KX
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i2`Kb i?�i QMHv ?�p2 b+�H�` }2H/b bBM+2 MQ i2`Kb rBi? QMHv A@}2H/b +�M bm`pBp2 i?2 ✓@
BMi2;`�iBQMX h?mb i?2 +QKTH2i2 MQM@/2`Bp�iBp2 b+�H�` }2H/ +QMi`B#miBQM iQ i?2 G�;`�M;B�M-
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2. U9XkRV

9Xd h?2 ?B2`�`+?v T`Q#H2K
h?2`2 Bb � 7mM/�K2Mi�H T`Q#H2K rBi? ?�pBM; b+�H�` T�`iB+H2b BM � [m�MimK }2H/ i?2Q`vX G2i
mb i�F2 i?2 ai�M/�`/ JQ/2H >B;;b #QbQM h �b �M 2t�KTH2- ?Qr2p2`- i?2 7QHHQrBM; rQmH/ #2
i`m2 7Q` �Mv b+�H�` T�`iB+H2X A7 r2 M�Bp2Hv +�H+mH�i2 HQQT@+Q``2+iBQMb iQ Bib K�bb BM b2H7@2M2`;v
/B�;`�Kb HBF2 i?2 QM2b b?QrM BM 6B;X 9XR- r?2`2 f Bb � 72`KBQM �M/ s bQK2 Qi?2` b+�H�`- i?2v
#Qi? /Bp2`;2 /m2 iQ i?2B` HQQT KQK2Mi� BMi2;`�Hb- K2�MBM; i?2v �`2 BM}MBi2X h?Bb i?2M M22/b
r?�i Bb +�HH2/ `2;mH�`Bb�iBQM BM Q`/2` iQ vB2H/ � }MBi2 �Mbr2`X

h?2`2 �`2 /Bz2`2Mi r�vb Q7 �+?B2pBM; `2;mH�`Bb�iBQMX aBM+2 r2 FMQr i?�i i?2 ai�M/�`/
JQ/2H Bb �M BM+QKTH2i2 i?2Q`v- �i H2�bi r?2M r2 ;Q mT iQ SH�M+F b+�H2 2M2`;B2b r?2`2 r2
M22/ �M mMFMQrM [m�MimK i?2Q`v Q7 ;`�pBiv- r2 +�M BMi`Q/m+2 � +mi@Qz `2;mH�`Bb�iBQM
r?2`2 r2 HBKBi i?2 BMi2;`�H BM i?2 HQQT@+Q``2+iBQM iQ KQK2Mi� #2HQr � b+�H2 ⇤UV X h?2M i?2
HQQT@+Q``2+iBQM iQ i?2 >B;;b K�bb Bb- �i H2�/BM; Q`/2` BM ⇤UV -
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r?2`2 �f �M/ �s �`2 i?2 +QmTHBM;b Q7 f �M/ s iQ i?2 >B;;b- `2bT2+iBp2HvX SB+FBM; ⇤UV

bm;;2biBp2Hv �b i?2 SH�M+F b+�H2- ⇤UV = MP = 2.44⇥ 1018 :2o- K2�MBM; i?�i i?2 [m�MimK
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6B;m`2 9XR, >B;;b b2H7@2M2`;v /B�;`�Kb rBi? 72`KBQMb f UH27iV �M/ b+�H�`b s U`B;?iVX

+Q``2+iBQMb iQ i?2 >B;;b K�bb �`2 bQK2 R8 Q`/2`b Q7 K�;MBim/2 ;`2�i2` i?�M Bib K2�bm`2/
p�Hm2X

q2 Q#b2`p2 i?�i i?2 /Bz2`2M+2 BM bB;M #2ir22M i?2 72`KBQMb �M/ #QbQMb BM U9XkkV K2�Mb
i?�i Bi +QmH/ BM T`BM+BTH2 #2 TQbbB#H2 i?�i i?2b2 ?m;2 +QMi`B#miBQMb +�M+2H iQ F22T mh ⇠

125:2o �b K2�bm`2/- ?Qr2p2`- �b T?vbB+Bbib r2 b?QmH/ rQ``v r?v i?2 lMBp2`b2 b22Kb iQ #2
Q`;�MBb2/ BM bm+? � bi`�M;2 r�v rBi?Qmi �Mv bT2+B}+ +�mb2X h?Bb Bb FMQrM �b i?2 >B;;b }M2
imMBM; T`Q#H2K- Q` i?2 ?B2`�`+?v T`Q#H2K #2+�mb2 Bi Bb 7mM/�K2Mi�HHv � T`Q#H2K Q7 r?v
i?2 2H2+i`Qr2�F b+�H2 �i �`QmM/ Ryy :2o r?2`2 i?2 >B;;b HBp2b- Bb bQ Km+? HB;?i2` i?�M i?2
SH�M+F b+�H2 Q7 1018 :2o- r?2M i?2 7Q`K2` b?QmH/ BM T`BM+BTH2 #2 TmHH2/ mT iQ i?2 H�ii2` #v
i?2 b2MbBiBpBiv Q7 b+�H�`b iQ HQQT +Q``2+iBQMbXR9

1Mi2` bmT2`bvKK2i`v iQ i?2 `2b+m2, rBi? mM#`QF2M bmT2`bvKK2i`v r2 }M/ i?�i r2 �m@
iQK�iB+�HHv ?�p2 |�f |2 = �s �M/ 2t�+iHv irB+2 �b K�Mv b+�H�` �b 72`KBQM /2;`22b Q7 7`22/QK
`mMMBM; �`QmM/ BM HQQTbX h?Bb T`QpB/2b � K�;B+ +�M+2HH�iBQM Q7 i?2 [m�/`�iB+ /Bp2`;2M+2 BM
1[X U9XkkVX hQ b22 i?�i i?Bb `2H�iBQM #2ir22M i?2 +QmTHBM;b ?QH/b- MQiB+2 i?�i Bi Bb i?2 bm@
T2`TQi2MiB�H i2`K W ⇠ �ijk�i�j�k r?B+? Bb `2bTQMbB#H2 7Q` ;2M2`�iBM; G�;`�M;B�M umF�r�
i2`Kb Q7 i?2 7Q`K �ijk i jAk i?�i +QmTH2 irQ 72`KBQMb iQ � b+�H�`X �i i?2 b�K2 iBK2- BM i?2
b+�H�` TQi2MiB�H- i?�i b�K2 bmT2`TQi2MiB�H i2`K Bb `2bTQMbB#H2 7Q` i?2 i2`Kb
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q?2M i?2 b+�H�` }2H/ Ak Bb i?2 >B;;b }2H/- i?2 HQQT 72`KBQM Bb `2T`2b2Mi2/ #v  i =  j �M/ i?2
b2+QM/ b+�H�` #v Aj - i?2b2 irQ i2`Kb �`2 `2bTQMbB#H2 7Q` i?2 irQ ivT2b Q7 p2`iB+2b BM 6B;X 9XR
rBi? �f = �ijk �M/ �s = |�ijk|2X h?2 7�+i i?�i i?2`2 �`2 HQQT +QMi`B#miBQMb 7`QK irQ b+�H�`b
7Q` 2�+? 72`KBQM /m2 iQ i?2 b�K2 MmK#2` Q7 bi�i2b UirQ b+�H�` bi�i2b T2` 72`KBQM bi�i2V- K2�Mb
i?�i mM#`QF2M bmT2`bvKK2i`v T`2/B+ib �M 2t�+i +�M+2HH�iBQM BM 1[X U9XkkVXR8

9X3 o�+mmK 2M2`;v
h?Bb K2�bm`2/ p�Hm2 Q7 i?2 /�`F 2M2`;v BM i2`Kb Q7 �M 2M2`;v b+�H2 Bb ⇤DE ' 2.4⇥ 10�3 2oX
h?Bb +�M #2 BMi2`T`2i2/ �b p�+mmK 2M2`;v- BX2X i?2 2M2`;v T`2/B+i2/ 7`QK i?2 +QMi`B#miBQM Q7
62vMK�M /B�;`�Kb rBi? MQ 2ti2`M�H T�`iB+H2bX >Qr2p2`- i?2 T`2/B+i2/ p�Hm2 Q7 i?2 p�+mmK

R9qBi? bQK2 #�+F;`QmM/ BM `2MQ`K�HBb�iBQM vQm K�v �bF, q?�i �#Qmi +?QQbBM; /BK2MbBQM�H `2;mH�`Bb�iBQM
BMbi2�/ r?2`2 i?2`2 Bb MQ +mi@Qz b+�H2\ h?�i rQmH/ BM T`BM+BTH2 rQ`F- ?Qr2p2`- �b bQQM �b vQm BMi`Q/m+2 �Mv
M2r T�`iB+H2 UbB;MB}+�MiHvV ?2�pB2` i?�M i?2 >B;;b i?2`2 Bb biBHH � [m�/`�iB+ +Q``2+iBQM Q7 i?2 7Q`K Q7 U9XkkV
rBi? i?2 M2r T�`iB+H2 K�bb2b �b i?2 b+�H2- K2�MBM; i?�i r2 +�MMQi +QKTH2i2 i?2 ai�M/�`/ JQ/2H �i � ?B;?2`
b+�H2 rBi?Qmi `2BMi`Q/m+BM; i?2 T`Q#H2KX

R8hQ F22T i?2 �`;mK2Mi bBKTH2 r2 ?�p2 �pQB/2/ i?2 +QMi`B#miBQMb 7`QK p2+iQ` #QbQMb- ?Qr2p2`- r2 +�M b?Qr
i?�i i?2b2 �HbQ +�M+2H 2t�+iHv �;�BMbi i?2 +QMi`B#miBQMb 7`QK i?2B` 72`KBQMB+ T�`iM2`bX
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2M2`;v BM i?2 ai�M/�`/ JQ/2H Bb ⇤V E ⇠ MP XRe A7 r2 r�Mi iQ +QKT�`2 2M2`;v /2MbBiB2b- r2
b?QmH/ +QKT�`2 ⇤4

DE
iQ ⇤4

V E
-Rd r?B+? K2�Mb i?�i i?2 T`2/B+iBQM Bb Qz 7`QK i?2 K2�bm`2K2Mi

#v bQK2 Rky Q`/2`b Q7 K�;MBim/2- r?B+? Bb b�B/ iQ #2 � `2+Q`/ 7Q` i?2 ;`2�i2bi 2p2` /Bb+`2T�M+v
#2ir22M i?2Q`v �M/ 2tT2`BK2MiX h?Bb T`Q#H2K Bb i?2 ?B2`�`+?v T`Q#H2K 7Q` p�+mmK
2M2`;vX

*�M bmT2`bvKK2i`v b�p2 mb ?2`2 �b r2HH\ aQ`i Q7X 6Q` �M mM#`QF2M ;HQ#�H bmT2`bvKK2i`v
r2 +�M mb2 i?2 MQM@`2MQ`K�HBb�iBQM i?2Q`2KR3 Q7 :`Bb�`m- _Q�+? �M/ aB2;2H URNdNV (Ry)
iQ b?Qr i?�i i?2 T`2/B+iBQM BM bmT2`bvKK2i`v Bb 2t�+iHv ⇤V E = 0X

h?2Q`2K, LQM@`2MQ`K�HBb�iBQM i?2Q`2K
�HH ?B;?2` Q`/2` +QMi`B#miBQMb iQ i?2 2z2+iBp2 bmT2`bvKK2i`B+ �+iBQM 7Q` � T`Q+2bb
Se↵ +�M #2 r`Bii2M,

Se↵ =
X

n

Z
d4xi...d

4xnd
4✓ F1(x1, ✓̄, ✓)⇥ ...⇥ Fn(x1, ✓̄, ✓)⇥G(x1, ..., xn), U9Xk9V

r?2`2 Fi �`2 T`Q/m+ib Q7 i?2 n 2ti2`M�H bmT2`}2H/b �M/ i?2B` +Qp�`B�Mi /2`Bp�iBp2b-
�M/ G Bb � bmT2`bvKK2i`v BMp�`B�Mi 7mM+iBQMX

q?BH2 i?Bb Bb � `�i?2` i2+?MB+�H bi�i2K2Mi- i?�i 7�+i i?�i p�+mmK /B�;`�Kb /Q MQi ?�p2
2ti2`M�H bmT2`}2H/b K2�Mb i?�i i?2 ?B;?2` Q`/2` +QMi`B#miBQMb �`2 �HH x2`Q- �M/ bBM+2 i?2`2 �`2
MQ i`22@H2p2H +QMi`B#miBQMb 7Q` p�+mmK /B�;`�Kb Ĝ vQm Kmbi ?�p2 HQQTb iQ MQi ?�p2 2ti2`M�H
H2;b Ĝ i?2`2 +�M #2 MQ +QMi`B#miBQM �i �HHX

h?Bb r�b � pB+iQ`v 7Q` bmT2`bvKK2i`v #27Q`2 i?2 /Bb+Qp2`v Q7 /�`F 2M2`;v- r?2M i?2
T`Q#H2K r�b BMbi2�/ iQ T`Qp2 i?�i ⇤ = 0- KQ/mHQ i?2 7�+i i?�i i?2 #`2�FBM; bmT2`bvKK2i`v-
�b r2 rBHH #2 /QBM; BM *?�Ti2` 8- +?�M;2b i?Bb T`2/B+iBQMX �b r2 b?�HH b22 i?2`2- i?2 b+�H2
Q7 i?Bb +QMi`B#miBQM ?�b iQ #2 i?2 K�bb b+�H2 Q7 i?2 bmT2`bvKK2i`B+ T�`iB+H2b- bQ rBi? 7Q`
2t�KTH2 mSUSY ' 2h2o- r2 ?�p2 mSUSY /⇤DE ' 1015- bQK2 R8 Q`/2`b Q7 K�;MBim/2 iQQ
H�`;2- r?B+? Bb #2ii2` i?�M i?2 ai�M/�`/ JQ/2H T`2/B+iBQM Q7 MP /⇤DE = 1030- #mi biBHH � #Bi
Qz i?2 K2�bm`2/ p�Hm2XRN

aQ MQr r2 �`2 H27i rBi? b?QrBM; i?�i i?2 +QMi`B#miBQM Bb p2`v bK�HH #mi MQM@x2`Q- r?B+? Bb
BM ;2M2`�H i?Qm;? iQ #2 � Km+? ?�`/2` T`Q#H2K i?�M }M/BM; KQ/2Hb r?2`2 Bi Bb 2t�+iHv x2`QX
>Qr2p2`- BM bmT2`;`�pBiv bQK2i?BM; BMi2`2biBM; ?�TT2MbX AMi`Q/m+BM; � HQ+�H bmT2`bvKK2i`v
i?2 b+�H�` TQi2MiB�H Bb MQi bBKTHv ;Bp2M #v i?2 bmT2`TQi2MiB�H /2`Bp�iBp2b BM U9XkRV- #mi BMbi2�/

Reh?2 Q`B;BM Q7 i?Bb Bb Dmbi i?2 b�K2 �b i?2 [m�/`�iB+ /Bp2`;2M+2 7Q` i?2 >B;;b K�bbX Ai Bb i?2 b�K2 ivT2 Q7
/B�;`�Kb +QMi`B#miBM;- QMHv rBi?Qmi 2ti2`M�H H2;bX

RdAM M�im`�H mMBib i?2 mMBi Q7 2M2`;v /2MbBiv Bb [⇢] = [E/V ] = M/L3 = M4X
R3h?2 M�K2 Q7 i?Bb i?2Q`2K Bb � #Bi 7mMMvX q?v\ q2HH- K�BMHv #2+�mb2 i?2 `2bmHi Bb MQi �#Qmi MQi #2BM;

�#H2 iQ `2MQ`K�HBb2 i?2 i?2Q`v- #mi �#Qmi �#Qmi MQi M22/BM; iQ `2MQ`K�HBb2 +2`i�BM T�`ib Q7 BiX �MQi?2`
+QMb2[m2M+2 Q7 i?2 i?2Q`2K- r?B+? ;Bp2b Bi Bib M�K2- Bb i?�i i?2 +QmTHBM;b Q7 i?2 bmT2`TQi2MiB�H /Q MQi M22/
b2T�`�i2 `2MQ`K�HBb�iBQMX h?2 `2MQ`K�HBb�iBQM Q7 i?2 bmT2`}2H/b bm{+2bX

RNaQ- QM2 rQmH/ #2 i2KTi2/ iQ b�v i?�i bmT2`bvKK2i`v ?�b bQHp2/ ?�H7 i?2 T`Q#H2KX PM � KQ`2 b2`BQmb
MQi2- i?2`2 Bb � bB;MB}+�Mi /Bz2`2M+2 BM i?�i i?2 ai�M/�`/ JQ/2H T`2/B+iBQM `2[mB`2b � +mi@Qz iQ #2 }MBi2- r?BH2
bmT2`bvKK2i`v T`2/B+ib � }MBi2 #mi iQQ H�`;2 p�Hm2X
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Bb UB;MQ`BM; i?2 2z2+ib Q7 ;�m;2 }2H/bV

V (A,A⇤) = eK/MP
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r?2`2 Kij = @i@jK[A,A⇤] Bb i?2 E ?H2` K2i`B+- Di i?2 E ?H2` /2`Bp�iBp2 Di = @i +
1

M
2
P

(@iK)- �M/ �HH i?2 /2`Bp�iBp2b �`2 rBi? `2bT2+i iQ i?2 b+�H�` }2H/b BM i?2 E ?H2` TQi2MiB�H
K �M/ bmT2`TQi2MiB�H W X AM i?2 MP ! 1 HBKBi- i?2 HQr 2M2`;v HBKBi- r2 b22 i?�i r2 `2+Qp2`
i?2 ~�i bT�+2 `2bmHi Q7 1[X U9XkRVX q?�i Bb BKTQ`i�Mi iQ MQiB+2 Bb i?�i i?2`2 Bb MQr � b2+QM/
M2;�iBp2 i2`K BM i?2 TQi2MiB�H i?�i +�M BM T`BM+BTH2 +�M+2H i?2 TQbBiBp2 bmT2`bvK2i`v #`2�FBM;
+QMi`B#miBQM- ?Qr2p2`- ;Bp2M i?2 H�`;2 bBx2 Q7 i?2 #`2�FBM; +QMi`B#miBQM i?Bb rBHH +QK2 �i i?2
T`B+2 Q7 7�Mi�biB+ }M2@imMBM; mMH2bb bQK2 K2+?�MBbK +�M #2 7QmM/ r?2`2 i?Bb Bb M�im`�HX

9XN 1t+2`+Bb2b

1t2`+Bb2 9XR
q`Bi2 /QrM i?2 G�;`�M;B�M �M/ }M/ i?2 �+iBQM Q7 i?2 bBKTH2bi TQbbB#H2 bmT2`bvKK2i`B+ }2H/
i?2Q`v rBi? � bBM;H2 b+�H�` bmT2`}2H/- rBi?Qmi ;�m;2 i`�Mb7Q`K�iBQMb- BM i2`Kb Q7 +QKTQM2Mi
}2H/b- �M/ b?Qr i?�i Bi +QMi�BMb MQ FBM2iB+ i2`Kb 7Q` i?2 F @}2H/X h?2M b?Qr ?Qr i?2 F @}2H/
+�M #2 2HBKBM�i2/ #v i?2 2[m�iBQMb Q7 KQiBQMX >BMi, h?2 FBM2iB+ T�`i Q7 i?2 �+iBQM rBHH im`M
Qmi iQ #2

SFBM =

Z
d4x

�
�A⇤(x)⇤A(x) + |F (x)|2 + i@µ (x)�̄

µ (x)
 
. U9XkeV

hQ b?Qr i?Bb vQm K�v ?�p2 mb2 Q7 i?2 B/2MiBiB2b BM a2+X kX9XRX

1t2`+Bb2 9Xk
1ti2M/ i?2 T`2pBQmb 2t2`+Bb2 iQ � bBM;H2 �#2HB�M ;�m;2 ;`QmTX >BMi, Ai K�v #2 T`Q/m+iBp2

iQ +QMbB/2` i?2 +QQ`/BM�i2 +?�M;2 yµ = xµ + i✓�µ✓ 7Q` i?2 }2H/ bi`2M;i? i2`KX

1t2`+Bb2 9Xj
6BM/ i?2 G�;`�M;B�M 7Q` bmT2`bvKK2i`B+ Z1. UaZ1.V BM i2`Kb Q7 +QKTQM2Mi }2H/bX

amT2`bvKK2i`B+ Z1. Bb i?2 bK�HH2bi UBM i2`Kb Q7 }2H/ +QMi2MiV bmT2`bvKK2i`B+ i?2Q`v i?�i
?�b i?2 T�`iB+H2b �M/ BMi2`�+iBQMb BM Z1. �b � bm#b2iX
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"`2�FBM; bmT2`bvKK2i`v

AM *?�Ti2` k r2 b�r i?�i bmT2`bvKK2i`v T`2/B+ib b+�H�` T�`iM2` T�`iB+H2b rBi? i?2 b�K2 K�bb
�b i?2 FMQrM 72`KBQMb- �M/ M2r 72`KBQMb rBi? i?2 b�K2 K�bb �b i?2 FMQrM p2+iQ`b- HBpBM; BM
i?2 b�K2 B``2/m+B#H2 `2T`2b2Mi�iBQMX h?2b2- bQK2r?�i mM7Q`imM�i2Hv- +QMi`�/B+i 2tT2`BK2Mi
#v MQi 2tBbiBM;X AM i?Bb +?�Ti2` r2 rBHH HQQF �i ?Qr r2 +�M #`2�F bmT2`bvKK2i`v bQ i?�i i?2
M2r bi�i2b #2+QK2 KQ`2 K�bbBp2- �M/ �pQB/ +m``2Mi 2tT2`BK2Mi�H #QmM/bX h?Bb /Bb+mbbBQM
rBHH #2 ?2H/ �i � ;2M2`�H H2p2H- �M/ +QM+`2i2 `2�HBb�iBQMb Q7 i?Bb #`2�FBM; rBHH ?�p2 iQ r�Bi
mMiBH *?�Ti2` eX

8XR aTQMi�M2Qmb bmT2`bvKK2i`v #`2�FBM;
AM i?2 ai�M/�`/ JQ/2H r2 ?�p2 �H`2�/v 7�+2/ i?Bb T`Q#H2K, i?2 p2+iQ` #QbQMb b?QmH/ `2K�BM
K�bbH2bb mM/2` i?2 ;�m;2 bvKK2i`v Q7 i?2 KQ/2HX u2i- i?2v �`2 Q#b2`p2/ iQ #2 p2`v K�bbBp2X
h?Bb Bb bQHp2/ rBi? i?2 BMi`Q/m+iBQM Q7 i?2 >B;;b K2+?�MBbK �M/ bTQMi�M2Qmb bvKK2i`v
#`2�FBM; BM i?2 b+�H�` TQi2MiB�HXR h?2 B/2� Bb i?�i r?BH2 i?2`2 Bb � bvKK2i`v Q7 i?2
G�;`�M;B�M Ĝ BM i?2 ai�M/�`/ JQ/2H i?2 ;�m;2 bvKK2i`v SU(3)c ⇥ SU(2)L ⇥ U(1)Y Ĝ i?Bb
K�v MQi #2 � bvKK2i`v 7Q` i?2 T�`iB+mH�` p�+mmK bi�i2 Q7 i?2 i?2Q`v Ui?2 HQr2bi 2M2`;v
bi�i2V- i?2`2#v �HHQrBM; i?2 T`QT2`iB2b Q7 i?2 p�+mmK iQ bmTTHv i?2 K�bb2bX AM i?2 ai�M/�`/
JQ/2H i?Bb Bb �+?B2p2/ #v i?2 b?�T2 Q7 i?2 b+�H�` TQi2MiB�H ?�pBM; � KBMBKmK 7Q` � MQM@
x2`Q p�Hm2 Q7 i?2 >B;;b }2H/ r?B+? K2�Mb i?�i i?2 p�Hm2 Q7 i?2 }2H/ i?2`2 Ĝ Bib p�+mmK
2tT2+i�iBQM p�Hm2 Ĝ +�M +QMi`B#mi2 iQ i?2 K�bb2bX qQmH/ Bi MQi #2 ;`2�i B7 r2 +QmH/ ?�p2 �
bBKBH�` bTQMi�M2Qmb bvKK2i`v #`2�FBM; BM Q`/2` iQ #`2�F bmT2`bvKK2i`v i?Bb r�v �M/ #QQbi
i?2 K�bb2b Q7 bmT2`bvKK2i`B+ T�`iB+H2b #2vQM/ +m``2Mi HBKBib\

hQ }M/ i?2 T`QT2`iB2b Q7 i?2 p�+mmK bi�i2 7Q` Qm` bmT2`bvKK2i`B+ KQ/2Hb r2 bi�`i #v
TQBMiBM; Qmi i?�i r2 +�M r`Bi2 i?2 bmT2`bvKK2i`B+ >�KBHiQMB�M �b

H =
1

4
(Q1Q̄1̇

+ Q̄
1̇
Q1 +Q2Q̄2̇

+ Q̄
2̇
Q2).

hQ b22 i?Bb- +QMbB/2` }`bi

{QA, Q̄Ḃ
}�̄⌫ḂA = 2�µ

AḂ
�̄⌫ḂAPµ

= 2Tr[�µ�̄⌫ ]Pµ

= 4gµ⌫Pµ = 4P ⌫ .

Rh?2 TQi2MiB�H Q7 i?2 G�;`�M;B�M �`2 i?Qb2 i2`Kb MQi +QMi�BMBM; /2`Bp�iBp2b Q7 i?2 }2H/b UFBM2iB+ i2`KbVX
h?2 b+�H�` TQi2MiB�H �`2 bm+? i2`Kb i?�i +QMi�BM QMHv b+�H�` }2H/bX

eR
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LQr-

H = P 0 =
1

4
{QA, Q̄Ḃ

}�̄0ḂA

=
1

4
(Q1Q̄1̇

+ Q̄
1̇
Q1 +Q2Q̄2̇

+ Q̄
2̇
Q2).

�b /Bb+mbb2/ BM a2+iBQM kX9 r2 ?�p2 Q†
A

= Q̄
Ȧ
X h?mb i?2 >�KBHiQMB�M Bb b2KBTQbBiBp2

/2}MBi2- BX2X h |H| i � 0 7Q` �Mv bi�i2 | i- bQ i?2 2M2`;v Q7 �Mv bi�i2 Bb �Hr�vb MQM@M2;�iBp2X
AK�;BM2 MQr i?�i i?2`2 2tBbib bQK2 HQr2bi HvBM; bi�i2 UQ` TQbbB#Hv /2;2M2`�i2 bi�i2bV- i?2

;`QmM/ bi�i2UbV |0i- i?�i ?�b p�MBb?BM; 2M2`;v h0|H|0i = 0X h?2b2 bi�i2b �`2 bmT2`bvKK2i`B+
Ĝ K2�MBM; BMp�`B�Mi mM/2` i?2 bmT2`bvKK2i`v i`�Mb7Q`K�iBQM Ĝ bBM+2- iQ 7mH}H i?2 2M2`;v
�bbmKTiBQM- r2 Kmbi ?�p2

QA|0i = Q̄
Ȧ
|0i = 0 for 8A, Ȧ, U8XRV

�M/ �`2 i?mb BMp�`B�Mi mM/2` i?2 bmT2`bvKK2i`v i`�Mb7Q`K�iBQMb ;Bp2M #v U9XjV

�S |0i = (↵AQA + ↵̄
Ȧ
Q̄Ȧ)|0i = 0. U8XkV

h?Bb K2�Mb i?�i �i i?Bb bmT2`bvKK2i`B+ KBMBKmK Q7 i?2 TQi2MiB�H i?2 b+�H�` TQi2MiB�H Kmbi
+QMi`B#mi2 x2`Q- V (A,A⇤) = 0- �M/ i?mb- 7`QK 1[X U9XkRV-

h
@W

@Ai

i = 0 �M/ hA⇤
iT

a

ijAji = 0.

*QMp2`b2Hv- B7 i?2 b+�H�` TQi2MiB�H /Q2b +QMi`B#mi2 BM i?2 p�+mmK U;`QmM/ bi�i2V |0i- K2�MBM;

h
@W

@Ai

i 6= 0 Q` hA⇤
iT

a

ijAji 6= 0,

BM i?2 KBMBKmK Q7 i?2 TQi2MiB�H 7Q` bQK2 Ai- i?2M bmT2`bvKK2i`v Kmbi #2 #`QF2MX �b BM i?2
ai�M/�`/ JQ/2H- i?2 G�;`�M;B�M Bb biBHH UbmT2`VbvKK2i`B+- #mi |0i Bb MQi #2+�mb2 U8XRV +�M MQ
HQM;2` ?QH/ 7Q` �HH i?2 QbX

h?2 PǶ_�B72�`i�B;? KQ/2H URNd8V (3) Bb �M 2t�KTH2 Q7 � KQ/2H i?�i bTQMi�M2QmbHv
#`2�Fb bmT2`bvKK2i`v rBi? i?`22 b+�H�` bmT2`}2H/b X- Y - Z- �M/ i?2 bmT2`TQi2MiB�H

W = �Y Z + gX(Z2
�m2), U8XjV

r?2`2 �- g �M/ m �`2 `2�H MQM@x2`Q T�`�K2i2`bX h?2 b+�H�` TQi2MiB�H Bb

V (A,A⇤) =

����
@W

@AX

����
2

+

����
@W

@AY

����
2

+

����
@W

@AZ

����
2

= |g(A2

Z �m2)|2 + |�AZ |
2 + |�AY + 2gAXAZ |

2, U8X9V

r?B+? +�M M2p2` #2 x2`Q #2+�mb2 b2iiBM; AZ = 0- r?B+? Bb M22/2/ 7Q` i?2 b2+QM/ i2`K- ;Bp2b �
MQM@x2`Q +QMi`B#miBQM g2m4 7`QK i?2 }`bi i2`KX aBM+2 i?2 2tT2+i�iBQM p�Hm2 �i i?2 KBMBKmK
i?�i #`2�Fb bmT2`bvKK2i`v Bb h0|@Wi

@Ai
|0i- �M/ Fi = �

@W
⇤
i

@Ai
- i?2 +QM/BiBQM 7Q` bTQMi�M2Qmb

bmT2`bvKK2i`v #`2�FBM; rBi? i?2 PǶ_�B72`i�B;? K2+?�MBbK +�M #2 r`Bii2M

hFii ⌘ h0|Fi(x)|0i > 0, U8X8V
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?2M+2 Bi Bb Q7i2M ;Bp2M i?2 KQ`2 ;2M2`B+ M�K2 6@i2`K #`2�FBM; QmibB/2 Q7 i?2 bT2+B}+
PǶ_�B72�`i�B;? KQ/2HX AM ;2M2`�H F @i2`K #`2�FBM; Bi Bb i?2 p�+mmK 2tT2+i�iBQM p�Hm2
Up2pV Q7 i?2 �mtBHB�`v }2H/ Q7 � b+�H�` bmT2`}2H/ i?�i bmTTHB2b i?2 #`2�FBM;X

AM � ;�m;2 i?2Q`v- � bBKBH�` K2+?�MBbK Bb 7QmM/ #v �//BM; i?2 6�v2i@AHBQTQHQmb i2`K
LFI ⇠ 2kV r?2`2 V Bb �M �#2HB�M p2+iQ` bmT2`}2H/X h?2 p2p Q7 i?2 D(x) �mtBHB�`v }2H/-
hDi = h0|D(x)|0i- rBHH i?2M +`2�i2 � MQM@x2`Q b+�H�` TQi2MiB�HXk h?Bb Bb +�HH2/ i?2 6�v2i@
AHBQTQHQmb KQ/2H- Q` .@i2`K #`2�FBM;X

8Xk amT2`i`�+2
lM7Q`imM�i2Hv- i?2 �#Qp2 /Q2b MQi rQ`F BM T`�+iB+2 rBi? �HH T�`iB+H2b �i � HQr 2M2`;v b+�H2X
h?2 T`Q#H2K Bb i?�i �i i`22 H2p2H i?2 bmT2`i`�+2- ah`- i?2 r2B;?i2/ bmK Q7 2B;2Mp�Hm2b Q7
i?2 K�bb K�i`Bt M- +�M #2 b?QrM iQ p�MBb?- STrM2 = 0Xj

.2}MBiBQM, h?2 bmT2`i`�+2 Bb ;Bp2M #v

STrM2
⌘

X

s

(�1)2s(2s+ 1)TrM2

s U8XeV

r?2`2 M Bb i?2 K�bb K�i`Bt Q7 i?2 G�;`�M;B�M- s Bb i?2 bTBM Q7 T�`iB+H2b �M/ Ms Bb
i?2 K�bb K�i`Bt Q7 �HH bTBMĜs T�`iB+H2bX

6Q` � i?2Q`v rBi? QMHv b+�H�` bmT2`}2H/b- rBi? irQ 72`KBQMB+ �M/ irQ #QbQMB+ /2;`22b Q7
7`22/QK 2�+?- �M/ rBi?- `2bT2+iBp2Hv- K�bb K�i`B+2b M1/2 �M/ M0 �7i2` bTQMi�M2Qmb bmT2`@
bvKK2i`v #`2�FBM;- i?Bb K2�Mb i?�i Tr {M2

0
� 2M2

1/2
} = 0- BX2X i?2 bmK Q7 b+�H�` T�`iB+H2

K�bb2b Ub[m�`2/V Bb 2[m�H iQ i?2 72`KBQM K�bb2b Ub[m�`2/VX9 h?2 +QMb2[m2M+2 Bb i?�i MQi �HH
i?2 b+�H�` T�`iM2`b +�M #2 ?2�pB2` i?�M Qm` FMQrM 72`KBQMbX8

8Xj aQ7i #`2�FBM;
q?�i r2 +�M /Q BMbi2�/ Bb iQ �// 2tTHB+Bi bmT2`bvKK2i`v #`2�FBM; i2`Kb iQ i?2 G�;`�M;B�M
T�`�K2i`BxBM; Qm` B;MQ`�M+2 Q7 i?2 i`m2 UbTQMi�M2QmbV bmT2`bvKK2i`v #`2�FBM; QM bQK2
?B;?2` b+�H2

p
hF i i?�i r2 /Q MQi ?�p2 �++2bb iQ r?2`2 i?2 bmT2`i`�+2 `2H�iBQM Bb 7mHH}HH2/-e

7Q` r?B+? i?2`2 �`2 K�Mv �Hi2`M�iBp2b BM i?2 HBi2`�im`2- 2X;X,

Ç SH�M+F@b+�H2 J2/B�i2/ avKK2i`v "`2�FBM; USJa"V

Ç :�m;2 J2/B�i2/ avKK2i`v "`2�FBM; U:Ja"V

Ç �MQK�Hv J2/B�i2/ avKK2i`v "`2�FBM; U�Ja"V

>Qr2p2`- r2 +�MMQi bBKTHv �// �`#Bi`�`v i2`Kb iQ i?2 G�;`�M;B�MX h?2 i2`Kb r2 +�M �// �`2
bQ@+�HH2/ bQ7i i2`Kb rBi? +QmTHBM;b Q7 K�bb /BK2MbBQM QM2 Q` ?B;?2`X h?2 /Bb@�HHQr2/ i2`Kb

kAi Bb �Hr�vb i?2 �mtBHB�`v }2H/bǶ 7�mHi5
ja22 62``�`�- :B`�`/2HHQ �M/ S�HmK#Q URNdNV (N)X
9_2K2K#2` i?�i i?2`2 �`2 irQ b+�H�` T�`iB+H2b 7Q` 2�+? 72`KBQMX
8ai`QM; +QmTHBM;- K2�MBM; i`22 H2p2H Bb � #�/ �TT`QtBK�iBQM- K�v ?2HT- #mi HB72 Bb biBHH /B{+mHiX
e_2K2K#2` i?�i [�] = M �M/ [✓] = M� 1

2 bQ i?�i i?2 +QKTQM2Mi }2H/ Kmbi ?�p2 [F ] = M2X
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