
*?�Ti2` 8

"`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?2 p�MBb?BM; 2M2`;v 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 iQ i?2 2M2`;v 7Q` i?2 p�+mmK U;`QmM/ bi�i2V
|0i- K2�MBM; i?�i 2Bi?2`

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⇤) =

����
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2

+
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@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 B7 �HH T�`iB+H2b �`2 �i � HQr 2M2`;v b+�H2X
h?2 T`Q#H2K Bb i?�i �i i`22 H2p2H i?2 bmT2`i`�+2- ah`- Q7 i?2 K�bb K�i`Bt M- K2�MBM; i?2
r2B;?i2/ bmK Q7 2B;2Mp�Hm2b Q7 i?2 K�bb K�i`Bt- +�M #2 b?QrM iQ p�MBb?- STrM2 = 0 2p2M
�7i2` bTQMi�M2Qmb bmT2`bvKK2i`v #`2�FBM;Xj

.2}MBiBQM, h?2 bmT2`i`�+2 Bb ;Bp2M #v

STr
�
M

2
�
⌘

X

s

(�1)2s(2s+ 1) Tr[M2

s ], U8XeV

r?2`2 M Bb i?2 +QKTH2i2 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 bTBM@s 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? K�bb K�i`B+2b M1/2 �M/ M0 +QMi�BMBM; i?2 K�bb2b Q7 2�+? T�`iB+H2 QM
i?2 /B�;QM�H- i?Bb K2�Mb i?�i STr

�
M

2
�
= Tr[M2

0
� 2M2

1/2
] = 0X q?BH2 #27Q`2 bTQMi�M2Qmb

bmT2`bvKK2i`v #`2�FBM; 2�+? 72`KBQM �M/ #QbQM BM i?2 b�K2 bmT2`}2H/ ?�/ 2[m�H K�bb2b- r2
MQr ?�p2 i?�i i?2 bmK Q7 Ui?2 b[m�`2 Q7V i?2 72`KBQM �M/ #QbQM K�bb2b Qp2` �HH i?2 bmT2`}2H/b
Bb i?2 b�K2X h?2 +`m+B�H +QMb2[m2M+2 Bb i?�i MQi �HH i?2 b+�H�` T�`iM2`b +�M #2 ?2�pB2` i?�M
Qm` FMQrM 72`KBQMb BM Q`/2` iQ #�H�M+2 Qmi i?2 bmT2`i`�+2 `2H�iBQMb?BTX

�//BM; p2+iQ` bmT2`}2H/b /Q2b MQi ?2HT #2+�mb2 i?2 72`KBQMb i?2`2 ?�p2 bTBM@R p2+iQ`
#QbQMb T�`iM2`b- �M/ BM i?2 bmT2`i`�+2 i?2b2 +QMi`B#miBQMb ;2i QTTQbBi2 bB;M- �M/ +�M+2H 2�+?
Qi?2` QmiX h?Bb `2H�iBQMb?BT Bb � i`22 H2p2H `2H�iBQMb?BT- K2�MBM; Bi /Q2b MQi i�F2 BMiQ �++QmMi
[m�MimK +Q``2+iBQMbX >Qr2p2`- �++QmMiBM; 7Q` i?Qb2 �M/ mbBM; bi`QM; +QmTHBM;b iQ KQp2 i?2
bmT2`i`�+2 p�Hm2 �r�v 7`QK x2`Q- i?2 2z2+i /Q2b MQi b22Kb iQ #2 2MQm;? iQ #mBH/ � +QMbBbi2Mi
KQ/2HX

h?2 bQHmiBQM iQ i?2 bmT2`i`�+2 /BH2KK� Bb iQ Tmi i?2 bTQMi�M2Qmb bmT2`bvKK2i`v #`2�FBM;
mT �i bQK2 ?B;?2` 2M2`;v b+�H2

p
hF i Ĝ bB;MB}+�MiHv ?B;?2` i?�M i?2 2H2+i`Qr2�F b+�H2 Ĝ i?�i

r2 /Q MQi +m``2MiHv ?�p2 2tT2`BK2Mi�H �++2bb iQ- bQ i?�i i?2`2 �`2 �HbQ bmT2`}2H/b rBi? 72`KBQM
�M/ #QbQM T�`iM2`b rBi? Km+? ?B;?2` K�bb2b i?�i 7mH}H i?2 bmT2`i`�+2 `2H�iBQMb?BT- �M/ i?2
2H2+i`Qr2�F b+�H2 72`KBQMb �M/ #QbQMb #2+QK2 QMHv � bK�HH T2`im`#�iBQM QM BiX

kAi Bb �Hr�vb i?2 �mtBHB�`v }2H/bǶ 7�mHi5
ja22 62``�`�- :B`�`/2HHQ �M/ S�HmK#Q URNdNV (N)X
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8Xj aQ7i #`2�FBM;
h?2`2 �`2 K�Mv �Hi2`M�iBp2b BM i?2 HBi2`�im`2 Q7 ?Qr r2 +�M #`2�F bmT2`bvKK2i`v bTQMi�@
M2QmbHv �i � ?B;? 2M2`;v b+�H2X h?2 M�K2b Q7 bQK2 TQTmH�` 2t�KTH2b i?�i r2 rBHH `2im`M iQ
�`2,

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

*QKKQM iQ �HH Q7 i?2K Bb i?�i i?2 K�bb b+�H2 Q7 i?2 T�`iB+H2b BM i?2 bmT2`bvKK2i`v #`2�FBM;
}2H/b Bb bQ ?B;?- i?�i r2 +�M MQi Q#b2`p2 i?2B` 2z2+ib /B`2+iHvX q?�i r2 +�M /Q BMbi2�/ Bb iQ
T�`�K2i2`Bb2 Qm` B;MQ`�M+2 #v �//BM; 2z2+iBp2 2tTHB+Bi bmT2`bvKK2i`v #`2�FBM; i2`Kb iQ Qm`
HQr@2M2`;v G�;`�M;B�MX

>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 rBi? bK�HH2` K�bb /BK2MbBQM �`2 i2`Kb i?�i +�M H2�/ iQ /Bp2`;2M+2b BM HQQT
+QMi`B#miBQMb iQ b+�H�` K�bb2b Ubm+? �b i?2 >B;;bV i?�i �`2 [m�/`�iB+ Q` rQ`b2 U#2+�mb2 Q7 i?2
?B;? /BK2MbBQM�HBiv Q7 i?2 }2H/b BM i?2 HQQTbVX h?Bb rBHH `2@BMi`Q/m+2 i?2 ?B2`�`+?v T`Q#H2KX

h?2 �HHQr2/ i2`Kb �`2 BM bmT2`}2H/ MQi�iBQM �b 7QHHQrb,

Lsoft = �
1

4T (R)
M✓✓✓̄✓̄Tr{WAWA}�

1

6
aijk✓✓✓̄✓̄�i�j�k

�
1

2
bij✓✓✓̄✓̄�i�j � ti✓✓✓̄✓̄�i + ?X+X U8XdV

�m2

ij✓✓✓̄✓̄�
†
i
�j ,

r?2`2 M,aijk, bij , ti 2 C �M/ m2

ij
2 R �`2 i?2 +QmTHBM;bX LQi2 i?�i i?2b2 i2`Kb �`2 2tTHB+BiHv

MQi bmT2`bvKK2i`B+X 6`QK i?2 ✓✓✓̄✓̄@7�+iQ`b r2 b22 i?�i QMHv i?2 HQr2bi Q`/2` BM ✓ +QKTQM2Mi
}2H/b Q7 i?2 bmT2`}2H/b +QMi`B#mi2X

h?2`2 �`2 �HbQ bQK2 i2`Kb i?�i �`2 +�HH2/ ǴK�v#2@bQ7iǴ i2`Kb,

Lmaybe = �
1

2
✓✓✓̄✓̄cijk�

†
i
�j�k + h.c. U8X3V

rBi? cijk 2 CX h?Bb H�bi Ĝ Q7i B;MQ`2/ Ĝ ivT2 Q7 i2`K Bb bQ7i �b HQM; �b MQM2 Q7 i?2 b+�H�`
bmT2`}2H/b Bb � bBM;H2i mM/2` �HH ;�m;2 bvKK2i`B2bX Ai Bb- ?Qr2p2`- [mBi2 /B{+mHi iQ ;2i H�`;2
p�Hm2b 7Q` cijk rBi? bTQMi�M2Qmb bmT2`bvKK2i`v #`2�FBM;X AM i?2 �#Qp2 i2`Kb r2 ?�p2 MQi
bT2+B}2/ �Mv ;�m;2 bvKK2i`v- r?B+? rBHH- BM i?2 b�K2 r�v �b Bi /B/ 7Q` i?2 bmT2`TQi2MiB�H-
b2p2`2Hv `2bi`B+i i?2 �HHQr2/ i2`KbX >Qr2p2`- Bi im`Mb Qmi i?�i bQ7i@i2`Kb �`2 `2bTQMbB#H2 7Q`
KQbi Q7 i?2 T�`�K2i2`b BM bmT2`bvKK2i`B+ i?2Q`B2b5

q2 +�M BMbi2�/ r`Bi2 i?2 bQ7i i2`Kb BM i2`Kb Q7 i?2B` +QKTQM2Mi }2H/b �b

Lsoft = �
1

2
M�A�A � (

1

6
aijkAiAjAk +

1

2
bijAiAj + tiAi +

1

2
cijkA

⇤
iAjAk + +X+X)

�m2

ijA
⇤
iAj .

>2`2 r2 +H2�`Hv b22 i?�i i?2 mij +QmTHBM;b T`QpB/2 2ti`� K�bb i2`Kb iQ i?2 b+�H�` T�`iM2`b Ai

Q7 i?2 72`KBQMb BM i?2 b+�H�` bmT2`}2H/b- �M/ M iQ i?2 72`KBQM T�`iM2`b �A Q7 i?2 p2+iQ`b BM
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i?2 p2+iQ` bmT2`}2H/bX h?mb- i?2v bTHBi i?2 K�bb2b Q7 i?2 T�`iM2`b �b r2 r�Mi2/ iQ �+?B2p2
rBi? #`2�FBM; bmT2`bvKK2i`vX

LQr- r?�i ?�TT2Mb iQ i?2 ?B2`�`+?v T`Q#H2K\ _2bi`B+iBM; Qm`b2Hp2b iQ bQ7i bmT2`bvKK2i`v
#`2�FBM; i2`Kb ;m�`�Mi22b i?�i r2 2M/ mT rBi? +QMi`B#miBQMb iQ i?2 >B;;b K�bb Q7 �i KQbi

�m2

h
= �

�s

16⇡2
m2

s ln
⇤2

UV

m2
s

+ . . . , U8XNV

�i i?2 H2�/BM; Q`/2` BM ⇤UV - r?2`2 ms Bb i?2 K�bb b+�H2 Q7 i?2 bQ7i i2`KX h?2 +Q``2+iBQM iQ
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