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u|
2
� |H0

d
|
2)2 � (bH0

uH
0

d
+ +X+X) UeXk3V

q2 +�M MQr �#bQ`# � +QKTH2t T?�b2 BM H0
u Q` H0

d
- BM Q`/2` iQ i�F2 b iQ #2 `2�H �M/ TQbBiBp2X

h?Bb /Q2b MQi �z2+i Qi?2` i2`Kb #2+�mb2 i?2v �`2 T`Qi2+i2/ #v �#bQHmi2 p�Hm2bX h?2 KBMBKmK
Kmbi �HbQ ?�p2 i?2 iQi�H T?�b2 Q7H0

uH
0

d
`2�H �M/ TQbBiBp2- iQ ;2i �M �b H�`;2 �b TQbbB#H2 M2;�iBp2

+QMi`B#miBQM 7`QK i?2 b i2`KX h?mb i?2 p2pb vu = hH0
ui �M/ vd = hH0

d
i Kmbi ?�p2 QTTQbBi2

T?�b2bX "v i?2 `2K�BMBM; U(1)Y ;�m;2 bvKK2i`v Q7 i?2 TQi2MiB�H- r?B+? Bb 2z2+iBp2Hv � T?�b2
`Qi�iBQM- �M/ i?2 7�+i i?�i H0

u �M/ H0

d
?�p2 QTTQbBi2 ?vT2`+?�`;2- r2 +�M i`�Mb7Q`K vu �M/

vd bQ i?�i i?2v �`2 `2�H �M/ ?�p2 i?2 b�K2 bB;MX 6Q` i?2 TQi2MiB�H iQ ?�p2 � M2;�iBp2 K�bb
i2`K- �M/ i?mb 7mH}HH TQBMi BV �#Qp2- r2 Kmbi i?2M ?�p2

b2 > (|µ|2 +m2

Hu
)(|µ|2 +m2

Hd
). UeXkNV

aBM+2 r2 ?�p2 #`QF2M bmT2`bvKK2i`v r2 Kmbi �HbQ +?2+F i?�i i?2 TQi2MiB�H Bb �+im�HHv
#QmM/2/ 7`QK #2HQr- Qm` TQBMi BBBV- r?B+? r�b ;m�`�Mi22/ 7Q` � bmT2`bvKK2i`B+ p�+mmKX 6Q`
H�`;2 |H0

u| Q` |H0

d
| i?2 [m�`iB+ ;�m;2 i2`Kb BM UeXk3V #HQrb mT iQ b�p2 i?2 TQi2MiB�H- 2t+2Ti

7Q` |H0
u| = |H0

d
|- i?2 bQ@+�HH2/ D@~�i /B`2+iBQMbX h?Bb K2�Mb i?�i r2 Kmbi �HbQ `2[mB`2

2b < 2|µ|2 +m2

Hu
+m2

Hd
. UeXjyV

hQ bmKK�`Bb2 r?�i r2 ?�p2 H2�`Mi bQ 7�`, �i i?2 KBMBKmK Q7 i?2 >B;;b TQi2MiB�H r2 FMQr
i?�i i?2 2tT2+i�iBQM p�Hm2b Q7 i?2 +?�`;2/ >B;;b +QKTQM2Mi }2H/b �`2 x2`Q- hH+

u i = 0 �M/
hH�

d
i = 0- �M/ r2 7mH}H i?2 +QM/BiBQM 7Q` i?2 2tBbi2M+2 Q7 �M 2ti`2K�H TQBMi BM i?2 M2mi`�H

>B;;b +QKTQM2Mi }2H/b
@V

@H0
u

=
@V

@H0

d

= 0. UeXjRV

AM �//BiBQM- 7Q` i?2 KBMBKmK iQ ?�p2 MQM@x2`Q }2H/ p�Hm2b i?�i #`2�F 1qa"- �M/ 7Q` i?2
TQi2MiB�H iQ #2 #QmM/2/ 7`QK #2HQr- i?2 T�`�K2i2`b Q7 i?2 TQi2MiB�H Kmbi bBKmHi�M2QmbHv
7mH}H i?2 BM2[m�HBiB2b

b2 > (|µ|2 +m2

Hu
)(|µ|2 +m2

Hd
),

2b < 2|µ|2 +m2

Hu
+m2

Hd
.

h?2 `2bmHiBM; MQM@x2`Q 2tT2+i�iBQM p�Hm2b �i i?2 KBMBKmK 7Q` i?2 M2mi`�H >B;;b +QKTQM2Mi
}2H/b �`2 /2MQi2/ vu �M/ vdX

hQ b�iBb7v UeXkNV �M/ UeXjyV- � M2;�iBp2 p�Hm2 7Q` m2

Hu
UQ` m2

Hd
V +�M ?2HT- BM T�`iB+mH�` B7

|µ|2 +m2

Hu
< 0- �b i?�i �miQK�iB+�HHv 7mH}Hb UeXkNVX am+? � M2;�iBp2 p�Hm2 Bb BM/22/ T2`72+iHv

�HHQr2/ �b � T�`�K2i2` BM i?2 G�;`�M;B�MX LQ M2;�iBp2 T�`iB+H2 K�bb2b rBHH `2bmHiX
AM 7�+i- B7 r2 �bbmK2 i?�i mHd

= mHu
�i bQK2 b+�H2 µ- 7Q` 2t�KTH2 i?2 bmT2`bvKK2i`v

#`2�FBM; b+�H2- i?2M UeXkNV �M/ UeXjyV +�MMQi #2 bBKmHi�M2QmbHv #2 b�iBb}2/ �i i?�i b+�H2X
>Qr2p2`- iQ R@HQQT i?2 _:1 `mMMBM; Q7 i?2b2 K�bb T�`�K2i2`b Bb,

16⇡2�
m

2
Hu

⌘ 16⇡2
dm2

Hu

dt
= 6|yt|

2(m2

Hu
+m2

Q3
+m2

u3
) + ...
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16⇡2�
m

2
H
d

⌘ 16⇡2
dm2

Hd

dt
= 6|yb|

2(m2

Hd
+m2

Q3
+m2

d3
) + ...,

r?2`2 yt �M/ yb �`2 i?2 iQT �M/ #QiiQK [m�`F umF�r� +QmTHBM;b- �M/mQ3 = mQ

33
- mu3 = mu

33
-

�M/ md3 = md

33
- BM � bBKTHB}+�iBQM Q7 Qm` T`2pBQmb MQi�iBQM 7Q` i?2 bQ7i@K�bb2b BM a2+X eXeX

"2+�mb2 yt � yb- m2

Hu
`mMb Km+? 7�bi2` rBi? b+�H2 i?�M m2

Hd
X A7 i?2 T�`�K2i2`b bi�`i Qmi i?2

b�K2 �i bQK2 ?B;? b+�H2- b�v 7`QK bQK2 mMBp2`b�H bmT2`bvKK2i`v #`2�FBM; 2z2+i- �b r2 ;Q
/QrM iQ i?2 2H2+i`Qr2�F b+�H2 m2

Hu
#2+QK2b bB;MB}+�MiHv bK�HH2` i?�M m2

Hd
- �M/ K�v #2+QK2

M2;�iBp2- 7mH}HHBM; i?2 1qa" +`Bi2`B�X 6Q` �M BHHmbi`�iBQM- b22 6B;X eX9- r?2`2 i?2 `mMMBM; Q7
µ2 + m2

Hu
�M/ µ2 + m2

Hu
Bb b?QrMX Ai Bb i?Bb T`QT2`iv Q7 bi�`iBM; Qm` 7`QK bQK2 mMBp2`b�H

>B;;b T�`�K2i2`b �i � ?B;? b+�H2- r?B+? i?2M #v _:1 2z2+ib #`2�F 2H2+i`Qr2�F bvKK2i`v �i
HQr2` b+�H2b- i?�i Bb i2`K2/ `�/B�iBp2 1qa" U_1qa"VX h?mb- BM i?2 JaaJ rBi? mMBp2`b�H
bQ7i i2`Kb �i � ?B;? b+�H2 i?2`2 Bb �M 2tTH�M�iBQM r?v 1qa" ?�TT2Mb- Bi Bb MQi Tmi BM #v
?�M/ BM i?2 TQi2MiB�H �b Bi Bb BM i?2 ai�M/�`/ JQ/2HX

6QHHQrBM; 1qa"- iQ ;2i i?2 7�KBHB�` p2+iQ` #QbQM K�bb2b K2�bm`2/ #v 2tT2`BK2Mi- i?2
p2pb M22/ iQ b�iBb7v i?2 +QMbi`�BMi 7`QK i?2 2H2+i`Qr2�F T�`�K2i2`b,

v2u + v2
d
⌘ v2 =

2m2

Z

g2 + g02
⇡ (174 GeV)2.

h?mb r2 ?�p2 QM2 7`22 T�`�K2i2` +QKBM; 7`QK i?2 irQ >B;;b p2pb BM i?2 JaaJX q2 +�M r`Bi2
i?Bb �b

tan� ⌘
vu
vd

,

r?2`2 #v +QMp2MiBQM 0 < � < ⇡/2- bQ i?�i 0 < tan� < 1X
lbBM; i?2 +QM/BiBQM 7Q` i?2 2tBbi2M+2 Q7 �M 2ti`2K�H TQBMi BM UeXjRV- i?2 irQ MQM@aJ

T�`�K2i2`b b �M/ |µ| +�M #2 2HBKBM�i2/ �b 7`22 T�`�K2i2`b 7`QK i?2 KQ/2H- ?Qr2p2`- MQi i?2
bB;M Q7 µX �Hi2`M�iBp2Hv- r2 +�M +?QQb2 iQ 2HBKBM�i2 m2

Hu
�M/ m2

Hd
X uQm +�M HQQF �i i?Bb

�b ;BpBM; �r�v i?2 7`22/QK Q7 i?2b2 T�`�K2i2`b iQ i?2 p2pb- �M/ i?2M }tBM; QM2 p2p #v i?2
2H2+i`Qr2�F +QMbi`�BMi- �M/ mbBM; tan� 7Q` i?2 Qi?2`X

G2i mb K�F2 � HBiiH2 `2K�`F ?2`2 QM i?2 T�`�K2i2` µX q2 ?�p2 r?�i Bb +�HH2/ i?2 µ
T`Q#H2KX h?2 bQ7i i2`Kb �HH ;2i i?2B` b+�H2 7`QK bQK2 +QKKQM K2+?�MBbK �i bQK2 +QKKQM
?B;? 2M2`;v b+�H2- Bi Bb �bbmK2/- ?Qr2p2`- µ Bb � K�bb i2`K BM i?2 bmT2`TQi2MiB�H Ui?2 QMHv
QM2 BM 7�+iV �M/ +QmH/ � T`BQ`B i�F2 �Mv p�Hm2- 2p2M MP X q?v Bb µ i?2M Q7 i?2 Q`/2` Q7 i?2
bQ7i i2`Kb- r?B+? Bb r?�i �HHQrb mb iQ �+?B2p2 _1qa"\ky

eXRy >B;;b #QbQM T`QT2`iB2b

P7 i?2 2B;?i /XQX7X BM i?2 b+�H�` TQi2MiB�H 7Q` i?2 >B;;b +QKTQM2Mi }2H/b i?`22 �`2 :QH/biQM2
#QbQMb i?�i ;2i 2�i2M #v Z �M/ W± iQ ;Bp2 i?2K K�bb2bX h?2 `2K�BMBM; }p2 /XQX7X 7Q`K irQ
M2mi`�H b+�H�`b h- H- irQ +?�`;2/ b+�H�`b H± �M/ QM2 M2mi`�H Tb2m/Q@b+�H�` U*S@Q//V AXkR

kyh?Bb T`Q#H2K +�M #2 bQHp2/ BM 2ti2MbBQMb Q7 i?2 JaaJ bm+? �b i?2 L2ti@iQ@JBMBK�H amT2`bvKK2i`B+
ai�M/�`/ JQ/2H ULJaaJVX

kRAM �//BiBQM iQ i?2 b+�H�`b- r2 FMQr i?�i i?2 >B;;b bmT2`KmHiBTH2ib +QMi�BM 7Qm` 72`KBQMb- H̃0
u- H̃0

d - H̃+
u �M/

H̃�
d

U?B;;bBMQbVX q2 rBHH b22 H�i2` i?�i i?2b2 KBt rBi? i?2 72`KBQM T�`iM2`b Q7 i?2 ;�m;2 #QbQMb U;�m;BMQbVX
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�i i`22 H2p2H QM2 +�M b?Qr i?�i i?2b2 ?�p2 i?2 K�bb2b,

m2

A =
2b

sin 2�
= 2|µ|2 +m2

Hu
+m2

Hd
, UeXjkV

m2

h,H
=

1

2

✓
m2

A +m2

Z ⌥

q
(m2

A
�m2

Z
)2 + 4m2

Z
m2

A
sin2 2�

◆
, UeXjjV

m2

H± = m2

A +m2

W . UeXj9V

�b � +QMb2[m2M+2 mA �M/ tan� +�M #2 mb2/ iQ T�`�K2i`Bb2 i?2 K�bb2b Q7 i?2 >B;;b b2+iQ` U�i
i`22 H2p2HV- �M/ H- H± �M/ A �`2 BM T`BM+BTH2 mM#QmM/2/ BM K�bb bBM+2 i?2v ;`Qr �b b/ sin 2�X
>Qr2p2`- �i i`22 H2p2H i?2 HB;?i2bi >B;;b #QbQM Bb `2bi`B+i2/ iQ

mh < mZ | cos 2�| < 91.2 :2o. UeXj8V

AM +QMi`�bi r2 ?�p2 i?2 +m``2Mi #2bi K2�bm`2K2Mi Q7 i?2 >B;;b #QbQM K�bb Q7 mh = 125.10±
0.14:2o- +QK#BMBM; `2bmHib 7`QK i?2 G>* (Rj)X

6Q`imM�i2Hv- i?2`2 �`2 H�`;2 HQQT@+Q``2+iBQMb Q` i?2 JaaJ rQmH/ ?�p2 #22M 2t+Hm/2/
�H`2�/vXkk "2+�mb2 Q7 i?2 bBx2 Q7 i?2 umF�r� +QmTHBM;b i?2 H�`;2bi +Q``2+iBQMb iQ i?2 K�bb
Q7 i?2 HB;?i2bi >B;;b +QK2b 7`QK HQQTb rBi? iQT [m�`Fb �M/ Bib bmT2`bvKK2i`B+ T�`iM2`b- i?2
b+�H�` iQT [m�`Fb- Q` biQTb- t̃L �M/ t̃RX a22 6B;X 9XR 7Q` i?2 `2H2p�Mi 62vMK�M /B�;`�KbX AM i?2
HBKBi r?2`2 i?2 K�bb Q7 i?2 biQT [m�`Fb �`2 H�`;2` i?�M i?2 iQT- m

t̃R
,m

t̃L
� mt- �M/ rBi?

biQT K�bb 2B;2Mbi�i2b +HQb2 iQ i?2 +?B`�H 2B;2Mbi�i2b UKQ`2 QM i?Bb H�i2`V- r2 ;2i i?2 /QKBM�Mi
HQQT +Q``2+iBQM

�m2

h
=

3

4⇡2
cos2 ↵ y2tm

2

t ln

✓
m

t̃L
m

t̃R

m2
t

◆
, UeXjeV

r?2`2 ↵ Bb � KBtBM; �M;H2 7Q` h �M/ H rBi? `2bT2+i iQ i?2 bmT2`}2H/ +QKTQM2Mi }2H/b H0
u

�M/ H0

d
- ;Bp2M #v

sin↵

sin�
= �

m2

H
+m2

h

m2

H
�m2

h

, UeXjdV

�i i`22 H2p2HX
qBi? i?Bb �M/ Qi?2` +Q``2+iBQMb i?2 mTT2` #QmM/ QM i?2 HB;?i2bi >B;;b #QbQM K�bb Bb

r2�F2`,
mh  135 GeV,

�bbmKBM; � +QKKQM bT�`iB+H2 K�bb b+�H2 Q7 �`QmM/ mSUSY  1h2oX >B;?2` p�Hm2b 7Q` i?2
bT�`iB+H2 K�bb2b ;Bp2 H�`;2 }M2@imMBM; �M/ r2�F2M i?2 #QmM/ p2`v HBiiH2 #2+�mb2 Q7 i?2 HQ;�@
`Bi?K BM 1[X UeXjeVX h?2 #QmM/ +�M #2 7m`i?2` r2�F2M2/ #v �//BM; 2ti`� }2H/ +QMi2Mi iQ i?2
JaaJ- 2X;X �b BM i?2 LJaaJ- #mi i?2`2 Bb �M mTT2` T2`im`#�iBp2 HBKBi Q7 mh ⇡ 150:2oX

Ai Bb p2`v BMi2`2biBM; iQ /Bb+mbb r?�i i?2 >B;;b /Bb+Qp2`v �+im�HHv BKTHB2b 7Q` HQr@2M2`;v
bmT2`bvKK2i`vX �b +�M #2 b22M 7`QK i?2 �#Qp2 MmK#2`b Bi `2[mB`2b `�i?2` H�`;2 b[m�`F K�bb2b
2p2M BM i?2 7�pQm`�#H2 b+2M�`BQ rBi? tan� � 1 r?2`2 i?2 i`22 H2p2H K�bb Bb mh ⇠ 90 :2oX �
M�Bp2 2biBK�i2 7`QK 1[X UeXjeV ;Bp2b m

t̃
> 1 h2oX >Qr2p2`- i?Bb /Q2b MQi i�F2 BMiQ �++QmMi

TQbbB#H2 M2;�iBp2 +QMi`B#miBQMb iQ i?2 >B;;b K�bb 7`QK ?2�pv ;�m;BMQb U72`KBQMb BM i?2 p2+iQ`
bmT2`}2H/bV- �M/ TQbbB#H2 BM+`2�b2b BM i?2 biQT +QMi`B#miBQM /m2 iQ imMBM; Q7 i?2 KBtBM; Q7
i?2 +?B`�H 2B;2Mbi�i2b t̃L �M/ t̃R- BM i?2 K�bb 2B;2Mbi�i2b t̃1 �M/ t̃2X

kkAi Bb rQ`i? TQBMiBM; Qmi ?2`2 i?�i i?2 JaaJ- /2bTBi2 Bib K�Mv T�`�K2i2`b- Bb � 7�HbB}�#H2 i?2Q`vX 6Q`
2t�KTH2- ?�/ i?2 >B;;b #QbQM K�bb #22M ⇠ 15:2o ?B;?2`- r?B+? Bb T2`72+iHv �HHQr2/ BM i?2 ai�M/�`/ JQ/2H-
i?2 JaaJ rQmH/ ?�p2 #22M 2t+Hm/2/X
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aBM+2 i?2 HB;?i2bi biQT [m�`F Bb 2tT2+i2/ iQ #2 i?2 HB;?i2bi b[m�`F BM b+2M�`BQb rBi? mMB@
p2`b�H bQ7i K�bb2b �i bQK2 ?B;? b+�H2 Ĝ i?2 `2�bQMBM; ?2`2 Bb i?2 H�`;2 /QrMr�`/ _:1 `mMMBM;
Q7 mQ

33
7`QK � +QKKQM b[m�`F bQ7i K�bb �i bQK2 ?B;? b+�H2 /m2 iQ i?2 H�`;2 iQT umF�r� +Qm@

THBM; Ĝ i?2 2tT2+i2/ bT�`iB+H2 bT2+i`mK HB2b KQbiHv �#Qp2 R h2o- rBi? i?2 TQbbB#H2 2t+2TiBQM
Q7 ;�m;BMQbf?B;;bBMQbX h?Bb TQBMib iQ bQ@+�HH2/ aTHBi@alau b+2M�`BQb rBi? ?2�pv b+�H�`b
�M/ HB;?i ;�m;BMQb- �M/ � `2H�iBp2Hv H�`;2 /2;`22 Q7 }M2@imMBM;X A7 QM2 +�M HBp2 rBi? i?Bb HBiiH2
?B2`�`+?v T`Q#H2K- Bi rBHH 2tTH�BM r?v MQ bB;Mb Q7 bmT2`bvK2Ki`v ?�p2 #22M b22M v2i �i i?2
G>*X

A7 vQm �`2 rBHHBM; iQ �++2Ti }M2@imMBM; Q7 i?2 biQT KBtBM; BMbi2�/- Q` +QK2 mT rBi? � ;QQ/
`2�bQM 7Q` r?v i?2 KBtBM; b?QmH/ #2 Dmbi@bQ iQ ;Bp2 � K�tBK�H >B;;b K�bb- vQm +�M F22T
7�B`Hv HB;?i biQT [m�`FbX qBi? i?2 �//BiBQM Q7 HB;?i ?B;;bBMQb �M/ � HB;?i ;HmBMQ i?2 KQ/2H Bb
i?2M i2+?MB+�HHv M�im`�H- i?2b2 b+2M�`BQb �`2 +�HH2/ L�im`�H alau �M/ +QmH/ #2 rBi?BM i?2
+m``2Mi Q` M2�` 7mim`2 `2�+? Q7 i?2 G>*X h?2 T`Q#H2K rBi? i?2b2 KQ/2Hb- �b r2 b?�HH b22- Bb
i?�i i?2 ?B;;bBMQb �`2 /2;2M2`�i2- �M/ i?mb /B{+mHi iQ /2i2+iX

hQ /Q +�H+mH�iBQMb rBi? i?2 >B;;b #QbQMb BM i?2 JaaJ r2 M22/ i?2 62vMK�M `mH2b i?�i
`2bmHi 7`QK i?2 `2H2p�Mi G�;`�M;B�M i2`KbX aBM+2 i?2b2 ?�p2 #22M HBbi2/ 2Hb2r?2`2 r2 rBHH MQi
`2T2�i i?2K ?2`2- #mi `2+QKK2M/ BM T�`iB+mH�` i?2 S?.@i?2bBb Q7 S2i2` _B+?�`/bQM (R9)- r?2`2
i?2v +�M #2 7QmM/ BM �TT2M/Bt �Xe- BM+Hm/BM; �HH BMi2`�+iBQMb rBi? 72`KBQMb �M/ b72`KBQMbX
h?2b2 +�M �HbQ #2 7QmM/- iQ;2i?2` rBi? �HH ;�m;2 �M/ b2H7@BMi2`�+iBQMb- BM i?2 +H�bbB+ T�T2` #v
:mMBQM �M/ >�#2` (R8)X LQi2 i?�i BM i?Bb T�T2` � +QKTH2t >B;;b bBM;H2i �TT2�`b r?B+? +�M
b�72Hv #2 B;MQ`2/X
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