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Motivation & Introduction

• ïÄ�U�#�CP»�5—BSM!fÔ�Øé¡5

• ïÄIþâfÌ�CP»��md3�'é—ý�

• o�.—SCPV§;.�#�CP»�5§���'éý�

• ��c�ó�[Y.-N. Mao and S.-H. Zhu, Phys. Rev. D 90, 115024 (2014)]é'§ï

Ä�U�Ûõ3>fIÝ±e�#Ôn

• ��Æ����5u�(Updated after ICHEP2016)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.115024
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'''uuu“���”���âââfffµµµ

• >fnØ¥�3�k�IÝv = 246GeV

• 3fÍÜ�2HDM¥§;.�Iþâf�þm ∼ O(v)(~X§125GeV)

• o�.�A½ëê«�S§·��±g,/ýó���(m � v)�Iþâf§ùÄ

u�c�ó�[Y.-N. Mao and S.-H. Zhu, Phys. Rev. D 90, 115024 (2014)]¥JÑ�

�Iþâf��CP»��m�U�3�'éÅ�

• ù�ó�¥Øb�125GeV�Higgsâf���

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.115024
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Lee Model (by T. D. Lee)

T. D. Lee, Phys. Rev. D 8, 1226 (1973)

�kguCP»��2HDM§b���.¼þÑ´CPØC�

L = (Dµφ1)
†(Dµφ1) + (Dµφ2)

†(Dµφ2)− V (φ1, φ2);

V (φ1, φ2) = µ2
1R11 + µ2

2R22 + λ1R
2
11 + λ2R11R12 + λ3R11R22

+λ4R
2
12 + λ5R12R22 + λ6R

2
22 + λ7I

2
12.

Ù¥Rij = Re(φ†iφj)§Iij = Im(φ†iφj)§�9�ëê"Iþ|

φ1 =
(
φ+
1 , (v1 +R1 + iI1)/

√
2
)T

, φ2 =
(
φ+
2 , (v2 exp(iξ) +R2 + iI2)/

√
2
)T

.

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.8.1226
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ý�^�

µ2
1 = −λ1v21 −

λ3 + λ7
2

v22 −
λ2
2
v1v2cξ; µ2

2 = −λ6v22 −
λ3 + λ7

2
v12 −

λ5
2
v1v2cξ;

0 = sξ

(
λ2
2
v21 +

λ5
2
v22 + (λ4 − λ7)v1v2cξ

)
if |λ2v21+λ5v22 |<2|λ4−λ7|v1v2−−−−−−−−−−−−−−−−−−−−→ SCPV.

• tanβ ≡ v2/v1, v ≡
√
v21 + v22

• ξ´v1�v2�m���Ôn�� �

• ξ 6= 0¿�XguCP»�Ñy
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Ônëê(Higgs Sector§�9�)

• Iþâf�þ(4)))m1,m2,m3,m±

• ý�Ï��(3)))v1, v2, ξ (or equivalently v, β, ξ)

• hiV VÍÜrÝ(2)))c1, c2

½Âci ≡ ghiV V /ghiV V,SM§c
2
1 + c22 + c23 = 1"
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Yukawa Sectorµ

• CPÅð⇒YukawaÍÜÑ´¢ê§CKMÝ
¥�CP»���5uEý�

• vk�	�©áé¡5—����YukawaÍÜ/ª(Type III)

• �)�(�§��þÝ
ÚCKMÝ
§~XW. Liao, (2014)

Flavor (non)diagonal CP phase and the Higgs physics

• e.g. �1n���p�^(U�þ^SIP1i�¥5Higgsâf)∑ 1

v
(ci,tmtt̄LtR + ci,bmbb̄LbR)hi +

√
2

v
(t̄LmbξbbbR + t̄RmtξttbL)H+ + h.c.

Ù¥c1,t/b = ∓iξtt/bb +O(tβsξ)

http://125.217.162.12/~zhanghonghao/tev2014/tev2014ppt/TeV2014_3a_Liaowei.pdf
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éCP»����L�µ

• Scalar sector: K ≡ c1,V c2,V c3,V (m2
1 −m2

2)(m
2
2 −m2

3)(m
2
3 −m2

1)/v
6

A. Méndez and A. Pomaral, Phys. Lett. B 272, 313 (1991).

• Yukawa sector: JarlskogØCþJ§½Â�

det
(

i
[
MUM

†
U ,MDM

†
D

])
= 2J

∏
i<j

(
m2
Ui
−m2

Uj

)(
m2
Di
−m2

Dj

)
C. Jarlskog, Phys. Rev. Lett. 55, 1039 (1985).

http://www.sciencedirect.com/science/article/pii/037026939191836K
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
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���Higgsâââfff������CP»»»������'''ééé

�þÝ
m̃(é¡Ý
§±�v2/2ü )µ

(λ4 − λ7)s2ξ −((λ4 − λ7)sβcξ + λ2cβ)sξ −((λ4 − λ7)cβcξ + λ5sβ)sξ

4λ1c
2
β + λ2s2βcξ + (λ4 − λ7)s2βc2ξ

((λ3 + λ7) + (λ4 − λ7)c2ξ/2)s2β

+λ2c
2
βcξ + λ5s

2
βcξ

(λ4 − λ7)c2βc2ξ
+λ5s2βcξ + 4λ6s

2
β





10

m2
1 =

v2t2βs
2
ξ

2

(
(m̃2)11 −

(m̃1)
2
12

(m̃0)22
− (m̃1)

2
13

(m̃0)33

)
=

v2t2βs
2
ξ

2

[
4λ6 + 2λ5(λ3 + λ7)s2θ

(
1

(m̃0)22
− 1

(m̃0)33

)
−4(λ3 + λ7)

2

(
c2θ

(m̃0)22
+

s2θ
(m̃0)33

)
− λ25

(
s2θ

(m̃0)22
+

c2θ
(m̃0)33

)]
;

h1 = I2 − tβsξ
(

(m̃1)12
(m̃0)22

(cθR1 + sθR2) +
(m̃1)13
(m̃0)33

(cθR2 − sθR1) +
I1
tξ

)
= I2 − tβsξ

[(
2(λ3 + λ7)

(
c2θ

(m̃0)22
+

s2θ
(m̃0)33

)
+
λ5s2θ

2

(
1

(m̃0)22
− 1

(m̃0)33

))
R1

+

(
(λ3 + λ7)s2θ

(
1

(m̃0)22
− 1

(m̃0)33

)
+ λ5

(
s2θ

(m̃0)22
+

c2θ
(m̃0)33

))
R2 +

I1
tξ

]
.

Ù¥(m̃0)22(33)´ü����§�θ ≡ (1/2) arctan(2λ2/(4λ1 − λ4 + λ7))
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• Uìtβsξ��g�6Ðm§m̃ = m̃0 +

(tβsξ)m̃1 + (tβsξ)
2m̃2 + . . .

• limtβsξ→0(m̃) = m̃0,det(m̃0) = 0 =⇒��

��Iþâf

• é�tβsξ�+Þ�§��(þ��)'u��

Iþâf�)ÛL�ª

• AÛþ�n)—{¿ý�ªuÜ¿�1�
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'éµ3�tβsξ4�e§o�Ônþm1, c1,V , K, J ∝ tβsξ

• o�Ônþ±�Ó�1�→ 0§�Ñ�Higgsâf��CP»��'é

• ���Higgsâf´±�I¤©�Ì�CP·Ü�§�SM-like

• c21,V � 1 (��é'§c2V,SM = 1)

• fÍÜb�g,/ýó�����âfh1§~Xm ∼ O(10GeV)
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A1. LHC������ÏÏÏééé(Charged Higgs, Updated after ICHEP2016)

ATLAS-CONF-2016-089, bg → tH−

• (0.3 − 1)TeV, |ξtt| . (0.6 − 3.0) ∼

O(1) @ 95%C.L.§Ù¥$�þ«X(300-

350)GeV���3(0.6-0.7)§�8TeV(J

�'"y(200-300)GeV�ÿþ

• ��'8TeV(Jî�éõ(U��þ«

�þ����5����m)

• 6�vkcharged Higgsâf�,�

https://cds.cern.ch/record/2206809?ln=zh_CN
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A2. LEP&LHC������ÏÏÏééé(Neutral Higgses, Updated after ICHEP2016)

�µLEP Higgs Working Group, Phys. Lett. B 565, 61 (2003)

• µ . (1.5− 4)× 10−2 ⇒ c1,V . (0.12− 0.2)

• tβsξ ∼ O(0.1)

• ùpØ?Ø�$�þ«�Higgsâf§Ï��â

c¡¤0��'é§�þ3O(GeV)�âféA

�c1,V ∼ O(10−2)�m§�ù��þ«�¡�E

,�§�ó�PC���

http://arxiv.org/abs/hep-ex/0306033
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µCMS-CR-2015-045, CMS-PAS-HIG-16-033, ATLAS-CONF-2016-082,

ATLAS ICHEP talk, ATLAS-CONF-2016-074, ATLAS-CONF-2016-062

250 300 350 400
m3
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0.30

Μ

• p/$�þ«�r���©O5gL§gg →

h3 → ZZ → 2`2ν/4`£þã«$�þ«¤

• (200-400)GeV�þ«�&ÒrÝµ < (0.06 −

0.26) @ 95%C.L.

• d(J�8TeV(J��

• éA���c3,V . (0.3− 0.4)

• c2,V & (0.9−0.95)⇒ h2(125) couplings to gauge

boosns must be SM-like

https://cds.cern.ch/record/2015204
https://cds.cern.ch/record/2204926?ln=zh_CN
https://cds.cern.ch/record/2206275?ln=zh_CN
http://indico.cern.ch/event/432527/contributions/1072213/attachments/1321031/1981066/ICHEPChicago2016_HighMassHiggsVV.pdf
https://cds.cern.ch/record/2206243?ln=zh_CN
https://cds.cern.ch/record/2206199?ln=zh_CN
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B. Higgs°°°(((ÿÿÿþþþ(Updated after ICHEP2016)

ggF & tt̄h VBF & V h

γγ 0.59+0.29
−0.28 1.64+0.68

−0.59

ZZ∗ 1.37+0.38
−0.35 3.7+2.8

−2.1

WW ∗ 1.02+0.29
−0.26 1.27+0.53

−0.45

τ+τ− 2.0+1.5
−1.2 1.24+0.59

−0.54

ggF & tt̄h VBF & V h

γγ 0.80+0.14
−0.18 1.59+0.73

−0.45

ZZ∗ 1.00+0.39
−0.32 0.91+1.56

−0.91

WW ∗ 0.74+0.22
−0.20 0.60+0.57

−0.46

τ+τ− - 0.94± 0.41

&ÒrÝµ�ATLAS§mCMS"#(JI7"

ATLAS-CONF-2016-081, CMS-PAS-HIG-16-020, CMS-PAS-HIG-16-033

https://cds.cern.ch/record/2206272?ln=zh_CN
https://cds.cern.ch/record/2205275?ln=zh_CN
https://cds.cern.ch/record/2204926?ln=zh_CN
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• Global-Fit χ2 ≡∑(µi,f,obs. − µi,f,SM)2/σ2
i,f

• ATLAS disfavor exotic decay; CMS best-fit point at Γexo ∼ 0.6MeV

• UìCMS�[Ü§�m1 < 34GeV�§c3,V ∼ 0.05E,�#N§ü|BM point

Case m1 m2 m3 c2,f c1,V c2,V c3,V tβsξ

I º 20 GeV 125 GeV ∼ v ∼ 1 0.1 0.994 0.05 ∼ 0.1

II
√

40 GeV 125 GeV ∼ v ∼ 1 0.1 0.95 0.3 ∼ 0.1
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C. >>>fff°°°(((ÿÿÿþþþ

M. Baak et. al. (The GFitter Group),

Eur. Phys. J. C 74, 3046 (2014)

• (J£þ§gd¤µ

S = 0.05 ± 0.11, T = 0.09 ± 0.13, U = 0.01 ±

0.11, RST = +0.90, RSU = −0.59, RTU = −0.83

• (J£e§�½U = 0¤µ

S = 0.06± 0.09, T = 0.10± 0.07, R = +0.91

http://arxiv.org/abs/1407.3792
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http://people.bridgewater.edu/~doneil/STellipseModule.nb

Y.-N. Mao and S.-H. Zhu, arXiv: 1602.00209, m± ∼ m3
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-0.2
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0.1
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-0.2 -0.1 0.1 0.2 0.3
S

-0.2

-0.1

0.1

0.2

T

http://people.bridgewater.edu/~doneil/STellipseModule.nb
http://arxiv.org/abs/1602.00209
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D. $$$UUU¢¢¢���������

• �Ü©�»�L§ÕáupUL§§�Ì¤�ùpØ�[?Ø

• B0f·ÜÚ��PC�Ñ|ξtt| . (0.6− 0.8)§�H±��Ïé����C

• ξbb ∼ O(1)E,�B0fË�PC�(J#N

• >ó4Ý(EDM)k����—é#�CP»�¯a
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−i(d/2)f̄σµνγ5fFµν −→ d(~S · ~E)

• »�P�CP�Ã²;éA§é#�CP»�5�~¯a

• SM Prediction: de,SM ∼ 10−38e · cm, dn,SM ∼ 10−32e · cm

M. Pospelov and A. Ritz, Ann. Phys. 318, 169 (2005)

• Experiments: |de| < 8.7× 10−29e · cm, |dn| < 2.9× 10−26e · cm(@90%C.L.)

ACME Collaboration, Science 343 6168, 269 (2014)

C. A. Baker et. al., Phys. Rev. Lett. 97, 131801 (2006)

http://arxiv.org/abs/hep-ph/0504231
http://arxiv.org/abs/1310.7534
http://arxiv.org/abs/hep-ex/0602020
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f f f f

f f f f

γ

γ

γ γ

W±

t H±

-0.04 -0.02 0.02 0.04
Αee

0.20

0.22

0.24

0.26

Αtt

0.18 0.20 0.22 0.24 0.26
Αee

-0.04

-0.02

0.02

0.04

Αtt

-3 -2 -1 1 2 3
Αuu

-0.2

-0.1

0.1

0.2

Αdd

-3 -2 -1 1 2 3
Αuu

-0.2

-0.1

0.1

0.2

Αdd

I�ØÓÜ©�Ì�m�����⇔ØÓëê�m�'é
Y.-N. Mao and S.-H. Zhu, Phys. Rev. D 90, 115024 (2014)

L. Bian, T. Liu, and J. Shu, Phys. Rev. Lett. 115, 201801 (2015)

http://arxiv.org/abs/1409.6844
http://arxiv.org/abs/1411.6695
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���555uuu���µµµ���þþþ���¾¾¾óóó���§§§===ÞÞÞAAA~~~

A. CPV in Scalar Sector: a Model-Independent Searching

G. Li, Y.-N. Mao, C. Zhang, and S.-H. Zhu, in preparation (=ò�¤)

Tree level vertices:

?h1
+
ZZ,

√
h2
+
ZZ, ?h1

+
−?

h2
−?
+

Z

Ì�Ïé�L§(CEPC)µ

e+e− → Z h1
+
, Z h2

+
, h1
+
−?

h2
−?
+
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L =
g2v

4c2
W

ZµZµ(c1h1 + c2h2) +
c12g

2cW
Zµ (h1∂

µh2 − h2∂
µh1) .

• Inclusive cross section measurement−→ K ≡ c1,V c2,V c12 =?

• In 2HDM, c12 ≡ c3 and K is just the quantity on P. 8.

• Recoil mass technique: Define

mrec ≡
√
s+m2

ff̄
− 2
√
s(Ef + Ef̄ )

where ff̄ = `+`−. For e+e− → Zh1, Zh2, ff̄ = `+`− from Z; for e+e− → h1h2,

ff̄ = bb̄ from h2. A peak occurs around another particle’s mass.
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B. ÙÙÙ¦¦¦���999���gggdddÝÝÝ���LLL§§§

• h3 → 2h1, Zh1 @ LHC (in preparation)

• h2 → 2h1, Zh1 @ e+e− or ep (in preparation)

C. ���õõõLLL§§§

¥5!�>Higgsâf���Ïé¶Higgs°(ÿþéexotic decay��å¶

$UL§¥��»��CP»�¶�°(�¥fEDM¶top EDM @ ILC etc.
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Conclusions and Discussions

A. Conclusions

• ·��c�ó�¥JÑ
�«�Higgsâf��CP»��m�U�#'éÅ�

• Äuù�Å�§·�3fÍÜo�.¥�tβsξ«�ýó
����Iþâf

• éu�þO(10GeV)��Iþâf�/?Ø
ù��.���Æ���u�

• 8c¤kpUÚ$U¢�ÑØUüØ§ICHEP2016uÙ�#(JØ 
Ü©ëê�

�¹«m§��.E,�¹§�kÄO:EkUYïÄ�d�"

• ?Ø
�5u���{§cÙ´|^IþâfCP5�©Û��â§JÑ�«�

.Ã'�ÏéIþÜ©�CP»���{—inclusive cross section measurements for

e+e− → Zh1, Zh2, h1h2 with recoil mass technique.
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B. Discussions etc.

• é>fIÝ±e�#ÔnïÄØ¿©(äNLy�©Ù��L§¥Ã{é�éõI�

�(J)§o�.����~fy²ù«�U5I�@ý�Ä

• guCP»���»Ô�-�Ô�Øé¡5�½þ'é

• �E*ÿþ«©²w�guCP»���{(zgØ�Ù))

• þ¡�.Ã'�ÏéIþÜ©CP»���{��¿©^��^§�¿�IþÜ

©CP»��7�^�§3Ñy�4(J�XÛ|^7�^���CP»��§Ý

• Ù¦¶�Hé��SNk,�Ú�{�Ü�ö§maoyn@ihep.ac.cn

(The end, Thank you!)
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