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Introduction 

Discovered Higgs boson looks like the SM one. 

 

CP-violating Higgs sector is motivated by the baryon 
number asymmetry of the Universe. 

 

Until now, there are no sign of non-SM particles. 
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We focus on the precision test of the discovered Higgs 
boson to explore the CP-violation in the Higgs sector. 
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In this talk,… 

We consider the two Higgs doublet model (2HDM) with 
softly broken Z2. 

 

 

 

We analyze the Higgs coupling constants 
(for ℎ𝑉𝑉, ℎ𝜏𝜏, ℎ𝑏𝑏, ℎ𝑐𝑐) in the CP-conserving (CPC) 
2HDM and the CP-violating (CPV) 2HDM. 

 

We then compare these results to show whether we 
can distinguish CPV 2HDM and CPC 2HDM. 
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• Simple extension of the SM. 
• CP-violation can be introduced. 

2HDM: 

Z2 sym. : To avoid FCNC at tree level. 
[S. L. Glashow and S. Weinberg, PRD15, 1958 (1977)] 

FCNC: Flavor Changing Neutral Current 
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CPV parameter in this model 

Potential of 2HDM (with softly broken 𝑍2 sym.) 

 

 

 

Vacuum expectation value 

 

 

 

 

Parameters in this model 

2018/11/29 

The redefinition of the phases  
can get 𝜃𝑗 to disappear. 

Stationary condition 

Higgs couplings 2018 

under 𝑍2. 
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CP mixing between the neutral scalars 

 

 

 

 

 

Mass matrix: 
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Higgs basis 

Mass eigenstates 

[Davidson and Haber, PRD72, 035004 (2005)] 

CP mixing 

: CP even, : CP odd 
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Higgs couplings 

Types of 2HDM 

 

 
 

Higgs couplings 
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ℎ : 125 GeV Higgs 
𝑉 : 𝑊 and 𝑍 
𝑓 : u, d and e 

𝑍2  charge assignment in each Type 

[Aoki, Kanemura, Tsumura and Yagyu, PRD80, 015017 (2009)] 

[Barger, Hewett and Phillips, PRD41, 3421 (1990)] 
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Numerical analysis 

We calculate following values. 

 

 

 

Parameters 
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 Mass eigenvalues of H2, H3 
[Keus, King, Moretti and Yagyu, JHEP 04, 048 (2016)] 

 are treated as variables. 

These are independent of  

 at the tree level. 
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Result 

CP-conserving case is plotted by 
[Kanemura, Tsumura, Yagyu and 
 Yokoya, PRD90, 075001 (2014)]. 

[M. Aoki, K. Hashino, D. Kaneko, 
 S. Kanemura, MK, arXiv: 1808.08770] 
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● : Im[𝜆5]=0.0 (CPC) 
＋ : Im[𝜆5]=0.1 (CPV) 
◆ : Im[𝜆5]=0.2 (CPV) 

In our parameter set, 
Type-II and Y are 
disfavored by 𝑏 → 𝑠𝛾, 
and EDM constraint 
for Type-I is stricter 
than one for Type-X. 

[Cheung, Lee, Senaha and 
 Tseng, JHEP 06, 149 (2014)] 

[Aoki, Kanemura, Tsumura 
 and Yagyu, PRD80, 015017] 
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Result 

For instance, if 𝜅𝑉 measures 0.995, …  

[M. Aoki, K. Hashino, D. Kaneko, 
 S. Kanemura, MK, arXiv: 1808.08770] 

 In the CP-conserving 
2HDM, the ratio of decay 
rate for the fermion should 
be on the black curve. 

𝜅𝑉: 0.2% 
𝜅𝑏,𝜏: 1 % 

9 

Type-X 

Allowed by EDM 

          EDM constraint: 
[Cheung, Lee, Senaha and 
 Tseng, JHEP 06, 149 (2014)] 
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Result 

For instance, if 𝜅𝑉 measures 0.995, …  

[M. Aoki, K. Hashino, D. Kaneko, 
 S. Kanemura, MK, arXiv: 1808.08770] 

 In the CP-conserving 
2HDM, the ratio of decay 
rate for the fermion should 
be on the black curve. 

𝜅𝑉: 0.2% 
𝜅𝑏,𝜏: 1 % 

κV=0.995, tanβ=5 
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          EDM constraint: 
[Cheung, Lee, Senaha and 
 Tseng, JHEP 06, 149 (2014)] 

Type-X 

Allowed by EDM 
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Result 

For instance, if 𝜅𝑉 measures 0.995, …  

The deviation from the 
black curve is indirect 
effect of CP-violation. 

[M. Aoki, K. Hashino, D. Kaneko, 
 S. Kanemura, MK, arXiv: 1808.08770] 

 In the CP-conserving 
2HDM, the ratio of decay 
rate for the fermion should 
be on the black curve. 

𝜅𝑉: 0.2% 
𝜅𝑏,𝜏: 1 % 

κV=0.995, tanβ=5 
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          EDM constraint: 
[Cheung, Lee, Senaha and 
 Tseng, JHEP 06, 149 (2014)] 

Type-X 

Allowed by EDM 
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Result 

For instance, if 𝜅𝑉 measures 0.995, …  

The deviation from the 
black curve is indirect 
effect of CP-violation. 

[M. Aoki, K. Hashino, D. Kaneko, 
 S. Kanemura, MK, arXiv: 1808.08770] 

 In the CP-conserving 
2HDM, the ratio of decay 
rate for the fermion should 
be on the black curve. 

𝜅𝑉: 0.2% 
𝜅𝑏,𝜏: 1 % 

[K. Fujii, et al., 
 arXiv: 1710.07621] 

ILC250 (2ab-1) 𝜅𝑍: 0.38% 
𝜅𝑏: 1.8% 
𝜅𝜏: 1.9% 

8ab-1 

κV=0.995, tanβ=5 

12 

          EDM constraint: 
[Cheung, Lee, Senaha and 
 Tseng, JHEP 06, 149 (2014)] 

Type-X 

Allowed by EDM 



Summary 
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In this talk, we analyze the CP-violating effect on the Higgs 

coupling constants in the 2HDM from the viewpoint of indirect 

search. 

 

The prediction of the Higgs couplings in the CP-violating 2HDM 

can be certainly deviated from the CP-conserving one. 

 

By measuring the Higgs couplings very precisely we are able to 

extract the information of the CP-violation in the scalar sector. 
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Back up 
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Current data 
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[ATLAS-CONF-2018-031] 
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Current data 
[M. Aoki, K. Hashino, D. Kaneko,  
S. Kanemura, MK, arXiv: 1808.08770] 
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[ATLAS-CONF-2018-031] 



Current data 
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[CMS-PAS-HIG-17-031] 
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In this talk,… 

We consider the 2HDM 

 with softly broken Z2. 

 

 

 

We analyze the Higgs coupling 

 constants (ℎ𝑉𝑉, ℎ𝜏𝜏, ℎ𝑏𝑏, ℎ𝑐𝑐) in 

 the CP-conserving 2HDM and the 

 CP-violating 2HDM. 

We then compare these results. 
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• Simple extension of the SM. 
• CP-violation can be introduced. 

Z2 sym. : To avoid FCNC at tree level. 
[S. L. Glashow and S. Weinberg, PRD15, 1958 (1977)] 

[T. D. Lee, PRD8, 1226 (1973)] 

[D. Fontes, M. Mühlleitner, J. C. Romão, 
 R. Santos, J. P. Silva and J. Wittbrodt, 
 JHEP 02, 073 (2018)] 

[J. F. Gunion and H. E Haber, 
 PRD72, 095002 (2005)] 

[I. F. Ginzburg and M. Krawczyk, 
 PRD72, 115013 (2005)] 

[G. C. Branco, P. M. Ferreira, L. Lavoura, 
 M. N. Rebelo, M. Sher and J. P. Silva, 
 PR516, 1 (2012)] 

2HDM with CPV 

 and so on. 
Several talks are also relevant. 

[B. Grzadkowski, O. M. Ogreid and 
 P. Osland, JHEP 11, 084 (2014)] 
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Ratio of decay rate 

increase 

increase 

2HDM with softly broken 𝒁𝟐 
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: Ellipse 



2HDM with softly broken 𝒁𝟐 
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• CP violating case (                         ), 

• CP conserving case (                         ), for the mixing states                          , 

• Parameters in this model 

mass 
 eigenstates 

[Kanemura and Yagyu, Phys.Lett. B751 (2015) 289-296] 
[Keus, King, Moretti and Yagyu, JHEP 04, 048 (2016)] 
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2HDM with softly broken 𝒁𝟐 

2018/11/29 Higgs couplings 2018 

When                  is small, 

Mass dimensional parameters 

 ー : tan 𝛽 =2   
- - - : tan 𝛽 =5   
 … : tan 𝛽 =10 

Mass eigenvalue 

 Mass eigenvalues 
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Result 
 Input parameters 

 are variables. 

   

   

They are independent of  

 at the tree level 

CP-conserving case is plotted by 
[Kanemura, Tsumura, Yagyu and 
 Yokoya, PRD90, 075001 (2014)] 

 Mass eigenvalues of H2, H3 
[Keus, King, Moretti and Yagyu, JHEP 04, 048 (2016)] 
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Result 

 ILC prospect 

[M. Aoki, K. Hashino, D. Kaneko,  
S. Kanemura, MK, arXiv: 1808.08770] 
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[K. Fujii, et al., arXiv: 1710.07621] 
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Result 
EDM constraint 
  （Type-X (R21≤0) ） 

[Cheung, Lee, Senaha and Tseng, JHEP 06, 149 (2014)] 

[Keus, King, Moretti and Yagyu, JHEP 04, 048 (2016)] 

Im 𝜆5 < 0.05 (tan 𝛽 = 1) 
Im 𝜆5 < 0.1   (tan 𝛽 = 2) 
Im 𝜆5 < 0.2   (tan 𝛽 = 3) 

𝜅𝑉: 0.2% 
𝜅𝑓: 1 % 

Sensitivity:  

(R21≤0) 
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[M. Aoki, K. Hashino, D. Kaneko,  
S. Kanemura, MK, arXiv: 1808.08770] 

Im 𝜆5 > 𝑂(0.01) 

  To get 𝜂~𝑂(10−10) 

[A. G. Cohen, D. Kaplan and A. Nelson, 
 Annu. Rev. Nucl. Part. Sci. 43, 27 (1993)] 
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Result 

ℎ𝑏𝑏-ℎ𝜏𝜏 

[M. Aoki, K. Hashino, D. Kaneko,  
S. Kanemura, MK, arXiv: 1808.08770] 
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Result    

ℎ𝑐𝑐-ℎ𝜏𝜏 

[M. Aoki, K. Hashino, D. Kaneko,  
S. Kanemura, MK, arXiv: 1808.08770] 

26 



2018/11/29 Higgs couplings 2018 

Result    

Type-I 

[M. Aoki, K. Hashino, D. Kaneko,  
S. Kanemura, MK, arXiv: 1808.08770] 

Sensitivity: [K. Fujii, et al., arXiv: 1710.07621] 

ILC250 (2ab-1) 
𝜅𝑍: 0.38% 
𝜅𝑏: 1.8% 
𝜅𝜏: 1.9% 
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Result    

Type-I 

[M. Aoki, K. Hashino, D. Kaneko,  
S. Kanemura, MK, arXiv: 1808.08770] 

𝜅𝑉: 0.2% 
𝜅𝑏,𝜏: 1 % 
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Result    

Type-X 

[M. Aoki, K. Hashino, D. Kaneko,  
S. Kanemura, MK, arXiv: 1808.08770] 

Sensitivity: [K. Fujii, et al., arXiv: 1710.07621] 

ILC250 (2ab-1) 
𝜅𝑍: 0.38% 
𝜅𝑏: 1.8% 
𝜅𝜏: 1.9% 
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Result    

Type-X 

[M. Aoki, K. Hashino, D. Kaneko,  
S. Kanemura, MK, arXiv: 1808.08770] 

𝜅𝑉: 0.2% 
𝜅𝑏,𝜏: 1 % 
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Angular distribution of ℎ → 𝜏𝜏 
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[From D. Jeans’s slide(ACWS2016)] 

ILC250, 2ab   
−1 : ∆𝜓𝐶𝑃=4.3° 

Yukawa coupling:  

                          

[Jeans and Wilson, PRD98, 013007 (2018)] 
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Result 

tan 𝜓𝐶𝑃 ≡ 𝑐𝜏
𝑝/𝑐𝜏

𝑠 
For 𝜅𝑉 = 0.995, tan 𝛽 = 5, 

Im𝜆5, 𝜓𝐶𝑃 = 0.0, 0° ,   
0.4, −26°  for R21≤0, 
0.4, −30°  for R21≥0. 

ILC250, 2ab   
−1 : ∆𝜓𝐶𝑃=4.3° 

[Jeans and Wilson, PRD98, 013007 (2018)] 

Angular distribution of ℎ → 𝜏𝜏 

[M. Aoki, K. Hashino, D. Kaneko,  
S. Kanemura, MK, arXiv: 1808.08770] 
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