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Introduction

❖ Higgs boson which is predicted in the Standard Model(SM) was detected at the Large 
Hadron Collider(LHC).

 

3

● The number of the Higgs field ?

● The Higgs field is elementary or composed ?

● Dynamics of the electroweak symmetry breaking (EWSB) ?

❖ Exploring the Higgs sector is important 
to understand  

→ We can introduce new CP violating effects by extended Higgs sector.

● Baryon asymmetry of the Universe (BAU)

● Neutrino oscillations● Dark matter

❖ Phenomena beyond the SM can be related to the extended Higgs sector.

❖ Phenomena beyond the SM have been reported.

❖ On the other hand, the Higgs sector is still unknown.

The CP violating effect 
of the SM is too small.
 [G. R. Farrar and M. E. Shaposhnikov, 
Phys. Rev. D 50, 774 (1994)]



Motivation
❖ We can measure the CP violating effects by following methods:
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● Electric dipole moment (EDM)

● Features of new particles 

● Angular distribution of decay products

● …

❖ Exploring the Higgs sector is important 
to understand  

[Prof.Daniel Jeans’s talk on Monday]
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● Electric dipole moment (EDM)

● Features of new particles 

● Angular distribution of decay products

● …

❖ Exploring the Higgs sector is important 
to understand  

However, EDM and new particles have not been detected yet.

❖ In this talk, we discuss how to test the CP violating effects by precision measurements 
of the SM-like Higgs boson couplings.

❖ We focus on two Higgs doublet model(2HDM) with CP violating effects and discuss the 
deviation of the Higgs couplings from the SM between the CP conserving case and the 
CP violating case.

Higgs boson couplings will 
be precisely measured.

[Prof.Daniel Jeans’s talk on Monday]
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88

E : boson loop effect❖ 4種類の2HDMの差は湯川相互作用に現れる

　　　　　→１ループの有効ポテンシャルからパラメータを定めてみる

❖ Tree-level potential of 2HDM with softly broken Z2 symmetry

❖ 質量固有状態 : H+

❖ Stationary conditions 

2HDM with CP violating effects

❖ Vacuum expectation value 

(One of the complex parameters(ξ) can be absorbed  
  by redefinition of the phases in fields.)

❖ Complex parameters 
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( λ345 = λ3 + λ4 + Re[λ5],　　　　　 　　

❖ 8個のパラメータ

❖ Mass matrix (h1’, h2’, h3’) )

　(H1 is the SM-like Higgs.) 

❖ Independent parameters

2HDM with CP violating effects
❖ NGB and Charged Higgs boson

(In the CP conserving limit,                       and  parameters are the mass eigenvalues and mixing angle for CP-even states. )

[S. Davidson and H. E. Haber, Phys. Rev. D 72, 035004 (2005)]
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10排除　　E : boson loop 

effect

The SM-like Higgs boson couplings

❖ We impose Z2 symmetry on 2HDM in order to avoid 
FCNC at tree-level.

❖ SM-like Higgs boson couplings

❖ Scaling factor for H1VV :

❖ Ratio of decay rate H1 → ff :

❖ We use the scaling factor and the ratio of decay rate for following numerical analysis.
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12
排除　　E : boson loop 
effect

Numerical analysis

❖ Input parameters

(The numerical results don’t depend on   
 M and mH士

.) 

[ In preparation ]

❖ In the case of Imλ5 values(=0.2, 0.4), 
we can treat tilde mass parameters 
as mass eigenvalues.

, 
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13
排除　　E : boson loop 
effect

Numerical analysis

❖ Input parameters

(The numerical results don’t depend on   
 M and mH士

.) 

[ In preparation ]
, 

❖ In the case of Imλ5 values(=0.2, 0.4), 
we can treat tilde mass parameters 
as mass eigenvalues.



14

14
排除　　E : boson loop 
effect

Numerical analysis

For instance, we focus on the ratio at 
green triangle mark. 

[ In preparation ]

When there are CP violating effects in the 
Higgs potential, Higgs boson couplings are 
different from ones in CP conserving case.



15

15
排除　　E : boson loop 
effect

Numerical analysis

All sensitivity regions are on tanβ=2 and 

κV=0.98 and Imλ5=0 by experiments… 

[ In preparation ]

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

The ratios and the scaling factors are 
favored CP conserving case.

1σ

Pink, green and blue 
are tanβ=1, 2 and 3.

Black and purple are 
κV=0.96 and 0.98.
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16
排除　　E : boson loop 
effect

Numerical analysis

If sensitivity region for hVV is on κV=0.96 by 
experiments, CP conserving 2HDM cannot 
explain the ratios and the scaling factors.

[ In preparation ]

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

In the CP violating case, the scaling 
factors and the ratios can be explained. 1σ

Pink, green and blue 
are tanβ=1, 2 and 3.

Black and purple are 
κV=0.96 and 0.98.

❖ In principle, we can test the CP violating 
effects by precision measurements of 
SM-like Higgs boson couplings.
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17
排除　　E : boson loop 
effect

Numerical analysis

Red triangle mark isn’t excluded by EDM experiment.

❖ CP violating effects which aren't excluded by EDM can be tested by precision measurements 
of SM-like Higgs boson couplings.

(tanβ=5, κV=0.995 and Imλ5=0.4) 

 The accuracy can be 
achieved with ILC250(8ab-1). 

[ In preparation ]



❖ We discuss how to test the CP violating effects by 
precision measurements of SM-like Higgs boson 
couplings.

Summary

❖ CP violating effects can be introduced into the 
Higgs potential by extended Higgs sector.

❖ In fact, the deviation of the Higgs boson couplings 
depends on CP violating effects. We might be able to 
measure the effects by the precision measurements 
of the Higgs boson couplings.



Back up
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2020

❖ 8個のパラメータ

❖ If Imλ5~0.2 and 0.4,

is about mH2, mH3 .

[V. Keus, S. F. King, S. Moretti and K. Yagyu, JHEP 1604, 048 (2016) ]

The solid, dashed and dotted curves correspond to 
tan β = 2, 5 and 10, respectively. 

2HDM with CP violating effects
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❖ 8個のパラメータ

＝
)

2HDM with CP violating effects



Electric dipole moment
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❖ EDM

Energy：

❖ Constraints by EDM [ K. Cheung, J. S. Lee, E. Senaha and P. Y. Tseng, JHEP 1406, 149 (2014)]

(  X  ),     (  Y  )      



EDM constraints
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[ K. Cheung, J. S. Lee, E. Senaha and P. Y. Tseng, JHEP 1406, 149 (2014)]



EDM constraints
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[ K. Cheung, J. S. Lee, E. Senaha and P. Y. Tseng, JHEP 1406, 149 (2014)]
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[A. G. Cohen, D. Kaplan, and A. Nelson, Annu. Rev. Nucl. Part. Sci. 43, 27 (1993)]

● ξ ∼ O(10-2 ) to get sufficient baryon asymmetry

● ρ parameter [G. C. Joshi, M. Matsuda and M. Tanimoto, Phys. Lett. B 341, 53 (1994)]

→Δρ=O(10-4)
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Sensitivity for κ [S. Dawson et al., arXiv:1310.8361]

[K. Fujii et al., arXiv:1710.07621]
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CMS PAS HIG-17-031
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CMS PAS HIG-17-031
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排除　　E : boson loop 
effect

Numerical analysis

(When Imλ5 become large, the ratios  
  approach        .)

[ In preparation ]
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