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β
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V2HDM = μ2
1(ϕ†

1 ϕ1) + μ2
2(ϕ†

2 ϕ2) − μ2
3 [(ϕ†

1 ϕ2) + h . c . ]
+

1
2

λ1(ϕ†
1 ϕ1)2 +

1
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λ2(ϕ†
2 ϕ2)2 + λ3(ϕ†

1 ϕ1)(ϕ†
2 ϕ2)

+λ4(ϕ†
1 ϕ2)(ϕ†

2 ϕ1) +
1
2

λ5 [(ϕ†
1 ϕ2)2 + h . c . ]

The Higgs potential (softly-broken Z2 symmetry and CP conservation)

8 parameters

 and sin(β − α) , tan β, mH , mA , m±
H M2

Z2 sym . ϕ1 → ϕ1, ϕ2 → − ϕ2

ϕi =
ω+

i
1

2
(vi + hi + izi)

(i = 1,2)

v2 = v2
1 + v2

2 = (246 GeV)2

tan β =
v2

v1
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Higgs-gauge couplings
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cθ ≡ cos θ
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V

V

h, H

= (sβ−α, cβ−α) × ghVV
SM cθ ≡ cos θ

hVV couplings can deviate from SM prediction and HVV couplings appear. 

non-alignment case: sin(β − α) ≠ 1
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(cos(β − α) − ξf sin(β − α)) × gSM
Hff

(sin(β − α) + ξf cos(β − α)) × gSM
hff

Yukawa Lagrangian

ybQLΦbbR =
2mb

v
QL(Φ + ξbΨ)bR

Ⅰ

Ⅱ

X

Y

ξu ξd ξe

cot β
cot β

cot β
cot β

cot β cot β

cot β
cot β

−tan β −tan β

−tan β

−tan β

Barger, Hewett and Phillips, PRD41(1991), 
Grossman, NPB426 (1994),  
Aoki, Kanemura, Tsumura, Yagyu, PRD80 (2009)

h,H

f

f

for h

for H

Example. bottom quark
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Higgs potential
The Higgs potential
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sβ−α + 𝒪(c2

β−α) + …

λHhh = −
1
2v
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Double Higgs boson production
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Constraints
Type Ⅰ 2HDM

κf = sin(β − α) +
cos(β − α)

tan β
 does not depend on the choice of the fermion f.κf

κf ≡
gTHDM

hff

gSM
hff

11/1610/16
Kon, TN, Ueda, Yagyu PRD99 (2019) 095027Constraints

the other types are highly constrained by the experiment
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On-shell Hhh

the H and A appearing in the Zhh production are getting off-shell.
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・We focus on  processes in the 2HDM: non-alignment case. 

・We have found a considerable enhancement in the cross section,  
　typically several times larger than the SM prediction. 

・The correlation between  and the cross section may give us a clue how 

   the Higgs sector should be extended.        

    

・If an enhancement in the cross section is observed as shown in this   
　study, it suggests a possibility of the non-alignment case. 

e+e− → hh + X

κf

Thank you for your attention!
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ρtree =
m2

W

m2
Z cos2 θW

=
∑j [Tj(Tj + 1) − Y2

j ]

∑i 2Y2
i v2

i
T: isospin, Y: hypercharge, v: VEV

0 0
1/2 1/2
3 2

T Y

Fulfill the singlet, multi-doublet or septet 

EW  paramaterρ 2/16EW  paramaterρ

We consider the simplest but important expanded model of  
SM’s Higgs sector i.e., 2HDMs.  

T(T + 1) = 3Y2

ρexp = 1.0005 ± 0.0009

PDG(2018)



Constraints

In Type-Ⅱ 2HDM, the constraints region of the parameter space on 
  and  is very small.cos(β − α) tan β



Four types of charge assignment of the Z2 symmetry 

Type-Ⅰ

Type-Ⅱ

Type-X

Type-Y

Φ1 Φ2 uR dR lR QL , LL

+
+
+
+

-
+

+

+
+

+
+
+
+

-
-
-

-
-
-
-

-

-

-

-

(Softly-broken) Z2 symmetry :Φ1 → Φ1 Φ2 → − Φ2,

ℒY
THDM = − YuQLΦ̃uuR − YdQLΦddR − YlLLΦllR + H . c .

ℒY
THDM = − YuQLΦ̃uuR − YdQLΦddR − YlLLΦllR + H . c .



Φ =
G+

1

2
(v + h′�1 + iG0) Ψ =

H+

1

2
(h′�2 + iA0)

V

V

h, H

Z

h, H

A
= (sβ−α, cβ−α) × ghVV

SM
=

g
2cw

× (cβ−α, sβ−α)

(V = Z, W±)

cos θ = cθ

ℒkin = ∑
i=1,2

|Dμϕi |
2 = |DμΦ |2 + |DμΨ |2

Higgs-gauge-gauge Higgs-Higgs-gauge
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Higgs-gauge couplings

ℒkin = ∑
i=1,2

|Dμϕi |
2 = |DμΦ |2 + |DμΨ |2

Higgs-gauge-gauge Higgs-Higgs-gauge

Φ =
G+

1

2
(v + h′�1 + iG0)

Ψ =
H+

1

2
(h′�2 + iA0)

V

V

h, H

Z

h, H

A

= (sβ−α, cβ−α) × ghVV
SM

=
g

2cw
× (cβ−α, sβ−α)

(V = Z, W±)

cos θ = cθ

alignment limit ( )sin(β − α) → 1

hVV coupling becomes the SM value, and H dose not couple to V.
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H
Z

Z

small tan β

gg H→

At the LHC

∝ cot2 β

is Excluded by experiment



B → Xsγ

 While  < 600 GeV is excluded  

with 95% confidence level in the Type-II THDM.

mH±

In the Type-I THDM,

O(100) GeV of the charged Higgs boson mass is 

 allowed by the  data when tan β >∼ 2.B → Xsγ

Constraints of charged Higgs boson mass from data

Mikolaj Misiak and Matthias Steinhauser,  
“Weak radiative decays of the B meson and bounds  
on MH± in the Two-Higgs-Doublet Model,” 

 Eur. Phys. J. C77, 201 (2017)
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The Higgs boson couplings
K. Fujii et al., arXiv : 1710.07621



arXiv : 1903.01629

ILC 250 can measure hVV couplings with one percent level. 
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