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Extended Higgs sector
In the SM Higgs sector, there is no principle.


How many scalars, what kinds, etc?


What’s the origin of the EWSB? 


UV complete picture?


…


For solving problems in the SM such as DM, , Baryogenesis……,  
the extended Higgs sector sometimes plays an important role.

mν

The extended Higgs sector can be a key to the BSM physics.



Multi doublet model
From the phenomenological viewpoint, the SM Higgs sector works very well


EW precision test 


Suppression of dangerous FCNC


Multi Higgs doublet models with natural flavour conserving 


 is kept at the tree level


FCNC is suppressed by a (discrete) symmetry

ρ ≃ 1

ρ = 1

It’s violated in an extended Higgs sector

Suppression on new flavour mixing

e.g. triplet Higgs vev breaks it at the tree level

Extension in the Higgs sector tends to cause unpreferred situation



Famous 2HDM

Mass eigen states:


Neutral： 


Charged: 


Mechanism to suppress FCNC


Soft broken Z2 symmetry


Alignment: 


Decoupling: 

ϕ0
1( ≃ h0), ϕ0

2(H0), ϕ0
3(A0)

H±

Yf1 ∝ Yf2

mHi
≫ mh

A model with two doublet scalars (1, 2, 1
2 )
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V. Barger et al. (1990); Y. Grossman (1994); M. Aoki et al. (2009)



3HDM

Mass eigenstates:


5 Neutral ( ) and 2 charged ( )


Lighter charged Higgs boson is allowed

h, H0
1 , H0

2 , A0
1 , A0

2 H±
1 , H±

2

One more doublet is added (3 doublets) Φ1, Φ2, Φ3

new CP sources in the Chaged sector

A. Akeroyd et al. (2018, 2020)


ACP(B → Xs+dγ)

ΔACP = 𝒜±
Xsγ − 𝒜0

Xsγ
{

A. Akeroyd, S. Moretti, T.S., and M. Song, PRD(2021)

100 300 500 1000
mH1+ [GeV]

2

3

4

5

6

B
R

(B
   

  X
sγ

)*
10

4

Type-II 2HDM

tanγ = 2

4

7
10

20

mH2+ = mH1+ + 20 GeV

↑

SM

100 300 500 1000
mH1+ [GeV]

1

2

3

4

5

6

B
R

(B
   

   
X

sγ
)*

10
4

↑

Type-II 2HDM

4

tanγ = 2

7

10

20

SM

mH2+ = mH1+ + 50 GeV

100 1000
mH1+ [GeV]

1

2

3

4

5

6

B
R

(B
   

  X
sγ

) tanγ = 2

4

7

10

20

↑
SM

mH2+ = mH1+ + 80 GeVType-II 2HDM

FIG. 5: Prediction of the branching ratio of B → Xsγ in the Type-II 3HDM with several values

of tan γ. We take tan β = 2 and θC = −π/4. As a comparison, we also show the results in the

Type-II 2HDM with tan β = 2 as the black solid curve. The left, centre and right panels show the

case for m
H±

2

− m
H±

1

= 20, 50 and 80 GeV, respectively. The same results are obtained in the

Type-Y and Type-Z 3HDM.

In Fig. 5, the m
H±

1

dependence of BR(B → Xsγ) in the Type-II 3HDM for several fixed

values of tan γ is shown as black dashed curves. The prediction in the Type-II 2HDM is also

shown as the solid curve for comparison. In these plots, we take tanβ = 2 and θC = −π/4.

The mass difference mH±
2

−mH±
1

is taken to be 20, 50 and 80 GeV in the left, centre and

right panel, respectively. It is clear that the prediction in the 3HDM becomes smaller when

we take a larger value of tan γ. This tendency becomes more evident with larger mass

differences. As a result, we can find that cases where both charged Higgs boson masses of

O(100) GeV are allowed by taking appropriate values for tan γ and their mass difference.

We here comment on the constraint on the parameter space from the other observables

in flavour physics according to Ref. [21]. We note that the constraints discussed in Ref. [21]

are based on a 3HDM with H±
2 decoupled, so that we cannot simply apply them to our case.

In the following, we apply these constraints to get the limit on each of the couplings for H±
1

and H±
2 , which means that we do not take into account the interference effect of the two

charged Higgs boson contributions.

From Rb measured from the Z → bb̄ decay, we obtain

|Ya| ≤ 0.72 + 0.24

(

mH±
1

100 GeV

)

at 95% CL, (28)

under |Xa| < 50 (a = 1, 2). This can be easily avoided by taking tanβ ! 1 for mH±
1

= 100

GeV. The bound on the charged lepton coupling Z1 is obtained from the leptonic τ decay
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A. Akeroyd et al. Int. J. Mod. Phys (2017)

The  constraint is relaxedB(B → Xsγ)
GeV is allowedmH±

i
∼ 200



Larger mass difference is, both CP asymmetry and edm become larger 

Combined analysis of Akeroyd, Moretti, T.S. and Song Phys.Rev. D(2021) 

                            and  Logan, Moretti, Rojas-Ciofalo, and Song JHEP(2021)

tan β = 25 , tan γ = 1 , mH± = 170, 200 GeV

Outside of the black ring is allowed by neutron EDM

Correlation between ACP and EDM

Untagged asymmetry can be as large as 2~3%

in II, Y, Democratic



Flavour structure in 3HDM

type-I type-II type-X type-Y
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Y.Grossman (1994)

 (and  in type-I) might be a DM candidate, 


unless the inert doublet(s) mix with active one(s).

Φ1 Φ2

There are five patterns to suppress the FCNC by some symmetry 

Assumption: Each of  does not couple to more than one doubletu, d, e



3HDM with 2 inert doublets
We focus on a 3HDM with symmetry under Z3 transformation 

Φ1 → ωΦ1 Φ2 → ω2Φ2 Φ3 → Φ3 ω = ei2π/3

SM fermions are singlet under the Z3

And we consider the case that only  has a vevΦ3

SM-like, h
u

d e
Φ3

Φ1 Φ2

Yukawa structure is type-I

no mixing
DM candidate(s)



Z3 symmetric potential
V = V0 + VZ3

Even with Z3 breaking , no mixing between  and  is induced Vsoft Φ1,2 Φ3

Vsoft = − μ2
12(Φ

†
1Φ2) + h.c. Z3 breaking only in the inert sector 

V0 = μ2
1(Φ†

1Φ1) + μ2
2(Φ†

2Φ2) + μ2
3(Φ†

3Φ3)

+λ11(Φ†
1Φ1)

2 + λ22(Φ†
2Φ2)

2 + λ33(Φ†
3Φ3)

2

+λ12(Φ
†
1Φ1)(Φ

†
2Φ2) + λ23(Φ

†
2Φ2)(Φ

†
3Φ3) + λ31(Φ

†
3Φ3)(Φ

†
1Φ1)

+λ′￼12(Φ†
1Φ2)(Φ

†
2Φ1) + λ′￼23(Φ†

2Φ3)(Φ
†
3Φ2) + λ′￼31(Φ†

3Φ1)(Φ
†
1Φ3)

VZ3
= λ1(Φ†

2Φ1)(Φ
†
3Φ1) + λ2(Φ†

1Φ2)(Φ
†
3Φ2) + λ3(Φ†

1Φ3)(Φ
†
2Φ3) + h.c.



Mass eigenstates

Φ1 =
φ+

1
φ0

1 + iχ0
1

2

Φ3 =
w+

v + h + iz0

2

Φ2 =
φ+

2
φ0

2 + iχ0
2

2

(H1
H2) = ( ch sh

−sh ch) (φ0
1

φ0
2) (A1

A2) = ( ca sa
−sa ca) (χ0

1

χ0
2)

(H+
1

H+
2 ) = ( cc sc

−sc cc) (φ+
1

φ+
2 )

tan 2θc =
4μ2

12

2μ2
1 − λ31v2 − 2μ2

2 + λ23v2

tan 2θh =
−λ3v2 + 2μ2

12

μ2
1 − Λ1 − μ2

2 + Λ2
tan 2θa =

λ3v2 + 2μ2
12

μ2
1 − Λ1 − μ2

2 + Λ2

Λ1 = (λ31 + λ′￼31)v2/2
Λ2 = (λ23 + λ′￼32)v2/2

NG boson

Neutral

Charged



Dark democracy limit
It is interesting to consider a special case: μ2

1 = μ2
2 , λ31 = λ′￼31 , λ23 = λ′￼23

V. Keus, S. F. King, S. Moretti and D. Sokolowska, JHEP(2014) …

θa = − θh =
π
4

(We also assume )μ2
12 < λ3v2

m2
H2

= m2
H1

+ (λ3v2 − 2μ2
12)

m2
A1

= m2
H1

− 2μ2
12

m2
A2

= m2
H2

+ 2μ2
12

m2
H1

≤ m2
A1

< m2
H2

≤ m2
A2

 can be DMH1

In the Z3 symmetric case, mH1
= mA1

< mH2
= mA2 Two components DM!

H1 A1

Z
∝ cos(θh − θa) → 0

H1 A2

Z
∝ sin(θh − θa)

DD constraint can be satisfied even for mH1
∼ mA1



Hermaphrodite DM scenario
A. Aranda, D. Hernández-Otero, J. Hernández-Sanchez, V. Keus, S. Moretti, D. Rojas-Ciofalo, and T.S., PRD(2021)

Z3 symmetric case: Both  and  are DM (Two component DM) H1 A1

relic density satisfy both direct and indirect detection
bounds.
We could compare our results with those obtained in

Ref. [31], wherein a Z3 symmetric Ið1þ 1ÞHDM plus inert
singlet is explored. In their analysis, they do not have points

satisfying XENON1T limits for DM masses below
300 GeV. The latter would mean that adding a doublet
to the Ið1þ 1ÞHDM, rather than a singlet scalar, has the
advantage of opening up regions for the low mass range in
the DM mass.

FIG. 8. Indirect detection bounds on the points that saturate the relic density for scenarios B (top left), C (top right) and G (bottom).
The solid red line corresponds to the current Fermi Large Area Telescope limit above which any point is ruled out.

FIG. 9. The effect of the experimental constraints on the parameter space of benchmark scenarios B and C in the mDM, g1 plane. The
red-shaded regions are excluded by direct and indirect detection experiments while blue-shaded regions are excluded by the Higgs
invisible branching ration bounds.

Z3 SYMMETRIC INERT (2þ 1)-HIGGS-DOUBLET MODEL PHYS. REV. D 103, 015023 (2021)

015023-11

g1 =
ghH1H1

v

[GeV]mH1,H2

● mH1,A1
≲ mH2,A2

≪ mH±
1,2

● mH1,A1
≪ mH2,A2

≪ mH±
1,2

Direct detectionh → invisible

ΩDMh2 = 0.1198 ± 0.0027

H1H1/A1A1 → h → b̄b H1H1/A1A1 → W*±W*∓ ΩH1
h2 ≃ ΩA1

h2 ≃
1
2

ΩDMh2



Phenomenology in soft breaking Z3 case
The hermaphrodite scenario is attractive, but it will be difficult to separate two 
DM components by collider experiment


We here consider the case with  to introduce mass difference between  
and 


Even with ,  can be realised


 decays:  


It would be a single-component DM

Vsoft H1
A1

Vsoft θa = − θh =
π
4

A1 A1 → (A*2 )h → (Z*H1)(b̄b) → νν̄b̄bH1

 is highly suppressedH1A1Z
no A1 → H1Z*
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FIG. 6. Feynman diagrams for the processes e
+
e
� ! 2l + 2DM, where l = e

�(µ�) and l̄ = e
+(µ+), Hs = A2(H2) and

DM = H1(A1). The first and last diagrams are the leading ones. (The diagrams in the second row only enter for the case
l = e

� and l̄ = e
+.)

TABLE III. Cross-section for the processes pp ! 2l + 2DM, with DM = H1, A1, taking L = 100 fb�1 as well as mH1 = 53
GeV, mA1 = 103 GeV, mA2 = 123 GeV, mH2 = 153 GeV, g1 = 0.029 with other parameters as in scenario B.

DM �(pp ! 2l + 2DM) Event rates
H1 0.280 pb 2.8⇥ 104

A1 0.135 pb 1.35⇥ 104

the same choice of �n and �n0 (for the kinematical analysis). As possible energies of a future e
+
e
� collider, we

adopt
p
s
ee

= 250, 350, 500 and 1000 GeV, with L = 1000 fb�1 in all cases. We also assume the following beam
polarisations: 80% for the e

� beam and 30% for the e
+ beam, though neither of these is necessary to uphold our

forthcoming conclusions. Cuts are the same as in the LHC case (initially). Again, as it happened for the latter, the
cross-sections at an e

+
e
� machine depend on the mass splitting mA2 �mH1 for the e

+
e
� ! 2l+2H1 channel and on

mH2 �mA1 for the channel e+e� ! 2l+2A1. Indeed, at a future e+e� machine, the detector resolution is even better
than at the LHC, so we expect to be able to see the two DM components of our Z3 symmetric I(2+1)HDM scenario
even more strikingly. To start with, Fig. 12 illustrates that, at the inclusive level, production rates of the above two
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Δn

σ
(

+
l)(

)

MH1=53 GeV
MA1=103 GeV

FIG. 7. Cross-section of the processes pp ! 2l + 2H1 (blue colour) and pp ! 2l + 2A1 (orange colour) as a function of
�n = mA2 �mH1 (in GeV), with mA1 = 103 GeV and mH1 = 53 GeV. All points are compliant with DM (in)direct detection
bounds and relic density as well as the Higgs to invisible BR constraint. Here,

p
s
pp

= 14 TeV.

H1(A1)

H1(A1)

H1(A1)

H1(A1)

H1(A1)

H1(A1)

H1(A1)

H1(A1)

H1(A1)
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H1(A1)

A2(H2)

A2(H2)

Phenomenology at e+e- collider
We focus on e+e− → ℓ+ℓ− + 2ϕ0

 is not considered in the analysisA1 → (A*2 )h → (Z*H1)(b̄b) → νν̄b̄bH1

D. Hernández-Otero, J. Hernández-Sanchez, S. Moretti, and T.S., arXiv:2203.06323
( )ϕ0 = H1, A1

cross section
0.586pb
0.027pb

H0
1

A0
1

For GeVs = 250

GeV


GeV


GeV


GeV

mH1
= 53

mA1
= 103

mA2
= 123

mH2
= 153



 distribution for M(ℓ+ℓ−) e+e− → ℓ+ℓ− + 2ϕ0
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FIG. 14. Spectra in missing transverse energy (left) and transverse momentum of each lepton (right) for the processes e+e� !
2l + 2DM, where the distributions are identified by a blue colour line for DM = H1 and a red colour line for DM = A1. These
correspond to scenario B with the specific choices �n = mA2 �mH1 = 70 GeV and �n0 = mH2 �mA1 = 50 GeV.

FIG. 15. Spectra in pseudorapidity of each lepton (left) and relative distance between leptons (right) for the processes pp !
2l + 2DM, where the distributions are identified by a blue colour line for DM = H1 and a red colour line for DM = A1. These
correspond to scenario B with the specific choices �n = mA2 �mH1 = 70 GeV and �n0 = mH2 �mA1 = 50 GeV.

future e
+
e
� collider.

FIG. 16. Spectra in invariant mass of the leptons for the processes e+e� ! 2l+2DM, where the distributions are identified by
a blue colour line for DM = H1 and a red colour line for DM = A1. These correspond to scenario B with the specific choices
�n = mA2 �mH1 = 70 GeV and �n0 = mH2 �mA1 = 50 GeV.

D. Hernández-Otero, J. Hernández-Sanchez, S. Moretti, and T.S., arXiv:2203.06323
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FIG. 17. Spectra in invariant mass of the leptons for the processes e+e� ! 2l+2DM, where the distributions are identified by
a blue colour line for DM = H1 and a red colour line for DM = A1. These correspond to scenario B with the specific choices
�n = mA2 �mH1 = 70 GeV and �n0 = mH2 �mA1 = 50 GeV. Here, we include the additional cuts in ⇢E T and �R(l+, l�).

FIG. 18. Spectra in transverse mass of the final state for the processes e+e� ! 2l+2DM, where the distributions are identified
by a blue colour line for DM = H1 and a red colour line for DM = A1. These correspond to scenario B with the specific choices
�n = mA2 �mH1 = 70 GeV and �n0 = mH2 �mA1 = 50 GeV. Here, we include the additional cuts in ⇢E T and �R(l+, l�).
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 distribution for M(ℓ+ℓ−) e+e− → ℓ+ℓ− + 2ϕ0

With cuts, GeV and  ET < 120 ΔR(ℓ+ℓ−) < 1.4

D. Hernández-Otero, J. Hernández-Sanchez, S. Moretti, and T.S., arXiv:2203.06323
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Summary
There are several problems, such as neutrino mass, DM,… in the SM


Many new physics models are proposed, and many of them include extended 
Higgs sector


EW precision test and flavour experiments might suggest a multi-doublet 
structure with natural flavour conserving


We consider 3HDM as an attractive example


In an inert model, we have DM candidates


Future  collider may be possible to probe the scenarioe+e−


