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The two Higgs doublet model (THDM) is a simple extension of the standard model, which can
provide a low energy effective description of more fundamental theories. The model contains ad-
ditional Higgs bosons, and predicts rich phenomenology especially due to the variation of Yukawa
interactions. Under imposing a softly broken discrete symmetry, there are four independent types of
Yukawa interactions in THDMs. In this review, we briefly summarize bounds from current experi-
mental data on THDMs and implications at future collider experiments. We pay special attention to
the collider phenomenology of the Type-X (lepton specific) THDM, and also discuss recent progress
for tanβ determination in THDMs.

I. INTRODUCTION

A Higgs boson has been confirmed at the LHC [1, 2]. Clear peaks are observed in invariant mass distributions
in γγ and ZZ(→ 4`) decay channels, and excesses are also seen in several decay modes. It is consistent with the
property of the Higgs boson in the standard model (SM) [3, 4]. In order to test the nature of the Higgs boson
more accurately, precision measurement for the particle will be continued at the LHC. Expected uncertainties
of the Higgs boson interaction strengths are evaluated in Ref. [5]. At the International Linear Collider (ILC),
the interaction strengths would be measured very precisely [5, 6].

The Higgs sector of the SM is constructed as the minimal form, i.e., the one Higgs doublet model. However,
there is no fundamental reason to employ the minimal Higgs sector. The electroweak ρ parameter has been
measured very precisely, which seems to be a good guideline for constructing the extended Higgs sector. The
measured value is very close to unity. The SM Higgs field, which develops the vacuum expectation value (VEV),
is an SU(2)L doublet scalar with hypercharge Y = 1/2. It predicts ρ = 1 at the tree level, which is consistent
with experimental data. Multi doublet extensions of the SM also hold ρ = 1 at the tree level. If the electroweak
symmetry is broken by the VEV of an SU(2) triplet scalar with Y = 1, ρ = 1/2 is obtained, which is obviously
disfavored by data. If a triplet develops a VEV in addition to the VEV of the SM Higgs field, a VEV of the
triplet is required to be very small. The next minimal representation, which keeps the ρ parameter to be unity,
is an SU(2) septet with Y = 2 [7]. Therefore, the two Higgs doublet model (THDM) is a minimal viable
extension of the SM Higgs boson sector.

Multi doublet extensions of the SM Higgs sector have many variations due to the variation of Yukawa inter-
actions. In general, there are two independent Yukawa interaction for each SM fermion. Thus, it leads to tree
level flavor changing neutral currents (FCNCs), which are severely constrained by existing flavor data. In order
to forbid the tree level FCNC, a discrete symmetry is introduced to THDMs [8]. Under the discrete symmetry,
there are four types of the Yukawa interactions [9, 10]. Summary of the flavor constraints and the collider
phenomenology of each THDM are presented in Ref. [11].

In order to explain many issues such as the naturalness problem of the Higgs boson mass, candidates for
the cold dark matter, the origin of neutrino mass, etc..., the extended Higgs sector is often introduced in the
beyond the SM. The most familiar THDM is the minimal supersymmetric standard model (MSSM), where the
supersymmetry (SUSY) is designed to solve naturalness problem of the Higgs boson mass under the quantum
correction. In SUSY models, the Higgs sector is automatically extended to have even numbers of the Higgs
doublets due to the holomorohy of the superpotential. The Yukawa interactions is classified as the Type-
II [11–13]. The THDM is also required in the gauged version of the seesaw model, where tiny neutrino masses
are explained by the seesaw mechanism via triplet fermions [14]. The model predicts the Type-X Yukawa
interactions due to the anomaly cancellation. The Type-X THDMs are also used to explain the excess of the
positron in the cosmic rays at PAMELA, Fermi, and Planck [15], the tiny neutrino mass by a three-loop radiative
seesaw model [16], and the deviation in the muon anomalous magnetic moment [17].

In this talk, we summarize flavor constraints and direct search bounds on the THDMs. In the Type-X (lepton
specific) THDM, relatively light non-standard Higgs bosons are allowed after considering all experimental data.
In such a scenario, we can access to the new Higgs bosons at future colliders. The search strategies and the mass
determinations of the additional Higgs bosons are presented. In THDMs, the ratio of the VEVs for two doublets,
tanβ, is an important parameter. The information about tanβ can be extracted from not only non-standard
Higgs bosons but also SM-like Higgs boson phenomenology. We discuss recent studies of tanβ determination
methods at the ILC.



Φ1 Φ2 uR dR `R QL, LL

Type-I + − − − − +

Type-II + − − + + +

Type-X + − − − + +

Type-Y + − − + − +

TABLE I: Parity assignments under the softly broken Z2 symmetry [18].

ξuh ξdh ξ`h ξuH ξdH ξ`H ξuA ξdA ξ`A

Type-I cα/sβ cα/sβ cα/sβ sα/sβ sα/sβ sα/sβ cotβ − cotβ − cotβ

Type-II cα/sβ −sα/cβ −sα/cβ sα/sβ cα/cβ cα/cβ cotβ tanβ tanβ

Type-X cα/sβ cα/sβ −sα/cβ sα/sβ sα/sβ cα/cβ cotβ − cotβ tanβ

Type-Y cα/sβ −sα/cβ cα/sβ sα/sβ cα/cβ sα/sβ cotβ tanβ − cotβ

TABLE II: The scaling factors in each type of Yukawa interactions in Eq. (5) [18].

II. THDMs CONFRONT EXPERIMENTAL DATA

We here consider the Higgs potential which consists of two Higgs doublet fields Φa(a = 1, 2) as
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where a softly broken discrete symmetry is imposed [8]. The component fields are parameterized as
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where h and H are CP even states, A is a CP odd state, H± are charged states, z and ω± are Nambu-Goldstone
bosons, and

R(θ) =

(
cos θ − sin θ
sin θ cos θ

)
. (4)

In order to forbid tree level FCNCs the discrete symmetry is introduced, where the parity assignments for
each field are listed in TABLE. I. There are four independent combinations of parity assignments. Using the
component fields, Yukawa interactions are given by
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where the scaling factors ξφf (φ = h,H,A) are determined by the Higgs mixing parameters α and β in TABLE. II.

The various constraints on the THDMs have been studied in the literature. From the theoretical consideration
such as perturbativitive unitarity [19] and the vacuum stability [20], parameters in the Higgs potential are
bounded. Too large mass splittings among additional Higgs bosons are also constrained because mass differences



are induced from the violation of the custodial symmetry in the two Higgs doublet model potential [21–24].
These above bounds are originated from the Higgs potential, and hence these are independent of types of Yukawa
interactions.

The Yukawa interactions of THDMs receive severe constraints from flavor physics experiment, because in-
teraction strengths of the additional Higgs bosons with fermions are enhanced/suppressed depending on the
type of Yukawa interactions as shown in TABLE. II. In the Type-I THDM, Yukawa interactions of h, H and
A are universally corrected for all fermions. For small tanβ, the mass of charged Higgs boson is bounded by
Z → bb̄ [25], and B → Xsγ [9, 26]. With nearly SM-like condition sin(β−α) ' 1, H and A become fermiophobic
for large tanβ. Thus, all flavor constraints on the Type-I THDM can be evaded for moderate or large tanβ
even with relatively light additional Higgs bosons. In the Type-II THDM, the stringent bound on the mass of
H± comes from B → Xsγ [9]. For the wide range of tanβ (& 2), mH± & 300 GeV is obtained [26]. For large
tanβ (& 40), the more stronger bound is derived from B → τν [27]. Note that the bound from B → Xsγ may be
weakened due to the cancellations in the loop diagram, i.e., the stop-chargino loop diagram in the MSSM [28].
In the Type-X THDM, there are no severe constraint from B decay data due to the less interaction with quarks.
Purely leptonic observables such as leptonic decays of tau lepton can constrain light charged Higgs boson with
very large tanβ [29]. In the Type-Y THDM, Yukawa interactions with quarks are the same as in the Type-II
THDM. Thus, severe constraint is also obtained from B → Xsγ.

The additional Higgs bosons have been searched at the LEP [30, 31]. For HA pair production, their bb̄, τ+τ−

decay modes are analyzed to obtain the lower mass bound [30]. For charged Higgs pair production, their cs̄(sc̄),
τν decay channels are used [31]. These production cross section are mostly independent of tanβ in the nearly
SM-like limit. Therefore, the lower mass bounds of about one hundred GeV are obtained almost independently
from types of Yukawa interaction. If there are relatively large mass splittings, φ→ φ′V (V = W,Z) decay modes
may become important, where φ denotes an additional Higgs boson. Since the production cross sections for
additional Higgs bosons are small at the LHC due to the electroweak interaction, possible production mechanism
would be the gluon fusion to H/A, H/A radiations from quark pairs, and the top quark decays into charged
Higgs bosons via the enhanced Yukawa interactions. In the Type-I THDM, the small tanβ region is only
accessible parameter space through these above processes because of fermiophobic nature of additional Higgs
bosons. In the Type-II THDM, H/A production in association with bb̄ becomes significant for large tanβ due
to the enhanced Yukawa interaction with bottom quarks. The experimental bounds are obtained in the context
of the MSSM, where the lower bound of tanβ is not applicable for the Type-II THDM since it comes from the
SUSY specific property [32, 33]. In general, small tanβ and light H/A are ruled out. For instance, mA = 250
GeV is excluded for tanβ > 5 [32]. From non-observation of t→ H+b decay, small tanβ is also ruled out [34].
In the Type-X THDM, H/A is difficult to be produced via the Yukawa interaction because only leptonic Yukawa
interactions are enhanced for large tanβ. Therefore, there is no severe bound from the direct search except for
LEP bound [18]. In the Type-Y THDM, additional Higgs bosons can be produced similarly to those in the
Type-II THDM. Since the leptonic Yukawa interactions are suppressed for tanβ, produced Higgs bosons tend
to decay hadronically. Thus, it is difficult to be observed in the same process as in the Type-II THDM.

III. IMPLICATIONS AT FUTURE COLLIDERS

We here focus on the following two subjects. In subsection A, collider phenomenology of relatively light
additional Higgs bosons in the Type-X THDM is discussed. In subsection B, sensitivities of tanβ in THDMs
at the ILC are studied by several methods.

A. Direct search for H/A in Type-X THDM

Since masses of the additional Higgs bosons can be of the order of one hundred GeV in the Type-X THDM,
these particles can be produced at the LHC and also at the ILC. In this subsection, we introduce search strategies
of non-standard Higgs bosons in each experiment.

At the LHC, relatively light additional Higgs bosons can be pair produced as qq̄ → HA. Generated H/A
subsequently decays into τ+τ− for tanβ & 3 in the Type-X THDM [18]. Therefore, multi tau lepton events are
the distinctive signal of this model. In Ref. [35], we made detailed simulation studies for such multi tau lepton
signatures. One of the key selection cuts is a requirement of the high multiplicity of tau-jets, where a tau-jet
candidate is identified by a jet which contains 1 or 3 charged hadrons in a small cone (R < 0.15). As for the
HA→ 4τ signal, background events are well reduced by requiring two or more tau-jets. For example, in the 4τh
channel, where τh is a hadronically tagged tau lepton, the signal significance S =

√
2[(s+ b) ln(1 + s/b)− s]

is expected to be 9.3 after the selection cuts, where mH = 130 GeV, mA = 170 GeV,
√
s = 14 TeV and



L = 100fb−1 are assumed [35]. Other tau lepton decay channels (3τh`, 2τ2`) are also useful to see multi tau
lepton signatures, where ` = e, µ [35]. Thus, the model would be easily test at the LHC. In the more recent
study, the same signed dilepton with hadronically tagged tau leptons are also discussed as a promising signal
of the Type-X THDM [36]. For the mass determination of H/A, the dimuon decay channel of H or A seems
to be useful. Assuming one muonically decaying non-standard Higgs boson, we expect 2µ2τ signatures, which
are only 0.7 % of HA pair production events. This decay chain can be seen due to the strong suppression
of background events using the sharp invariant mass cut of dimuons if we have large enough luminosity. The
τ+τ− invariant mass can also be constructed in this channels by the help of the collinear approximation. Thus,
HA pair production can be explored at the LHC. For more details and also for the charged Higgs productions
qq̄′ → W ∗ → φH± and qq̄′ → Z∗ → H+H−, see Ref. [35]. Note that the former process is possible only at
hadron colliders, which is useful to analyze charged Higgs bosons at the LHC [35].

At the ILC, the non-standard Higgs bosons can be pair produced in e+e− → HA and e+e− → H+H−, if
they are light enough. Similar decay chains discussed in the LHC case can be analyzed for HA pair production.
Thanks to small background event rates, the signal excess can be easily seen by more than 13σ level in 4τh channel
only with 10 fb−1, where the collision energy is assumed to be 500 GeV, and mH = 130 GeV, mA = 170 GeV [37].
Although there are at least four missing neutrinos, momenta for all the tau leptons can be reconstructed using
the collinear approximation. In the LHC case, we rely only on the conservation of the transverse momentum,
and hence only two missing momenta are allowed to reconstruct tau lepton momenta. On the other hand, the
initial four momentum is known at the ILC so that four missing momenta from 4τ events are fully reconstructed.
Therefore, precise mass determination and also the test of pair production can be easily performed at the ILC
through the HA→ 4τ decay chain. The detailed information is given in Ref. [37].

B. tanβ determination at the ILC

The ratio of VEVs, namely tanβ = v2/v1 is an important parameter in THDMs. The tanβ measurement in
the MSSM has been investigated in Refs. [38, 39]. The branching ratios of H/A into bb̄ are dependent on tanβ,
and reach a saturation point, which is about 90% for moderate tanβ values (10 % for τ+τ− decay mode). Thus,
the branching ratio measurement of H/A is sensitive only for small tanβ [38, 39]. While for large tanβ, total
decay widths of H/A are roughly proportional to the square of tanβ. If the total widths are wider than the
detector resolution, information of tanβ can be extracted [38, 39]. For both methods to determine tanβ, HA
pair production with e+e− collision energy of 500 GeV is assumed. Due to the limitation of collision energy, mA
is taken to be light, i.e., 200 GeV [38, 39]. However, the recent LHC data exclude the most of the parameter
space in the MSSM with mA = 200 GeV except for tanβ < 5.

Since yb/y
SM
b = sin(β − α) − tanβ cos(β − α), where yb is the Yukawa coupling strength for h with bottom

quarks in the Type-II THDM while ySMb is that in the SM, the deviation becomes significant for large tanβ.
Information of tanβ can be extracted from the SM-like Higgs boson decay if we observe deviations in the SM-like
Higgs gauge coupling, κV = sin(β − α) 6= 1. In the MSSM, sin(β − α) is restricted to be very close to unity,
because the SUSY requires the relation, sin(β−α) ' 1− 2m4

Z/(m
4
A tan2 β) for large tanβ with mZ � mA. On

the other hand, interactions of the SM-like Higgs boson h in the Type-II THDM can be different from those in
the MSSM. The Higgs mixing parameters α and β are, in general, independent in the Type-II THDM. Thus,
precise measurement of sin(β − α) is crucial to independently determine tanβ.

At the ILC with
√
s = 250 GeV and L = 250 fb−1, the correction factor to the gauge coupling of the SM-like

Higgs boson is expected to be measured by the ∆σZh/σZh = 2.5% accuracy, where the leptonic decays of the
recoil Z boson are assumed in e+e− → Zh [40]. The uncertainty would be reduced to 0.8 % by taking into
account hadronic decay modes [41]. On the other hand, the cross section times the decay branching ratio of
the SM-like Higgs boson into bb̄ could be measured more precisely as ∆(σZhBhbb)/(σZhBhbb) = 1% [42]. Thus,
expected uncertainty for the independent determination of Bhbb is ∆Bhbb/Bhbb = 2.7% at 2σ level (assuming
leptonic decay channels of the recoil Z boson).

In FIG. 1, the 1σ (2σ) sensitivities of tanβ by several methods are shown in the solid (dashed) curves [43].
The red, blue, and black curves denote the method by i) the branching ratio measurement of H/A, ii) the total
width measurement of H/A, and iii) the branching ratio measurement of h, respectively. The 1σ sensitivities
for each method are defined;

i). N(tanβ ± ∆ tanβ) = N(tanβ) ±
√
N(tanβ), where N(tanβ) is the number of 4b events from HA

production after the selection cuts. The acceptance of the 4b final states is evaluated to be 51 %.

ii). ΓRH/A(tanβ ± ∆ tanβ) = ΓRH/A(tanβ) ± ∆ΓRH/A(tanβ), where the observable averaged width is ΓRH/A =
1
2 [
√

(ΓHtot)
2 + (Γres)2 +

√
(ΓAtot)

2 + (Γres)2], and 1σ error is ∆ΓRH/A(tanβ) = [(ΓRH/A/
√

2N(tanβ))2 +



FIG. 1: Sensitivities of tanβ by several methods in the Type-II THDM [43]. From the left to right, sin2(β − α) is taken
to be 1, 0.99, and 0.98, with cos(β − α) ≤ 0. The branching ratio measurement method of H/A → bb̄ (red curves), the
total width measurement method of H/A (blue curves), and the branching ratio measurement method of h→ bb̄ (black
curves) are shown. For HA production,

√
500 GeV and L = 250 fb−1 is assumed with mH = mA = 200 GeV. For

the h → bb̄ measurement, ∆B/B = 1.3 %(1σ) and 2.7 %(2σ) are chosen without specifying masses of additional scalar
bosons. The dashed curves stand for the 2 σ sensitivities.

FIG. 2: Sensitivities of tanβ by several methods in the Type-X THDM [43]. Figures are set by the similar manner with
FIG. 1. For the h→ τ+τ− measurement, ∆B/B = 2 %(1σ) and 5 %(2σ) are chosen.

(∆Γsys
res )2]1/2. The detector resolution is evaluated to be Γres = 11.3 GeV, and 10 % systematic error is

assumed. N(tanβ) is the number of events after the acceptance cuts with mass window cut of Mbb ± 10
GeV, where the selection efficiency of mass window cut is estimated to be 42 %.

iii). Bhbb(tanβ ±∆ tanβ) = Bhbb(tanβ)±∆Bhbb(tanβ).

The condition, cos(β − α) ≤ 0, is taken, which is the same sign as in the MSSM. Note that cos(β − α) can be
positive in general THDMs. The results for cos(β − α) ≥ 0 and detailed studies are given in Ref. [43]. The
masses of H/A are taken to be 200 GeV for HA pair production, which is however ruled out for large tanβ
by the LHC data. On the other hand, for the SM-like Higgs boson study, masses of H/A are not specified.
Therefore, the sensitivity of tanβ by the SM-like Higgs boson decay are still applicable in the Type-II THDM.
Note that there is no black curve in the SM-like limit sin(β − α) = 1 (left panel), because tree level couplings
of the SM-like Higgs boson with fermions and weak gauge bosons are the same as those of the SM one. For the
middle and the right panels, the sensitivities by the SM-like Higgs boson decay become rapidly worse for large
tanβ, where Bhbb is saturated. Such large corrections of the SM-like Higgs boson decay should be excluded by
the LHC data.

In the Type-X THDM, leptonic Yukawa interactions of H/A are enhanced by tanβ with sin(β − α) ' 1.
Thus, the decay of H/A into τ+τ− becomes dominant if tanβ > 3. For the wide range of the parameter space,
4τ final states are expected following HA pair production. Therefore, measurements of H/A→ τ+τ− can probe
tanβ. The correction to Yukawa interactions of h with tau leptons is also useful to explore tanβ.



In FIG. 2, sensitivities of tanβ in the Type-X THDM are presented [43]. The model parameters are chosen
similarly to as in FIG. 1. Instead of bb̄ decay channels oin the Type-II THDM, τ+τ− decay modes are used to
determine tanβ in the Type-X THDM. For HA production, the acceptance for 4τ events is estimated to be 47
%. The detector resolution of τ+τ− invariant mass is evaluated as 6.8 GeV, where the selection efficiency of
Mττ ± 10 GeV cut is 31 %. For the measurement of the SM-like Higgs boson decay, the expected uncertainty is
∆Bhττ/Bhττ = 5 % at 2σ. For the wide range of the parameter region, the precision measurement of the branching
ratio for h gives the best sensitivity of tanβ. Since relatively light additional Higgs bosons are allowed in the
Type-X THDM, direct measurements of H/A can also probe tanβ. For very large tanβ(& 100), the total width
measurement is useful to constrain tanβ.

IV. SUMMARY

In this review, we have studied THDMs. The THDMs contain additional Higgs bosons, which provide rich
phenomenology in the Higgs sector. These models are categorized by the Yukawa interactions under imposing
a discrete symmetry. The experimental constraints from the flavor data and the LHC data on the THDMs are
highly dependent on the type of the Yukawa interactions.

In the Type-II THDM, the Yukawa interaction of non-standard Higgs bosons with the bottom quarks are
enhanced for large tanβ. Such a parameter region is strongly constrained by the direct search for H/A at
the LHC and by B decay data. Thus, small (large) tanβ region together with light (heavy) additional Higgs
bosons is experimentally allowed. In order to explore tanβ, three different methods, i) the branching ratio
measurement of H/A, ii) the total width measurement of H/A, and iii) the branching ratio measurement of h,
are applied. If the ILC energy is high enough to produce additional Higgs bosons, methods i) and ii) seems to
be useful. If we observe deviations in the SM-like Higgs gauge interaction, the branching ratio measurement of
the SM-like Higgs boson can probe tanβ even when H/A are heavy.

In the Type-X THDM, the non-standard Higgs bosons are leptophilic, and hence it is difficult to be con-
strained. Therefore, additional Higgs bosons can be light enough to be produced at the ILC. The model can be
tested both at the LHC (with high luminosity) and the ILC by looking at multi tau lepton signatures followed by
HA pair production. The mass determination of H/A is also possible by the help of the collinear approximation.
Similarly to the Type-II THDM, tanβ can be probed by several methods.
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