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Physics beyond the SM
A new particle is discovered


&

 Its properties are consistent with a SM Higgs boson

The SM seems to be established
However, it’s not the end of the story

We still require the NP beyond the SM
Baryon asymmetry of the Universe? 

What’s the Dark Matter? 

Origin of tiny neutrino mass? 

Charge quantisation?       Unified theory ? (Hierarchy problem) 

… There should be NP!!



Scale of the NP?
How far is the new physics ?

BAU : depending on the models  

DM   : depending on the thermal history,  
                               properties of DM 

mν     : depending on the models  

Hierarchy problem : may be around TeV!

• EWBG: TeV

• Leptogenesis: ~109GeV

We don’t have enough knowledge on the NP scale  

• WIMP: ~100GeV

• WIMPzilla: 1016GeV

• Seesaw: keV~1015GeV

• Radiative mechanism:TeV



Scale of the NP?
How far is the new physics ?

BAU : depending on the models  

DM   : depending on the thermal history,  
                               properties of DM 

mν     : depending on the models  

Hierarchy problem : may be around TeV!

• EWBG: TeV 
• Leptogenesis: ~109GeV

• Seesaw: keV~1015GeV

• Radiative mechanism:TeV

We don’t have enough knowledge on the NP scale  
In this talk, we focus on the solutions@TeV scale

• WIMP: ~100GeV 
• WIMPzilla: 1016GeV



Electroweak Baryogenesis
Electroweak Baryogenesis essence of EWSB

The strong enough first order 
EWPT is necessary

To avoid too strong washout

1st order electroweak transition 
+ 

Sphaleron

φc/Tc>1

Nice review was given by E. Senaha

But the condition cannot be satisfied in the SM
Some extension is necessary.
e.g. extra boson loop can enhance the φc/Tc

2HDM, rSM, …



RGE analysis in 4HDM+:�

�����O2                  /cutoff 
    2.5            2 TeV 
    2.0          10 TeV 
    1.5        100 TeV 

 
 

W = O�  Hu Hu’:���O�  Hd Hd’:� 

S.K., T. Shindou, K. Yagyu, 2010 

A SUSY model for EWPT
S.Kanemura, E. Senaha, T.S, PLB706,40 

In SUSY model with 4 Higgs doublets and 2 charged singlets,
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FIG. 3: vC and TC vs. λ2 with Xt/M̃q̃ = 0.6. The other
input parameters are the same as in the Fig. 2. The sphaleron
decoupling condition (21) can be satisfied for λ2 >

∼
1.6.
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FIG. 4: vC and TC vs. λ2 with Xt/M̃q̃ = 2.0. The other
input parameters are the same as in the Fig. 2. The sphaleron
decoupling condition (21) can be satisfied for λ2 >

∼
1.8.

• According to a study of the sphaleron decoupling
condition in the MSSM, it is found that ζ ≃ 1.4 [13]
which is 40% stronger than one we impose in our
analysis. The similar value may be obtained in this
model as well. It should be emphasized, however,
that even if we take ζ = 1.4 for the sphaleron de-
coupling condition, a feasible region exists for the
relatively large λ2, for example, λ2 >∼ 2.2 even in
the heavy h case. The cutoff scale Λ is rather low in
this case but still it is around the multi-TeV scale.

• In this model, the light stop scenario is one of the
options for the successful electroweak baryogenesis.
Same as the scenario in the MSSM, the strength
of the first order EWPT can get enhanced if the
(almost) right-handed stop is lighter than the top
quark, enlarging the possible region.

• Similar to the usual MSSM baryogenesis scenario,
the charginos and/or the neutralinos can play an
essential role in generating the CP violating sources
as needed for the bias of the chiral charge densities
around the Higgs bubble walls. In addition to this,
the Z2 odd charginos χ̃′±

1,2 may also do the job for
the successful baryogenesis.

• Since A1,2 and λ1,2µΩ are small in our parameter
choices, the charge breaking does not occur at the
tree level. In addition, the Z2 symmetry is not
broken spontaneously at the tree level, because m̄2

3,
m̄2

4 and B′µ′ we take here satisfy Eq. (7). The
potential analysis beyond the tree level is out of
scope in this Letter. It will be our future task.

• If the Z2 symmetry is exact and unbroken after
the electroweak symmetry breaking, the lightest
Z2 odd particle in our model can be a candidate
of cold dark matter if it is electrically neutral, in
addition to the lightest supersymmetric particle. If
one of the extra neutral scalar bosons is the lightest
Z2 field, its phenomenological property and exper-
imental constraints would be similar to those for
the supersymmetric extension of the inert doublet
model [30]. A neutralino from the extra doublets
may also be a candidate for dark matter.

• Finally, we comment on the phenomenological pre-
dictions of this model. First of all, the nonde-
coupling effect of the extra Z2 odd charged scalar
bosons on the finite temperature effective potential
is an essentially important feature of our scenario
in order to realize strong first order phase tran-
sition. The same physics affects the triple Higgs
boson coupling with a large deviation from the SM
(MSSM) prediction as discussed in Ref. [8], Such
deviation in the triple Higgs boson coupling can be
15-70 % [9, 19], and we expect that they can be
measured at the future linear collider such as the
ILC or the CLIC. Second, in our model, in order to
realize the nondecoupling effect large, the invariant
parameters µ′ and µΩ are taken to be small. Conse-
quently, the masses of extra charginos are relatively
as light as 100-300 GeV.

V. CONCLUSIONS

We have discussed the one-loop effect of new charged
scalar bosons on the Higgs potential at finite tempera-
tures in the supersymmetric standard model with four
Higgs doublet chiral superfields as well as a pair of
charged singlet chiral superfields. We have found that
the nondecoupling loop effects of additional charged
scalar bosons can make first order EWPT strong enough
to realize successful electroweak baryogenesis. We,
therefore, conclude that this model can be a new good
candidate for a successful model where the baryon

cutoff for λ=2

Landau pole appears at the scale 
much lower than the Planck scale

Kanemura, T.S, Yagyu, 2010

What 
kind of 
theory 
waits 

for us?



Neutrino mass&DM
As a mechanism for neutrino mass generation@TeV,

radiative seesaw scenarios 

inert doublet

To avoid tree level contribution
L.M.Krauss,S.Nasri,M.Trodden, PRD67,085002

E. Ma, PRD73,077301

Good reviews were given by E. Ma, S. Nasri, and H. Sugiyama 

Can such extra scalars enhance the 1st order EWPT?

Loop diagrams with RHN  give tiny neutrino mass
Z2-odd

New scalars are introduced in this class of models
Lightest Z2-odd neutral particle can be a DM



AKS model
Aoki-Kanemura-Seto model

 (2HD+Z2-odd charged and neutral singlet+Z2-odd RHN)

Lighter one can be a DM

neutrino mass

Aoki, Kanemura, Seto, PRL102, 051805

extra boson loop

As a phenomenological model, this is quite interesting
But ...

Large couplings Landau pole at low energy scale
What is the fundamental theory of this model?

strong 1st order EWPT

Three problems are 
solved at TeV scale

Many extra scalars It seems artificial

�R�R

H�H�



Fundamental Theory?
What is the fundamental theory of such a model?

Large coupling constant → Landau pole (cutoff)

What is the origin of strong Higgs force?

Where extra (non-matter) scalar fields come from ?



Fundamental Theory?
What is the fundamental theory of such a model?

Large coupling constant → Landau pole (cutoff)

What is the origin of strong Higgs force?

Where extra (non-matter) scalar fields come from ?

Λcutoff

Higgs 
coupling

new gauge 
coupling

Our expectation:

μ



Fundamental Theory?
What is the fundamental theory of such a model?

Large coupling constant → Landau pole (cutoff)

What is the origin of strong Higgs force?

Where extra (non-matter) scalar fields come from ?

Λcutoff

Higgs 
coupling

new gauge 
coupling

Our expectation:

μ

We have a nice candidate!

SUSY SU(2)H model



SUSY SU(2)H model

SUSY SU(2)H⨉SU(2)L⨉U(1)Y

Below the confinement scale ΛH, 
the effective theory is described 
by Hij~TiTj

S.Kanemura, T.S, and T. Yamada, PRD86,055023

Nf=Nc+1⇒confinementIn SUSY QCD:
Let us consider the simplest case (Nc=2&Nf=3)

(The effective theory is “minimal”)

See e.g. Intriligator, Seiberg, 
hep-th/9509006

It’s asymptotic free!

It’s the same setup as the minimal SUSY fat Higgs, where only Hu, Hd, and N are made light
R Harnik, et al., PRD70, 015002
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RHN is introduced
S.Kanemura, N. Machida, T.S, T.Yamada,

In the low energy effective theory,

We will introduce a Z2 symmetry (unbroken)

Then Z2-odd RH 
neutrino is 

introduced as 
SU(2)H singlet field



Higgs sector of the effective theory

MSSM-like Higgs doublets

(Naive dimensional analysis)
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W = � µHuHd � µ��u�d � µ�(�+�� � ��)

+ �̂ {Hd�u� + Hu�d� � Hu�u�� � Hd�d�+}

λ(μEW)>1.5 g ΛΗ < O(10)TeV

��n�



1st order EWPT
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Benchmark:

(Scanned)

Lightest Z2 odd masses

m0=50GeV

can be satisfied!!

mh=126GeV

S.Kanemura,E. Senaha, T.S, T.Yamada,JHEP1305,066
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1st order EWPT
S.Kanemura,E. Senaha, T.S, T.Yamada,JHEP1305,066
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Neutrino Mass Generation

νi νj

Hd Hd

νRk νRk(hN)ik (hN)jk
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ζη1-loop
driven by yN

It corresponds to SUSY Ma model

3-loop

They correspond to SUSY AKS model

driven by hN

S.Kanemura, N. Machida, T.S, T.Yamada,PRD89,013005, 
S. Kanemura, N. Machida, T.S., 



Neutrino Mass Generation

1-loop contribution

3-loop contribution

m2
2 �m2

1

m2
3 �m2

2

Two different types of contributions are possible

Even if there is only one RHN, 

two mass differences are reproduced!

S. Kanemura, N. Machida, T.S., PLB738, 178

For example,

(solar)

(atmospheric)

Dangerous LFV can be avoided by this choice 



Dark Matter
Lightest Z2-odd

Lightest Rp-odd
can be DM

In general, there are three DM candidates

(Rp,Z2)=(+,-),(-,-),(-,+)

For example, (+,-): Right-Handed Neutrino

(-, -): Right-Handed Sneutrino

(-,+): MSSM neutralino

If only RHN and RHsN can be DMm�̃0 > m⌫ +m⌫̃ ,

⌫ + ⌫ ! SM+ SM ⌫̃ + ⌫̃ ! SM+ SM ⌫̃ + ⌫̃ $ ⌫ + ⌫

conversion process



m⌫̃ = m⌫ + 2GeV

m⌫ = 63GeV

m⌫̃ = 65GeV

It’s a kind of Higgs portal DM

S. Kanemura, N. Machida, T.S., PLB738, 178
Dark Matter



Benchmark Scenario
Table 3: The input parameters for the benchmark scenario. In the list, m̄2

φi
= m2

φi
+ |µi|2 are taken as input

parameters, where µi = µΦ for φi = Φu,Φd, and µi = µΩ for φi = Ω+,Ω−, ζ, η.

λ, tan β, and µ-terms

λ = 1.8 (ΛH = 5 TeV) tan β = 15 µ = 250 GeV µΦ = 550 GeV µΩ = −550 GeV

Z2-even Higgs sector

mh = 126 GeV mH± = 990 GeV m2
N = (1050 GeV)2 AN = 2900 GeV

Z2-odd Higgs sector

m̄2
Φu

= m̄2
Ω− = (175 GeV)2 m̄2

Φd
= m̄2

Ω+
= m̄2

ζ = (1500 GeV)2 m̄2
η = (2000 GeV)2

BΦ = BΩ = Aζ = Aη = AΩ+ = AΩ− = m2
ζη = 0 B2

ζ = (1400 GeV)2 B2
η = (700 GeV)2

RH neutrino and RH sneutrino sector

mνR = 63 GeV mν̃R = 65 GeV κ = 0.9

yN = (3.28i, 6.70i, 1.72i)× 10−6 hN = (0, 0.227, 0.0204)

Other SUSY SM parameters

mW̃ = 500 GeV mq̃ = mℓ̃ = 5 TeV

the scalar component of η and the charged scalar component of Φu. However, for the latter
case, the LFV constraint is too severe to avoid the present upper bound on B(µ → eγ) if
only one RH neutrino is introduced. In the benchmark scenario, we take the first possibility.
Therefore, the 1stOPT is enhanced as ϕc/Tc = 1.3 by the non-decoupling loop contributions
of the two charged scalar particles Φ−

1 and Φ−
2 , whose main components come from the

scalar components of (Φ+
u )

∗ and Ω−, respectively. In this case, the masses of these scalar
particles are mainly determined by the vev contributions instead of their soft breaking mass
parameters.

The non-decoupling effects of the loop contributions by Φ±
1 and Φ±

2 simultaneously affect
the predictions on both the branching ratio of h → γγ process and the triple Higgs boson
coupling constant λhhh[9]. One can find the minus 20% deviation on B(h → γγ) from the
SM prediction. At the present, the LHC data with

√
s = 7 TeV and

√
s = 8 TeV have

determined the B(h → γγ) with 50% accuracy[34], and the accuracy will be improved to
10% at the HL-LHC with the luminosity of 3000fb−1[31]. Therefore the model can be tested
by measuring the branching ratio of h → γγ at the HL-LHC. As for the λhhh, the plus 20%
deviation from the SM prediction is predicted, and it is testable at the ILC with

√
s = 1 TeV

with the luminosity of 2.5 ab−1 where the λhhh is measured with 13% accuracy[32].
Two finite mass eigenvalues can be obtained with only one RH neutrino. In the bench-

mark scenario, the solar neutrino mass difference is mainly induced by the one-loop contri-
bution shown in Fig. 1-(I), and the atmospheric neutrino mass difference is dominated by
the three-loop contributions shown in Fig. 1-(II). As shown in Table 4, the predicted mass

10
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Table 4: Predictions of the benchmark points given in Table 3.

Non-decoupling effects

ϕc/Tc = 1.3 λhhh/λhhh|SM = 1.2 B(h → γγ)/B(h → γγ)|SM = 0.78

Neutrino masses and the mixing angles

(m1,m2,m3) = (0, 0.0084 eV, 0.0050 eV) sin2 θ12 = 0.32 sin2 θ23 = 0.50 | sin θ13| = 0.14

LFV processes

B(µ → eγ) = 3.6× 10−13 B(µ → eee) = 5.6× 10−16

Relic abundance of the DM

ΩνRh
2 = 0.055 Ων̃Rh

2 = 0.065 ΩDMh2 = ΩνRh
2 + Ων̃Rh

2 = 0.12

Spin-independent DM-proton scattering cross sections

σSI
νR

= 3.1× 10−46 cm2 σSI
ν̃R

= 7.7× 10−47 cm2 σSI
DM = 1.1× 10−46 cm2

eigenvalues and the mixing angles are consistent with their allowed region which is obtained
from the global fitting analysis of the neutrino oscillation data as[35]

2.28× 10−3 eV2 < |m2
3 −m2

1| < 2.70× 10−3 eV2 ,

7.0× 10−5 eV2 < m2
2 −m2

1 < 8.1× 10−5eV2,

0.27 < sin2 θ12 < 0.34 , 0.34 < sin2 θ23 < 0.67 , 0.016 < sin2 θ13 < 0.030 . (11)

The light neutrino mass pattern in our benchmark is the normal hierarchy (m1 < m2 < m3).
It is difficult to reproduce the inverted hierarchical pattern (m3 < m1 < m2) with satisfying
the LFV constraint when only one RH neutrino is introduced.

The experimental upper bound on the branching ratio B(µ → eγ) gives a severe con-
straint on the parameter space. In the benchmark scenario, though the contribution to the
µ → eγ process is suppressed to some extent by taking h1

N = 0, the predicted value of the
branching ratio of µ → eγ as B(µ → eγ) = 3.6× 10−13 is just below the present upper limit
such as B(µ → eγ) ≃ 5.7 × 10−13, which is given by the MEG experiment[28]. The box
diagram contribution to µ → eee in the benchmark scenario is negligible compared to the
penguin and dipole contributions because of h1

N = 0. Therefore, the predicted branching
ratio of µ → eee easily satisfies the experimental upper limit such as B(µ → eee) ≃ 10−12[36].

There are three DM candidates in our model; i.e., the lightest particles with the parity
assignments of (+,−), (−,+), and (−,−) for the (Z2-parity, R-parity). In our benchmark
scenario, the lightest (+,−), (−,+), and (−,−) particles are identical to the lightest Z2-even
neutralino, the RH neutrino and the RH sneutrino, respectively. One may consider another
possibility for the lightest (−,+) and (+,−) particles such as Φ1 and Φ̃1. However, different
from the RH neutrino and RH sneutrino, the other Z2-odd particle have gauge interactions

11

EWPT
Neutrino mass&mixing

LFV
Relic abundance of DM
Direct detection of DM

10



Spectrum at Benchmark point
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The Z2-even sector is similar to 
the nMSSM which can be 
distinguished from MSSM by the 
spectrum of extra Higgs bosons. 

e.g. mass splitting between H+ 

and H/A is caused by the large 
mixing between doublet fields 
and a singlet field.


Required for satisfying the DM 
abundance in our scenario



Finger printing

Table 5: The deviations in the coupling constants from the SM predictions in the benchmark scenario.

κW κZ κu κd κℓ κγ λhhh/λSM
hhh

0.990 0.990 0.990 0.978 0.978 0.88 1.2

the Planck mass. In the thermal averaged cross sections ⟨σv⟩, the cross sections σν , σν̃ , σνν̃ ,
and σν̃ν are relevant to the processes such as νRνR → XX (X denotes a generic SM fermion
particles.), ν̃Rν̃R → XX, νRνR → ν̃Rν̃R and ν̃Rν̃R → νRνR, respectively. In this benchmark
scenario, σνν̃ is kinematically suppressed. The relic densities of the RH neutrino and the
RH sneutrino are evaluated from the frozen out values of Y and Ỹ as

ΩνRh
2 = 2.74× 108

( mνR

1GeV

)
Y , Ων̃Rh

2 = 2.74× 108
( mν̃R

1GeV

)
Ỹ . (14)

The numerical behaviour of the thermal relic abundance of the RH neutrino and the RH
sneutrino in the benchmark scenario is shown in Fig. 5-(b).

6. Discussion

For electroweak baryogenesis, we have focused on the strong 1stOPT which is one of the
necessary conditions for successful baryogenesis. Towards a complete analysis of generation
of the BAU, the CP violating phases should also be taken into account. Since it is known
that the CP violation in the SM is not enough for the successful baryogenesis[39], new CP
violating source is required to be introduced. In the SUSY model, several new CP violating
phases can be introduced, some of which can contribute to the baryogenesis[40]. With such
CP phases, the BAU in the electroweak baryogenesis scenario is numerically evaluated in the
MSSM[41]. In our model, by introducing CP phase to the model in the similar way to the
case of the MSSM, we expect to reproduce the measured amount of the BAU, if the 1stOPT
is strong enough. However, it should be carefully checked if introducing such a CP phase
does not conflict with the experimental constraints as the bounds on the neutron electric
dipole moment and so on[41]. The complete analysis for getting the BAU in our model will
be performed elsewhere.

Let us discuss the testability of our model. In the benchmark scenario, Z2-odd scalars H1

and A1 are rather light as mH1 = 438 GeV and mA1 = 422 GeV. Such masses for tan β = 15
can be easily searched at the LHC with

√
s = 14 TeV[42]. When they are discovered, they

may look like the heavy Higgs and the CP-odd Higgs in the MSSM or the two Higgs doublet
model. On the other hand, the Z2-even charged Higgs is not degenerate to the H1 and A1 in
the benchmark scenario as mH± = 990 GeV. This mass spectrum is quite different from the
MSSM in which it is known a mass relation is satisfied m2

H± = m2
A + m2

W for the charged
Higgs mass mH± and the CP-odd Higgs mass mA. Therefore our model can be distinguished
from the MSSM. In addition, their property will be precisely measured at the ILC with√
s = 1 TeV. Both H1 and A1 in the benchmark scenario are mixture of the doublet and the

15

In our model, the Higgs couplings are affected 

By precise measurement of the Higgs couplings,

one can distinguish our scenario from nMSSM

S. Kanemura, N. Machida, T.S., PLB738, 178

They are significantly affected by the 
loop of Z2 odd particles



Spectrum at Benchmark point
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Rich phenomenology!!

Inert doublet search at ILC 
can provide a strong hint on  
the Z2 odd sector.

e.g. 


Inert charged-singlet search 
is also useful to explore the 
Z2-odd sector


e+e� � H �A� � ZH �H �

e+e� � H+�H�� � W+W�H �H �

e+e� � �+�� � �+�� + missing



Summary
It is quite interesting, NP in the Higgs sector provides 
solutions for baryogenesis, neutrino mass,  DM. 


Electroweak baryogenesis, radiative generation of 
neutrino mass,DM 


It can be tested at collider experiments


Many models have been considered but they have been 
developed purely phenomenologically


We have succeeded to provide a candidate of 
fundamental theory of such models


SUSY SU(2)H with Nf=3 + Z2-odd RHN is attractive simple 
candidate


It’s very different from GUT beyond the grand desert



Back up



Fields in radiative seesaw model

e.g. Aoki-Kanemura-Seto model

 (2HD+Z2-odd charged and neutral singlet+Z2-odd RHN)

Lighter one can be a DM

neutrino mass

Aoki, Kanemura, Seto, PRL102, 051805

In SUSY version, 
Hu, Hd (MSSM-like Higgs)
Ω+, Ω-

ζ
φu, φd

Nc (RHN)
Many new 
fields are 
required

SU(2)H model automatically 
provides all the fields in the 

Higgs sector!!

Electroweak baryogenesis also can work

S.Kanemura, N. Machida, T.S, T.Yamada,



Top Yukawa coupling
Murayama hep-ph/0307293; Harnik et al.,PRD70,015002

Introducing several new fields (SU(2)H singlets) as

Q,L,u,d,e: Matter fields in the SM

Below ΛH

for Mf~ΛH

conformal 
enhancement



EWBG in the SM
In the high temperature approximation,

1st order PT is possible 
due to the cubic term

In SM, Higgs should be lighter than 50GeV excluded by 
LEP data

Extension of the SM at TeV scale is necessary

It can be tested by 
experiments

Light Higgs is required !!

New bosonic loop contribution 
Higher dim. term in the potential 
…

NEW CP phases are also necessary for successful baryogenesis



EWBG in the MSSM

~

0
 For larger MTR, the effect is smaller

Light stop is necessary

Carena et al.,PLB380,81;…

where the maximal contribution case is considered;

Even with such a maximal case, it’s not easy to get φc/Tc>1
Carena et al.,NPB812,243; Funakubo,Senaha,PRD79,115024

Lighter stop loop can contribute

MSSM should be also modified at TeV scale for EWBG

No new coloured particles at LHC…

large top Yukawa coupling

enhance



What kind of modification?
Small mh is 
preferable

Large bosonic  loop contribution

A strong Higgs coupling with additional bosons (h-Φ’-Φ’) 
Mass of φ’ is dominated by vev

A Good point of MSSM :h4 coupling is 
from gauge coupling→Light Higgs

mh=126GeV@LHC

strong but  
light!

support

We want to keep it!

A natural realization of “strong but light” in SUSY model:

Z2 odd new fieldsMSSM Higgs It provides strong 
coupling but mh is 

kept small!



To get strong 1st order EWPT
Strong 1st order EWPT requires extension of the SM

conflict with LHC data

Extended Higgs sector! 
e.g. 2HDM

Kanemura, Okada, Senaha,PLB606,361
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FIG. 1: The straight line stands for the critical line which satisfied the condition, ϕc/Tc = 1. The

dashed lines are the deviation of hhh coupling from the SM value, where ∆λTHDM
hhh ≡ λeff

hhh(THDM)−

λeff
hhh(SM).

sphaleron process should be sufficiently suppressed. The most reliable condition has been

obtained from the lattice simulation study [20]. It is expressed as

ϕc

Tc
=

2E

λTc

>∼ 1. (13)

For mh = 120 GeV, this condition can be satisfied when the masses of the heavy Higgs

bosons are above 200 GeV. We can see from Eq. (4) that the correction to the hhh coupling

can be large in such a parameter region. Although the high temperature expansion gives

a qualitative description of the phase transition, the approximation breaks down when the

masses of the heavy Higgs bosons become larger than the critical temperature. We there-

fore evaluate the effective potential numerically and search the parameter space where the

condition (13) is satisfied.

In Fig. 1, we show the parameter region where the necessary condition of the electroweak

baryogenesis in Eq. (13) is satisfied in the mΦ-M plane. We take sin(α−β) = −1, tan β = 1

and mh = 120 GeV. For the heavy Higgs boson mass, we assume mH = mA = mH±(≡ mΦ)

to avoid the constraint on the ρ parameter from the LEP precision data [21]. In the numer-

ical evaluation, we take into account the ring summation for the contribution of the Higgs

bosons to the effective potential at finite temperature [18, 22]. For fixed values of mΦ and

M , we calculate the effective potential (6) varying the temperature T and determine the

6

λ=1

λ=2

Extra Higgs bosons as H,A H±

λ=O(1) is required

Testable@Collider exp.

φc/Tc is suppressed by mh=125GeV
In the SM, the condition is satisfied only when mh<50 GeV

Extra boson loop can 

enhance φc/Tc



Tests of the scenario

Extra bosonic loop

Enhancement 
of φc/Tc

contribution to hhh coupling

positive contribution

Ino loop

negative contribution

destructive

Linear Collider

Inert scalar mass:
Inert ino mass:

The loop contributions are significant 
when λv dominates the masses.

Z2 odd scalars 
as light as ~λv

Large μ’ and small M’2 provides large deviation in hhh and large φc/Tc 



Sensitivity for finger printing
Higgs WG report on snowmass 2013, arXiv:1310.8361
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600

� 5� 7% 2� 5% 8.3% 4.4% 3.8% 2.3% �/5.5/<5.5% 1.45%

g 6� 8% 3� 5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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Exploring the Z2 odd sector
Our model is characterized by the Z2 odd sector

Z2-odd particle search is important

Light inert doublet

Singlet-like charged particle Ω+

Mass determination can be done with a few GeV accuracy
M. Aoki, S. Kanemura and H. Yokoya, PLB725,302.

@ILC

Strong evidence of the model
Aoki&Kanemura&Seto, PRD80,033007; Aoki&Kanemura, PLB689,28.

colorless ILC

14



Light inert doublet @ ILC
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FIG. 1. Distributions of dilepton (dijet) energy in dilepton (dijet) plus missing energy event at the

ILC with
√
s = 250 GeV and Lint = 250 fb−1 (top), and with

√
s = 500 GeV and Lint = 500 fb−1

(bottom).

Emax
ℓℓ(jj) should be a good observable to be measured precisely. It becomes 24 GeV even for

the cases with small mass splitting (I, III), and 80 GeV for the case (II) at
√
s = 250 GeV.

On the other hand, Emin
ℓℓ(jj) measurement may be difficult since the distribution is gradual

around the minimum, and Emin
ℓℓ(jj) is too small for the cases (I, III) [Emin

ℓℓ(jj) = 2.4 GeV at
√
s = 250 GeV].

In the bottom left (right) panel in Fig. 1, we show the Eℓℓ(jj) distributions for the pa-

rameter set (IV) with
√
s = 500 GeV and Lint = 500 fb−1. To reduce SM background

contributions, kinematical cuts are applied; θacol > 80◦ where the acollinearity angle θacol

is defined as the supplement of the opening angle of the dilepton (dijet); |Mℓℓ(jj) −mZ | <

10 GeV; pℓℓ(jj)T < 180 GeV; | cos θℓℓ| < 0.6 for the dilepton case, or | cos θjj | < 0.4 and

|Mrec−mZ | > 10 GeV for the dijet case, where Mrec is the recoil mass defined as the invari-

ant mass of the missing 4-momenta. In the case with the on-shell Z-boson, information of

8

M. Aoki, S. Kanemura and H. Yokoya, PLB725,302.



Light inert doublet @ ILC
M. Aoki, S. Kanemura and H. Yokoya, PLB725,302.

FIG. 4. Determinations of mH± and mH by the four observables are illustrated in the left [right]

panel for the cases (I, II) [(III, IV)] at
√
s = 250 GeV [500 GeV]. Each observable is assumed to

be measured in ±2 GeV accuracy.

Mcut bymW , Mpeak
rec in Eq. (12) andMpeak

vis in Eq. (13) are utilized for the mass determination.

In the right panel of Fig. 4, the four bands are plotted on the mH±-mH plane by assuming

that the four observables are measured in ±2 GeV accuracy. It turns out that the constraints

from measurements of Mpeak
vis and Mpeak

rec are more stringent than those from the Emax/min
had

measurements, if these quantities are measured in an equal accuracy. It is expected that peak

positions can be precisely determined more than endpoints of distributions in the presence

of the resolution of energy measurements and the remaining background contributions. By

combining the four measurements with the uncertainty of ±2 GeV, mH± and mH can be

determined in ±1 GeV accuracy.

Next, the determination of mA can be achieved by combining the observables in the

process e+e− → HA. For the cases with the off-shell Z-boson (I, II, III), Emax
ℓℓ(jj) in Eq. (5)

and Mmax
ℓℓ(jj) in Eq. (7) measurements can be utilized. However, at

√
s = 250 GeV and

√
s = 500 GeV, since the two constraints are very similar, these masses cannot be determined

at one point. In that case, one needs the value of mH fixed in the process e+e− → H+H− as

an input to determine mA. While for the case with the on-shell Z-boson (IV), measurements

of Emax/min
ℓℓ(jj) in Eq. (6) can be utilized. In that case, the expected accuracy of the mass

determination is ±3 GeV for the measurement of the observables in ±2 GeV accuracy.
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FIG. 3. Distributions of Mrec in the all-hadronic decay mode at
√
s = 250 GeV with Lint =

250 fb−1 (left), and Mrec and Mvis distributions in the all-hadronic mode at
√
s = 500 GeV with

Lint = 500 fb−1 (middle and right).

Lint = 500 fb−1 with a cut ofMrec > 150 GeV. Notice that the parameter set (II) corresponds

to the case where H± decays into off-shell W and H , and (IV) corresponds to the case where

H± decays into on-shell W and H . When the W -boson is on-shell, the signal distribution

is like a rectangle where the edges are given by Emax/min
had in Eq. (9), but with Mcut being

replaced by mW .

We note that the dijet system in the semi-leptonic decay mode may be replaced by

the dijet subsystem which satisfies Mjj ≃ mW in the all-hadronic decay mode where the

signature is four jets plus missing energy (see below).

Now, we turn to the all-hadronic decay mode, which results into the signature of four jets

plus large missing energy. Major SM background comes from the production of four partons

and two neutrinos. In the left panel of Fig. 3, Mrec distribution is plotted for the signal

process using the parameter set (II) at
√
s = 250 GeV with Lint = 250 fb−1. To reduce the

SM background, kinematical cuts of pmiss
T > 70 GeV, | cos θmiss| < 0.7 and Evis < 120 GeV

are applied, where θmiss is the polar angle of the missing 3-momenta and Evis is the sum

of the energy of all hadrons in one event. As a result, the SM background is sufficiently

reduced. The minimum of the Mrec distribution is at the twice of mH ,

Mmin
rec = 2mH . (11)

In the middle panel of Fig. 3, the same distributions are plotted but for the signal pro-

cesses using parameter sets (II) and (IV) at
√
s = 500 GeV with Lint = 500 fb−1. By the

11
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FIG. 2. Distributions of Ehad, Mhad in the semi-leptonic decay mode at
√
s = 250 GeV with

Lint = 250 fb−1 (left and middle) and that of Ehad at
√
s = 500 GeV with Lint = 500 fb−1 (right).

In the left and middle panels in Fig. 2, distributions of Ehad and Mhad in the semi-leptonic

decay mode are plotted by using the parameter set (II) at the ILC with
√
s = 250 GeV and

Lint = 250 fb−1 with a cut of Mrec > 180 GeV. The background contribution is negligible.

For the case with the off-shell W -boson, the endpoints of the all-jets (hadrons) energy

distribution are given by

Emax/min
had =

√
s

4

(

1−
m2

H

m2
H±

)

[

1±
√

1−
4m2

H±

s

]

. (8)

Here, we note that the invariant mass of all hadrons vanishes at the endpoints. Therefore,

the hadronic system would be actually observed as one jet near the endpoints. When we

apply a cut on the smallest of the dijet invariant-mass at Mcut, the endpoints of the energy

distribution would be replaced by

Emax/min
had = γH±Êhad ± γH±βH± p̂had, (9)

with γH± =
√
s/(2mH±), βH± = (1 − 4m2

H±/s)1/2, Êhad = (m2
H± − m2

H + M2
cut)/(2mH±)

and p̂had = mH±/2 · λ(1, m2
H/m

2
H±,M2

cut/m
2
H±). Thus, the mass information can be still

obtained. Furthermore, the maximum value of the invariant mass of all hadrons is just the

difference between mH± and mH ,

Mmax
had = mH± −mH . (10)

In the right panel in Fig. 2, the Ehad distribution in the semi-leptonic decay modes

are plotted by using the parameter sets (II) and (IV) at the ILC with
√
s = 500 GeV and

10
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FIG. 2. Distributions of Ehad, Mhad in the semi-leptonic decay mode at
√
s = 250 GeV with

Lint = 250 fb−1 (left and middle) and that of Ehad at
√
s = 500 GeV with Lint = 500 fb−1 (right).

In the left and middle panels in Fig. 2, distributions of Ehad and Mhad in the semi-leptonic

decay mode are plotted by using the parameter set (II) at the ILC with
√
s = 250 GeV and

Lint = 250 fb−1 with a cut of Mrec > 180 GeV. The background contribution is negligible.

For the case with the off-shell W -boson, the endpoints of the all-jets (hadrons) energy

distribution are given by

Emax/min
had =

√
s

4

(

1−
m2

H

m2
H±

)

[

1±
√

1−
4m2

H±

s

]

. (8)

Here, we note that the invariant mass of all hadrons vanishes at the endpoints. Therefore,

the hadronic system would be actually observed as one jet near the endpoints. When we

apply a cut on the smallest of the dijet invariant-mass at Mcut, the endpoints of the energy

distribution would be replaced by

Emax/min
had = γH±Êhad ± γH±βH± p̂had, (9)

with γH± =
√
s/(2mH±), βH± = (1 − 4m2

H±/s)1/2, Êhad = (m2
H± − m2

H + M2
cut)/(2mH±)

and p̂had = mH±/2 · λ(1, m2
H/m

2
H±,M2

cut/m
2
H±). Thus, the mass information can be still

obtained. Furthermore, the maximum value of the invariant mass of all hadrons is just the

difference between mH± and mH ,

Mmax
had = mH± −mH . (10)

In the right panel in Fig. 2, the Ehad distribution in the semi-leptonic decay modes

are plotted by using the parameter sets (II) and (IV) at the ILC with
√
s = 500 GeV and
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Mhad

The masses can be precisely determined



Singlet like scalar @ILC
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FIG. 4: left : The cross sections of the signal, e+e− → S+S− → τ+τ− (+ missing energy), in the

AKS model as a function of the collision energy
√
s. right : The differential cross section of the

signal for
√
s = 1 TeV as a function of the angle of the direction of the outgoing τ− and the beam

axis of incident electrons. In addition to the rate from the signal, those from backgrounds such as

τ+τ−, τ+τ−νν and H+H− are also shown.

Because h1,2
e ∼ O(1), the contribution from the t-channel Nα

R exchange diagrams to the

production cross section of S+S− dominate that from the Drell-Yan diagrams [14]. The

cross section is about 87 fb for mS± = 400 GeV at
√
s = 1 TeV. As the decay branching

ratio of S± → H±η0 is 100% and that of H± → τ±ν is also almost 100% because of the

Type-X THDM interaction for tan β = 10, the final state of the signal is τ+τ−ννη0η0 with

almost the same rate as the parent S+S− production. The main SM backgrounds are τ+τ−

and τ+τ−νν. The pair production of the doublet like charged Higgs boson H+H− can also

be the background. As the signal rate dominantly comes from the t-channel diagram, it

becomes larger for larger
√
s, while the main backgrounds except for ττνeνe are smaller

because they are dominantly s-channel processes (Fig. 4 (left)). At
√
s = 1 TeV, the rate of

the signal without cut is already large enough as compared to those of the backgrounds. It is

expected that making appropriate kinematic cuts will improve the signal background ratio

to a considerable extent. The
√
s scan will help us to confirm that the signal rate comes

from the t-channel diagrams. Fig.4 (right) shows the differential cross section of the signal

at
√
s = 1 TeV as a function of cos θτ− , where θτ− is the angle between the direction of the

outgoing τ− and the beam axis of incident electrons. The distribution of the background

from ττ is asymmetric, so that the angle cut for larger cos θτ− reduces the backgrounds.
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Aoki&Kanemura, PLB689,28.

mS=400GeV

A signal can be seen at the ILC@1TeV



Singlet like scalar @e-e- collider
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FIG. 5: The cross sections of like-sign charged Higgs pair productions in the Zee-Babu model

(ω−ω−) and in the AKS model (S−S−) are shown as a function of the collision energy
√
s. The

parameters in the Zee-Babu and the AKS model are taken as in Eq. (11) and Eq. (13), respectively.

than 10−4 fb because the coupling constants ĥα
i are very small in the parameters in Eq. (12).

Allowing some fine tuning, ĥα
i may be at most 0.01 for heavier Nα

R. In any case, the cross

section of e−e− → ξ−ξ− is smaller than 10−3 fb. Hence, most of the successful scenarios in

the Ma model the process e−e− → ξ−ξ− is difficult to be seen. In the AKS model, the cross

section of e−e− → S−S− is large, and its value amounts to about 15 pb at
√
s = 1 TeV in

the scenario given in Eq. (13). Above the threshold, the magnitude of the cross sections are

not sensitive to
√
s, so that even if mS± would be at the TeV scale, we might be able to test

it at future multi-TeV linear colliders, such as the Compact Linear Collider [35]. Because

B(S± → η0H±) ≃ B(H± → τ±ν) ≃ 100 %, the signal should be τ−τ−ννηη with almost the

same rate as long as mS± < mNα
R
.

The background mainly comes from W−W−νeνe, and the cross section is about 2.3 fb (22

fb) for
√
s = 500 GeV (1 TeV). The branching ratio for the leptonic decay of W bosons is

30%, so that the rate of the final state ℓℓ′νννν is at most 2 fb or less. Therefore, the signal

in the AKS model and in the Zee-Babu model can be seen.

Apart from the TeV-scale radiative seesaw models, there are many models with lepton

number violating interactions or right-handed Majorana neutrinos. Atwood et al. have

discussed the signature of heavy Majorana neutrinos in the model without Z2 symmetry via
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mS=400GeV

The signal is quite clear evidence of 
the Majorana nature and the scenario


