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Outline

✤ Higgs physics/cosmology connections                         

✤  Electroweak baryogenesis and Higgs self coupling

✤ SUSY 4 Higgs Doublet Model + charged singlets 
(4HDMΩ)

✤ Strong 1st order EWPT and hhh coupling

✤ Summary



Higgs physics/Cosmology connection
❒ Higgs physics at colliders

❒ cosmology
- Baryon Asymmetry of the Universe (BAU)

- Discovery of the Higgs boson and mass measurement (@LHC) ~125 GeV?

- Measurements of the Higgs couplings with { gauge bosons
fermions

- Measurements of the Higgs self couplings (access to Higgs potential)
Existence of the hhh coupling ⟺ test of EW symmetry breaking.

mass 
generation

nB

s
� 10−11

Electroweak baryogenesis
Higgs potential at T≠0.

Higgs self couplings
Higgs potential at T=0.

Lots of attempts: GUT, Lepotogenesis, Electroweak baryogenesis etc.

⇓ remnant appears!

“Nondecoupling loop effect plays a central role.”

connection with collider physics

We consider such a possibility in a SUSY model.

e.g., 2HDM case 
[PLB606 (2005) 361, S. Kanemura, Y. Okada, E.S.]

If EW phase transition is a strong 1st 
order, λhhh would receive large quantum 
corrections!

- etc



Electroweak baryogenesis

✤ B violation: anomalous process at finite temperature (sphaleron)

✤ C violation: chiral gauge interaction

✤ CP violation: KM phase and/or other sources in beyond the SM

✤ Out of equilibrium: 1st order EW phase transition (EWPT) with 
expanding bubble walls

[Kuzmin, Rubakov, Shaposhnikov, PLB155,36 (‘85) ]

Baryogenesis could occur if EWPT is of 
1st order.

Sakharov’s conditions

broken phase

symmetric phase

-> linked to Higgs physics (today’s topic)

well-known fact: Standard Model EWBG was ruled out.
∵ KM phase is too small and EWPT is not 1st order for mh>114.4.



■ order parameter 
= Higgs VEV

■ EWBG requires
1st order PT  

[From K. Funakubo’s slide]

Order of PT
❒ Effective potential (free energy density) is used to study the EWPT.



■ order parameter 
= Higgs VEV

■ EWBG requires
1st order PT  

[From K. Funakubo’s slide]

v2

Order of PT
❒ Effective potential (free energy density) is used to study the EWPT.



■ order parameter 
= Higgs VEV

■ EWBG requires
1st order PT  

[From K. Funakubo’s slide]

v2

v4

Order of PT
❒ Effective potential (free energy density) is used to study the EWPT.



■ order parameter 
= Higgs VEV

■ EWBG requires
1st order PT  

[From K. Funakubo’s slide]

v2

v4

?

Order of PT
❒ Effective potential (free energy density) is used to study the EWPT.



■ order parameter 
= Higgs VEV

■ EWBG requires
1st order PT  

[From K. Funakubo’s slide]

■ To get a 1st order 
PT, there must be a 
negative contribution
in the potential.  

v2

v4

?

Order of PT
❒ Effective potential (free energy density) is used to study the EWPT.



■ order parameter 
= Higgs VEV

■ EWBG requires
1st order PT  

[From K. Funakubo’s slide]

■ To get a 1st order 
PT, there must be a 
negative contribution
in the potential.  

v2

v4

?

Order of PT
❒ Effective potential (free energy density) is used to study the EWPT.

thermal boson loop
⇑



❒ For a small a=m/T, IBF (a2) can be expanded in powers of a2. 

❒ Boson loop gives a cubic term with a negative coefficient, which 
comes from the zero frequency mode.

ωn = 2nπT for boson cf. ωn = (2n + 1)πT for fermion
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1-loop thermal potential

boson fermion

As a simplest example, we consider the EWPT in the SM.

a =
m(ϕ)

T
, m(ϕ) =

∂2V0

∂ϕ2
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λTC � λ = m2
hSM/(2v2)

vC =
2ETC

λTC

SM EWBG was ruled out.

Veff � D(T 2 − T 2
0 )v2 − ETv3 +

λT

4
v4 →

T=TC

λTC

4
v2(v − vC)2.

❒ Additional bosons (ΔE) can rescue this situation.

ESM �
1

4πv3
(2m3

W + m3
Z) � 0.01

0

0 50 100 150 200 250 300

v [GeV]

Veff

T=Tc

T>Tc

T<Tc

SM EWPT

Γ(b)
sph < H ⇒ vC/TC > ζ

ζ=1−→ mhSM <∼ 48 GeV

❒ Light Higgs boson (small λ) is required.

vC

TC
=

2E

λTC

=
cubic coeff.

quartic coeff.

To keep the generated baryon asymmetry, we need



It helps.

Suppose that the mass of the scalar is given by

It doesn’t

“scalar does not always play a role.”

Caveat

m2 = M2 + λv2
M : mass parameter in the Lagrangian,

λ : coupling constant

If M2 � λv2

If M2 � λv2

Veff � −λ3/2Tv3

�
1 +

M2

λv2

�3/2

Veff � −|M |3T
�

1 +
λv2

M2

�3/2

Requirements: 1. large coupling λ, 2. small M .
vC

TC
⇒ ⇒ ⤴E = ESM + ∆E



c=1(2) for neutral (charged Higgs bosons)

λ2HDM
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Let us consider the quantum corrections to the hhh coupling.

m2
Φ �M2 + λiv

2, M2 = m2
3/(sinβ cos β).

For M2 � λiv2 (m2
Φ �M2), the quantum corrections would be suppressed.

For M2 � λiv2 (m2
Φ � λiv2), the quantum corrections would grow with m4

Φ.

[S. Kanemura, S. Kiyoura, Y. Okada, E.S., C.-P. Yuan, PLB558 (2003) 157]

⇒ nondecoupling loop effect. (note: smaller mh is preferable.)

⇒ ordinary decoupling limit
Obvious strong correlation between enhancement of vC/TC and the 
large quantum corrections to λhhh!! 

Correlation between Δλhhh and vC/TC in the 2HDM

For sin(β − α) = 1



 Contour plot of hhh/ hhh and c/Tc in the m -M plane 

0 20 40 60 80 100 120 140
 M (GeV) 

100

150

200

250

300

350

400

450
 m

 (G
eV

) 
 Contour plot of hhh/ hhh and c/Tc in the m -M plane 

0 20 40 60 80 100 120 140
 M (GeV) 

0

50

100

150

200

250

300

350

400

450
 m

 (G
eV

) 

sin( - ) = -1, tan  = 1
mh = 120 GeV
m  = mH = mA = mH

hhh/ hhh = 5%
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strong 1st order EWPT
 region

❒ If EWPT is the strong 1st first order, Δλhhh/λSM
hhh is more than 10%.

❒ This correlation is due to the nondecoupling effects of the heavy 
Higgs bosons.

[S. Kanemura, Y. Okada, E.S.,PLB606 (2005) 361]

Correlation between Δλhhh and vC/TC in the 2HDM



4HDMΩ

Superpotential

2

parity can naturally be a candidate for the cold dark
matter.
In the minimal supersymmetric SM (MSSM), there

are many studies to realize the electroweak baryogene-
sis [11–13]. Currently, this scenario is highly constrained
by the experimental data, especially the LEP Higgs mass
bounds, leading to the tension between the lightest Higgs
boson mass and the strength of the first order EWPT.
Nevertheless, it is still viable for some specific mass spec-
trum. According to Ref. [12], the strong first order
EWPT is possible ifmh <

∼ 127 GeV and mt̃1
<
∼ 120 GeV,

where h is the lightest Higgs boson and t̃1 is the lightest
stop. To satisfy the LEP bound on mh, the soft SUSY
breaking mass for the left-handed stop should be greater
than 6.5 TeV. The most striking feature of this scenario is
that the electroweak vacuum is metastable and the global
minimum is a charge-color-breaking vacuum, where the
lifetime of the electroweak vacuum is found to be longer
than the age of the Universe.
The aforementioned tension in the MSSM baryogene-

sis can be relaxed by extending the Higgs sector. One of
the possibilities is to add a gauge singlet field into the
MSSM. So far, many studies on the electroweak baryo-
genesis have been done in such singlet-extended MSSMs;
i.e., the Next-to-MSSM [14], the nearly MSSM or the
minimal non-MSSM [15], the U(1)′-extended MSSM [16],
the secluded U(1)′-extended MSSM [17, 18], and so on.
In this class of the models, the strong first order EWPT
can be induced by the trilinear mixing term of the doublet
and the singlet fields appearing in the tree-level Higgs po-
tential. If this is the case, the mass constraints on the
lightest Higgs boson and the light stop would be allevi-
ated significantly. In the singlet-extended MSSM, how-
ever, the vacuum structure is inevitably more compli-
cated than the MSSM, giving rise to the unrealistic vacua
in the large portion of the parameter space, especially
electroweak baryogenesis-motivated scenario [14, 17].
In this Letter, we consider how the electroweak phase

transition can be of sufficiently first order due to the
nondecoupling effect of additional scalar bosons in an-
other extended SUSY standard model, where a pair of
extra doublet chiral superfields H3 (Y = −1/2) and H4

(Y = +1/2) and a pair of charged singlet chiral super-
fields Ω1 (Y = +1) and Ω2 (Y = −1) are introduced
in addition to the MSSM content [19]. Since the sin-
glet fields are charged rather than neutral, they do not
have the vacuum expectation values (VEVs) as long as
the U(1)EM is preserved. Therefore, at least at the tree
level, there is no vacuum instability caused by the singlet
field as opposed to the neutral singlet-extended MSSM
as mentioned above. On top of this, this model may be
motivated by SUSY extensions of the models with ad-
ditional charged singlet fields in which neutrino masses
are generated by radiative corrections [10, 20]. In the
present model, apart from the model in which an ad-
ditional neutral singlet chiral superfield is added to the
MSSM, there is no tree-level F-term contribution to the
mass of the lightest Higgs boson, but there can be large
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ũL

d̃L

)

qL =

(

uL

dL

)

333 222 + 1

6
+

Uc
i ũ∗
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TABLE I: Property of chiral superfields (and their component
fields) under the symmetries of the model.

one-loop corrections to the triple Higgs boson coupling
due to the additional bosonic loop contribution [19]. We
note that in the SUSY Higgs sector with four doublet
chiral superfields [21], all the quartic interactions in the
Higgs potential come from the D-term so that there are
no large nondecoupling quantum effects on the hhh cou-
pling [19]. Similarly to the case of the non-SUSY THDM,
these nondecoupling bosonic loop contributions can also
make first order phase transition stronger. We here show
that the EWPT can be of sufficiently strong first order
in this model.

II. MODEL

We consider the model with the chiral superfields
shown in Table 1 [19]. The symmetries of the model
are standard gauge symmetries. In addition, we impose
a discrete Z2 symmetry for simplicity. Although the Z2

symmetry is not essential for our discussion, the symme-
try works for avoiding the flavor changing neutral current
at the tree level [21–24]. Furthermore, we assume that
there is the R parity in our model.

The superpotential is given by

W = (yu)
ijU c

i H2 ·Qj + (yd)
ijDc

iH1 ·Qj + (ye)
ijEc

iH1 · Lj

+ λ1Ω1H1 ·H3 + λ2Ω2H2 ·H4

− µH1 ·H2 − µ′H3 ·H4 − µΩΩ1Ω2. (1)
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ẽL

)

!L =

(

νL
eL

)

111 222 −
1

2
+

Ec
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particle content = MSSM+2 doublets+2 charged singlets
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boson h (the hhh coupling) has been clarified. In the model with
sufficiently strong first order EWPT, the hhh coupling constant sig-
nificantly deviates from the SM prediction due to the same nonde-
coupling quantum effects of additional scalar bosons which make
the first order EWPT strong. Such nondecoupling effects on the
hhh coupling constant have been studied in Ref. [9]. The scenario
of electroweak baryogenesis by nondecoupling loop effects of ex-
tra bosons has also been applied in a TeV scale model where tiny
neutrino masses, dark matter and the baryon asymmetry of the
Universe may be simultaneously explained [10].

It would also be attractive to consider the scenario of elec-
troweak baryogenesis in the model based on supersymmetry
(SUSY). SUSY is a good candidate of new physics, which elimi-
nates the quadratic divergence in the one-loop calculation of the
Higgs boson mass. The lightest SUSY partner particle in SUSY mod-
els with the R parity can naturally be a candidate for the cold dark
matter.

In the minimal supersymmetric SM (MSSM), there are many
studies to realize the electroweak baryogenesis [11–13]. Currently,
this scenario is highly constrained by the experimental data, espe-
cially the LEP Higgs mass bounds, leading to the tension between
the lightest Higgs boson mass and the strength of the first order
EWPT. Nevertheless, it is still viable for some specific mass spec-
trum. According to Ref. [12], the strong first order EWPT is possible
if mh ! 127 GeV and mt̃1 ! 120 GeV, where h is the lightest Higgs
boson and t̃1 is the lightest stop. To satisfy the LEP bound on mh ,
the soft SUSY breaking mass for the left-handed stop should be
greater than 6.5 TeV. The most striking feature of this scenario is
that the electroweak vacuum is metastable and the global mini-
mum is a charge-color-breaking vacuum, where the lifetime of the
electroweak vacuum is found to be longer than the age of the Uni-
verse.

The aforementioned tension in the MSSM baryogenesis can be
relaxed by extending the Higgs sector. One of the possibilities is
to add a gauge singlet field into the MSSM. So far, many studies
on the electroweak baryogenesis have been done in such singlet-
extended MSSMs; i.e., the Next-to-MSSM [14], the nearly MSSM or
the minimal non-MSSM [15], the U (1)′-extended MSSM [16], the
secluded U (1)′-extended MSSM [17,18], and so on. In this class of
the models, the strong first order EWPT can be induced by the tri-
linear mixing term of the doublet and the singlet fields appearing
in the tree-level Higgs potential. If this is the case, the mass con-
straints on the lightest Higgs boson and the light stop would be al-
leviated significantly. In the singlet-extended MSSM, however, the
vacuum structure is inevitably more complicated than the MSSM,
giving rise to the unrealistic vacua in the large portion of the pa-
rameter space, especially electroweak baryogenesis-motivated sce-
nario [14,17].

In this Letter, we consider how the electroweak phase transi-
tion can be of sufficiently first order due to the nondecoupling
effect of additional scalar bosons in another extended SUSY stan-
dard model, where a pair of extra doublet chiral superfields H3
(Y = −1/2) and H4 (Y = +1/2) and a pair of charged singlet chi-
ral superfields Ω1 (Y = +1) and Ω2 (Y = −1) are introduced in
addition to the MSSM content [19]. Since the singlet fields are
charged rather than neutral, they do not have the vacuum expec-
tation values (VEVs) as long as the U (1)EM is preserved. Therefore,
at least at the tree level, there is no vacuum instability caused by
the singlet field as opposed to the neutral singlet-extended MSSM
as mentioned above. On top of this, this model may be motivated
by SUSY extensions of the models with additional charged singlet
fields in which neutrino masses are generated by radiative cor-
rections [10,20]. In the present model, apart from the model in
which an additional neutral singlet chiral superfield is added to
the MSSM, there is no tree-level F-term contribution to the mass
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c.f. D-term contributions are limited by the gauge couplings. 
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at the leading λ4
1,2 contributions, where the one-loop contribution

in the MSSM is mainly from the top and stop loop diagram [25].
Now we quantify the magnitude of the radiative corrections of

the Z2-odd particles on mh . The input parameters are fixed as fol-
lows.

Tree: tanβ = 3, mH± = 500 GeV;
1-loop (MSSM): M̃q̃ = M̃b̃ = M̃t̃ = 1000 GeV,

µ = M2 = 2M1 = 200 GeV,

At = Ab = Xt + µ/ tanβ;
1-loop

(
Φ ′±

1,2,Ω
)
: λ1 = 2, µ′ = µΩ = BΩ = B ′ = 0,

m̄2
+ = m̄2

3 = (500 GeV)2,

m̄2
− = m̄2

4 = (50 GeV)2. (17)

We note that mΦ ′±
1

<mΦ ′±
2

and mΩ±
1

<mΩ±
2

in this case. The mass
spectrum of extra Z2 odd charged scalars and charginos is dis-
played in Fig. 1. On this parameter set, m2

Φ ′±
1
, m2

Ω±
1

and m2
χ̃ ′±
2

get a

significant contribution from λ2. Then their masses become larger
for the greater value of λ2. Since the mass parameters m̄2

4 and m̄2
−

are taken to be small, large mass values of mΦ ′±
1

and mΩ±
1

yield
the large nondecoupling effects which can make the EWPT strongly
first order.

Fig. 2 shows the predicted value of mh as a function of λ2 vary-
ing Xt/M̃q̃ = 2.0,1.2 and 0.6 from the top to the bottom. We can
see that mh monotonically decreases as λ2 increases, which is in
contrast with the top/stop loop effects.

The coupling constants λ1 and λ2 are free parameters of the
model. Its magnitude, however, is bounded from above by the con-
dition that there is no Landau pole below the given cutoff scale Λ.
As we are interested in the model where the first order EWPT is
sufficiently strong, we allow rather larger values for these coupling
constants, and do not require that the model holds until the grand
unification scale. A simple renormalization group equation anal-
ysis tells us that for assuming Λ = 2 TeV, 10 TeV or 102 TeV,

Fig. 1. The masses of the Z2-odd scalars and Z2-odd charginos as a function of λ2.
The masses of heavy Z2-even neutral scalars H and A are also plotted. Model pa-
rameters are taken as them shown in Eq. (17). The Xt dependence of these mass
spectrum is negligible.

Fig. 2. The Z2-even lightest Higgs boson mass as a function of λ2. From the top to
the bottom, Xt/M̃q̃ = 2.0,1.2 and 0.6.

the coupling constant can be taken to be at most λ2 ∼ 2.5, 2.0
or 1.5, respectively. Above the cutoff scale Λ, the model may be
replaced by a strongly coupled supersymmetric theory with UV
completion as described by the scenario such as in the fat Higgs
model [26].

3. Electroweak phase transition

The nonzero temperature effective potential is

V1(ϕ1,ϕ2; T ) =
∑

i
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T 2
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where B(F ) refer to boson (fermion) and I B,F take the form
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√
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Since the minimum search using I B,F is rather time-consuming,
we will alternatively use the fitting functions of them that are em-
ployed in Ref. [13]. More explicitly,
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(
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= e−a

N∑
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cb, fn an, (20)
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the coupling constant can be taken to be at most λ2 ∼ 2.5, 2.0
or 1.5, respectively. Above the cutoff scale Λ, the model may be
replaced by a strongly coupled supersymmetric theory with UV
completion as described by the scenario such as in the fat Higgs
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the coupling constant can be taken to be at most λ2 ∼ 2.5, 2.0
or 1.5, respectively. Above the cutoff scale Λ, the model may be
replaced by a strongly coupled supersymmetric theory with UV
completion as described by the scenario such as in the fat Higgs
model [26].
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yield
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Fig. 2 shows the predicted value of mh as a function of λ2 vary-
ing Xt/M̃q̃ = 2.0,1.2 and 0.6 from the top to the bottom. We can
see that mh monotonically decreases as λ2 increases, which is in
contrast with the top/stop loop effects.

The coupling constants λ1 and λ2 are free parameters of the
model. Its magnitude, however, is bounded from above by the con-
dition that there is no Landau pole below the given cutoff scale Λ.
As we are interested in the model where the first order EWPT is
sufficiently strong, we allow rather larger values for these coupling
constants, and do not require that the model holds until the grand
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ysis tells us that for assuming Λ = 2 TeV, 10 TeV or 102 TeV,

Fig. 1. The masses of the Z2-odd scalars and Z2-odd charginos as a function of λ2.
The masses of heavy Z2-even neutral scalars H and A are also plotted. Model pa-
rameters are taken as them shown in Eq. (17). The Xt dependence of these mass
spectrum is negligible.

Fig. 2. The Z2-even lightest Higgs boson mass as a function of λ2. From the top to
the bottom, Xt/M̃q̃ = 2.0,1.2 and 0.6.

the coupling constant can be taken to be at most λ2 ∼ 2.5, 2.0
or 1.5, respectively. Above the cutoff scale Λ, the model may be
replaced by a strongly coupled supersymmetric theory with UV
completion as described by the scenario such as in the fat Higgs
model [26].
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yield
the large nondecoupling effects which can make the EWPT strongly
first order.

Fig. 2 shows the predicted value of mh as a function of λ2 vary-
ing Xt/M̃q̃ = 2.0,1.2 and 0.6 from the top to the bottom. We can
see that mh monotonically decreases as λ2 increases, which is in
contrast with the top/stop loop effects.

The coupling constants λ1 and λ2 are free parameters of the
model. Its magnitude, however, is bounded from above by the con-
dition that there is no Landau pole below the given cutoff scale Λ.
As we are interested in the model where the first order EWPT is
sufficiently strong, we allow rather larger values for these coupling
constants, and do not require that the model holds until the grand
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the coupling constant can be taken to be at most λ2 ∼ 2.5, 2.0
or 1.5, respectively. Above the cutoff scale Λ, the model may be
replaced by a strongly coupled supersymmetric theory with UV
completion as described by the scenario such as in the fat Higgs
model [26].
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get a
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for the greater value of λ2. Since the mass parameters m̄2

4 and m̄2
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are taken to be small, large mass values of mΦ ′±
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and mΩ±
1

yield
the large nondecoupling effects which can make the EWPT strongly
first order.

Fig. 2 shows the predicted value of mh as a function of λ2 vary-
ing Xt/M̃q̃ = 2.0,1.2 and 0.6 from the top to the bottom. We can
see that mh monotonically decreases as λ2 increases, which is in
contrast with the top/stop loop effects.

The coupling constants λ1 and λ2 are free parameters of the
model. Its magnitude, however, is bounded from above by the con-
dition that there is no Landau pole below the given cutoff scale Λ.
As we are interested in the model where the first order EWPT is
sufficiently strong, we allow rather larger values for these coupling
constants, and do not require that the model holds until the grand
unification scale. A simple renormalization group equation anal-
ysis tells us that for assuming Λ = 2 TeV, 10 TeV or 102 TeV,
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the coupling constant can be taken to be at most λ2 ∼ 2.5, 2.0
or 1.5, respectively. Above the cutoff scale Λ, the model may be
replaced by a strongly coupled supersymmetric theory with UV
completion as described by the scenario such as in the fat Higgs
model [26].
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yield
the large nondecoupling effects which can make the EWPT strongly
first order.

Fig. 2 shows the predicted value of mh as a function of λ2 vary-
ing Xt/M̃q̃ = 2.0,1.2 and 0.6 from the top to the bottom. We can
see that mh monotonically decreases as λ2 increases, which is in
contrast with the top/stop loop effects.

The coupling constants λ1 and λ2 are free parameters of the
model. Its magnitude, however, is bounded from above by the con-
dition that there is no Landau pole below the given cutoff scale Λ.
As we are interested in the model where the first order EWPT is
sufficiently strong, we allow rather larger values for these coupling
constants, and do not require that the model holds until the grand
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Fig. 2. The Z2-even lightest Higgs boson mass as a function of λ2. From the top to
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the coupling constant can be taken to be at most λ2 ∼ 2.5, 2.0
or 1.5, respectively. Above the cutoff scale Λ, the model may be
replaced by a strongly coupled supersymmetric theory with UV
completion as described by the scenario such as in the fat Higgs
model [26].
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the coupling constant can be taken to be at most λ2 ∼ 2.5, 2.0
or 1.5, respectively. Above the cutoff scale Λ, the model may be
replaced by a strongly coupled supersymmetric theory with UV
completion as described by the scenario such as in the fat Higgs
model [26].
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Fig. 2. Possible allowed regions in the mh–(!λhhh/λhhh) plane in the MSSM, Model-1, Model-5 and Model-9 for each tanβ value. We scan the parameter space as 0 < λHHφ <

2.5, 0.5 TeV < mt̃1,2 < 1.5 TeV, and 0.5 TeV < mφc
i
for each model. (For interpretation of the references to colour in this figure, the reader is referred to the web version of

this Letter.)

of particle S are weakened, and the deviation in the hhh coupling
is not very important. Model-2, Model-5, Model-7 and Model-8
also correspond to this case. On the other hand, in Model-9 for
example, the F-term of the operator Hu · H ′

uΩ− or Hd · H ′
dΩ+

cannot contribute to mh but gives a quartic power contribution
of mΩ+/− in the one-loop corrected hhh coupling, so that the
deviation in the hhh coupling from the SM value can be signifi-
cant.

4.3. The correlation between mh and the hhh coupling

We scan the parameter space in each model to find allowed
regions in the mh–(!λModel

hhh /λSM
hhh) plane under the assumption of

λHHφ < 2.5 at the EW scale, where !λModel
hhh = λModel

hhh − λSM
hhh . In

Fig. 2, we show the possible allowed region for several value of
tanβ = 1, 4, 8 and 20. The coupling constants λHHφ (φ = S , χ±
and Ω±) are taken to be less than 2.5 as in Fig. 1. The stop masses
are scanned as 0.5 TeV ! mt̃1,2 ! 1.5 TeV. We also scan the phys-
ical masses of the extra scalar bosons as 0.5 TeV ! mφ . The mass
of fermion component is taken as same as the mass of the scalar
component for each extra field. We note that the parameters are
scanned such that the additional contributions to the rho parame-
ter are negligible.3 The region in the MSSM is indicated as the red-
filled one. The possible allowed region in Model-1 depends largely
on tanβ: for smaller (larger) tanβ , mh can be higher (lower) and
!λModel-1

hhh /λSM
hhh is smaller (larger). Model-5 is relatively insensitive

to the value of tanβ: mh can always be larger than about 300 GeV
while !λModel-5

hhh /λSM
hhh remains less than about 10%. On the other

hand, in Model-9, although the possible value of mh is similar
to that in the MSSM, the deviation in the hhh coupling can be

3 For example, parameters in the stop–sbottom sector are taken to keep the rho
parameter constraint satisfied.

Fig. 3. Possible allowed regions in the mh–(!λhhh/λhhh) plane in the MSSM,
Model-1, Model-5 and Model-9 with scanned tanβ . (For interpretation of the ref-
erences to colour in this figure, the reader is referred to the web version of this
Letter.)

very large: i.e., !λModel-9
hhh /λSM

hhh ∼ 30–60%.4 When we consider the
higher value of Λ, which corresponds to the smaller upper bound
on λHHφ , the possible allowed region becomes the smaller.

In Fig. 3, possible allowed regions with scanned tanβ are
shown in the mh–(!λModel

hhh /λSM
hhh) plane in Model-1, Model-5 and

Model-9 as well as the MSSM. The maximal values of λHHφ in
Model-1, Model-5 and Model-9 are taken to be the same as those
in Fig. 2. The region in the MSSM (Model-1 with 0 " λHHS " 0.75,
which corresponds to Λ $ 1016 GeV [9]) is indicated as the red-

4 The definition of tanβ in models with four Higgs doublets is that tanβ =√
〈H0

u〉2 + 〈H ′0
u 〉2/

√
〈H0

d 〉2 + 〈H ′0
d 〉2.

[S. Kanemura, T. Shindou, K, Yagyu, PLB699 (2011) 258]

Δλhhh /λSM
hhh

❒ 4HDMΩ (Model-9) predicts the large Δλhhh /λSM
hhh  which can reach 

around 50% for mh=125 GeV.
❒ Nondecoupling loop effect of the Z2-odd particles is essential.

4HDMΩ

❒ Extensive studies of Δλhhh /λSMhhh in various SUSY models. 



Summary

✤ We consider 4HDMΩ.

✤ EWPT can be strong 1st order.

✤ Δλhhh /λSM
hhh can reach 50% 

for mh=125 GeV

✤ Both are due to the 
nondecoupling loop effects of  
Z2-odd charged Higgs bosons. 

✤ Such large deviation of the 
λhhh coupling can be 
measurable at the ILC.
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Figure 3: Exclusion plot of EWBG parameter space for mh = 125GeV, obtained by
combining the signal strength bounds from the various ATLAS and CMS Higgs searches
(not Tevatron) as outlined in Section 5.1. The smallest exclusion at mA ≈ 300GeV, mt̃R =
108GeV is 97.7%, which increases to 98.6% if we enforce the decoupling limit (mA > 1TeV).

The Higgs signal in the various channels depends only very weakly on tan β, since our
parameterization takes mh as a low-energy input and tan β can not be large for successful
EWBG. Therefore, for a given Higgs mass, the parameter space of EWBG in the MSSM is
the (mA,mt̃R) plane. Once the Higgs mass is determined this will be the relevant parameter
space to exclude.

Each point in this plane has an associated prediction of signal strength in each channel.
More precisely, each prediction is actually a range, due to theory error and some tanβ
dependence. By making use of the 1-σ best-fit bounds on the various signal strengths we
can construct a gaussian approximation for signal strength likelihoods (taking into account
asymmetric error bars where appropriate), which can then be combined across all channels
to give overall exclusion bounds. For each point in the (mA,mt̃R) plane we then find the
minimal exclusion over the allowed range of signal strength predictions. This allows us to
construct an exclusion plot over EWBG parameter space.

In Fig. 3 we show the exclusion across EWBG parameter space, obtained by combining
ATLAS and CMS data for mh = 125GeV. The entire parameter space is excluded at the
97.7 % CL (98.6 % if we enforce the decoupling limit). The least excluded points are at
mA ≈ 300GeV, with mt̃R as high as possible. One could consider several variations on this
plot, each with similar results.

12

For mh ≈  125 GeV,                                               

MSSM EWBG is ruled out                                            
at greater than 97.7% CL.   

Region excluded at “less than 
90% CL” is  mh ≈  117 - 119 GeV. 

(80-85% CL)

[D. Curtin, P. Jaiswall, P. Meade., arXiv:1203.2932]

Incidentally, in the NMSSM, so-called type-B 
phase transition is still viable since light stop 
(<mt) is not necessarily required.
[K.Funakubo, S. Tao, F. Toyoda., PTP114,369 (2005)]

BUT, 
[M. Carena, G. Nardini, M. Quiros, CEM. Wagner, NPB812, (2009) 243] 

mH
<∼ 127 GeV, mt̃1

<∼ 120 GeV

❒ Electroweak phase transition is strong 1st order if

For a recent study, Singlino-driven EWBG in the NMSSM, K.Cheung et al, PLB710 (2012) 188


