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We consider a model where two new scalars are introduced in the standard model, assuming
classical scale invariance. In this model the scale invariance is broken by quantum corrections
and one of the new scalars acquires non-zero vacuum expectation value (VEV), which induces the
electroweak symmetry breaking in the standard model, and the other scalar becomes dark matter.
It is shown that TeV scale dark matter is realized, independent of the value of the other scalar’s
VEV. The impact of the new scalars on the Higgs potential is also discussed. The Higgs potential
is stabilized when the Higgs mass is over ∼120 GeV.
PACS numbers:

The hierarchy problem is one of the unsolved problems in standard model of particle physics. In the standard model, Higgs boson is the only scalar and it has
a mass scale. This mass is highly unstable if radiative
corrections are taken into account, which means that it
must be fine-tuned for the electroweak (EW) symmetry
breakdown to occur at O(100 GeV). Even if one tolerates the fine-tuning, the Higgs sector has another problem. Higgs quartic coupling might become large and
have Landau pole or get negative at high scale below
Planck scale [1–7]. In order to avoid a Landau pole up
to Planck scale and make the EW vacuum cosmologically stable, the Higgs mass has to be about 115 GeV–
180 GeV [7, 8]. Otherwise, there should be new physics
below Planck scale. High energy collider experiments
are aimed at searching for the Higgs boson. The LEP
experiments give a lower bound on the Higgs mass as
mh ≥ 114.4 GeV (mh is standard-model Higgs mass) [9].
The region 156 GeV ≤ mh ≤ 177 GeV is excluded by
the Tevatron experiment [10]. At the LHC, most of the
region in 145 GeV ≤ mh ≤ 466 GeV is excluded [11].
The existence of dark matter in the universe is another
mystery to be answered. Dark matter (DM) accounts for
about five times of the baryon energy density in the universe according to the recent observations [12]. However,
the standard model does not have a good candidate for
DM.
Probably most popular and elegant solution to the
both problems is supersymmetry. In a supersymmetric
model, the fine-tuning for the Higgs mass parameter is
avoided when the mass of superparticles are below about
a TeV. Moreover, since the Higgs quartic coupling is written in terms of gauge coupling constants squared, it never
has a Landau pole or gets negative up to the Planck scale.
In addition, the lightest superparticle (LSP) is stable under R-parity. Such a stable LSP, with a mass of the
order a TeV, can be the dark matter, which is the socalled weakly interacting massive particle (WIMP) scenario. However, the recent null result of the search of the
superparticles at the LHC [13, 14] indicates that typical
scale of superparticle mass should be above around TeV.
This result causes a tension in supersymmetric model in
terms of hierarchy problem.

Another approach for the solution of the hierarchy
problem is to consider scale invariance in theory. Even
if a theory has scale invariance classically, the scale invariance would be broken by quantum corrections in
Coleman-Weinberg mechanism [15]. Then a mass scale
for scalar field is induced (known as dimensional transmutation). This mass is protected from quantum corrections
due to the scale invariance at classical level although the
scale invariance is anomalous [16, 17]. However, possibility of Coleman-Weinberg mechanism in the standardmodel Higgs sector is already excluded due to large top
Yukawa coupling. In the framework of scale-invariant
theory, several simple extensions of the standard model
are proposed recently. In Refs. [18, 19], a new scalar
charged with non-zero B − L (B and L are baryon and
lepton numbers) breaks U (1)B−L gauge symmetry radiatively and then the braking induces the EW symmetry
breaking. Another extension is adding new scalar singlets
to the standard model [20, 21]. It is described in their
works, however, that dark matter can not be explained
without considering additional fields.1
In this Letter, we consider two new scalar singlets in
classically scale-invariant standard model, and study a
possibility that one of the scalars becomes dark matter.
The mass of the scalar dark matter is provided by the
non-zero vacuum expectation value (VEV) of the other
scalar. The non-zero VEV is induced by quantum corrections to break classical scale invariance, and then the
EW symmetry is broken as shown in Ref. [20]. It is shown
that the singlet can explain the present energy density of
dark matter with a mass of TeV for various values of the
VEV. It turns out that the scalar which has the nonzero VEV is sequestered from the other sectors, then the
properties of the singlet DM becomes similar to the one
in the standard model with a singlet scalar [22–25]. The
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It is mentioned in Refs. [18, 19] an additional scalar is needed
for dark matter candidate, while a scenario where dark matter in mirror standard model is considered in Ref. [20]. In
Ref. [21], heavy right-handed neutrino is discussed as a candidate for dark matter and further cosmological consequence of
the scale-invariant theory is given.
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impact of the new scalars on Higgs potential is also discussed. The Higgs lower mass bound from the stability
of the Higgs potential gets smaller and it turns out to be
120–125 GeV due to the existence of the new scalars.
Let us start off with the framework of our model. We
consider the theory which has scale invariance at classical level, i.e. there is no mass term in Lagrangian.
In addition to the Higgs boson, we introduce two real
new standard-model singlet scalars, φ1 and φ2 , in scalar
sector. Then, the renormalizable potential of the scalar
sector is written as
1
1
1
1
V = λ1 φ41 + λ2 φ42 + κ12 φ21 φ22 + λH (H † H)2
8
8
4
2
1
1
(1)
+ κH1 H † Hφ21 + κH2 H † Hφ22 ,
2
2
where H is Higgs doublet. Here we assume Z2 symmetry,
i.e. the potential is invariant under φ2 → −φ2 . Then a
term, such as φ1 φ2 H † H, is forbidden. As to couplings,
we consider all the couplings are positive, except for κH1 .
However, a sizable negative value for κH1 might cause instability of the potential. Thus, in this Letter, we assume
very small |κH1 |. In addition, we limit our study in the
region where all the couplings are under control in perturbation up to Planck scale.
First let us focus on the new scalars. Even κ12 > 0,
the spontaneous breakdown of scale invariance would be
induced by quantum corrections. Either φ1 or φ2 could
have a VEV. For the EW symmetry breakdown in the
standard model sector (by the negative κH1 ), we consider
the case where φ1 gets the non-zero VEV. The evaluation
of the VEV is performed by the use of renormalization
group (RG) improved potential at one-loop level [26]:
1
1
1
λ1 (t)φ41 + λ2 (t)φ42 + κ12 (t)φ21 φ22 + · · ·, (2)
8
8
4
where t = log(µ/M ). Here µ is renormalization scale and
M is arbitrary scale. The RG equations at one-loop level
for λ1 , λ2 and κ12 are given by
V =

dλ1
= 9λ21 + κ212 + 4κ2H1 ,
(3)
dt
dλ2
= 9λ22 + κ212 + 4κ2H2 ,
(4)
16π 2
dt
dκ12
16π 2
= 4κ212 + 3κ12 (λ1 + λ2 ) + 4κH1 κH2 . (5)
dt
The RG equations for the other couplings are given in
Appendix. Hereafter we take M = hφ1 i. (hφ1 i denotes
the VEV of φ1 .) For the evaluation to find stationary
point where φ1 has the VEV (and hφ2 i=0), taking µ = φ1
is a good approximation. Then ∂V /∂φ1 |φ1 =hφ1 i = 0 gives
a condition,


dλ1
= 0,
(6)
+ 4λ1
dt
t=0
16π 2

and it leads to

Consequently, the mass parameter of φ1 is calculated by
the second derivative of the potential with respect to φ1
at φ1 = hφ1 i:
m2φ1 =

∂ 2V
∂ 2 φ1

1
(κ2 (0) + 4κ2H1 (0)).
64π 2 12

(7)

(8)

Therefore, the negative value of λ1 (0) gives the right sign
for the mass term of φ1 . One may wonder the negative
λ1 (0) would induce a deeper minimum at some higher
scale. However, since |λ1 (0)| is required to be small
enough (see Eq. (7)), the potential is stabilized.
The important aspect of the spontaneous symmetry
breaking in φ1 sector is that the symmetry breaking also
induces the EW symmetry breakdown in the Higgs sector. By replacing φ1 as M + φ1 in the potential, relevant
terms for the EW symmetry breaking are given by
V =

1
1
λH (H † H)2 + κH1 M 2 H † H + · · · .
2
2

(9)

Then it is seen that the EW symmetry is broken (by
the negative κH1 ). In the evaluation of the Higgs VEV,
taking renormalization scale to be the Higgs field is a
good approximation. Then λH and κH1 relates at the
scale of µ = v (v ≃ 246 GeV) as
µ2h (tv ) = −κH1 (tv )M 2 .

(10)

Here µ2H (t) = λH (t)v 2 and tv = log(v/M ).
Due to the VEVs of φ1 and Higgs,
√ both fields mix with
each other. Pluging H = (v + h)/ 2 (h is Higgs field) in
the potential, the mass terms for the mixed states are


 2
1
mφ1 ∆m2
φ1
mass
(φ
h)
,
(11)
Vhφ1 =
1
h
∆m2 µ2h
2
where ∆m2 = κH1 vM . Then the mass eigenstates, denoted as sa and sb , are parametrized as


 

sa
cos θs sin θs
φ1
.
(12)
=
sb
− sin θs cos θs
h
Here and hereafter we take msa < msb (msa and msa
are masses of sa and sb , respectively) without loss of
generality. When msa < 114.4 GeV, the mass of sa would
be constrained by the LEP experiment. The constraints
SM
are given by in terms of ξ 2 = (gsZZ /gHZZ
) (gsZZ is new
SM
scalar-Z-Z coupling and gHZZ
is h-Z-Z coupling in the
standard model) [9]. In our case it is equal to sin2 θs and
the scalar which has ξ & 0.01 is constrained when it is
lighter than 114.4 GeV. Thus we calculate ξ 2 to evaluate
the constraints by the LEP. On the other hand, φ2 does
not mix with the other scalars. Its mass is induced by
the hφ1 i, and it is easily obtained as

1
κ12 (0)M 2 .
(13)
2
≫ msa , msb is expected in our scenario.
m2φ2 =

λ1 (0) ≃ −

t=0

≃ −2λ1 (0)M 2
1
≃
(κ2 (0) + 4κ2H1 (0))M 2 .
32π 2 12

Therefore, mφ2
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FIG. 1: Masses of sa , sb and φ2 (left vertical axis) and κ12 (right vertical axis) as the function of κH2 (µ = mφ2 ). Here we take
µh (tv ) = 130 GeV and |κH1 (tv )| = 10−5 (left panel), 10−8 (right panel). Light green shaded region shows that the lightest
scalar becomes tachyon, while in dark purple shaded region κH2 has Landau pole.

Now we are ready to discuss phenomenological aspects
of our model. Since the Z2 symmetry for φ2 is unbroken, φ2 is stable and becomes a good candidate for dark
matter. In the early universe, φ2 is produced thermally
and the relic abundance is determined by its annihilation cross section. The annihilation cross section depends on κ12 , κH2 and hφ1 i. Relevant processes are
φ2 φ2 → sa sa , sb sb , sa sb , W W , ZZ and f f¯. (Here f
stands for standard-model fermion.) When κH2 is negligible, main process which contributes the annihilation is
φ2 φ2 to the scalar pairs. In such a case, however, the annihilation cross section is too small, which leads to overclosure of the universe. Therefore we consider finite value
of κH2 , which allows the annihilation channels to the
standard-model gauge bosons and fermion pairs. In our
model, when κH1 , κH2 and κ12 are fixed for a given value
of µh , all the mass parameters are determined. Then the
annihilation cross section and the relic abundance can
be calculated. Therefore we impose Ωφ2 = ΩDM (Ωφ2
and ΩDM are the energy densities of φ2 and dark matter,
respectively) in our numerical calculation.
The mass spectra to realize φ2 -DM scenario are given
in Fig. 1. Here we take µh (tv ) = 130 GeV, and
|κH1 (tv )| = 10−5 and 10−8 are taken in left and right
panels, respectively. Light shaded region is forbidden
because sa becomes tachyonic, while κH2 has a Landau
pole in dark shaded region. In the evaluation, we have
solved the RG equations given in Eqs. (3)-(5) and (14)(16) for µ ≥ mφ2 . When µ ≤ mφ2 , we consider the
effective theory in which φ2 is integrated out. Thus, for
λH and κH1 , we have solved the RG equations given in
Eqs. (17) and (18). (The RG evolution of λH at low energy is important to determine the Higgs pole mass. See
later discussion.) Here we note that horizontal axis in

the Figure should be interpreted as a value at the scale
of µ = mφ2 because energy scale of annihilation process
is characterized by φ2 mass. Meanwhile, we have checked
running effect of κ12 is very small. Thus we have used
values of mφ1 and mφ2 at µ = M for the calculation of
the pole masses. ∆m is evaluated by using κH1 (tv ). In
the allowed region, the mass of φ2 -DM turns out to be a
few hundred GeV to a few TeV. This result indicates that
φ2 -DM annihilates into the standard-model particles via
κH2 ∼ O(0.1–1). Then, as in the standard WIMP scenario, particle with a mass of TeV scale give the right
amount relic to explain the present DM abundance. For
the other scalars, we found that sa ≃ φ1 and sb ≃ h.
The behavior of msa can be understood as follows. From
Eqs. (10) and (13), κ12 ∼ 102 κH1 for µh ∼ 100 GeV
Then the mass of sa is estimated
and mφ2 ∼ 1 TeV. p
as msa ≃ mφ1 ∼ 103 |κH1 | GeV, which roughly agrees
with the numerical result given in the Figure. It is seen
that the mass of the lightest scalar is far below of the LEP
bound. However, we have checked that ξ 2 for sa is much
smaller than 0.01. Therefore, the LEP experiment does
not exclude the lightest scalar. Finally as to a magnitude
of κH1 , its upper bound is expect as |κH1 | . O(10−3 )
from perturbativity, using κ12 ∼ 102 |κH1 | . O(0.1).
On the other hand, lower bound is implicitly given by
2
|κH1 | & µ2h /Mpl
(Mpl = 2.4 × 1018 GeV) from Eq. (10).
Since |κH1 | is very small but κH2 is sizable, the properties of φ2 -DM is similar to those of a singlet DM in
new minimal standard model (NMSM) which is studied
in Refs. [22–25]. Phenomenology of the NMSM has been
studied by many works up to the present. It is pointed
out possibility of direct detection of singlet DM. (See
Ref. [29] for the updated analysis, in which DM with a
mass of less than 200 GeV is considered.) We calculated
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spin independent cross section of φ2 -DM with nucleon by
following [30] to include gluon contribution with QCD
correction. Then the cross section turns out to be about
10−45 cm2 for mh = 125 GeV. The result has less dependence on κH2 in the region where |κH1 | . 10−5 . Thus
it may be difficult to detect φ2 -DM in the near future
direct detection experiments.
The new singlet scalars also have impact on the RG
evolution of the Higgs quartic coupling. In the standard model, λH gets negative below Planck scale for
µh (tv ) . 135 GeV at the one-loop level RG equations.
In careful evaluation of the Higgs pole mass at two-loop
level, it is shown the Higgs pole mass should be larger
than about 130 GeV in order for the Higgs potential
to be stable up to Planck scale [5, 6].2 In the recent
work the Higgs lower mass bound in the NMSM is calculated carefully at one-loop level. It is shown in Ref. [28]
that the Higgs lower mass bound turns out to be around
130 GeV in the NMSM. In order to see the impact of
the new scalars to the Higgs potential in our model, we
solved the RG equations given in Eqs. (3)-(5) and (14)(16) for µ ≥ mφ2 and Eqs. (17) and (18) for µ ≤ mφ2 .
In the present scenario sizable κH2 tends to increase λH ,
then it turns out that λH is positive up to Planck scale
when µH (tv ) & 120 GeV, taking possible largest value for
κH2 . Following the procedure given in Ref. [5], we calculated the Higgs pole mass at one-loop level,3 and obtained
mh ≃ 123 GeV for µh = 120 GeV. This means that the
Higgs potential is stabilized up to Planck scale when the
Higgs pole mass is larger than about 120 GeV. However,
since this result is based on the one-loop RG calculation,
the lower Higgs mass bound might be changed by a few
GeV in more accurate calculation of the pole mass. Such
an analysis is beyond the scope of this Letter. It will be
given elsewhere.
Finally we note on cosmological problem in our model.
Since there is also Z2 symmetry under transformation,
φ1 → −φ1 , domain wall is formed as a topological defect
when the discrete symmetry breaks spontaneously. If the
domain wall is stable or long-lived, it would affect the primordial density fluctuation in the early universe to give
unobserved anisotropy in cosmic microwave background
(CMB). However, such a problem might be avoided if one
consider higher dimensional operator which is suppressed
by Planck mass which explicitly breaks the Z2 symmetry,
e.g., φ51 /Mpl , assuming that scale invariance is broken at
Planck scale. Then, two degenerate vacua splits to true
and false vacua. The energy density of the domain wall
is roughly estimated as ρDW ∼ σ/R where σ is the tension of the domain wall and R = Mpl /T Tsb is the scale
of the domain wall. Here T is temperature and Tsb is the

2

3

When mh . 130 GeV, the Higgs potential has another deeper
minimum below Planck scale. However, lifetime of the EW vacuum is longer than the age of universe when mh & 115 GeV
[8].
In Ref. [5], they solve RG equations at two-loop level.

temperature at the discrete symmetry breaking [31]. If
the energy difference is larger than that of the domain
wall, the false vacuum is destroyed by the true vacuum
before the domain wall dominates the energy density of
the universe. Consequently, the anisotropy in the CMB
is avoided. In our case σ ∼ M 3 and Tsb ∼ M . Thus
at the temperature ρDW ∼ ρR (∼ T 4 ), ρDW would be
∼ (M 4 /Mpl )4/3 . On the other hand, the energy difference between true and false vacuum is M 5 /Mpl . Therefore, the requirement for avoiding the domain wall problem is sufficiently satisfied in our model. Another way to
avoid the domain wall problem is to consider reheating
temperature less than the VEV of φ1 . Then the large
entropy production at the reheating dilutes the domain
wall.
In conclusion we have studied classically scaleinvariant standard model with the new scalar singlets,
as a solution for the hierarchy problem. In our model
one scalar has the VEV and breaks the scale invariance,
then the EW symmetry breaking occurs. Although this
scalar mixes with the standard-model Higgs boson, the
mixing is so small that the Higgs phenomenology at the
collider is unchanged. The other scalar acquires its mass
from the VEV and becomes a good candidate for dark
matter. It is found that dark matter with a mass of a
TeV scale is realized for various value of the VEV. This
scalar has sizable coupling to the Higgs and it may be
possible to stabilize the Higgs potential when the Higgs
mass is larger than ∼120 GeV.
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Appendix

In the appendix, we give the RG equations for κH1 ,
κH2 and λH and the annihilation cross section of φ2 .
The RG equations for κH1 , κH2 and λH are obtained
as
dκH1
= 4κ2H1 + κH2 κ12 + κH1 (2γh + 3λ1 + 6λH ),
dt
(14)
dκH2
16π 2
= 4κ2H2 + κH1 κ12 + κH2 (2γh + 3λ2 + 6λH ),
dt
(15)
dλ
H
16π 2
= 12λ2H + 4λH γh − 12yt4
dt
3
+ (g14 + 2g12 g22 + 3g24 ) + κ2H1 + κ2H2 . (16)
4
16π 2

Here γh = −(9/4)g22 − (3/4)g12 + 3yt2 (g1 , g2 and yt are
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U (1)Y , SU (2)L gauge couplings and top Yukawa coupling, respectively). In the calculation, we also solve the
RG equations for gauge and top Yukawa couplings. In
the evaluation of the running√of top Yukawa, we use initial condition, yt (µ = mt ) = 2mt (1 + 4αs (mt )/3π)−1 /v
where mt = 171 GeV and αs (mt ) is strong coupling at
the scale of µ = mt [6]. For µ ≤ mφ2 , φ2 is integrated
out. Since we need to know the running of λH in this energy region for the determination of the Higgs pole mass,
we use RG equations:
dλH
= 12λ2H + 4λH γh − 12yt4
dt
3
+ (g14 + 2g12 g22 + 3g24 ) + κ2H1 , (17)
4
dκH1
16π 2
= 4κ2H1 + κH1 (2γh + 3λ1 + 6λH ). (18)
dt

σv(φ2 φ2 → sa sb ) =

σv(φ2 φ2 → sa sa ) =

βi (msa , msa ) 2
Maa ,
64πm2φ2

(19)

σv(φ2 φ2 → sb sb ) =

βi (msb , msb ) 2
Mbb ,
64πm2φ2

(20)

Maa = −(κ12 cos2 θs + κH2 sin2 θs ) +
Mbb = −(κ12 sin2 θs + κH2 cos2 θs ) +

g22 βi (mW , mW ) 2
M
16πm2φ2
2m2φ 2 i
m2 h
1
× 2W 1 +
,
1− 2 2
mφ2
2
mW
(22)

σv(φ2 φ2 → ZZ) =

2
gZ
βi (mZ , mZ ) 2
M
32πm2φ2

×

2m2φ2 2 i
1
m2Z h
,
1
−
1
+
m2φ2
2
m2Z
(23)

σv(φ2 φ2 → f f¯) =

yf2 βi (mf , mf ) 
1
8πm2φ2

h (κ

12

−

m2f
m2φ2



M2 .
(24)

p
Here gZ = g12 + g22 , and mW and mZ are W and Z
boson masses, respectively. mf is√fermion mass and its
Yukawa coupling is given by yf = 2mf /v. βi is defined
as βi2 (m1 , m2 ) = (s2 − 2s(m21 + m22 ) + (m21 − m22 )2 )/s2
with s = 4m2φ2 . The matrix elements of the scattering,
Maa , Mbb and M, are obtained as

2(κ12 cos θs M + κH2 sin θs v)2
,
2m2φ2 − m2sa

(25)

2(−κ12 sin θs M + κH2 cos θs v)2
,
2m2φ2 − m2sb

Mab = (κ12 − κH2 ) cos2 θs sin2 θs − (κ12 cos θs M + κH2 sin θs v)(−κ12 sin θs M + κH2 cos θs v)×
M = mφ2

(21)

σv(φ2 φ2 → W W ) =

16π 2

Although we have solved the RG equation for κH1 , it
turns out that the influence of κH1 on λH is very small.
Thus the running of λH is almost the same as in the
standard model for µ ≤ mφ2 .
The annihilation cross sections of φ2 for each channel,
φ2 φ2 → sa sa , sb sb , sa sb , W W , ZZ and f¯f , are given as
follows:

βi (msa , msb ) 2
Mab ,
32πm2φ2

cos θs M + κH2 sin θs v) sin θs
(−κ12 sin θs M + κH2 cos θs v) cos θs i
+
.
4m2φ2 − m2sa
4m2φ2 − m2sb

(26)
h

i
1
1
+
,
2
2
t − mφ2
u − mφ2
(27)

Here t = m2φ2 + m2sa − 2mφ2 (m2sa + m2φ2 βi2 (msa , msb ))1/2 and u = m2φ2 + m2sb − 2mφ2 (m2sb + m2φ2 βi2 (msa , msb ))1/2 .
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