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In a previous work, a classically scale invariant extension of the standard model was proposed, as
a potential candidate for resolving the hierarchy problem, by minimally introducing a complex gauge
singlet scalar and generating radiative electroweak symmetry breaking by means of the Coleman-
Weinberg mechanism. Postulating the singlet sector to respect the CP symmetry, the existence of a
stable pseudoscalar dark matter candidate with a mass in the TeV range was demonstrated.
Moreover, the model predicted the presence of another physical CP-even Higgs boson (with
suppressed tree-level couplings), in addition to the 125 GeV scalar discovered by the LHC. The
viable region of the parameter space was determined by various theoretical and experimental
considerations. In this work, we continue to examine the phenomenological implications of the
proposed minimal scenario by considering the constraints from the dark matter relic density, as
determined by the Planck Collaboration, as well as the direct detection bounds from the LUX
experiment. Furthermore, we investigate the implications of the collider Higgs searches for the
additional Higgs boson. Our results are comprehensively demonstrated in unified exclusion plots,
which analyze the viable region of the parameter space from all relevant angles, demonstrating the
testability of the proposed scenario.

DOI: 10.1103/PhysRevD.90.015019 PACS numbers: 12.60.-i, 95.35.+d

I. INTRODUCTION

The discovery of a light and apparently fundamental
Higgs-like scalar at the LHC [1] brings forth the question
regarding the mechanism behind its mass stabilization [2].
Classical scale invariance has been advocated [3] as a
potential symmetry candidate to protect the Higgs mass
from large quantum corrections, as required by the natu-
ralness criterion [4]. This is motivated by the observation
that the ad hoc mass parameter of the Higgs field in the
Higgs Lagrangian constitutes the only dimensionful param-
eter of the SM, which explicitly (but softly) breaks the scale
symmetry associated with the Lagrangian. Although the
scale symmetry is anomalous and is explicitly broken by
the logarithmic effects in loop integrals, such quantum
scale breaking is facilitated by dimension-4 operators
which cannot contribute to the dimension-2 operator of
the Higgs mass. Hence, the Higgs mass in the Lagrangian
might be simply viewed as a soft breaking term of scale
invariance. In principle, one might then argue that the SM
Higgs boson is technically natural in the absence of any

other physical scale near and above the weak scale,1

once its mass is calculated within a regularization scheme
that respects the scale symmetry (such as dimensional
regularization).
It is, nevertheless, possible to set this sole dimensionful

parameter of the SM to zero in the Lagrangian, and, in
principle, achieve successful spontaneous breaking of the
electroweak symmetry by implementing the Coleman-
Weinberg mechanism [5]. Within this framework—in
analogy with the QCD scale, λQCD—the dimensionful
Higgs mass parameter is generated at the quantum level
by means of the dimensional transmutation via the stress-
tensor trace anomaly.2 Despite its elegance, however, it
is well known that the Coleman-Weinberg mechanism
does not work realistically within the pure SM, since a
(loop-generated) mass for the Higgs boson consistent with
the 95% C.L. LEP-II limit, Mh > 114.4 GeV [7], renders

*farzinnia@ibs.re.kr
†jingren2004@gmail.com

1In principle, this assertion is valid up to the Uð1ÞY Landau
pole, where an UV completion of the SM may be conjectured to
remove the latter properly. Given the absence of a consistent
quantum theory of gravity, we need not be concerned with the
Planck scale at this point.

2Intriguingly, one may entertain the possibility that all physical
scales might have a quantum origin and vanish in the ℏ → 0 limit,
leaving the classical world scale invariant [6].
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the one-loop potential unbounded from below. Therefore,
additional fields beyond the SM content are required to
stabilize the potential. This notion, among others, has
motivated many (recent) efforts in the community to for-
mulate a classically scale invariant extension of the SM [8].
Recently, we proposed such an extension of the SM, by

minimally introducing a complex electroweak and color
singlet scalar into the classically scale invariant potential
[9]. In analogy to the ordinary SM scalar sector, the singlet
sector was postulated to be CP symmetric, rendering the
pseudoscalar singlet stable and providing a dark matter
candidate. The CP-even singlet and the SM Higgs boson,
both accruing nonzero vacuum expectation values (VEV),
mixed with one another and produced two physical Higgs
bosons, one of which was successfully identified with the
125 GeV scalar discovered by the LHC [1]. Furthermore,
by introducing singlet right-handed Majorana neutrinos,
mass terms for the SM neutrinos were generated by means of
the seesaw mechanism [10], and it was demonstrated that a
Yukawa interaction between the right-handed Majorana neu-
trinosandthesingletscalarsuccessfullyledtothegenerationof
weak-scalemasses for the former.Wesystematically analyzed
the theoretical constraints arising from vacuum stability,
perturbativeunitarity, andtriviality, aswellas theexperimental
bounds from electroweak precision tests and LHC direct
measurementsof the125GeVstate, anddetermined theviable
region of the parameter space.3

The present study is devoted to further investigating the
phenomenological implications of the proposed scenario
by considering the dark matter relic density and direct
detection constraints, as well as the application of the
collider Higgs search data to the additional Higgs boson
predicted by the model. A similar analysis of the dark
matter relic abundance and direct detection experiments
was previously performed by other authors [11], without
inclusion of the right-handed Majorana neutrinos. In the
current treatment, however, we continue to systematically
include the latter and investigate its effects. Our results are
comprehensively demonstrated in unified exclusion plots,
which examine the viable region of the parameter space
from all relevant angles. We determine that the collider
search data as applied to the additional Higgs boson further
restrict the parameter space of the model in a manner
complementary to the previously deduced experimental
bounds. Moreover, identifying the pseudoscalar as the sole

or dominant component of dark matter in the Universe, the
relic density and direct detection considerations tightly
constrain a mixing between the SM Higgs boson and the
singlet scalar to small values and favor a heavy TeV mass
cold dark matter, rendering the scenario highly predictive.
We start by reviewing the formalism of the proposed

minimal scenario [9] in Sec. II, highlighting the important
aspects of physics and explicitly exhibiting the relevant
quantities. Section III is devoted to examining the collider
Higgs search constraints and its application to the addi-
tional Higgs boson of the current scenario, utilizing the
data from LEP [7] as well as LHC [14] Higgs searches. In
Sec. IV, we systematically analyze the dark matter con-
straints arising from the relic abundance, as determined by
the Planck Collaboration [15], and the data from the LUX
direct detection experiments [16]. For illustration, we also
display the projected constraints by the future Xenon1T
experiment [17], which in the absence of any dark matter
signal discovery is expected to reduce the upper bound of
the interaction cross section additionally by 2 orders of
magnitude. We discuss the combined results of our analysis
in Sec. V, and present a comprehensive view of the model’s
parameter space by unified exclusion plots. Finally, we
conclude the work in Sec. VI.

II. REVIEW OF THE MINIMAL CLASSICALLY
SCALE INVARIANT HIGGS SECTOR

In this section, we provide a brief review of the minimal
classically scale invariant extension of the standard model
(SM), proposed in [9]. In this framework, the electroweak
Higgs doublet H is augmented by a complex scalar S
singlet under the SM gauge interactions. Specifically, the
scalar Lagrangian reads

Lscalar ¼ ðDμHÞ†DμH þ ∂μS�∂μS − Vð0ÞðH; SÞ; ð1Þ
where the electroweak doublet and singlet are, respectively,
defined as

H ¼ 1ffiffiffi
2

p
� ffiffiffi

2
p

πþ

vϕ þ ϕþ iπ0

�
;

S ¼ 1ffiffiffi
2

p ðvη þ ηþ iχÞ: ð2Þ

In (2), ϕ represents the SM Higgs boson with a correspond-
ing vacuum expectation value (VEV) vϕ ¼ 246 GeV, π0;�
are the usual electroweak Nambu-Goldstone bosons, η
denotes a CP-even singlet scalar degree of freedom acquir-
ing a VEV vη, and χ represents theCP-odd component of the
complex singlet scalar. One should keep in mind that, within
the current framework, the nonzero VEVs are generated
dynamically at the quantum level via the Coleman-Weinberg
mechanism [5] (see below).
Requiring a CP-symmetric scalar sector, the most gen-

eral classically scale invariant potential of this model
contains the following six entities:

3In principle, the proposed effective scenario may contain
Landau poles associated with the scalar (self-)couplings, which
would determine the upper range of validity of the theory.
Although these poles generally develop below the Uð1ÞY Landau
pole, they may lie close to the latter for suitable numerical choices
of the couplings [11]. It is possible to avoid the “little” hierarchy
problem for the potential poles positioned below the Planck scale
with an UV completion of the current effective theory, which has
a “small” coupling with the SM and retains properly classical
scale invariance [12] (see e.g. [13] for implementation of scale
invariance at quantum level).
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Vð0ÞðH; SÞ ¼ λ1
6
ðH†HÞ2 þ λ2

6
jSj4 þ λ3ðH†HÞjSj2

þ λ4
2
ðH†HÞðS2 þ S�2Þ þ λ5

12
ðS2 þ S�2ÞjSj2

þ λ6
12

ðS4 þ S�4Þ; ð3Þ

with all six couplings, λi, real and dimensionless. The
potential (3) formally accommodates a mixing between the
electroweak doublet and singlet by means of the parameters
λ3 and λ4. Employing the following definitions,

λϕ ≡ λ1; λη ≡ λ2 þ λ5 þ λ6; λχ ≡ λ2 − λ5 þ λ6;

ληχ ≡ 1

3
λ2 − λ6; λþm ≡ λ3 þ λ4; λ−m ≡ λ3 − λ4;

ð4Þ
the quartic part of the potential (3) in terms of the field
components may be conveniently expressed as

Vð0Þ
quartic ¼

1

24
½λϕϕ4 þ ληη

4 þ λχχ
4 þ λϕðπ0π0 þ 2πþπ−Þ2�

þ 1

4
½λþmϕ2η2 þ λ−mϕ

2χ2 þ ληχη
2χ2�

þ 1

12
½λϕϕ2 þ 3λþmη2 þ 3λ−mχ

2�ðπ0π0 þ 2πþπ−Þ:
ð5Þ

One can then show that the tree-level potential is bounded
from below [18], once the following conditions are
satisfied4:

λϕ > 0; λη > 0;

λχ > 0; ληχ > −
1

3

ffiffiffiffiffiffiffiffiffi
ληλχ

q
;

λþm > −
1

3

ffiffiffiffiffiffiffiffiffi
λϕλη

q
; λ−m > −

1

3

ffiffiffiffiffiffiffiffiffi
λϕλχ

q
; ð6aÞ

ληχ
ffiffiffiffiffi
λϕ

q
þ λþm

ffiffiffiffiffi
λχ

q
þ λ−m

ffiffiffiffi
λη

q
> −

1

3

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
λϕληλχ

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð3ληχ þ

ffiffiffiffiffiffiffiffiffi
ληλχ

q
Þð3λþm þ

ffiffiffiffiffiffiffiffiffi
λϕλη

q
Þð3λ−m þ

ffiffiffiffiffiffiffiffiffi
λϕλχ

q
Þ

r �
:

ð6bÞ

The nonzero VEVs, vϕ and vη, induce formal mass terms
for the scalar fields of the Lagrangian. In addition, due to
the mixing parameters, λ3 and λ4, they give rise to a mixing
between the CP-even scalars, ϕ and η. The physical masses
of the latter scalars may, subsequently, be determined by
means of an orthogonal rotation matrix [9]�

ϕ

η

�
¼

�
cosω sinω

− sinω cosω

��
h

σ

�
;

cotð2ωÞ≡ 1

4λþm

�
ðλη − λþmÞ

vη
vϕ

− ðλϕ − λþmÞ
vϕ
vη

�
; ð7Þ

where h and σ represent the mass eigenstates of the CP-
even scalars. With all the other scalar masses remaining
automatically diagonal, one obtains at tree level [9]

M2
h ¼

1

2
½λϕv2ϕ þ λþmvηðvη − 2vϕ tanωÞ�;

M2
χ ¼

1

2
½λ−mv2ϕ þ ληχv2η�;

M2
σ ¼

1

2
½λϕv2ϕ þ λþmvηðvη þ 2vϕ cotωÞ�;

M2
π0

¼ M2
π� ¼ 1

6
½λϕv2ϕ þ 3λþmv2η�: ð8Þ

The h scalar degree of freedom is identified with the
125 GeV state discovered at the LHC [1]; i.e.
Mh ¼ 125 GeV.5

Furthermore, invoking the seesaw mechanism [10],
we account for the nonzero neutrino masses (deduced
from the experimentally observed neutrino oscillations) by
including three heavy right-handed Majorana neutrino
flavors, N i. The masses of the latter are generated via
their Yukawa interactions with the complex singlet scalar S
in (2). For simplicity, these Yukawa couplings—and hence
the right-handed neutrino masses—are chosen to be flavor
universal. Demanding the pure gauge-singlet sector, in
addition, to be CP invariant [9], we may write

LN ¼ −½Yν
ijL̄

i
l
~HN j þ H:c:� − 1

2
yNI3×3ðSþ S�ÞN̄ iN i;

ð9Þ

where Yν
ij is the (complex) Dirac neutrino Yukawa matrix,

coupling the SM Higgs doublet H to the left-handed lepton
doublet Li

l and the right-handed neutrinoN j, yN represents
the (real) flavor-universal right-handed Majorana neutrino
Yukawa coupling, N i ¼ N c

i is the 4-component gauge-
singlet Majorana spinor, and ~H ≡ iσ2H�. A flavor-universal
mass scale for the right-handed Majorana neutrinos is

4As explained in [18], the relations (6a) and (6b) represent
the sufficient and necessary conditions for vacuum stability.
The current conditions are less restrictive than those derived
previously in [9].

5As discussed in [9], identifying the σ scalar with the
discovered 125 GeV state in this minimal scenario is ruled out
by the obtained theoretical and experimental bounds.
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induced once the CP-even component of S acquires a
nonzero VEV, vη,

6

MN ¼
ffiffiffi
2

p
yNvη: ð10Þ

The classical scale invariance is explicitly broken by the
logarithmic quantum effects; hence, a one-loop study of
the scalar potential is necessary, in order to determine the
true vacuum of the system. To this end, we express the full
one-loop scalar potential as

VðH; SÞ ¼ Vð0ÞðH; SÞ þ Vð1ÞðH; SÞ; ð11Þ
containing the tree-level potential Vð0ÞðH; SÞ, given by (3),
and the one-loop contribution Vð1ÞðH; SÞ from all relevant
degrees of freedom in the loop.
The minimization of the one-loop potential (11)—

although analytically difficult in general—may be per-
formed perturbatively using the Gildener-Weinberg pre-
scription [19], where initially only the tree-level potential
Vð0ÞðH; SÞ (3) is minimized with respect to its constituent
fields, H and S. In this approach, the tree-level minimiza-
tion, nevertheless, occurs at a definite mass scale Λ. This is
due to the fact that the couplings of the tree-level potential
run with the renormalization scale μ at the quantum level. At
the energy scale μ ¼ Λ, a flat direction among the nonzero
VEVs in the potential may be identified by the tree-level
minimization. The one-loop corrections will, then, become
dominant along this particular direction, where they lift
the flatness of the potential and determine the physical
vacuum—thereby, breaking the classical scale symmetry.
Performing the described tree-level minimization [9], one

deduces the following relations, valid at the scale μ ¼ Λ:

v2ϕ
v2η

¼ −3λþmðΛÞ
λϕðΛÞ

¼ ληðΛÞ
−3λþmðΛÞ

; ð12Þ

which defines the flat direction of the potential and elim-
inates one of the couplings in favor of the dimensional
transmutation scale Λ. Along this direction, one obtains, for
the mixing angle, cotω ¼ vη=vϕ [cf. (7)], and the tree-level
expressions for the masses (8) and (10) now yield

M2
h ¼

v2ϕ
3
½λϕðΛÞ − 3λþmðΛÞ�;

M2
χ ¼

v2ϕ
6λþmðΛÞ

½3λþmðΛÞλ−mðΛÞ − λϕðΛÞληχðΛÞ�;

M2
σ ¼ M2

π0
¼ M2

π� ¼ 0;

MN ¼ yNvϕ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2λϕðΛÞ
−3λþmðΛÞ

s
: ð13Þ

The electroweak Nambu-Goldstone bosons are massless, as
expected, which remains true to all orders in perturbation
theory. Furthermore, it is worth noting that the σ scalar has a
vanishing mass at tree level. This is attributed to the fact
that the σ field serves as the (pseudo) Nambu-Goldstone
boson of the classical scale symmetry and becomes massive
at one loop due to the Coleman-Weinberg mechanism [5].
As explained in [9], the one-loop effective potential of

the ϕ field [cf. (2)] with the massive h scalar, χ pseudo-
scalar, W� and Z vector bosons, top quark, and the heavy
right-handed neutrinos in the loop may be expressed, at the
scale μ ¼ Λ, according to

VðϕÞ ¼ αϕ4 þ βϕ4 log
ϕ2

Λ2
; ð14Þ

where the coefficients in the MS scheme are defined as

α ¼ 1

64π2v4ϕ

�
M4

h

�
−
3

2
þ log

M2
h

v2ϕ

�
þM4

χ

�
−
3

2
þ log

M2
χ

v2ϕ

�

þ 6M4
W

�
−
5

6
þ log

M2
W

v2ϕ

�

þ 3M4
Z

�
−
5

6
þ log

M2
Z

v2ϕ

�
− 12M4

t

�
−1þ log

M2
t

v2ϕ

�

− 6M4
N

�
−1þ log

M2
N

v2ϕ

��
; ð15aÞ

β ¼ 1

64π2v4ϕ
ðM4

h þM4
χ þ 6M4

W þ 3M4
Z − 12M4

t − 6M4
NÞ:

ð15bÞ

The energy scale Λ may be determined explicitly by
minimizing (14) with respect to ϕ at ϕ ¼ vϕ, yielding

Λ ¼ vϕ exp

�
α

2β
þ 1

4

�
: ð16Þ

Hence, inserting (16), the one-loop effective potential (14)
reduces to

VðϕÞ ¼ βϕ4

�
log

ϕ2

v2ϕ
−
1

2

�
; ð17Þ

which is guaranteed to be bounded from below for large
ϕ values if β > 0. This corresponds to demanding the
following relation between the masses to be satisfied
[cf. (15b)],7

M4
χ − 6M4

N > 12M4
t − 6M4

W − 3M4
Z −M4

h: ð18Þ
6The Dirac Yukawa couplings Yν are of the same order as the

SM electron Yukawa coupling [9]; hence, we ignore them
altogether in the rest of this analysis.

7Notice that the stability relation (18) cannot be satisfied
within the SM alone.
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Furthermore, it is easy to show [9] that the one-loop
effective potential generates a radiative mass for the σ
scalar, via the Coleman-Weinberg mechanism [5], as a
function of the other parameters of the theory,

m2
σðω;Mχ ;MNÞ ¼ 8βv2ϕsin

2ω: ð19Þ

The positivity of m2
σ is automatically ensured by the

stability condition β > 0, (18).
The model contains five free parameters [9], which,

without loss of generality, may be taken as the set

fω;Mχ ;MN; λχ ; λ−mg: ð20Þ

Note that, in principle, either of the first three parameters
in (20) may be traded for the mass of the σ boson mσ , by
virtue of (19) and (15b). The remaining Lagrangian param-
eters are expressed in terms of the set (20) according to

λϕ ¼ 3
M2

h

v2ϕ
cos2ω; λþm ¼ −

M2
h

v2ϕ
sin2ω;

λη ¼ 3
M2

h

v2ϕ
sin2ωtan2ω; ληχ ¼

�
2
M2

χ

v2ϕ
− λ−m

�
tan2ω;

yN ¼ MNffiffiffi
2

p
vϕ

tanω: ð21Þ

One observes from (21) that the sign of the mixing angle ω
does not affect any of the parameters in the scalar potential;
therefore, in the following, we shall confine the analysis to
0 ≤ sinω ≤ 1, without loss of generality. This observation
is, however, not true for the λ−m parameter. As we shall
discuss in the forthcoming sections, the sign of the latter
leads to interesting phenomenological consequences.
Moreover, we note that, using (21), the last stability
expression of the tree-level potential in (6a) dictates a formal
relation among the input parameters λχ , λ−m, and the mixing
angle ω in (20),8

λ−mffiffiffiffiffi
λχ

p
cosω

> −
Mhffiffiffi
3

p
vϕ

: ð22Þ

As a consequence, fixed values of λχ and λ−m impose formal
restrictions on the viable range of sinω; we shall further
elaborate on this observation and its implications in Sec. V.
This concludes our brief review of the formal aspects of

the proposed scenario. The viable region of the free
parameter space has been previously explored in [9], by
imposing theoretical constraints from stability of the
potential, unitarity, and triviality, as well as experimental
bounds from electroweak precision tests and LHC direct
measurements of the 125 GeV scalar. In the following

sections, we investigate additional constraints on the param-
eter space arising from LEP and LHC Higgs searches, as
well as dark matter relic density and direct detection data.

III. COLLIDER SEARCH CONSTRAINTS
ON THE σ SCALAR

It was demonstrated in [9], and briefly reviewed in
Sec. II, that a mixing between the electroweak doublet and
singlet (2) in the scalar potential (3) necessarily leads to a
mixing between their CP-even components which acquire
nonzero VEVs. As a consequence, the model predicts the
existence of two physical Higgs bosons, namely, the h and
σ scalars [cf. (7)]. Both of these scalars are capable of
interacting with the particle content of the SM electroweak
sector, although their tree-level coupling strengths are
suppressed with respect to a pure SM Higgs boson by
cosω and sinω, respectively, due to the mixing.
The h boson is, as mentioned, identified with the 125 GeV

state discovered at the LHC [1], Mh ¼ 125 GeV [cf. (13)],
and the constraints on the model’s free parameters, arising
from the direct measurements of its properties, were ana-
lyzed in [9]. The latter study favored sinω ≤ 0.44.9

Therefore, the h Higgs is expected to be mostly SM-like,
whereas the σ boson is mostly singletlike in nature.
The (radiatively generated) mass of the σ scalar is given

by (19), which exhibits a dependence on the masses of
the pseudoscalar and the right-handed neutrinos, in addi-
tion to the mixing angle. The σ boson may, thus, be lighter
or heavier than the 125 GeV h Higgs, while maintaining
perturbative unitarity of the theory [9]. In spite of its
mixing-angle suppressed tree-level coupling, the σ boson
can interact with the SM degrees of freedom; consequently,
the data from the (heavy) Higgs collider searches may be
used to constrain its properties.
In particular, we employ the available data from the LEP

Higgs searches [7], probing the mass range 10–120 GeV at
95% C.L., as well as the LHC (heavy) Higgs searches atffiffiffi
s

p ¼ 7, 8 TeV [14], extending the mass reach at 95%
C.L. to 1 TeV. In order to analyze these experimental data
within the current framework, we construct an effective
Lagrangian, which describes the tree-level interactions of the
σ boson with the heavy vector bosons and heavy fermions,
its one-loop effective couplings to gluons and photons, as
well as its additional tree-level non-SM couplings to a pair of
h Higgses and right-handed Majorana neutrinos,10

8One can verify that the remaining conditions in (6a) and (6b)
are automatically satisfied along the flat direction (12).

9Upon reexamining our previous analysis in [9], we have
discovered a minor unfortunate error in the fitting code.
Correcting this error leads to a slightly weaker constraint on
the mixing angle; namely, sinω ≤ 0.44, as opposed to the
previously reported incorrect value sinω ≤ 0.37. We will employ
the correctly derived value throughout the current analysis.

10A decay of the σ boson into a pair of pseudoscalars χ,
although formally present, is kinematically forbidden for a σ
boson lighter than 1 TeV, as mσ < 2Mχ for all choices of the free
parameters within this mass range.
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Lσ
effective ¼ cσV

2M2
W

vϕ
σWþ

μ W−μ þ cσV
M2

Z

vϕ
σZμZμ − cσt

Mt

vϕ
σt̄t

− cσb
Mb

vϕ
σb̄b − cσc

Mc

vϕ
σc̄c − cστ

Mτ

vϕ
στ̄τ ð23aÞ

þ cσg
αs

12πvϕ
σGa

μνGaμν þ cσγ
α

πvϕ
σAμνAμν þ cσhσhh

þ cσN σN̄ iN i: ð23bÞ

In this effective Lagrangian, the (dimensionless) tree-level
coefficients in (23a) parametrize the deviation of their
couplings from the corresponding SM values. Accordingly,
their values are determined by the mixing-angle suppression
factor

cσV ¼ cσt ¼ cσb ¼ cσc ¼ cστ ¼ sinω: ð24Þ

The current scenario does not introduce any new degrees of
freedom carrying either color or electric charges; therefore,
involving only the usual SM states in the loop, a similar
situation arises for the one-loop interaction of the σ boson
with pairs of gluons and photons in (23b). Their correspond-
ing (dimensionless) coefficients are just those calculated
within the SM (at the σ mass) multiplied by the suppression
factor,

cσg ¼ sinω × cϕg ðmϕ ¼ mσÞ;
cσγ ðmϕ ¼ mσÞ ¼ sinω × cϕγ ðmϕ ¼ mσÞ: ð25Þ

The remaining non-SM tree-level (dimensionful) σhh
and (dimensionless) σN̄ iN i couplings in (23b) may be
determined from their corresponding Lagrangians (see
Appendix A for the relevant Feynman rules), which yield

cσh ¼ −
M2

h

vϕ
sinω; cσN ¼ −

MN

2vϕ
sinω: ð26Þ

Given the described effective formalism, we may now
proceed to determine the total decay width of the σ boson
within our model. Expressing the σ boson’s width accord-
ing to that of a corresponding SM Higgs with the same
mass [Γϕ

totalðmϕ ¼ mσÞ], one may easily deduce from the
effective Lagrangian,

Γσ
total ¼ sin2ω½BRSM

WW þ BRSM
ZZ þ BRSM

gg þ BRSM
γγ þ BRSM

t̄t

þ BRSM
b̄b

þ BRSM
c̄c þ BRSM

τ̄τ �Γϕ
totalðmϕ ¼ mσÞ

þ Γðσ → hhÞ þ Γðσ → N̄ iN iÞ; ð27Þ

where BRSM
ij denotes the SM branching ratio of the Higgs

decay into the ij final states. Using (26), the non-SM partial
decay widths may be computed,

Γðσ → hhÞ ¼ sin2ω
M4

h

8πv2ϕmσ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

�
2Mh

mσ

�
2

s
;

Γðσ → N̄ iN iÞ ¼ sin2ω
mσM2

N

16πv2ϕ

�
1 −

�
2MN

mσ

�
2
�
3=2

: ð28Þ

The analysis of the experimental data from the Higgs
searches [7,14] depends crucially on the validity of the
narrow-width approximation, in which the ratio of the
Higgs total decay width to its mass is assumed to remain
small within the entire mass range of the searches. In this
spirit, let us examine the validity of the narrow-width
approximation for the σ scalar of the current scenario. As
evident from (27), the total decay width of the σ boson
formally depends on the mixing angle and the right-handed
neutrino mass scale, in addition to its own mass. Figure 1
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FIG. 1 (color online). Validity of the narrow-width approximation for the σ boson. The panels display the ratio of the boson’s total
width to its mass as a function of its mass formσ ≤ 1 TeV. Three values of the mixing angle—motivated by the experimental constraints
[9]—are selected for illustration in each panel. In the left panel (MN ¼ 300 GeV), the decay channel of the σ scalar to a pair of right-
handed neutrinos is kinematically open, whereas in the right panel (MN ¼ 1000 GeV), such a decay is not permitted. The effect of this
non-SM decay mode is, thus, negligible in the entire mass range of interest.
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depicts the ratio of the σ boson’s calculated total decay
width (27) to its mass for mσ ≤ 1 TeV. In the left panel of
this figure, representing a right-handed neutrino mass
MN ¼ 300 GeV, an on-shell decay of the σ boson to a
pair of right-handed neutrinos is kinematically allowed
within the displayed range, whereas such a decay is
kinematically forbidden in the right panel, where
MN ¼ 1000 GeV. Furthermore, each panel depicts three
different values of the mixing angle, sinω, for illustration
purposes; the latter are motivated by the experimental
bounds, as studied in [9]. It is evident from Fig. 1 that
the narrow-width approximation remains valid for the σ
boson in the entire mass range of interest for the collider
searches and for all (allowed) choices of the model’s free
parameters. Moreover, the effect of the σ boson’s potential
decay into right-handed Majorana neutrinos may be safely
ignored, and we do not consider this effect in the remainder
of this section. It is interesting to note that the width of the σ
boson is, in fact, much narrower than that of a correspond-
ing SM Higgs with the same mass. This is attributable
to the suppression by the mixing-angle factor [cf. (27)],
while the additional non-SM contributions to the width are
not sufficiently large to compensate for this tree-level
suppression within the mass range of interest.
Next, we analyze the experimental data from LEP [7]

and LHC [14] Higgs searches as applied to the σ scalar of
the current scenario, taking into account the most stringent
bounds in the search data. For the LHC, the strongest
constraints arise from Higgs decays toWþW− and ZZ final
states, whereas for the LEP, they are given by the bb̄ decay
mode. The production of the σ boson, on the other
hand, may equally proceed via the vector-boson-fusion
(VBF), vector-Higgs (VH) associated production, or the

gluon-fusion channels—all suppressed by the mixing-angle
factor, with respect to a pure SM Higgs. In the narrow-
width approximation—assumed in the aforementioned
searches and appropriate for our σ boson (cf. Fig. 1)—
the signal rate may be constructed by multiplying the
production cross section by the branching ratio of the
appropriate decay mode. In order to make a comparison
between the current model and the ordinary SM predicted
signal rates, we construct the μ parameter, defined by

μðii → σ → jjÞ≡ σðii → σÞ × BRðσ → jjÞ
σðii → ϕÞ × BRðϕ → jjÞ

¼ sin4ω
Γϕ
totalðmϕ ¼ mσÞ

Γσ
total

; ð29Þ

where ii denotes the VBF, VH associated production or the
gluon-fusion production channels, jj stands for theWþW−,
ZZ, or bb̄ final states, and we have used the coefficients of
the effective Lagrangian (23a) and (23b). Inserting the σ
boson’s total width (27) in (29) and neglecting a decay into
the right-handed neutrinos (cf. Fig. 1), one notes that the μ
parameter is explicitly a function of mσ and ω. One may,
then, compare the constructed μ parameter of the model
with the one quoted by the experimental searches [7,14]
and derive bounds on the input parameters (20).
In the left panel of Fig. 2, the theoretical values of the μ

parameter (29) are depicted as a function of the σ boson
mass, for three selected values of the mixing angle. In
addition, the most stringent upper bound arising from LEP
[7] and LHC [14] Higgs searches, together covering a mass
range 10–1000 GeV at 95% C.L., is displayed in the same
figure. One concludes that the collider Higgs searches
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FIG. 2 (color online). Left panel: Theoretical curves of the μ parameter (29) as a function of the σ boson mass, for three representative
values of the mixing angle, along with the most stringent experimental upper limit from LEP [7] and LHC [14] Higgs searches at
95% C.L. Right panel: The experimental exclusion limits in the sinω-mσ plane. All colored regions are excluded at 95% C.L., taking
into account the electroweak precision tests (dot-dashed line), direct measurements of the LHC 125 GeV hHiggs’ properties (solid line),
and the LEP and LHC Higgs searches (dotted line).
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generally exclude a light σ boson with a large mixing angle.
The exclusion limits from these searches are complemen-
tary to the experimental bounds derived in [9], considering
the electroweak precision tests and the direct measurements
of the 125 GeV h Higgs at the LHC. This fact is illustrated
in the right panel of Fig. 2, where the mass of the σ boson is
plotted as a function of the mixing angle, sinω. These
experimental considerations are insensitive to the values of
the remaining input parameters, MN , λχ , and λ−m, and
exclude, together, the mixing region sinω≳ 0.3 for most
values of the σ boson masses.

IV. DARK MATTER CONSTRAINTS ON
THE χ PSEUDOSCALAR

Demanding the pure singlet sectors [i.e., the scalar
potential (3), and the Yukawa interaction between the
singlet and the right-handed neutrinos in (9)] to be CP
invariant results in the pseudoscalar state χ always appear-
ing in pairs [9], rendering it stable and a potential weakly
interacting massive particle (WIMP) dark matter candidate.
Furthermore, it was demonstrated that this degree of
freedom may be heavy, with a mass potentially in the
TeV region; hence, appropriate within the cold dark matter
framework. This section is devoted to study the constraints
on the parameter space which arise from the WIMP relic
abundance considerations as determined by the Planck
Collaboration [15], as well as the limits set by the LUX
direct detection experiment [16],11 assuming χ constitutes
an Oð1Þ fraction of the dark matter in the Universe.

A. Thermal relic density

As a WIMP dark matter candidate, the heavy χ pseu-
doscalars are initially thermalized in the early Universe,
where T ≫ Mχ . As the temperature continues to drop due
to the expansion of the Universe, the rate of the dark matter
pair annihilation decreases accordingly; therefore, main-
taining the thermal equilibrium becomes progressively
difficult. Once the scattering rate is approximately below
the Hubble expansion rate, the dark matter density essen-
tially freezes out, decoupling from the remaining relevant
species—all of which are assumed to be lighter and, hence,
remain thermalized at that epoch. In this fashion, the frozen
abundance of the dark matter survives until the present
time. We may, thus, derive constraints on the model’s free
parameters, by estimating its prediction for the relic density
of the χ pseudoscalar and comparing the latter with the
latest observational data from the Planck satellite [15].

To this end, we follow the standard approach presented in
[20–22].
Defining the number of dark matter particles per comov-

ing volume as Y ≡ n=s, with n the number density and s
the entropy density, one may express the rate of change of Y
by the Boltzmann equation [22]

dY
dx

¼ −
xshσviann
HðMχÞ

ðY2 − Y2
eqÞ ðx≡Mχ=TÞ; ð30Þ

with Yeq ≡ neq=s the equilibrium value. In the nonrelativ-
istic limit, x ≫ 3 [22], the equilibrium value of the
comoving number density is given by

YeqðxÞ≡ ax3=2e−x; a≡ 45

25=2π7=2
1

g�s
; ð31Þ

with g�s the effective entropy degrees of freedom. Similarly,
the Hubble rate at the time of freeze-out, T ∼Mχ , reads

HðMχÞ ¼
2π3=2

3

ffiffiffiffiffiffiffi
grad
5

r
M2

χ

MP
; ð32Þ

where MP ¼ G−1=2
N ¼ 1.22 × 1019 GeV is the Planck

mass. The number of effective relativistic degrees of
freedom at the time of freeze-out is grad ¼ 106.75þ Ns
and approximately equals g�s for our purposes.12 Ns
represents the number of non-SM scalar contributions,
which in the current model constitutes only the σ state.
Hence, we have g�s ≃ grad ¼ 107.75.
The thermally averaged cross section of the dark matter

pair annihilation into jj0 final states, χχ → jj0, is deter-
mined according to [20,22]

hσviann ≡ 1

n2eq

Z
d3p1d3p2fðE1ÞfðE2Þv12σann

≃ E1E2v12σann
M2

χ

����
scm¼4M2

χ

þO
�
1

x

�
; ð33Þ

where fðEiÞ is the Boltzmann distribution of particle iwith
energy Ei, v12 is the relative velocity of the dark matter pair,
and σann is the total 2 → 2 scattering cross section. The
leading-order expression on the right-hand side of (33)
corresponds to the zero-temperature limit and should be
evaluated at the center-of-mass energy scm ¼ 4M2

χ ; for the
nonrelativistic χ pair annihilation it is sufficient to use this
approximating term. The dominant 2 → 2 processes, con-
tributing to the total annihilation cross section of the dark
matter pair, are depicted in Fig. 3, where an annihilation
into the right-handed neutrinos and the σ scalars is taken
into account, in addition to the hHiggs pair, tt̄,WþW−, and

11As mentioned in Sec. I, a similar analysis of χ as a dark
matter candidate, for small values of the mixing angle, has
previously been presented in [11] without considering the right-
handed Majorana neutrinos. In the current treatment, we include
the latter, which formally influences the lower bound on Mχ
[cf. (18)], as well as providing an additional channel for the dark
matter annihilation.

12This is exact if all the particle species in the Universe have
the same temperature.
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ZZ final states. The corresponding expressions for the
thermally averaged cross section are provided in
Appendix B.
Accordingly, one may derive an approximate analytical

solution for the freeze-out temperature [22],

xfo ≡Mχ

Tfo
≃ log λa −

1

2
log log λa; ð34Þ

with a as defined in (31) and the parameter λ given by

λ≡ 2π2

45

g�sM3
χhσviann

HðMχÞ
: ð35Þ

The comoving number density of dark matter at the present
time, Y∞, may then be found by integrating the Boltzmann
equation (30) from xfo to ∞, which approximately
yields [22]

Y∞ ≃ xfo
λ
: ð36Þ

The WIMP thermal relic density—defined as the ratio of its
mass density to the critical density at the present time,
ρcrit=h2 ¼ 1.878 × 10−29 g cm−3 [23] with h ¼ 0.673 the
Hubble scale factor—is determined as [22]

Ωχh2 ¼
MχY∞s∞
ρcrit=h2

; ð37Þ

where s∞ ¼ 2891 cm−3 [23] is the present value of the
entropy density. Expression (37) constitutes the prediction
of our model for the present time thermal relic density of
the cold dark matter pseudoscalar, χ, and depends on the
input parameters ω, λ−m, Mχ , and MN . Comparing this
expression with the observed value Ωχh2 ¼ 0.1199�
0.0027 from the Planck Collaboration [15] imposes further
bounds on these free parameters.
This fact has been illustrated in Fig. 4, which displays

the constraint from the dark matter relic abundance in the
sinω-Mχ plane, along with the discussed [9] experimental
95% C.L. bounds arising from the electroweak precision
tests and the direct measurements of the LHC 125 GeV
Higgs’ properties. The panels correspond to representative
values of the remaining parameters; namely, the right-
handed neutrino mass MN and the input parameter λ−m. It
is evident that the observed value of the relic density
(thick red band) is comfortably accommodated within the
viable range of the model’s parameters and that a larger
value of λ−m necessitates a heavier dark matter to comply
with the observational data. We have verified that a
dependence on the sign of the λ−m parameter is negligible
in this analysis. In addition, in order to investigate the

FIG. 3. Pair annihilation of the χ WIMP dark matter into the (dominant) pairs of scalar, fermion, and vector final states. Diagrams in
the top three rows illustrate their scattering process in all possible channels with the corresponding mediators.
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validity of the nonrelativistic treatment of χ during the
freeze-out epoch—as indicated by the condition xfo ≫ 3

[22]—various contours of the xfo parameter (34) are
shown in the same figure. One concludes that the relic
density constraint generally lies within the range
20 < xfo < 30, whence the assumption of χ as a cold
dark matter candidate is justified.

B. Direct detection

Having discussed the implications of the Planck obser-
vations for the thermal relic density of our scenario’s dark
matter candidate, let us further investigate the limits
inferred from the experiments for its potential direct
detection. Given the heavy TeV nature of the χ WIMP,
we shall focus on the results obtained by the LUX
experiment [16], which currently define the most stringent

constraints on potential direct detection of dark matter
particles heavier than ∼100 GeV.
Within the current framework, the χ WIMP interacts

with the nucleons by exchanging the h and σ bosons in

FIG. 5. Elastic scattering of a dark matter WIMP χ off a nucleon
N. The process is mediated by the exchange of the h and σ scalars.

FIG. 4 (color online). Constraint from the dark matter relic abundance in the sinω-Mχ plane, for benchmark values of the
right-handed neutrino mass MN (columns) and the input parameter λ−m (rows). The thick (red) band represents the thermal
relic density of the cold WIMP pseudoscalar as constrained by the data from the Planck Collaboration [15]. The thickness of
the line corresponds to the 1σ uncertainty quoted by the collaboration. A dependence on the sign of the λ−m parameter is negligible. In
addition, the experimental exclusion bounds from the electroweak precision tests (dot-dashed line) and the direct measurements of the
LHC 125 GeV Higgs’ properties (solid line) at 95% C.L. are displayed, which set the upper limit on the mixing angle. The solid black
region, inferred from the stability condition of the one-loop potential (18), determines the formal lower bound on the WIMP massMχ for
each selected value of MN . The enumerated thin contours represent the values of the xfo parameter (34), illustrating the validity of the
nonrelativistic treatment (xfo ≫ 3) and hence the cold dark matter nature of the pseudoscalar χ. The observed relic density is comfortably
accommodated within the allowed region of the model’s parameter space.
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the t channel, as illustrated in Fig. 5. The amplitude for the
elastic scattering is given by the expression

iMNχ→Nχ ¼
gW
2MW

mNfN

�
λχχh

t −M2
h

cosωþ λχχσ
t −m2

σ
sinω

�
× ūðpfÞuðpiÞ; ð38Þ

where gW is the weak coupling, iλχχh and iλχχσ are the
couplings of their corresponding scalar mediators to the
dark matter (see Appendix A), pi and pf are the initial

and final momenta of the nucleon, respectively, and t is
the Mandelstam variable representing the square of the
exchanged momentum. For the nucleon mass, we take the
average value of the proton and neutron masses,
mN ¼ 0.939 GeV. The nucleon form factor fN parametr-
izes the coupling of the SM Higgs, ϕ [cf. (7)], to the
nucleon and takes the approximate value fN ≃ 0.345
[24–26] (see also [27] for further discussions).
Since the dark matter particle is, within the model, much

heavier than the nucleon (i.e., Mχ ≫ mN), the center-of-
mass frame virtually coincides with the χ rest frame.
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FIG. 6 (color online). Theoretically calculated curves of the WIMP-nucleon elastic scattering spin-independent cross section (39) as a
function of the WIMP mass, for four representative values of the mixing angle motivated by the experimental constraints. The panels
correspond to benchmark values of the right-handed neutrino mass MN (columns) and the input parameter λ−m (rows). In addition, the
exclusion bound from the LUX direct detection experiment [16] is displayed (dashed line), setting the current upper limit on the
scattering cross section. The solid black region, inferred from the stability condition of the one-loop potential (18), determines the formal
lower bound on the WIMP mass Mχ for each selected value of MN . Furthermore, the shaded region indicates the projected exclusion
bound from the future Xenon1T experiment [17].
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Given that the typical momentum exchange for direct
detection is below O ðGeVÞ, the spin-independent cross
section (appropriate for scalar dark matter) of the scattering
process is easily obtained as

σSINχ→Nχ ¼
g2W
16π

m4
Nf

2
N

M2
WM

2
χ

�
λχχh
M2

h

cosωþ λχχσ
m2

σ
sinω

�
2

: ð39Þ

As with the study of the thermal relic abundance (37), the
spin-independent cross section (39) is a function of the
input parameters ω, λ−m, Mχ , and MN [cf. (19) and
Appendix A], and the experimentally determined results
for this quantity, quoted by the LUX experiment at
90% C.L. [16], may be utilized to constrain, once again,
the parameter space.
The results are depicted in Fig. 6, where the theoretical

curve of the elastic scattering spin-independent cross
section (39) is shown as a function of the WIMP mass
for Mχ ≤ 5 TeV, together with the cross section upper
bound at 90% C.L. as reported by the LUX direct detection
experiment [16]. For comparison, the projected upper limits
of the scattering cross section from the future Xenon1T
experiment [17] are also indicated, which, in the absence of
a positive detection signal, is expected to further reduce
this upper bound by about 2 orders of magnitude at
90% C.L.13 The curves within each panel correspond to
several experimentally motivated values of the mixing
angle, and the panels represent various choices of the
remaining input parameters,MN and λ−m. Once more, larger
mixings are disfavored by the experimental data for heavier
WIMP masses. Nevertheless, in the lower mass region, the
cross section drops once there is a cancellation between
the two competing scalar mediator channels in (39). Using
the explicit form of the couplings (Appendix A), one can
show that this cancellation occurs once the following
relation between the free parameters is satisfied:

λ−m ∼
2M2

χ

v2ϕ

�
1 −

M2
h

m2
σ

�
sin2ω; ð40Þ

opening up a window of compatibility for the larger values
of the mixing angle with the observations. Interestingly,
one notes that the sign of λ−m is highly relevant in this
analysis, since it plays a crucial role in the mentioned
cancellation.

V. DISCUSSION

In this section, we provide a concise summary of our
study, by combining the results from collider Higgs
searches and dark matter analyses into unified exclusion
plots of the model’s parameter space. In addition, we

incorporate the previously analyzed [9] experimental
results from the electroweak precision tests and direct
measurements of the 125 GeV h Higgs at the LHC, as
well as formal bounds obtained from stability of the
potential and perturbative unitarity considerations.
In order to describe a comprehensive view of the

parameter space, we illustrate the combined analysis in
two-dimensional planes with the axes Mχ , mσ or sinω,
while varying the remaining parameters. Since neither the
experimental investigations nor the strongest unitarity
condition (given by ληχ < 8π [9] for the parameters’ range
of interest) involve the input parameter λχ, we fix λχ ∼
Oð4πÞ and omit the latter henceforth.14

First, let us summarize the implications of our findings
for the σ boson. These are most clearly represented in the
sinω-mσ panels of Fig. 7, for mσ ≤ 1 TeV, and for various
choices of the remaining two free parameters, λ−m (row) and
MN (column). A sensitivity to the right-handed Majorana
neutrino mass mostly materializes in the perturbative
unitarity bound, where heavier right-handed neutrinos
are increasingly disfavored. In addition, the input parameter
λ−m is varied in magnitude from small to large and also in
sign. The constraints from the LUX direct detection
experiments [16] are especially susceptible to this param-
eter, given its role in the cancellation among the two h- and
σ-mediated competing channels in the spin-independent
elastic scattering cross section (39). Larger mixing-angle
values satisfying the cancellation condition (40) for a given
λ−m then become unconstrained by the observational data
and open up a small window of compatibility. A larger
positive λ−m mildly mitigates the direct detection constraints.
It is evident that incorporating the direct detection

bounds into the limits already obtained from the other
experimental considerations (cf. the right panel of Fig. 2)
results in more stringent constraints on the model’s param-
eter space. It further narrows the viable values of the mixing
angle to sinω≲ 0.2 for most σ boson masses, aside from
the small window determined by the mentioned cancella-
tion condition (40), as well as defining the lower limit ofmσ

compatible with the observational data. Moreover, requir-
ing the pseudoscalar χ to be a dark matter WIMP with the
correct relic density [15] places further restrictions on
the interrelations of the parameters and highly increases
the predictability and testability of the current framework.
Figure 8 illustrates, in an analogous manner, the afore-

mentioned constraints on the sinω-Mχ plane for similarly

13For the purpose of the current illustration, we extrapolate the
Xenon1T projections up to 5 TeV (see also http://dendera
.berkeley.edu/plotter/entryform.html).

14As described below (21), the stability of the tree-level
potential imposes the nontrivial inequality relation (22) among
λχ , λ−m, and ω. Given our primary interest in the experimental
constraints, choosing λ−m ≳ −1 and λχ ∼Oð4πÞ results in a
restriction on sinω, which is contained within the experimental
bounds. Accordingly, we ignore the tree-level stability condition
in the exclusion plots (Figs. 7, 8, and 9), which will be
automatically satisfied within the experimentally determined
viable region of the parameter space.
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selected values of λ−m (row) and MN (column) as in Fig. 7,
where the WIMP mass Mχ ≤ 5 TeV. In this case, the
stability of the potential at one loop (18) imposes a formal
lower bound on Mχ for each value of the right-handed
neutrino mass. Once more, the dark matter direct detection

data place the most stringent constraints on the parameter
space, further narrowing the viable region as compared
with the other experimental limits (cf. Fig. 4). The
described observations in Fig. 7 remain valid in the present
case. A λ−m parameter larger in magnitude, however,

FIG. 7 (color online). Constraining the sinω-mσ plane for various choices of the parameters λ−m and MN . All colored regions are
excluded. The experimental constraints are, at 95% C.L., derived from the electroweak precision tests (dot-dashed line), direct
measurements of the LHC 125 GeV Higgs’ properties (solid line), and the LEP and LHC Higgs searches (dotted line). The formal
perturbative unitarity bound (long-dashed line) is also depicted. In all panels, the parameter space is, nonetheless, most severely
restricted by the LUX direct detection data (short-dashed line) at 90% C.L., permitting only small mixings and setting a lower limit on
the σ mass. The thick (red) band, within the allowed region, corresponds to satisfying the observational value of the WIMP relic
abundance within the 1σ uncertainty quoted by the Planck Collaboration.
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requires a heavier WIMP, in order to comply with the
constraint from the thermal relic abundance, which may be
fully accommodated by the viable parameter values of the
current scenario in the sinω≲ 0.1 region.
Furthermore, let us examine the interplay between the σ

boson and the dark matter χ pseudoscalar directly, by
plotting the obtained experimental and theoretical con-
straints in the mσ-Mχ plane. Similar choices of the input
parameters λ−m (row) and MN (column) as in the previous

two figures are presented here in each panel as well. As
before, the direct detection data from the LUX experiment
offer the strongest constraints on the parameter space,
necessitating a more massive dark matter particle for a
heavier σ scalar. However, for a larger magnitude λ−m, the
WIMP massMχ becomes independent of the σ boson mass
for mσ ≲ 200 GeV, assuming the χ pseudoscalar consti-
tutes the sole or dominant component of the WIMP dark
matter with the correct thermal relic density.

FIG. 8 (color online). Constraining the sinω-Mχ plane for various choices of the parameters λ−m and MN . The solid black region,
inferred from the stability condition of the one-loop potential (18), determines the formal lower bound on the WIMP mass Mχ for each
selected value of MN . (See the caption of Fig. 7 for the details of the plots.)
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Finally, for completeness, we also exhibit the scatter
plots which determine the viable region of the parameter
space, in Fig. 10. All free parameters of the model (20)
are taken into account (including λχ). The scattered
points summarize the previously analyzed constraints in
[9], arising from imposing perturbative unitarity, and
one-loop triviality and vacuum stability where a cutoff
scale higher than 105 GeV was required, as well as
the current dark matter analyses of the relic density [15]

and the direct detection bounds [16]. The experimental
constraints from the electroweak precision tests and
the LHC measurements of the properties of the
125 GeV h Higgs (also previously analyzed in [9]),
as well as the current collider study of the LEP [7]
and LHC [14] Higgs searches, are explicitly depicted.
The overall analysis highly constrains the parameter
space, demonstrating the predictive power of the present
scenario.

FIG. 9 (color online). Constraining the mσ-Mχ plane for various choices of the parameters λ−m and MN . The solid black region,
inferred from the stability condition of the one-loop potential (18), determines the formal lower bound on the WIMP mass Mχ for
each selected value of MN , while the vertically shaded region is excluded by the j sinωj ≤ 1 condition. (See the caption of Fig. 7 for
the details of the plots.)
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VI. CONCLUSION

In this treatment, we have further investigated some of
the phenomenological aspects of the minimal viable scale
invariant model introduced and studied previously in [9],
by analyzing the available experimental and observa-
tional data from collider and dark matter searches, and
their implications for the scenario’s parameter space.

In particular, we consistently applied the Higgs search
data from LEP [7] and LHC [14] up to a mass of 1 TeV
to the additional CP-even scalar predicted in this scenario,
and presented the obtained constraints on the parameters,
which are complementary to the analyses of the exper-
imental data from electroweak precision tests and
direct LHC measurements of the 125 GeV scalar state [9].

FIG. 10 (color online). Scatter plots displaying the viable region of the model’s parameter space for three values of the right-handed
Majorana neutrino masses (columns) in the sinω-mσ , sinω-Mχ , and mσ-Mχ planes (rows). The scattered points pass perturbative
unitarity, one-loop triviality and vacuum stability conditions (assuming a cutoff scale higher than 105 GeV) [9], WIMP relic density
within the 1σ uncertainty quoted by the Planck Collaboration, and the LUX direct detection constraints at 90% C.L. The blue circles
correspond to jλ−mj ≤ 1, whereas the red triangles represent jλ−mj > 1. All colored regions are excluded. (See the caption of Fig. 7 for the
details of the plots.)
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Furthermore, identifying the stable pseudoscalar—
protected by the CP symmetry of the theory—as a
WIMP dark matter candidate, we calculated its thermal
relic density at the present time. Assuming the pseudoscalar
WIMP constitutes anOð1Þ fraction of the dark matter in the
Universe, the compatibility of the predicted thermal relic
abundance with the Planck satellite observations [15] was
demonstrated for a variety of the model’s input parameter
values. The latter analysis tightly constrained the parameter
space. In addition, we studied the implications of the dark
matter direct detection data from the LUX experiment [16],
as applied to the heavy pseudoscalar WIMP candidate of
the theory, and demonstrated that they impose further
bounds on the viable parameter space. These constraints
are more stringent than the ones obtained by the other
experimental considerations.
Our results are summarized in extensive exclusion plots

(Figs. 7, 8, 9, and 10), covering the relevant range of the
model’s parameters from a variety of representations, and
demonstrating the interplay between the various input
parameters. The combined analysis allows, in general,
for a mixing between the SM Higgs and a CP-even singlet
scalar restricted to sinω≲ 0.2, pseudoscalar dark matter
with a mass in the TeV range, and weak-scale right-handed
Majorana neutrinos. In particular, the thermal relic abun-
dance consideration is accommodated within the sinω≲
0.1 region and imposes tight bounds on the parameter
space, rendering the scenario highly predictive.
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APPENDIX A: FEYNMAN RULES

In this appendix, we exhibit the Feynman rules for the
trilinear and quartic couplings, obtained from the tree-level
Lagrangian, which are relevant for the dark matter pair-
annihilation process and the corresponding calculation of the
thermal relic density (see Appendix B). Figure 11 depicts the
scalar trilinear couplings, as well as their Yukawa inter-
actions with the right-handed Majorana neutrinos. The
relevant scalar quartic couplings are shown in Fig. 12.

FIG. 11. Feynman rules for the relevant trilinear couplings.

FIG. 12. Feynman rules for the relevant quartic couplings.
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APPENDIX B: THERMALLY AVERAGED χ χ → jj0 CROSS SECTIONS

The leading-order term for the thermally averaged cross section of theWIMP pair annihilation into jj0 final states is given
in the right-hand side of (33). In this appendix, we present the corresponding expressions for the dominant final state
products, as depicted in Fig. 3. Taking the trilinear (iλijk) and the quartic (iλχχjj0 ) couplings from Appendix A, one obtains

hσvihhann ¼
1

64πM2
χ

�
1 −

M2
h

M2
χ

�
1=2

�
λχχhh −

λχχhλhhh
4M2

χ −M2
h

−
λχχσλhhσ

4M2
χ −M2

σ
þ 2λ2χχh
2M2

χ −M2
h

�2
;
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The total thermally averaged WIMP pair-annihilation cross section is given by the sum of all channels in (B1),

hσvitotalann ¼
X
jj0

hσvijj0ann: ðB2Þ
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