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We study the experimental constraints on a model of a two-component dark matter, consisting of the
QCD axion, and a scalar particle, both contributing to the dark matter relic abundance of the Universe. The
global Peccei-Quinn symmetry of the theory can be spontaneously broken down to a residualZ2 symmetry,
thereby identifying this scalar as a stable weakly interacting massive particle, i.e., a dark matter candidate,
in addition to the axion. We perform a comprehensive study of the model using the latest data from dark
matter direct and indirect detection experiments, as well as new physics searches at the Large Hadron
Collider. We find that although the model is mostly constrained by the dark matter detection experiments, it
is still viable around a small region of the parameter space where the scalar dark matter is half as heavy as
the Standard Model Higgs. In this allowed region, the bounds from these experiments are evaded due to a
cancellation mechanism in the dark matter–Higgs coupling. The collider search results, however, are shown
to impose weak bounds on the model.
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I. INTRODUCTION

The evidence of cold dark matter (CDM) is overwhelm-
ing from the cosmological data, even though its detection
and identification continue to be one of the most interesting
and challenging problems today [1]. Many particle dark
matter (DM) models have been proposed over the last few
decades, one of the oldest of them being the weakly
interacting massive particle (WIMP) model [2–5] (for
reviews, see [6–8]). In the WIMP scenario, the dark matter
relic abundance is obtained through the annihilation of dark
matter particles in the early Universe with weak scale cross
sections and electroweak scale masses [2,9–11]. The fact
that one gets new physics at the electroweak scale for a
WIMP mass ∼100 GeV makes this scenario a very
appealing solution to the dark matter problem [12].
The absence of CP violation in the strong sector of the

Standard Model (SM) is another long-standing puzzle in

the particle physics community [13]. The null results of the
neutron electric dipole moment measurement experiments
so far restrict the value of the coefficient θQCD of the parity-
violating E · B operator to be less than 10−10 [14]. In the
present form of the SM, this is a fine-tuning problem since
there is no symmetry that protects such a small number
from large higher-order corrections [15]. Therefore, a
natural explanation of the smallness of strong CP violation
is sought, and an elegant solution to this puzzle is given by
the introduction of a global Uð1Þ Peccei-Quinn (PQ)
symmetry [16–20]. This symmetry is spontaneously broken
at a scale much larger than the electroweak scale by a scalar
field, with the axion as the corresponding massless Nambu-
Goldstone boson of this Uð1ÞPQ symmetry. The coefficient
θQCD is dynamic in this model and its small value is
naturally attained in this way and is inversely proportional
to the PQ scale. In this context, a large number of axion
models have been proposed in the literature. The early PQ
model, first proposed in [16] and further developed in
[17,18], augments the SM with an additional complex
scalar, charged under the electroweak (EW) symmetry.
The Lagrangian is additionally invariant under a global
Uð1Þ symmetry, which is spontaneously broken at the EW
scale. However, this model predicts large axion couplings
and hence is ruled out by experiments [21]. To circumvent the
experimental bounds, invisible axion models were proposed
independently: the Kim-Shifman-Vainshtein-Zakharov
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(KSVZ) model [19,20] and the Dine-Fischler-Srednicki-
Zhitnitsky (DFSZ) [22,23] model. The KSVZ model intro-
duces heavy, colored, EW singlet quarks, in addition to the
PQ scalar. In this model, the axions have no direct tree-level
couplings with the SM fields and can only have induced
couplings to the SM leptons. On the other hand, the DFSZ
model introduces an additional Higgs field, along with the
PQ scalar. This allows the axions to have natural couplings to
leptons at tree level. Other than this, axionlike Goldstone
particles arise in a multitude of other theoretical scenarios as
well, e.g., majorons [24,25], familons [26–28], axions from
string theory [29–31], axions from accidental symmetry
breaking [32–34], etc.
The axion field gains a small mass inversely proportional

to the Uð1ÞPQ-breaking scale, after the QCD condensation
at a temperature of about T ≃ 200 MeV. In the early
Universe, the axion can be produced nonrelativistically
through a coherent oscillation of the axion field due to
the misalignment of the PQ vacuum. This is known as the
misalignment mechanism of axion production [35,36]. The
axion is not completely stable; however, it has very feeble
couplings with SM particles, thereby ensuring a lifetime
longer than the age of the Universe [37]. This makes the
axion a very good CDM candidate [38–40], although the
same feeble couplings make direct detection of these axions
challenging [39].
Since current DM detection experiments have shown

null results, one needs to look for other alternatives to the
simple WIMP scenario. One such alternative is a multi-
component DM, where one component acts as a WIMP,
whereas the other components might have very different
interactions. These models are less constrained due to the
fact that the fraction of WIMPs in these multicomponent
DM has not been determined experimentally and hence is a
free parameter. This has been shown to have interesting
phenomenological consequences [41–48].
In this work, we study a two-component DM model

consisting of a WIMP and the axion as the DM candidates.
This type of model gives a unifying scenario where the PQ
field, which is motivated to solve the strong-CP problem,
and the WIMP, which is a natural solution to DM puzzle,
can be accommodated in a single go [46,49]. Furthermore,
these models can also be extended to include neutrino
masses [49]. Hence, these models, and their variations
thereof, can account for three of the most important puzzles
in the SM. Possible UV completions are considered in [46].
As a simple realization of this, one can consider the KSVZ
model of axion with an additional scalar field charged
under the Uð1ÞPQ [49]. This additional scalar gets its
stability from the residual Z2 symmetry of the broken
Uð1ÞPQ and hence becomes a WIMP-like DM candidate
[50]. Breaking of the Uð1ÞPQ and the electroweak sym-
metry leads to a mixing between the Higgs and the radial
part of the PQ scalar, which leads to interesting phenom-
enological consequences. The advantage of this model is

that although the axions haveveryweak interactionswith the
SM, the coupling between this dark scalar and the SMHiggs
doublet provides a portal to test this model in different DM
detection experiments, both direct and indirect. The model
can also give different signatures at collider experiments. For
example, the KSVZ model predicts new colored, electro-
weak singlet quarks, which can be produced at colliders.
Mixing with a scalar affects the properties of the Higgs
boson, which can be directly used to constrain the mixing
parameters. Furthermore, the dark scalar can also contribute
to momentum imbalance in a collision event.
Hence, in the light of recent experiments, we explore the

constraints on the WIMP-axion DM model, both from DM
search experiments as well as collider searches. Using the
latest limit on DM-nucleon scattering cross section from
XENON1T × 1 yr experiment data [51], we find that the
phenomenologically interesting mass range of mDM ≳
100 GeV is ruled out in such models. However, the
stringent bounds from XENON1T × 1 yr data can be
evaded in a small region of the parameter space where
the scalar dark matter is half as heavy as the Higgs. This is a
direct outcome of the mixing of the Higgs with the scalar,
which leads to a cancellation mechanism in the Higgs
portal coupling, thereby reducing the DM-nucleon scatter-
ing cross section. As a result, while minimal scalar DM
models are mostly ruled out by direct detection bounds
[52], such WIMP-axion models can still survive with a
reduced parameter space. Collider signals, on the other
hand, are highly plagued by the backgrounds from the
production of Standard Model particles, and hence
the signals are not significant enough to be observed above
the background [53–55].
The paper is organized as follows. Section II discusses the

model and the different parameters involved. Section III talks
about the different experimental bounds and how they con-
strain the parameters of the model. In Sec. IV, we summarize
the main results, and finally in Sec. V, we conclude.

II. THE MODEL

We consider the KSVZ model of the axion, where
electroweak singlet quarks QL and QR and a complex
scalar ζ, both transforming under a global Uð1ÞPQ sym-
metry, are added to the SM [19,20]. These quarks are
vectorlike and hence do not introduce any chiral anomaly
[56,57]. We augment this model with a complex scalar χ ¼
ð χ1 þ i χ2Þ=

ffiffiffi
2

p
which is a SM singlet but charged under

the Uð1ÞPQ symmetry [49]. The axion a is the Nambu-
Goldstone mode of the scalar field ζ, which can couple to
the vectorlike quarks as well as χ. As in the original KSVZ
model, the axion can act as a CDM candidate [39]. The
charges and quantum numbers of the new particles are
listed in Table I.
The relevant part of the Lagrangian, governing the

interactions of QL;R, ζ, and χ with the SM, is given by
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L ⊃ −λH
�
jHj2 − v2H

2

�
2

− λζ

�
jζj2 − F2

a

2

�
2

− λζH

�
jHj2 − v2H

2

��
jζj2 − F2

a

2

�
− λ χ j χj4

− μ2χ j χj2 − λ χHjHj2j χj2 − λζ χ jζj2j χj2
þ ½ϵ χζ� χ2 þ fd χQ̄LdR þ fQζQ̄LQR þ H:c:�: ð1Þ

Here H is the SM Higgs doublet and dR represents right-
handed down-type quarks in the SM. After electroweak
symmetry breaking via the Higgs vacuum expectation value
(VEV) vH, one has jHj ¼ ðh0 þ vHÞ=

ffiffiffi
2

p
, where h0 is the

Higgs boson. Similarly, using the nonlinear representation,
one can write ζ ¼ eia=FaðFa þ σ0Þ=

ffiffiffi
2

p
, where Fa is the

Uð1ÞPQ-symmetry-breaking scale, also known as the axion
decay constant, and σ0 is the radial excitation of the ζ field.
Constraints from supernova cooling data disfavor values of
Fa smaller than 1010 GeV [58].
After the breaking of both the symmetries, viz. electro-

weak and PQ symmetries, the interaction term between H
and ζ fields leads to mixing between h0 and σ0 with the
mass matrix

M2 ≡
�

2v2HλH FavHλζH

FavHλζH 2F2
aλζ

�
: ð2Þ

As a result of the mixing, the scalars in the mass basis are
related to those in the flavor basis as�

h

σ

�
¼

�
cos θ − sin θ

sin θ cos θ

��
h0
σ0

�
; ð3Þ

where the mixing angle, in the limit Fa ≫ vH, is given by

sin θ ≃
vH
Fa

λζH
2λζ

: ð4Þ

One obtains the masses of the physical states as

mh ≃ vH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2λH

�
1 −

λ2ζH
4λHλζ

�s
þO

�
vH
Fa

�
; ð5Þ

mσ ≃ Fa

ffiffiffiffiffiffiffi
2λζ

p þO
�
vH
Fa

�
: ð6Þ

Note that the mass mh of the mixed state h is no longerffiffiffiffiffiffiffiffiffiffiffiffiffi
2λHv2H

p
, as predicted by the SM. Since h is the physical

state, we fix mh at 125 GeV and the Higgs VEV vH at
246 GeV to match with the experimentally measured
masses of the observed scalar [59,60] andW and Z bosons,
respectively [61]. The value of λH is no longer the SM
value, λSMH ≃ 0.13, but is dependent on other parameters in
this model and can be calculated using Eq. (5). In fact, if we

take λH ¼ λSMH ¼ m2
h

2v2H
, from Eq. (5) it is evident that λζH has

to be zero; i.e., the SM Higgs does not mix with ζ, as
considered in [49]. Note that there is no underlying
symmetry in the theory that allows us to set λζH to zero
in the Lagrangian. More importantly, although the mixing
is very small, the relation between the masses of the
physical states with other model parameters plays a major
role in imposing constraints on the model. Therefore, we do
not neglect the mixing of h0 with σ0 in this study.
The masses of χ1 and χ2 are given by

m2
χ1;2 ¼

1

2
ð2μ2χ þ v2Hλ χH þ F2

aλζ χ ∓ 2
ffiffiffi
2

p
Faϵ χÞ: ð7Þ

Without loss of generality, we can take ϵ χ > 0 such that
m χ1 < m χ2 ; hence χ1 can be the DM candidate, and we,
henceforth, denote the mass of χ1 as just m χ . Note that
after the PQ-symmetry breaking, the Lagrangian in Eq. (1)
has a residual Z2 symmetry which stabilizes χ1. It should
also be noted that in Eq. (7), μ2χ is defined to be negative
and hence cancels out the large contribution coming from
Fa. This type of fine-tuning is a general feature of these
axion models [49,62–65]. Since the fine-tuning is required
mainly in the dark sector, we do not explore it further and
defer the details to a later work. Furthermore, one can also
motivate a tiny value of ϵ χ from naturalness arguments. As
ϵ χ → 0, one obtains an extra Uð1Þ symmetry in the theory,
apart from the Uð1ÞPQ. This can allow ϵ χ to be naturally
small. Note that a small ϵ χ does not necessarily mean a
small mass split between the two DM states. For example,
we shall consider values around Fa ∼ 1010 GeV, which
means the mass split is Δ χ ≃

ffiffiffiffiffiffiffiffiffiffi
Faϵ χ

p
∼ 1 TeV. This is

much larger than the mass of the lighter state.
At this point, it is important to note that in this setup the

complex scalar χ can, in principle, develop a VEV before
the PQ field ζ. This can be prevented if parameters are

tuned such that the VEVof χ, v χ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−ðμ2χ=2λ χÞ

q
, remains

smaller than that of ζ. It is always possible to tune ϵ χ and
μχ such that the mass of χ1 remains fixed, and v χ remains
below Fa. This is because the only place where μχ and Fa

appear is in the expression for the masses of the real scalars
in Eq. (7). Since the mass difference between χ1 and χ2 is
proportional to ϵ χ , this has the effect of changing the mass
of the heavier scalar χ2. However, in our analysis, χ2 is
heavy enough to be decoupled from the particle content.

TABLE I. New particles in the model and their charges. PQ
charges of all the SM particles are zero.

ζ χ QL QR

Spin 0 0 1=2 1=2
SUð3ÞC 1 1 3 3
SUð2ÞL 1 1 1 1
Uð1ÞY 0 0 −1=3 −1=3
Uð1ÞPQ 2 1 1 −1
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With this setup, one can ensure that at a very high scale,
around Fa, breaking of the PQ symmetry occurs before the
symmetry breaking of χ. After the PQ-symmetry breaking,
χ1 and χ2 may or may not remain tachyonic depending on
the choice of parameters. However, we have to ensure that
none of them can develop a VEV earlier than the electro-
weak scale in order to make our mechanism work. Once the
Higgs develops a VEV, both χ1 and χ2 become non-
tachyonic, irrespective of whether they were tachyonic or
not prior to the electroweak symmetry breaking. The details
of this mechanism is worked out in the Appendix.
The mass of the axion is generated through nonpertur-

bative QCD effects and is inversely proportional to Fa [66]:

ma ≃ 0.6 meV ×

�
1010 GeV

Fa

�
: ð8Þ

The couplings of the axion to SM particles are also
suppressed by inverse power of Fa, so the decay lifetime
of the axion is very large. In fact, if we take the value of
Fa > 1010 GeV, as allowed by the supernova cooling data
[58], its lifetime becomes larger than the age of the
Universe. Thus, the axion also acts as a viable candidate
for CDM in this model. Therefore, both χ1 and the axion
will contribute to the total DM relic density in the Universe.
Finally, the vectorlike quarks obtain their mass mQ ¼

fQFa=
ffiffiffi
2

p
after ζ develops a VEV. If this mass is

∼OðTeVÞ, they can be produced at the LHC. This is
expected to give direct constraints on this model; however,
in order to have a mass of ∼OðTeVÞ, the coupling fQ needs
to be extremely tiny ∼Oð10−6Þ.
The new interactions introduce two portals connecting

the SM and the dark sector through the Higgs (via the
h χ1 χ1) and the down-type quark (via the χ1Q̄LdR). Of the
two, the h χ1 χ1 interaction is the more important one and
will play a key role in our analysis. The h χ1 χ1 coupling is
given by

gh χ1 χ1 ¼ iðFaλζ χ sin θ − vHλ χH cos θ −
ffiffiffi
2

p
ϵ χ sin θÞ: ð9Þ

Although sin θ is small, the first term cannot be ignored due
to the large scale Fa. Using the approximation for sin θ in
Eq. (4), we obtain

gh χ1 χ1 ≃ ivH

�
λζ χλζH
2λζ

− λ χH

�
: ð10Þ

Note that in the presence of nonzero λζH, the h χ1 χ1
coupling vanishes at

λ χH ¼ λζ χλζH
2λζ

: ð11Þ

This is where we differ from [49], where the authors had set
λζH ¼ 0, which led to the vanishing of the h χ1 χ1 coupling

at λ χH ¼ 0. This shift will play a crucial role in the
following analysis.
Using Eq. (5), λζ can be written in terms of mh, λζH, and

λH. This gives a family of solutions, satisfying Eq. (11). In
Fig. 1, we show four contours of λH in the λζH − λ χH plane
for a given value of λζ χ ¼ 0.1. Any point on these hyper-
bolas satisfies Eq. (11), leading to vanishing h χ1 χ1
coupling. The benchmark point chosen for further analysis,
λζH ¼ 0.1, λ χH ¼ 0.14 and λH ¼ 0.2, is shown as a black
circle in the figure. One can, in principle, probe other values
of λH in this parameter space, but we do not show them here
for clarity. However, one should not take λH < λSMH ≃ 0.13
since it leads to negative values of λζ, thereby making the
potential for ζ unstable.
Finally, note from Eq. (6) that the mass of σ is propor-

tional to the Uð1ÞPQ-breaking scale Fa. So if λζ ∼Oð1Þ, σ
becomes very heavy and decouples from the low-energy
theory. Therefore, for all practical purposes, σ does not play
any significant role in present experiments. However, it is
possible to have the mass of σ at around TeV, but only
within a highly fine-tuned region of the parameter space.
One may wonder as to how much fine-tuning might be

necessary for this scenario. Without going into details,
we provide a back-of-the-envelope estimate here. From
Eq. (2), if λζ ∼ 10−14, then both the scalars h and σ can have
a mass ∼Oð100Þ GeV. However, in order to keep the
physical masses real, i.e., both the eigenvalues of the mass
matrix positive, the off-diagonal terms have to be of the
same order as the diagonal terms. This requires λζH to be

FIG. 1. Contours of λH , for which the h χ1 χ1 coupling
vanishes. The other parameters considered are λζ χ ¼ 0.1 vH ¼
246 GeV and mh ¼ 125 GeV. The benchmark point chosen for
further analysis, λζH ¼ 0.1, λ χH ¼ 0.14, and λH ¼ 0.2, is shown
as a black circle.
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further fine-tuned to values ∼10−7. However, such small
values of λζ and λζH will raise the value of gh χ1 χ1 [see
Eqs. (9) and (10)] to values ≫1, which makes the whole
problem highly nonperturbative. Then, one would again
need to choose λζ χ unnaturally small to solve this issue.1

Since the above scenario is fine-tuned, we do not pursue
it here. Rather, we consider natural values of all couplings
≲Oð1Þ. As a result, in this work, the heavy scalar σ
decouples early on and does not enter our analysis.

III. EXPERIMENTAL PROBES
OF DARK MATTER

Naturally, this model will have vast implications for dark
matter search experiments. In addition, the LHC search for
heavy vectorlike particles, as well as missing energy
searches, will also test this model. Using FeynRules

[67,68] to implement the model, we constrain it with the
latest results from these experiments. Broadly, three ave-
nues are explored:
(1) DM relic density constraint, direct and indirect

detection experiments set limits on the parameters
connecting the dark sector with the visible sector.

(2) Mixing between h0 and σ0 changes the couplings of
the observed 125 GeV scalar from that of the SM
Higgs. This leads to changes in the properties of the
observed scalar measured in the collider experiments
from that of SM Higgs. This will also constrain the
parameters of the model.

(3) Since the masses of the DM and the vectorlike quarks
are lighter or near TeV range, they can potentially be
produced at the LHC. Nonobservation of such
particles will limit the model parameter space.

The rest of this section discusses these types of exper-
imental constraints in detail.

A. Dark matter relic abundance

After the Uð1ÞPQ-symmetry breaking, the axion a, being
a Nambu-Goldstone, enjoys a continuous shift symmetry.
This symmetry is broken explicitly as a result of the chiral
symmetry breaking in the QCD sector, and a temperature-
dependent potential for the axion is generated from non-
perturbative QCD effects [66]. But the axion field does not
start oscillating in the potential and remains frozen at its
initial value until its mass becomes larger than the Hubble
expansion rate HðtÞ ¼ _R=R, where RðtÞ is the scale factor
of the Universe. After the epoch when maðtÞ ≃HðtÞ, the
field starts oscillating coherently and the axion particles are
produced with nonrelativistic speed. They contribute

toward the CDM abundance today and their density is
approximately given by [39,69],

Ωah2 ≃ 0.18θ2a

�
Fa

1012 GeV

�
1.19

: ð12Þ

Here θa is the initial misalignment angle of the axion field
relative to the minimum of the axion potential. For
simplicity, we shall assume θa ∼ 1 in the rest of the analysis
in this paper [70]. In order that the axions do not over-
produce DM in the Universe, the PQ breaking scale Fa has
to be less than 1012 GeV. In this work, we will focus
on 1010 GeV ≤ Fa ≤ 1012 GeV.
As already noted, χ1 gains stability from the residual Z2

symmetry and is a DM candidate. In the early Universe,
χ1;2 are in chemical equilibrium with the thermal bath of
the SM particles. As the temperature of the Universe
decreases below ∼m χ=20, their rate of interaction drops
below the expansion rate and χ1;2 cease being in equilib-
rium with the SM particles. The heavier component χ2,
however, does not remain stable as it decays to χ1, which
then forms the relic abundance Ω χh2. The relic abundance
is formed after the freeze-out of χ1 χ1 annihilations. The
annihilation can be mediated by h as well as σ. However,
the h-mediated process dominates, since mσ ≫ mh. The
relic abundance, being governed by χ1 χ1 → SM SM,
depends directly on m χ .
The large mass split between the two states prohibits the

possibility of coannihilation of χ1 and χ2 during DM
abundance formation. As noted before, the mass split Δ χ ∼ffiffiffiffiffiffiffiffiffiffi
Faϵ χ

p
which, in the region of the parameter space of our

interest, is much larger thanm χ . For example, ϵ χ ¼ 1 MeV
and Fa ¼ 1010 GeV imply Δ χ ¼ 1 TeV. During freeze-out
of χ1, its typical kinetic energy is of order T χ ∼m χ=20.
Therefore, by this time the number density of χ2 parti-
cles is Boltzmann suppressed relative to χ1, n2=n1 ∼
exp ð−Δ χ=T χÞ and hence is negligible. The DM relic
abundance forms only through annihilations of χ1 into
SM particles.
We show the dependence of the χ1 relic density as a

function of its mass m χ in the left panel of Fig. 2. We used

micrOMEGAs5.0 [71] to numerically compute Ω χh2. The
behavior for very small and large m χ can be understood
as follows. For very small values of m χð∼10 GeVÞ, χ1 can
annihilate only into the lighter quarks and the cross section
is suppressed by the small Yukawa couplings resulting in
overabundance of χ1. For m χ ≫ mt, the annihilation cross
section is 1=m2

χ suppressed. Since the relic abundance is
inversely proportional to the annihilation cross section, we
expect the region aroundm χ ≈ 100 GeV to give the correct
ballpark value of the desired relic abundance.
The sharp dip at m χ ≃mh=2 ≃ 62.5 GeV is due to the

s-channel resonance from the h propagator. As m χ

1Note that the results given in Eqs. (5)–(10) were obtained in
the limit Fa ≫ vH . This approximation breaks down when the λ’s
are set to such small values. Hence one has to start from the mass
matrix in Eq. (2) and proceed without any approximation to arrive
at this conclusion.
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increases further from 62.5 GeV, the cross section falls
leading to a sharp increase in the relic. When the χ1 is
heavier than h, the new annihilation channel χ1 χ1 → hh
opens up and dominates over all other channels. As a result,
the relic abundance decreases, leading to the second dip. As
χ1 becomes more massive, the relic increases again
because of the decrease in annihilation cross section with
the characteristic 1=m2

χ suppression. Note that we do not
considerm χ > MQ, as the coloredQL;R become the lightest
dark sector particle.
In our analysis, we take the Planck (TT, TE, EE, lowP)

measurement of the CDM energy density Ωch2 ¼ 0.12�
0.0012 represented by the horizontal line labeled as
ðΩh2Þobs in the left panel of Fig. 2 [1]. The overabundance
region, shown as a gray shade, is disallowed. However, the
underabundance region is allowed since the axion abun-
dance Ωah2 can account for the rest of the relic. Therefore,
the observed relic abundance

Ωch2 ¼ Ω χh2 þ Ωah2: ð13Þ

We note that Ω χ is virtually independent of Fa due to the
vH=Fa suppression in the couplings and mixing angle.
Hence, Fa is fixed by Eq. (13) via the Ωah2 term.
In the right panel of Fig. 2, we show the variation of Fa

withm χ for three different values of θa, for which the axion
satisfies the relic constraint in the region, where the χ relic
is underabundant. The result for different θa is just a
rescaling of the value of Fa according to Eq. (12). The gap
in between the allowed lines account for the overabundance
of DM due to the χ.

We want to emphasize here that the interaction between
ζ and χ fields does not affect the relic abundance of the
axion and WIMP sectors. The ϵ χζ

� χ2 þ H:c: terms in
Eq. (1) introduce interactions between χ1;2 and a, such as
ϵ χa χ1 χ2, ðϵ χ=FaÞa2ð χ21 − χ22Þ, etc. The interaction
involving χ2 is not important as its population is already
Boltzmann suppressed. The interaction with χ1 is ðϵ χ=FaÞ
suppressed and, therefore, not relevant for relic calculation
of either species.

B. Direct detection of dark matter particles

The DM direct detection experiments look for scattering
between the DM particles and nuclei in the detector
material. Any interaction between the DM and the SM
quarks or gluons in a given model leads to a possible signal
in the direct detection experiments. Nonobservation of such
a scattering signal in such experiments constrains the
parameters of the model. In the present case, the dominant
channel of interaction arises again through the h χ1 χ1
coupling, since h mediates the DM and SM quark
scatterings.
The DM-nucleon scattering cross section σ χN is constant

for very small λ χH because the coupling becomes inde-
pendent of λ χH. For very large λ χH, the cross section
increases as ∼λ2χH, as expected. In between, a dip occurs
because of the cancellation of two terms appearing in the
vertex factor of h χ1 χ1 coupling [see Eq. (10)]. Note that
this cancellation is entirely due to kinematics. There is
neither any dynamical symmetry imposed to keep m χ

around mh=2 nor any fine-tuning required. Since the

FIG. 2. (Left) The behavior of Ω χh2 as a function of m χ . The dip at m χ ≃ 62.5 GeV is due to the s-channel resonance from h. The
broader valley starting from m χ ≃ 125 GeV is due to opening up of the χ1 χ1 → hh channel. The shaded region above the Ωch2 ¼ 0.12
line is ruled out by the Planck experiment [1]. We allow the underabundance regions as the axion may account for the rest of the relic
abundance. Other parameters chosen for this plot are as follows: Fa ¼ 1010 GeV, MQ ¼ 1 TeV, fd ¼ 0.1, λ χH ¼ 0.03, and
λζH ¼ λζ χ ¼ 0.1. (Right) The PQ scale Fa needed for Ωah2 to satisfy the relic constraint Ω χh2 þ Ωah2 ¼ 0.12 for three different
values of the misalignment angle θa.
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enhancement of the cross sections is due to kinematics, the
enhancement will remain stable under radiative corrections.
Note that in this model, χ1 forms only a fraction f χ of the
total dark matter abundance [43,72–77]:

f χ ¼
Ω χ

Ωc
: ð14Þ

Therefore the DM-nucleon cross section needs to be
rescaled by f χ before comparing it with the experimental
results.
Note that in the literature, another convention of rescal-

ing the DM-nucleon scattering cross section given by f χ ¼
Min½1;Ω χ=Ωc� exists, which saturates f χ to unity in the
overabundant region [78,79]. However, in the context of
our model, we use the prescription given in Eq. (14). This is
well justified, since there exists a concrete prediction for
calculating the DM relic in this model. Particularly, when
there is a global overdensity, we do not assume that any
other unknown mechanism can account for the relic density
locally. While the direct and indirect detection constraints
would depend on the choice of f χ , considering them with
the relic bounds does not yield any additional allowed
regions. Hence, our definition does not affect the final
results.
Presently, the most stringent bound on the DM-nucleon

cross section is given by the XENON1T × 1 yr data [51]. It
is most sensitive to theDMmass in the range 10GeV–1 TeV
and the strongest upper bound quoted is σ χN ≃ 10−46 cm2.
The rescaled cross section f χσ χN as a function of λ χH is
shown in the left panel of Fig. 3. The cross section has a dip at
λ χH ¼ 0.14 and increases as ∼λ2χH for larger values as

explained before. However, f χ on the other hand has a peak
at the same parameter point because of inefficient relic
annihilation due to vanishing of the h χ1 χ1 coupling.
Additionally, it has an inverse relation with λ χH for larger
values: f χ ∼ σ−1ann ∼ λ−2χH. Therefore, together the rescaled
cross section f χσ χN does not have any features as shown in
the left panel in Fig. 3.
Wewill show later that due to the stringent constraint, the

only experimentally allowed region of DM mass turns out
to be around m χ ≃ 62.5 GeV. This is shown in the right
panel of Fig. 3, where we plot f χσ χN as a function of m χ

for λ χH ¼ 0.14. The gray region shows the XENON1T
constraint. In passing, we comment that the region around
m χ ∼mh is allowed by the relic constraint only if λ χH ≲
0.079 or λ χH ≳ 0.25. However, these regions are excluded
by the XENON1T bound.
All the above bounds apply for χ1 as the DM candidate.

However, direct detection experiments for axion need to
follow a different search strategy because of its ultralow
mass. There have been a few experimental efforts to look
for axionic dark matter. For example, the ADMX experi-
ment [80] uses a rf cavity to look for its interaction with
the electromagnetic field. In the KSVZ model, the inter-
action strength between an axion and two photons is given
by [19,20]

gaγ ¼ −1.92
α

2πFa
; ð15Þ

where α is the fine structure constant. Presently, ADMX
rules out a narrow region of the parameter space above
gaγ ≃ 10−15 GeV2 (Fa ≃ 1012 GeV) around ma ≃ 2 μeV.

FIG. 3. (Left) The rescaled χ1-nucleon scattering cross section f χσ χN as a function of the coupling strength λ χH . The gray shaded
region shows the XENON1T upper bound for DM mass m χ ¼ 62.5 GeV. (Right) The rescaled χ1-nucleon scattering cross section as a
function ofm χ for λ χH ¼ 0.14. The XENON1T experiment excludes the gray shaded region. The green regions are excluded by the relic
constraint itself, i.e., f χ > 1.
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For a higher mass axion, the bound is even weaker. Another
proposed experiment is CASPEr-Electric which will probe
Fa ≳ 1012 GeV for lighter axions [81]. Moreover, we
should remember that these bounds assume that 100%
CDM abundance is given by axion which is not be true in
our model. These bounds are weaker than the upper limit on
Fa from the dark matter relic abundance, even after
adjusting for the correct factor to cancel out the assumption
and, hence, do not require special attention.

C. Dark matter annihilation signal

Various astrophysical observations hint that the present
day Universe consists of galaxies sitting inside halolike
structures formed by gravitational clustering ofDMparticles
[82]. At the center of these halos, the DM density is high
enough to scatter with each other and annihilate into SM
particles. These final state particles would further decay and
give rise to gamma-ray signals from various astrophysical
objects, such as dwarf galaxies, the Milky Way center, etc.
We focus on bounds arising from gamma-ray signals due to
such annihilations of DM particles.
We pay more attention to the DM mass around m χ ≃

mh=2 ¼ 62.5 GeV which is still allowed by the direct
detection experiment data. The total annihilation is domi-
nated by the bb̄ channel (∼90%). The rescaled annihilation
rate f2χðσvÞ is shown in Fig. 4 as a solid black line. Note
that here also the annihilation cross section is enhanced due

to the s-channel resonance from the SM Higgs propagator.
However, after rescaling with f2χ , which is decreased at
around m χ ≈ 62.5 GeV, the annihilation rate σv shows a
dip followed by a sharp increase around that point. The
dependence on λ χH comes through the gh χ1 χ1 coupling.
There have been many experiments which have looked

for DM annihilation signals from various astrophysical
objects [83–86]. At present, themost stringent upper bounds
on the thermally averaged DM annihilation cross section
hσvi is given by the DES-Fermi-LAT joint gamma-ray
search from the satellite galaxies of the Milky Way [83].
It is derived from 6 yr observation of 45 such objects by the
LAT. They have relatively less amount of visible baryonic
matter and the DM population is expected to dominate their
matter density. In Fig. 4, we show this upper bound on the
annihilation cross section due to Fermi-LAT as the gray
shaded region. Note that the indirect detection bounds rule
out most part of our parameter space, except a region around
m χ ≃mh=2. In passing, we also note that the DM mass
needed for the resonantly enhanced annihilation signal in the
bb̄ channel matches the result of the Galactic center excess
analysis done in Ref. [87] within 1σ C.L. (also see [88]).

D. New physics searches at the LHC

In this subsection, we will focus on various signatures of
the model at the LHC. The model has an extended scalar
sector: apart from the SM Higgs boson h0, there exists a
scalar DM candidate χ1 and its heavier counterpart χ2, and
another scalar field σ0, which is the radial component of ζ.
As discussed earlier, h0 and σ0 mix with each other giving
rise to physical states h and σ. The mixing between σ0 and
h0 changes the properties of h from that of the SM Higgs
via its coupling to SM particles as well as to the new states
present in this model. Since various properties of the
observed scalar particle at the LHC resemble that of
the SM Higgs boson, we expect some constraints on the
parameter space of the model from the measurement of the
properties of the observed 125 GeV scalar.
One of the measurements that provides relevant infor-

mation about the properties of the observed 125 GeV scalar
is its signal strength. If the scalar decays to X ∈
fl�; q; g; Z;Wg and its conjugate X̄, its signal strength
is defined as

μXX̄ ¼ σexpðpp → hÞ × BRexpðh → XX̄Þ
σSMðpp → hÞ × BRSMðh → XX̄Þ ; ð16Þ

where σexp stands for the experimentally observed cross
section of the process pp → h and BRexp is the exper-
imentally observed branching ratio of the process h → XX̄.
Similarly, σSM and BRSM in Eq. (16) stand for the
corresponding values predicted in the SM. We compare
observed μXX̄ with the theoretically calculated μXX̄ from the
model in different decay channels.

FIG. 4. The rescaled annihilation rate f2χðσvÞ of χ1 χ1 into bb̄
in this model as a function of the mass of χ1 for λχH ¼ 0.14. The
sharp dip is due to the s-channel resonance from the SM Higgs.
The most stringent upper bound on this cross section is provided
by the dwarf galaxy observation of the Fermi-LAT satellite data
[83]. The gray shaded region is ruled out by the Fermi-LAT
constraint. The green regions are excluded by the relic constraint
itself, i.e., f χ > 1.
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Due to the mixing, the physical scalar h will have a cos θ
component in all the couplings with the SM. An additional
decay mode of h to χ1 χ1 is possible if m χ < mh=2. If the
partial decay width of the new decay modes of h is Γnew, the
signal strength of h decaying to any SM particle pairs XX̄
can be written as

μXX̄ ¼ cos2 θ

1þ Γnew

cos2 θΓtot
SM

; ð17Þ

where Γtot
SM is the total decay width of SM Higgs boson.

In Table II, we tabulate the recent measurements of
signal strength of the observed scalar h by both ATLAS and
CMS Collaborations at 13 TeV with ∼36 pb−1 integrated
luminosity in different decay channels of h. The super-
scripts in the μXX̄ represent the production mode of the
scalar h. For our analysis, we constrain the parameter space
by imposing the value to be at 95% C.L. of the measured

values, i.e., with �2σ around the measured central value.
Since, in the model, μXX̄ is always below unity, it is the
lower bound at 95% C.L. which will actually put con-
straints on the parameters.
In the left panel of Fig. 5, we show the variation of the

signal strength of h in theWW� channel as a function of λ χH
for two different masses of χ1. As expected from Eq. (17),
the variation is a Lorentzian, with a narrow width governed
byΓtot

SM andm χ . Since the coupling for h to χ1 χ1, as given in
Eq. (10), vanishes at λ χH ¼ 2λζ χðλH − λSMH Þ=λζH (≈0.14 for
the chosen benchmark point), the decay mode for the h
vanishes at that point, and hence the μXX̄ becomes 1 around
that point. The gray (green) shaded region shows the area
disallowed at 95% C.L. by the measurements by CMS
(ATLAS) as indicated in the plot, and the allowed region is
shown in white. Although the measurements for different
decay channels of h are listed in Table II for completeness,

we only plotted μðggFÞWW� , which gives the strongest bounds
from the signal strength measurement.
We also study the bounds from the invisible decay of h

which arises from the decay channel h → χ1 χ1 for m χ <
mh=2 in this model. The BR of the decay can be written as

BRðh → χ1 χ1Þ ¼
1

1þ cos2 θ
Γtot
SM

Γnew

: ð18Þ

The dependence of BRðh → χ1 χ1Þ with the parameter λ χH
is plotted in the right panel of Fig. 5 for two different
masses of χ1. As in the case with the signal strength, the
BRðh → χ1 χ1Þ vanishes at the point where the coupling of
h to χ1 χ1, given by gh χ1 χ1 [see Eq. (10)], goes to zero. This
feature is evident from the plot in the right panel of Fig. 5.
Away from this point, the BR increases in both sides,

TABLE II. Measured values of the signal strengths of the
125 GeV observed scalar. The superscripts represent the pro-
duction modes and the subscripts indicate the decay modes of the
observed scalar h. The measurements are done by ATLAS and
CMS at the LHC with ∼36 fb−1 luminosity at

ffiffiffi
s

p ¼ 13 TeV.

ATLAS CMS

μðggFÞWW� 1.21þ0.22
−0.21 [89] 1.38þ0.21

−0.24 [90]

μðggFÞZZ� 1.11þ0.23
−0.21 [91] 1.20þ0.22

−0.21 [92]

μðggFþVHþVBFþttHÞ
γγ 0.99þ0.15

−0.14 [93] 1.18þ0.17
−0.14 [94]

μðVHÞ
bb̄

1.20þ0.42
−0.36 [95] 1.06þ0.31

−0.29 [96]

μðggFþVHþVBFÞ
ττ 1.43þ0.43

−037 [97] 1.09þ0.27
−0.26 [98]

FIG. 5. Bounds arising from (left) the Higgs signal strength in theWW� channel and (right) the invisible decay of the Higgs. The gray
(green) shaded regions in both the plots are excluded by CMS (ATLAS) measurement at 95% C.L. The allowed regions are
shown in white.
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tending to unity for a high value of gh χ1 χ1 , which indicates
that Γnew is the dominant decay mode, and all other modes
are suppressed.
Nonobservation of this decay mode of the observed

125 GeV scalar at the LHC, therefore, places an upper limit
on the invisible decays of h. These upper limits are
tabulated in Table III. In the right panel of Fig. 5, the
gray (green) shaded region is the area disallowed at
95% C.L. by CMS [100] (ATLAS [99]) measurements
on the invisible decays of 125 GeV scalar. It is therefore
clear that only a small range of λ χH, for which the BR
curves fall within the white region, is allowed by current
measurements.
At this point, it is worth mentioning that the trili-

near coupling of h is also modified due to the mixing
with σ0, which will change the di-Higgs production rate.
Measurements for the trilinear coupling of h as well as di-
Higgs production have been carried out by both ATLAS
[101] and CMS [102] in the di-Higgs channel. However,
the upper bounds are well above the SM prediction due to
lack of signal in the di-Higgs channel. Hence, much of the
parameter space, especially the region of interest, of the
model is not constrained by the measurement of trilinear
coupling of h.
The model also predicts new particles at around GeV–

TeV range, which can potentially be observed in a TeV
collider. One such particle is the DM candidate χ1, which is
weakly interacting and does not decay within the detector.
If it is produced in the collider, it will not be detected and
will contribute to the missing momentum in an event. The
other particles, within the observable range of TeV collider,
are the vectorlike quarksQL andQR. Since these quarks are
colored, they can be produced in a hadron collider and
subsequently decay to a down-type quark and a χ1. The
presence of χ1 will again contribute to the missing energy
in the detector. The lack of agreement of such signals with
those predicted at the TeV colliders will also put bounds on
the parameter space of the model in consideration.
The contribution to the oblique parameters (S, T and U)

matters if the vectorlike quarks mix with our SM quarks. In
that scenario, it contributes to the parameters strongly,
depending on the mixing angle [103]. In our case, we do
not directly have a SM top and QL;R mixing because of
the PQ symmetry. The mixing happens only through the
ζ-Higgs mixing, which induces a hQ̄LQR term. This
mixing is suppressed by vH=Fa, which is super tiny. As
a result, the contributions to the S, T and U parameters are
not important.

Now, we turn to the discussion of direct production of the
new particles at the LHC. The new particles, being charged
under a PQ symmetry, should be produced in pairs. There
are three different pairs of new particles that can be directly
produced:QQ̄,Q χ1, and Q̄ χ1. Hence, these processes will
contribute to the following final states: dijet ð2jÞ þMET in
case of QQ̄ production and monojet ðjÞ þMET final state
in case ofQ χ1 and Q̄ χ1 production, where MET stands for
missing transverse energy. In the rest of this section, we
will discuss the constraints on the parameter space in view
of the observation of the above-mentioned final states at the
collider.
Since the Q’s are colored, the cross section for the

production of QQ̄ will be similar to that of the SM quarks
andwill be suppressed for highermasses. Figure 6 shows the
variation of parton-level total production cross section for
QQ̄ (in red) and for Q χ1 and Q̄ χ1 (in blue) in 2jþMET
and in jþMET channels, respectively, at the LHC at
13 TeV. The cross sections presented in Fig. 6 have been
calculated at leading order using MadGraph5 [104] with the
NNPDF2.3LO parton distribution function [105]. The
production cross section of QQ̄ in the 2jþMET channel
has negligible dependence on fd;s;b since the dominant
parton-level process for the production is gg → QQ̄, which
is independent of fd;s;b. Hence, the two red curves, solid for
fd;s;b ¼ 0.1 and dashed for fd;s;b ¼ 1, coincide with each
other. However, the cross section for Q χ1 and Q̄ χ1 in
jþMET channels scales as f2d;s;b since the parton-level
process involved in the production is gq; gq̄ → Q χ1; Q̄ χ1,

TABLE III. Observed upper limit on the branching ratio of
invisible decay of the scalar h.

ATLAS CMS

BRðh → invÞ 0.67 [99] 0.24 [100]

FIG. 6. Variation of total production cross section for QQ̄ (in
red) and for Q χ1 and Q̄ χ1 (in blue) in dijetþMET and in
monojet þMET channels, respectively, at the LHC at

ffiffiffi
s

p ¼
13 TeV as a function of MQ for m χ ¼ 60 GeV.
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whose amplitude is proportional to fd;s;b. Note that the only
possible decay mode ofQ is to a down-type quark and a χ1.
To estimate the signature of our model in collider

experiments, events have been generated at partonic level
using MadGraph5 with the NNPDF2.3LO parton distribution
function using the Universal FeynRules Object (UFO)
[106] files generated by FeynRules [67,68] at a center-of-
mass energy of 13 TeV; partons in the final state have been
showered and hadronized using the parton shower in
PYTHIA 8.210 [107] with 4C tune [108]. Stable particles
have been clustered into anti-kT [109] jets of size 0.4 (used
by both ATLAS and CMS) using the FastJet [110] software
package; only the jets with PT more than 30 GeV have been
considered for further analysis.
In Fig. 7, we present some important and representative

differential distribution of some observables as are con-
sidered by experimental collaborations to search for
signals. The top-left panel in the figure shows the

distribution of pT of the leading jet while the panel in
top right shows the distribution for pT of the second jet. In
the bottom-left panel, we show the distribution of missing
transverse energy (pT). The bottom-right panel shows the
distribution of HT ¼ P

j∈jets jp⃗Tj
j, which is the scalar sum

of pT of all the jets. The major sources of the SM
backgrounds for jetsþMET are from the production of
Z decaying to νν̄ andW decaying to τντ in events with jets.
Also QCD events are potential sources to contribute to the
same final state. The distribution for these three back-
grounds are plotted in four panels of Fig. 7. SM back-
ground samples have been generated with at leading order
(LO) using MadGraph5 [104] with the NNPDF2.3LO parton
distribution function [105] at a center-of-mass energy of
13 TeVand PYTHIA 8.210 [107], with the same 4C tune [108]
as used for generation of the signal sample, has been used
for the simulation of fragmentation, parton shower, hadro-
nization and underlying event. The distribution for QCD,

FIG. 7. Differential distributions of signal and background events for dijetþMET and monojetþMET final states. Distributions are
for (top left) pT of the leading jet, (top right) pT of the second jet, (bottom left) missing transverse energy pT, and (bottom right) the
scalar sum of pT of all the jets HT ¼ P

j∈jets jp⃗Tj
j for different values of MQ.
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W þ jets, and Z þ jets backgrounds are plotted with gray,
purple, and green, respectively, with the same color
convention in all four panels. From the figure, it is quite
clear that the bumps for signals will not be significant
enough to be observed above the expected fluctuation of
the background.
Following the distribution in the experimental referen-

ces [55,111–118], we carried out our analysis with the same
distribution. As discussed earlier, the direct production of
new particles will contribute to 2jþMET and jþMET
signals. There are few dedicated searches in these channels
to search for dark matter signals [55,111–113]. Few other
models, especially supersymmetry (SUSY) in the R-parity
conserving scenario, also lead to these kinds of signals.
These searches have also been done by both CMS
[114,115] and ATLAS [116–118]. Though the results are
given in terms of SUSY parameters or effective theory
parameters, one can recast the result for a given model and
check for its consistency. But these searches do not yield
any further constraint in the parameter space in the model.
A dedicated search for this model may give a stronger
constraint, but the analysis of such a search is beyond the
scope of this work.

IV. RESULTS

Our main results are summarized in Fig. 8. The relevant
bounds coming from the different experiments are imposed
on the region satisfying the DM relic density in the
λ χH −m χ plane. The gray shaded region is ruled out by
the relic constraints. We allow for both χ1 as well as the
axion to contribute to the DM relic density. Hence the white
region, corresponding to the 2σ bound Ωch2 < 0.12,
represents the allowed parameter space, satisfying the relic
density. As explained before, near m χ ≈mh=2, the DM
annihilation cross section is enhanced from the Higgs
resonance, thereby decreasing the relic density of DM.
This explains why the allowed region from relic is centered
aroundm χ ¼ mh=2. Furthermore, there is a particular set of
parameters for which h χ1 χ1 coupling vanishes, leading to
a rise in the relic density. This accounts for the peaklike
structure in Fig. 8, which occurs at λ χH ∼ 0.14 for our
choice of parameters.
The black hatched lines show the regions of parameter

space ruled out by the direct detection bounds from
XENON1T × 1 yr experiment. The hatched region within
the red curve is ruled out by DES-Fermi-LAT joint gamma-
ray search data from the Milky Way satellite galaxies. As is
clearly seen, most of the allowed regions are ruled out,
leaving behind a tinywindow around in them χ − λ χH plane.
Clearly, this window is centered aroundm χ ≈mh=2 and the
value of λ χH for which the h χ1 χ1 coupling vanishes.
The blue shaded region shows the bounds imposed due

to the invisible decay modes of the Higgs, which is roughly
25% of its branching ratio. More stringent bounds are

imposed from the signal strength of the Higgs, which is
shown in orange. These also help to rule out extra regions
of the parameter space for larger as well as smaller values of
λ χH. We have also checked that the LHC bounds from
production of QQ̄ are relatively weak; hence they do not
impose any extra constraint on the model.
Thus, from the above figure, one concludes that only a

small fraction of the model can still be accommodated from
existing experimental bounds. This region, however, enjoys
the advantage of an accidental cancellation of the couplings
near mh=2, thereby making it extremely difficult to rule out
experimentally. This tiny window provides a breathing
space for the model to survive.

V. SUMMARY AND DISCUSSIONS

In this paper, we have performed a comprehensive study
of a two-component dark matter model, consisting of the
QCD axion and an electromagnetic charge neutral scalar
particle, both contributing to the relic density. The theory is
symmetric under a global Peccei-Quinn symmetry, which
can be spontaneously broken down to a residual Z2
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FIG. 8. Allowed regions in the parameter space for the two-
component axion-WIMP DM model. The gray shaded region
shows the area ruled out by DM relic abundance constraint
corresponding to the 2σ bound Ωch2 < 0.12 [1]. The black
hatched lines show the regions of parameter space ruled out by
the DM direct detection bounds from XENON1T × 1 yr experi-
ment [51]. The hatched region within the red curve is ruled out by
the DM annihilation data from DES-Fermi-LAT experiment [83].
The blue shaded region shows the bounds imposed due to the
invisible decay modes of the Higgs, which is roughly 25%
of its branching ratio [89,90]. The bound coming from the
signal strength of the Higgs is shown in orange [99,100]. The
white, unshaded region represents the allowed parameter space
in this model.
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symmetry. For concreteness, we have considered a specific
model: the KSVZ model of the axion, augmented with an
additional complex scalar. After spontaneous breaking of
the PQ symmetry, the residual Z2 symmetry allows the
lightest component of the complex scalar to be a DM
candidate, apart from the axion. We have tested the model
in the light of recent data from DM direct and indirect
search experiments. Furthermore, we have also studied the
different collider signatures of this model.
Although the observational and experimental constraints

are found to be very restrictive, a synergy of the enhance-
ment of DM annihilation from the Higgs resonance and the
vanishing of the coupling between the Higgs and the dark
matter leave room for future experimental investigation of
this model. A large portion of the parameter space predicts
overabundance of χ1 in the Universe and hence is not
viable. In the remaining underabundant region of χ1, the
axion can form the dominant part of the CDM. The viability
of the axion being the CDM is being tested in several
ongoing experiments. The latest dark matter direct and
indirect detection experiments results further constrain this
model. Moreover, these results are expected to improve the
bounds by a few orders of magnitudes over the next few
years which will subject this model to even tighter con-
straints. Although the bounds from the measurements of the
properties of the Higgs at collider experiments are relatively
weak, they still help to rule out an additional part of the
parameter space. Future measurements of vectorlike quarks
at high-luminosity and high-energy operating modes of the
LHC can shed further light on the viability of this model.
Higher-order loop corrections may modify the DM direct

detection cross section to some extent, as discussed in
Refs. [119–122]. Additionally, virtual internal bremsstrah-
lung in the annihilation of χ1 may introduce special
features to the gamma-ray energy spectrum, making it
easier to detect by some of the experiments [123]. However,
these corrections were not taken into account here and will
be addressed in a future work. Nevertheless, it is possible to
add new particles to this simplistic model, e.g., an addi-
tional scalar, to enrich its phenomenology and evade some
of the experimental bounds. This leaves room for future
scopes of model building and investigation of observable
signatures in high-energy experiments. In this work, we
have calculated the prediction from our model with some
natural choice for the couplings to compare with exper-
imental data; but other values of the couplings can be
explored to test the validity of the model on the basis of
available experimental results. In conclusion, the two-
component dark matter model, consisting of the WIMP
and the axion, continues to survive, in spite of being tightly
constrained.
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APPENDIX: NO SYMMETRY BREAKING OF χ

The potential for χ before PQ-symmetry breaking is
given by

Vð χÞ ¼ λ χ j χj4 þ μ2χ j χj2: ðA1Þ

The minima for this potential occurs at v χ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−ðμ2χ=2λ χÞ

q
.

We can always choose parameters such that v χ < Fa. This
will prevent χ from developing a VEV before PQ-sym-
metry breaking. After PQ-symmetry breaking, the potential
governing the evolution of the real components of χ, viz.
χ1 and χ2, is given by

Vð χ1; χ2Þ ¼
λ χ
4
ð χ21 þ χ22Þ2 þ

1

2
μ2χ1 χ

2
1 þ

1

2
μ2χ2 χ

2
2; ðA2Þ

where

μ2χ1 ¼
1

2
ð2μ2χ þ λζ χF2

a − 2
ffiffiffi
2

p
ϵ χFaÞ; ðA3Þ

μ2χ2 ¼
1

2
ð2μ2χ þ λζ χF2

a þ 2
ffiffiffi
2

p
ϵ χFaÞ: ðA4Þ

There are four possibilities depending on the nature of the
parameters:

(i) μ2χ1 , μ
2
χ2 > 0.—This does not lead to a VEV for χ1

or χ2.
(ii) μ2χ1 > 0 and μ2χ2 < 0.—This scenario is not possible

since we choose ϵ χ > 0 in our analysis.
(iii) μ2χ1 < 0 and μ2χ2 > 0.—This parameter choice en-

sures no VEV for χ2. The minimization condition
for χ1 then becomes
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∂Vð χ1; χ2Þ
∂ χ1

����
χ1¼ χ1min

; χ2¼0

¼ λ χ χ
3
1min

þ μ2χ1 χ1min
¼ 0;

ðA5Þ

which leads to χ1min
¼ 0, and χ1min

¼�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−ðμ2χ1=λχÞ

q
.

Clearly, χ1min
¼ 0 is the solution for the maxima, and

the other two solutions correspond to the minima.
(iv) μ2χ1 , μ

2
χ2 < 0.—This scenario is more involved and

requires minimization with respect to both the fields:

∂Vð χ1; χ2Þ
∂ χ1

����
χ1¼ χ1min

; χ2¼ χ2min

¼ ½λ χð χ21min
þ χ22min

Þ þ μ2χ1 � χ1min
¼ 0; ðA6Þ

∂Vð χ1; χ2Þ
∂ χ2

����
χ1¼ χ1min

; χ2¼ χ2min

¼ ½λ χð χ21min
þ χ22min

Þ þ μ2χ2 � χ2min
¼ 0: ðA7Þ

The above set of equations permits the following
solutions:

ðsoln∶aÞ χ1min
¼ χ2min

¼ 0; ðA8Þ

ðsoln∶bÞ χ1min
¼ 0; χ2min

¼�
ffiffiffiffiffiffiffiffiffiffiffi
−
μ2χ2
λχ

s
; ðA9Þ

and ðsoln∶cÞ χ1min
¼ �

ffiffiffiffiffiffiffiffiffiffiffi
−
μ2χ1
λ χ

s
; χ2min

¼ 0:

ðA10Þ

To determine which solution corresponds to a
minima, we take a further derivative to get

∂2Vð χ1; χ2Þ
∂ χ21 ¼ λ χð3 χ21 þ χ22Þ þ μ2χ1 ; ðA11Þ

∂2Vð χ1; χ2Þ
∂ χ22 ¼ λ χð χ21 þ 3 χ22Þ þ μ2χ2 ; ðA12Þ

∂2Vð χ1; χ2Þ
∂ χ1∂ χ2 ¼ 2λ χ χ1 χ2: ðA13Þ

The nature of the solutions in Eqs. (A8)–(A10) are
determined by the determinant and trace of the
Hessian. This gives the following conditions:

(Soln: a) Det ¼ 0 and Tr ¼ 0.—Further analysis is
required to tell the nature of this point. For
this solution, Vð χ1 ¼ 0; χ2 ¼ 0Þ ¼ 0, which
is bigger than the values at other solutions.
So, even if it is a minima, it is not a global
minima.

(Soln: b) Det ¼ 4
ffiffiffi
2

p
ϵ χFaμ

2
χ2 < 0.—This corresponds

to a saddle point solution.
(Soln: c) Det ¼ −4

ffiffiffi
2

p
ϵ χFaμ

2
χ1 > 0 and Tr ¼ μ2χ2−

3μ2χ1 > 0.—This is a minima.
This analysis confirms that χ2 will never get a VEV.

Whether χ1 will get a VEVor not depends on the choice of
the parameters. For our model to be valid, we need to
choose parameters in such a way so that χ1min

< vH. This
will prevent χ1 from developing a VEV before electroweak
symmetry breaking. After electroweak symmetry breaking,
however, χ1 gets real mass as given in Eq. (7). We can
quickly estimate the value of χ1min

for the parameters of our
model. The values of χ1min

as a function of λ χ are shown in
Fig. 9 for different values of m χ . Clearly, for natural values
of the coupling λ χ ≳ 0.05, global minima of the potential in
Eq. (A2) occurs for values χ1min

below vH, which prevents
χ1 from developing a VEV before electroweak symmetry
breaking. After electroweak symmetry breaking, both χ1
and χ2 get real mass. So, we can always choose parameters
in our model in such a way that neither χ nor χ1 or χ2
develops a VEV throughout the entire symmetry-breaking
process of ζ and H.

FIG. 9. Values of χ1min
for our parameter choices as a function

of λχ for different values of m χ .
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