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We introduce a three-Higgs doublet model (3HDM) with two inert (or dark) scalar doublets
and an active Higgs one, hence termed Ið2þ 1ÞHDM, in the presence of a discrete Z3 symmetry
acting upon the three doublet fields. We show that such a construct yields a dark matter (DM)
sector with two mass-degenerate states of opposite CP quantum number, both of which contribute to
DM dynamics, which we call “hermaphrodite DM,” distinguishable from a (single) complex
DM candidate. We show that the relic density contributions of both states are equal, saturating
the observed relic density compliant with (in)direct searches for DM as well as other
experimental data impinging on both the dark and Higgs sectors of the model, chiefly, in the form
of electroweak precision observables, Standard Model-like Higgs boson measurements at the Large
Hadron Collider and void searches for additional (pseudo)scalar states at the CERN machine and
previous colliders.
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I. INTRODUCTION

The discovery of a Higgs boson by the Large Hadron
Collider (LHC) in July 2012 [1,2] has finally confirmed
that electroweak symmetry breaking (EWSB) is triggered
by the Higgs mechanism. While such a new state of nature
is perfectly consistent with the Standard Model (SM),
which incorporates one Higgs doublet, there is no compel-
ling reason to assume that there should be only one. In fact,
it is possible that additional Higgs doublets exist such that
their corresponding Higgs bosons could be found during

one of the upcoming LHC runs. If one assumes that doublet
(complex) representations of Higgs fields are those chosen
by nature to implement EWSB, which is entirely plausible
in the light of the fact that only such a structure is able to
give mass to the W� and Z bosons of the SM while
preserving a massless photon, thereby in turn enabling
unification of electromagnetic (EM) and weak interactions,
then one may wonder what can models with a generic
number N of Higgs doublets, in turn defining the class of
N-Higgs doublet models (NHDMs), produce in terms of
new physics signals. The question is particularly intriguing
if one further connects it to the need to explain the existence
of dark matter (DM) in nature, something that is absent in
the SM.
In order to attempt answering such a more articulate

question, one may concentrate on the class of two-Higgs
doublet models (2HDMs) [3]. In doing so, one should make
sure to realize a 2HDM in a structure within which the DM
candidate is a stable (on cosmological time scales), cold
(i.e., nonrelativistic) at the onset of galaxy formation,
nonbaryonic, neutral and weakly interacting component
of the Universe [4]. A very simple 2HDM realization that
provides a scalar DM candidate is the model with one inert
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(I) doublet plus one Higgs (H) doublet, that we label as
Ið1þ 1ÞHDM. This 2HDM representation is known in the
literature as the inert doublet model (IDM), which was
proposed in 1978 [5] and has been studied extensively
over many decades. In this scenario, one SUð2ÞL doublet
with the same SM quantum numbers as the SM Higgs one
is introduced. Here, a Z2 symmetry is also introduced,
under which the even parity is assigned to the SM Higgs
doublet and the odd parity is assigned to the additional
one. A possible vacuum configuration of this model is
ðv; 0Þ, where the second doublet does not develop a
vacuum expectation value (VEV) while the first one
inherits the SM VEV, v.1 With this vacuum configuration,
the Z2 symmetry remains unbroken after EWSB. In fact,
the former does not take part in EWSB while the latter
contains essentially the aforementioned Higgs state dis-
covered at the CERN machine. Since the inert doublet
does not couple to fermions, as it is by construction the
only Z2-odd field in the model, it provides a stable DM
candidate. In essence, this is the lightest state among the
two neutral (scalar and pseudoscalar) inert states with Z2-
odd quantum numbers (while all the SM states are
Z2 even).2

The next class of NHDMs is constituted by three-
Higgs doublet models (3HDMs). The case for these is
particularly promising for two main reasons. To begin with,
3HDMs are more tractable than higher multiplicity NHDMs
as all possible finite symmetries have been identified [6,7].
Furthermore, and perhaps most intriguingly, 3HDMs may
shed light on the flavor problem, namely the problem of the
origin and nature of the three families of quarks and leptons,
including neutrinos, and their pattern ofmasses,mixings and
CP violation. Indeed, it is possible that the three families of
SM fermions could be described by the same symmetries
that describe the three Higgs doublets [8]. In such models
this family symmetry could be spontaneously broken along
with the EWone, with some remnant subgroup surviving, so
that, for certain symmetries, it is possible to find a VEV
alignment that respects the original symmetry of the scalar
potential which will then be responsible for the stabilization
of the DM candidate [9].
One could then simply extend the Ið1þ 1ÞHDM by

introducing another inert SUð2ÞL doublet with, again, the
same SM quantum numbers as the SM Higgs one, thereby
realizing a Ið2þ 1ÞHDM, hence achieving the vacuum
alignment ð0; 0; vÞ, which is of particular interest because

of its similarity with the Ið1þ 1ÞHDM and the absence of
flavor changing neutral currents (FCNCs).3

The Ið2þ 1ÞHDM has the following advantages over the
Ið1þ 1ÞHDM. First, the low and medium mass regions for
the DM candidate (mDM ≲ 100 GeV) which are excluded
in the Ið1þ 1ÞHDM are revived in the Ið2þ 1ÞHDM due to
the presence of more coannihilation channels [11]. Second,
the extended dark sector in the Ið2þ 1ÞHDM allows for the
possibility of dark CP violation, a novel phenomenon first
introduced in [12], which further revives the low DM mass
region in comparison to the Ið1þ 1ÞHDM. Note that, in
order to introduce dark CP violation, it is necessary to at
least add a singlet scalar to the Ið1þ 1ÞHDM. However, the
CP violating effects are smaller and less accessible to
measure in the Ið1þ 1ÞHDM plus a singlet compared to the
Ið2þ 1ÞHDM [13]. Third, in order to impose a ZN
symmetry with N > 2 on the dark sector, again, at least
one singlet should be added to the Ið1þ 1ÞHDM. However,
in this paper, we will probe Z3 symmetric Ið2þ 1ÞHDM
solutions that satisfy several constraints for the low DM
mass region which are instead excluded in the Z3 symmetric
Ið1þ1ÞHDM plus singlet. This Z3 symmetric Ið2þ1ÞHDM
is the model we will be concerned with, building upon the
one introduced and studied in Refs. [14–19]. Herein, though,
the discrete symmetry structure used was again a Z2 one,
like in 2HDMs, separating the two inert doublets and the
active one. Again, the lightest Z2-odd neutral scalar of this
construct is the DM candidate.
In this paper,we study avariation of such a Ið2þ 1ÞHDM,

wherein we replace this Z2 symmetry with a Z3 one instead,
following the example adopted in [20] for the case of a
2HDM. The motivation for this is to attempt generating a
3HDM with two mass-degenerate DM states with opposite
CP. We shall in fact show that, in the case of a Z3 symmetric
scalar potential, such a DM setup, which we call “hermaph-
rodite DM,” is indeed possible and distinguishable from a
complex DM setup.
The layout of the remainder of the paper is as follows. In

the next section we describe the aforementioned variation
of the Ið2þ 1ÞHDM with a Z3 symmetry. In the following
sections we discuss both theoretical and experimental
constraints affecting our model. Numerical results and
the selection of our benchmark scenarios will then follow
while in the last section we will conclude.

II. THE Ið2 + 1ÞHDM SCALAR POTENTIAL

In an NHDM, the generic scalar potential symmetric
under a group G of phase rotations can be written as the
sum of two parts:

1The doublet that acquires a VEV is called the active doublet
and the one with no VEV is called the inert (at times also dark)
doublet.

2Incidentally, notice that scalar (H) and pseudoscalar (A)
particles from the inert doublet in the Ið1þ 1ÞHDM have
opposite CP quantum numbers but, as they do not couple to
fermions, the only means of disentangling them is to exploit their
gauge interactions: e.g., the HAZ vertex is present while the
HHZ and AAZ ones are not.

3A 3HDM with ð0; v; v0Þ vacuum alignment has been consid-
ered in [10] wherein it was termed IDM2. Using our nomencla-
ture, this model may be referred to as the Ið1þ 2ÞHDM.
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V ¼ V0 þ VG; ð1Þ

where V0 is invariant under any phase rotation and VG is a
collection of extra terms ensuring the symmetry under the
action of the group G [21].
The most general phase invariant part of a 3HDM

potential has the following form:

V0 ¼−μ21ðϕ†
1ϕ1Þ−μ22ðϕ†

2ϕ2Þ−μ23ðϕ†
3ϕ3Þ

þλ11ðϕ†
1ϕ1Þ2þλ22ðϕ†

2ϕ2Þ2þλ33ðϕ†
3ϕ3Þ2

þλ12ðϕ†
1ϕ1Þðϕ†

2ϕ2Þþλ23ðϕ†
2ϕ2Þðϕ†

3ϕ3Þ
þλ31ðϕ†

3ϕ3Þðϕ†
1ϕ1Þþλ012ðϕ†

1ϕ2Þðϕ†
2ϕ1Þ

þλ023ðϕ†
2ϕ3Þðϕ†

3ϕ2Þþλ031ðϕ†
3ϕ1Þðϕ†

1ϕ3Þ; ð2Þ

where the notation of [11] was used. The construction of
the Z3 symmetric part of the potential depends on the
generator of the Z3 symmetry. As we want to study the
model with two different DM candidates, in order to
accomplish this, we will assign different charges to each
doublet. More specifically, we assume that the Lagrangian
is symmetric under the Z3 transformation given by

ϕ1 → ωϕ1; ϕ2 → ω2ϕ2; ϕ3 → ϕ3; ð3Þ

with ω being a complex cubic root of unity, ω ¼ e2πi=3. In
other words, we can write the generator of the group as
follows:

gZ3
¼ diagðω;ω2; 1Þ: ð4Þ

With these assignments, the Z3 symmetric potential term
VG has the following form:

VZ3
¼ λ1ðϕ†

2ϕ1Þðϕ†
3ϕ1Þ þ λ2ðϕ†

1ϕ2Þðϕ†
3ϕ2Þ

þ λ3ðϕ†
1ϕ3Þðϕ†

2ϕ3Þ þ H:c: ð5Þ

We take all the parameters of the potential to be real. We
will identify ϕ3 with the SM Higgs doublet and the Z3

charges for all other SM particles are considered to be zero.
The Yukawa Lagrangian in this model is identical to the
SM Yukawa Lagrangian (with additional terms for right-
handed neutrinos) given by

LY ¼ Γu
mnq̄m;Lϕ̃3un;R þ Γd

mnq̄m;Lϕ3dn;R

þ Γe
mnl̄m;Lϕ3en;R þ Γν

mnl̄m;Lϕ̃3νn;R þ H:c: ð6Þ

We assume the vacuum alignment hϕ1i ¼ hϕ2i ¼ 0 and
hϕ3i ≠ 0, so that the Z3 symmetry is unbroken when
EWSB occurs via the Higgs mechanism.

A. The mass eigenstates

We define the components of each doublet as

ϕ1¼
0@ H0þ

1

H0
1
þiA0

1ffiffi
2

p

1A; ϕ2¼
0@ H0þ

2

H0
2
þiA0

2ffiffi
2

p

1A; ϕ3¼
0@ H0þ

3

vþH0
3
þiA0

3ffiffi
2

p

1A:

ð7Þ
The vacuum condition that the point ðϕ0

1;ϕ
0
2;ϕ

0
3Þ ¼ð0; 0; vffiffi

2
p Þ becomes the minimum of the potential leads to

the relation

v2 ¼ μ23
λ33

: ð8Þ

Expanding the potential around this vacuum point results in
the mass spectrum below, where the pairs of scalar/
pseudoscalar base fields ðH0

1;2=A
0
1;2Þ from the inert doublets

in Eq. (7) are rotated by

Rθi ¼
�

cos θi sin θi
− sin θi cos θi

�
; ð9Þ

where θi ¼ θh; θa are the rotation angles for the scalar and
pseudoscalar matrices, respectively while there is nomixing
between the charged states. The mass spectrum of all spin-0
particles of the Ið2þ 1ÞHDM is presented below.
CP-even scalars:

h∶m2
h ¼ 2μ23 ¼ 2λ33v2

H1 ¼ cos θhH0
1 þ sin θhH0

2

m2
H1

¼ cos2θhð−μ21 þ Λ1Þ þ sin2θhð−μ22 þ Λ2Þ
þ sin θh cos θhλ3v2

H2 ¼ − sin θhH0
1 þ cos θhH0

2

m2
H2

¼ sin2θhð−μ21 þ Λ1Þ þ cos2θhð−μ22 þ Λ2Þ
− sin θh cos θhλ3v2

with Λ1 ¼
1

2
ðλ31 þ λ031Þv2; Λ2 ¼

1

2
ðλ23 þ λ023Þv2;

tan 2θh ¼
−λ3v2

μ21 − Λ1 − μ22 þ Λ2

ð10Þ
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CP-odd scalars:

A1¼ cosθaA0
1þ sinθaA0

2

m2
A1
¼ cos2θað−μ21þΛ1Þþ sin2θað−μ22þΛ2Þ
− sinθa cosθaλ3v2

A2¼−sinθaA0
1þ cosθaA0

2

m2
A2
¼ sin2θað−μ21þΛ1Þþ cos2θað−μ22þΛ2Þ
þ sinθa cosθaλ3v2

with tan2θa ¼
λ3v2

μ21−Λ1−μ22þΛ2

ð11Þ

Charged scalars:

H�
1 ¼ H0�

1 ; m2
H�

1

¼ −μ21 þ
1

2
λ31v2

H�
2 ¼ H0�

2 ; m2
H�

2

¼ −μ22 þ
1

2
λ23v2: ð12Þ

Note that tan θa ¼ − tan θh and the CP-even and CP-odd
mass eigenstates can be written as(

H1 ≡ cos θhH0
1 þ sin θhH0

2

H2 ¼ − sin θhH0
1 þ cos θhH0

2

and(
A1 ≡ cos θhA0

1 − sin θhA0
2

A2 ¼ sin θhA0
1 þ cos θhA0

2

ð13Þ

with masses

m2
H1

¼ m2
A1

¼ cos2 θhð−μ21 þ Λ1Þ þ sin2 θhð−μ22 þ Λ2Þ
þ sin θh cos θhλ3v2

m2
H2

¼ m2
A2

¼ sin2 θhð−μ21 þ Λ1Þ þ cos2 θhð−μ22 þ Λ2Þ
− sin θh cos θhλ3v2: ð14Þ

Note that the degenerate fields H1 and A1 can be grouped
together into a complex neutral field N1 ¼ ðH1 þ iA1Þ=

ffiffiffi
2

p
[and H2 and A2 states into N2 ¼ ðH2 þ iA2Þ=

ffiffiffi
2

p
, corre-

spondingly]. When λ3 ¼ 0, the inert doublets decouple
from each other and the complex fields N1 and N2 become
eigenstates of the Z3 symmetry, with the Z3 charge þ1 for
N1 and the Z3 charge −1 for N2. In general, though, when
λ3 ≠ 0, the states N1 and N2 do not have defined Z3

quantum numbers. We will discuss this further in Sec. VI

where we introduce the concept of hermaphrodite DM and
discuss how it is distinguishable from a complex DM
scenario.
We take the mass-degenerate H1 and A1 particles as

constituents of the hermaphrodite DM state, which are
protected from decaying to SM particles through the
unbroken Z3 symmetry. Moreover, the only fields that
transform trivially under the Z3 symmetry are the SM fields
and the fields from the only active scalar doublet, ϕ3, which
plays the role of the SM Higgs doublet.
The (pseudo)scalar-gauge boson interaction plays an

important role here, since a nonzero H1A1Z vertex predicts
a signal at direct detection experiments which contradicts
the observation and rules out the model as a viable DM
framework. As we have shown in Table I, the ZH1A1 vertex
is proportional to cos 2θh. This vertex vanishes at the θh ¼
π=4 slice of the parameter space which is where we define
our benchmark scenarios in the upcoming sections.

B. Input parameters

We write the parameters of the potential that are relevant
for our numerical studies,

μ21; μ22; λ23; λ31; λ023; λ031;

λ3; λ1; λ2 ð15Þ

in terms of physical quantities

mH1
; mH2

; mH�
1
; mH�

2
; θh;

g1; g2; λ1; λ2; ð16Þ

where g1 ¼ ghH1H1
=v and g2 ¼ ghH1H2

=v and λ1 and λ2
which appear in the cubic inert scalar interactions. The
conversion relations are as follows:

TABLE I. Angular dependence of (pseudo)scalar-gauge cou-
plings in the Z3 symmetric model.

Vertex Vertex coefficient

ZHiAi cos 2θh
ZHiAj sin 2θh
W�H∓

i Hi cos θh
W�H∓

i Hj sin θh
W�H∓

i Ai cos θh
W�H∓

i Aj sin θh
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λ3 ¼
4 sinð2θhÞðm2

H2
−m2

H1
Þ

v2ðcosð4θhÞ − 3Þ ;

λ023 ¼
2 cosð2θhÞðm2

H1
−m2

H2
Þ

v2ðcosð4θhÞ − 3Þ þ 1

v2
ðm2

H1
þm2

H2
− 2m2

H�
2

Þ;

λ031 ¼
2 cosð2θhÞðm2

H2
−m2

H1
Þ

v2ðcosð4θhÞ − 3Þ þ 1

v2
ðm2

H1
þm2

H2
− 2m2

H�
1

Þ;

μ21 ¼
−1

2ðcosð4θhÞ − 3Þ ðcosð4θhÞð−g1v
2 þm2

H1
þm2

H2
Þ þ 3g1v2

þ g2v2ð−2 sinð2θhÞ þ sinð4θhÞ − 2 tanðθhÞÞ þ 2 cosð2θhÞðm2
H1

−m2
H2
Þ − 7m2

H1
þm2

H2
Þ;

μ22 ¼
−2

4ðcosð4θhÞ − 3Þ ðcosð4θhÞð−g1v
2 þm2

H1
þm2

H2
Þ þ 3g1v2 þ 2g2v2ðcotðθhÞ þ 4 sinðθhÞcos3ðθhÞÞ

− 7m2
H1

þm2
H2

− 2 cosð2θhÞðm2
H1

−m2
H2
ÞÞ;

λ23 ¼
−1

v2ðcosð4θhÞ − 3Þ ðcosð4θhÞð−g1v
2 þm2

H1
− 2m2

H�
2

þm2
H2
Þ þ 3g1v2 þ 6m2

H�
2

þ 2g2v2ðcotðθhÞ þ 4 sinðθhÞcos3ðθhÞÞ

þ 2 cosð2θhÞðm2
H2

−m2
H1
Þ − 7m2

H1
þm2

H2
Þ;

λ31 ¼
1

v2ðcosð4θhÞ − 3Þ ðcosð4θhÞðg1v
2 þ 2m2

H�
1

−m2
H1

−m2
H2
Þ − 3g1v2 − 6m2

H�
1

þ g2v2ð2 sinð2θhÞ − sinð4θhÞ þ 2 tanðθhÞÞ þ 2 cosð2θhÞðm2
H2

−m2
H1
Þ þ 7m2

H1
−m2

H2
Þ: ð17Þ

III. CONSTRAINTS ON THE MODEL
PARAMETERS

As the third doublet is identified with the SM Higgs
doublet, μ3, λ33 are Higgs field parameters, renormalized by
the Higgs mass. We use the value mh ¼ 125 GeV for the
latter, so that

m2
h ¼ 2μ23 ¼ 2λ33v2: ð18Þ

For the V0 part of the potential to have a stable vacuum
(bounded from below) [16,17], the following conditions are
required4:

λ11; λ22; λ33 ≥ 0;fλ12 ≡ λ12 þ λ012 þ
ffiffiffiffiffiffiffiffiffiffiffiffi
λ11λ22

p
≥ 0;fλ23 ≡ λ23 þ λ023 þ

ffiffiffiffiffiffiffiffiffiffiffiffi
λ22λ33

p
≥ 0;fλ31 ≡ λ31 þ λ031 þ

ffiffiffiffiffiffiffiffiffiffiffiffi
λ33λ11

p
≥ 0;ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

λ11λ22λ33
p

þ ðλ12 þ λ012Þ
ffiffiffiffiffiffi
λ33

p
þ ðλ31 þ λ031Þ

ffiffiffiffiffiffi
λ22

p
þ ðλ23 þ λ023Þ

ffiffiffiffiffiffi
λ11

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2fλ12 fλ31 fλ23q

≥ 0:

ð19Þ

We also require the parameters of the VZ3
part to be smaller

than the parameters of the V0 part:

jλ1j; jλ2j; jλ3j < jλiij; jλijj; jλ0ijj; i ≠ j ¼ 1; 2; 3; ð20Þ

so that they do not dominate the behavior of the potential at
high field values. For the point ð0; 0; vffiffi

2
p Þ to be the minimum

of the potential, the mass eigenvalues must be positive.
Therefore, it is required that

− μ21 þ λ31
v2

2
> 0;

− μ22 þ λ23
v2

2
> 0;

− 2ðμ21 þ μ22Þ þ v2ðλ23 þ λ023 þ λ31 þ λ031Þ
> j2ðμ21 − μ22Þ þ v2ðλ23 þ λ023 − λ31 − λ031Þj; ð21Þ

which also renders the ð0; 0; vffiffi
2

p Þ point the global minimum

of the potential. From the S-matrix unitarity for elastic
scattering of 2-to-2 body bosonic states, the magnitude of
combinations of the λ parameters in the potential is con-
strained. In agreement with perturbativity bounds, we take
the absolute values jλij ≤ 2π which also satisfies the
unitarity conditions in [23].
Measurements done at Large Electron-Positron Collider

(LEP) [24,25] limit the invisible decays of Z andW� gauge
bosons, requiring that

4These conditions emerge from requiring the quartic part of the
potential to be positive as the fields ϕi → ∞. The “copositivity”
method suggested in [22] will result inmore restrictive constraints.
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mH�
i
þmHi;Ai

> mW�

mHi
þmAi

> mZ

2mH�
i
> mZ: ð22Þ

Also, LEP provides a model-independent lower limit for
the mass of the charged scalars:

mH�
i
> 70–90 GeV: ð23Þ

Searches for charginos and neutralinos at LEP have
been translated into limits of region of masses in the
Ið1þ 1ÞHDM [25] where for

mH < 80 GeV and mA < 100 GeV

the following region is excluded:

mA −mH > 8 GeV: ð24Þ

We have taken this limit into account in our numerical
studies for any pair of CP-even and CP-odd particles.
Finally, the decay width of the Higgs into a pair of the

inert scalars with mSi < mh=2 is

Γðh→ SiSjÞ

¼
g2hSiSjv

2

32πm3
h

½ðm2
h− ðmSi þmSjÞ2Þðm2

h− ðmSi −mSjÞ2Þ�1=2;

ð25Þ

with Si; Sj ¼ H1; A1 where ghSiSjv is the coefficient of the
hSiSj term in the Lagrangian and mSi is the mass of the
corresponding neutral inert particle. Experimental mea-
surements of invisible Higgs decays limit models in which
the Higgs boson can decay into lighter particles which
escape detection. The current limits on the SM-like Higgs
boson invisible (inv) branching ratio (BR) from the ATLAS
experiment are [26]

BRðh → invÞ < 0.08–0.15: ð26Þ

This leads to strong constraints on the Higgs-DM
coupling. For our scenarios this BR is

BRðh → invÞ ¼ ΣiΓðh → SiSiÞ
ΓSM
h þ ΣiΓðh → SiSiÞ

; ð27Þ

where Si ¼ H1; A1.
Regarding constraints coming from h → γγ, the inert

charged masses and parameters in our analysis fall within
the acceptable ranges obtained in Ref. [14] where a
combined ATLAS and CMS run 1 limit was used for
the SM-like Higgs signal strengths.

IV. SELECTION OF BENCHMARK SCENARIOS

As discussed before, for mass-degenerate H1 and A1

particles to qualify as viable DM candidates, the ZHiAi
vertex, proportional to cos 2θh must vanish. Therefore,
θh ¼ π=4 is the only acceptable value in the 0 ≤ θh < π
range for the model to qualify as a viable DM framework.
With θh ¼ π=4, the mixing between the inert doublets ϕ1

and ϕ2 is maximal and the neutral mass relations are
reduced to

m2
H1

¼m2
A1
¼−

1

2
ðμ21þμ22Þþ

v2

4
ðλ31þλ031þλ23þλ023þ2λ3Þ;

m2
H2

¼m2
A2
¼−

1

2
ðμ21þμ22Þþ

v2

4
ðλ31þλ031þλ23þλ023−2λ3Þ:

ð28Þ
The charged mass eigenstates are as presented in Eq. (12).
In this limit the relations for the parameters in terms of the
observables also reduce to

λ23¼
1

v2
ðg1v2þg2v2−2m2

H1
þ2m2

H�
2

Þ;

λ31¼
1

v2
ðg1v2−g2v2þ2m2

H�
1

−2m2
H1
Þ;

λ023¼
1

v2
ðm2

H1
−2m2

H�
2

þm2
H2
Þ;

λ031¼
1

v2
ðm2

H1
−2m2

H�
1

þm2
H2
Þ;

μ21¼
1

2
ðg1v2−g2v2−2m2

H1
Þ; μ22¼

1

2
ðg1v2þg2v2−2m2

H1
Þ;

λ3¼
1

v2
ðm2

H1
−m2

H2
Þ: ð29Þ

Taking all constraints discussed into account, we devise
the following benchmark scenarios in the θh ¼ π=4 limit,
using the notation

Δn ¼ mH2
−mH1

; Δc ¼ mH�
1
−mH1

;

δc ¼ mH�
2
−mH�

1
: ð30Þ

In the low mass region (45 GeV ≤ mDM ¼ mH1
¼

mA1
≤ 100 GeV), using the nomenclature in accordance

to the Z2 symmetric Ið2þ 1ÞHDM literature [11,12], we
define two benchmark scenarios:

(i) B-type scenarios with Δn ¼ 50 GeV, Δc ¼ 60 GeV
and δc ¼ 10 GeV:

mH1
¼ mA1

≪ mA2
¼ mH2

≪ mH�
1
∼mH�

2
; ð31Þ

where all other inert particles are much heavier than
the mass-degenerate DM constituents H1 and A1

and therefore cannot coannihilate with them. Also,
due to the absence of the ZH1A1 coupling there is
no Z mediated coannihilation between H1 and A1.
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Moreover, CP conservation forbids the coupling
hH1A1 and as a result, there are no Higgs mediated
coannihilation modes between H1 and A1. The only
annihilation processes are through H1H1h and
A1A1h vertices.

(ii) C-type scenarios with Δn ¼ 10 GeV, Δc ¼ 50 GeV
and δc ¼ 1 GeV:

mH1
¼ mA1

∼mA2
¼ mH2

≪ mH�
1
∼mH�

2
; ð32Þ

whereH1 and A1 are close in mass with other neutral
inert particles and could coannihilate through Higgs
and Z mediated processes.

For the heavy mass region, mDM > 100 GeV, there is
only one benchmark scenario that is realizable here referred
to as the G-type one, using the nomenclature of the Z2

symmetric Ið2þ 1ÞHDM literature.5

(i) G-type scenario with Δn ¼ 2 GeV, Δc ¼ 0.8 GeV
and δc ¼ 0.5 GeV:

mH1
¼ mA1

∼mA2
¼ mH2

∼mH�
1
∼mH�

2
; ð33Þ

where H1 and A1 are close in mass with all other
inert particles and could coannihilate through Higgs,
Z and W� mediated processes.

In Table II, we show the input parameter values that we
have used in our numerical analysis, which satisfy all
constraints discussed in the previous section. Our numeri-
cal analysis shows that H1 and A1 contribute identically to
the DM relic density with identical cross sections and
interactions. The production and annihilation processes for
the two constituents of DM, H1 and A1, are proportional to
H1H1h; A1A1h and H1H1VV; A1A1VV couplings which
are identical forH1 and A1. ThereforeH1 and A1 contribute
identically to the DM relic density with identical cross
sections and interactions. Our analysis also confirms that
varying inert self-interaction vertices (proportional to the λ1
and λ2 parameters),

gH1A1A1
¼−

3

2
ffiffiffi
2

p ðλ1þλ2Þv; gH2A2A2
¼−

3

2
ffiffiffi
2

p ðλ1−λ2Þv;

ð34Þ

gH1A2A2
¼ 1

2
ffiffiffi
2

p ðλ1þλ2Þv; gH2A1A1
¼ 1

2
ffiffiffi
2

p ðλ1−λ2Þv;

ð35Þ

gH1A2A1
¼−

1

2
ffiffiffi
2

p ðλ1−λ2Þv; gH2A2A1
¼−

1

2
ffiffiffi
2

p ðλ1þλ2Þv;

ð36Þ

does not affect the tree-level DM and collider phenom-
enology of the model.
Allowing for different values of g1 and g2, we present in

Figs. 1–3 the combined relic density of the mass-degenerate
constituents of DM, H1 and A1, with respect to mDM
(mDM ¼ mH1

¼ mA1
) for benchmark scenarios B, C and

G. Our analysis shows that, in all scenarios, varying g2, the
coefficient of the hH1H2 vertex, does not affect the behavior
of the model, while varying g1, the coefficient of the hH1H1

vertex, dictates the relic density of DM. For scenarios B and
C, for a given g1, the model overproduces DM for masses
below 50GeV,while DM is underproduced in the vicinity of
the Higgs resonance region (mh=2 ≈ 62 GeV). For larger
mDM, for a given g1, DM is again overproduced until we hit
theW� andZ resonances and DMproduction is suppressed.

V. RESULTS

A. DM relic density

As a reference value, we use the DM relic abundance
measured by Planck [27]:

ΩDMh2 ¼ 0.1198� 0.0027: ð37Þ

Due to the presence of two constituents of DM, H1 and A1,
the prediction of the total relic density is given by

ΩDMh2 ¼ ΩH1
h2 þ ΩA1

h2: ð38Þ

For the numerical evaluation of the relic abundance, we use
micrOMEGAs [28] to show the behavior of our benchmark
scenarios B and C defined in Sec. IV.
In Figs. 4–6, we show the DM mass versus the Higgs-

DM coupling and highlight the regions where the model

TABLE II. Input parameter values for the benchmark scenario scans in Figs. 4–6.

Scenario B Scenario C Scenario G

λ11 ¼ 0.13 λ012 ¼ 0.12 −0.2 < g1 < 0.2 Δn ¼ 50 GeV Δn ¼ 10 GeV Δn ¼ 2 GeV
λ22 ¼ 0.11 λ1 ¼ 0.1 −0.2 < g2 < 0.2 Δc ¼ 60 GeV Δc ¼ 50 GeV Δc ¼ 0.8 GeV
λ12 ¼ 0.12 −0.1 < λ2 < 0.1 δc ¼ 10 GeV δc ¼ 1 GeV δc ¼ 0.5 GeV

5The benchmark scenario H defined for the heavy mass region
in the Z2 symmetric Ið2þ 1ÞHDM, with the second inert family
split from the first inert family, is not realizable in the Z3

symmetric Ið2þ 1ÞHDM. This is due to the construction of the
model which does not allow for a large mass splitting between the
two charged inert states H�

1 and H�
2 .
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produces the DM relic density in 3σ agreement with
Eq. (38). The gray regions represent areas where DM
(co)annihilation is not strong enough and, as a result, DM is
overproduced. These regions are therefore ruled out by
Planck observations. The unshaded regions are where DM
is underproduced. Note that due to the presence of
coannihilation channels, in scenario C a more extensive

range of Higgs-DM coupling produces the sufficient
amount of DM; hence, the blue band is thicker for scenario
C in Fig. 5 compared to the green band for scenario B in
Fig. 4. In scenario G, where the charged inert scalars also
coannihilate with the DM particles, the violet band showing
the region with correct relic density is even broader as
shown in Fig. 6.

FIG. 1. The combined relic density of the DM constituentsH1 and A1 with respect tomDM in benchmark scenario B for varying values
of positive (left) and negative (right) g1 coupling. The green band represents the DM observed relic density within 3σ.

FIG. 2. The combined relic density of the DM constituentsH1 and A1 with respect tomDM in benchmark scenario C for varying values
of positive (left) and negative (right) g1 coupling. The green band represents the DM observed relic density within 3σ.

FIG. 3. The combined relic density of the DM constituentsH1 and A1 with respect tomDM in benchmark scenario G for varying values
of positive (left) and negative (right) g1 coupling. The green band represents the DM observed relic density within 3σ.
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For both scenarios B and C, in the light DM mass
region, the plots are symmetric for positive and negative
g1 values since the cross section of the Higgs mediated
annihilation process H1H1=A1A1 → h → ff̄ is propor-
tional to g21. In the vicinity of the Higgs resonance region,
the H1H1=A1A1 → h process is very efficient and reduces
the DM abundance significantly, so much so that the Higgs-
DM coupling g1 has to take very small values. Recall also
from Figs. 1 and 2 that, for mDM ∼mh=2, even negligible
values of g1 lead to the underproduction of DM. The main
annihilation channels in this mass region are the
H1H1=A1A1 → bb̄ process contributing ∼28% and the

H1H1=A1A1 → Wþ�W−� process contributing ∼14% of
the annihilation cross section (with other annihilation
channels individually subdominant). As the DM mass
increases, the contribution from the bb̄ process reduces
while the contribution from the Wþ�W−� process grows,
reaching ∼50% of the total annihilation cross section for
mDM ∼mW� . In the heavier mass region, the point annihi-
lation channel H1H1=A1A1 → W�W∓ opens up and inter-
feres destructively with the Higgs mediated process
H1H1=A1A1 → h → W�W∓. For larger values of DMmass
the point annihilation is stronger, and a larger Higgs-DM
coupling is required for the effective cancellation of the
H1H1=A1A1 → W�W∓ process. This results in larger neg-
ative values of the Higgs-DM coupling in this region. For
heavier DM masses, above mZ, the annihilation to gauge
bosons is so strong that DM is always underproduced
regardless of the value of the Higgs-DM coupling. This is
a commonpattern in inert doubletmodels ofDM, such as the
Ið1þ 2ÞHDM and the Z2 symmetric Ið2þ 1ÞHDM.
For much heavier DM masses, where charged inert

particles are also close in mass with the DM states, the
destructive interference of all coannihilation processes
leads to a sufficient relic density of DM, as represented
by scenario G. The behavior of the model is similar to the
Z2 symmetric case studied in Ref. [18], wherein, in order to
get the correct relic density, larger Δc values require larger
negative Higgs-DM couplings, smaller Δn values require
lower DM masses and larger δc values weaken the
coannihilation effects and shrink the violet band.

B. Direct and indirect detection limits

DM direct detection experiments measure the scattering
of DM particles off nuclei. This interaction is mediated by

FIG. 4. Regions where the model produces the DM relic
density in 3σ agreement with Eq. (38) in the DM mass vs
Higgs-DM coupling plane in green for scenario B for the
input values in Table II. The gray region represents areas
where DM (co)annihilation is not strong enough and, as a result,
DM is overproduced. The unshaded regions are where DM is
underproduced.

FIG. 5. Regions where the model produces the DM relic
density in 3σ agreement with Eq. (38) in the DM mass vs
Higgs-DM coupling plane in blue for scenario C for the
input values in Table II. The gray region represents areas
where DM (co)annihilation is not strong enough and, as a result,
DM is overproduced. The unshaded regions are where DM is
underproduced.

FIG. 6. Regions where the model produces the DM relic
density in 3σ agreement with Eq. (38) in the DM mass vs
Higgs-DM coupling plane in violet for scenario G for the
input values in Table II. The gray region represents areas
where DM (co)annihilation is not strong enough and, as a result,
DM is overproduced. The unshaded regions are where DM is
underproduced.
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the Higgs or Z boson; therefore results of these experiments
constrain the DM mass, as well as the Higgs-DM coupling,
g1, and the ZH1A1 coupling. As discussed in detail before,
we study a region of the parameter space where the ZH1A1

coupling is zero which is a consequence of the exact Z3

symmetry of the model and the choice of θh ¼ π=4.
Figure 7 shows the direct detection bounds on the points

that saturate the relic density for scenarios B, C andG,where
the solid red line corresponds to the current XENON1T limit
[29], therefore any point above this line is ruled out. In
connectionwith the plots in Figs. 4 and 5, note that when the
Higgs-DM coupling tends to zero, the direct detection cross
section in Fig. 7 is reduced to values well below the limit
from XENON1T. In the top panels, the two branches of
direct detection cross section in the large mass region of the
plots correspond to the two asymmetric relic density bands
in Figs. 4 and 5 with different Higgs-DM coupling values.
The direct detection search by XENON1T does not exclude
any relevant point in scenario G.
Indirect detection results from Fermi Large Area

Telescope [30] strongly constrain DM annihilation into
bb̄ and τþτ−. Figure 8 shows the indirect detection bounds

on the points that saturate the relic density for scenarios B,
C and G, where the solid red line corresponds to the current
Fermi Large Area Telescope limit above which any point is
ruled out. In the top panels, the two branches of indirect
detection cross section correspond to two asymmetric relic
density bands in Figs. 4 and 5 with different Higgs-DM
coupling values. Notice that indirect detection bounds are
much less constraining than the direct detection ones, with
almost all points in scenarios B, C and G in agreement with
the Fermi Large Area Telescope bounds.
To summarize this section, in Fig. 9, we show the effect

of the constraints in the [mDM, g1] plane for scenarios B and
C. In red, we show the region of the parameter space
excluded by direct detection bounds from XENON1T
presented in Fig. 7, which are more constraining that the
indirect detection bounds from Fermi Large Area Telescope
as shown in Fig. 8. The blue shaded regions are excluded
by the Higgs invisible BR limits as discussed in Eqs. (25)–
(27). The points producing the correct relic density for
scenarios B and C are shown in green and blue, respec-
tively, in 3σ agreement with Eq. (38). In the heavy mass
region, all points in scenario G leading to the correct DM

FIG. 7. Direct detection bounds on the points that saturate the relic density for scenarios B (top left), C (top right) and G (bottom). The
solid red line corresponds to the current XENON1T limit above which any point is ruled out.
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relic density satisfy both direct and indirect detection
bounds.
We could compare our results with those obtained in

Ref. [31], wherein a Z3 symmetric Ið1þ 1ÞHDM plus inert
singlet is explored. In their analysis, they do not have points

satisfying XENON1T limits for DM masses below
300 GeV. The latter would mean that adding a doublet
to the Ið1þ 1ÞHDM, rather than a singlet scalar, has the
advantage of opening up regions for the low mass range in
the DM mass.

FIG. 8. Indirect detection bounds on the points that saturate the relic density for scenarios B (top left), C (top right) and G (bottom).
The solid red line corresponds to the current Fermi Large Area Telescope limit above which any point is ruled out.

FIG. 9. The effect of the experimental constraints on the parameter space of benchmark scenarios B and C in the mDM, g1 plane. The
red-shaded regions are excluded by direct and indirect detection experiments while blue-shaded regions are excluded by the Higgs
invisible branching ration bounds.
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VI. HERMAPHRODITE DM SCENARIO

As mentioned before, the θh ¼ π=4 limit is the only
viable limit for H1 and A1 as the two constituents of DM in
the exact Z3 symmetric configuration. In this case, the
masses ofH1 and A1 are degenerate and the gauge coupling
ZH1A1 vanishes. In terms of DM phenomenology, this
scenario naively appears to be identical to a DMmodel with
one complex scalar field N ¼ H1 þ iAi, rather than a DM
with two constituents. In fact, the relevant couplings to the
annihilation of the DM particles in the early Universe and
the DM scattering off nuclei are the same as those in a
model with the aforementioned complex scalar DM.
However, once we turn our attention to the various parts

of the Lagrangian, we realize that there are several
remnants of the Z3 symmetry of the model. The most
interesting one is the ZHiAjði ≠ jÞ interaction, which does
not appear in a complex scalar DM model, even if the
additional fields A2 and H2 or a complex field N2 ¼
H2 þ iA2 are introduced. Moreover, there are significant
differences in the (pseudo)scalar self-interactions. In a
model with a complex scalar DM, the triple (pseudo)scalar
couplings should have the form hN�N ¼ hH1H1 þ hA1A1,
i.e., without symmetry breaking in the dark sector. In
contrast, our model has triple dark (pseudo)scalar couplings
such as H1H1H1 or H1A1A1, as shown in Eqs. (34)–(36).
(Further note that our scenario does not have couplings
such as A1A1A1 and A1H1H1 because of CP symmetry
conservation.) By exploring such interactions at collider
experiments such as the high-luminosity LHC (HL-LHC)
[32] and/or a future electron-positron collider [33], one can
potentially distinguish our scenario from models with a
complex scalar DM.
In summary, from the viewpoint of DM physics and

collider phenomenology, one cannot identify H1 and A1,
the two constituents of DM in our scenario, with the real
and imaginary parts of one complex scalar DM particle.
Indeed, while H1 and A1 behave identically as DM
constituents, they have an opposite CP parity. For these
reasons, we coin the term hermaphrodite DM for such a
DM framework with two otherwise identical constituents
but opposite CP.

VII. CONCLUSIONS

Motivated by two problems in the SM, from the exper-
imental side, the absence of viable DM candidates, and, from
the theoretical side, the lack of an explanation for the three
families of matter, we have postulated a 3HDM, wherein two
doublets are inert (or dark), and one is active (i.e., with a SM-
Higgs nature). This so-called Ið2þ 1ÞHDM version of the
3HDM has been repeatedly studied in the literature and
shown to be viable against both theoretical constraints and
experimental limits when a Z2 symmetry is imposed by hand
onto the Lagrangian, according to which all SM fields,

including the active doublet generating the Z, W� and
Higgs masses measured by experiment, are even while all
those emerging from the two inert doublets are odd. A
consequence of this is that the lightest dark state is a viable
DM candidate.
In this paper, we have instead adopted a Z3 symmetry

which, combined with the ð0; 0; vÞ structure for the doublet
VEVs leads naturally to a novel phenomenon which we call
hermaphrodite DM here. In this setup, two mass-degenerate
inert spinless bosons of opposite CP, which are the lightest
amongst the dark particles, contribute identically to
DM phenomenology. We have then shown that such DM
scenario is distinguishable from the complex scalar DM
case. Furthermore, all such dynamics have been obtained in
the presence of known (in)direct constraints on DM, as well
as those stemming from electroweak precision observables
and collider data, so that we have produced a phenom-
enologically successful DM framework based upon a scalar
potential and VEV structure which is theoretically well
motivated. Finally, as a by-product of this analysis, we have
also obtained that compliance with experimental results
requires the DM mass to be rather light, in fact, at or below
the EW scale. Therefore, this ultimately opens the door to
the possibility of producing peculiar signals of these dark
states, such as DM clumps, core-cusp dynamics in galactic
centers or separate cascade processes terminating with two
different DM constituents at the LHC, which will be the
subject of an upcoming publication.
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