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1 Introduction

In 2012 both ATLAS and CMS experiments at the CERN Large Hadron Collider (LHC)

reported [1, 2] the observation of a scalar boson with a mass of ≈ 125 GeV. Although

the properties of the observed boson are in accordance with those of the Higgs boson of

the Standard Model (SM), it remains an intriguing possibility that it may just be one

member of an extended scalar sector. Even though so far no signs of detection of physics

Beyond SM (BSM) have been reported, it is well understood that the SM of particle

physics is incomplete. A good motivation for BSM is the lack of a Cold Dark Matter

(CDM) candidate in the SM.
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Although the nature of Dark Matter (DM) is not yet known, according to the Standard

Cosmological Λ-CDM Model [3] it should be a particle which is stable on cosmological time

scales, cold (i.e., non-relativistic at the onset of galaxy formation), non-baryonic, neutral

and weakly interacting. Various such candidates for a state with these characteristics exist

in the literature, the most well-studied being the Weakly Interacting Massive Particles

(WIMPs) [4–6], with masses between a few GeV and a few TeV. Any such WIMP candidate

must be cosmologically stable, usually due to the conservation of a discrete symmetry,

and must freeze-out (i.e., drop out of thermal equilibrium) to result in the observed relic

density [3]:

ΩDMh
2 = 0.1199± 0.0027 . (1.1)

It is clear that the SM scalar sector cannot provide a WIMP candidate. However, it

was suggested some time ago that the scalar sector could be extended by the addition of an

extra doublet, which may not develop a Vacuum Expectation Value (VEV) while leaving a

discrete Z2 symmetry unbroken [7]. This possibility, which is known as the Inert Doublet

Model (IDM), has been studied extensively for the last few years (see, e.g., [8–10]). Since

the IDM involves 1 Inert Doublet plus 1 active Higgs Doublet, we shall also refer to it

henceforth as the I(1+1)HDM.

In the IDM, aka the I(1+1)HDM, one extra spin-zero SU(2)L doublet with the same

SM quantum numbers as the SM-Higgs doublet is added to the scalar sector. One of the

possible vacuum states in this model involves the first doublet acquiring a VEV is referred

to as the active doublet, while the second doublet does not develop a VEV and is henceforth

called the inert doublet since it does not take part in Electro-Weak Symmetry Breaking

(EWSB). This doublet does not couple to fermions and it is by construction the only Z2-

odd field in the model, therefore, it provides a stable DM candidate, namely the lightest

state among scalar and pseudo-scalar Z2-odd particles.

The I(1+1)HDM remains a viable model for a scalar DM candidate, being in agreement

with current experimental constraints. As of now, there are two regions of DM masses

where one can expect viable solutions: a low DM mass region, 53 GeV . mDM . mW and

a heavy DM mass region, mDM & 525 GeV. The most recent experimental data, both from

direct detection experiments and from the LHC, has reduced the viable parameter space

in the low mass region [11–13]. However, in the heavy mass region where the sensitivity

of DM direct detection experiments decreases significantly with increasing DM mass, the

DM candidate may escape possible detection in the I(1+1)HDM [10, 14, 15].

It is worth stressing that the I(1+1)HDM, by construction, can not contain CP-

violation; due to the presence of an exact Z2 symmetry, all parameters in the potential are

real. To accommodate CP-violation in multi-inert models, one needs to introduce at least

three scalar SU(2) doublets leading to a 3-Higgs-Doublet model (3HDM). Two possibilities

arise: a 3HDM with 1 inert Higgs plus 2 active Higgs doublets, which we referred to as

the I(1+2)HDM and a 3HDM with 2 inert Higgs plus 1 active Higgs doublet, which we

referred to as the I(2+1)HDM.

In the I(1+2)HDM, the inert sector is identical to that of the I(1+1)HDM and CP-

violation is introduced in the extended active sector [16, 17]. The amount of CP-violation
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is therefore restricted by many SM data (for a relevant recent paper, for example, see [18])

since the active sector contains the SM-like Higgs state. The DM candidate in this

scenario is lightest inert state, either the CP-odd or the CP-even state from the inert

doublet.

In the I(2+1)HDM, the active sector is identical to that of the SM and the inert

sector is extended. CP-violation is introduced in the inert sector and the neutral inert

particles now have a mixed CP quantum number. Note that the inert sector is protected

by a conserved Z2 symmetry from coupling to the SM particles, therefore, the amount

of CP-violation introduced here is not constrained by SM data. The DM candidate in

this scenario is the lightest state amongst the CP-mixed inert states. To our knowl-

edge, the present paper is the first to consider a scalar DM with a mixed CP quantum

number.

In recent papers [19, 20] we studied DM in a CP-conserving I(2+1)HDM. We showed

that in the light mass region (mDM . mW ) the extended scalar sector can relax the

exclusion limits from direct detection experiments, providing a viable DM candidate in

a region of parameter space which would be excluded in the I(1+1)HDM. In the heavy

DM mass region, we showed that heavy Higgs DM becomes more readily observable as a

result of either lowering the DM mass to 360 GeV . mDM, or increasing the DM-Higgs

coupling, or both, while always maintaining the DM relic density within the required

region.

In the present paper we look into the CP-violating I(2+1)HDM with CP-violation

introduced in the inert sector. The third and active doublet in our model has exactly the

same couplings as the SM-Higgs doublet hence the CP-violation in the inert sector does

not affect the SM-Higgs couplings.

The layout of the remainder of this paper is as follows. In section 2 we present the scalar

potential and the mass spectrum. In section 3 we impose all theoretical and experimental

constraints on the parameter space of the model. In section 4 we introduce the benchmark

scenarios relevant for DM studies. In section 5 we present our numerical analysis for chosen

benchmark scenarios and in section 6 we draw our conclusions.

2 The scalar potential

It has been shown in [21] that a 3HDM potential symmetric under a group G of phase

rotations can be divided into two parts; a phase invariant part, V0, and a collection of

extra terms ensuring the symmetry group G, VG.

We now construct our Z2-symmetric 3HDM potential, under which the three Higgs

doublets φ1,2,3 transform, respectively, as:

gZ2 = diag(−1,−1, 1) . (2.1)

– 3 –



J
H
E
P
1
2
(
2
0
1
6
)
0
1
4

The resulting potential is of the following form:1

V3HDM = V0 + VZ2 , (2.2)

V0 = −µ2
1(φ†1φ1)− µ2

2(φ†2φ2)− µ2
3(φ†3φ3)

+ λ11(φ†1φ1)2 + λ22(φ†2φ2)2 + λ33(φ†3φ3)2

+ λ12(φ†1φ1)(φ†2φ2) + λ23(φ†2φ2)(φ†3φ3) + λ31(φ†3φ3)(φ†1φ1)

+ λ′12(φ†1φ2)(φ†2φ1) + λ′23(φ†2φ3)(φ†3φ2) + λ′31(φ†3φ1)(φ†1φ3) ,

VZ2 = −µ2
12(φ†1φ2) + λ1(φ†1φ2)2 + λ2(φ†2φ3)2 + λ3(φ†3φ1)2 + h.c.

The parameters of the V0 part of the potential are by construction real. We allow for the

parameters of VZ2 to be complex, hence introducing explicit CP-violation in the model.

The doublets are defined as

φ1 =

(
H+

1

H0
1+iA0

1√
2

)
, φ2 =

(
H+

2

H0
2+iA0

2√
2

)
, φ3 =

(
G+

v+h+iG0
√

2

)
, (2.3)

where φ1 and φ2 are the two inert doublets (odd under the Z2) and φ3 is the one active

doublet (even under the Z2) which plays the role of the SM-Higgs doublet, with h being

the SM-Higgs boson and G±, G0 are the would-be Goldstone bosons.

The Yukawa Lagrangian of the model is identical to the SM Yukawa Lagrangian, with

φ3 playing the role of the SM-Higgs doublet:

LYukawa = Γumnq̄m,Lφ̃3un,R + Γdmnq̄m,Lφ3dn,R

+ Γemn l̄m,Lφ3en,R + Γνmn l̄m,Lφ̃3νn,R + h.c. (2.4)

where Γu,d,e,νmn are the dimensionless Yukawa couplings for the family indices m,n and

u, d, e, ν label the SM fermions in the usual notation. We assign Z2 charges to each doublet

according to the Z2 generator in eq. (2.1): odd-Z2 charge to the inert doublets, φ1 and φ2,

and even-Z2 charge to the active doublet, φ3. It is clear that the symmetry of the potential

is respected by the vacuum alignment
(
0, 0, v√

2

)
.

To make sure that the entire Lagrangian and not only the scalar potential is Z2 sym-

metric, we assign an even Z2 parity to all SM particles, identical to the Z2 parity of the

only doublet that couples to them, i.e., the active doublet φ3. With this parity assign-

ment Flavour Changing Neutral Currents (FCNCs) are avoided as the extra doublets are

forbidden to couple to fermions by Z2 conservation.

Note that the scalar h contained in the doublet φ3 in our model, has exactly the

couplings of the SM-Higgs boson. The CP-violation is only introduced in the inert sector

which is forbidden from mixing with the active sector by the Z2 symmetry. Therefore, the

amount of CP-violation is not limited by EDMs and SM-Higgs couplings.

1Note that adding extra Z2-respecting terms such as (φ†3φ1)(φ†2φ3), (φ†1φ2)(φ†3φ3), (φ†1φ2)(φ†1φ1) and/or

(φ†1φ2)(φ†2φ2) does not change the phenomenology of the model. The coefficients of these terms, therefore,

have been set to zero for simplicity.
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The lightest neutral field from the inert doublets which now have a mixed CP-charge,

S1, S2, S3, S4, is the DM candidate. To stabilize the DM candidate from decaying into

SM particles, we make use of the remnant symmetry of the potential after EWSB [22].

Below we study a simplified version of the I(2+1)HDM by imposing the following

equalities

µ2
1 = µ2

2 , λ3 = λ2 , λ31 = λ23 , λ′31 = λ′23 (2.5)

which is sometimes referred to as the “dark democracy” limit. After imposing this limit,

the model is still explicitly CP-violating when (λ22−λ11)[λ1(µ2
12
∗
)2−λ∗1(µ2

12)2] 6= 0 [23, 24].

Note that in this relation the only parameter that is relevant for our studies is µ2
12 and the

rest are “dark” parameters which do not play a role in DM or LHC studies.

By imposing the “dark democracy” limit, the only two parameters that remain complex

are µ2
12 and λ2 for which we use the following notation

µ2
12 = Reµ2

12 + i Imµ2
12 = |µ2

12|eiθ12 (2.6)

λ2 = Reλ2 + i Imλ2 = |λ2|eiθ2 .

The angles θ12 and θ2 are therefore the CP-violating phases of µ2
12 and λ2, respectively.

2.1 Minimization of the potential

The minimum of the potential sits at the point
(
0, 0, v√

2

)
with v2 =

µ23
λ33

. The mass spectrum

of the scalar particles is as follows.

• The fields from the active doublet. The fields from the third doublet, G0, G±, h, which

play the role of the SM-Higgs doublet fields have squared masses:

m2
G0 = m2

G± = 0 ,

m2
h = 2µ2

3 . (2.7)

• The charged inert fields. The two physical charged states, S±1 and S±2 , from the two

inert doublets are the eigenstates of the mass-squared matrix(
−µ2

1 + 1
2λ31v

2 −Reµ2
12 + i Imµ2

12

−Reµ2
12 − i Imµ2

12 −µ2
2 + 1

2λ23v
2

)
(2.8)

with masses

m2
S±1

= (−µ2
2 − |µ2

12|) +
1

2
λ23v

2, m2
S±2

= (−µ2
2 + |µ2

12|) +
1

2
λ23v

2. (2.9)

The gauge eigenstates can be written in terms of the mass eigenstates:

H±1 =
e±iθ12/2√

2
(S±1 − S

±
2 ) , H±2 =

e∓iθ12/2√
2

(S±1 + S±2 ) . (2.10)
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• The CP-mixed neutral inert fields. The four neutral physical states of mixed CP

in the basis of (H0
1 , H

0
2 , A

0
1, A

0
2) are the eigenstates of the following mass-squared

matrix, M:

M =


a c e −d
c a d −e
e d b c

−d −e c b

 (2.11)

with

a = −µ
2
2

2
+

(
λ23 +λ′23 + 2|λ2| cos θ2

4

)
v2, b = −µ

2
2

2
+

(
λ23 +λ′23 −2|λ2| cos θ2

4

)
v2

c = −|µ
2
12| cos θ12

2
, d = −|µ

2
12| sin θ12

2
, e = −v

2|λ2| sin θ12

2
.

The masses of the neutral inerts are

m2
S1

=
v2

2
(λ′23 + λ23)− Λ− µ2

2 , (2.12)

m2
S2

=
v2

2
(λ′23 + λ23) + Λ− µ2

2 ,

m2
S3

=
v2

2
(λ′23 + λ23)− Λ′ − µ2

2 ,

m2
S4

=
v2

2
(λ′23 + λ23) + Λ′ − µ2

2 ,

where

Λ =
√
v4|λ2|2 + |µ2

12|2 − 2v2|λ2||µ2
12| cos(θ12 + θ2) , (2.13)

Λ′ =
√
v4|λ2|2 + |µ2

12|2 + 2v2|λ2||µ2
12| cos(θ12 + θ2) .

We require for S1 to be the DM candidate which for a positive Λ,Λ′ leads to Λ′ < Λ

which in turn leads to θ2 + θ12 to sit in the second quadrant2 (see figure 1). We also

require Reλ2 < 0 for the model to recover the results in [19, 20] in the CP-conserving

limit. All other parameters are assumed to be positive.

The mass eigenstates can be written in terms of the gauge eigenstates

S1 =
αH0

1 + αH0
2 −A0

1 +A0
2√

2α2 + 2
, S2 =

−H0
1 −H0

2 − αA0
1 + αA0

2√
2α2 + 2

, (2.14)

S3 =
βH0

1 − βH0
2 +A0

1 +A0
2√

2β2 + 2
, S4 =

−H0
1 +H0

2 + βA0
1 + βA0

2√
2β2 + 2

,

with

α =
−|µ2

12| cos θ12 + v2|λ2| cos θ2 − Λ

|µ2
12| sin θ12 + v2|λ2| sin θ2

, β =
|µ2

12| cos θ12 + v2|λ2| cos θ2 − Λ′

|µ2
12| sin θ12 − v2|λ2| sin θ2

.

(2.15)

2For negative Λ,Λ′, simply the order of the neutral inert particles is changed. The phenomenology of

the model is the same by keeping θ2 + θ12 in the second quadrant and relabeling the particles.
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Figure 1. The sum of angles θ2+θ12 populates the second quadrant. Point θ2+θ12 = π corresponds

to the CP-conserving limit. At the point θ2 + θ12 = π/2 the values Λ = Λ′ and mass degeneracies

arise where m2
S1

= m2
S3

and m2
S2

= m2
S4

. Scenarios A1, B1, C1 chosen for our numerical studies in

section 5 have also been shown here.

It is useful to write the parameters of the model in terms of the physical observables:

|µ2
12| =

1

2

(
m2
S±2
−m2

S±1

)
, (2.16)

λ23 =
2µ2

2

v2
+
m2
S±2

+m2
S±1

v2
,

λ′23 =
1

v2

(
m2
S2

+m2
S1
−m2

S±2
−m2

S±1

)
,

µ2
2 =

v2

2
gS1S1h −

v2|λ2|
2(1 + α2)

(
4α sin θ2 + 2(α2 − 1) cos θ2

)
−
m2
S2

+m2
S1

2
,

|λ2| =
1

v2

[
|µ2

12| cos(θ2 + θ12) +

√
|µ2

12|2 cos2(θ2 + θ12) +

(
m2
S2
−m2

S1

2

)2

− |µ2
12|2
]
.

We take the masses of S1,2, S
±
1,2, the two angles θ2 and θ12 and the Higgs-DM coupling,

gS1S1h (with the Lagrangian term equal to v
2gS1S1hhS

2
1) as the input parameters of the

model.

2.2 Recovering the CPC limit

In the CP-conserving limit, the purely CP-even particle H1 is assumed to be the DM

candidate for which λ2 < 0 [19, 20]. It can be seen from eq. (2.6) that this limit can be

recovered by taking θ2 = π and θ12 = 0.

With θ2 + θ12 = π and cos(θ2 + θ12) = −1 the values of Λ and Λ′ reduce to

Λ = v2|λ2|+ |µ2
12| , Λ′ = v2|λ2| − |µ2

12| (2.17)
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and the α and β parameters tend to infinity resulting in S1 turning into a purely CP-even

state with the Higgs-DM coupling

gCPV
hDM =

1

1 + α2

[
4α Imλ2 + 2(α2 − 1) Reλ2

]
+ λ23 + λ′23 (2.18)

→ 2λ2 + λ23 + λ′23 = gCPC
hDM . (2.19)

3 Constraints on parameters

3.1 Theoretical constraints

In the “dark democracy” limit, theoretical requirements of boundedness of the potential

and positive-definiteness of the Hessian put the following constraints on the potential.

1. Boundedness of the potential. For the V0 part of the potential to have a stable vacuum

(bounded from below) the following conditions are required:3

λ11, λ22, λ33 > 0 (3.1)

λ12 + λ′12 > −2
√
λ11λ22

λ23 + λ′23 > −2
√
λ22λ33

We also require the parameters of the VZ2 part to be smaller than the parameters of

the V0 part:

|λ1|, |λ2| < |λii|, |λij |, |λ′ij |, i 6= j = 1, 2, 3 . (3.2)

2. Positive-definiteness of the Hessian. For the point
(
0, 0, v√

2

)
to be a minimum of the

potential, the second order derivative matrix must have positive definite determinant.

Therefore, the following constraints are required:

µ2
3 > 0 (3.3)(

− µ2
2 + (λ23 + λ′23)

v2

2

)2

> |µ2
12|2

3. Positivity of the mass eigenstates. Further constrains on the parameters of the po-

tential are achieved by requiring the mass eigenstates in each case to be positive:

v2

2
(λ′23 + λ23)± Λ− µ2

2 > 0 (3.4)

v2

2
(λ′23 + λ23)± Λ′ − µ2

2 > 0

(−µ2
2 ± |µ2

12|) +
1

2
λ23v

2 > 0

3These conditions are resulted from requiring the quartic part of the potential to be positive as the fields

φi →∞. The “copositivity” method suggested in [25] will result in slightly more restrictive constrains.
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4. Meaningful parameters. Extra conditions are required for the expression under the

square root in eqs. (2.13) and (2.16) to be positive

v4|λ2|2 + |µ2
12|2 ± 2v2|λ2||µ2

12| cos(θ12 + θ2) > 0 (3.5)(
m2
S2
−m2

S1

2

)2

−
(m2

S±2
−m2

S±1

2

)2

> 0

As mentioned before, for S1 to be the DM candidate

Λ′ < Λ ⇒ π/2 < θ2 + θ12 < π (3.6)

and for λ2 < 0 we require

π/2 < θ2 < π (3.7)

3.2 Experimental constraints

Properties of all inert scalars, including S1, the DM candidate, are constrained by various

experimental results.

1. Relic density measurements. The relic density of S1 is constrained by Planck data [3]:

ΩDMh
2 = 0.1199± 0.0027 . (3.8)

If S1 constitutes 100% of DM in the Universe, then its relic density should lie within

the above bound. A DM candidate with ΩDMh
2 smaller than the observed value is

allowed, however, an additional DM candidate is needed to complement the missing

relic density. Regions of the parameter space corresponding to values of ΩDMh
2 larger

than the Planck upper limit are excluded.

2. Gamma-ray searches. Indirect detection experiments measure the product of DM

annihilation or decay with respect to the standard astrophysical sources. Especially

important here are the measurements of the photon spectra, originating either from

the so-called soft channels (quark and boson final states) and hard channels (lepton

pairs). The non-detection of a significant excess of photons over the expected astro-

physical background places strong constraints on DM mass and its coupling to the

visible sector. For the light DM, which is annihilating into bb or ττ , the strongest

constraints come from the Fermi-LAT satellite, ruling out the canonical cross section

〈σv〉 ≈ 3× 10−26 cm3/s for mDM . 100 GeV [26].

For the heavier DM candidates the PAMELA and Fermi-LAT experiments provide

similar limits of 〈σv〉 ≈ 10−25 cm3/s for mDM = 200 GeV in the bb, ττ or WW

channels [27]. HESS measurements of signal coming from the Galactic Centre set

limits of 〈σv〉 ≈ 10−25–10−24 cm3/s for masses up to TeV scale [28].

Monochromatic gamma lines. Further constrains for DM mass and properties could

come from the observation of a photon line emission from γγ, Zγ or hγ final states.

As no standard astrophysical processes are known to produce a monochromatic γ-line
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emission, a detection of such a signal would constitute a “smoking gun” discovery

of DM. It should be remembered, however, that a neutral DM candidate does not

couple directly to photons, therefore a possible annihilation and decay into γγ is

loop-suppressed. In models such as the I(2+1)HDM the strength of this process can

be enhanced by a contribution from another charged particle (S±1,2) and will depend

on the, otherwise unconstrained and not relevant for relic density calculations, self-

coupling parameters λ11,12,22, λ1, λ′12.

3. DM direct detection. The current strongest upper limit on the spin independent

(SI) scattering cross section of DM particles on nuclei σDM-N is provided by the

LUX experiment [29, 30]. Future bounds will come from XENON1T, relevant for all

regions of DM mass [31].

4. Gauge bosons width. Bounds coming from limits for the total width of the EW gauge

bosons [32] constrain the masses of the inert scalars:

mSi,Sj +mS±1,2
≥ mW , mSi +mSj ≥ mZ , 2mS±1,2

≥ mZ , i, j = 1, 2, 3, 4 .

(3.9)

5. Charged scalars. A conservative lower limit for the mass of charged scalars [33] is

taken to be: mS±1,2
≥ 70 GeV.

6. Collider searches. We adopt the limits for the IDM derived from the collider searches

for DM, based on the reinterpretation of LEP and LHC run I analyses [34, 35], thereby

excluding a region where simultaneously:

mSi ≤ 100 GeV, mS1 ≤ 80 GeV, ∆m(S1, Si) ≥ 8 GeV, i = 2, 3, 4 .

(3.10)

7. Lifetime of charged scalars. In order to evade bounds from long-lived charged particle

searches, an upper limit for the lifetime of charged scalars is set to be τ ≤ 10−7 s,

to guarantee their decay within the detector. This translates to an upper bound on

the total decay width of the charged scalars S±1,2 of Γtot ≥ 6.58× 10−18 GeV. In the

studied benchmarks typically the mass of both charged scalars is above 100 GeV and

their decay width, driven by S±i → SjW
±, is of the order of 10−1 GeV, well within

the chosen limit.

8. Invisible Higgs decays. The total Higgs decay width in the I(2+1)HDM can be signif-

icantly modified with respect to the SM if h can decay invisibly into inert particles.

Measurements of invisible Higgs decays limit models in which the Higgs boson can

decay into lighter particles which escape detection. Current experimental values pro-

vided by the ATLAS and CMS experiments and limits from global fits on the Higgs

signal strengths on the ensuing Branching Ratio (BR) are [36–39]:

Br(h→ inv) < 0.23–0.36 , (3.11)

where h→ inv represents the SM-Higgs decay to invisible particles channels.
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The partial decay width for the invisible channel h→ S1S1 is:

Γ(h→ S1S1) =
g2
S1S1h

v2

32πmh

(
1−

4m2
S1

m2
h

)1/2

, (3.12)

and

Br(h→ inv) =
Γ(h→ S1S1)

ΓSM
h + Γ(h→ S1S1)

. (3.13)

The bound can be applied in a straightforward way if there is only one particle into

which the Higgs boson can decay invisibly. However, for certain cases there can

be more unstable particles with mi < mh/2. They can decay at tree-level in the

following way (with the mass order mS1 < mS3 < mS4 < mS2
4):

S3 → ZS1 , S4 → ZS1 , S2 → ZS3,4 → ZZS1 . (3.14)

Notice that, although there are hS+
i S
−
i vertices, and both S±i are unstable with a

lifetime of the order of 10−20 s, this decay will not influence the Higgs invisible decays

for studied parameter space as mS±i
> mh/2.

If the lifetime of S2,3,4 is low enough (τ < 10−7 s), neutral particles can decay inside

the detector and then the Higgs can decay into:

h→ S1S1 (invisible decay) (3.15)

h→ S1S2 → S1S1Z
∗Z∗ (missing energy + decay products of Z) (3.16)

h→ S3S4 → S1S1Z
∗Z∗ (missing energy + decay products of Z) (3.17)

h→ S3S3 → S1S1Z
∗Z∗ (missing energy + decay products of Z) (3.18)

h→ S4S4 → S1S1Z
∗Z∗ (missing energy + decay products of Z) (3.19)

h→ S2S2 → S1S1Z
∗Z∗Z∗Z∗ (missing energy + decay products of Z) (3.20)

Then, only the first channel will constitute an invisible decay of the Higgs particle,

while in the remaining channels the signature would be missing energy associated

with two dilepton pairs from the decay of an off-shell Z: Z∗ → l+l−.

If particles S2,3,4 are long-lived enough (i.e., with Γtot(Si) ≤ 6.58×10−18 GeV⇔ τ ≥
10−7 s), they will not decay inside the detector, and therefore contribute to the Higgs

invisible decays h→ SiSi. The BR would then be:

BR(h→ inv) =

∑
i,j,mi,j<mh/2

Γ(h→ SiSj)

ΓSM
h +

∑
i Γ(h→ SiSj)

, (3.21)

with

Γ(h→ SiSi) =
g2
hSiSi

v2

32πmh

(
1−

4m2
Si

m2
h

)1/2

(3.22)

4For Λ′ < Λ eq. (2.12) leads to this mass ordering.
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and

Γ(h→ SiSj) =
g2
hSiSj

v2

32πm3
h

((
m2
h − (mSi +mSj )

2
)(
m2
h − (mSi −mSj )

2
))1/2

. (3.23)

However, for all studied cases, the mass splittings, and therefore the decay widths,

of S2,3,4 are large enough to ensure a decay inside the detector.

9. Higgs total decay width. For mSi > mh/2 the Higgs total decay width is not changed

with respect to the SM by the presence of additional particles (neglecting the change

in the partial width h→ γγ). If mSi < mh/2 the total decay width is augmented by

additional decay channels:

µtot =
BR(h→ XX)

BR(hSM → XX)
=

ΓSM
tot (h)

ΓSM
tot (h) + Γinert(h)

= 1− BR

(
h→

∑
i,j

SiSj

)
. (3.24)

Following [32] we use µtot = 1.17± 0.17 which leads to the limit of

BR

(
h→

∑
i,j

SiSj

)
< 0.34 (3.25)

at 3σ level, which is more restrictive than the direct limit of Γh < 22 MeV from [40].

10. The h → γγ signal strength. The signal strength of Higgs decay into two photons

limits the contribution from New Physics (NP) to Higgs observables. The current

combined limit from ATLAS and CMS for the Higgs decay into γγ via the corre-

sponding signal strength is µγγ = 1.16+0.20
−0.18 [41]. It is defined with respect to the

SM as:

µγγ =
σ(gg → h)

σ(gg → hSM)

BR(h→ γγ)

BR(hSM → γγ)
, (3.26)

assuming: (i) the gluon fusion is the dominant Higgs production channel at the LHC,

(ii) the narrow-width approximation, (iii) σ(gg → h) = σ(gg → hSM) as the Higgs-gg

loop is not modified with respect to the SM. The expression for µγγ reduces then to:

µγγ =
Γ(h→ γγ)3HDM Γ(h)SM

Γ(h→ γγ)SM Γ(h)3HDM
. (3.27)

In the 3HDM, µγγ can be modified both by the presence of light neutral scalars,

contributing to Γ(h)3HDM, and by charged scalars, which change Γ(h→ γγ)3HDM.

• Contribution to Γ(h→ γγ)3HDM: the one-loop coupling of h to photons receives

contributions mainly from W±, t and two charged scalars S±1,2 from the inert

sector, so the amplitude can be written as:

A(h→ γγ) = ASM
W +ASM

t +AS±1
+AS±2

, (3.28)

where ASM
W and ASM

t are the SM contribution from W± and the top quark.

Notice that the “dark democracy” limit ensures that there is no hS+
i S
−
j vertex

and the only relevant loop contributions are due to hS+
i S
−
i .
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The amplitudes are defined as:

AS±i
= A0

(
4m2

S±i

m2
h

)
, ASM

t =
4

3
A1/2

(
4m2

t

m2
h

)
, ASM

W = A1

(
4m2

W

m2
h

)
,

(3.29)

where

A1/2(τ) = 2τ
[
1 + (1− τ)f(τ)

]
,

A1(τ) = −
[
2 + 3τ + 3τ(2− τ)f(τ)

]
, (3.30)

A0(τ) = −τ
[
1− τf(τ)

]
and

f(τ) =

arcsin2(1/
√
τ) for τ ≥ 1

−1
4

(
log 1+

√
1−τ

1−
√

1−τ − iπ
)2

for τ < 1 .
(3.31)

The partial h→ γγ width then reads:

Γ(h→ γγ)3HDM =
GFα

2M3
h

128
√

2π3

∣∣∣∣43A1/2

(
4m2

t

m2
h

)
+A1

(
4m2

W

m2
h

)

+
∑ ghS+

i S
−
i
v2

2m2
S±i

A0

(
4m2

S±i

m2
h

)∣∣∣∣2, (3.32)

where the first line shows the SM contribution while the second shows the 3HDM

contribution from two charged scalars. Notice, that although ghS+
1 S
−
1

= ghS+
2 S
−
2

,

the relative contribution from the heavier S±2 is smaller than the one coming

from S±1 . The maximum contribution from both scalars will arise for cases where

mS±1
≈ mS±2

and when both S±i are relatively light.

• Contribution to Γ(h)3HDM: as discussed in point 9, the Higgs total decay width

will be changed by decays into light inert particles if their masses are smaller

than mh/2. For mSi > mh/2, we get ΓSM(h) ≈ Γ3HDM(h) as we neglect the

change in Γ(h→ γγ).

11. S, T, U parameters. EW precision measurements can provide strong constraints on

NP. In particular, additional particles may introduce important radiative corrections

to gauge boson propagators, parametrized by the oblique parameters S, T and U .

These parameters will be influenced by inert particles S±i , Si, which are contributing

to the neutral and charged current processes at low energies (T ), or to neutral current

processes at different energy scales (S). U is generally small in NP models. The latest

values of the oblique parameters, determined from a fit with reference mass values of

top and Higgs boson mt = 173 GeV and mh = 125 GeV are [42]:

S = 0.05± 0.11 , T = 0.09± 0.13 , U = 0.01± 0.11 . (3.33)

Our parameter choices are compliant with these limits [43].
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4 Relevant DM (co)annihilation scenarios

The relic density of the scalar DM candidate, S1, after freeze-out is given by the solution

of the Boltzmann equation:

dnS1

dt
= −3HnS1 − 〈σeffv〉(n2

S1
− neq 2

S1
) , (4.1)

where the thermally averaged effective (co)annihilation cross section contains all relevant

annihilation processes of any SiSj pair into SM particles:

〈σeffv〉 =
∑
ij

〈σijvij〉
neq
i

neq
S1

neq
j

neq
S1

, (4.2)

where
neq
i

neq
S1

∼ exp

(
−mi −mS1

T

)
. (4.3)

Therefore, only processes for which the mass splitting between a state Si and the lightest

Z2-odd particle S1 are comparable to the thermal bath temperature T provide a sizeable

contribution to this sum.

The CP-violating I(2+1)HDM studied here shares many features of a Higgs-portal

DM model. In a large region of parameter space the most important channel for the DM

annihilation is

S1S1 → hSM → ff̄ (4.4)

The efficiency of this annihilation channel depends on both the mass of DM and the Higgs-

DM coupling. In general, if mDM < mh/2, then one needs a coupling that is relatively

large to produce relic density in agreement with eq. (1.1). In this case a small DM-Higgs

coupling leads to too large a relic density and results in the overclosure of the Universe.

Processes with gauge boson products, such as

S1S1 → hSM → V V , S1S1 → V V , (4.5)

also contribute to the total annihilation cross section, where V is any of the SM gauge

bosons. Contribution from these processes is suppressed when the DM mass is smaller

than mW , however, as studies have shown, diagrams with off-shell gauge bosons may be

very important for mDM < mW in models such as the CP-violating I(2+1)HDM. In our

analysis such processes,

S1S1 → V V ∗ → V ff̄ , S1S1 → V ∗V ∗ → ff̄f f̄ , (4.6)

are also included.

Coannihilation effects play an important role in scenarios with multiple particles that

are close in mass. Particles up to 20% heavier than the DM candidate may influence the

DM relic density. Therefore, the coannihilation processes, such as

S1Si → hSM → ff̄ , S1Si → Z∗ → ff̄ , S1S
±
j →W±∗ → ff ′ (4.7)
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with i = 2, 3, 4 and j = 1, 2 which appear in our analysis are included in calculating the

effective annihilation cross section.

If all inert particles are very close in mass then all following channels

SiSj → hSM → ff̄ , SiSj → V V (4.8)

contribute to the final DM relic density.

Taking all such processes into account, relevant DM (co)annihilation cases in the CP-

violating I(2+1)HDM are presented in the following benchmark scenarios, in the low and

medium mass regions (mS1 < mZ).

• Scenario A with large mass splittings between the DM candidate and all other inert

particles:

mS1 � mS2 , mS3 , mS4 , mS±1
, mS±2

. (4.9)

In this scenario no co-annihilation channels are present.

• Scenario B with a small mass splitting between the DM and only one inert neutral

particle,

mS1 ∼ mS3 � mS2 , mS4 , mS±1
, mS±2

. (4.10)

In this scenario the DM can coannihilate with its only particle close in mass, S3.

• Scenario C with all neutral particles close in mass:

mS1 ∼ mS3 ∼ mS2 ∼ mS4 � mS±1
, mS±2

. (4.11)

In this scenario the DM can coannihilate with all other neutral inert particles.

In the heavy mass region (mS1 > 400 GeV), neutral and charged inert particles could

be close in mass (see point 5 in section 3.2).

• Scenario G with two separate “families” of inert particles, each consisting of one

charged scalar and two neutral particles where “one family” of inert particles are

close in mass and decoupled from the “second family” of inert particles

mS1 ∼ mS3 ∼ mS±1
� mS2 ∼ mS4 ∼ mS±2

. (4.12)

• Scenario H where all inert particles are close in mass

mS1 ∼ mS3 ∼ mS2 ∼ mS4 ∼ mS±1
∼ mS±2

. (4.13)

5 Numerical analysis for chosen benchmarks

In this section we present the numerical study of the chosen benchmark scenarios. We focus

on three regions of DM mass: the low DM mass region with mS1 < mh/2, the medium DM

mass region with mh/2 < mS1 < mZ and the heavy DM mass region with mS1 > 400 GeV.

Following the discussion in section 2.1 we have chosen as input parameters four masses,
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mS1,2 , mS±1,2
, of inert particles and two phases, θ2 and θ12. It is convenient to introduce

the mass splittings between the DM candidate and other inert scalars as:

δ12 = mS2 −mS1 , δ1c = mS±1
−mS1 , δc = mS±1

−mS±2
. (5.1)

We then define three base benchmarks in low and medium mass region as

A1 : δ12 = 125 GeV, δ1c = 50 GeV, δc = 50 GeV, θ2 = θ12 = 1.5 (5.2)

B1 : δ12 = 125 GeV, δ1c = 50 GeV, δc = 50 GeV, θ2 = θ12 = 0.82 (5.3)

C1 : δ12 = 12 GeV, δ1c = 100 GeV, δc = 1 GeV, θ2 = θ12 = 1.57 (5.4)

and two in the heavy DM mass region

G1 : δ12 = 2 GeV, δ1c = 1 GeV, δc = 1 GeV, θ2 = θ12 = 0.82 (5.5)

H1 : δ12 = 50 GeV, δ1c = 1 GeV, δc = 50 GeV, θ2 = θ12 = 0.82 (5.6)

Note that the values of the angles θ2 and θ12 are chosen to be equal since its only the

sum of the angles that plays a role in the DM and LHC phenomenology of the model and

not the values of the angles individually.

5.1 Relation between couplings and DM relic density

In the CP-conserving version of the I(2+1)HDM (within the “dark democracy” limit),

couplings between inert scalars and gauge bosons are fixed, and given by the rotation

angles θa = θh = π/4. They do not depend on the mass splittings or the value of mS1 . In

the CP-violating case the situation is different, as the couplings (normalized to ie
2cwsw

) are

given by:

χZS1S3 = χZS2S4 =
α+ β

√
α2 + 1

√
β2 + 1

, (5.7)

χZS1S4 = χZS2S3 =
αβ − 1

√
α2 + 1

√
β2 + 1

, (5.8)

χ2
ZS1S3

+ χ2
ZS1S4

= 1 , χ2
ZS2S3

+ χ2
ZS2S4

= 1 . (5.9)

The strength of gauge-inert interaction depend on parameters α and β in eq. (2.15),

which in turn depend on mSi . Higgs-inert scalar couplings are also modified with respect

to the CP-conserving case. This leads to important differences in the DM phenomenology,

especially in the region where coannihilation channels are important. Figure 2 shows the

change in values of Z-inert couplings for benchmarks A1, B1 and C1, while figures 3 and 4

present relevant Higgs-inert couplings. The introduction of varying values of α and β

leads to the following modifications with respect to the (co)annihilation scenarios in the

CP-conserving I(2+1)HDM.
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Figure 2. Values of χZS1S3
= χZS2S4

and χZS1S4
= χZS2S3

couplings for chosen benchmarks.
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Figure 3. Values of the Higgs-inert scalar couplings for chosen benchmarks.
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Figure 4. Values Higgs-inert scalar couplings for chosen benchmarks.

5.1.1 Low DM mass region

1. For benchmark A1, couplings with the Z are modified with respect to the CP-

conserving case (figure 2), however, as DM does not coannihilate, this change does

not modify the annihilation scenario of S1. For low DM mass S1 annihilates mostly

through S1S1 → h → bb̄, entering the resonance region with small Higgs-DM cou-

pling for masses close to mh/2. This benchmark resembles both the CP-conserving

I(2+1)HDM as well as the IDM.

2. For benchmark B1, S1 is close in mass with S3, opening the coannihilation channel

S1S3 → Z → ff̄ (dominant channels with light quarks). Such a scenario in the

CP-conserving limit results in too low a relic density for any value of the Higgs-

DM coupling due to strong coannihilation between the DM and the next-to-lightest

inert particle. In the CP-violating case, however, the strength of the coannihilation

channel is reduced. We can therefore change the contribution of this diagram to the

relic density calculations not only by introducing the change for the mass splitting,
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Figure 5. Relic density for low DM mass region. The horizonal dashed lines show the Planck

limit.

but also by modifying the value of the coupling itself. Diagram S1S4 → Z is stronger,

but because of mass difference this process is not contributing to the relic density

calculations.

We should note that the Higgs-inert couplings change significantly between bench-

marks and that they also depend on the value of mS1 . In case B especially important

is gS3S3h, the coupling of the next-to-lightest inert particle to h. Particularly for

small values of gS1S1h it can reach large values and will significantly change the Higgs

phenomenology.

3. For benchmark C1 all particles are close in mass and in principle all coannihilation

diagrams SiSj → SM SM could be important. As the couplings gS1S2h, gS3S4h and

gZS1S3 are suppressed, the crucial contribution comes from S1S4 → Z → qq̄. In

the CP-conserving case, this scenario is only viable in the resonance region. In the

CP-violating case, however, the strength of the coannihilation channels depends on

the input parameters and can therefore be varied.

To illustrate the varying annihilation scenarios for different parameter choices we have

chosen a few points presented in figure 5. Scenario A1 with mS1 = 47 GeV corresponds to

the Higgs-portal annihilation into pair bb̄, and large coupling is needed to ensure a large

enough cross section. As the mass grows, as illustrated by A1 with mS1 = 53 GeV, we are

entering the resonance annihilation with suppressed couplings. For case B1, one can see

the contribution from coannihiliation channels, that enchance the cross section even for

smaller values of coupling. For mS1 = 45 GeV relic density is too small, however for B1

with mS1 = 47 GeV it is large enough to fulfil Planck limits. For larger masses, B1 with

mS1 = 50 GeV, Higgs-mediated annihilation starts to play a more important role.

Figure 6 shows values of mass and Higgs-DM coupling that produce the correct DM

relic density for benchmarks A1, B1 and C1. Benchmark A1 shows the standard behaviour

of an SU(2) DM candidate. Benchmark B1, with coannihilation channels, differs from A1.

For large values of gS1S1h the dominant channel is S1S1 → b̄b and, as there are also

coannihilation channels, the relic density is usually too small. For smaller couplings the
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Figure 6. Relic density for low DM mass region in Scenarios A1, B1 and C1.

dominant channel is S1S3 → Z → qq̄. If the DM mass is small, the relevant cross section is

too big. As the mass grows, the coannihilation channel gets weaker, allowing us to obtain

the proper relic density. For masses closer to mh/2 the resonance annihilation dominates,

following the pattern of benchmark A1. In case of benchmark C1 for small values of gS1S1h

the dominant channel is S1S4 → Z → ff̄ (light quarks), with a small contribution from

S2S3 → Z → ff̄ . For larger couplings the process S1S1 → h → bb̄ strongly increases the

annihilation cross section. That, combined with the fact that coannihilation channels are

generally strong, leaves the region mS1 > 49 GeV.

5.1.2 Medium DM mass region

In the medium DM mass, for mh/2 < mS1 < mW±,Z the crucial channel for all benchmarks

(apart from masses close to mh/2 which are still available following the Higgs-resonance

annihilation) is the point annihilation of S1S1 →W+W− and this vertex does not depend

on parameters α and β. This is the reason, why all studied benchmarks as well as the CP-

conserving scenarios follow the similar behaviour, presented in figure 7. For larger values

of DM mass this annihilation is stronger, and cancellation with S1S1 → h → W+W− is

needed to ensure the proper value of relic density. This mechanism is responsible for moving

towards the negative values of Higgs-DM coupling. Figure 8 presents two chosen points

for benchmark A1, with mS1 = 69 GeV and mS1 = 75 GeV. In the first case, contribution

from S1S1 → h → bb̄ is still important, while in the second there are mainly gauge boson

final states.

In benchmarks B1 and C1 other channels, like S1S4 → qq̄ or S3S3 → W+W− give

small contributions, leading to small deviations from the behaviour of benchmark A1.

5.1.3 Filling the plot in low and medium mass region

In the discussion above we have presented results for three sets of parameters in scenar-

ios A1, B1, and C1. It is clear that by changing the input set we can reach different regions

of parameters space. Compare, for example, scenarios A1 and B1, which differ only by

the chosen values of the sum of θ2 and θ12. The performed scan shows that by varying
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medium mass region behaviour of the three scenarios is very similar to each other.
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Figure 8. Relic density for low DM mass region. The horizonal dashed lines show the Planck

limit.

the mass splitting and phases θ2 and θ12 we can actually fill the empty regions in plots 6

and 7 within the range given by the CP-conserving scenario with large mass splittings (no

coannihilation channels). We have more freedom in the low mass region — this is because

in the standard CP-conserving case the main annihilation channel is the Higgs-mediated

annihilation into b̄b. It is easy to obtain strong gauge coannihilation channels. In the

medium mass region there is already a strong base annihilation of S1 into WW pair (both

direct and Higgs-mediated) and therefore the coannihilation processes have smaller impact.

In figure 9 results obtained for various additional sets of parameters are presented. We

can fill the plot by different B scenarios, where the coannihilation channel S1S3 → Z → qq̄

(with varying χZS1S3 is crucial). It is also possible to find solutions of type C, where all

neutral particles have a relatively low mass.

5.1.4 Heavy DM mass region

In the heavy DM mass regime necessary ingredients for obtaining a correct value of DM

relic density are cancellations between pure gauge and Higgs-mediated annihilation of DM

particle, combined with coannihilation channels of, at least, two other scalar particles.
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Figure 10. Relic density for heavy mass region.

Following the analysis for the CP-conserving version of I(2+1)HDM we study two separate

scenarios, G1 and H1.

The main (co)annihilation channels are

SiSi →W+W−, ZZ , SiSi → h→W+W−, ZZ , (5.10)

S±j S
±
j →W±W±, ZZ , S±j S

±
j → h→W±W±, (5.11)

where i = 1, 3, j = 1 for case H1 and i = 1, 2, 3, 4, j = 1, 2 for case G1. We remind the

reader that these channels do not depend on α and β. Dependence on parameters α and

β appears in the mixed channels, e.g. S1S
±
1 → γW±. However, these are generally weaker

and their influence on the heavy DM relic density studies is minimal. This leads to the

known behaviour (as in the CP-conserving case) of the heavy DM candidate, presented in

figure 10.
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Figure 11. Direct detection limits for low and medium mass regions.

5.2 DM detection experiments

5.2.1 DM direct detection

DM detection experiments aim to measure the scattering of DM particle off nuclei. This

interaction is mediated by the Higgs particle, and therefore results of these experiments

constrain the DM mass, as well as its coupling to h, following:

σDM,N ∝
g2
S1S1h

µ2m2
N

m4
hm

2
S1

, (5.12)

where mN is the nucleon mass and µ = mNmS1/(mN +mS1) is the reduced nucleon mass.

The proportionality constant is given by the square of a matrix element fN = 0.30±0.03. In

the low and medium mass region the strongest constraints come from the LUX experiment,

and they set strong limits on the parameter space of the 3HDM. Results are presented in

figure 11, where the solid line corresponds to the current LUX limit, while the dashed line

shows the projected sensitivity of XENON1T.

From the plot we can see that for chosen benchmark points A1, B1 and C1 the only

surviving region of this part of parameter space is 50 GeV . mS1 . 76 GeV. For smaller

masses the Higgs-DM coupling needed to obtain good relic density by enhancing the S1S1 →
h → bb̄ channel is too big. For larger masses the coupling needed to cancel the strong

annihilation into gauge bosons is generally too big. Two branches in figure 11 in the medium

mass region correspond to two asymmetrical regions from figure 7. They do overlap in the

low mass region, where good relic density regions from figure 6 are symmetrical, following

relation (5.12).

Sensitivity of direct detection experiments drops significantly when applied to heavier

DM candidates. Results of the scan for our benchmarks G1 and H1 are presented in
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Figure 12. Direct detection limits for heavy mass region.

figure 12, where the shaded region corresponds to the probed phase space of the I(2+1)HDM

for various choices of mass splittings.

Figures 11 and 12 also shows a limit from the future XENON1T experiment [44]. We

expect the next generation of DM detectors, such as XENON1T, to be able to test a large

portion of the parameter space of the I(2+1)HDM for mS1 . 1 TeV.

In all regions of DM mass there are points in the parameter space where the Higgs-

DM coupling is tending towards zero. It happens in the resonance region for the light DM

particle, as well in the heavy mass region for various values of masses, which is related to

the cancellation between diagrams. In the heavy mass region with varying mass splittings

it is possible to obtain solutions that require gS1S1h ≈ 0. These points will not be tested

by the direct detection experiments, as the scattering cross section lies within the coherent

neutrino-nucleus scattering regime [45].

5.2.2 DM indirect detection

Recent indirect detection results from Fermi-LAT strongly constrain the DM candidate

annihilating into bb̄ pair [26], and therefore are crucial for the low DM mass region. The

CP-conserving scalar Higgs-portal type of DM with proper relic density and mS1 . 53 GeV

is ruled out [46]. The same limit applies to case A1, as the dominant annihilation channel

is into bb̄ pair (figure 13).

For cases B1 and C1 annihilation channels are different and good relic density is ob-

tained for smaller values of Higgs-DM coupling. This weakens the annihilation into bb̄,

leading to most of the parameter space to lie within the allowed region.

For A1, B1 and C1 the resonance region for mS1 < mh/2 is in agreement with Fermi-

LAT constraints.

Fermi-LAT results will also constrain the medium mass region, although in the less

stringent way than in case of the standard Higgs-portal DM model. Region just above the

Higgs-resonance can be excluded by the indirect detection results, as the main annihilation

channel for DM candidate is annihilation into bb̄ pair of the order of 10−26 cm3/s. For

heavier masses, i.e. mS1 & 66 GeV annihilation into gauge bosons starts to be of the same

order as the bb̄, and then quickly dominates over all other annihilation channels. The
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Figure 13. Indirect detection limits for low and medium mass region.

annihilation cross section gets smaller, of the order of 10−27 cm3/s. In figure 13 one can

see two branches, corresponding to two regions of good relic density from figure 7. The

upper branch, which corresponds to the lower branch in figure 7 (i.e. with larger values of

|gS1S1h|) is excluded by the indirect DM detection results. The lower branch, especially

the region of masses which need gS1S1h ≈ 0 escapes this constraint.

For the heavy DM candidate constraints for the parameter space of the heavy DM

candidate may come from the indirect detection experiments, and they provide a com-

plementary way to constrain the region. Analysis performed in [47, 48] shows that the

H.E.S.S. experiment can already test the parameter space of the IDM, which in the heavy

mass region is similar to the case H1 of I(2+1)HDM. Also, the upcoming Cherenkov Tele-

scope Array will be able to probe a significant part of the high mass regime of the models

like the IDM or the I(2+1)HDM, testing masses of DM candidate up to 800 GeV.

5.2.3 Interplay between direct and indirect detection experiments

Direct and indirect detection experiments provide a complementary way to constrain the

parameter space of the model, see table 1. It is especially important for masses just above

mh/2, which escapes the possibility of direct detection, however, due to an enhancement

from the Breit-Wigner resonance effect it is possible to exclude this region from the results

of indirect detection experiments.

5.3 LHC limits

5.3.1 Higgs inert decays and Higgs total decay strength

Figure 14 presents the contribution to BR(h → SiSj) for mS1 = 50 GeV for cases A1, B1

and C1, following relation (3.21). Also, the limit from µtot is shown. In case A1 there is

only one particle that contributes to the Higgs decay (the DM candidate S1). For small
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Benchmark mS1
DD ID

A1 mS1
. 53 GeV × ×

B1 mS1
. 53 GeV × X

C1 49 . mS1
. 53 GeV X X

A1, B1, C1 53 GeV . mS1
. mh/2 X X

A1, B1, C1 mh/2 . mS1
. 64 GeV X ×

A1, B1, C1 64 GeV . mS1
. 74 GeV X X

A1, B1, C1 74 GeV . mS1
. mZ × X

Table 1. Exclusions from direct and indirect detection experiments.
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Figure 14. Contribution to the Higgs invisible decays for mS1 = 50 GeV.

values of gS1S1h the contribution to the total decay width of the Higg particle is small

enough. There is also a small region fulfilling this constraint for case C1, but not for

case B1. One would expect that case C1, where there are up to four light particles would

have a bigger branching ratio. However, as seen in figures 3 and 4, case C1 has actually

smaller values of Higgs-inert couplings than case B1.

Figures 15, 16, 17 show constraints from the Higgs invisible branching ratio (BR(h→
inv) = 0.2) and µtot for scenarios A1, B1 and C1. The solid line corresponds to the limit

for BR(h→ inv) following eq. (3.13). Generally, gS1S1h has to be small. This limit, applied

to results from figure 6, constrains the masses of DM particle and benchmark points.

We want to stress that the LHC limits provide stronger constraints for some benchmark

points in the low mass region than the dedicated DM detection experiments. It is especially

important considering the astrophysical uncertainties that may influence interpretation of

results provided by DM detection experiments. By using the LHC data we can test the

model without relying on them.
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strength bounds for scenario C1.
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5.4 h → γγ signal strength

Strong constraints come from h→ γγ signal strength data.

1. In the low mass region Higgs to γγ signal strength is heavily influenced by the presence

of light neutral particles. The contribution to the total decay width of the Higgs is so

strong, that it is not possible to compensate this change by an increase in the partial

decay width h→ γγ. It it seen in figure 18, 19 and 20, where the maximum value of

µγγ is around 0.9 for small values of Higgs-DM couplings. It is also clear that this

cosntraint, related to limits for Higgs total decay width from figure 15, 16 and 17,

is limiting the parameter space very strongly. Exclusion limits for case B1 are much

stronger than these obtained from direct or indirect detection experiments.

2. In the medium mass region the additional decay channels are closed, leading to

a possibility of enhancement in the γγ channel. However, our study shows that

for values of couplings that give good relic density, the µγγ is still below the SM

value, although it is closer to it than in the low DM mass region. Values are bigger

for case C1, where there are two charged scalar particles with similar masses. As

discussed before, contribution from the heavier scalar is smaller than from S±1 .

3. Figure 22 present the calculation of µγγ for benchmarks G1 and H1, but for the

DM mass between 100 and 200 GeV. With this choice of parameter the relic density

is too small and it is not a viable region of parameter space (unless one accepts

the possibility of having a subdominant DM candidate, which we are not discussing

here). For this choice of parameters two charged scalars are very close in mass and

they are relatively light. This means that their contribution to the hγγ loop is large,

and indeed one can see the significant enhancement in this channel.

4. Figure 21 shows the only region where it is possible to have a good relic density, and

µγγ equal to at least the SM value. The enhancement is there, although it is minimal.

It is related to having much heavier charged scalars than mh.

5. If the measured value of µγγ > 1 then only heavy DM mass region will survive,

unless we accept the subdominant DM candidate or find a region between about

100–200 GeV with good relic density. Within the experimental error we can find

solutions in all studied regions.

6. We would like to stress that there is a tension with direct and indirect detection limits

in the medium mass region. To have a larger value of µγγ we need to have a negative

coupling with a relative large absolute value. This means that we need to be on the

lower branch in figure 7, which corresponds to the upper branch in figure 11 and 13.

6 Conclusion and outlook

In this paper we have studied an extension of the Standard Model (SM) in which two

copies of the SM-Higgs doublet which do not acquire a Vacuum Expectation Value (VEV),
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Figure 18. hγγ signal strength with relic density limits for scenario A1.
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Figure 19. hγγ signal strength with relic density limits for scenario B1.
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Figure 20. hγγ signal strength with relic density limits for scenario C1.
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Figure 21. hγγ signal strength with relic density limits for scenario G1 (top) and H1 (bottom).
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and hence are inert, are added to the scalar sector. In other words, this is a 3HDM with

two inert and one active scalar doublet, denoted as the I(2+1)HDM. We have allowed for

CP-violation in the inert sector, where the lightest inert state is protected from decaying

to SM particles through the conservation of a Z2 symmetry. The lightest neutral particle

from the inert sector, which has a mixed CP-charge due to CP-violation, is hence a DM

candidate in the model.

After giving the scalar potential, we have calculated the mass spectrum in the “dark

democracy” limit, in which the two inert doublets are treated on an equal footing, in order

to simplify the parameter space of the model. For instance, in this limit, CP violation

in the inert sector is controlled by only a single angle θ2 + θ12. After considering various

theoretical and experimental constraints on the parameter space of the model, using recent

results from the LHC and DM direct and indirect detection experiments, we then focussed

on five representative benchmark scenarios relevant for DM studies.

We then discussed the new regions of DM relic density opened up by CP-violation,

for the chosen benchmark scenarios, defining three benchmark points A1, B1, C1 in the

low and medium DM mass region (below the Z mass) and two points G1, H1 in the high

DM mass region (above 400 GeV), comparing our results to the IDM in all cases. We

find that with the introduction of CP violation, the strength of the couplings which were

fixed in the CP conserving limit, become unconstrained. Regarding relic density studies,

with CP violation, scenarios B and C populate the complete region of Higgs-DM coupling

between zero and what was accessible in the CP conserving limit. We show that the direct

and indirect detection experiments which excluded most of the parameter space in the

low mass region in the CP conserving limit, leave scenario C uncut due to the very small

Higgs-DM coupling in such scenarios.

The most constraining bounds come from the LHC data. This is where the CP-

violating scenarios differ most significantly from the CP-conserving case, since scenarios C

allow for the Higgs-DM coupling to be close to zero passing all LHC bounds. In the medium

mass region all three scenarios A, B and C have the same relic density behaviour as the

CP conserving limit. The data from hγγ signal strength shows a tendency for heavier DM

mass in this region. In the heavy mass region, the CP violating scenarios behave the same

as the CP conserving limit. According to the data from hγγ signal strength this region is

preferred for the DM mass. The LHC signatures of this model will be explored further in

a future publication.
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