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In many scalar Dark Matter (DM) models an imposed discrete symmetry will result in CP
conservation. We present an example of a DM candidate from the Three-Higgs Doublet Model
(3HDM) which have different CP-symmetry properties, leading to the new regions of DM relic
density opened up by CP-violation, and constrain the parameter space of the CP-violating
model using recent results from the LHC and DM direct and indirect detection experiments.

1 Introduction

In 2012 a discovery of a scalar boson with a mass of ~ 125 GeV was reported by both ATLAS
and CMS experiments at the CERN Large Hadron Collider (LHC)!. Although the properties of
the observed boson are in agreement with these of the Higgs boson of the Standard Model (SM),
it may just be one member of an extended scalar sector. As of 2017, no signs of detection of
physics Beyond SM (BSM) have been reported, but it is well understood that the SM of particle
physics is not complete. A good motivation for BSM is the lack of a Dark Matter (DM) candidate
in the SM. Various DM candidates exist in the literature, the most well-studied being Weakly
Interacting Massive Particles (WIMPs) 2. Any such WIMP candidate must be cosmologically
stable, usually due to the conservation of a discrete symmetry, and must freeze-out to result in
the observed relic density of Qpyh? = 0.1199 + 0.0027 3.

The SM has no WIMP, however, extending the scalar sector by a doublet, with a zero Vac-
uum Expectation Value (VEV) and an unbroken discrete Z; symmetry, can provide a viable DM
candidate?. This possibility, known as the Inert Doublet Model (IDM), has been studied exten-
sively for the last few years, and although its parameter space is limited by recent experimental
results, it remains a viable DM model°.

In recent papers® we studied DM in a model with 2 inert plus 1 active Higgs doublet (the
I(2+1)HDM), where CP symmetry was conserved. Here we discuss chosen scenarios for the CP-
violating I(2+1)HDM 7. We found that presence of complex parameters in the scalar potential
changes the annihilation scenarios of the DM candidate, opening new regions of parameter space
in agreement with all experimental constraints.



2 The scalar sector of 3SHDM

A Z; symmetry under which the three scalar doublets ¢1 23 transform is defined as gz, =
diag (—1,—1,1). A Zs-symmetric 3HDM potential ¢ is of the following form :
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where CP violation (CPV) is introduced explicitly through complex parameters of the potential:
139, A12.3. Here, we study a simplified version of the I(2+1)HDM where the following equalities
were imposed pf = p3, A3 = Aa, Az1 = Aoz, Ay; = M3, We call it the “dark democracy” limit.
Now, there are only two parameters that remain complex®: p2, = [u3,|e?®12 and Ay = |A\o|e??;
012 and 65 are the respective CPV phases.

The doublets are defined as
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where ¢; and ¢y are the two Zs-odd doublets (hence are inert) and ¢3 is the active doublet,
which is even under the Zs and plays the role of the SM-Higgs doublet. The symmetry of the
potential is therefore respected by the vacuum alignment. Once an even Zy parity is assigned
to all SM particles, identical to the Zs parity of the only doublet that couples to them, i.e.,
the active doublet ¢3 ? (the Yukawa Lagrangian of the model is identical to the SM Yukawa
Lagrangian), the entire Lagrangian becomes Zs-symmetric. The conservation of Zj-symmetry
leads to the lightest particle from ¢; 2 to be stable. Among the Zs-odd particles there are four
neutral states, S;, and two charged states, Sii. Note that the scalar h contained in the doublet
¢3 in our model, has exactly the couplings of the SM-Higgs boson. The CPV is only introduced
in the inert sector which is forbidden from mixing with the active sector by the Zy symmetry.

The neutral physical states are composed of all neutral base states from (1), so have a mixed
CP-charge. We take S; to be the lightest neutral field from the inert doublets:
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where o and /3 are the rotation angles .

In the following analysis we take the masses of S o, Sﬁ, the two angles 65 and 612 and the
Higgs-DM coupling, gs, 5,1, as the input parameters of the model.

In the analysis, various theoretical and experimental constraints are taken into account,
including: positivity constraints, S, T, U limits, relic density observations, DM direct and indirect
detection, the contribution of the new scalars to the W and Z widths, null searches for charged
scalars at LEP and LHC, invisible Higgs decays, Higgs total decay width and the h — 7 signal
strength 7.

“Following Zs-respecting terms (¢}61)(¢1¢3), (8] d2)(¢16s), (6] d2)(¢]¢1) and/or (¢]¢2)(¢5¢2) can be removed
through reparametrization freedom and do not change the phenomenology of the model.

X1 governs the self-coupling of inert particles and does not influence DM or LHC phenomenology studied
here.



3 DM in the I(2+1)HDM

The I(2+1)HDM studied here has many features of a Higgs-portal DM model. If DM mass
is small then the crucial DM annihilation channel is S151 — h — ff, with the cross-section
depending on both mpys and the Higgs-DM coupling. In general, if mpy < my/2, then a
relatively large coupling is needed for a valid Qpash?. Processes with gauge bosons in the final
state also contribute to the total annihilation cross section. These contributions are suppressed
if mg, < m, however it is known that diagrams with off-shell gauge bosons may be important.

If the mass splitting between S; and the lightest Zs-odd particle Sy is comparable to the
thermal bath temperature 7" in the early Universe, coannihilation effects play an important role
in scenarios with multiple particles that are close in mass. Processes such as 51.5; — h —
f1.818 — Z* = ff,.S187 — W* — ff with i = 2,3,4 and j = 1,2 are included in
calculating the effective annihilation cross section. If all inert particles are very close in mass
then all channels S;S; — h — f f, S;S; — V'V contribute to the final 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
0, = 0, = m/4. They do not depend on the mass splittings or the value of mg,. In the
CP-violating case the situation is different, as the strength of gauge-inert interaction depends
on parameters a and 3, which in turn depend on mg,. Higgs-inert scalar couplings are also
modified with respect to the CP-conserving case 7. This leads to important differences in DM
phenomenology, especially in the region where coannihilation channels are important.

Below we discuss three scenarios for low and medium DM mass. In Scenario A, where there
are large mass splittings between S; and all other inert particles ( mg, < mg,, ms,, mg,, m gk M S;),
no coannihilation channels are present. In Scenario B, where mg, ~ mg, < mg,, mg,, m s> Mgk
S1 can coannihilate only with Ss. In Scenario C, where mg, ~ mg, ~ mg, ~ mg, < Mgs, Mgk,
all other neutral inert particles can coannihilate.

Low DM mass region: mg, < my/2 In scenario A, there are no coannihilation channels
and S; annihilates mostly through 18, — h — bb, entering the resonance region with small
Higgs-DM coupling for masses close to my /2. This benchmark resembles both the CP-conserving
I(2+1)HDM as well as the IDM. For scenario B the coannihilation channel $153 — Z — ff
is open. In the absence of CP-violation this leas to a Qpa/h? that is too small. With CP-
violation there is an additional freedom to tune gg,g,5, which can cure this issue. In scenario
C all coannihilation diagrams could be important. The couplings gs, s,n, 9s;5,n and gzs, s, are
suppressed, and the crucial contribution comes from 5154 — Z — qg. In the CP-conserving case,
this scenario is only viable in the resonance region, but in the CP-violating case the strength of
the coannihilation channels depends on the input parameters and can therefore vary.

Medium DM mass region: my/2 < mg, < my=+ 7z The crucial channel for all bench-
marks is the annihilation of S157 — WTW ™ and this vertex does not depend on parameters o
and (3, but only the DM mass. This is why all studied scenarios, as well as the CP-conserving
scenarios, follow the similar behaviour, known from the IDM . Coannihilation channels, like
S1S4 — qq or S383 — WTW ™ give small contributions, leading to small deviations from the
behaviour of scenario A.

Experimental constraints DM direct detection experiments aim to measure the scatter-
ing of DM particle off nuclei. This interaction is mediated by the Higgs particle, and therefore
results of these experiments constrain mpjs, and its coupling to h. In the low and medium mass
region the strongest constraints come from the LUX experiment !°. We found that as long as
gs, 5,k is small, is possible to obtain good solutions for 40 GeV < mg, < 76 GeV ”.

Recent indirect detection results from Fermi-LAT strongly constrain the DM candidate an-
nihilating into bb pair'!. The CP-conserving scalar Higgs-portal type of DM with proper Qparh?
and mg, < 53 GeV is ruled out. The same limit applies to scenario A, as the dominant annihi-

~

lation channel is into bb pair. For cases B and C annihilation channels are different and a good



relic density is obtained for smaller values of Higgs-DM coupling. This weakens the annihilation
into bb, leading to most of the parameter space to lie within the allowed region 7.

The presence of additional light scalars can modify decays of the Higgs particle. Channel
h — 5151 contributes to the Higgs invisible decay ratio (BR(h — inv.)). All other inert particles
can contribute to the total decay width of h. These two limits, combined with measurements of
h — ~ signal strength 2, constrain heavily parameter space, pointing towards gs,s,, — 0 in
the low DM mass region. In case of scenario B, LHC constraints are actually stronger than DM
detection experiments, excluding masses below 53 GeV if mg, ~ mg, . It is especially important
considering the astrophysical uncertainties that may influence interpretation of results provided

by DM detection experiments.

4 Conclusion

The extended scalar sector of the 3HDM, and the inclusion of complex parameters in the scalar
potential, accommodates both the DM candidate and an unbounded amount of possible CPV.
We find that with the introduction of CP violation, the strength of the gauge-inert couplings
which were fixed in the CP conserving limit, become unconstrained, allowing us for more freedom
and giving the access to a previously excluded part of parameter space. In particular, it is
possible to have a light DM candidate, with very small DM-Higgs coupling, that is in agreement
with all experimental data, unlike in the IDM or CP-conserving 1(24+1)HDM.
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