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Abstract
We study a two scalar inert doublet model (IDMS3) which is stabilized by an
S5 symmetry considering two scenarios: (a) two of the scalars in each charged
sector are mass degenerated due to a residual Z, symmetry, (b) there is no
mass degeneracy because of the introduction of soft terms that break the Z,
symmetry. A major difference between this model and the one with only one
inert Higgs doublet (IDM) is that it has twice the number of possible dark
matter (DM) candidates. In particular we show that for the case (a) it is
possible to have two CP even DM candidates. Besides, in case (b) the upper
limit to the intermediate mass region for the one IDM in our model is larger,
once we obtain a DM candidate with mass equals to 257 GeV.

Keywords: dark matter, inert doublets, multi Higgs model

(Some figures may appear in colour only in the online journal)

1. Introduction

The existence of dark matter (DM) has been well established since the early astronomical [1]
and cosmological observations [2-5]. For more recent data see [6]. It accounts for approx-
imatively 23% of the composition of the Universe. Moreover, these observational evidence
justify the experimental searches trying to find events that can be interpreted as direct
manifestations of DM. Some of them are astronomical observations [7—11], and others like
DAMA [12], CoGeNT [13], CDMS [14], XENON [15, 16], and LUX [17] are experiments
trying to measure the recoil energy of nuclei if it scatters with the DM.

! Author to whom all correspondence should be addressed.
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Models which contain DM candidates have to explain among other aspects, the DM
density, which is Qh? = ph%/p. = 0.1196 £ 0.0031 where £ is the scale factor for Hubble
expansion [18], p, = 3H02 / (8mG) is the critical density of the Universe, and Hy, is the current
value of the Hubble constant [6].

Much effort has been employed in order to discover or interpret DM signals. It is
possible that it consists of one or more elementary particles which interact very weakly
with ordinary matter. One of the most common scenarios are supersymmetric models [19].
In fact, in this kind of model, the lightest supersymmetric particle (neutralino) is prevented
of interacting by the R parity with the known particles. The neutralino is an example of
cold dark matter (CDM), i.e. a kind of DM which is not relativistic at the time of freeze
out. Of course, there are other possibilities, for instance, Kaluza—Klein states in models
with universal [20, 21] or warped [22] extra dimensions, stable states in little Higgs
theories [23] and a number of models with extra heavy neutrinos. Some other alternative
scenarios for DM consider self-interacting DM [24] and warm DM [25]. Other ambitious
scenarios consider asymmetric DM models. They have their motivation based on the simi-
larity of mass densities of the DM (pp,,) and that of the visible matter (pg) observed
Ppm/Pg ~ 5 and try to explain this rate. Consequently, most of these models are based on
the hypothesis that the present abundance of DM and visible matter have the same
origin [26, 27].

An additional and interesting scenario which contains DM candidates is the inert doublet
model (IDM) [28-32]. It is a minimal extension of the standard model (SM) which contains a
second Higgs doublet (H,) with no direct couplings to quarks and leptons and not contribute
to the spontaneous symmetry braken. The first time that the phenomenology of an inert
doublet was considered was in the context of neutrino physics [33] and also in the context of
the problem of naturalness [34]. In all cases, the inert doublet was possible due to a Z,
symmetry under which H, — —H, and all the other fields are even. In particular, this discrete
symmetry forbids interactions like (H, H,)(H; H,), being H, the SM Higgs doublet, and
prohibits fully the interactions with fermions.

Nowadays astronomical observations suggest that the DM spectrum may be composed of
several particles [35-37]. In this work, we study the three Higgs doublet model with an S3
symmetry, proposed in [38] in which, besides the SM like doublet there are two additional
inert doublets here denoted by H, and Hs. It is this S; symmetry and an appropriate vacuum
alignment that allows us to obtain a model with two inert doublets. Although this model can
accommodate four DM candidates, it is out of the scope of this paper to realize a complete
study of all the possibilities for the DM scenarios. We will only analyze only two scenarios
which already show the difference from the IDM model: scenario 1 in which the extra scalars
are mass degenerated and the other, scenario 2, in which soft terms breaking a residual Z,
symmetry, are added, resulting in non degenerated masses for this extra scalars. In scenario 1,
we have two CP even DM components, each one corresponding to 50% of the DM relic
density. Moreover, in scenario 2 we obtain a solution for the DM candidate with a mass which
is out the intermediate region obtained for the IDM.

The paper is organized as follows. In section 2 we briefly present the model. In
section 3 we briefly describe the theoretical framework for the calculations for DM abundance
and in the section 4 we show the parameter choices suitable for the DM candidate and
the numerical results. Finally in the last section section, section 5, we summarize our
conclusions.
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2. The model

In the context of the SM the number of scalar doublets can be arbitrary. An interesting case
occurs when the number of these fields is the same as the number of the fermion families, i.e.
just three. In this case the S5 symmetry is, probably, the most interesting one because it is the
minimal non-abelian discrete symmetry with one doublet and one singlet irreducible
representations.

The model that we will consider here has the three Higgs doublets transforming as
(2, +1) under SU (2);, ® U(1)y and under S5 as

S = Hl ~ l,
D = (D, Dy) = (Hy, H;) ~ 2. (D

The necessary conditions under which the vacuum alignment v; = vgy (vsvm is the SM VEV
~246 GeV) and v, = v3 = 0, allow a scalar potential bounded from below and a stable
minimum as has been shown in [38]. With this vacuum alignment and, since the quarks and
leptons are singlet of S3, the two Higgs doublet D;, D, do not couple to fermions and do not
contribute to the spontaneous symmetry breakdown, i.e they are inert. They couple only to the
gauge bosons and this vacuum alignment also implies in a residual Z, symmetry in which the
two inert doublets are mass degenerate in each charged sector. In this case the mass spectra is

2y 2 s o0 o2 Ly
My, = AaVsms Mo = My = fy + EAVSM’

2 _ 2 2 1//2
mj, =mpy, —UdWLE)\ V§M>

1 2 2
l’l’lhzer = }’I’lhz;r = Z(Zud + )\SVSM), (2)

where mj, is the SM-like Higgs boson (here denoted by ), ,ufl > 0 came from the term
,u(zj [D'D]; in the scalar potential, where X = A5 + A¢ + 2)\7 and V' = A5 + \¢ — 27, with
45,67 are quartic coupling constants in the scalar potential. We call this scenario 1.

If the residual Z, symmetry is softly broken by adding non-diagonal quadratic terms in
the inert sector, the mass degeneracy is broken and the mass spectra becomes

=2 2 42 =2 2 2

mHz() —mHzo ve, mH;’ mH30 + ve,

—2 2 2 —2 2 2

my, =mj — v°, mA3—mA3—|—V,

I’}_’lhz+ = mhz+ — 2 "_1112* = mhz+ + 2, 3)
2 2 2 2

and we call this scenario 2.

In the case of mass degenerate scalars, the lightest scalars can be DM candidates and we
will choose the CP even ones. In the case of no mass degeneracy it is possible that the lightest
one is the DM candidate or we can have up to four DM components. For the scenario 1, our
parameter choice enables us to establish the follow order for the mass of the scalars:
My, y > My > mpyo. Since H§ 5 are the lightest neutral scalars, their decays are kinematically

forbidden. With the rearrangement of the parameters, instead of choosing H§3, we could
choose the CP odd scalars A; 3 as the DM candidates, if they were the lightest ones, and the
same conclusions would remain valid for this scenario. In scenario 2, H2° accounts for all the
Qpmh? contribution. For each scenario, with the couplings shown in table 1, we choose two
set of parameters for scenario 1 and five sets of parameters for scenario 2, as is shown in
table 2.
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Table 1. Interactions and the corresponding couplings

Interaction Coupling
HYHY h, HOHD h Nvsm
HYHY hh, HYHY hh X
HYHOWHW—, HOHOW W~ s
HYH?7Z, HOH ZZ £ cosp,, (1 + tang, )?
HYH s hy , HyY H hithy (M + X)
HHhy'hy , HYH hs'hs (A + )
HYHyhy 0

HYH hy 0
HYAYZ, HYALZ - cosewl H;"”W
HYhy W~ 5
HYhiw- it

3. DM abundance

Preliminary analysis showing that this model can accommodate at least one DM candidate
was done in [38]. Here, this will be confirmed by a more detailed analysis. In order to
calculate the DM abundance we have used the MicrOMEGAs package to solve numerically
the Boltzmann equation after implementing all the interactions of the model in the CalcHEP
package [39]. The Feynman diagrams for the annihilations process for this model are given in
figure 1.

Let us consider for instance, the model of inert doublets with non degenerated mass
(scenario 2). In this case, as we already said in section 2, Hzo is our DM candidate. The
evolution of the numerical density 7 of Hy, at the temperature 7 in the early Universe, is given
by the Boltzmann equation, which is written in simplified form as follows [40]:

dy o T8« My 2
FR el G P C S 2 @

here Y = n/s, s is the entropy per unity of volume, Y., is the Y value in the thermal
equilibrium, y = myo/T. The parameter G in equation (4) is the Newton gravitational

constant, o,,, is the cross section for annihilation of the particle H20 and v is the relative
velocity, and the symbol () represents thermal average. Finally, g, is a parameter that
measures the effective number of degrees of freedom at freeze-out, which is expressed as

T 7 T\*
8« = Z gi(_l) +§ Z gi(Fl)’ ®)

i=bosons T i=fermions



Table 2. Parameters choice for scenario 1 and 2 with m;, = 125 GeV. The other masses units are in GeV, oV is in units of 10726 cm? s~

for oS!

are in cm?. The parameters \”

used As = 1.3 and \/ = 0.2.

!'and the units

0.34 and A\s = 0.4 for scenarios 1a,1b, 2a, 2b, As = —0.3 for scenario 2¢, A\; = 0.2 for 2d, finally for 2e we

Parameter Scenario la Scenario 1b Scenario 2a Scenario 2b Scenario 2¢ Scenario 2d Scenario 2e
myo 54.12 79.77 63.46 59.01 161.80 130.20 256.7
myo 54.12 79.77 76.20 72.52 167.21 142.94 263.67

m o 112.44 127.98 117.19 117.22 190.89 163.30 263.64

m 40 112.44 127.98 131.22 131.22 199.79 173.62 270.47
m,s 85.02 95.38 83.11 83.12 87.56 101.71 224.69
m, 85.02 95.38 101.91 101.91 105.56 117.57 232.66

Hy 48.52 78.05 72.05 72.05 167 134.6 255.5

v — — 41.7 41.7 41.7 41.7 42.7

X 0.019 0.009 0.019 0.001 0.001 0.019 0.08

Q 0.12 0.12 0.118 0.119 0.12 0.11 0.11

ov 0.0831 0.003 5 0.0012 0.99 0.841 0.317
aiﬁomn 7.33 x 10746 7.46 x 10747 5.30 x 1046 1.7 x 10748 2.18 x 10°% 1.23 x 1046 5.28 x 10746
o 8.38 x 10746 8.55 x 10747 6.06 x 10746 1.9 x 1074 2.50 x 1074 1.41 x 10746 6.07 x 1074

neutron

£00501 (G102) 2¥ "sAud "Wed "[onN D ‘sAud

/eje selo4 S 403



J. Phys. G: Nucl. Part. Phys. 42 (2015) 105003 E C F S Fortes et al

S f SN H W ~ HY W
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Figure 1. Feynman diagrams for lowest order of two H; which annihilate into a pair of
fermions and anti-fermions, W*W~, ZZ and Higgs.

where the sums runs over only those species with mass m o < T [41]. The model studied
here has, besides the SM particles, eight extra scalars (AY, AY, HY, HY, hst, hi). So,
considering, for instance 7' 2> 300 GeV we obtain g, ~ 114.75.
To find Yy, the present value of Y, equation (4) must be integrated between y = 0 and
Yo = mp/To. Once this value is found, the contribution of Hzo to DM density is
mH20S0Y0

Qp, = —— (6)
Pe

The same calculations hold for the scenario 1, however in this scenario we consider that the
DM has 50% of each component (HS, HY).

4. Results and comments

The main numerical results for this model using the parameters presented in table 2. For more
detail about the interactions of the model see [42]. For both scenarios (1 and 2), we have
considered some set of parameters, so we call these scenarios respectively scenario 1a, 1b and
scenario 2a, 2b, 2¢, 2d and 2e.

For scenario 1a, the dominant annihilation channels are: 39% relative to H30 H30 — bb,
39% to HYHY — bb, 5% to HYHY — GG, 5% to HYH, — GG, 4% to HYHY — 7777, 4%
to HYHY — 7777, 2% to HY HY — ¢t and 2% due to HYH, — ct. The contributions of the
two candidates (H30, HY) to the Higgs invisible decay is 34.8%. The Higgs invisible decay
depends strongly on the parameter X. In scenario 1, another choice of parameters which

6
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1.x107% -

—p =

XENON100

a5(cm?)

X2, — DAMA

— LUX
1.x10748

— CoGeNT

|
0 50 100 150 200 250
mhg(GeV)

Figure 2. Limits for og; according to the experiments CoGent, DAMA, XENON100,
XENONIT and LUX. The points X,, Xiv, X2, Xob, Xoc, Xoa4 and X, are the ones which
refer to scenarios la, 1b, 2a, 2b, 2c, 2d and 2e given in Table 2.

brings null contributions to this invisible decay is reached with the numbers presented in
scenario 1b. The dominant annihilation channels are in this case 50% relative to
HYHY — WW~ and 50% relative to HYHY — W W-.

Next we consider scenario 2, in which H20 is the DM candidate. In scenario 2a, the
dominant annihilation channels are respectively 77% relative to HyHy — bb, 11% to
HYHY? — GG, 8% to HYHY — 7t7~ and 3% due to HYHY — c¢. In this scenario, HY does
not contribute to the Higgs invisible decay. In scenario 2b, the dominant annihilation channels
are 78% relative to HyHS — bb, 10% relative to HyHy — GG, 8% relative to
HYHy — 77~ and 3% relative to Hy Hy — c¢. In scenario 2c, the dominant annihilation
channel is 100% due to Hy Hy — W+W~. In scenario 2d, the dominant annihilation channels
are respectively 97% relative to WrW~ and 3% relative to hh, finally, in scenario 2e, the
dominant annihilation channels are 81% em a,, a,, 13% em tf € 6% em WTW~.

For all the scenarios discussed above, the cold DM-nucleons amplitudes are in agreement
with CoGent, DAMA, LUX, XENON100. The scenario 2b and 2c are in agreement with the
predictions of XENONIT for 05! In this scenario, a negative \s favors mainly the Higgs
decay into two neutral gauge bosons [42]. Due to the smallness of X = 0.001, in scenario 2b
the branching h — HY HY is negligible (=5 x 10~*), since this Higgs decay is very sensible
to this parameter.

Figure 2 shows the data presented in table 2 compared to the experimental results for o'
considered in the experiments CoGent, DAMA, LUX, XENON100 and XENONIT.

In order to adjust the DM solutions it is necessary to fix some parameters. Once X, X’ and
As are already set, we can determine the values for \¢ and )\; using the relations:
X=X+ ¢+ 2\ and X' = A\s + g — 2)\;. The numerical results for each scenario are
given in table 3.

The figure 3 shows the allowed region for the scalar potential couplings )\ and A;. In
order to obtain this region we have considered the relations between the scalar potential
coupling constants, which ensures that the scalar potential is bounded from below, for more
detail see [38], namely:

AN +FA32>0,
As + JAa( A+ X3) =0
N+ AN+ A3) = 0. (7

)



©

Table 3. Used parameters of table 2 considering A\g = X + X' —

2)s and 4\, = X — X

Parameter Scenario la Scenario 1b Scenario 2a Scenario 2b Scenario 2¢ Scenario 2d Scenario 2e
A6 —0.223 —0.223 —0.223 0.471 0.041 —0.02 —1.16
A7 —0.080 —0.083 —0.083 —0.085 —0.085 —0.080 —0.03
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a
3
2
[ Allowed Region
1 (Scenarios 1a, 1b,2a,2b)
o200
-1
-2l
-3
-3 -2 -1 0 1 2
A
C
3
2 !
Allowed Region
1l (Scenario 2d)
20
-1
-2
-3
-3 -2 -1 0 1 2
A

Allowed Region
(Scenario 2c)

A

Allowed Region
(Scenario 2e)

-1 0 1 2 3
A

Figure 3. Using equation (7) and the values in table 2 we obtain the allowed region for
the scalar potencial couplings )\ and As. In (a) for scenarios 1a, 1b, 2a and 2b. In (b) for
scenarios 2c, in (c¢) for 2d and in (d) for 2e.

We have considered the parameter choice of table 2 and the above restrictions. The allowed
regions are given in figure 3(a) for scenarios 1a, 1b, 2a and 2b, and in figure 3(b) for scenario
2c. The remaining free parameters now are A, and Ag. We should mention that X, is the
quartic term coupling in interactions between inert scalars.

5. Conclusion

Here we have considered a two IDM with an S3 symmetry. The model has, besides the SM
particles, eight scalars bosons which are inert, i.e. they do not contribute to the spontaneous
electroweak symmetry breaking. They interact only among themselves and with the gauge
bosons through trilinear and quartic interactions, here only the latter one is important. We
have considered here the simplest cases. On one hand, in the case of degenerated masses
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(scenario 1), the two real neutral scalars play the role of DM candidates each one with a 50%
contribution to the relic density. On the other hand, in the case of non-degenerated masses
(scenario 2), one of the neutral scalars is the DM candidate. It is well known that in the IDM
there are three allowed regions of masses that are compatible with observed value of Qpyh*:
1) 1GeV < mpo < 10GeV; (i1) 40-160 GeV, and (iil) 500 GeV < myo < 10 TeV [43, 44].
However, we have obtain a solution with mass equal to 257 GeV, see point 2e in figure 2.

Moreover, from table 2 and figure 2 we can see that the spin-independent elastic cross
section, 08!, is in good agreement with the results of experiments LUX and XENON100 for
the mass range of DM considered here. We have presented scenarios (2b and 2c) where the
predictions of XENONIT, to be measured in the future, are matched.

Finally we note that our so-obtained parameters can indeed modify the Higgs boson
measurements, for that reason we have performed a complete study of the consequences of
such parameters on the Higgs physics in [42]. We have found that our parameter space could
give deviations to those one-loop Higss decays; in particular we were able to predict h — ~Z
from the effects of our parameters on the channel 7 — v, being the signal entirely com-
patible within the LHC data.
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