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Abstract We explore the multi-component dark matter
(DM) scenario considered in a simple extension of the
standard model with an inert scalar doublet and a singlet
fermionic field providing the two DM candidates. The DM
states are made stable under the unbroken Z, x Zé discrete
symmetry. An additional gauge singlet scalar field is intro-
duced to facilitate the interaction of the dark fermion with
the visible sector. Presence of a charged fermionic field hav-
ing the same Z; charge as that of the inert scalar field allows
exploring the dark matter mass regions otherwise disallowed,
like in the standard Inert Doublet Model (IDM) scenarios.
With these arrangements, it is shown that the light DM sce-
nario and the desert region in the intermediate mass range of
DM in the standard IDM case can be made compatible with
the relic density bounds and direct detection limits. Further,
detailed parameter space study is carried out keeping the
coexistence of both the scalar and fermionic components in
focus, showing that sizable parameter space regions are avail-
able for the entire mass range of 10 GeV < Mpym < 2000
GeV.

1 Motivation

The existence of dark matter (DM), constituting about 27%
[1] of the total energy content of the universe, is supported by
different independent cosmological observations like galac-
tic rotation [2—4], the phenomenon of gravitational lensing
[2—4], inhomogeneities in the cosmic microwave background
radiation (CMBR) as precisely measured by the WMARP [5]
and the Planck [1] experiments. On the other hand, searches
for direct observation of the presence of DM has so far pro-
duced null results, providing upper bounds on the cross sec-
tions of the DM particles scattering off heavy nuclei [6].
While spin dependent and spin-independent cross section
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measurements are being performed, such direct detection
experiments are insensitive to the number of components
and the type of dark matter. Weakly Interacting Massive
Particle(WIMP) is a popular choice for thermal dark mat-
ter candidate, which, being in the mass range of the order
of a few GeV to TeV range, can theoretically provide the
correct observed relic density and explain the origin of the
relic through the thermal freeze-out mechanism. The Stan-
dard Model (SM) of particle physics, by design, is silent about
dark matter candidates, providing one of the clear reasons to
extend the dynamics of the elementary particles beyond SM.
Simplest extensions of SM to include DM candidates intro-
duce additional scalar fields, made stable with the help of
discrete Z, symmetry. The DM candidates in these models
connect with the visible sector through Higgs portal cou-
plings. Direct detection through nuclear scattering in these
models limits these portal couplings of the DM candidates
to very small values. Excepting for a very limited parameter
space regions, the DM annihilation cross sections with such
small couplings are too small to provide the required DM
relic density. For a recent review on the singlet scalar dark
matter, please see Refs. [7,8]. Extending the singlet scalar
models to include gauge interactions of the inert scalars is
considered in models like the Inert Two Higgs Doublet Model
(IDM) [9-14], and further extensions in Inert Three Higgs
Doublet Models [15,16]. The gauge interactions of the DM
candidates present in such models provide sufficient anni-
hilation cross sections to contain the otherwise overabun-
dant case. In fact, in almost all these cross sections being
dependent on the gauge coupling overdo this to bring down
the relic density below the required value. Turning to the
fermionic DM candidates, the single component framework
is studied in, for example, Refs. [17,18]. Similar to the case
of singlet scalar models, here too, the same Higgs portal
interactions decide on the DM-nuclear scattering relevant
to the direct detection and the DM annihilation to the visi-
ble sector, making the model viable only in a very limited
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parameter region. Models going beyond the single compo-
nent framework are studied within the scalar DM scenarios
[19-26], however providing only limited distinguishing fea-
tures compared to the single component framework. More
recently, serious attempts are made to unify such DM mod-
els with features to explain small neutrino mass, another
compelling reason to consider beyond-the-Standard Model
(BSM) dynamics [27-33]. Among these, models with sin-
glet scalar and fermions [31] face with the similar over abun-
dance problem as that of the corresponding single compo-
nent frameworks mentioned above. Adding fermionic fields
in the dark sector (odd under the Z, considered) could pro-
vide additional annihilation channels and other possibilities
in the DM dynamics, leading to distinctions with the more
simplistic scenarios of scalar DM models mentioned above.
Studies of simple scenarios with a vector-like dark fermionic
field added to the scalar dark matter models show negligi-
ble effects in the parameter space regions compatible with
the measurements [34,35]. Models with vector and fermion
dark matter cases were discussed in Ref. [36].

In this article we propose a new scenario with one scalar
and one fermionic dark matter particle coexisting to fulfill
the relic density conditions, at the same time evading the
direct detection possibilities so far. The key to our new pro-
posal is the identification of the fact that, the annihilation
cross section has to be enhanced beyond what is provided
by the Higgs portal interactions (which are constrained by
the direct detection experiments), at the same time with a
handle on the cross section provided by a tuneable coupling,
unlike the case of annihilations enabled by the gauge cou-
plings. This, in the proposed scenario, is achieved through
the presence of a newly introduced fermionic field, which,
along with the standard leptons share a Yukawa coupling with
the dark-scalar doublet field. We shall show, that for suffi-
ciently large ranges of the relevant Yukawa coupling and the
mass of the new fermion, which are the two new parameters
here, it is possible to have the desired relic density for the
dark matter candidate. These new fermions should carry the
same Z, charge as that of the scalar DM, and therefore are
required to be heavier than the DM itself. Thus, DM can-
didates with larger than about 100 GeV mass, require large
values of the Yukawa couplings to compensate for the scal-
ing down of the cross section with the correspondingly larger
Z»-odd fermions, which mediate the annihilations. Thus, it
is still desirable to have non-singlet scalar fields to provide
the DM candidates. In addition to supporting to obtain the
required relic density, the presence of such fermionic partners
(considered here as electrically charged) provides new han-
dle to explore this scenario in collider experiments. However,
the gauge mediated annihilations overkill the DM, as in the
cases available in the literature. The presence of fermionic
partner and the additional channels of annihilation only wors-
ens the situation. The introduction of another DM candidate
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not only salvages the situation, but in a beautifully interlinked
coexistence, provide sufficient relic density in a very large
range of masses of both the DM candidates. We demonstrate
this in the proposed model through the addition of a gauge
singlet fermion field, stable under a different Z} symmetry.
The fermionic dark matter interacts with the SM particles
through a singlet scalar portal, enabled by mixing of this
neutral scalar with the SM Higgs field, leading to a natural
way to explain direct detection limits through the smallness
of the mixing without requiring fine tuning of the parameters
of the Lagrangian. The same portal coupling allows interac-
tion with the scalar dark matter candidate field. In fact, such
portal interaction between the two dark matter fields enables
the conversion of one type of dark matter to the other. In
kinematically allowed phase space regions having a mass
hierarchy with the fermionic dark matter heavier than the
scalar one, a favourable condition arises with the help of
such conversion processes. Specifically, this allows annihi-
lation of the otherwise over-abundant fermionic dark matter
to inject scalar dark matter providing together the desired
relic density. This minimal two-component scalar-fermion
dark matter scenario provides interesting additional features
as bonus, some of which are detailed in the rest of this article.

We organise the article with Sect. 2 presenting the details
of the model, and the features of relic density calculations. We
then present our numerical analysis in Sect. 3, and summarise
the study with our conclusions in Sect. 4.

2 Model

The framework of the proposed model has the same gauge
group as that of the SM. The particle content of the SM along
with the Higgs doublet (®1) is extended with the addition
of a scalar doublet ®;, having hypercharge +1, two vector-
like fermion singlets, x and i with hypercharges —2 and
0, respectively, and a singlet scalar field ¢, with zero hyper-
charge. The new doublet field, &, and the charged singlet
fermion x are considered odd under a discrete Z, symmetry,
while all other fields are considered even under this transfor-
mation. Similarly, the neutral singlet fermion i is taken to
be odd under another Z) symmetry, while all other fields are
considered even under this.

With the above Z; x Z) discrete symmetry and the SM
gauge symmetry, the new physics interaction part of the
Lagrangian is given by

LD (Dy®2) (D" ®y) + xiy" D) x + iy" o,y
—My Xx — My Yy
—(y1 LOo2xg +hc) —y2 xx¢—y3 ¥ —V (1)

with the covariant derivatives D* = 9* +igt-WH+ig’ % BH
and D'* = 9# +ig’%B“, where g and g’ are the correspond-
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ing gauge couplings and Y is the hypercharge. L denotes the
SM lepton doublet field. The scalar potential is given by

V = pi®] 0 + u3 @10 + (] D)
(D] D2)? + A3(D] D)) (D)D)
@] Do) + %[xs(dﬂ@z)z + h.c]
+13 079 + 16 (d79)?

3108 (@]01) + s (@] 0) + el

1 .
+5 i ¢+ 13 ¢+ us (¢TP)p + hcl
+37(@ ) (@1 D1) + 25 (dT ) (D) D). )

With the standard Higgs field developing a vacuum expec-
tation value (vev), v = 246 GeV, leading to the elec-
troweak symmetry breaking (EWSB), the scalar fields may
be expressed in the unitary gauge as

0 HT 1 .
Sr=|vtn |, Po=| Ht+ia |, ¢=-—7=s+iAy).

2 N V2

3

In order to keep the Z> symmetry intact, we disallow &, from
developing a vev by setting /,L% > 0. Similarly, it is arranged
so that ¢ does not generate a vev. The physical spectrum
now has two charged scalars, H £, one neutral scalar H° and
a neutral pseudoscalar A coming from ®,, with the lightest
of Hp and Ap becoming a dark matter candidate. We confine
to the case of My, < My,. On the other hand, / and i, mix
to generate the two physical scalar bosons; the observed 125
GeV Higgs boson and another scalar boson denoted here by
H and Hg, respectively. This mixing is parametrised with an
angle o as

H cosa sina h
<H5>:<—sina cosa)(hs)' @

The physical scalar masses are related to the quartic coupling
A1 and the vev through the relation

My — M3+ My =20 0° (5)

Considering A to be positive for the stability of the potential
leads to the tree-level mass relation

My + My > M. (©6)

Mixing with the SM Higgs field allows the scalar component
of the singlet field Hg to decay to the SM particles, thus
allowing its mass to be practically unrestricted. On the other
hand the pseudoscalar component, Ay directly couples only
to the the new fermions and the inert Higgs field, and thus to

allow tree-level decay its mass is required to be larger than
twice the mass of the lightest dark matter candidate. The mass
spectrum of the inert doublet field are not affected by other
interactions, with the masses related to the parameters of the
potential as in the pure IDM case given by [9]

A3
Mp, =i+ > v’
1
M} =My, + 5 Gt As) v°
1
M3, = My, + 5 (s — As) V2. (7

In addition, as explained in the introduction, the new scenario
necessitates two additional charged leptons, and a neutral
fermion v in the physical spectrum. The mass hierarchy of
M,+ > My, is maintained to allow the decay of Z; odd
fermion, Xi, whereas ¥, the fermionic component of the
dark matter is made stable with the Z, symmetry. Apart from
the mass relations in Eq. 7 above, the condition

Ha
py=—= v ®)

is set to remove the linear term after the EWSB. This along
with setting u%, e, U8, re and A7 to be positive definite
makes sure that ¢ does not develop a non-zero vev. In our
analysis we have traded the parameter /L% for the physical
mass, M 4, which are related through

)»71)2

5 ©))

2 2
nz =My —
In our choice of parameters, we have made sure that M% >
0, as required. We list the vertices and the corresponding
Feynman rules relevant to the new degrees of freedom in
Fig. 1. Further, we define

AL = %(/\3 + A4+ As) (10)
as the combination of the couplings that is relevant to Higgs
portal interaction of the scalar dark matter candidate involved
in the direct detection experiments as well as the annihila-
tion processes. Coming to the experimental constraints, LEP
limits of

(Mpy + My, 2My+) > Mz; and My, + Mg+ > My
(11

are obtained from non observation of the decay of Z and W to

the inert Higgs bosons. The precision electroweak measure-

ments are sensitive to the mass splitting between the charged
Higgs boson and the neutral ones, with the IDM contribution

@ Springer
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Fig. 1 Feynman rules relevant to the annihilation of the DM candidates

D DM

: H/Hg

N\

Fig. 2 Schematic diagram showing the scattering of DM with nucleus
considered in the direct detection experiments

to the T -parameter given by

1.08
Tipy = 7 (MHi - MHO)(MHi - MA0)~

(12)
The current experimental bound on the value of 7 = 0.08
0.12 [37] can be accommodated with at least one of the light
neutral Higgs bosons having mass close to that of the charged
Higgs boson.

The direct detection depends on the elastic scattering of
the dark matter candidate with the neutron and proton in the
nucleus, which is mediated by the scalar bosons in our case, as
shown in Fig. 2. This does not, therefore, distinguish whether
the dark matter is a fermion or a scalar particle. While the
scalar dark matter candidate has a direct coupling with the
SM doublet field, the fermionic dark matter interacts with
the visible sector only by virtue of the mixing between the
new scalar field introduced and the standard Higgs boson.
The scattering cross section of the scalar DM is dictated by
the coupling Ay in the IDM sector, and the newly introduced
trilinear coupling 5 between ¢ and the inert doublet field
®,. The process is mediated by H and Hg with the for-
mer case coupling to Hy with appropriate combination of
Arvcosa and us sin «, and the latter case with combination
of Apvsina and s cos o, as could be read from Fig. 1. The
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relevant spin independent cross sections are given by

OHyN— HyN
2 a4 2
Iy My M Mg
= 5 —2 coso — ) Sin @ .
16 (M, + Mn)* \ My, MHS
Oy N—>yYN
2 M4 2
. fN N 8H 8Hy .
= T6n (M, £ M2 \ 222 cosa — 2 sina |,
¥ N H Hg
(13)
where
1
A = ——— (Ms sino — ZﬁALv cosoz) ,
V2
1
AHg = ———= <u5 cosa +2v/2 Azv sinoz) ,
V2
y3 .
en = 22 sina, (14)
V2
gHs = % cosa, (15)

and, fy is the nuclear form factor. Notice that in the absence
of mixing (sina = 0), oy,N— Hyn 1s reduced to the usual
case in the pure IDM [38]. Further, o,y y v is proportional
to (sin & cos oz)z, reminding us that ¥ interacts with the visi-
ble sector owing entirely to the mixing of ¢ with the doublet
Higgs field.

To find the viable parameter values, we compare the direct
detection cross section obtained using micrOMEGAs [39]
with the XENONI1T [40] bounds. In Fig. 3 (left) we plot the
cross section for Hyp-nucleon scattering against M g, for two
different values of 5 = 500 GeV and 1000 GeV, with three
different values of A7, = 103, 104, 1077 in each case.
As seen, the sensitivity of Ay is insignificant for sizable 5.
While we have presented our results in Fig. 3 for slightly
larger values of w5, a similar pattern is seen in the case of
smaller values (5 ~ 100 GeV) as well. Dependence on
My, is not presented, however, we have checked that it is
not very significant. Notice that 5 < 500 GeV is compati-
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— W5=1000 GeV, A, = 0.001 — 5 =500 GeV, A, = 0.001
Ms=1000 GeV , A, =0.0001 — w5 =500 GeV, A, = 0.0001
— W5 =1000 GeV , A, = 0.00001 — w5 =500 GeV, A, = 0.00001
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Fig. 3 og; vs Mpy for different couplings and mediator mass relevant to direction detection processes. The black dotted lines represent the current

XENON IT bound [40]

ble with My, > 65 GeV, and us < 1000 GeV is compatible
with My, > 100 GeV. While considering the limits, we have
not included the contribution of the other dark matter can-
didate, v, which means the scaling factor in %Oﬁ [41] for
the i DM component in multi-component scenario is taken
as 1. Moving on to the case of ¥ (again, in the absence of
Hy), cross section of {r-nucleon scattering is plotted against
My, for different values of the ¥v¢ coupling y3 in Fig. 3
(right). Here again the mediators are H and Hg. However,
the couplings are rather straight forward, unlike the previous
case of Hyp-nucleon scattering, with the cross section propor-
tional to (y3 sin 200)2 irrespective the case with H or Hg as
the propagator, as clear from Eq. 13 and the discussion there.
We have considered a fixed value of « = 0.0045 and varied
y3 to see the effect of the coupling. Apart from the coupling,
the process depends strongly on My, the mediator mass. As
can be seen from Fig. 3 (right), y3 = 4 is allowed for the
above value of mixing, and a rather heavy Hg with My, =2
TeV. Lighter Hg leads to more relaxed limit on the coupling,
contrary to the naive expectation. This could be attributed to
the destructive interference between the contributions from
Hg mediation and H mediation. With these observations, we
proceed to see the effect on the dark matter relic density.

In order to understand the compatibility of the model with
the observations of relic density given by ©Qh*> = 0.1198
4 0.0012 [1], where & denotes the Hubble parameter nor-
malised to 100 km s~'Mpc~!, we perform a relic den-
sity computation using the micrOMEGAs package, scanning
over the theoretically available parameter space regions. We
consider two distinct scenarios with (i) My, < % and (i)
My, > % In the former case, the invisible decay of the
Higgs boson to DM pairs will put restrictions on the cou-
plings. Here, Ay is the relevant coupling for H — HyHj
process, although, through the H-Hjg mixing, this channel is
also influenced by the the trilinear coupling, 15 and the mix-
ing angle, «. Considering the fermionic component of the
DM, notice that the only interaction of ¥ to other particles

is facilitated by the singlet scalar field ¢. Through mixing
with the SM Higgs field, this leads to ¥y H coupling of
y3 sina. The present LHC bound on H — invisible decay
width is restricted to about 20% [42], leading to a constraint
on y3 < 0.02 for the maximum allowed o ~ 0.33. In our
analysis, in the region My, < @ and My, < %, we have
discussed two scenarios. One with A7 = us = y3 = 0 as
the most conservative approach, so that the invisible decay
of H to the dark matter particles is disallowed, and the sec-
ond case in which we relax this with non-zero values of these
couplings, which are compatible with the present experimen-
tal limit on the invisible decay of Higgs boson. However, in
the first case setting y3 to be zero whenever My < %
results in over abundance of i and consequently ruling out
these mass ranges for vr. Therefore, in those discussions we
shall consider My, > # Finally, the Yukawa coupling y;
between the SM leptons and dark fermion x with the inert
scalar field, when allowed for the first two generations may
induce larger than desired (g — 2) for electron and muon. In
addition, the presence of non-diagonal couplings can induce
undesired lepton-flavour-violating processes like © — ey.
To avoid such effects, we consider the couplings to be diago-
nal and x that couples to the first two generations to be very
heavy, along with suitably chosen small values of the cor-
responding couplings. Therefore, in our further discussion
we consider only the third generation coupling to be present,
leading to x t Hp interaction. As is clear from the discus-
sion below, this coupling and the corresponding interaction
makes significant impact only in the light Hy case, ie, 45
GeV < My, < 80 GeV. Before embarking on our numerical
analysis, we shall look at the details of the above scenarios.

2.1 Scenario 1: Mp, < @

Keeping all other scalar masses larger than its mass, Hy

annihilates into the SM leptons and light quarks, mediated
through H and Hy in the s-channel, and through the newly

@ Springer
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Fig. 4 Feynman diagram showing a the z-channel annihilation channel of Hp, b the conversion of i to the scalar DM candidate and (c) the

annihilation of ¢ into SM final states, where V = W, Z

introduced heavy fermion, x in the #-channel. Notice that, in
the absence of x the annihilation is enabled through the s-
channel process, HyHy — (H, Hs) — f f, where f is the
SM fermion. The cross section of this process is proportional
to

the same coupling factor appearing in the direct detection
cross section in Eq. 13, and, therefore, stringently con-
strained. In that case, the cross section is not sufficient to
bring down the relic density to the observed value. Thus,
the presence of an additional scalar singlet does not help
improve the situation.The presence of x, however, changes
the scenario by adding to the cross section a #-channel process
HoHy — t1, mediated by x. The corresponding Feynman
diagram is given in Fig. 4a, and the cross section is given in
Eq. Al.

This additional cross section can be tuned with the help
of the unrestricted Hyoxt Yukawa coupling y; to get the
required relic density. On the other hand, for large values of
y1 the annihilation of Hp can make it underabundant. With
My > My, the contribution to relic density from the Hy,
denoted by Qh?, is independent of My, itself, except for a
small dependence on the conversion process ¥ — HyHy.
This additional creation of Hy is controlled by the trilinear
and quartic couplings us and Az, the mass of Hg, and the
Yukawa coupling, y3, as is clear from the Feynman diagram
in Fig. 4b. The cross section for this process is given in the
Appendix, Eq. A2. Setting A1 = ps5 = 0 to avoid invisible
decay of H, as stated above, makes this channel irrelevant.

@ Springer

In addition to §2;h?, the total relic density(Qtothz) has the
fermionic component, Qyh2, so that Qoth? = €1h% + Qyh?.
Note that €2>h? is controlled by the v annihilation into the SM
states. Before the gauge boson annihilation channels open up
for y at My ~ 80 GeV, the fermionic component Qyh? is
larger than the allowed relic density, unless the other annihila-
tion channel ¥ — ff, where f denotes the SM fermions,
is sizable. This latter process, mediated by the singlet com-
ponent of H and Hg depends on the combination of y3 sin 2¢
through the (Y H, ffH) pair of interactions (see Fig. 1)
in the H mediated case, and through (Y Hg, ff Hg) pair
in the Hg mediated case. The Feynman diagram for this pro-
cess is given in Fig. 4c, and cross section in Eq. AS. On
the other hand, for My > 80 GeV, the ¥y — V'V, where
V = W, Z, channel allows considerable reduction in $2,h?2,
opening large parameter space region compatible with the
current measurements. The cross section for these processes
is given in Eq. A3 and A4. While these processes are also
suppressed by the Higgs mixing, these are much more sig-
nificant compared to the f f annihilation channel with

3— —F +
2 4
MV MV

(16)

Oyyvy 1 My, ﬁv(

2 4
Bv 4M;, 16M¢>

_ _ 2.2 3 ’
Oyyyrj X NcaMymy

wherex = 8forV = Wandx = 16for V = Z, and the color
factor, N¢ = 1 for leptons and N¢ = 3 for quarks. As these
gauge annihilation channels are s-channel processes medi-
ated by H and Hy, the allowed parameter region is expected
to be around the resonant condition My, ~ 2My. Away
from this region, for My > My, the possibility of v anni-
hilation is controlled by the Yy — HgHg process. While
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the H/Hg mediated s-channel depends on the trilinear cou-
plings e and ug, the more important #-channel (see Fig. 7b
for the Feynman diagram) depends on the Yukawa coupling
v3. The cross section for this process is given in Eq. A6.
There is also a less relevant v — H H possibility, which,
however, is proportional to (y3 sin ).

Interplay of the DM components Note that, the individual
components should be in an underabundant state so that the
total relic density is within the desired bound. A situation that
warrants particular attention is the case of % < My < 80
GeV. Here, the annihilation of ¢ is decided mainly by two
processes leading to ff and HyHy final states. In addition,
when M, < My, it is possible to have pair of ¢ annihi-
lating into a pair of x. Feynman diagram for this process
is given in Fig. 7a, and the corresponding cross section is
given in Eq. A7. Since the conversion channel depends on
the couplings which are constrained by the direct detection
experiments and the invisible Higgs decay bounds, the pres-
ence of x is necessary to have the combined relic density
in the allowed limit. For non-zero values of A, us and y3,
the only substantial change is in ©,h?, which could now be
reduced to within the observed bound even for My, < My
due to the additional H and Hg mediated channels.

2.2 Scenario 2: My, > #

Inthisregion A7, and pt5 are relatively unconstrained, opening
up possibilities beyond what is discussed in Scenario 1 with
My, < % This along with the fact that Hy can be lighter
than 1 makes the Boltzmann’s equations for each of these
species interdependent. Thus, £21h? would now depend not
only on the mass and couplings of ¥, but also on its num-
ber density. The process ¥ — HyHy is now relevant to
both ©1h? and Q,h?, dictated by 5, Az, y3 and the mixing
angle . It may be noted, that with only inert scalar present, a
substantial region of parameter space with 80 < My, < 500
GeV is underabundant due to the large annihilation into the
gauge bosons. Now with the presence of ¥y and the possi-
bilities mentioned above, it opens up a large window of DM
mass region accessible.

3 Numerical Results

We now come to our numerical results in this section. The
quartic couplings, A and Ag involve four-point self interac-
tions, and therefore do not influence the relic density com-
putations. Similarly, A7, w4, e and ug would influence the
annihilation through s-channel into singlet scalar or the SM
Higgs boson mediated by these same scalar fields. Ag, which
can involve in the HyHy annihilation to the singlet scalars
through a four-point interaction on the other hand will not

Table 1 Parameters considered for the DM relic density study in sce-
nario 1. All mass parameters are in GeV

My, 45 < Mp, <63
Ma, Mpy, + 60

My Mpy, + 65

Mg 121 < My < 500
My, Mug, Mag + 50
My (75, 130, 200)

Vi Y2, V3 O<y =3

4, L6, 48 100

A2, A6, A7, Ag 0.1

o 0.0045

Case 1 Case 2

65 < My < 1000 My 10 < My, < 1000
0 AL 0.0001

0 s 100

have much influence on the analysis. We have, therefore,
fixed Ay = A¢ = A7 = A3 = 0.1, and ug = ug = ug =
100 GeV in our study. This leaves the Yukawa couplings,
Y1, Y2, ¥3,the quartic coupling combination Ay, and the tri-
linear coupling between the scalar singlet and the inert dou-
blet, us, apart from the relevant masses, which we consider
as independent parameters in our numerical analysis.

3.1 Scenario 1: My, < #

As discussed in Sect. 2.1, in Case 1 we set Ay = 0 and
pns = 0and My > @ in this scenario and in Case 2 we
consider non zero values of these parameters compatible with
both invisible Higgs decay width and direct detection bounds.
Considering the LEP constraint, we keep My, > 45 GeV.
Other parameters are considered as given in Table 1. This
choice corresponds to the quartic couplings of the Lagrangian
intheranges, A1 = (0.26, 0.56), A4 = (0.262, 0.335), A5 =
(—0.377, —0.297), 13 = (0.036, 0.042).

In the case of IDM Higgs bosons, LEP rules out the region
where My, <80 GeV, My, <100GeV and My, —Mp, >8
GeV, since it would lead to visible di-lepton or di-jet sig-
nals [43]. At the same time, mass splitting below 8§ GeV
does not support relic bound [12]. We have checked that
the situation does not change in the present model. Further,
LEP-II constrains Mg+ > 70 GeV from non-observation
of ete™ — HTH~ production [44]. The Electroweak Pre-
cision Measurements (EWPM) require product of the mass
splittings, (Mg+ — May,)(Mg+ — MHy,) to be small [45].
These considerations have led to deciding M4, to be larger
than 100 GeV for the range of My, considered here, keep-
ing My+ close to My,. At the same time, M4, > 180 GeV
in this set up would correspond to |A4 5| > 1. We, there-
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Fig. 5 Region of y; — My, plane compatible with total relic density
within the allowed range for selected values of M, . Other variables are
varied as per Table 1

fore, set a mass splitting of M4, — Mp, = 60 GeV as our
conservative choice. The choice of My, > 2My, is made
to allow tree-level decay of Ag. As indicated by Eq. 5 we
shall keep the mass splitting between that of Hg and Aj
small enough to keep A1 small. At the same time, to keep
A1 positive all through the parameter region, we make the
conservative choice of Myg > My, .

With the above choice of parameters, mictOMEGAs is
used to perform a random scan to compute the relic density
to find compatible regions. With A = 0 = ps5 disabling all
the H and Hg mediated processes, the cross section is domi-
nated by the y mediated processes discussed in the previous
section. The compatible regions in y; — My, plane for three
different illustrative choices of M, is presented in Fig. 5.
As expected, heavier mediator requires larger coupling for
the same level of cross section to satisfy the bounds. The
other candidate for dark matter, ¥ couples directly only to
the singlet scalar field, ¢, as elaborated in the previous sec-
tion. Thus, its annihilation process is mediated by Hg, whose
major component is ¢, and the observed 125 GeV resonance
of H having a small admixture of ¢ enabled by the nonzero
mixing angle, «. The number density of otherwise over abun-
dant v is reduced with the opening of the gauge annihilation
channel with My, > My as clear from the top-right inset of
Fig. 6in the Q,h? vs My, plot. For Case 2 in Table 1 of param-
eter choice where A7 and w5 are non-zero, the only visible
change in the results is shown in the top left-inset. Here £2,h?
is reduced to the observed bound from overabundance even
for My < My, thanks to the additional annihilation of v
into SM leptons and Hy now made possible with the non-zero
couplings. Since all these channels are H and Hg mediated,
we also see the s-channel resonance effect at My, = % in
this plot.

Hg dependence in the relic density calculations come
through its mediation of ¥ annihilation processes as well
as annihilation of ¥ pairs into Hg pairs. Thus the resonant
enhancement of the cross section indicate that the compat-
ible region has My, ~ 2My, as clear in Fig. 7. When the
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200 600 800 1000

M, (GeV)

Fig. 6 Qh? vs My, for the parameter region considered in Table 1.
Blue points are a subset satisfying the total relic density €y,h? within
the allowed range. Small mass region is enlarged for clarity : Top-left
inset: for parameter region Case 2, Top-right inset: for parameter region
Case 1 in Table 1

full range of My is considered,the annihilation channels of
Yy — HgHg, HH, x*xT open up. The mass relation
between My, and My is no longer linear due to these new
channels, leading to the scattered points in the high mass
range starting from 125 GeV. Notice that Y — HgHg
t-channel process and ¥y — x x process have negligible
dependence on the mixing angle «, whereas for all other pro-
cesses sin« appears in combination with y3. Thus, in most
situations a change in « is compensated by a corresponding
change in y3.

For My > M, the s-channel v annihilating into x pro-
cess is mediated by the singlet scalar, and is proportional
to the product of the Yukawa couplings, y; - y3. In Fig. 8
regions on y3 — My plane compatible with the total relic
density bound is shown for M, = 100 GeV, 150 GeV and
200 GeV, in each case for two different choices of y, val-
ues. My = M, threshold is clearly seen in all the cases
considered. Further, for small values of M,, the contribu-
tion from Q1h? to the relic density is negligible, as the x
mediated ¢-channel cross section being large washes it out,
minimising the spread in the allowed region. However, for
M, = 200 GeV and above, Q1h? has non-negligible con-
tribution, as clearly indicated in the larger area of allowed
regions. The dependence on y, compared to y3 is somewhat
trivial as mentioned above. Points with different y, values
shown unambiguously brings out the role of the ¥ — x x
process. The split lines in the case of smaller y, values is due
to the effects of other processes like i pair annihilating into
the singlet scalars.

3.2 Scenario 2: % < My,

With non-zero values of Ay and s, corresponding to the
couplings of ¢ and HyHp¢p, respectively, the process
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Fig. 8 Regions of y3 — My, plane compatible with Qioth? satisfying the experimental bounds, for specific values of y» and M X

Y — HpHpy mediated by ¢ (Fig. 4b) makes the interac-
tion between the two dark matter components more relevant.
The set of coupled Boltzmann’s equations make $21h? depen-
dent directly on ©,h? and vice versa. The value of H HoHy
coupling is kept at A; = 1074, s0 as to respect the direct
detection limit. Four different illustrative values including
zero is considered for us.

The first row of Fig. 9 shows the variation of €2 1h2vs M Ho
for specific choice of ws. In the case of Q1h? with ns =0
dark matter annihilating into SM particles alone is possible,
like in the pure IDM case. Consequently, for My, > My
the annihilation cross section controlled by gauge coupling
leaves Hp underabundant. However, with non-zero value of
us in the region My > Mpy, v — HoHp boosts up
the relic density. This is illustrated in the top-middle plot of
Fig. 9. For very large us, increase in annihilation cross sec-
tion reduces the relic density below the observed limit, mak-

ing the model less compatible as indicated in the top-right
plot of Fig. 9. Second row of Fig. 9 shows the variation of
Qoh? vs. My . In this case, ¥ is overabundant until the gauge
boson annihilation channels open up around My ~ My,
when ps is set to zero, as shown in the left plot. On the
other hand, with s # 0, the additional channels includ-
ing the annihilation into HyHy, AgAg and H*H™ bring
down the relic density to acceptable levels for My < My as
well.

Figure 10 shows the correlation between Qh?% and Q,h? at
a mass splitting AMp,_a,=1 GeV (right) and 20 GeV (left)
for a mass range of 500 < Mpy < 1000 GeV. When the
mass splitting is small (of the order of 1 GeV), co-annihilation
between the inert scalars counters the gauge suppression and
increases the scalar relic density substantially. In this case,
the effect of w5 is negligible as seen from Fig. 10 (right).
On the other hand, for a larger mass splitting, when the co-
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Fig. 9 Intop row Q2 1h? as a function of M Ho (GeV) and in middle row
Q,h? as a function of My (GeV) for illustrative values of us(GeV),
indicating the importance of the conversion channel (Y — HoHp).
The total number of points generated are the same in all the cases. Third

Table 2 Parameters considered for the DM relic density study in sce-
nario 2. All mass parameters are in GeV

My 65 < My < 1000
Mpy, 65 < My, < 1000
My, My, + (20, 60, 1)
My My, + (20, 65, 1)
Mg 131 < My, < 1000
My M4g + 50

M, 1200

i, ¥2, V3 0=y =3

AL 0.0001

s (0, 100, 200, 500)
4, 465 U8 100

Ay hes A7, Ag 0.1

o 0.0045
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row shows selected points from the corresponding plots in the top and
middle rows compatible with Qoth? within the observed bound. Red
points correspond to Q1h% vs. My,, while blue points correspond to
thz vs. My,

annihilation is suppressed, one may achieve significant con-
tribution from 2;h? for a suitably chosen value of us5. We
find that the best case scenario corresponds to a value of
us ~ 300 GeV. Hence in the multi-component scenario,
the contribution from ©h? is boosted up compared to the
single component case, thanks to the conversion from the
fermionic component. We would like to reiterate the advan-
tage of the multi-component case considered here, which
deviate from the purely IDM like scenario, where this mass
range of DM is available only for closely degenerate case of
Mp, ~ May,.

Presenting the correlation between My and the Yukawa
coupling y3 between {1 Hg Fig. 11 shows that higher value
of us corresponds to lower y3 for a fixed value of My,
implying that ¥y — HyHp is a dominant channel as per
relic density consideration. Remember that 5 corresponds
to the HgHyHy interaction. To maintain the cross-section
at a certain value in order to follow the relic bound, higher
s will correspond to lower y3 and vice versa. All points
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Fig. 11 Regions of y3 — My, plane compatible with the relic density
bound for specific choices of w5 values, indicating the strong presence
of the conversion channel ¥ — HpHj in the resonant region with
Myg =2My

here satisfy the total relic density bound. Notice that we
have considered the resonance condition My, = 2My,
while M, varies in the full range of Scenario 2, bring-
ing in the relevant s-channel annihilation of ¢ mediated by
Hg.

In the large My region, the DM annihilation into x pair
opens up adding further possibilities. The ¥ — x x is an
s-channel process mediated via Hg. Thus, the couplings y»
and y3 along with the masses of Hg, x and ¢ decide the
cross section. Fig. 12 shows the allowed regions of y3 — My,
plane for specifically chosen values of the Yukawa coupling
v2 and the masses M, and My, which is set to y, = 0.5.
The threshold is seen as My, ~ M,, which is set to 1100
GeV here. Further, the depression around the resonant con-
dition of Myy = 2My is clearly seen, as expected in the
s-channel process. Since in this region, the mass splitting
between Hp and Ag is kept at 10 GeV, Qh? is always
small, hence the dominant contribution in Q,th? comes from
Q0%
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Fig. 12 y3 vs My, for fixed My, and M, values, showing the presence
of the annihilation channel ¥4y — x x and the resonant behaviour with
Mpyg =2My

4 Summary and conclusions

The scalar-fermionic multipartite scenarios discussed in the
literature have the DM candidates as gauge singlets and con-
sequently highly constrained by the direct detection experi-
ments and relic density limits. In these scenarios, the direct
detection prefers small portal couplings, which consequently
provide much smaller cross section than required to contain
the overabudance of the dark matter relic density. On the
other hand, the gauge non-singlet scalar dark matter models
like the IDM overkills the dark matter leading to underabun-
dance except when they are close to a TeV of mass. We
have demonstrated that the presence of a fermionic partner
(denoted as yx) to the inert scalar would alleviate these diffi-
culties, opening up the low mass regions as well. Along this
line, we present a novel scenario with possibility of scalar
and fermionic dark matter coexisting, compatible with all
the experimental bounds including the relic density measure-
ments, the direct detection limits and the collider constraints.
We consider the presence of a gauge singlet fermion interact-
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ing with visible sector through Higgs portal couplings, along
with the gauge doublet scalar dark matter. A wide range of
parameter space(10 GeV -2 TeV) for dark matter mass is con-
sidered and the possible signatures are analyzed. We find that,
the entire mass range is compatible with the relic density and
direct detection bounds. The dark matter particles interact
among themselves opening possibilities of conversion from
one type to the other leading to interesting phenomenology
and compensates for the underabundance of the individual
relic density of Hy in the otherwise not compatible range of
80 GeV < My, < 500 GeV. For the entire mass range of
the inert scalar Hp, the fermionic dark matter candidate
contributes to the observed relic density starting from a few
GeV to the TeV range. The lepton portal annihilation chan-
nels contribute to the relic density of Hy, denoted by th2,
without adding to the direct detection cross-section, being
a t-channel processes mediated by the fermionic partner .
Hence keeping Ay fixed at an admissible low value at par
with the direct detection limits, the lepton portal couplings
and mass of x can be adjusted to get the correct relic density
for Hyp. Owing to the conversion of fermionic dark matter
pair into a scalar dark matter pair substantial contribution
of ©1h? in the total relic density is possible. The fermionic
component can suffice for the deficit in the total relic density
as well. On the other hand, for large rate of annihilation of
Hy into SM through the Higgs portal channels, $21h? could
become very small. In such scenarios, the fermionic compo-
nent dominates the scene with the dark matter scenario effec-
tively becoming a single-component case. In the large mass
region (500 GeV-2 TeV) typical IDM contributes substan-
tially to the relic density for very low mass splitting between
the inert scalars, thanks to the now relevant co-annihilation
channels. However, the effect of co-annihilation is negligi-
ble with larger mass splitting making it non-compatible with
the relic density measurements. In the model discussed here,
fermionic to scalar dark matter conversion permits even a
larger mass splitting to produce the correct relic density.

Finally, we expect that the model can bring in interesting
collider phenomenology with the fermionic partner, x of the
inert scalar doublet changing the production and decay pat-
terns of the IDM charged scalars in the mass range that could
be probed at LHC. We defer a detailed collider study for a
future work.
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A Expressions for cross sections

Cross section for HyHy — t7 17, neglecting the T mass, is
given by
1 1 fl/71ay |M2 | i (Al)

o

HoHy—tt1— 167'[5 ﬂHO - Hy

2 .
where 1, = _Z( +,8H0) tmax = —7 (1 - /31.10) with
4M%,
BHy = 1— , and the square of the invariant ampli-
tude,
4
1M, | o= MH0 +1(s — Mp,) +17]
2 1 1
W= MDG—MD) =MD (= M2

The fermionic dark matter ¥ can annihilate into the scalar
dark matter Hy when kinematically favoured. Such conver-
sion are relevant in situations where Hj is underabundant, as
in Scenario 2 discussed in Sect. 2.2.

Oyy— HoHy
12871 )
)‘%-1 sin o )‘%Is cos?
11—ty + w%_l

+AHgAl sin 2o

(1 — t55)? + 0

(I —tpg)(1 — ) + wpWH
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(A2)

where Ay = \%(ussina—Zﬁ)\Lv cosa), AHy =

. M? M
%ﬁz (,u5 CcoS o +2\/§ALU s1not>, =t o= % and
4m?
 — - L
Bi=y1——-

The cross sections for ¥ pair annihilation into SM parti-
cles relevant to discussion in Sect. 2.2 are given below.
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(A3)
01//|ﬁ~>ZZ
_ 3 my Bybz (3S+52>
1287 02 s M% o ams
w sin? 2 (th — THg)? + (0 — 0Hy)?
[0 =2+ 0] [0 -2+ o]
(Ad)
TYI—r7
I L
- e 87 v2 K
w sin? 200 (tH = THg)? + (@0f — 0pg)?
[(1 —)? 4 w%]} [(1 — )+ w%,s]
(A5)

where N¢ = 1 for leptons and 3 for quarks.
Cross section for ¢ pair annihilating into Hg pair is given

by
1 1 tmax
_ M2, | dt
16752 B2 /;,,, M|

Oy HgHs = (A6)

where tmin = _%(,BHS + ;310)2’ max = _%(/31‘15 - 131//)2 and
the invariant amplitude square is

2
| M|
~ yieosta My +2Mpy (Mg, —1) — (A4M —s — ) (3M, + 1)
T8 (t = M) (u — M)

2+ (s = 2Mp )t — My (s — Tt + 6M7, ) + M}, +8M;
(t — M)?

Cross section for i annihilating into a pair of yx is

Oyi—xtx~
_ y32y§ By B3 sin* o cos*
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