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glet (ϕ) and a neutral Majorana fermion (ν). The relic abundance of ν and
ϕ is found assuming the thermal DM production and solving the Boltzmann
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1. Introduction

There are many reasons to consider physics beyond the Standard Model
of Elementary Interactions (SM) — one of them is to provide stable, mas-
sive, neutral particles that might play a role of Dark Matter (DM) [1]. An
enormous amount of work has been done by theoreticians in this direction,
considering many types of models, most of which contain a single particle
beyond the SM that might be considered a DM candidate.

However, there is no reason to limit our search to the single-component
DM scenarios only.

Multi-component DM hypothesis seems particularly enticing considering
how complex is the structure of SM matter accounting for only ∼ 5% of
energy density of the Universe. There have already been studies of multi-
component DM in the literature (see [2–5]) dealing with — among others
— discrepancies between different results of DM searches or solving the
‘core/cusp problem’ [6].

∗ Presented at the XXXVII International Conference of Theoretical Physics “Matter
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Here, we would like to investigate a scenario where DM consists of two
species — a singlet scalar (ϕ) and a singlet neutral Majorana fermion (ν)
(that we will refer to as a “neutrino”). The scalar DM field in this model
interacts with the SM through the Higgs field, while the fermionic DM does
not couple directly to the SM. In our study, we will concentrate on finding
agreement with the WMAP data and XENON100 results [7].

2. The model

Our model contains three new particles, all SM singlets: a real scalar ϕ,
and two Majorana fermions νh and ν, with only one of the fermions con-
tributing to the DM relic density. In order to ensure stability of DM can-
didates, we will assume that the dark sector is invariant under some global
symmetry group G under which all the extra fields transform non-trivially,
while all SM particles are G-singlets. For simplicity, we choose G = Z2×Z2.
The dark sector transforms under G as follows

νh ∼ [−,+] ν ∼ [+,−] ϕ ∼ [−,−] . (1)

The most general, gauge- and G-symmetric and renormalizable Lagrangian is

Lscal =
1

2
∂µϕ∂

µϕ+DµH
†DµH − V (H,ϕ) ,

V (H,ϕ) = −µ2HH†H + λH(H
†H)2

+
1

2
µ2ϕϕ

2 +
1

4!
λϕ
(
ϕ2
)2

+ λxH
†Hϕ2 , (2)

where H is the SM SU(2) Higgs isodoublet.
We require that the potential breaks spontaneously the electroweak sym-

metry via non-zero vacuum expectation value of the Higgs doublet 〈H〉 =
(0, v/

√
2), v = 246 GeV. Since we also require the G symmetry to re-

main unbroken, we assume that µ2ϕ > 0, which is a sufficient condition.
Note that 〈ϕ〉 = 0 implies that there is no mass-mixing between ϕ and H,
so that the existing collider limits on the Higgs properties are not mod-
ified. After the symmetry breaking, the physical scalars acquire masses
mH

2 = −µ2H + 3λHv
2 = 2µ2H and m2

ϕ = µ2ϕ + λxv
2.

The part of the DM Lagrangian involving fermions reads

L = 1
2νh i6∂ νh +

1
2ν i6∂ ν −

1
2ν

T
h CνhMh − 1

2ν
TCνmν + gνϕνhν . (3)

In order to ensure stability of ν and ϕ, we assume that Mh > mν +mϕ,
which allows for the decay of νh → ϕν. The tree level reactions relevant for
the evolution of DM are ϕϕ↔ SM,SM and ϕϕ↔ νν.
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2.1. Restrictions on the parameter space

In the following, we will fixMh at the smallest value that ensures the fast
decay of νh, so we will effectively deal with only four parameters: mϕ,mν , λx
and gν . Our goal is to constrain the parameters taking into account all
available theoretical restrictions: vacuum stability, unitarity, perturbativity,
triviality of the scalar sector (for discussion, see [3]). In this paper, we will
concentrate on constraining our model according to the WMAP bounds on
DM relic abundance and the results of XENON100 experiments.

3. Dark Matter density and the Boltzmann equation

To test the model against the relic density constraint derived from
WMAP, we start with formulating and solving the two Boltzmann equa-
tions (BEQ) that govern the cosmological evolution of the DM neutrinos (ν)
and scalar singlets (ϕ). We assume kinetic equilibrium and neglect possible
effects of quantum statistics. The BEQs (including tree-level interactions
only) read

ṅϕ + 3Hnϕ = −〈σϕϕ→SMSMv〉
(
n2ϕ − nEQϕ 2

)
+

−
(
〈σϕϕ→ννv〉n2ϕ − 〈σνν→ϕϕv〉n2ν

)
,

ṅν + 3Hnν = −
(
〈σνν→ϕϕv〉n2ν − 〈σϕϕ→ννv〉n2ϕ

)
(4)

with nX — the number density of X = ν, ϕ, a dot — time derivative,
H — the Hubble parameter. 〈σXX→Y Y v〉 is a thermally averaged cross
section (see [8]) The equilibrium density nEQX is related to the equilibrium
phase space density f̃EQX as follows

nEQX =

∫
ζXd

3p

(2π)32E
f̃EQX , f̃EQX =

1

eE/T ± 1
. (5)

The chemical potential for the above vanishes, and ± refers to fermions
and bosons, respectively. It is important to remember that the thermally
averaged cross sections that appear in (4) are not independent

〈σνν→ϕϕv〉 =

(
nEQϕ

nEQν

)2

〈σϕϕ→ννv〉 . (6)

3.1. Numerical solutions to the BEQs

For the purposes of solving equations (4), numerically, we approximate
the thermally averaged cross sections in (4) by first order terms in the ex-
pansion around T = 0, see Fig. 1. For each point in the parameter space
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Fig. 1. Thermally averaged cross sections σ ≡ 〈σϕϕ→SMSMv〉/K (black circles);
σB ≡〈σϕϕ→ννv〉/K (blue squares); σA ≡〈σνν→ϕϕv〉/K (red triangles), as functions
of T (in GeV), for λx = .1 and gν = 2.5, masses are specified in the plots.

of the model, we approximate the low temperature dominant cross section
(whether it is 〈σνν→ϕϕ〉 or 〈σϕϕ→ννv〉, depends on the mass hierarchy be-
tween ϕ and ν) by its leading terms in the temperature expansion, and use
relation (6) for the other one. As a result, equations (4) are simplified as
follows

f ′ϕ = σ
[
f2ϕ − fEQϕ

2
]
+ σA

(fEQν
fEQϕ

)2

f2ϕ − f2ν

 , (7)

f ′ν = σA

f2ν −
(
fEQν

fEQϕ

)2

f2ϕ

 , σA ∝ T (8)

for mν > mϕ and

f ′ϕ = σ
[
f2ϕ − fEQϕ

2
]
+ σB

f2ϕ −
(
fEQϕ

fEQν

)2

f2ν

 , (9)

f ′ν = σB

(fEQϕ
fEQν

)2

f2ν − f2ϕ

 , σB = σ0B + σ1BT + σ2BT
2 (10)

for mν < mϕ. The relative errors of this approximation are: δAϕ ' 2.3%,
δAν ' 1.4%, δAϕ ' 6.3%, δAν ' 2.6%, where A and B stands for mν > mϕ and
mν < mϕ, respectively.

We perform a scan over the parameter space in the following ranges

mϕ,mν ∈ (10GeV, 10TeV) , λx ∈
(
10−3, 4π

)
, gν ∈ (0.1, 4π)
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solving the BEQs and fitting the relic abundance of ϕ and ν to the WMAP
results [9]. We assume that abundance for both scalar and neutrino DM
components must be below WMAP 3σ upper limit

Ωϕ +Ων ≤ ΩWMAP = 0.1138 + 3 ∗ 0.0045 (11)

assuming that, in general, there might be other components of DM, non-
interacting with SM other than gravitationally, that contribute to the DM
density, but do not thermalize in the Early Universe. Such components
might be responsible for any missing density (ifΩϕ+Ων<0.1138−3 ∗ 0.0045).

Parameters for which we have found agreement with WMAP data are
presented in Fig. 2.
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Fig. 2. Points that satisfy the upper WMAP bound for the relic abundance, pro-
jected into (mϕ, |λx|) and (mϕ,mν) plane (left and right plots, respectively). Diag-
onal (blue) line is a theoretical limit assuring there is no VEV for the singlet scalars
and the scalar mass square is positive, see [3]. It is an upper cut on the positive
branch of λx, while the black horizontal line is the stability limit that bounds λx
from below, for negative values.

4. Direct detection

In our model, at the tree level, the scattering of DM off nuclei originates
from the interaction with the scalar DM component. However, DM is often
dominated by dark neutrinos in which case loop induced ν nucleon scatter-
ing might be relevant. To compare the prediction for the direct detection
cross section obtained for our 2-component DM scenario with experimental
results, one has to remember that the standard limits on DM direct detec-
tion usually assume all DM particles to be interacting with SM at the same
rate. In our case, this is not true and we will rescale the cross sections by a
factor that accounts for the fact that two DM components are present

σϕDM−N =
nϕ

nϕ + nν
σϕN , σνDM−N =

nν
nϕ + nν

σνN . (12)
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For σϕN , σνN , see [3]. As seen from the left panel of Fig. 3, the major-
ity of points for the scalar scattering lie above (i.e. are excluded by) the
XENON100 lower limit. Points that are below XENON100 can be found
in the resonance region mϕ ' mh/2, in the middle mass region mϕ ' 130–
140 GeV and for heavy scalar solution mϕ & 3 TeV. However, in the region
of mϕ ' 130–140 GeV, loop corrections in σνDM−N are large enough to also
exclude this mass range.
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Fig. 3. Plot of the cross section σϕDM−N as a function of mϕ on the left and σνDM−N
as a function of mν on the right. All points satisfy all theoretical constraints
and a 3σ WMAP upper bound. The other parameters are randomly chosen in
the ranges defined in the text (including both signs of λx). Grey (green) circles
(black (dark green) squares) correspond to case A (case B) solution. The dark grey
(red) line shows the XENON100 data, and the two islands in grey (blue) indicate
1 and 2σ CRESST-II results [10].

5. Conclusions

We have discussed the main features of a two-component cold Dark Mat-
ter model composed of a neutral Majorana fermion (ν) and a neutral real
singlet (ϕ). The Boltzmann equations for number densities of ν and ϕ were
solved numerically in order to determine regions of parameter space that are
consistent with both WMAP and XENON100.

It has been shown that the agreement with the WMAP data requires
that neutrinos cannot be substantially lighter than scalars. The XENON100
upper limit in the DM–nucleon cross section favours mϕ & 3 TeV with
mϕ < mν . We have also found consistent solutions for mϕ ' mh/2.

As a final remark, we note that such a model is difficult to test at the
Large Hadron Collider (LHC). The leading new effect would be the produc-
tion of scalar DM pairs, with a signature of missing energy associated with
one or more jets. Such analysis lies beyond the scope of this work.
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