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Singlet Majorana fermion dark matter, DAMA, CoGeNT, and CDMS-II
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We propose a model where a sterile Majorana fermion with mass in the range of 10 GeV-1 TeV can
account for the whole amount of dark matter in the Universe. The model involves a right-handed singlet
Majorana fermion as a weakly interacting massive particle, a charged and a neutral scalar, and all singlets
by the standard model symmetry and makes use of a discrete symmetry in order to guarantee the singlet
fermion stability. Also, motivated by the recent results reported by CoGeNT and CDMS-II experiments
concerning excess events of the expected background, and the intriguing annual modulation observed by
DAMA, we look for a possible explanation to some of these experiments. Our results show that there is a
lot of room in the parameter space to make this sterile Majorana fermion a viable dark matter candidate,
and, if it is realized in nature, it is also capable of explaining DAMA annual modulation signal and/or
CoGeNT excess events or CDMS-II excess event candidates. Besides, a light Higgs boson is preferred in

this scenario.
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I. INTRODUCTION

Dark matter (DM) has become one of the most promis-
ing evidences in favor of physics beyond the standard
model of electroweak interactions (SM). The converging
paradigm to naturally explain this unseen component of
matter is that it be a weakly interacting massive particle
(WIMP), with a mass scale ranging from tens of GeV to
a few TeV [1]. With recent data from the Wilkinson
Microwave Anisotropy Probe (WMAP) [2] and several
DM direct detection experiments running and projected
[3-6], we have powerful new tools to investigate particle
physics models which just provide new particle content
that would explain this dark component. Besides, the Large
Hadron Collider (LHC) is already running [7] and may be
able to shed some light on the DM component, too.

One of the known particles that could provide some link
to the DM problem is the neutrino. Remember, though, that
active neutrinos are underweight to satisfy this picture,
since their density parameter (), is given by [8]
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On the other hand, sterile neutrinos could possess the
right features to solve the DM problem and play some role
in neutrino mass generation.' This is particularly true in the
model of Ref. [10]. There the authors managed to get a
realistic model for neutrino mass by adding right-handed
neutrinos and scalar multiplets in such a way to obtain
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"There are some interesting studies in the literature where
sterile neutrinos are at the keV scale; see, for example, Ref. [9],
constituting a warm DM candidate. We are not going to pursue
this possibility in this work.
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small neutrino masses and provide a scenario for lepto-
genesis. The interesting thing is that one of these neutrinos
is sterile and stable and could be a DM candidate. Another
such link between DM and sterile neutrinos is provided in
Ref. [11], where a version of a left-right symmetric model
is extended with a U(l) gauge symmetry. Using some
nonsupersymmetric R-parity symmetry, the authors get a
stable neutrino interacting with an electron and a charged
scalar and analyze its viability as a DM candidate. In such a
model there is no tree-level direct detection constraint
since the interaction is leptophilic. We refer to a third
model where such a sterile neutrino would appear, the
so-called 3 — 3 — 1RH,, model. It is a gauge extension of
the SM from SU;(2) ® Uy(1) to SU,(3) ® Uy(1) with
right-handed neutrinos as part of a fundamental represen-
tation under SU, (3) for the leptons [12,13], and when the
symmetry is broken to the SM, the lepton triplet decom-
poses into the usual lepton doublet and a singlet right-
handed neutrino under SM symmetry. Besides being
capable of generating appropriate neutrino masses [14],
among other features that help to tackle unsolved problems
of the SM, this 3 —3 — 1 model possesses at least one
scalar that plays the role of a WIMP DM candidate [15].
Inspired by some features of these nonsupersymmetric
models [10,11,13], we propose a simple effective low
energy model for a DM singlet Majorana fermion. We
suppose the presence of a right-handed singlet fermion,
which reveals itself to be sterile under electroweak inter-
actions, a sterile Majorana fermion (SMF), and two singlet
scalars, a neutral and a charged one. The role of the neutral
and charged scalars is to give a mass to the SMF and to add
an important channel that contributes to the DM abun-
dance, respectively. It is through the charged scalar-SMF-
charged lepton coupling that we will have some control
on the SMF abundance. We restrict this lepton to be the
electron for simplicity, though it could be extended to
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muon and/or tau leptons. In this way, our model could be
seen as part of a low energy limit of the models mentioned
above [10,11,13], emphasizing that some larger scheme
can be introduced to justify our approach. We observe that,
as our SMF does not mix with active neutrinos, direct
detection may be its only connection with electroweak
physics. This is at variance with usual sterile neutrinos in
the literature, where sterile neutrinos are introduced in the
context where there is some amount of mixing with active
ones, which is severely constrained by big bang nucleo-
synthesis [16].

Among the recent direct detection experiments,
CoGeNT and CDMS-II reported excess events which
could be interpreted as a WIMP signal [3,5]. The DAMA
Collaboration, that detected an annual modulation in the
rates of nuclear recoil, has also claimed that this modula-
tion is a DM discovery signal [6]. These three experiments
altogether seem to favor a light WIMP with mass around a
few to tens of GeV. Although they face strong constraints
from other experiments, such as XENON100, for instance,
there remains the possibility that spin-independent (SI)
elastic scattering could explain them, as explored in
Refs. [17-19].

Our main purpose in this work is to show that our SMF
can provide the appropriate DM content of the Universe
according to WMAP [2], for a wide SMF mass range,
which also agrees with the latest bounds from direct de-
tection experiments. Then, we consider an explanation to
CoGeNT and/or CDMS-II excess events, when interpreted
as a DM signal [20], as well as DAMA and study how our
results constrain the SMF and Higgs masses.

The paper is organized as follows. In Sec. II, we present
our SMF model, identifying the physical fields (mass
eigenstates) and imposing the discrete symmetry which
makes the SMF stable. Next, in Sec. III, we compute the
relic abundance of our WIMP candidate, and in Sec. IV we
impose the direct detection bounds, paying some attention
to the region of positive signals from CDMS-II, CoGeNT,
and DAMA. We finally show our conclusions in Sec. V.

I1. STERILE MAJORANA FERMION MODEL

The model consists of a small extension of the SM by
including a singlet Majorana fermion N plus a singlet
charged scalar n* and a singlet neutral scalar o. Besides
the mixing among the Higgs doublet and the new singlet
scalars, there is an interaction term coupling these
singlets to the leptons,” as can be seen in the following
Lagrangian:

LD £Kin - Al(N?QNRO' + NRNILQU'*)
+ M (Ngegn™ + &xNgn ™) = V(b 07, 0),  (2)
*We will restrict our analysis to one family of leptons since

this will be justified later when considering the embedding of
this model in a realistic context considering neutrino mass.
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where Ly;, is the Lagrangian term involving the kinetic
terms for the singlet fermion as well as for the singlet
scalars, including the 5~ interaction with SM gauge bo-
sons Z and +y. From this Lagrangian we observe that the
scalars carry two units of lepton number if we admit lepton
number conservation (they are called scalar bileptons).
Notice also that »* will have interaction terms with the
photon and Z boson, since it possesses nonzero hyper-
charge. The scalar potential in the above Lagrangian,
V/(¢, n=, o), embraces the new terms to be added to the
SM Higgs potential, in order to form the complete scalar
potential V(p, =, o) = V/(¢, n~, o) + Vg, given by

Vg, n*, o) =mydtd + myoto + uzntn”
+ A5 (dTh)? + Ay (0" 0)* + Ay(nT 7 )?
+ 05Tt nT) + Mmoo
+Aspl ot 3)

where the field ¢ represents the usual SM scalar SU; (2)
doublet.

Observe that our Lagrangian [Eq. (2)] allows the pres-
ence of some extra terms not included here. For example,
we could add a term connecting the lepton doublet L =
(v, e,)T with the singlet fermion through the SM scalar
doublet L ¢ Ny + H.c., where ¢ = 10,¢*. This term
would imply a coupling and mixing of the singlet fermion
with standard left-handed neutrinos and possibly its decay.
However, we want to avoid such terms since we are inter-
ested in explaining the DM component as constituted
by the singlet fermion even when it is relatively heavy.
We choose to get rid of these kind of couplings by assign-
ing a discrete Z, symmetry to the model so that Ny and n™
transform as

(Ng, m™) = (=Ng, —7m"), 4)

while the remaining fields are even under this symmetry.
That is what makes this singlet fermion a sterile one, the
SME, in the sense that it does not couple to any gauge
boson of the SM and would leave no sign of its existence
through the known interactions; for example, it does not
contribute to the invisible width of the Z boson. For that
reason we can make this SMF as light as we wish (around
10 GeV in our case). This model is what we call a lepto-
philic model for the charged scalar in the sense that it does
not mediate any interaction involving quarks. Even if we
had enforced this scalar to couple to some quark, this
one should be an exotic quark, meaning that it would
carry lepton number and be a bilepton, too, if we want to
preserve lepton symmetry from being broken explicitly.
These kinds of particles, scalar and quark bileptons,
are very common in the class of models called 3 —3 — 1
[13,21], and a neutral scalar bilepton was already pointed
as a WIMP DM candidate in a version of 3 — 3 — 1 with
right-handed neutrinos in the fundamental triplet represen-
tation [15].
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In this work we rely on the possibility that some high
energy fundamental theory is going to generate this effec-
tive model properly. In this way we consider the charged
scalar mass scale as a free parameter in the range of
100 GeV-3 TeV. Meanwhile, the SMF mass can be gen-
erated by spontaneous symmetry breaking due to a non-
zero vacuum expectation value acquired by o, v, which
we suppose to be real and assuming values from hundreds
of GeV to TeV scale:

1
o \/i(v,, + R, +il,). (5)
A Majoron should emerge from this breaking mechanism,
but it turns out to be a safe Majoron since it does not couple
to the electroweak sector except for the Higgs, putting us in
a comfortable situation to not worry about its presence in
the spectrum. Then, from Eq. (2), we can naturally have a
SMF mass in the range of a few to hundreds of GeV:

MN = /\]Uo-\/i- (6)

Issues concerning light neutrino masses can be
addressed by different approaches developed in
Refs. [10,11,13], which seem to be particularly interesting
to embed our model. We noticed that our SMF mimics the
couplings with a neutral singlet scalar and/or the charged
singlet scalar in their models. The models in Refs. [10,11]
have already proposed that there is a stable right-handed
neutrino in their spectra, although they did not deeply
survey this possibility as we are going to do here. In the
case of the model in Ref. [11], which we can recover when
o decouples, the authors point out the limitation that their
neutrino does not give a sign in direct detection experi-
ments. Also, for the case where the charged scalar is almost
degenerate in mass with the neutrino, it is fair to mention
that coannihilation plays an important role, changing a
little their quantitative results, though it does not really
change their qualitative aspects. As for the case of the
model in Ref. [10], a complete analysis of abundance and
direct detection is lacking. Even if we cannot directly
compare our results, it has an appropriate frame to embed
our model, since our SMF is much like their third neu-
trino—it can be a plausible DM candidate, a WIMP. In fact,
our proposed charged current involves a SMF and the
electron, instead of a heavier lepton. We could impose a
coupling to a heavier charged lepton, muon, or tau, but we
do not expect big quantitative differences concerning these
alternative choices, though, and will keep the coupling
with the electron only, recovering the main aspects of
their DM sector when 1™ decouples. In what concerns
the 3 —3 — 1 model [12,13], the possibility of a right-
handed neutrino as a DM candidate is still under study,
and again we have no direct way to contrast results.

As we mentioned above, our SMF does not have to obey
the mass bounds on the direct production of neutral fermi-
ons through Z boson invisible decay, and we can safely
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have My < M,/2. As for the charged scalar bilepton, we
will take its mass above 100 GeV [22], although we allow
for lower masses when considering DAMA and CoGeNT
results, since deeper studies have to be pursued in order
to establish the right lower bound on this scalar mass in
this model. We will also obey the Higgs mass lower
bound imposed by LEPII, My = 114.4 GeV [22]. The
new Yukawa couplings will be fixed by taking the SMF
mass and charged scalar mass as free parameters, while
the couplings in the scalar potential will be considered
close to unit.

Scalar mass spectrum

The scalar masses can be obtained by diagonalizing the
mass matrix from the potential equation (3). We take the
basis for the real part of neutral scalars, R, and R,
resulting in the following mass matrix:

Ayv3 ASv v
M2:<A5¢ ¢ 2 02¢), (7)
TV Vg AU

which was obtained after using the minimum conditions
for the scalar potential:

As

Ko+ Agvg + 5

2 _
vy = 0,
®)

As

As for the pseudoscalars, those coming from the Higgs
doublet play the same role as before, providing the usual
Goldstone bosons for the SM, while the new pseudoscalar
coming from the singlet neutral scalar becomes a massless
Majoron, I, = J, which does not couple to the electroweak
sector except through the standard Higgs boson. We keep it
massless throughout this work, though it could get a mass
from effective operators or radiative corrections and still
be a light particle, not changing our results. Of course, it
can be a DM candidate, too, but a nonthermal one, and we
are not going to analyze this possibility here.

The mass matrix [Eq. (7)] can be easily diagonalized to
give the following mass eigenvalues:

M2 = A, v + A¢v%b

— \//\%,v‘}, + A%viv%, - 2)\0)\¢vfbv3 + /\(zbvf/),

MIZT0 = A\, v+ )\qsv%zS

+ \//\%,vf, + )lgvév% - 2)\0)\¢vfbv(2, + /\iv‘;, )

with the respective approximate mass eigenstates, the
Higgs and the new neutral scalar:
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Sea\ 20,0, 7/
1+ (2/\(,1;(,)
(10)
0 1 )\5v¢
0" = = e (R, + 5, Ry )
R

Observe that our model resembles a model for a singlet
Dirac neutrino as a DM candidate [23], but theirs strongly
differs from ours since their model allows for a Higgs
heavier than the neutral scalar by changing the parameters
without changing the respective eigenstates. Here the
Higgs is always lighter than the neutral scalar once it is
given mostly by the first combination in Eq. (10), and no
change in parameters can change the relation between
the masses in Eq. (9) without changing the eigenstates
in Eq. (10).

Finally, the charged scalar bilepton 1= has a mass term
given by

Aoy As o (11)

which can be considered as a free parameter since u,, is
unknown and can assume any value. We will always take
this mass value bigger than the SMF mass in order to
guarantee the SMF stability. Next we analyze the viability
of the SMF as a WIMP DM candidate by computing its
relic abundance and direct detection signals.

III. WIMP RELIC ABUNDANCE

Based on the previous discussion, the neutral stable
particle of this model which plays the role of a WIMP is
the SMF, which is sterile under electroweak interactions.
Its stability is guaranteed by a discrete symmetry (the Z,
symmetry defined in Sec. II) which avoids its coupling to
left-handed neutrinos, while its mass is less than the new
charged singlet scalar. However, it must reproduce the right
relic abundance, Qpy = 22%, and at the same time it
cannot conflict with established direct detection experi-
ments [3,4]. Let us first consider the computation of its
relic density.

We assume that the SMF was in thermal equilibrium
with the SM particles until its decoupling from the thermal
bath, the freeze-out epoch. This thermal equilibrium is
possible thanks to the interaction between the SMF and
the electron and also to the Higgs boson, due to its mixing
with the neutral scalar singlet in Eq. (10). Since we are
talking about a WIMP, the freeze-out temperature is
reached when it is nonrelativistic, meaning that the energy
scale to be considered is about My /20, where My is the
SMF mass. We can then follow the evolution of the particle
number density n through the Boltzmann equation while
the Universe undergoes its expansion:

% +3Hn = —(ov,)(n? — nd,), (12)
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where H is the Hubble parameter, which can be written as
H? = 8mp/3M3, for a flat universe, (ov,) is the WIMP
annihilation cross section thermally averaged with the
relative velocity v,, and n. is the particle number density
at equilibrium. In the expression for the Hubble param-
eter, Mp, = 1 X 10!° GeV, which is the Planck scale, and
p is the energy density of the Universe. Since WIMPs
are intrinsically nonrelativistic at the time of decoupling
(T < My in our case), its equilibrium number density is
given by the quantum statistical mechanics expression

M T\3/2
neq=gN( e ) o~ (y/T) (13)

where gy refers to the WIMP internal degrees of freedom.
In general, we follow the standard procedure derived in
Refs. [1,24] by defining x = My /T and using the non-
relativistic approximation for the squared center of
momentum energy, s = 4M3%, + M%v?2, to expand the ther-
mally averaged cross section until the first power in v?,

which allows us to write it as

(ov,)=a+ % (14)

where a and b are the model-dependent parameters. Then
we can write the approximate relic WIMP abundance as
104 X 109 XF

Mn Jglat D)

where xz is x = My /T computed at the WIMP decoupling
temperature given by

Quh* = (15)

45 gy MyMp(a + )
xF=ln[c(c+2) sy TNTH L

820 Jgx
which, according to what was mentioned before, is gen-
erally close to xy = 20. In this expression, g* is the number
of degrees of freedom of all relativistic SM particles in
thermal equilibrium with the WIMP at freeze-out tempera-
ture, which depends on the number of SM channels acces-
sible at such temperature, with g, = 2 in our case, while
the constant c is taken to be of the order of 1. The exact
value of this constant is unimportant since it has only a
small effect in the logarithmic dependence of x.

In a first naive approximation we could solve Eq. (16)
iteratively and plug the result in Eq. (15), by considering
the annihilation channel N + N — X + Y, where X and Y
can be any SM particle or even the light singlet scalars of
the model (see Fig. 1).

Nevertheless, considering only those Feynman diagrams
in Fig. 1, while giving a rough estimate of )y, would
not be appropriate for all regions of the available param-
eter space. Many coannihilation channels would be impor-
tant when M, =~ My (see some of the coannihilation
contributions in Fig. 2). We stress that in some regions of
parameter space, even a 100 GeV mass difference can lead

], (16)
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Nr ¢ N~ gm, B N~ g5 5
Ny >
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FIG. 1. SMF annihilation channels that contribute to Q. In
these graphs, B stands for a W* or a Z gauge boson, S| and S,
represent any possible combination of scalars in the model, H, S,
and J, and f is a fermion.

FIG. 2. Some coannihilation channels that contribute to ().

to significant contributions to )y from these channels.
Given the large number of channels that contribute to
the abundance, and considering coannihilation, we need
to solve the Boltzmann equation numerically. This is
done for the exact Boltzmann equation by using the
MICROMEGAS package [25], which accurately takes the
coannihilation channels into account whenever they are
necessary. The Feynman rules used in MICROMEGAS were
generated by using the LANHEP package [26]. It is impor-
tant to emphasize that depending on the SMF mass some
of the above diagrams will not take place, since some
channels will not be energetically available, which happens
when we take sterile fermion masses around 10 GeV.

Next we present our results for the DM relic abundance
when the sterile fermion mass is bigger than 50 GeV and
separately for a lighter sterile fermion that will be relevant
when discussing DAMA, CoGeNT, and CDMS-II positive
signals in Sec. V.

A. DM abundance for My = 50 GeV

In order to estimate the contribution of the sterile fer-
mion to the DM relic abundance, it is necessary to make
some assumptions on the parameter space of the model.
This sterile fermion model has quite a number of free
parameters besides those of the SM. There is one vacuum
expectation value for the neutral singlet scalar, v, which
we suppose to be larger than or equal to 500 GeV since it
has to be related to new physics at a high energy scale,
eight coupling constants from the fermionic sector and
the scalar potential, and the charged singlet scalar mass.
We try to avoid fine-tuning whenever possible, so that the
coupling constants are of the order of 1. Also, we want the
model to be testable at LHC, so we impose that mass scales
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are at most 1 TeV.? Concerning the experimental results
on DM relic abundance, we consider in this work the
WMAP results with 95% C.L. [2], namely, 0.108 =
Qpph? = 0.121. With these basic assumptions we have
made some quantitative predictions for the relic density
of this SMF in some specific regimes of the model pro-
posed above.

We first compute the relic density for several points in
the parameter space, for couplings varying about 0.1,
a sterile fermion mass between My = 50 GeV and My =
1 TeV, and a range of Higgs mass between My =
114.4 GeV and My = 300 GeV. We consider two cases:
one without coannihilation with = and another including
the coannihilation. For the first case we suppose a mass
difference between the sterile fermion and charged scalar
of 100 GeV. In the second case, such a difference is only of
the order of 10 GeV, except when we have sterile fermion
masses less than 90 GeV, since we maintain the charged
scalar heavier than 100 GeV. In Fig. 3, we show a scatter
plot for the relic abundance in terms of the sterile fermion
mass without and with coannihilation. This figure shows
that coannihilation is not determinant to have compatible
models of sterile fermions as a viable DM candidate, but
it clearly fills much more of the parameter space than the
case without coannihilation. Just as an illustration we
also show in Fig. 4 the relic abundance when the Higgs
mass is fixed in two cases: one for My = 115 GeV and the
other for M = 300 GeV. In this case both graphs include
coannihilation. There is almost no quantitative difference
in the relic abundance concerning the difference in Higgs
mass within the range 114.4 GeV = My = 300 GeV.

It is also interesting to consider two limit situations for
this model: one in which the neutral scalar decouples from
the spectrum and another one in which the charged scalar is
the decoupling particle. The first situation is a peculiar one
in the sense that no direct detection experiment is available
to test it (if radiatively induced Nz-quark couplings are
irrelevant), since in such a case there is no mediator
particle that could connect the WIMP with the nuclei.
Only accelerator experiments can put a constraint on it,
unless a signal is confirmed by current direct detection
experiments, which would leave no room for this possibil-
ity. On the other hand, the absence of any direct detection
signal would favor such a possibility. We show in Fig. 5 the
results for the relic abundance in these situations for
Higgs mass varying between 114.4 GeV = My =
300 GeV. The first panel is for the o°-less model with
coannihilation, and the second panel is for the n™-less
model which has no coannihilation channel. From these
figures we notice that a SMF can be the whole DM in
both situations for many points in the parameter space, and

3An exception will be made when we treat the case where
My = 50 GeV, where we allow for M= to be as high as 3 TeV
and even bigger, allowing for n* decoupling.
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FIG. 3 (color online).
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Scatter plot for the relic abundance as a function of sterile fermion mass. The left panel was computed without

coannihilation, while the right panel includes coannihilation. In these graphs the yellow cross represents points for several possible
outcomes for the model considered, while the red cross represents only those points in parameter space which are in agreement with

WMAP within 95% C.L.

the case with no n™* is preferred only if any direct detection
signal is claimed, a possibility we are going to treat in
Sec. IV. In any case, if for some reason, nature chooses a
scenario for the realization of this model which is not
strictly the one with both 7= and ¢ in the low energy
spectrum, which means that one of them would decouple, it
is interesting to check that these two situations do not
describe the same physics and hence they are inequivalent
and distinguishable.

B. DM abundance for My = 50 GeV

Here we specialize to the situation where the neutrino
mass is relatively small because, as we will see in the next

10°
107 & RO SN ARSI X St AR
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= =
= .
o
& N
103 =
10* E
- My = 115GeV
10-5 T T T | T T T | T T T | T T T | T T T
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My (GeV/c?)

FIG. 4 (color online).

Qpwh?

section, there are three recent direct detection experiments
[3,5,6] that allow for a positive signal for a WIMP mass
lower than 50 GeV, and we consider this possibility from
now on. In order to convey an explanation for these signals
in our model, we have to make different assumptions on
some values of its parameters. The Higgs and the charged
scalar mass will be free to vary from 115 GeV < My <
300 GeV and m,, = 500 GeV. Below, in Fig. 6, we show
the abundance for the SMF in separate panels. The first
panel concerns the region of WIMP mass favored by
DAMA and CoGeNT, which is around My = 10 GeV,
and the second panel presents the mass range favored by
CDMS-II, 20 GeV < M, <50 GeV.

10°

10?
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10*

10°

My, = 300GeV

|
800

10°¢

o

400 600
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1.000

Scatter plot for the relic abundance as a function of SMF mass for a Higgs mass of 115 (left panel) and

300 GeV (right panel), with coannihilation. The yellow cross represents points for several possible outcomes for the model considered,
while the red cross represents only those points in parameter space which are in agreement with WMAP within 95% C.L.
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FIG. 5 (color online). Scatter plot for the relic abundance as a
without ¢, while the right panel refers to the model without 5™
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FIG. 6 (color online). Relic abundance for the SMF lighter than
for the range of masses favored by DAMA and CoGeNT with =
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50 GeV. The left panel corresponds to the abundance of the SMF
decoupled, while the right panel is for the mass range favored by

CDMS-II and m,, <3 TeV. Both are in agreement with WMAP within 95% C.L.

The left panel was obtained by decoupling the n*
from the spectrum, assuming its mass much bigger than
3 TeV. In the right panel, we varied the ™ mass from
500 GeV < Mn <3 TeV. These choices were made be-
cause they give us the best results for the WIMP-nucleon
cross section that will be discussed in the next section.
We have to remark that we were unable to obey WMAP
constraints for Higgs masses bigger than our upper limit
My = 300 GeV, meaning that a light Higgs is preferred in
this scenario.

We have shown in this section that our SMF can account
for the whole DM content of the Universe for a wide range
of reasonable values for the parameter space and neutrino
masses from 10 GeV = My = 1 TeV. Next we are going

to investigate the compatibility of our model concerning
the bounds imposed by direct detection experiments and
also seek an explanation for CoGeNT and/or CDMS-II
excess events and DAMA annual modulation signal.

IV. DIRECT DETECTION

The direct detection method of DM relies on the idea
of measuring the nuclear recoil energy deposited by an
incident WIMP into a target nucleus which composes an
underground experiment. For a given model we can follow
the standard procedure in order to get the WIMP-nucleon
coupling (see Ref. [25]) and after that write the WIMP-
nucleus cross section at zero momentum transfer [1,25,27]:
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_ 4w
o

where w, = Mym,/(My + m,) is the reduced WIMP
mass, m, the nucleus mass, Z the atomic number, and A
the atomic mass.

It is important to emphasize some properties of this
interaction. First, as the energy of the incident WIMP is
low, the wavelength of the WIMP is comparable to or
larger than the size of the nucleus; therefore the WIMP
interacts with the nucleus coherently. Second, in most
instances f, = f,, the WIMP-nucleus cross section has a
squared A dependence, and hence heavier nuclei are pre-
ferred to search for scalar interactions. Since the DM direct
detection experiments contain nuclei with different atomic
masses, we need to define the so-called WIMP-nucleon
cross section in order to compare the results among differ-
ent experiments. This can be written as

4] (pr + (A - Z)fn)z’ (17)

2
Mpn

SI
40
242’
MEA

Tpon

(18)

where w,, , is the proton or neutron-WIMP reduced mass.

Several experiments have been looking for a WIMP
signal; nevertheless, almost all of them have reported
only null results, although imposing strong limits in this
WIMP-nucleon cross section for a wide range of masses.
Nevertheless, it is fair to mention that the DAMA
Collaboration reported an annual modulation in its event
rate with 8.9¢ significance [6], and, recently, CDMS-II and
CoGeNT germanium detectors observed events in excess
which could be interpreted as a WIMP signal [3,5]. Then,
for those regions which are compatible with WMAP

10°
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FIG. 7 (color online).
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results, we are going to investigate if our model can satisfy
the most recent experimental bounds on the WIMP-
nucleon cross section and seek to reproduce the DAMA
signal and the excess events detected by CoGeNT or
explain the CDMS-II candidate events. Again, to accom-
plish this task, we are going to use MICROMEGAS [25] to
make the numerical computations, whose results we
present next.

A. Direct detection for My = 50 GeV

Below (see Fig. 7) we show the results for the case
where n* and o are present in the spectrum. In all of
the following figures concerning DM direct detection, we
used experimental data obtained from the Web site in
Ref. [28]. The contours are upper bounds on the elastic
SI WIMP-nucleon cross sections, meaning that the region
above these contours is experimentally excluded (except
for the projected sensitivities of future experiments).
From these plots we could say that the heavy SMF is still
to be found on direct detection experiments and there is
not much qualitative difference if there is or there is not
coannihilation, although coannihilation provides a much
larger assessable region of the parameter space that can be
tested in the near future. We also included plots for
two different Higgs mass values: My = 115 GeV and
My = 300 GeV; see Fig. 8. In these plots we consider
only the case where there is coannihilation since it offers
a larger testable region of the parameter space. It is notice-
able that larger Higgs masses lead to less constrained
parameter space, which is easy to understand since the
WIMP-quark interaction in this model is due to Higgs
exchange and larger Higgs masses have suppressed nuclei

10

107

10®

10°

10-10

10n

10-12

My (GeV/c?)

Scatter plot for WIMP-proton cross section as a function of SMF mass. The left panel corresponds to the

complete model without coannihilation, while the right panel refers to the model with coannihilation. The green cross (+) represents
points for several possible outcomes for the model considered, while the red cross (X) represents those points in parameter space
which are in agreement with WMAP within 95% C.L. From top to bottom starting at the upper right, the full lines are experimental
results: CDMS-II (black), CDMS 2004-2009 combined (blue), and XENON10 (orange); the dashed line (magenta) is CDMS 2ST @
soudan prospect; and the dashed-dotted line (violet) is XENON100 6000 kg prospect.
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Mu =300GeV
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My (GeV/c?)

Scatter plot for WIMP-proton cross section as a function of SMF mass (with = and ¢ in the spectrum). The

left panel corresponds to My = 115 GeV, while the right panel refers to the model with My = 300 GeV. The green cross (+)
represents points for several possible outcomes for the model considered, while the red cross (X) represents those points in parameter
space which are in agreement with WMAP within 95% C.L. From top to bottom starting at the upper right, the full lines are
experimental results: CDMS-II (black), CDMS 2004-2009 combined (blue), and XENON-10 (orange); the dashed line (magenta) is
CDMS 2ST @ soudan prospect; and the dashed-dotted line (violet) is XENON100 6000 kg prospect. In the right panel we included
XENON-100 60000 kg prospect as a dashed-double dotted line (olive).

cross sections. We added a future prospect experiment,
XENON 60000 kg, in the second panel of Fig. §, to
stress the fact that the model with large My is still far
from being probed. When My = 115 GeV, only a few
points above My = 600 GeV are excluded and most of
the parameter space is in a safe region and can be assessed
in the near future.

B. DAMA, CDMS-II, and CoGeNT positive signals

The DAMA Collaboration, which has collected over
1.17 ton-years of data, reported an annual modulation in
their event rate with 8.9¢ significance [6]. Such a signal
arises naturally from postulating WIMPs in the Galactic
halo that scatter off target nuclei in the detectors, and, since
no background source was identified that could explain
this modulation, the signal was interpreted as evidence of
DM. The parameter space favored by DAMA is essentially
excluded by other experiments; however, implications of
new effects in Nal crystals, namely, channeling [29], have
been used in order to evade the exclusion limits [30].

Recently, the CDMS Collaboration has reported its re-
sults of the final data runs of the CDMS-II and observed
that two candidate events have survived after application
of many discrimination procedures [3]. The probability to
observe two or more background events is 23%, which
means that the two events neither provide statistically
significant evidence for DM nor can be rejected as back-
ground. Therefore many works have been done interpret-
ing these two candidates events as a WIMP signal [31].

Another excess of events was also observed by the
CoGeNT Collaboration. CoGeNT is an ultralow noise

germanium detector that over a period of 56 days reported
approximately 100 events which are consistent with a
WIMP nuclear recoil. Such a WIMP is constrained to
have a mass in the 7-12 GeV range and an elastic scatter-
ing cross section: o =7 X 107*' cm?. Since CoGeNT
does not distinguish nuclear from electron recoils, it
is reasonable to take the confidence interval for
CoGeNT data for 30% and 50% exponential background
contribution.

The parameter space favored by the CDMS-II and
CoGeNT experiments are distinct, and hence we will study
if the model can either explain CDMS-II or CoGeNT
signals. Although the cross section required to explain
the DAMA signal without any channeling is too high to
explain CoGeNT, while DAMA with 100% channeling is
too low, some consistency between them can be found
through appropriate choices of the halo model and the
fraction of channeled events in DAMA [17-19,32], with

10 - pb = OwIMP-nucleon = 10_5 pb (19)
In this sense we will explore the situation in which
CDMS-II and DAMA/CoGeNT signals can be explained
separately.

The DAMA, CDMS-II, and CoGeNT favored regions
are largely constrained by XENON bounds which recently
achieved a low threshold of 2 keV (see Refs. [18,20]).
However, there are reasons to be wary, first because by
choosing proper background contribution and halo
models, the tension with XENON bounds can be dimin-
ished and second because the XENON bounds depend on
the scintillation efficiency factor L.y for which there is
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In the left panel the blue crosses are the model results, the red curve is from CDMS-II, and the black dashed

curve is from XENON-100. In the right panel the magenta triangles are the model results for M, < 100 GeV, the blue crosses are the
results for M,, = 500 GeV (the denser region involves masses in the range 500 GeV = M, = 2 TeV, and the points below this region
represent M,, > 2 TeV), and the black contours are the CoGeNT favored regions for 30% and 50% background contributions. The red
contours are the favored DAMA region 90% and 99% C.L. assuming 100% of channeling. Also shown are XENON10 (orange curve)
and XENON100 (dark red dashed curve). We used the DAMA and CoGeNT contours obtained by Ref. [19] and exhibited in the first
panel of their Fig. 3. All the points in both graphs are in accordance with WMAP within 95% C.L.

considerable uncertainty [33]. To see how precisely the
scintillation efficiency of XENON and astrophysical as-
sumptions affect the direct detection limits, we refer the
reader to Refs. [18-20,33,34].

Interpreting that CoGeNT events, the DAMA annual
modulation, and the two candidate events observed by
CDMS-II are due to a WIMP-nucleon elastic scattering,
we exhibit in Fig. 9 the SI cross section for the SMF
contrasted with these experiments.

In the left panel of this figure, we plot those points in
agreement with WMAP for the WIMP mass region favored
by CDMS-II candidate events with 500 GeV < Mn <
3 TeV. We can see that the model provides a parameter
space for masses below 50 GeV and a cross section in the
(1077-107%) pb range, which is consistent with the two
excess events reported by CDMS-II with 78% C.L. [35].
XENON seems to exclude most of the CDMS-II allowed
region, but better consistency may be reached if we take
into account the remarks on Ref. [33].

In the right panel, we show that for masses larger than
9 GeV some concordance with CoGeNT excess events
and DAMA annual modulation is obtained. In this case,
if XENON results can be shifted as claimed [33] and an
overlapping region exists [32], we expect that our model
should fit both experiments at once. It is important to
emphasize that we are using different ranges of mass for
the charged scalar n* on different regions of this plot.
Namely, the uppermost points (denser region) were ob-
tained for 500 GeV <M, <2 TeV, while in the inter-
mediate region, consistent with DAMA and CoGeNT,
higher masses were used, M, > 2 TeV (n~ decoupled)

and the region of WIMP masses less than 10 GeV is
potentially discarded since 1™ has to be lighter than
100 GeV in contrast with LEP constraints [22], although
a deeper analysis should be performed for this particular
model. We should mention that 100 GeV =M, =
500 GeV are not included in these plots because for low
WIMP masses these values correspond to points in the
parameter space outside the WMAP region. Therefore,
the SMF can explain either the two candidate events
observed by CDMS-II or the CoGeNT events in excess
for 50% background contribution together with DAMA
signal, but not all simultaneously. As we mentioned before,
our results are sensitive to the Higgs mass, and the SMF
that could explain these experiments demands a rather light
Higgs boson (My < 300 GeV) in order to reproduce the
correct DM abundance.

V. CONCLUSIONS

We have defined a scenario for physics beyond the SM
where a singlet right-handed Majorana fermion is added
together with a charged and a neutral singlet scalar. This
scenario may represent some low energy regime of gauge
or Higgs extensions of the SM [10,11,13]. The right-
handed singlet fermion proves to be a stable SMF if a
discrete symmetry is assumed and thus represents a good
candidate for the DM in the Universe. We have probed the
parameter space of this model and found that there are
regions where the model is compatible with recent results
of WMAP, allowing this SMF to represent the main com-
ponent of DM. Also, we have tested this model under direct
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DM detection experimental bounds and checked that
it is mostly safe for a range of SMF mass between My =
50 GeV and My =1TeV when the Higgs mass is
114.4 GeV < My <300 GeV. However, we noticed that
the lowest Higgs masses provide more interesting results
in the sense that they can be probed in such DM detection
experiments sooner than higher ones for a SMF heavier
than 50 GeV.

Finally, when restricting to lower SMF masses we were
able to investigate the possibility of fitting the DAMA
annual modulation signal, the CoGeNT excess for 50%
exponential background contribution, and CDMS-II excess
events at 78% C.L., through SI elastic scattering. The
results allow us to conclude that, in the light of the inter-
pretation of those signals as positive WIMP detection, our
model can explain these experiments but not all simulta-
neously. DAMA and CoGeNT can be explained concom-
itantly for My = 10 GeV if XENON bounds can be
pushed to the right as claimed in Ref. [33] and an over-
lapping region exists [32]. Also, in order to get the correct
WIMP abundance and a suitable scattering cross section

PHYSICAL REVIEW D 82, 105014 (2010)

for direct detection experiments, the model is constrained
to yield a rather light Higgs boson: My <300 GeV.
Although it is too soon to claim for irrefutable detection,
it is possible that DAMA, CDMS-II, and CoGeNT are
pointing to an intriguing interplay among lepton sector
physics, the DM problem, and the Higgs search which,
hopefully, will be assessed in the forthcoming experiments.
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