Vol. 44 (2013) ACTA PHYSICA POLONICA B No 11

CONSTRAINTS ON TWO-COMPONENT
DARK MATTER*

SUBHADITTYA BHATTACHARYA?, ALEKSANDRA DROZDP
BOHDAN GRZADKOWSKI?, JOSE WUDKA®

aDepartment of Physics University of California, Riverside, CA 92521, USA
PFaculty of Physics, University of Warsaw, Hoza 69, 00-681 Warszawa, Poland

(Received October 23, 2013)

We study the ‘Higgs Portal’ 2-component Dark Matter scenario with
two interacting cold Dark Matter (DM) candidates: a neutral scalar sin-
glet (¢) and a neutral Majorana fermion (v). The relic abundance of v and
 is found assuming the thermal DM production and solving the Boltzmann
equations. We scan over the parameter space of the model to determine
regions consistent with the WMAP data for DM relic abundance and the
XENON100 direct detection limits for the DM—nucleus cross section.
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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].
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Here, we would like to investigate a scenario where DM consists of two
species — a singlet scalar (¢) and a singlet neutral Majorana fermion (v)
(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 ¢,
and two Majorana fermions v, and v, 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 = Zso X Zs.
The dark sector transforms under G as follows

VhN[_’+] VN["'a_] @N[_’_]' (1)

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

1
Local = 3 LMo+ D, H DMH — V (H, ),
V(H,p) = —p2H'H + Ay (HTH)?

1 1
+3HE0” i (%)% + A HTH 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/v/2), v = 246 GeV. Since we also require the G symmetry to re-
main unbroken, we assume that ua > 0, which is a sufficient condition.
Note that () = 0 implies that there is no mass-mixing between ¢ 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
mpg? = —,u%{ + 3 gv? = 2/1%{ and mi = ui + A0

The part of the DM Lagrangian involving fermions reads

L= %Thzﬁ vy, + %ﬁi@l/ — %u{Cuth — %VTCI/mV +agevpr.  (3)

In order to ensure stability of v and ¢, we assume that M} > m, +m,,
which allows for the decay of v, — ¢v. The tree level reactions relevant for
the evolution of DM are ¢ <+ SM, SM and ¢ < vv.
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2.1. Restrictions on the parameter space

In the following, we will fix M}, at the smallest value that ensures the fast
decay of vy, so we will effectively deal with only four parameters: my,, my,, A,
and ¢g,. 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 ()
and scalar singlets (). We assume kinetic equilibrium and neglect possible
effects of quantum statistics. The BEQs (including tree-level interactions
only) read

Ny +3Hn, = —(0ppssmsmv) (n ?0 — nEQ2) +
_(<UWHWU> ?o (Tvv—sppv)n 2)7
+3Hn, = — ((Guppv)n > — (Tppsmv)n ?a) (4)
with nx — the number density of X = v,p, a dot — time derivative,

H — the Hubble parameter. (oxx_yyv) is a thermally averaged cross
section (see [8]) The equilibrium density nED(Q is related to the equilibrium
phase space density f)]?Q as follows

nBQ _ / xdp mq e 1 -
X (2m)32E7X 7 X eB/T 41"

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

ned ’
(Ov—sppU) = (ngQ) (T ooV - (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 0 = (0gu—smsmv)/K (black circles);
0B =(0pp—v) /K (blue squares); oo =(0vu—pev)/K (red triangles), as functions
of T (in GeV), for A, = .1 and g, = 2.5, masses are specified in the plots.

of the model, we approximate the low temperature dominant cross section
(whether it is (0uy—pp) OF (Tpp—v), depends on the mass hierarchy be-
tween ¢ and v) 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

2 EQ ?
fo
EQ\ 2
fo = oa f3—<EQ> fol o oaxT (8)
]
for m,, > m, and
2 FQ ?
fo = o [f2= 1) +op fﬁ—(%) 2] (9)
EQ\ 2
f, = on (izQ) fi—ral s osp=oR+opT +agT?  (10)

for m, < my,. The relative errors of this approximation are: 62 ~ 2.3%,

oA ~1.4%, 53 ~ 6.3%, 62 ~ 2.6%, where A and B stands for m,, > m,, and
m, < My, respectively.
We perform a scan over the parameter space in the following ranges

My, m, € (10 GeV, 10 TeV), Az € (10723, 4m) | gy € (0.1, 4m)
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solving the BEQs and fitting the relic abundance of ¢ and v to the WMAP
results [9]. We assume that abundance for both scalar and neutrino DM
components must be below WMAP 3¢ upper limit

2, + 2, < Qwaap = 0.1138 4 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 (if £2,+2, <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 (my, |A\z|) and (m, m,) 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 A, while the black horizontal line is the stability limit that bounds A,
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 v 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
Ny ny

ToNs  ODM-N =~ OuN- (12)

ThM-N =
- Ny + Ny Ny + Ny
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For o n,0un, 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 my, =~ my/2, in the middle mass region m, ~ 130~
140 GeV and for heavy scalar solution m,, 2 3 TeV. However, in the region
of my, ~ 130-140 GeV, loop corrections in of);_ are large enough to also
exclude this mass range.
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Fig. 3. Plot of the cross section of,; , as a function of m, on the left and oy, 5
as a function of m, on the right. All points satisfy all theoretical constraints
and a 30 WMAP upper bound. The other parameters are randomly chosen in
the ranges defined in the text (including both signs of \;). 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 20 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 (v) and a neutral real
singlet (). The Boltzmann equations for number densities of v and ¢ 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 m, 2 3 TeV with
my < m,. We have also found consistent solutions for m,, ~ my,/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.



Constraints on Two-Component Dark Matter 2379

REFERENCES

[1] G. Bertone, D. Hooper, J. Silk, Phys. Rep. 405, 279 (2005)
[arXiv:hep-ph/0404175].

[2] S. Profumo, K. Sigurdson, L. Ubaldi, JCAP 0912, 016 (2009)
[arXiv:0907.4374 [hep-phl]; G.B. Gelmini, Nucl. Phys. Proc. Suppl. 138,
32 (2005) [arXiv:hep-ph/0310022]; G. Duda et al., Phys. Rev. D67, 023505
(2003) [arXiv:hep-ph/0209266]; G. Duda, G. Gelmini, P. Gondolo, Phys.
Lett. B529, 187 (2002) [arXiv:hep-ph/0102200]; K.R. Dienes, B. Thomas,
Phys. Rev. D85, 083523 (2012) [arXiv:1106.4546 [hep-phl]; D85, 083524
(2012) |arXiv:1107.0721 [hep-ph]].

[3] A. Drozd, B. Grzadkowski, J. Wudka, J. High Energy Phys. 1204, 006
(2012) [arXiv:1112.2582 [hep-phl]|; Acta Phys. Pol. B 42, 2255 (2011)
[arXiv:1310.2985 [hep-phl]|; S. Bhattacharya, A. Drozd, B. Grzadkowski,
J. Wudka, arXiv:1309.2986 [hep-ph].

[4] Y. Daikoku, H. Okada, T. Toma, Prog. Theor. Phys. 126, 855 (2011)
[arXiv:1106.4717 [hep-phl]; L. Bian, R. Ding, B. Zhu, arXiv:1308.3851
[hep-phl; Q.-H. Cao, E. Ma, J. Wudka, C.-P. Yuan, arXiv:0711.3881
[hep-phl; D. Feldman, Z. Liu, P. Nath, G. Peim, Phys. Rev. D81, 095017
(2010) [arXiv:1004.0649 [hep-phl]; M. Aoki, M. Duerr, J. Kubo,

H. Takano, Phys. Rev. D86, 076015 (2012) [arXiv:1207.3318 [hep-phl];
J. Heeck, H. Zhang, J. High Energy Phys. 1305, 164 (2013)
[arXiv:1211.0538 [hep-phl|; K.M. Zurek, Phys. Rev. D79, 115002 (2009)
[arXiv:0811.4429 [hep-phl]; Y. Tomozawa, Int. J. Mod. Phys. A23, 4811
(2008) [arXiv:0806.1501 [astro-phl]; M. Malekjani, S. Rahvar,

D.M.Z. Jassur, New Astron. 14, 398 (2009) [arXiv:0706.3773 [astro-phl];
M. Heikinheimo et al., Nucl. Phys. B876, 201 (2013) [arXiv:1305.4182
[hep-phl]; Z.G. Berezhiani, M.Y. Khlopov, Sov. J. Nucl. Phys. 52, 60
(1990) [Yad. Fiz. 52, 96 (1990)]; P.T. Winslow, K. Sigurdson, J.N. Ng, Phys.
Rev. D82, 023512 (2010) [arXiv:1005.3013 [hep-phl].

[5] J.-H. Huh, J.E. Kim, B. Kyae, Phys. Rev. D79, 063529 (2009)
[arXiv:0809.2601 [hep-phl]; M. Aoki, J. Kubo, H. Takano, Phys. Rev.
D87, 116001 (2013) [arXiv:1302.3936 [hep-phl]; A. Biswas,

D. Majumdar, A. Sil, P. Bhattacharjee, arXiv:1301.3668 [hep-phl;
P.-H. Gu, arXiv:1301.4368 [hep-ph].

[6] M.V. Medvedev, arXiv:1305.1307 [astro-ph.CO0]; V. Semenov et al.,
arXiv:1306.3210 [astro-ph.CO].

[7] E. Aprile et al. [XENON100 Collaboration|, Phys. Rev. Lett. 109, 181301
(2012) [arXiv:1207.5988 [astro-ph.CO]].

[8] P. Gondolo, G. Gelmini, Nucl. Phys. B360, 145 (1991).

[9] G. Hinshaw et al. [WMAP Collaboration|, arXiv:1212.5226
[astro-ph.CO].

[10] G. Angloher et al., arXiv:1109.0702 [astro-ph.CO].


http://dx.doi.org/10.1016/j.physrep.2004.08.031
http://dx.doi.org/10.1088/1475-7516/2009/12/016
http://dx.doi.org/10.1016/j.nuclphysbps.2004.11.006
http://dx.doi.org/10.1016/j.nuclphysbps.2004.11.006
http://dx.doi.org/10.1103/PhysRevD.67.023505
http://dx.doi.org/10.1103/PhysRevD.67.023505
http://dx.doi.org/10.1016/S0370-2693(02)01266-2
http://dx.doi.org/10.1016/S0370-2693(02)01266-2
http://dx.doi.org/10.1103/PhysRevD.85.083523
http://dx.doi.org/10.1103/PhysRevD.85.083523
http://dx.doi.org/10.1103/PhysRevD.85.083524
http://dx.doi.org/10.1103/PhysRevD.85.083524
http://dx.doi.org/10.1007/JHEP04(2012)006
http://dx.doi.org/10.1007/JHEP04(2012)006
http://dx.doi.org/10.5506/APhysPolB.42.2255
http://dx.doi.org/10.1143/PTP.126.855
http://dx.doi.org/10.1103/PhysRevD.81.095017
http://dx.doi.org/10.1103/PhysRevD.81.095017
http://dx.doi.org/10.1103/PhysRevD.86.076015
http://dx.doi.org/10.1007/JHEP05(2013)164
http://dx.doi.org/10.1103/PhysRevD.79.115002
http://dx.doi.org/10.1142/S0217751X08042663
http://dx.doi.org/10.1142/S0217751X08042663
http://dx.doi.org/10.1016/j.newast.2008.11.003
http://dx.doi.org/10.1016/j.nuclphysb.2013.08.006
http://dx.doi.org/10.1103/PhysRevD.82.023512
http://dx.doi.org/10.1103/PhysRevD.82.023512
http://dx.doi.org/10.1103/PhysRevD.79.063529
http://dx.doi.org/10.1103/PhysRevD.87.116001
http://dx.doi.org/10.1103/PhysRevD.87.116001
http://dx.doi.org/10.1103/PhysRevLett.109.181301
http://dx.doi.org/10.1103/PhysRevLett.109.181301
http://dx.doi.org/10.1016/0550-3213(91)90438-4

	1 Introduction
	2 The model
	2.1 Restrictions on the parameter space

	3 Dark Matter density and the Boltzmann equation
	3.1 Numerical solutions to the BEQs

	4 Direct detection
	5 Conclusions

