PRAMANA
— journal of
physics

c Indian Academy of Sciences


Vol. 86, No. 2
February 2016
pp. 343–351

A two-component dark matter model with real singlet
scalars confronting GeV γ -ray excess from galactic centre
and Fermi bubble
DEBASISH MAJUMDAR1,∗ , KAMAKSHYA PRASAD MODAK1
and SUBHENDU RAKSHIT2
1 Astroparticle Physics and Cosmology Division, Saha Institute of Nuclear Physics,
1/AF Bidhannagar, Kolkata 700 064, India
2 Discipline of Physics, Indian Institute of Technology Indore, IET-DAVV Campus,
Indore 452 017, India
∗ Corresponding author. E-mail: debasish.majumdar@saha.ac.in

DOI: 10.1007/s12043-015-1154-x; ePublication: 5 January 2016
Abstract. We propose a two-component dark matter (DM) model, each component of which is a
real singlet scalar, to explain results from both direct and indirect detection experiments. We put
the constraints on the model parameters from theoretical bounds, PLANCK relic density results and
direct DM experiments. The γ -ray flux is computed from DM annihilation in this framework and
is then compared with the Fermi-LAT observations from galactic centre region and Fermi bubble.
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1. Introduction
It is now established that most of the matter content of the Universe consists of
unknown mysterious matter called dark matter (DM). The PLANCK observation [1]
of the anisotropies in cosmic microwave background radiation (CMBR) estimates that
∼26.8% of the Universe consists of this DM, while only ∼4.9% is the known matter.
This relic density of DM indicates that the DM may be composed of weakly interacting
mass particles (WIMPs).
While the evidence of DM in the Universe is by and large gravitational, its particle
nature is yet unknown. We propose a two-component model in this work, where the
Standard Model (SM) scalar sector is extended by introducing two real gauge singlet
scalars S and S ′ . A Z2 × Z′2 symmetry is imposed on the newly added scalars to assure
their stability and to qualify them for being the DM candidates. Under Z2 × Z′2 symmetry,
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the charge of the scalar S is {−1, 1} and that of the other scalar S ′ is {1, −1}. All other
SM particles are even under the symmetry. The model parameters are constrained by the
theoretical bounds and PLANCK [1] relic density results. They are further constrained
by DM direct detection experimental bounds.
Besides direct searches, there are experiments for indirect searches of dark matter. The
dark matter particles in the Universe can be trapped by the gravity of highly gravitating
astrophysical bodies such as galactic centre (GC), solar core etc. The dark matter particle undergoes scattering interactions with the other particles present in sites like GC. In
this process they lose their velocities. If their velocities fall short of their escape velocities they become trapped inside these bodies. When accumulated in considerable number
they may undergo self-annihilation to produce fermion–antifermion pairs, γ -rays etc.,
and can produce excess signal of photons or fermions–antifermions in a suitable detector. The satellite-borne experiment Fermi-LAT [2] has observed such γ -ray excess for the
γ -rays from the direction of galactic centre which could not be explained from other
astrophysical phenomena. The γ -ray observed by the Fermi-LAT from the GC region
(5◦ surrounding the GC) shows a ‘bumpy’ structure in the photon spectrum in ∼10 GeV
energy [3,4]. The γ -ray from other possible astrophysical sources like point source emission and galactic ridge emission cannot solely quantify this excess or ‘bump’ in the
spectrum. One needs to add extra contribution to explain this excess. It is conjectured
that the γ -rays originating from the possible DM annihilation at the GC may contribute to
the observed signal. With our present formalism of two-component DM we calculate the
γ -ray flux due to DM annihilation and add this contribution to those from point source
and galactic ridge emissions to explain this excess. The Fermi-LAT also observed such
gamma excess from the region of the Fermi bubble [5]. Fermi bubble is a bilobular structure that originates from the galactic centre and extends up to 10 kpc, perpendicular to
each side of the galactic plane. An excess of γ -rays in the GeV range is found from the
low-latitude regions of the Fermi bubble. We calculate the γ -ray flux from Fermi bubble
region in our framework of two-singlet dark matter model.

2. Theoretical framework
In the present work, the dark matter candidate has two components S and S ′ both of
which are real singlet scalars. The stability of S and S ′ are ensured
by imposing a discrete
Z′2
Z2
′
′
′
→ −S . Also both of them do
symmetry, namely Z2 × Z2 such that S −
→ −S and S −
not generate any vacuum expectation value (VEV) upon spontaneous symmetry breaking
(S = 0 and S ′ = 0).
The scalar sector potential (for Higgs and two real singlet scalars) in this framework
can then be written as
V (H, S, S ′ ) =

λ
δ2
k2
k4
m2 †
H H + (H † H )2 + H † H S 2 + S 2 + S 4
2
4
2
2
4
+
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Two-component dark matter model with real singlet scalars
After spontaneous symmetry breaking, the respective masses of S and S ′ are given by
MS2 = k2 +

δ2 v 2
,
2

MS2′ = k2′ +

δ2′ v 2
,
2

(2)

where v is VEV of the Higgs field H (v ≈ 246 GeV). The four beyond SM parameters
determining the masses of the scalars are k2 , k2′ , δ2 and δ2′ .
Model parameters can be constrained from theoretical considerations as well as from
the observational and experimental results. The bounds from the theoretical considerations are listed below.
(1) Vacuum stability conditions



λ  0, k4  0, k4′  0, δ2 + λk4  0, δ2′ + λk4′  0, k4a + k4 k4′  0,



√
λk4 k4′ + δ2 k4′ + δ2′ k4 + 2k4′ λ




+ (δ2 + λk4 )(δ2′ + λk4′ )(k4a + k4 k4′ )  0.

(2) Perturbative unitarity bounds

8π
8
8
v, |δ2 | ≤ 8π, |k4 | ≤ π, |k4′ | ≤ π, |k4a | ≤ 8π, |δ2′ | ≤ 8π.
MH ≤
3
6
6
(3) Triviality bound
We have solved all the renormalized group evolution equations in this two-singlet
scalar model and checked the consistency of the quartic couplings in this model up
to the suitably chosen scale of the theory.
(4) Constraints from invisible Higgs decay width
The invisible decay width in this model can be written as


 
2
4MS2′
4M
v2
S
′2
2
,
δ2 1 − 2 + δ2 1 −
Ŵinv =
32π MH
MH
MH2
where MH is the mass of Higgs. This gives a bound on the parameters of this model.
2.1 Experimental constraints
After imposing the theoretical constraints on the model parameters, the same are subjected
to further constraints from the comparison of observational and experimental results. To
this end, observational results from PLANCK experiment leading to the estimation of
dark matter relic density and the direct detection experimental results are considered.
From the observation of anisotropies in CMBR, the PLANCK Collaboration estimated
the relic density of dark matter in the Universe to be 0.1165 < DM h2 < 0.1227 where h
is the Hubble parameter expressed in units of 100 Km/Mpc/s [1]. As our present model
is a two-component dark matter model, we need to obtain the relic densities of each of
S+S ′
the two scalars S and S ′ of the model such that the total relic density DM
= S + S ′ .
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In order to obtain S and S ′ , one needs to solve two coupled Boltzmann equation
(BE) given by


n2Seq 2
dnS
2
2
2
+ 3H nS = − σ v SS→XX (nS − nSeq)−σ v SS→S ′ S ′ nS − 2 nS ′ , (3)
dt
nSeq′
dnS ′
+ 3H nS ′ = −σ v
dt

2
2
′ ) − σ v S ′ S ′ →SS
S ′ S ′ →XX (nS ′ − nSeq



n2S ′ −

n2Seq′
n2Seq



n2S . (4)

In the above, X denotes the SM particles, H is the Hubble parameter and the subscript ‘eq’
denotes ‘equilibrium’. Solving the coupled Boltzmann equations (eqs (3) and (4)) after
computing the annihilation cross-sections σ v , one obtains the corresponding abundance
(Y0 = n/s, where s is the entropy density and n is the number density) at the present
epoch, the relic abundance of each of the components is obtained from the relation [6],

MS
(5)
Y0 .
S h2 = 2.755 × 108
GeV
We have calculated the relic density and other dark matter observables using
micrOMEGAs [7,8] code.

3. Constraining the parameter space
A direct detection experiment of dark matter particles is based on the principle that a
dark matter particle scatters off a detector nucleus as a result of which the nucleus recoils
with an energy ∼few keV. The scattering cross-section for the singlet scalar dark matter
considered (S or S ′ ) in this model and the nucleon is given by [9]
SI
= (δ2 )2
σnucleon



100 GeV
MH (in GeV)

4

50 GeV
MS (in GeV)

2

(5 × 10−42 cm2 ).

(6)

In this work we obtain the allowed values of model parameters (δ2 , δ2′ , MS and MS′ )
using three direct detection experiments namely CDMS II [10,11], CRESST II [12]
and XENON 100 [13,14]. Needless to mention that these allowed values are obtained
by simultaneously satisfying the PLANCK relic density results and other constraints
described above.
The benchmark points from three dark matter direct detection experiments, namely,
CDMS II, CRESS II and XENON 100 and the calculated values of scattering and annihilation cross-sections are tabulated in table 1. In figure 1, we show the allowed regions of
the parameter space from the direct searches and PLANCK data. In each plot of figure 1,
the bigger contour denotes the allowed region in MS –δ2 (or MS ′ –δ2′ ) parameter space.
The smaller region in the bigger contour in each plot of figure 1 is obtained when a set
of parameters in the MS −δ2 plane (benchmark point) is chosen from the allowed region
(bigger contour) for the component S and then the allowed region for MS ′ –δ2′ is found
out for the other component S ′ .
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Table 1. Benchmark points (BP) consistent with CDMS II, CRESST II, XENON 100
direct detection results and PLANCK data.
σ SI
MS (or MS ′) δ2 (or δ2′ )
(GeV)
(10−41 cm2 )

CDMS II BP

CRESST II BP

XENON 100 BP

8.6

0.45

1.9

6.7

0.82

9.9

25.3

0.36

1.6

23.3

0.47

3.2

90.0

0.050

2.6

92.0

0.045

2.0

σ v
(10−26 cm3 /s)

Annihilation branching
fraction for S (or S ′ )
(%)

⎧
⎨ 2.6 (bb̄)
3.2 0.4 (cc̄)
⎩
¯
⎧ 0.2 (l l)
⎨ 6.3 (bb̄)
8.3 1.2 (cc̄)
⎩
¯
7.2 (l l)

81
12
7
77
15
8

⎧
+ −
⎪
⎪ 4.29 (W W )
⎨
0.024 (bb̄)
4.32
0.004 (cc̄)
⎪
⎪
⎩
¯
⎧ 0.002 +(l l) −
3.28 (W W )
⎪
⎪
⎪
⎪
⎨ 0.48 (ZZ)
0.016 (bb̄)
3.78
⎪
⎪
0.003 (cc̄)
⎪
⎪
⎩
¯
0.002 (l l)

99.3
0.55
0.10
0.05
86.6
12.8
0.43
0.08
0.05

⎧
⎨ 2.4 (bb̄)
3.0 0.4 (cc̄)
⎩
¯
⎧ 0.2 (l l)
⎨ 3.9 (bb̄)
4.8 0.6 (cc̄)
⎩
¯
0.3 (l l)

81
12
7
81
12
7

4. Confronting calculated γ -ray with Fermi-LAT results for galactic centre region
The differential flux of γ -ray due to dark matter annihilation in galactic halo in angular
direction that produce a solid angle  is given by [15]
f
d γ
1  σ v f dNγ
2 ¯
J ,
=
r⊙ ρ⊙
2
dEγ
8π f MS,S
dE
′
γ

J =



l.o.s

ds
r⊙



ρ(r)
ρ⊙

2

.

(7)

f

In the above, the γ -ray spectrum is given by the term dNγ /dEγ where f denotes the finalstate fermions f f¯ from dark matter annihilation SS → f f¯ and J is the astrophysical
J -factor defined above. Also


4
¯
dℓ db cos b J (ℓ, b) (ℓ, b coordinate).
(8)
J =

In the above ρ(r) denotes the DM halo profile.
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Figure 1. The allowed parameter space constrained by DM direct detection experimental results and PLANCK data for DM relic density. We show the results for three
chosen benchmark points of table 1 considering (a) CDMS II, (b) CRESST II and
(c) XENON 100 direct DM search experiments. The red region in each plot is the
allowed parameter space by direct detection experiment for any singlet S (MS − δ2 ) or
S ′ (MS′ − δ2′ ), while the green region in each plot denotes the allowed parameter space
satisfied by PLANCK for any of the singlets S or S ′ when the parameters for the other
singlet are fixed. The two blue dots in each plot denote the chosen benchmark point.
See text for details.

The radial distance r from GC can be expressed in terms of the distance s along the
line of sight and the galactic coordinates ℓ and b as
1/2

(ℓ, b coordinate).
(9)
r = s 2 + r⊙2 − 2sr⊙ cos ℓ cos b
In the numerical calculation of the gamma flux, the local dark matter density ρ⊙ is
taken to be 0.4 GeV/cm3 and the distance between Sun and GC, r⊙ = 8.5 kpc. ρ(r) is
given in the following form:
ρ⊙
ρ(r) =
,
(10)
γ
(r/rc ) [1 + (r/rc )γ ](β−γ )/α
where α, β, γ and rc are the parameters where {α, β, γ , rc (kpc)} = {1, 3, 1, 20} (NFW
profile) [16,17], {1.5, 3, 1.5, 28} (Moore profile) [18], {2, 2, 0, 3.5} (isothermal profile)
[19]. Another different halo profile called Einasto profile [20] is also considered in our
calculations.
Using eqs (7)–(10), we compute the γ -ray flux for the benchmark points given in table 1
for all the chosen halo profiles. We then add to this computed flux the contribution from
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Gamma-ray Flux for MS = 8.6, δ2=0.45
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Figure 2. The residual γ -ray flux from inner 5◦ from GC and its comparison with the
Fermi-LAT results. Calculations are made with the benchmark point corresponding to
(a) CDMS II bounds and isothermal halo profile, (b) CRESST II bounds and isothermal halo profile, (c) XENON 100 bounds and NFW halo profile. See text for details.

the point source emission as well as the galactic ridge emission. We then compute total
gamma flux using each of the profiles mentioned earlier and compare each of them with
the Fermi-LAT results. In figure 2, we show the results corresponding to those profiles
that describe best the observed data.

5. The γ -ray excess from Fermi bubble region
The Fermi bubble [5] which is a lobular structure that originates at the galactic centre and
extends upto ∼50◦ (∼10 kpc) on both sides perpendicular to the GC has been found to
emit γ -rays (Fermi-LAT observation) between the range of ∼few GeV and ∼100 GeV.
While the gamma spectrum, from the region of the Fermi bubble which is far from the
galactic plane, follows a power law ∼E −2 , gamma from the region nearer to the galactic
plane cannot be explained solely by a power law form. While the observed γ -rays from
higher galactic latitude region of the bubble can be explained by processes like inverse
Compton scattering of the high-energy electrons, those from the lower latitude region of
the bubble cannot be fully explained by known astrophysical processes [21–23]. As the
DM density is expected to be high for regions close to GC, we calculate the contribution
Pramana – J. Phys., Vol. 86, No. 2, February 2016
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Figure 3. Comparison of calculated γ -ray flux with the γ -ray emission spectrum
from the low-latitude (|b| = 1◦−10◦ ) region of the Fermi bubble. Black points are
the observed data after subtracting the inverse Compton scattering contribution of the
high-energy electrons. In each plot, the contribution from the pair annihilation of
singlet S is shown by the pink dashed line whereas that from the pair annihilation of
singlet S ′ is shown by the brown dashed line. The total contribution coming from
DM (both S and S ′ ) annihilations in this model is shown by the solid red line in each
plot. Each plot in this figure is for a different benchmark point with a DM halo profile
which explains GC low energy γ -ray ‘bump’ very well. See text for details.

of annihilating dark matter in the framework of our present model to explain the observed
γ -ray spectrum from lower latitude (∼1◦−10◦ ) region of the Fermi bubble.
In figure 3, we present our results for the benchmark points described above and compare them with the observational results. In doing this, we have chosen those benchmark
points (and the density profiles) that yield best agreements for the galactic centre γ -ray
excesses (§4). It is also seen from our study that the isothermal profile (flat profile)
appears to be a better choice for the DM in the low mass range (∼10 GeV), while NFW
profile (cuspy profile) is more suited for higher mass DM particles.
6. Discussions
For the two-component scalar singlet DM that is considered in this work, the stability of
DM is ensured by imposing a Z2 ×Z′2 symmetry. We constrained the DM model parameter
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space from theoretical conditions as well as PLANCK results for DM relic density. They
are further restricted by the direct detection experimental results. We solve the coupled
BE for obtaining the DM relic density in this model. We calculate the DM annihilation
cross-sections and compute the γ -ray flux from GC region and Fermi bubble for various
halo profiles. They are then compared with the Fermi-LAT γ -ray observational results
for both the galactic centre region and the Fermi bubble. We conclude that our model
can confront reasonably well the low-energy γ -ray excess from galactic centre as well as
from the low latitude of Fermi bubble.
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