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Gamma-ray excess from the Galactic Centre

Over the last few years, several groups have reported the
detection of an excess Gamma-ray flux after analysing the
data obtained from Fermi-Large Area Telescope (LAT).

This excess γ-ray flux is observed within few degrees around
the centre of our Milky Way galaxy

T. Daylan et. al., arXiv:1402.6703v1[astro-ph.HE]
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Gamma-ray excess from the GC, Contd.

Dark Matter explanation considering an NFW profile with
inner slope γ = 1.26 and ρ⊙ = 0.3 GeV/cm3 (local DM
density at the solar location)

Dark Matter of mass range 31-40 GeV annihilating to bb̄

〈σv〉bb̄ ∼ (1.4− 2.0)× 10−26 cm3/s

b quarks hadronised to produce γ

Best fit values
⇒ MDM = 35.25GeV, 〈σv〉bb̄ = 1.7× 10−26cm3/s

In this analyses Daylan et. al. consider a region within 50

around GC as region of interest (ROI).

T. Daylan et. al., arXiv:1402.6703v1[astro-ph.HE]
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Gamma-ray excess from the GC, Contd.

More recently, analyses by C. Weniger et. al.
arXiv:1409.0042 [astro-ph.CO] have reported a larger DM
mass 49+6.4

−5.4 GeV with 〈σv〉bb̄ = 1.76+0.28
−0.27 × 10−26 cm3/s.

They have considered 60 different galactic diffusion excess
models,

used ρ⊙ = 0.4 GeV/cm3,

adopted a different region of interest (ROI) with galactic
latitude |l| ≤ 200 and longitude |b| ≤ 200 and masking out the
inner region corresponding to |b| ≤ 20.

and taken NFW profile with γ = 1.2.
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3.55 keV X-ray line from Extragalactic sources

Observed by XMM-Newton X-Ray observatory (ESA)

Target ⇒ 73 galaxy clusters (including Perseus, Centaurus,
Coma etc, etc.) with Z-span of 0.01 - 0.35

Observation ⇒ Presence of X-ray emission line in the energy
range E = (3.55 - 3.57) ± 0.03 keV and measured flux is
4.0+0.8

−0.8 × 10−6 photons cm−2 s−1

E. Bulbul et. al. Astrophys.J. 789 (2014) 13

The X-ray line at ∼ 3.5 keV from Perseus cluster is also
detected by the Chandra X-ray observatory

The presence of this X-ray line is confirmed by A. Boyarsky
et. al. after an independent analysis of XMM-Newton X-ray
data obtained from Andromeda galaxy and Perseus galaxy
cluster

A. Boyarsky et. al. Phys. Rev. Lett. 113 (2014) 251301
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Motivation

To explain both the γ-ray excess around 1-3 GeV seen by
Fermi-LAT and the 3.55 keV X-ray line observed from Perseus
galaxy cluster and Andromeda within the framework of one
single Dark Matter model

The model will be a two component Dark Matter model
where the mass of one component is in the keV region while
for the other, the mass is in the GeV range

The component with mass in GeV region would explain the
1-3 GeV γ-ray excess (observed by Fermi-LAT) while the
component with keV range mass would produce the 3.55 keV
X-ray line

Sum total of the relic densities of the two components should
agree with the PLANCK result 0.1172 ≤ ΩDMh2 ≤ 0.1226
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The Proposed Model, Ref. JHEP 1504 (2015) 065

Dark sector is composed of two real scalar fields S
2
and S

3
.

Both scalars are singlets under the Standard Model (SM)
gauge group (SU(2)L ×U(1)Y).

A softly broken Z2 × Z
′
2 symmetry is introduced for the

stability of these scalars S
2
and S

3
.

Under the Z2 × Z
′
2 only S

2
and S

3
transform nontrivially.

The Z2 × Z
′
2 charge of S

2
and S

3
are (-1,1) and (1,-1)

respectively whereas it is (1,1), for all the other particles in
the present model.

The Z2 × Z
′
2 symmetry is subjected to soft explicit breaking

by a term αS
2
S

3
. Consequently, Z2 × Z

′
2 ⇒ Z

′′
2, under which

both S
2
and S

3
are odd.

The residual discrete symmetry Z
′′
2 breaks spontaneously when

S
3
gets an MeV order VEV u.
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The Proposed Model, Contd.

The Lagrangian of the DM sector is given by,

L = (DµH)†(DµH) +
1

2
∂µS2

∂µS
2
+

1

2
∂µS3

∂µS
3
− V (H,S

2
, S

3
) .

Where V (H,S
2
, S

3
) contains all possible interaction terms

among the Higgs doublet H and scalar fields S
2
, S

3
.

The interaction potential,

V (H,S
2
, S

3
) = κ

1

(

H†H − v2

2

)2

+
κ

2

4
S4

2
+

κ
3

4
(S2

3
− u2)2 +

ρ2
2

2
S2

2
+ λ12(H

†H)S2

2
+ λ23S

2

2
S2

3
+

λ13

(
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2
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(S2

3
− u2) + αS

2
S

3
.
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The Proposed Model, Contd.

Vacuum stability conditions are

κ
1,2,3

> 0 ,

ρ
2
> 0 ,

λ12 +
√
κ

1
κ

2
> 0 ,

λ13 +
√
κ

1
κ

3
> 0 ,

λ23 +
1

2

√
κ

2
κ

3
> 0 ,

√

2
(
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√
κ

1
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) (

λ13 +
√
κ

1
κ

3

) (

2λ23 +
√
κ

2
κ

3

)

+
√
κ

1
κ

2
κ

3
+ λ12

√
κ

3
+ λ13

√
κ

2
+ 2λ23

√
κ

1
> 0 .
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The Proposed Model, Contd.

In S
1
-S

2
-S

3
system, the mass squared mixing matrix is given

by

M2 =





2κ
1
v2 0 2λ13uv

0 ρ2
2
+ λ12v

2 + 2λ23u
2 α

2λ13uv α 2κ
3
u2



 .

Diagonalising this symmetric mass squared mixing matrix M2

by a suitable orthogonal matrix O, we get 3 physical scalars
namely χ

1
, χ

2
, χ

3
.

χ
1
⇒ SM Higgs, χ

2
, χ

3
⇒ Dark Matter candidates.

We take Mχ
1
∼ 125 GeV (as reported by the ATLAS and

CMS collaborations) and Mχ
2

≃ 50− 80 GeV, Mχ
3

∼ 7 keV

(in order to explain both γ-ray and X-ray fluxes at energies
1 ∼ 3 GeV and ∼3.55 keV respectively).
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Relic Densities of χ
2
and χ

3

After the electroweak symmetry breaking, the production
processes of χ

2
and χ

3
are
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Relic Densities of χ
2
and χ

3
, Contd.

The evolutions of comoving number densities of χ
2
and χ

3
are

governed by a set of two coupled Boltzmann equations (CBEs)

dYχ
2

dz
= − 2Mpl

1.66M2
χ
1

z
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,

where x = W±, Z, t, χ
1
...
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Relic Densities of χ
2
and χ

3
, Contd.

Yχ
i
=

nχ
i

s
is the comoving number density of χ

i
with number

density nχ
i
and z =

Mχ
1

T .

T is the photon temperature while s is the entropy density of
the Universe.

Mpl is the Planck mass.

g⋆ is given by

√

g⋆(T ) =
gs(T )
√

gρ(T )

(

1 +
1

3

d ln gs(T )

d lnT

)

.

gρ(T ) and gs(T ) ⇒ effective degrees of freedom related to
the energy density ρ and the entropy density s

ρ = gρ(T )
π2

30
T 4, s = gs(T )

2π2

45
T 3.
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Relic Densities of χ
2
and χ

3
, Contd.

Thermal average of decay widths (Γ) and annihilation cross
sections times relative velocities (σv) for various processes
related to the production of χ

2
and χ

3
are

〈Γχ
1
→χ

j
χ
j
〉 = Γχ

1
→χ

j
χ
j

K1(z)

K2(z)
,

〈σvxx̄→χ
j
χ
j
〉 =

1

8M4
xTK

2
2

(

Mx

T

) ×
∫ ∞

4M2
x

σxx→χ
j
χ
j
(s− 4M2

x)
√
sK1

(√
s

T

)

ds .

j = 2, 3, x = W±, Z, f (any SM fermion), χ
1
, χ

2
.

Relic density of χ
i
⇒

Ωχ
i
h2 = 2.755 × 108

(

Mχ
i

GeV

)

Yχ
i
(T0) (i = 2, 3) .
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Solutions of CBEs when Ωχ
2

h
2 ∼ Ωχ

3

h
2

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 1  10  100

Ω
χ 2

 h
2
, 
  

Ω
χ 3

 h
2
, 
  

Ω
T
 h

2

z (Mχ
1

 / T)

λ12 = 1.10*10
- 11

, λ13 = 1.78*10
- 09λ12 = 1.10*10

- 11
, λ13 = 1.78*10

- 09λ12 = 1.10*10
- 11

, λ13 = 1.78*10
- 09

Relic Abundance of χ
2Relic Abundance of χ
3Total Relic Abundance of χ

2
 and χ

3

Mχ
2
= 70 GeV, Mχ

3
= 7 keV

Anirban Biswas Harish-Chandra Research Institute, Allahabad, INDIANonthermal Two Component Dark Matter Model for Fermi-LAT



Solutions of CBEs when Ωχ
2
h
2 > Ωχ

3
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Solutions of CBEs when Ωχ
2
h
2 < Ωχ

3
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Variation of Ωχ
2

h
2 with z = Mχ
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Allowed ranges of model parameters
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8.0x10-12
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λ13

50 ≤ Mχ
2
(GeV) ≤ 80, Mχ

3
= 7.1 keV
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Allowed ranges of model parameters
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Allowed ranges of model parameters
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Allowed ranges of model parameters

Allowed ranges for the model parameters λ12, λ13, θ12, θ13,
θ23 such that total relic abundance (ΩTh

2) of χ
2
and χ

3
lies

within the range predicted by the PLANCK satellite borne
experiment 0.1172 ≤ ΩTh

2 ≤ 0.1226.

λ12 λ13 θ12 θ13 θ23
(rad) (rad) (rad)

(0.18 − 1.6) (0.56 − 2.6) (0.1 − 2.4) (0.2 − 2.0) (0.5 − 8.0)
×10−11 ×10−9 ×10−23 ×10−11 ×10−13
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Direct detection: SI Scattering cross sections of χ
2
, χ

3

Both χ
2
and χ

3
scatter off the detector nuclei mainly through

the exchange of SM like Higgs boson χ
1
.

χ
2

χ
2

χ
1

N N

χ
3

χ
3

χ
1

N N

Spin independent (SI) scattering cross section between χ
i
and

nucleon (N) is

σ
χ
i
N→χ

i
N

SI =
µ2

N i

π

(

gχ
1
χ
i
χ
i

v

)2
(

M
N

Mχ
i
M2

χ
1

)2

f2 ,

µ
N i

is the reduced mass between χ
i
and nucleon (N) with

mass M
N
, f ≃ 0.3 is the usual nuclear matrix element.

Anirban Biswas Harish-Chandra Research Institute, Allahabad, INDIANonthermal Two Component Dark Matter Model for Fermi-LAT



Direct detection, Contd.

χ
1
χ

i
χ

i
coupling is represented by gχ

1
χ
i
χ
i

Due two component DM scenario, we have to rescale

σ
χ
i
N→χ

i
N

SI by a factor Rχ
i
while comparing SI-scattering

cross sections with the experimental bounds.

Dark Mass gχ
i
χ
i
χ
1

σ
χ
i
N→χ

i
N

SI Rχ
i
=

matter

candidate (GeV) (GeV) (pb)
nχ

i

nχ
2
+ nχ

3

(χ
i
)

χ
2

50− 80 (0.44 − 3.9) (0.02 − 4.42) 10−9 − 10−6

×10−9 ×10−27

χ
3

7.1 (1.4− 6.4) (0.14 − 3.03) ∼ 1

×10−6 ×10−7 ×10−19
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Gamma-ray excess from χ
2
decay

Heavier Dark Matter candidate χ
2
has tiny mixing with the

SM like Higgs boson χ
1
.

χ
2
decays into a pair of b and b̄ through this nonzero mixing

with χ
1
.

These b quarks hadronise which through their cascade decays
produce a spectrum of γ-rays.

Feynman diagram for the process χ2 → bb̄ is

χ
2

b

b̄
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Gamma-ray excess from χ
2
decay, Contd.

Decay width of χ
2
into bb̄ final state

Γχ
2
→bb̄ =

nc GF

4
√
2π

(sin θ12 cos θ23 + cos θ12 sin θ23 sin θ13)
2Mχ

2
M2

bβ
3
b ,

with

βb =

(

1− 4M2
b

M2
χ
2

)1/2

.

Differential γ-ray flux due to DM decay at the GC in a two
component DM scenario

dΦγ

dΩdE
=

r⊙
4π

ρ⊙
Mχ

2

J̄ Γ′
χ
2
→bb̄

dNb
γ

dE
.

Γ′
χ
2
→bb̄

=
Ωχ

2

ΩT
Γχ

2
→bb̄ .
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Gamma-ray excess from χ
2
decay, Contd.

ρ⊙ = 0.3 GeV/cm3, DM density at the solar location.

r⊙ is the distance between GC and solar location.

dNb
γ

dE is the energy spectrum of the photons produced with
energy E from the hadronisation of b quarks.

J̄ is the astrophysical “J factor” averaged over the solid angle
∆Ω. J factor for decaying DM scenario

J(l, b) =

∫

l.o.s

ds

r⊙

(

ρ(r)

ρ⊙

)

,

s is the line of sight (l.o.s) distance between the solar location
and GC whlie ρ(r) describes the variation of DM density at
GC with r.

ρ(r) is known as DM halo profile. We have used NFW halo
profile for the computation of gamma-ray flux at GC.
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Gamma-ray flux from χ
2
decay

-1.0x10-6

-5.0x10-7

0.0x100

5.0x10-7

1.0x10-6

1.5x10-6

2.0x10-6

2.5x10-6

3.0x10-6

3.5x10-6

 1  10

E
2
 d

Φ
/d

E
 (

G
e
V

/c
m

2
/s

/s
r)

Eγ (GeV)

Γ´χ
2
→ b b = 4.15e-27 s-1

Γ´χ
2
→ b b = 4.30e-27 s-1

Γ´χ
2
→ b b = 3.90e-27 s-1

Fermi-LAT data

Mχ
2
= 70 GeV, Mχ

3
= 7 keV, 10−9 GeV2 <∼ α <∼ 10−7 GeV2.

Anirban Biswas Harish-Chandra Research Institute, Allahabad, INDIANonthermal Two Component Dark Matter Model for Fermi-LAT



Gamma-ray flux from χ
2
decay, Contd.
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Production of X-ray from the χ
3
decay

Lighter Dark Matter candidate also possesses a nonzero
mixing with SM Higgs boson χ

1

This nonzero mixing is responsible for the production of two
monoenergetic photons from the decay of χ

3
.

Feynman diagrams for the process χ3 → γγ are

χ
3

W+

W−

γ

γ

χ
3

W+

W−

W+

γ

γ

χ
3

f

f̄

f

γ

γ

Γχ
3
→γγ =

GF m3
χ
3

α2
em

128
√
2 π3

×

(sin θ12 sin θ23 − cos θ12 cos θ23 sin θ13)
2|F |2,
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X-ray line from χ
3
decay, Contd.

where

F = FW (τ
W
) +

∑

f

ncf Q
2
f Ff (τf )

with f is any SM fermion and

τ
W

=
4M2

W

M2
χ
3

, τ
f
=

4M2
f

M2
χ
3

,

FW (τ
W
) = 2 + 3τ

W
+ 3τ

W
(2− τ

W
)g(τ

W
),

Ff (τf ) = −2τ
f
[1 + (1− τ

f
)g(τ

f
)],

g(τ) = arcsin2[τ−1/2] .
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Results
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Figure: Variation of the modified decay width Γ′
χ
3
→γγ of the decay

channel χ
3
→ γγ with λ13.
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Results, Contd.
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Figure: Allowed region in the u− λ13 plane which produces the observed
X-ray and γ-ray fluxes as well as satisfies the PLANCK limit on the total
relic density.
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Summary

We propose a dark matter model which contains two
additional scalars, one of which has mass in GeV range (2)
while other lies in keV region (χ

3
).

Both particles are stable simultaneously under an imposed
discrete symmetry and hence can be components of DM in
the universe.

Both the components are produced non-thermally
(non-thermal dark matter) after electroweak symmetry
breaking scale.

We find that for a range of values of model parameters the
total relic abundances of these two scalars lie within the range
provided by the PLANCK experiment.
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Summary, Contd.

The decay of lighter component explains the 3.55 keV X-ray
line from galaxy clusters (as also Andromeda) observed by
XMM-Newton X-ray observatory while the decay of heavier
component explains the 1-3 GeV gamma ray excess observed
by Fermi-LAT from the direction of GC.

Thank You
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Figure: Variation of discrete symmetry (Z′′
2
) restoration temperature with

the parameter λ13.

If we consider, Ωdomain wall ≤ 10−5 ⇒ |u| < 10.7 MeV.
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