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A weighty interpretation of the Galactic Centre excess
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Previous attempts at explaining the gamma-ray excess near the Galactic Centre have focussed on
dark matter annihilation directly into Standard Model particles. This results in a preferred dark
matter mass of 30-40 GeV (if the annihilation is into b-quarks) or 10 GeV (if it is into leptons).
Here we show that the gamma-ray excess is also consistent with heavier dark matter particles; in
models of secluded dark matter, dark matter with mass up to 76 GeV provides a good fit to the
data. This occurs if the dark matter first annihilates to an on-shell particle that subsequently decays
to Standard Model particles through a portal interaction. This is a generic process that works in
models with annihilation, semi-annihilation or both. We explicitly demonstrate this in a model of
hidden vector dark matter with an SU(2) gauge group in the hidden sector.

INTRODUCTION

Recently, an excess of gamma-rays in a region of ∼ 10◦

around the Galactic Centre has been observed in the
Fermi-LAT data and interpreted as a possible evidence
for dark matter (DM) [1–8]. Analyses to date have fo-
cussed on interpreting the signal as a product of DM
annihilation favouring the narrow mass range 30-40 GeV
for particles annihilating mainly into b-quarks or 10 GeV
particles annihilating into leptons [9–16].

In this letter we emphasise that the form of the gamma-
ray spectrum reflects the injection energy of the Stan-
dard Model (SM) particles rather than directly tracking
the mass of the DM mDM. Standard Model particles
produced directly in 2 → 2 annihilation processes are
produced with an energy E = mDM, leading to a di-
rect relation between the cosmic-ray energy and the DM
mass. However other modes of cosmic-ray production by
DM do not feature this relation.

One group of examples is models of secluded DM [17]
in which the DM annihilates to an on-shell particle η
that subsequently decays to SM particles through a por-
tal interaction. The injection energy of cosmic rays now
depends on mDM and mη and the result is that DM with
mass up to 76 GeV is compatible with the Fermi signal.

We demonstrate this with the secluded vector DM
model proposed in [18] (see also [19–23]). The DM in
this model is three gauge bosons Z ′a of the same mass
that are stabilised by a custodial SO(3) symmetry. The
state η is a light scalar singlet that mixes with the SM
Higgs through the Higgs portal; it decays predominantly
into b-quarks.

An attractive feature of this model is that it contains
annihilation and semi-annihilation processes, which may
occur when the DM is stabilised under a symmetry larger
than Z2 [24–27]. This highlights that heavier DM par-
ticles may explain the Galactic Centre excess in a large
class of models that have yet to be fully explored.

HIDDEN VECTOR DARK MATTER

The model utilised here here consists of a hidden sector
with a ‘dark’ SU(2) gauge group (hereafter SU(2)D) and a
complex scalar doublet Φ in the fundamental of SU(2)D.
The corresponding Lagrangian is

L = LSM −
1

4
F aµνF

µνa + (DµΦ)†DµΦ

− µ2
φ|Φ|2 − λφ(|Φ|2)2 + λP|Φ|2|H|2 ,

(1)

where Dµ = ∂µ − igDZ
′a
µ t

a, Z ′aµ is the ‘dark’ gauge field,
ta and F aµν are the SU(2)D generators and field strength
respectively and H the SM Higgs field (satisfying LSM 3
−µ2|H|2 − λ(|H|2)2). The hidden sector communicates
with the SM sector through the Higgs portal [28], with a
strength determined by the λP coupling.

The electroweak and SU(2)D symmetries are broken
by vacuum expectation values (vevs) v and vφ of the
fields H and Φ respectively. After spontaneous symmetry
breaking, we are left with two real scalars, which in the
unitary gauge are

H =
1√
2

(0, v + h(x))ᵀ; Φ =
1√
2

(0, vφ + φ(x))ᵀ , (2)

and a vector triplet Z ′aµ with mass MZ′ = gDvφ/2. The
vevs v and vφ satisfy the relations

µ+ λv2 +
λP

2
v2
φ = 0 ; µφ + λφv

2
φ +

λP

2
v2 = 0 . (3)

The Higgs portal coupling λP causes the φ and h eigen-
states to mix so that the mass eigenstates hSM and η are
given by (

hSM

η

)
=

(
cos θ − sin θ
sin θ cos θ

)(
h
φ

)
, (4)

where tan 2θ = λPvvφ/(λφv
2
φ − λv2). Two parameters

among the six free parameters {µ, µφ, λ, λφ, λP, gD} can
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FIG. 1. A subset of the diagrams contributing to the produc-
tion of on-shell η particles from semi-annihilation (upper dia-
grams) and annihilation (lower diagrams) of the DM Z′a. The
diffuse γ spectrum arises from the decay products of η → ff̄ .
The direct annihilation to Standard Model particles is sup-
pressed by sin2 θ . 10−4.

be eliminated by requiring the observed SM Higgs boson
properties (mhSM ' 126 GeV and v ' 246 GeV) so we are
left eventually with: {mη,MZ′ , sin θ, gD}. The couplings
satisfy gD . O(1) and gD & λ > λφ ∼ λP.

The three dark gauge bosons Z ′ are stable and have
the same mass due to the remnant SO(3) global custodial
symmetry. Hence we have three DM candidates, each of
them contributing a third of the total dark mater den-
sity. All other particles are singlets under this symmetry,
ensuring the Z ′ stability.

The trilinear gauge coupling allows for semi-
annihilation processes Z ′aZ ′b → Z ′cη represented in
fig. 1. The corresponding cross-section is given by

〈σv〉semi =
g4
D cos2 θ

128πM4
Z′

(
9M4

Z′ − 10m2
ηM

2
Z′ +m4

η

)3/2(
m2
η − 3M2

Z′

)2 . (5)

Note that we do not include semi-annihilation into hSM

as they are kinematically forbidden when MZ′ < mhSM .
The dominant annihilation channel corresponds to

Z ′aZ ′a → ηη, as illustrated in fig. 1. The analytic ex-
pression for the corresponding cross section (〈σv〉ann) is
lengthy so we do not give it here. However, in fig. 2,
we show the ratio 〈σv〉semi/〈σv〉ann for sin θ = 10−2 and
various ratios of mη/MZ′ .

In this plot we include all possible final states when
they are kinematically accessible, including the direct
2 → 2 process with Z ′aZ ′a → f̄f,W+W−, Z0Z0, even
though they are suppressed by sin2 θ (constraints dis-
cussed later require sin θ . 10−2). This suppression
arises because Z ′a and η are only connected to the
SM sector through λP ∝ sin θ. We observe that in
that regime the semi-annihilation process dominates un-
less mη ≈ MZ′ because the phase-space suppression is
faster for the semi-annihilation process. An exception
is at 2MZ′ ≈ mhSM where 〈σv〉ann becomes resonantly
enhanced through the diagram shown in the bottom
left of fig. 1. The results in fig. 2 are unchanged for
smaller values of sin θ and furthermore, are to a very
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FIG. 2. Ratio of the semi-annihilation to annihilation cross-
section. We have fixed sin θ = 10−2 and the ratio mη/MZ′ to
the values specified in the plot. Semi-annihilation dominates
when mη < MZ′ ; annihilation dominates when mη ≈MZ′ .

good approximation independent of gD. This is because
λφ ≈ g2

Dm
2
η/2M

2
Z′ for sin θ . 10−2, with the result

that both the semi-annihilation and annihilation cross-
sections scale as g4

D so the dependence of 〈σv〉semi/〈σv〉ann

on gD drops out.

FITTING THE DIFFUSE EXCESS

When annihilation to on-shell η particles is kinemati-
cally allowed, the dominant contribution to the diffuse γ
spectrum is from the (rapid) decay of η to SM fermions
ff̄ . The prompt differential gamma-ray flux from either
semi-annihilation or annihilation processes with an on-
shell η in the final state that decays into ff̄ is

d2Φ

dΩdEγ
=
NZ′〈σv〉J(θ̃)

8πM2
Z′

∑
f

BRη→ff̄
(
dN

dEγ

)Z′,f f̄

. (6)

Here NZ′ is a model specific combinatoric factor; 〈σv〉
is the (semi)-annihilation cross-section; the J-factor is
J(θ̃) =

∫
dλρ2(λ, θ̃), where λ is the line of sight distance,

θ̃ the angle between the line of sight and the Earth-

Galactic Centre axis and ρ the halo profile; BRη→ff̄

is the branching ratio for the decay of η → ff̄ and

(dN/dEγ)
Z′,f f̄

is the photon multiplicity per annihilation
in the Galactic rest frame.

In the hidden vector model NZ′ = {1/3, 2/3} when
〈σv〉 = {〈σv〉semi, 〈σv〉ann}. For ρ we follow [8] by
taking a generalised NFW profile [29] with γ = 1.26,
rs = 20 kpc and a normalisation giving a local density
0.3 GeV/cm3 at 8.5 kpc from the Galactic Centre. This
profile is slightly cuspier than the standard choice but
consistent with the results of numerical simulations [30].
The branching ratios of η decays are the same as the
branching ratios of a SM-like Higgs with mass mη; for
the mass-range we consider the dominant decay is to bb̄.
Owing to this, in this letter we do not take into account
the diffuse photon emission from primary and secondary
electrons as their effect is small for bb̄ final states [10].
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FIG. 3. The spectrum from annihilation (blue-dotted), semi-
annihilation (red-dashed) and their sum (black-solid) for the
stated parameters. The data points show the Galactic Centre
excess spectrum from the inner galaxy assuming a generalised
NFW profile with γ = 1.26 (from [8]).

The η particles are in general not produced at rest so
we must relate the photon multiplicity in the rest frame of

η, (dN/dEγ)
η,ff̄

, to the photon multiplicity in the Galac-

tic rest frame, (dN/dEγ)
Z′,f f̄

. They are related by [31](
dN

dEγ

)Z′,f f̄

=
Nη
2βγ

∫ Eγ/γ(1−β)

Eγ/γ(1+β)

dE′γ
E′γ

(
dN

dE′γ

)η,ff̄
, (7)

where Nη = {1, 2} for {semi-annihilation, annihilation}
and the boost factors γ = (1− β2)−1/2 are

γann =
MZ′

mη
, γsemi =

3M2
Z′ +m2

η

4MZ′mη
(8)

respectively. We use the values of (dN/dEγ)
η,ff̄

tabu-
lated in [32], which were generated with Pythia 8.135 [33].

To fit the Galactic Centre excess we use inner galaxy
data from [8]. They fit the Fermi data using a combi-
nation of point sources and four templates, correspond-
ing to diffuse photon emission, an isotropic template, a
template coincident with the Fermi Bubbles and a DM
template. The black data points and error bars in fig. 3
show the result from the DM template for the best-fit
value γ = 1.26. The spectrum has been normalised to
the value of the photon flux at θ̃ = 5◦ from the Galactic
Centre.

For our results we fixed sin θ = 10−2 while scanning
over MZ′ , mη and marginalising over gD (the results are
the same for smaller values of sin θ). The red-dashed
and blue-dotted lines in fig. 3 show the spectrum from
the semi-annihilation and annihilation processes for the
parameters listed in the figure, which give the best fit
to the data. The cross-sections for these parameters are
〈σv〉semi = 9.1 × 10−26 cm3 s−1 and 〈σv〉semi/〈σv〉ann =

1Σ
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FIG. 4. The 1, 2 and 3σ regions from our fit to the Galactic
Centre excess. We marginalise over gD and fix sin θ = 10−2.
The dot is the best-fit point whose spectrum is shown in fig. 3.
On-shell production of η is forbidden in the hatched region.
The spike is due to a resonance with hSM.

4.8. We observe that the annihilation spectrum is slightly
broader than the semi-annihilation spectrum because the
η is boosted more in the former case. The black-solid
line shows the total spectrum from both contributions
and has χ2

min = 29.7, comparable to the χ2 of 28.6 found
in [8] for annihilations proportional to the square of the
mass of the final state.

Figure 4 shows the 1, 2 and 3σ contours in the MZ′ -
mη plane after marginalising over gD. The dot indicates
the best-fit point and the spike at MZ′ ≈ 63 GeV is be-
cause of the resonant enhancement of 〈σv〉ann with hSM

(through the lower left diagram of fig. 1). There are two
hard edges to the contours: The first indicates the region
where mη > MZ′ so that (semi)-annihilation to on-shell
η particles is forbidden. The second at mη = 12 GeV is

where our calculation of (dN/dEγ)
η,ff̄

becomes unreli-
able. There is no physical reason for this edge; a change
will occur for mη < 2mb when decays to bb̄ are kinemat-
ically forbidden.

Another feature in fig. 4 is narrowing of the 2σ contour
when mη ≈ 50 GeV. This narrowing is the meeting of
two separate regions: In the first at MZ′ ≈ mη, η is
produced almost at rest so that the SM fermion f energy
is approximately MZ′/2. We then expect that the 2σ
range of MZ′ is double the 2σ mass range found in [8]
for the standard annihilation process; this is indeed the
case. In the second at mη �MZ′ , η is boosted so smaller
values of mη are able to produce f with energy ∼ 35 GeV
in the Galactic rest frame.

Finally, it is interesting to compare the cross-section
required to explain the Galactic Centre excess with that
for the observed relic abundance from thermal freeze-
out. Upon numerically solving the Boltzmann equation
for the total abundance, we find that the observed abun-
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dance is obtained when 1
3 〈σv〉ann + 2

3 〈σv〉semi ≈ 2.5 ×
10−26 cm3 s−1. We find that this combination of cross-
sections in the 1σ (3σ) region is a factor 2.3−3.0 (1.4−4.0)
higher. This difference may be ameliorated when uncer-
tainties in the astrophysical parameters are taken into
account.

OTHER CONSTRAINTS

At direct detection experiments, Z ′a can elastically
scatter with a nucleon N via exchange of η or hSM; the
resulting spin-independent scattering cross-section is

σSI
N ≈ 5× 10−46 cm2

( gD

0.25

)2
(

sin θ

10−2

)2(
25 GeV

mη

)4

.

(9)
The current bound from LUX σSI

N < 8 × 10−46 cm2 [34]
imposes sin θ . 10−2.

Contributions to the Higgs boson invisible width pro-
vide further constraints. The contribution from η to the
Higgs width is

ΓhSM
ηη ≈ 0.1 MeV

( gD

0.5

)2
(

sin θ

0.1

)2(
50 GeV

MZ′

)2

, (10)

where the approximation holds for small sin θ. This con-
tribution is small compared to the total width ∼ 4.2 MeV
and is unlikely to be observable in future experiments.
We also found that the contribution from hSM → Z ′aZ ′a

is below current limits; the best-fit parameters contribute
0.01 MeV to the width for instance. Furthermore, we
have checked our scenario against direct searches for
Higgs bosons at LEP [35] and precision electroweak con-
straints [36, 37], which constrain sin θ . 10−1. While
some of these constraints will tighten after the 13/14 TeV
run of the LHC, we find that this scenario is uncon-
strained for sin θ . 10−2.

Finally, there are constraints from Fermi gamma-line
searches [38]. This is relevant because η, like hSM, has
loop-induced decays to two photons. As the η is boosted,
this decay looks like a box-feature rather than a line [39,
40]. Owing to the small branching ratio to two photons
(∼ 10−4 for mη ≈ 30 GeV), the flux is below current
Fermi limits. For instance, the flux Φγγ ≈ 10−12 cm3 s−1

for the best fit-parameters is over an order of magnitude
below the limit Φγγ . 5 × 10−11 cm3 s−1 for the region
optimised for a contracted NFW halo in [38].

SUMMARY

The spectrum of the Galactic Centre excess constrains
the injection energy of the SM particles and not directly
the mass of the DM responsible for their production. In a
secluded DM model in which the dominant annihilation
channel is to an on-shell particle η which subsequently

decays to SM particles, the cosmic-ray injection energy
depends on mDM and mη. We demonstrated that DM
with mass up to 76 GeV provides a good fit to the Galac-
tic Centre excess. The Higgs portal coupling that allows
η to decay also naturally explains why the dominant de-
cay is into b-quarks, as preferred by the data. By con-
sidering a model of hidden vector DM, we demonstrated
that this mechanism works for both annihilation (which
dominates when mη ≈MZ′) and semi-annihilation (dom-
inating when mη < MZ′). This letter opens-up a large
range of model building possibilities to explain the Galac-
tic Centre excess that have not previously been consid-
ered.
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