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We study inelastic dark matter produced via freeze-in through a light mediator with a mass splitting
below the electron-positron threshold. In this regime, the heavier dark matter state is naturally long-lived
compared to the age of the Universe and decays to the lighter state in association with photons. Given a
light mediator, the dark matter abundance is directly related to the decay rate of the heavier dark matter. We
show that observations of photons from the Galactic Center can effectively probe inelastic dark matter
freeze-in with mediators at the 100 MeV scale and dark matter at the GeV scale.
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I. INTRODUCTION

Despite a large body of evidence from cosmological to
galactic scales for its existence, the fundamental nature of
dark matter (DM) remains unknown [1–4]. The positive
observations of dark matter have so far relied on its
gravitational interactions, while potential nongravitational
interactions are undetermined. Given the lack of concrete
evidence for weakly interacting massive particle DM
candidates, the past decade or so has seen a large effort
devoted to studying DM that resides in a so-called “dark
sector” [5–7]. Dark sector DM consists of a DM state that is
neutral with respect to the Standard Model (SM) and only
connects to the SM through parametrically small inter-
actions due to a mediator particle. The most commonly
studied mediators are spin-1 or spin-0 bosons, giving rise to
vector or scalar “portals.”

Dark sectors can be relatively simple compared to top-
down DM models. However, they offer considerable
flexibility in mass scale and can motivate new DM
production mechanisms and search strategies. Moreover,
their simplicity can help in the interpretation of experi-
mental results, as well as to isolate key features in different
DM production mechanisms. Although their construction
can be simple, dark sector DM models sometimes exhibit
interesting complications that give rise to novel phenom-
enology. One generic possibility is that the dark sector
actually consists of more than one DM state with a small
mass splitting between them. This scenario is referred to as
inelastic DM [8,9], which was originally proposed to
reconcile hints of positive signals at some direct-detection
experiments with null results at other such experiments.
Since then, inelastic DM has been studied in a much larger
context [10–33], such as indirect detection and astrophysi-
cal signals [10–12,25–28,31,33,34], direct detection
[13–15,21–25], modifications of big bang nucleosynthesis
and the cosmic microwave background [25–27], as
well as collider [17,20,25] and fixed target experiments
[18,19,25,30,32,35,36].
Perhaps the simplest realization of inelastic DM occurs

when the DM is charged under a Uð1Þ0 gauge symmetry in
a dark analog of QED. The phenomenological requirement
that the gauge boson carry a nonzero mass implies that the
gauge symmetry is broken. In turn, this generically leads
to a mass splitting of the DM states, since there is no
symmetry to enforce their degeneracy. The Uð1Þ0 gauge
boson in this scenario primarily couples inelastically to the
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DM. On the other end, the dark gauge boson can connect to
the SM proportionally to electric charge by kinetic mixing
with the photon through the vector portal. A second
possible mediator is a new dark scalar boson that couples
to both the SM and, inelastically, the DM. This realization
does not require an underlying Uð1Þ0 gauge invariance and
typically connects to the SM proportionally to mass. In
both scenarios, the mediator enables the heavier DM state
to decay to the lighter one and SM particles. We will study
both mediator possibilities in this paper.
Small coupling between the dark sector and the SM is

motivated by freeze-in production of DM [37,38]. In this
regime, the dark-sector–SM coupling is too small to bring
the DM into chemical equilibrium with the SM plasma at
early times in the history of the Universe. The small
coupling does, however, produce a small amount of DM
through collisions of SM particles and, for an appropriate
value of the coupling, can account for the observed DM
energy density. In our work, we will focus on the case of
freeze-in through a light mediator for two reasons. First, in
this case, production of the DM is dominated at lower
temperatures and is relatively insensitive to initial con-
ditions, so that the decay rate of the heavier DM state is
directly tied to the freeze-in DM abundance. Second, the
lifetime of the heavier DM decreases as the mediator mass
falls, so that observable signals are more likely in this
regime.
Given both a small coupling and small mass splitting, the

heavy state in an inelastic DM scenario becomes long-lived,
with a lifetime to decay down to the lighter state that is
potentially cosmologically long. This has been studied in,
e.g., Refs. [12,13,25,26]. We will extend this work by
focusing on very small splittings below the electron-positron
threshold, Δm < 2me ≃ 1 MeV. In this case, the SM states
produced in the decay of the heavy DM are kinematically
constrained to be photons and neutrinos. It turns out that in
simple models, the final states with photons dominate over
those with neutrinos, and the heavy state has a lifetime much
longer than the age of the Universe. This means that
astrophysical searches for the decay of DM producing hard
x-rays with energy 0.1 MeV≲ ω≲ 1 MeV can discover or
constrain such models. We will focus on two benchmark
scenarios for inelastic DM; the first makes use of the vector
portal and features DM decay to final states with three
photons, while the second involves the scalar portal and two
photons in the final state in DM decay. We will confront
these models with x-ray flux measurements of the Galactic
Center from INTEGRAL/SPI and compare the resulting
constraints against other probes of the models, finding
otherwise unconstrained regions of parameter space that
can be accessed with such measurements. Future observa-
tions have the potential to better constrain or discover these
models.
This paper is structured as follows: In Sec. II, we

describe the inelastic DM model and mediators in detail.

The freeze-in abundance in these models is computed in
Sec. III, and the decays of the metastable dark matter are
detailed in Sec. IV. The comparison to data and extraction
of limits are performed in Sec. V, and in Sec. VI we
conclude and discuss future prospects.

II. DARK MATTER MODEL

The dark matter model we will study consists of a
pseudo-Dirac fermion χ that couples to the SM through a
vector or scalar portal. We start by writing the four-
component fermion χ in terms of two-component spinors
η and ξ, which have charges þ1 and −1 under a (global or
local) Uð1Þ0 symmetry, respectively:

χ ¼
�

η

ξ†

�
: ð1Þ

In terms of these fields, the Lagrangian contains

L ⊃ η†iσ̄μ∂μηþ ξ†iσ̄μ∂μξ

−
�
mχηξþ

mη

2
ηηþmξ

2
ξξþ H:c:

�
: ð2Þ

The mass terms mη;ξ break the Uð1Þ0 symmetry and can
naturally be taken to be small compared to the symmetry-
preserving Dirac mass mχ . To leading order in these Uð1Þ0-
breaking parameters, the mass eigenstates are

χ1 ¼
iffiffiffi
2

p
�
−
�
1 −

mη −mξ

4mχ

�
ηþ

�
1þmη −mξ

4mχ

�
ξ

�
; ð3Þ

χ2 ¼
1ffiffiffi
2

p
��

1þmη −mξ

4mχ

�
ηþ

�
1 −

mη −mξ

4mχ

�
ξ

�
; ð4Þ

with physical masses m1;2 ¼ mχ ∓ Δm=2 and
Δm ¼ jmη −mξj.
We assume that some small coupling to the SM (which

we specify below) allows χ1 and χ2 to be produced in the
early Universe through freeze-in at temperatures T ≳mχ .
Since Δm ≪ mχ and the coupling to the SM is small, to a
good approximation, equal numbers of χ1 and χ2 are
produced. In the presence of a coupling to the SM through
a mediator, χ2 is unstable and has a finite lifetime to decay
to χ1 and SM particles. Given the assumption of a small
coupling and mass splitting, this lifetime can easily exceed
the age of the Universe, and the SM particles produced in
χ2 decays can be searched for in astrophysics measure-
ments today. Next, we specify the portal interactions with
the SM.

A. Vector portal

The first way of coupling the dark sector to the SM is
through the so-called “vector portal,” where the new Uð1Þ0
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symmetry is a local gauge symmetry and associated with a
vector boson A0. The A0 couplings to the dark sector
fermions are

L ⊃ g0A0
μðη†σ̄μη − ξ†σ̄μξÞ; ð5Þ

where g0 is the strength of the Uð1Þ0 coupling. In terms of
the mass eigenstates, the A0 couplings to the dark sector are

L⊃ g0A0
μ

�
iχ†2σ̄

μχ1− iχ†1σ̄
μχ2þ

mη−mξ

2mχ
ðχ†2σ̄μχ2−χ†1σ̄

μχ1Þ
�
;

ð6Þ

and we see that in this basis the couplings of the A0 are
dominantly off-diagonal.
We assume that the A0 obtains a mass mA0 and that it

kinetically mixes with the SM photon [39–41],

L ⊃
1

2
m2

A0A0μA0
μ þ

ϵ

2
FμνF0

μν; ð7Þ

where Fð0Þ is the photon (dark photon A0) field strength. The
A0 mass can arise from the Stueckelberg mechanism [42] or
spontaneous Uð1Þ0 breaking with a dark Higgs boson (that
is parametrically heavy and does not impact the phenom-
enology studied here). In the presence of a dark vector
mass, diagonalizing the kinetic terms in the Lagrangian
returns the usual SM photon together with a massive dark
vector A0 that inherits photon-like couplings to SM fields
with a strength rescaled by the kinetic mixing ϵ.
Given these interactions, χ2 decays via χ2 → χ1A0ð�Þ

where, depending onΔm andmA0 , the A0 may or may not be
on shell. We focus on the regime mA0 < 2mχ and g0 ≪ eϵ,
since this leads to a tight connection between the freeze-in
abundance and the χ2 decay rate, making the setup very
predictive. We will also be interested in very small split-
tings, below the electron-positron threshold and mediator
mass: Δm < 2me;mA0 . In this regime, the dominant χ2
decay mode is

χ2 → χ1γγγ; ð8Þ

with photon energies ω in the range 0 < ω < Δm.

B. Scalar portal

Another potential mediator between the dark sector and
the SM is a scalar field which we will call ϕ. We consider
an effective coupling to the two-component fermions of the
form

L ¼ −ϕ
�
yη
2
ηηþ yξ

2
ξξ

�
þ H:c: ð9Þ

These interactions violate the Uð1Þ0 under which η and ξ
carry opposite charges, just like their Majorana mass terms.

While the precise details of how these terms could arise in a
UV completion are beyond the scope of this work, we note
that a (pseudo)scalar ϕ could emerge from the spontaneous
breaking of Uð1Þ0. In the mass basis, these interactions read

L ¼ −
ϕ

2

�
yþ
2
ð−χ1χ1 þ χ2χ2Þ þ iy−χ1χ2

�
þ H:c:; ð10Þ

where y� ≡ yη � yξ. In contrast to the vector portal case,
the scalar couples diagonally and off-diagonally at roughly
the same order for generic yη;ξ.
On the SM side, there are a few choices for how to

couple the scalar. We focus on scenarios where ϕ couples
primarily to the SM charged leptons proportionally to their
masses via

L ¼ −ϕ
X

l¼e;μ;τ

κml

v
ll; ð11Þ

where v ¼ 246 GeV is the SMHiggs expectation value and
κ characterizes the overall coupling strength. Couplings of
this form can arise if ϕ mixes with a lepton-specific Higgs
doublet [43] or by integrating out massive vector-like
fermions that mix with the SM leptons.
The off-diagonal coupling to DM leads to the decay of

the heavier dark sector state, χ2 → χ1ϕ
ð�Þ, where again the

mediator may be on- or off-shell. As in the vector model,
we focus on the predictive scenario of mϕ < 2mχ with
jy�j ≪ κmτ=v that relates freeze-in production of DM to
the decay rate of χ2. We also concentrate on the region
Δm < 2me;mϕ where the dominant and most interesting
decay mode is

χ2 → χ1γγ; ð12Þ
with photon energies 0 < ω < Δm, as in the vector
portal case.

III. FREEZE-IN PRODUCTIONOF DARKMATTER

As we have mentioned, we are interested in the regime of
very small couplings between the dark sector states and the
SM. Assuming negligible initial density, the cosmological
production of dark matter occurs through “freeze-in,” with
collisions of SM particles producing χ1 and χ2 fermions,
but never frequently enough to bring them into chemical
equilibrium.
Since freeze-in production of dark matter occurs domi-

nantly at temperatures T ≳mχ [37,38] and we focus on
Δm ≪ mχ , it is an excellent approximation to ignore the
mass splitting of χ1 and χ2 during their production and treat
them as a single Dirac fermion χ (with distinct antiparticle χ̄).
The energy density computed for χ and χ̄ in this way then
translates into an equal population of χ1 and χ2 after
creation, with nχ þ nχ̄ ¼ nχ1 þ nχ2 . In the examples we
work out, self-interactions among the dark sector states are
too small to cause an appreciable change in the relative
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numbers of χ1 and χ2 particles, and their cosmological
densities remain nearly identical up to the present.
Assuming negligible initial density and small couplings,

the time evolution of the number density of χ particles nχ in
our scenarios is determined by a Boltzmann equation,

dnχ
dt

þ 3Hnχ ¼
X
f

hσviff̄→χχ̄n
2
f: ð13Þ

In this expression, H is the expansion rate of the Universe,
f labels SM particles with number density nf ¼ nf̄, and
hσviff̄→χχ̄ is the thermally averaged cross section for the
dominant production reaction ff̄ → χχ̄ through either the
vector or scalar mediator. An equivalent equation governs
the antiparticle number density, nχ̄ .
Using the fact that the Universe is radiation dominated

during the epoch of interest with T ≳mχ , the present-dayDM
energy, in units of the critical density, can then be expressed as
an integral over the temperature of the SM plasma as

ΩDMh2 ¼
mχðnχ þ nχ̄Þ

ρcr=h2
¼ m1nχ1 þm2nχ2

ρcr=h2

≃
s0mχ

ρcr=h2

ffiffiffiffiffiffi
4π

45

r
MPl

Z
∞

0

dT
ffiffiffiffiffiffiffi
geff

p

×
X
f

�
nf
s

�
2

hσviff̄→χχ̄ ; ð14Þ

where the quantity

ffiffiffiffiffiffiffi
geff

p ≡ g⋆sffiffiffiffiffi
g⋆

p
�
1þ T

3g⋆s

dg⋆s
dT

�
ð15Þ

is related to the effective number of entropy and energy
degrees of freedom, g⋆s and g⋆, respectively. In the above
expression, s is the entropy density with a present-day value
of s0 ¼ 2891 cm−3, ρcr ¼ 10.5h2 keV=cm3 is the critical
density with the Hubble rate today ofH0¼100h km=s=Mpc,
and MPl ¼ 1.2 × 1019 GeV is the Planck mass.

A. Freeze-in through the dark photon

In the vector mediator case withmA0 < 2mχ and g0 ≪ eϵ,
the dominant DM production channel for mχ ≲ GeV is
ff̄ → χχ̄ via the dark photon.1 The thermally averaged
cross section can be written as [45]

hσviff̄→χχ̄ ¼
1

8m4
fTK

2
2ðmf

T Þ
Z

∞

4m2
χ

ds σðsÞff̄→χχ̄ðs − 4m2
χÞ

×
ffiffiffi
s

p
K1

� ffiffiffi
s

p
T

�
: ð16Þ

When T ≫ mχ ; mf, this expression reduces to

hσviff̄→χχ̄ ≃
αQ2

fϵ
2g02

24T2
; ð17Þ

where Qf is the electromagnetic charge of f in units of the
proton charge. For T ≲mχ ; mf, the cross section (times n2f)
becomes Boltzmann-suppressed and falls off rapidly. Using
this cross section estimate and setting mχ ∼ 1 GeV, inte-
grating Eq. (14) gives

ΩDMh2 ∼ 1021ðϵg0Þ2; ð18Þ

with only mild dependence on mχ . This means that χ and χ̄
(or χ1 and χ2) saturate the measured DM abundance
Ωh2 ¼ 0.120� 0.001 [46] for

ϵg0 ∼ 10−11: ð19Þ

Since hσvi ∝ T−2 and nf ∼ T3 ∼ s for light SM particles in
the thermal plasma, the integrand in Eq. (14) is dominated
by temperature values T ∼mχ , and χχ̄ production at high
temperatures is negligible. Thus, DM freeze-in with a light
dark photon is said to be infrared (IR) dominated and has
the nice property of being insensitive to the details of
physics at early times T ≫ mχ .
In Ref. [26], freeze-in of inelastic DM through a dark

photon was studied in detail, taking into account quantum
statistics of SM particles in the plasma and refining earlier
work in Ref. [44]. In Fig. 1, the green curve shows the
required value of ϵg0 from Ref. [26] as a function of mχ ¼
ðm1 þm2Þ=2 for χ1;2 to make up the entirety of the observed
DM relic density. The falloff of the curve for mχ > GeV

FIG. 1. Values of the vector (green) and leptophilic scalar
(blue) portal couplings as functions of mχ that result in the
freeze-in population of χ1;2 making up all of the DM with
Δm < 2me ≪ mχ . The vector couplings are taken from Ref. [26]
with mA0 ≪ mχ . In the scalar case, we have fixed mϕ ¼ 50 MeV,
and yþ ¼ y− with Im y− ¼ Re y−.

1Note that for mχ ≳ GeV, contributions from Z decay are
important but have the same parametric dependence on ϵ and g0 as
production through SM fermion annihilation [26,44].
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arises from contributions to freeze-in from Z decays, in
addition to the ff̄ → χχ̄ process discussed above.
While we focus on mA0 < 2mχ with g0 ≪ eϵ as in

Ref. [26], let us briefly comment on other mass and
coupling orderings. Formχ ≤ mA0 < 2mχ and g0 ≳ eϵ, there
is an additional production channel A0A0 → χχ̄. However,
we will show below that the most interesting parameter
regions have 10−5 ≲ ϵ≲ 10−3 so that g0 ≪ eϵ, and thus we
will focus on smaller dark gauge couplings. In contrast, if
mA0 ≥ 2mχ production of χχ̄ pairs in the early Universe is
dominated by A0 → χχ̄ decays. This process is very
efficient, and it implies that much smaller couplings are
required to obtain the observed DM relic density.
Consequently, the lifetime of χ2 becomes too long to be
observable and not relevant to the analysis to follow.
Our focus on mA0 < 2mχ has implications for direct

searches for the vector mediator and the properties of the
DM. With this ordering, the dark photon decays visibly to
SM particles. For values of the kinetic mixing consistent
with the freeze-in relic abundance together with eϵ ≫ g0,
we have ϵ≳ 10−5, which means that terrestrial constraints
require mA0 ≳ 10 MeV [47], and that the A0 lifetime is
sufficiently short to avoid severe cosmological constraints
[48]. The small value of g0 in this case, along with the DM
inelasticity, means that DM self-interactions do not sig-
nificantly alter small-scale structures or change the equal
numbers of χ1 and χ2 at late times [23,25,26]. In addition,
exothermic scattering rates of χ2 → χ1 in direct-detection
and large-volume neutrino experiments are too small to be
constraining [26]. This leaves the astrophysical indirect-
detection signals that we will investigate below as the most
promising way to test this DM scenario.

B. Freeze-in through the leptonic-specific scalar

Production of DM in the scenario from Sec. II B
proceeds similarly to the vector mediator. For mϕ < 2mχ

with jy�j ≪ κmτ=v, the leading production channels are
ll → χχ̄ with l ¼ e, μ, τ. When T ≳mχ ; ml, this gives a
thermally averaged production cross section2

hσvill→χχ̄ ≃
y2κ2m2

l

512πv2T2
; ð20Þ

where we have defined the effective coupling

y≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jyþj2 þ jy−j2

q
: ð21Þ

When T ≲maxðmχ ; mlÞ, the production channel receives
Boltzmann suppression and falls off quickly. As above,
takingmχ ∼ 1 GeV and using this cross section, integrating
Eq. (14) results in a late-time energy density in χ1 and χ2 of

ΩDMh2 ∼ 1020
�
yκmτ

v

�
2

× min

�
mχ

mτ
; 1

�
: ð22Þ

Since the scalar-SM interaction from Eq. (11) is proportional
to lepton mass, DM freeze-in is driven primarily by
τþτ− annihilation and is dominated by reactions at
T ∼maxðmτ; mχÞ. Based on this estimate, we expect to repro-
duce the observed relic abundance for yκmτ=v ∼ 3 × 10−11

for mχ > mτ, with larger values required when mχ < mτ.
For a more precise calculation of the relic abundance, we

implement the leptophilic scalar portal model in CalcHEP

[49] and use this as input for the micrOMEGAs freeze-in
routines [50]. In Fig. 1, the blue curve shows the coupling
combination κymτ=v (blue curve) that reproduces the DM
abundance obtained from this procedure as a function of
mχ , withmϕ ¼ 50 MeV < mχ held fixed and yþ ¼ y− with
Im y− ¼ Re y−. The full result agrees well with the estimate
obtained above.
As is the case for the vector mediator, our results apply

for mϕ < 2mχ and κmτ=v ≫ y. When mϕ > 2mχ , the dark
matter is created much more efficiently from direct ϕ
decays, and much smaller couplings are needed to repro-
duce the correct abundance. These couplings turn out to be
so small that the decay χ2 → χ1γγ is too slow to be
observable.
A similar conclusion is obtained if the scalar mediator

were to connect to the SM through the Higgs portal rather
than the leptophilic coupling of Eq. (11), even for
mϕ < 2mχ . Mixing between the scalar and the SM Higgs
boson from this portal would produce couplings of ϕ to all
SM fermions of the form of Eq. (11). Freeze-in is then
dominated by top quark annihilation at T ∼mt, and the
product of couplings yκ needed to produce the correct DM
density is consequently much smaller [51]. We find that this
implies that the lifetime for χ2 → χ1γγ is unobservably long.

IV. DECAY OF THE METASTABLE
DARK MATTER

In both the dark photon and leptophilic scalar mediator
cases with a small mixing andΔm ≪ mχ , equal numbers of
χ1 and χ2 are produced through freeze-in. The small
couplings involved mean that these particles remain in
nearly equal numbers until late times. However, χ2 is not
absolutely stable and decays to χ1 and photons with
energies ω ≤ Δm < 2me through an off-shell mediator.
Since the same couplings control the χ2 decay rate and
freeze-in production, the small couplings required for χ1
and χ2 to saturate the observed DM density naturally lead
to χ2 lifetimes long compared to the age of the Universe,

2The full expression for the cross section for ll → χχ̄ is
proportional to ðRe y−Þ2 þ ðIm yþÞ2 þ ½ðIm y−Þ2 þ ðRe yþÞ2�×
ð1 − 4m2

χ=sÞ. After thermal averaging, the resulting freeze-in
abundance depends mainly on the coupling combination y in
Eq. (21), but for mχ ≳mτ there can be a mild additional
dependence on the specific values of y�.
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so that there is a sizeable population of χ2 decaying
presently. The photons from χ2 decays in our galaxy can
be searched for using instruments sensitive to hard x-rays.
In this section, we compute the χ2 lifetime in the two
scenarios, and we confront the implied photon fluxes with
data from INTEGRAL/SPI in the next.

A. Dark photon mediator

In the case of a dark photon mediator, forΔm < 2me, the
dominant χ2 decay mode is

χ2 → χ1A0� → χ1γγγ; ð23Þ
with the νν̄ channel suppressed by OðG2

Fm
4
e=α4Þ [13]. To

leading order in Δm=mχ , the squared matrix element for
this process is

jMj2χ2→χ13γ
≃
24g02m2

χ

m4
A0

�
Δm2 − k2

k2

�
jMj2A0→3γ; ð24Þ

where k is the four-momentum carried by the virtual dark
photon, and the last term is the spin-averaged squared
matrix element for A0� → 3γ evaluated in the 3γ center-of-
mass frame. To find the χ2 decay rate, this is integrated over
four-body phase space,

Γχ2→χ13γ ¼
1

3!
×
1

2
×

1

2m2

Z
dΦ4ðpχ1 ; k1; k2; k3ÞjMj2χ2→χ13γ

≃
g02mχ

2πm4
A0

Z
Δm2

0

dk2

k2
ðΔm2 − k2Þ

Z
dΦ2ðpχ1 ; kÞ

×
Z

dΦ3ðk1; k2; k3ÞjMj2A0→3γ: ð25Þ

In this expression, dΦn is a Lorentz-invariant n-body
phase-space element which depends on the four-momenta
listed as arguments. pχ1 and k1;2;3 are the four-momenta of
χ1 and the photons, respectively. Putting this all together
gives

Γχ2→χ13γ ≃
g02

2π2m4
A0

Z
Δm2

0

dk2ffiffiffiffiffi
k2

p ðΔm2 − k2Þ3=2ΓA0 ð
ffiffiffiffiffi
k2

p
Þ;

ð26Þ

where ΓA0 ð
ffiffiffiffiffi
k2

p
Þ is the rate for A0 → γγγ with a dark photon

of effective mass
ffiffiffiffiffi
k2

p
. The A0 − 3γ vertex that determines

ΓA0 ð
ffiffiffiffiffi
k2

p
Þ is dominated by an electron loop. The leading

operators at low momenta governing this interaction are
contained in the Heisenberg-Euler effective Lagrangian [52],

LHE ¼ ϵα2

45m4
e
F0
μνð14FνρFρσFσμ − 5FμνFρσFρσÞ: ð27Þ

Using this effective Lagrangian, the leading-order expression
for ΓA0 ðkÞ is [52]

Γ0
A0 ð

ffiffiffiffiffi
k2

p
Þ ¼ 17α4ϵ2ð

ffiffiffiffiffi
k2

p
Þ9

273653π3m8
e

¼ 1

5.9 s

�
ϵ

10−4

�
2
� ffiffiffiffiffi

k2
p

900 keV

�9

:

ð28Þ
Plugging this into Eq. (26) gives3

Γ0
χ2→χ13γ

≃
29

3 × 5 × 7 × 11 × 13

�
g02

4π2

��
Δm
mA0

�
4

Γ0
A0 ðΔmÞ

¼ 1

8.4 × 1023 s

�
ϵg0

10−11

�
2
�

Δm
900 keV

�
13

×
�
30 MeV
mA0

�
4

; ð29Þ

wherewe have normalized the product of the couplings, such
that the present-day χ1;2 densities approximately match the
observed DM abundance. We can see that it is natural to
expect the χ2 lifetime to be much larger than the age of the
Universe so that it is still present (and decaying) today.
Because of the scaling Γ0

χ2 ∝ Δm13, the χ2 lifetime drops
drastically as Δm approaches 2me and can lead to observ-
able signals. However, in this regime, the Heisenberg-Euler
Lagrangian becomes a poor approximation to the A0 − γ −
γ − γ interaction and higher-order terms in the 1=m2

e
expansion must be included. In Ref. [53], the full one-
loop A0 − γ − γ − γ vertex was computed to all orders in
k2=m2

e, and ΓA0 ð
ffiffiffiffiffi
k2

p
Þ was found numerically. In addition,

an analytical expression for the leading six terms as an
expansion in k2=m2

e was provided. Using the analytical
expression in Eq. (26) gives the ratio of the full χ2 decay
rate to the Heisenberg-Euler approximation,

Γχ2→χ13γ

Γ0
χ2→χ13γ

¼ 1þ 335

1071

Δm2

m2
e
þ 128941

1784286

Δm4

m4
e
þ 44787

2959649

Δm6

m6
e
þ 4998597332

1636167958425

Δm8

m8
e

þ 9342501632

15331499758575

Δm10

m10
e

þ 41646501552

468462492623125

Δm12

m12
e

þ � � �

¼ 1þ 0.31
Δm2

m2
e
þ 0.072

Δm4

m4
e
þ 0.015

Δm6

m6
e
þ 0.0031

Δm8

m8
e

þ 6.1 × 10−4
Δm10

m10
e

þ 8.8 × 10−5
Δm12

m12
e

þ � � � : ð30Þ

3This rate has a similar form to the upper bound estimated in Ref. [13] but is a factor of 29=ð3 × 5 × 7 × 11 × 13Þ ¼ 0.034 smaller.
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We plot this ratio in Fig. 2, showing both the full result to
all orders in Δm=me, as well as that from just the leading
six terms here. It can be seen that the enhancement of the
rate compared to the Heisenberg-Euler value for Δm close
to 2me can be substantial; for instance, at Δm ¼ 900 keV it
is larger by a factor of 3.8.

To compare the photon flux from χ2 decays to data, we
need not only the overall rate but also the photon spectrum.
Using the underlying A0� → 3γ spectrum [52], we can
analytically compute the photon spectrum in χ2 decay in
the Heisenberg-Euler limit, finding

dN
dx

¼ 143

1530
x3½ð1 − xÞð137200 − 2377850x − 15834839x2

þ 14321161x3 − 13688639x4 þ 10465561x5

− 5630414x6 þ 1849450x7 − 275450x8Þ
− 11033820x2 log x�; ð31Þ

where 0 < x≡ ω=Δm < 1 for photon energy ω, and we
normalize to

R
1
0 dxðdN=dxÞ ¼ 3. Corrections to this result

coming from higher-order terms in the full one-loop
A0 − 3γ vertex [53] can be computed numerically and depend
on x and Δm independently. The full spectrum is shown in
Fig. 3 for Δm ¼ 500, 900, and 1000 keV along with the
approximate (Δm-independent) spectrum of Eq. (31). The
approximate spectrum is seen to agree to better than 10% near
the maximum even for Δm ¼ 1000 keV.

B. Scalar mediator

The scalar mediator case is similar to that of the vector,
but it leads to a final state in χ2 decay with two photons
instead of three:

χ2 → χ1ϕ
� → χ1γγ: ð32Þ

The χ2 decay rate can be computed in much the same way
as in the vector case. The squared matrix element at leading
order in ðΔm=mχÞ2 is

jMj2χ2→χ12γ
≃
2ðIm y−Þ2m2

χ

m4
ϕ

jMj2ϕ0→2γ; ð33Þ

with y− defined below Eq. (10), and where now the last
factor is the squared matrix element for ϕ� → 2γ.
Factorizing the three-body phase space in the χ2 decay
rate into a product of two-body phase spaces results in

Γχ2→χ12γ ¼
1

2!
×
1

2
×

1

2m2

Z
Δm2

0

dk2

2π

Z
dΦ2ðp;kÞ

×
Z

dΦ2ðk1;k2ÞjMj2χ2→χ12γ

≃
ðImy−Þ2
32π2m4

ϕ

Z
Δm2

0

dk2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2−k2

p

×
Z

dΦ2ðk1;k2ÞjMj2ϕ0→2γ

≃
ðImy−Þ2
8π2m4

ϕ

Z
Δm2

0

dk2k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2−k2

p
Γϕð

ffiffiffiffiffi
k2

p
Þ; ð34Þ

FIG. 2. The ratio of the full χ2 → χ1γγγ decay rates, corre-
sponding to the dark photon mediator (green) and χ2 → χ1γγ
rates, corresponding to the scalar mediator (blue), relative to the
leading expressions in Δm=me as functions of Δm. The solid
lines show the result to all orders in Δm=me, while the dashed
lines show the first six terms in an expansion in ðΔm=meÞ2. In the
scalar mediator (γγ) case, the correction is much smaller and the
series expansion much more quickly convergent, so that it is
difficult to distinguish from the all-orders result.

FIG. 3. The distribution of photon energies in χ2 → χ1 þ Nγ
decays withN ¼ 3, 2 corresponding to the dark photon and scalar
mediated scenarios, respectively, as described in Sec. II. Here, the
photon energy ω is presented in units of the DM mass splitting
Δm. The green (blue) curves show the 3γ (2γ) distributions using
the full one-loop expressions for χ2 decays with Δm ¼ 500, 900,
and 1000 keV (with successively higher peaks). The dashed red
curves show the (Δm-independent) expressions from Eqs. (31)
and (40), which use only the leading terms in the effective
operators for the dark photon’s or leptophillic scalar’s couplings
to three or two photons, respectively.
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where Γϕð
ffiffiffiffiffi
k2

p
Þ is the decay rate of a scalar with invariant

mass
ffiffiffiffiffi
k2

p
to decay to two photons. The ϕ coupling to two

photons occurs through loops of charged leptons. In the
limit that the virtuality carried by ϕ is small compared to
2me, this is captured in the effective Lagrangian

Lϕγγ ¼
X

l¼e;μ;τ

κml

v
×

α

6πml
ϕFμνFμν ≃

ακ

2πv
ϕFμνFμν: ð35Þ

Using this effective Lagrangian, the leading-order scalar
decay rate to two photons is

Γ0
ϕð

ffiffiffiffiffi
k2

p
Þ ¼ κ2α2ð

ffiffiffiffiffi
k2

p
Þ3

16π3v2
¼ 1

0.15 s

�
κ

10−1

�
2
� ffiffiffiffiffi

k2
p

900 keV

�3

:

ð36Þ
With this, Eq. (34) gives

Γ0
χ2→χ12γ

≃
23

3 × 5 × 7

ðIm y−Þ2
4π2

Δm4

m4
ϕ

ΓϕðΔmÞ

≃
1

3.2 × 1023 s

�
κ × Im y−
10−9

�
2
�

Δm
900 keV

�
7

×

�
30 MeV

mϕ

�
4

: ð37Þ

In the latter relation above, this rate is normalized on values
of the couplings that result in χ1 and χ2 making up the
entirety of the dark matter (cf. Fig. 1).
As in the dark photon mediator case, when Δm

approaches 2me there are corrections to the leading order
ϕ� → γγ rate in Eq. (36). The full one-loop scalar rate to a
pair of photons is well known,

Γϕð
ffiffiffiffiffi
k2

p
Þ ¼ κ2α2ð

ffiffiffiffiffi
k2

p
Þ3

16π3v2

����
X

l¼e;μ;τ

2m2
l

k2

�
1þ

�
1 −

4m2
l

k2

��
sin−1

k
2ml

�
2
�����

2

: ð38Þ

Using this rate in Eq. (34), the full one-loop χ2 decay rate can be computed. The ratio of the full rate to the leading rate as a
series in Δm=me is

Γχ2→χ12γ

Γ0
χ2→χ12γ

¼ 1þ 7

270

Δm2

m2
e
þ 3943

1871100

Δm4

m4
e
þ 269

1216215

Δm6

m6
e
þ 63517

2341213875

Δm8

m8
e

þ 821306

221746399875

Δm10

m10
e

þ 11523604

21065907988125

Δm12

m12
e

þ…

¼ 1þ 0.26
Δm2

m2
e
þ 0.0021

Δm4

m4
e
þ 2.2 × 10−4

Δm6

m6
e
þ 2.7 × 10−5

Δm8

m8
e

þ 3.7 × 10−6
Δm10

m10
e

þ 5.5 × 10−7
Δm12

m12
e

þ… ð39Þ

This correction factor for the total χ2 decay rate is shown in
the right panel of Fig. 2. It is a more modest correction than
in the 3γ case (e.g. at Δm ¼ 900 keV the correction is
11%). This is because in the scalar case the dimensionality
of the effective operator connecting the mediator to the
photons is smaller and that μ and τ loops are comparable to
the electron loop.
In this case, the photon spectrum at leading order in

Δm=me is relatively simple,

dN
dx

¼ 280x3ð1 − xÞ3; ð40Þ

where 0 < x≡ ω=Δm < 1 for photon energy ω and we
normalize to

R
1
0 dxðdN=dxÞ ¼ 2. We show this approxi-

mate spectrum in Fig. 3 as well as the full one-loop spectra
for Δm ¼ 500, 900, and 1000 keV including higher order
corrections in Δm=me. The approximate expression in

Eq. (40) can be seen to be a very good approximation
even for Δm ¼ 1000 keV. Moreover, because it involves
fewer photons in the final state, the photon spectrum in this
case is harder than with a vector mediator.

V. INDIRECT DETECTION SIGNAL

The decays of the DM component χ2 → χ1 þ Nγ
described above, where N ¼ 3, 2 in the case of the vector
and scalar mediator, respectively, lead to a potential indirect
detection signal. Observations of the galactic center (GC)
are a promising place to look for DM decay products owing
to the large DM density there. The photons emitted in these
decays have energies 0 < ω < Δm. Since Δm < 2me for
this decay mode to be dominant for either mediator,
instruments sensitive to hard X-rays are the most relevant.
One such instrument is the SPI on the INTEGRAL space
telescope, which is sensitive to photons with energies
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between 30 keV and several MeV and has been recently
used to constrain similar signals from dark photon DM
decays to three photons [54], primordial black hole DM
that undergoes Hawking evaporation to SM states [55], and
light bosonic DM that decays to γγ or eþe− [56].
The flux of photons of energy ω at the location of the

earth from χ2 decays is

dΦ
dω

¼ Γχ2

4πmχ
×
dN
dω

×
1

2
D ¼ Γχ2

4πmχ
×

1

Δm
dN
dx

×
1

2
D; ð41Þ

where we have defined the D-factor as

D≡
Z

dΩ
Z
l.o.s.

ds ρðs;ΩÞ; ð42Þ

which captures the full dependence on the astrophysical
distribution of dark matter along the line-of-sight (l.o.s.), so
the rest of the expression in Eq. (41) depends on the
underlying particle physics. The factor of 1=2 is due to χ2
making up half the total DM density (given the small
couplings that we consider), while dN=dx is the photon
energy distribution in χ2 decays with x ¼ ω=Δm normal-
ized to

R
1
0 dxðdN=dxÞ ¼ N the number of photons

per decay.
We consider 16 years of data from INTEGRAL/SPI over

galactic latitude and longitude −47.5° < l; b < 47.5°
around the galactic center as collected in Ref. [57]. To
compute D, we use a Navarro-Frenk-White profile [58,59]
for DM in our galaxy,

ρNFWðrÞ ¼
ρs

ðr=rsÞð1þ r=rsÞ2
; ð43Þ

with parameters fit to recent GAIA observations [60]: a
scale radius of rs ¼ 15 kpc and a DM density at the
Sun’s position r⊙ ¼ 8.5 kpc from the galactic center of
ρDM;⊙ ¼ 0.3 GeV=cm3. Using Eq. (43) in Eq. (42) yields
D ¼ 0.9 × 1023 GeV=cm2 which is slightly more
conservative than the values used in Refs. [54–56].
Given this value of D, mχ ∼ 1 GeV, and Δm ∼ 1 MeV,
a χ2 decay rate of 10−24 s−1 gives a local photon flux
around 10−5 cm−2 s−1keV−1, which is at the level of the
INTEGRAL/SPI sensitivity.

A. Fits to INTEGRAL/SPI

We compare the predicted photon flux spectrum from
χ2 → χ1Nγ decays to INTEGRAL/SPI [61,62] data in the
energy range 30 keV < ω < 8 MeV [55,57] to extract
upper bounds on the χ2 lifetime within our two mediator
scenarios. We include backgrounds from unresolved point
sources, inverse Compton (IC) scattering, ortho- and para-
positronium decays, and nuclear decays of 7Be, 26Al, 60Fe,
and 22Na allowing the backgrounds to float according to the
parameterizations and priors in Ref. [55]. We perform a

likelihood-based fit of these backgrounds along with the
signal using the 3 ML analysis package [63] with the
Markov Chain Monte Carlo sampler EMCEE [64] to
determine the 95% credible upper limit on the signal
strength. Although the signals we consider only extend
up to energies as large as 2me, higher photon energies are
important in the fit since they can help determine back-
grounds, particularly the contribution from inverse
Compton scattering.
The best-fit background model in the absence of signal

obtained from this procedure is shown along with the
INTEGRAL/SPI data in Fig. 4. The contributions from
each of the backgrounds, together with their 1σ (darker)
and 2σ (lighter) posterior credibility intervals, are dis-
played as well. For comparison, in this figure we also
display the DM signal spectrum for the vector mediator
from χ2 → χ1γγγ (green line) and for the scalar mediator
from χ2 → χ1γγ (blue line), both with Δm¼900 keV
and τχ2mχ ¼ 1023 s GeV.
Since the INTEGRAL/SPI data is well fit by motivated

background models, we can extract limits on the χ2 decay
rate. We show in Fig. 5 our lower limits on the product
τχ2mχ ¼ mχ=Γχ2→χ1Nγ as functions of Δm in both vector
(left) and scalar (right) mediator scenarios. We choose to
report our limits on this combination of quantities, since the
signal strengths are proportional to D × Γχ2→χ1Nγ=mχ ,
while the photon spectra are determined just by Δm.
The left panel of Fig. 5 shows the 95% credible lower

limit on the χ2 decay lifetime (times mass) in the dark
photon mediator model, assuming the χ2 state makes up
half the total DM energy density. The shaded green region
is excluded by our comparison to INTEGRAL/SPI data.

FIG. 4. Bayesian fit of the four diffuse astrophysical background
models with no DM signal, with 1σ (darker) and 2σ (lighter) ranges
shown. The black data points correspond to the INTEGRAL/SPI
observed flux. For comparison, we also show the expected
χ2 → χ1γγγ (green) and χ2 → χ1γγ (blue) signal spectra, fixing
Δm ¼ 900 keV and τχ2mχ ¼ 1023 sGeV in both cases.
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Since in this model the χ2 decay rate depends on the same
combination of couplings, ϵ × g0, as the freeze-in density,
we can also plot lines of τχ2mχ , along which the observed
relic density is obtained for χ1 and χ2 from freeze-in, as
calculated in Sec. III. Contours along which this occurs are
shown in the figure for mχ ¼ 0.1 GeV (solid) and mχ ¼
1 GeV (dashed) with mediator masses mA0 ¼ 10 MeV
(dark blue) and 50 MeV (orange).
The corresponding limits in the leptophilic scalar model

are shown in the right panel of Fig. 5. The blue shaded region
is excluded at the 95% credible interval from our comparison
to INTEGRAL/SPI data, assuming χ2 makes up half the
observed dark matter density. In this model, the connection
between the decay rate and the freeze-in relic density of χ2 is
not as direct, since the former depends on Im y− and the
latter primarily on y2 ¼ jyþj2 þ jy−j2. To draw contours that
illustrate where χ1;2 make up all of the DM, we use the
benchmark Re y− ¼ Im y− ¼ Re yþ ¼ Im yþ. The con-
tours calculated with this choice are shown in the figure
for mχ ¼ 0.1 GeV (solid) and mχ ¼ 1 GeV (dashed) with
mediator masses mϕ ¼ 50 MeV (dark blue) and 75 MeV
(orange).

B. Comparison to other experiments

It is interesting to compare the limits on the two
scenarios that we have derived from astrophysics obser-
vations to terrestrial searches for dark photons or lepto-
philic scalars. To do so, we assume that χ1 and χ2 make up
the dark matter and plot our astrophysics exclusions in the
plane of the mediator’s coupling to the SM versus its mass.
For fixed Δm and mχ , the χ2 decay lifetime is proportional
to the fourth power of the mediator mass. A lower limit on

τχ2 can therefore be interpreted as a lower bound on mA0

or mϕ.
In Fig. 6, we show our limits in the dark photon mediator

scenario in the ϵ versus mA0 plane. We implicitly choose
g0 everywhere such that ϵ × g0 produces the correct freeze-
in relic density for χ1 and χ2 when mχ > 2mA0 . In the left
panel, we fix Δm to 900 keV, and the shaded region
indicates the excluded values of mA0 and ϵ. The colors
indicate the largest value of mχ for which that exclusion
holds. As expected, smaller DM masses lead to larger
fluxes and correspondingly larger regions ofmA0 that can be
probed. In the right panel, we have fixed mχ ¼ 0.3 GeV,
and the colors in the exclusion region indicate the smallest
value of Δm where that exclusion holds. In this case, larger
mA0 leads to smaller rates and means that only larger values
of Δm can be accessed.
The gray shaded regions in both panels of Fig. 6 show

existing direct exclusions of visibly decaying dark photons
from beam dumps [65–75] and collider experiments
[76–79] obtained using DARKCAST [47]. Since we only
consider mA0 < 2mχ, searches for visibly decaying dark
photons are relevant here. We emphasize that the limits that
we have obtained based on inelastic DM decay using x-ray
data from the GC can rule out part of the difficult-to-access
region of parameter space between collider and beam dump
constraints. Let us also point out that throughout the
excluded region, we have eϵ ≫ g0 [via Eq. (19)]; relaxing
this assumption does not generate any additional dark
photon exclusions.
In Fig. 7, we translate our limits from indirect detection

for the leptophilic scalar mediator model into the κ versus
mϕ plane. Everywhere in this plot, we adjust y so that

FIG. 5. 95% credible lower limits on τχ2mχ as a function of Δm using 16 years of INTEGRAL/SPI data in the dark photon mediator
(left) and leptophilic scalar mediator (right) models. This combination of quantities is independent of the DM mass mχ . Also plotted are
curves that show the expected values of τχ2mχ , assuming that the freeze-in of χ1;2 makes up the entirety of the DM. In the leptophilic
scalar mediator plot, we fix Re y− ¼ Im y− ¼ Re yþ ¼ Im yþ.
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κ × y is the correct value for freeze-in to produce the full
DM abundance for χ1;2. We also assume Re y− ¼ Im y− ¼
Re yþ ¼ Im yþ. As above, the left panel shows the
excluded region, with Δm ¼ 900 keV and the colors
indicating the largest value of mϕ for which the exclusion
applies. The right panel is the same, with mχ ¼ 0.3 GeV
held fixed and the colors now indicating the smallest
Δm values where the exclusion holds.
The gray shaded areas in Fig. 7 show the limits from

terrestrial searches for a leptophilic scalar at B factories
[80,81] and beam dumps [68,70]. As in the dark photon
case, the region of parameter space that we probe with

INTEGRAL/SPI data lies in the challenging region
between the two classes of searches. We also note that
throughout the excluded region, we have y ≪ κmτ=v.
As an aside, we note that one might be concerned that

limits on the baryon temperature after the cosmic dark ages
from the observation of a 21 cm hydrogen line [82–84]
could provide stronger constraints than the indirect-detec-
tion signals we have explored in both the dark photon and
leptophilic scalar scenarios. However, accounting for the
lower dark matter number density for fixed energy injection
in these models weakens the 21 cm limits so that they
become subleading to those from INTEGRAL.

FIG. 6. Regions of the dark photon kinetic mixing versus mass parameter space excluded by INTEGRAL/SPI data at the 95% C.L.
(colored regions). In the left panel, the mass splitting is fixed to Δm ¼ 900 keV, while the colors indicate the largest value of mχ where
that value ofmA0 and ϵ is excluded. In the right panel, the DM mass is fixed to mχ ¼ 0.3 GeV, and the colors indicate the smallest value
of Δm where the exclusion holds. Everywhere in these plots, g0 is chosen such that ϵ × g0 yields the observed relic density for χ1;2 from
freeze-in. The gray shaded regions are existing constraints from laboratory searches for visibly decaying dark photons.

FIG. 7. 95% C.L. exclusions using INTEGRAL/SPI data (colored regions) in the plane of the leptophilic scalar’s coupling to the SM κ in
Eq. (11) and its mass mϕ, along with existing constraints (gray) from direct laboratory searches for the scalar mediator. In the left panel,
Δm is fixed to 900 keV, and the colors show the largest value ofmχ for which the exclusion applies. In the right panel, we fixmχ ¼ 0.3 GeV,
and the colors indicate the smallest value ofΔmwhere the exclusion holds. The value of Im y− is chosen so that κ × y (cf. Fig. 1) is such that
the freeze-in density of χ1;2 accounts for the entirety of the DM everywhere in these two plots, assuming Re y− ¼ Im y− ¼ Re yþ ¼ Im yþ.

X-RAYS FROM INELASTIC DARK MATTER FREEZE-IN PHYS. REV. D 112, 115039 (2025)

115039-11



VI. CONCLUSIONS AND OUTLOOK

We have studied inelastic DM produced through freeze-
in in the regime of a very small mass splitting, Δm < 2me.
In this case, the heavier DM state, χ2, makes up half of the
total DM density and decays to the lighter state, χ1, and
photons with a lifetime much longer than the age of the
Universe. We consider two benchmark scenarios, one
involving a vector mediator and the other a scalar, leading
to decays of the heavy state to three or two photons,
respectively. While our starting point was a very simple
dark sector model involving DM charged under a Uð1Þ0, a
small splitting between DM states and all of the resulting
phenomenology was a natural consequence of a small
breaking of the Uð1Þ0. Our work highlights the fact that
very simple DM models can lead to nontrivial structure
which should be taken into account when identifying
experimental probes. Although, for definiteness, we
focused on the case of pseudo-Dirac DM, other possibilities
such as complex scalar DM (see, e.g., Refs. [13,24,33]) or
DM in a strongly coupled sector (see, e.g., Refs. [85,86])
could also lead to inelastic DM and related signals.
We have focused on the case of freeze-in through a light

mediator, since it leads to an abundance that is relatively
insensitive to initial conditions, as well as a χ2 decay rate that
is tied to the observed DM density. The benchmark models
that we have considered allow for decays with two or three
photons in the final state. While similar, the bounds on these
models differ at the Oð1Þ level. While we have not studied
them in detail, it is possible that other models of inelastic
DM, such as dipole DM [87–92], could lead to interesting
related signals such as monochromatic photon lines.
Fitting the DM decay signals of the heavy state’s decay

to Galactic Center photon observations from INTEGRAL/
SPI probes otherwise unconstrained regions of parameter
space in these models. Interestingly, the region of DM
mediator parameter space covered by the indirect detection
constraints are the notoriously hard-to-target areas where
the mediator is too weakly coupled to the SM to be
produced in colliders but too strongly coupled to undergo

a displaced decay at a beam dump experiment [7]. Future
telescopes sensitive to hard x-rays, such as AMEGO [93],
COSI [94,95], and others [96], could improve the sensi-
tivity to photon fluxes from the Galactic Center by an order
of magnitude or more, improving the limits we have
derived or even discovering inelastic DM with a splitting
less than 2me. In the case of AMEGO [93], an improve-
ment on the sensitivity to x-ray lines with energy
500–1000 keV over INTEGRAL/SPI by a factor of ∼20
in the photon flux is projected. Such an improvement in
sensitivity to signals that we have discussed, if astrophysi-
cal backgrounds can be kept under control, would improve
the reach on the mediator mass by a factor of around 2.
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