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Light dark matter (DM) [mass ≲Oð100Þ keV] remains challenging to detect in several ongoing indirect
detection experiments due to threshold limitations. Recent observations of diffuse x-ray photons from the
NuSTAR stray-light (SL) data provide a powerful avenue to probe such light DM through its decay
signatures in the galactic halo. This work explores the indirect detection prospects of decaying electrophilic
scalar DM, electrophilic and photophilic axionlike particle DM, and dark photon DM using the recent
NuSTAR SL data. We find that for DM scenarios producing monochromatic two-photon signals, NuSTAR
SL data can yield the strongest indirect detection bound in the 7–36 keV mass range. In contrast, for dark
photon (vector) DM featuring a continuous three-photon spectrum, the strongest indirect detection upper
bound arises in the 22–65 keV mass range. Additionally, we discuss the detection prospects of inelastic DM
where the heavier DM decays to a two or three-photon final state along with a massive lighter dark sector
particle. By comparing the resulting continuous photon spectra with the NuSTAR SL data, we obtain the
most stringent lower bound on the lifetime of such DM for the mass splitting Δm in the range 3 keV–
100 keV.
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I. INTRODUCTION

A wide range of astrophysical and cosmological obser-
vations at different scales provide compelling evidence for
the existence of dark matter (DM), a nonluminous and
nonbaryonic component that constitutes nearly 85% of the
matter content of the Universe [1–4]. The existence of cold
dark matter is also crucial from the perspective of large-
scale structure formation [4]. Despite its overwhelming
abundance, the particle nature of DM remains one of the
most pressing open questions in particle physics. The
absence of any viable dark matter candidate within the
Standard Model strongly points towards the existence of
new physics beyond it, motivating extensive theoretical and
experimental efforts to uncover its origin and properties
[5–7]. The weakly interacting massive particle (WIMP) has

been the most studied DM model featuring a thermal DM
with mass GeV–TeVand interaction strength of the order of
weak interactions [8,9]. The possible connection between
DM and the visible sector to achieve the observed relic
density in the early Universe has motivated the community
to trace the same interaction in the present day to unravel
the particle DM. Over the past decade, the DM sector has
been extensively investigated through a complementary trio
of approaches; collider searches [10–12], direct detection
[13–16], and indirect detection [17,18].
Among these, indirect detection of dark matter is

particularly compelling, as it looks for observable signals
arising from DM pair annihilation or decay to SM particles
in the galaxy or dense astrophysical objects [17,18]. The
usual methodology of indirect search is to look for any
possible excess in the cosmic ray (electron, proton, quarks,
photon, or neutrino) over the expected background, often
estimated through some power law scaling, and the null
observation of beyond-the-Standard Model (BSM) signal
leads to constraints on the respective interaction channel.
Thus, indirect detection offers a unique window into the
very interactions that shaped the dark matter relic abun-
dance in the early Universe. Electroweak (EW) scale DM
annihilating/decaying to heavy SM quarks (e.g., bb̄),
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charged leptons, vector bosons, or high energy photons are
already constrained from the observations of telescopes like
Fermi-LAT [19], AMS [20,21], HESS [22]. Indirect
searches of DM with high-energy neutrino final states
have also constrained such scenarios using the multiton
neutrino detector like Super Kamiokande [23], IceCube
[24], etc.
Despite heroic efforts to detect dark matter, the persistent

null results from both direct and indirect searches have
cornered the electroweak-scale DM [7]. As a consequence,
the keV-sub GeV mass range of DM has drawn great
attention from both theorists and experimentalists in recent
years [25–27]. Particularly for indirect detection, the
number density of DM becomes higher for lighter masses,
thereby enhancing the possibility of any BSM signal.
However, searches in this regime face a key challenge;
the finite detection thresholds of experimental setups,
which limit their sensitivity to light DM. For annihilating
or decaying DM with mass in the sub-MeV range, the
visible product particles are expected to carry energy of
roughly the same order or smaller. Hence, for such keV-
scale DM, the only accessible SM final states are neutrinos
and photons in the x-ray energy range. This poses a unique
challenge for ground-based multiton neutrino detectors
[28], including IceCube [24], and also for space based
experiment like Fermi-LAT [19]. Experiments such as
INTEGRAL [29,30], COMPTEL [31] offer sensitivity at
lower energies, enabling them to probe decaying DM with
mass down to ∼MeV; however, the sub-MeV regime
remains largely elusive. This stalemate can be disentangled
with telescopes such as the Nuclear Spectroscopic
Telescope Array (NuSTAR) telescope [32] with sensitivity
down to Oð10Þ keV energy and large effective area which
makes it highly sensitive to photons with sub-MeV
energies. Thus, NuSTAR can serve as an ideal indirect
probe for keV-scale DM which stands as the key focus of
this work.
NuSTAR is a space based hard x-ray observatory

launched by National Aeronautics and Space
Administration (NASA) in 2012 that conducts observations
in the energy range 3–79 keV [32]. An important feature of
the NuSTAR telescope is the presence of a stray light (SL)
aperture, an opening between the different optics and
detectors of the telescope that allows unfocused photons,
which are several degrees off-axis, to reach the detector.
Although initially considered a contaminant, this SL
component has proven to be an extremely valuable probe
of the diffuse x-ray background. In this work, we use the SL
data of NuSTAR, collected during its 11 years of operation,
to search for linelike and continuum x-ray signals origi-
nating from the decay of a light DM (mass ∼few keV).
Previously, the same data have been used to set constraints
on annihilating DM [33] as well as sterile neutrino DM
[34]. In this work, we consider a series of well-motivated
models in which a keV mass DM has an effective coupling

with photons and can thus decay to two or more photons,
giving rise to observable signals. Specifically for the
following DM models—electrophilic scalar DM, electro-
philic and photophilic axionlike particle (ALP) DM, dark
photon DM—we find that the NuSTAR SL data place the
strongest indirect constraint in the keV mass range. On the
other hand, for the inelastic fermion DM model, the DM
decays to another dark sector particle (with a smaller mass)
along with photons. Using the NuSTAR stray light data, we
derive upper bounds on the lifetime of such DM candidates
with mass splitting down to ∼keV, improving upon
existing indirect detection bounds. The strength of these
constraints highlights the potential of NuSTAR stray light
observations as a compelling probe of light dark matter in
this mass range, which is the primary focus of this work.
This paper is organized as follows. Section II contains

the detailed discussion about the expected DM signal and
the relevant statistical analysis used to set the limit for a
generic DM model. In Sec. III we discuss the expected DM
signal from earlier mentioned specific DM models one by
one and display the constraints for each model obtained
from our analysis. Finally, we conclude in Sec. IV.

II. SEARCHING FOR DARK MATTER DECAY
SIGNATURES IN NUSTAR STRAY LIGHT DATA

In this section, we describe our strategy to search for
signatures of decaying dark matter in the NuSTAR SL data.
We begin by outlining the expected photon signal from
dark matter decay, followed by a description of the
NuSTAR SL observations and their suitability for probing
diffuse x-ray emission. We then discuss the signal and
background components along with the statistical frame-
work used.

A. Dark matter decay signal

Light DM in the keV mass range with couplings to SM
particles can generically couple to photons either at tree
level or at one-loop level. Such a coupling can result in the
decay of DM to two or more photons. Such decays give rise
to observable x-ray signatures. Depending on the number
of final state particles, the resulting spectrum can be either
monochromatic with the photon energy Eγ ≃mDM=2 for a
two-body final state, or a continuumlike spectrum for a
multibody final state.
Such decays occur both within the Milky Way halo and

throughout the Universe, giving rise to Galactic and
extragalactic contributions to the observed photon flux.
The extragalactic component is approximately isotropic
and is redshifted, leading to a smooth continuum spectrum.
In contrast, the Galactic contribution is not subject to
redshift and thus preserves spectral features such as sharp
lines. The Galactic signal is determined by the dark matter
distribution in the Milky Way and scales linearly with the
density along the line of sight. Consequently, the resulting
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photon flux is spatially extended and approximately iso-
tropic at high Galactic latitudes. Moreover, due to the
higher dark matter density in the Galactic halo, the Galactic
contribution is typically enhanced relative to the isotropic
extragalactic component. This makes it well-suited for
searches using wide-field x-ray observations.
Assuming a fixed profile for the Milky Way DM halo,

the expected differential photon flux from DM decay is
given by

dΦγ

dEγ
¼ 1

4π

ΓDM

mDM

dN
dEγ

�
dDDM

dΩ

�
cm−2 s−1 sr−1 keV−1; ð1Þ

where ΓDM is the DM decay width, related to the lifetime as
τ−1DM ¼ ΓDM, mDM is the DM mass. dN=dEγ is the photon
spectrum per decay, and hdDDM=dΩi represents the
stacked differential dark matter column density for the
given profile. In this work we use the value of
hdDDM=dΩi ¼ 5.32 GeVcm−3 kpc sr−1 as tabulated in
[34] considering an Navarro-Frenk-White profile as given
in [35]. It is worth highlighting that the particle physics
information of the decaying DM across various DMmodels
is encoded in dN=dEγ.

B. Statistical analysis

In this work, we utilize the NuSTAR SL spectral data in
the 3–18 keV energy range, constructed and analyzed in
Refs. [33,34], based on ∼11 years of observations with the
NuSTAR telescope. The SL dataset combines observations
from both FPMA and FPMB modules of the NuSTAR
telescope. After applying data selection, cleaning, and
masking procedures to remove contaminated observations
and focused x-ray contributions, the final dataset corre-
sponds to a total effective exposure of tobs ≃ 234 Ms. To
suppress contamination from Galactic ridge x-ray emission,
only observations with Galactic latitude jbj > 3° were
retained, resulting in a dataset dominated by diffuse
emission. A key quantity characterizing the sensitivity of
the SL observations is the grasp, defined as the product of
the effective detector area and the solid angle subtended by
the field of view. In the SL configuration, the effective area
is determined by the geometrical size of the detector, while
the field of view extends over several square degrees. After
accounting for detector masking and data cleaning, the
effective grasp is G ≃ 40 cm2 deg2 per module, correspond-
ing to a combined grasp of G ≃ 80 cm2 deg2 for FPMA and
FPMB [33,34].
The detector counts in the SL mode originate from the

two components; (i) a nearly uniform instrumental back-
ground, and (ii) the diffuse x-ray photons entering through
the open sky region [33]. The latter is the astrophysical
signal of interest. In Refs. [33,34], these two components
have been statistically separated, allowing for the
reconstruction of the diffuse x-ray spectrum in the energy

range 3–18 keV. In our analysis, we use the diffuse x-ray
spectrum obtained from the stacked SL data for jbj > 3°
obtained in Ref. [33]. The diffuse x-ray spectrum itself
consists of two components; x-rays originating from the
Sun and the cosmic x-ray background, as discussed in
[33,34]. A potential signal from galactic DM decay would
contribute an additional diffuse component to this spec-
trum. Given the large angular acceptance of the SL mode,
the expected signal from Galactic dark matter decay is
spatially extended and approximately uniform across the
detector for the selected high-latitude observations. Its
spectral shape, either linelike or continuum depending
on the decay channel, distinguishes it from the smooth
astrophysical background.
In our analysis, we adopt a conservative approach by

treating the stacked diffuse x-ray spectrum from the SL data
as the background and search for any excess that is
consistent with the predicted dark matter signal. To derive
the constraints on the DM parameters, we use a signal-to-
noise ratio (SNR) based test statistic. The stacked diffuse x-
ray intensity in the ith energy bin, multiplied with the grasp
G, the total observation time tobs, and the bin width for
which we use a conservative value of ΔE, is treated as the
background Bi. For a given DM model, the expected signal
counts in the ith bin are given by

Si ¼
dΦγ

dEγ
ðEiÞ × G × EtotðEiÞ × tobs × ΔE; ð2Þ

where dΦγ

dEγ
ðEiÞ is the predicted differential photon flux,

given in Eq. (1), evaluated at the central energy Ei of the ith
bin. We use the combined grasp of G ¼ 80 cm2 deg2 and
fold it with the energy dependent efficiency of the focal
plane detectors EtotðEiÞ evaluated at Ei, an integrated
observation time of tobs ¼ 234 Ms, and an average
conservative bin width of ΔE ¼ 0.1 keV in our analysis
[32]. Following [33,34] we have computed EtotðEÞ by
directly using the DETABS and the BEABSPAR calibration
files from the NuSTAR Calibration Database (CALDB).
There are two DETABS files for the two focal plane
modules (FPMs) FPMA and FPMB, which tabulate the
energy-dependent absorption efficiency of the detector
surface layer for each of the four CdZnTe detectors on
each FPM. We average the DETABS curves over all eight
detectors (four each on FPMA and FPMB) to get the
EdetðEÞ. The BEABSPAR file, common to both focal plane
modules, tabulates the transmission of the Be entrance
window as a function of energy EBeðEÞ. The detector
efficiency is then obtained as

EtotðEÞ ¼ EdetðEÞ × EBeðEÞ: ð3Þ

With this the corresponding signal-to-noise ratio is then
defined as
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SNR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

S2i
Bi

s
; ð4Þ

where the sum runs over all energy bins. This statistical
method provides a simple and robust estimate of the
significance of a potential signal excess in the back-
ground-dominated regime. We derive upper bounds on
the DM model parameters by requiring that the predicted
signal does not exceed SNR ¼ 3, following the Asimov
approximation of the profile likelihood ratio test statis-
tic [36].

III. CONSTRAINTS ON DECAYING
DARK MATTER

Having discussed the NuSTAR SL data and the analysis
procedure to search for DM decay signals, in this section,
we study several well-motivated decaying light (mass
∼few keV) DM models, where the DM either decays to
photons directly or via one loop, and set upper bounds on
the DM couplings to SM particles from the NuSTAR SL
data. Throughout the rest of this section, we assume those
DM candidates comprise 100% of the total observed DM
density (unless mentioned otherwise) without delving into
the analysis of their production mechanism. We now
introduce such minimal models one by one.

A. Scalar dark matter

A spin-0 scalar particle is one of the simplest and well-
motivated DM candidates that appears in minimal exten-
sions of the SM [37–39]. Such DM particles are also well-
explored from the perspective of their detectability in
current direct and indirect search experiments [37,40,41].
Scalar DM can have a variety of couplings with SM
particles. Here, we consider a real scalar DM coupled only
to electrons and described by the effective Lagrangian,

Lϕ ⊃
1

2
ð∂μϕÞð∂μϕÞ −

1

2
m2

ϕϕ
2 − e0eϕēe; ð5Þ

where mϕ and e0e are the DM mass and the effective
coupling with electron (e), respectively. Such coupling can
be generated easily in a UV realization of an extended SM
sector featuring two scalar doublets and one scalar singlet
[42]. However, in this work, we refrain from any kind of
UV completion. Also, throughout this analysis, we remain
agnostic about the DM production mechanisms and assume
the concerned DM candidate to constitute the total DM
relic density.
In this model, although there is no tree level coupling to

photons, an effective coupling to two photons can be
generated at one loop through the electron triangle diagram,
which can lead to the scalar DM decaying to two photons,
thereby producing an observable signal. The loop-induced
decay width is given by [38]

Γϕ→γγ ¼
α2EMm

3
ϕ

256π3

�
e0e
me

F1=2ðxeÞ
�

2

; ð6Þ

where, αEM is the fine structure constant and xe ¼ 4m2
e

m2
ϕ
. In

this work, we consider mϕ ∼ few keV ≪ me. Thus, in our
region of interest xl > 1 and F1=2ðxeÞ is given as [38]

F1=2ðxeÞ ¼ −2xe
�
1þ ð1 − xeÞsin−2

�
1ffiffiffiffiffi
xe

p
��

: ð7Þ

Given the decay width, we calculate the expected photon
signal using Eq. (1) with dN=dEγ ¼ 2δðEγ −mϕ=2Þ.1 The
expected signal photon spectra from the decay of scalar
DM to two photons via an electron loop for a fixed
coupling e0e ¼ 10−18 are displayed for two benchmark
masses; mϕ ¼ 20 keV (blue solid line) and for mϕ ¼
30 keV (red solid line) in Fig. 1. Note that both of the
decay spectra are peaked at mϕ=2 as expected from the
kinematics. For a lower value of mϕ, the amplitude of the
photon spectra decreases due to the mass suppression of the
decay width. The observed NuSTAR spectra are also
shown for comparison, depicted by a black dashed line.
Using this expected photon signal, we compute the upper

bound on the DM coupling (to electrons) from the NuSTAR
SL data, as a function of DM mass using the procedure
mentioned in Sec. II, and it is shown in Fig. 2 in the mϕ −
e0e plane by the red dashed line. As expected, the limit
becomes weaker at low mϕ due to the decreased signal
event rate as shown earlier in Fig. 1. The sharp decrease in
the limit at mϕ ∼ 6 keV is due to the fact that the minimum
observed energy of the SL photon is ∼3 keV, which can
only arise from a scalar DM of mass ∼6 keV. In the same
plane, we also display existing indirect search limits from
Ref. [39], combining XMM-Newton [43] and previous
NuSTAR M31 data [44] shown by the gray shaded region.
CMB constraint on the electromagnetic decay of scalar DM
using Planck PR4 data [39] has been indicated by the teal
blue shaded region. The indirect search limit from
INTEGRAL [45] starts to dominate for mϕ ≳ 100 keV,
and hence, we do not show it here. On the other hand,
astrophysical constraints like stellar cooling limit exclude
e0e ≳ 10−15 and mϕ ≲ 10 keV [46]. Despite all the stringent
constraints, we find that NuSTAR SL data can explore
previously unexcluded parameter space and provide the
strongest limit for 5 keV≲mϕ ≲ 35 keV.

1To account for the finite detector resolution, we model the
delta function as a Gaussian centered at mDM=2 with
σ ¼ FWHM=2

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
. For the full width at half maximum

(FWHM) we use a conservative value of 400 eV [32].
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B. ALP (pseudoscalar) dark matter

Axion is a spin-0 pseudoscalar particle that originates as
a pseudo-Nabu-Goldstone boson (pNGB) of a spontane-
ously broken globalUð1Þ symmetry [also known as Peccei-
Quinn (PQ) symmetry] in the Peccei-Quinn solution to the
strong CP problem in QCD [47–50]. The axion exhibits a
unique feature where its mass is inversely proportional to
the Uð1Þ symmetry breaking scale and thus attracts severe
constraints on the DM parameter space [51,52]. However,
ALP represents a generic pNGB realized in various BSM
scenarios with Uð1Þ symmetries broken at some scale
higher than the EW scale and not limited to the strong CP
aspect [51,53,54]. Generically ALPs can have masses
ranging from a few eV to several GeV and can have
extremely feeble but nonzero couplings to SM quarks,

leptons as well as gauge bosons [41,55]. Consequently,
ALPs are also one of the most promising and extensively
studied DM candidates [51,52,56–58]. In this section, we
analyze the detection prospects of aOðkeVÞmass ALP DM
decaying to two photons using NuSTAR SL data.
We consider the following two EFT scenarios for the

ALP DM; (1) photophilic ALP DM: ALP has coupling to
photon only, and (2) electrophilic ALP DM (ALP has
coupling to electron only). We discuss them separately in
the following two subsections.

1. Photophilic ALP dark matter

We consider an ALP (a) with mass ma described by the
effective Lagrangian,

LALP ¼
1

2
∂μa∂μa −

1

2
m2

aa2 þ
gaγγ
4

aFμνF̃μν: ð8Þ

Here, Fμν corresponds to the photon field tensor and gaγγ
represents the ALP-photon effective coupling. We do not
assume any other SM coupling of this ALP in the effective
field theory framework. Given the coupling to photons, the
ALP can decay to two photons and the corresponding
decay width of a is given by

Γa→γγ ¼ m3
a
g2aγγ
64π

; ð9Þ

with the energy of the produced photon being Eγ ¼ ma=2.
If ma ∼ few keV, the produced photons from the decay of
ALP DM will contribute to the NuSTAR SL data.
Just like the scalar DM case, the differential photon flux

is obtained by substituting the decay width of Eq. (9) in
Eq. (1) with dN=dEγ ¼ 2δðEγ −mϕ=2Þ. The resulting
differential photon flux is shown in Fig. 3 for two different

FIG. 1. Expected signal photon spectrum from the scalar DM
decay as a function of the energy of the emitted photon for mϕ ¼
20 keV (blue solid line) and for mϕ ¼ 30 keV (red solid line)
with e0e ¼ 10−18. The observed NuSTAR data is shown by the
black dashed line.

FIG. 2. Upper bound on the scalar DM-electron coupling ðe0eÞ
as a function of DM mass mϕ (red dashed) from the NuSTAR SL
data, derived from loop-induced two-photon decay signatures.
Existing constraints from other indirect searches [43,44] and from
electromagnetic decay of scalar DM using Planck PR4 data [39]
are shown by the gray and teal shaded regions, respectively.

FIG. 3. Expected signal photon spectrum from the decay of the
ALP DM as a function of the photon energy for ma ¼ 20 keV
(blue solid line) and for ma ¼ 30 keV (red solid line) with
gaγγ ¼ 10−17 GeV−1. The observed NuSTAR data is shown by
the black dashed line.
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ALP masses i.e., ma ¼ 20 keV (blue solid line) and ma ¼
30 keV (red solid line), with a fixed photon coupling
gaγγ ¼ 10−17 GeV−1. Also shown is the NuSTAR SL
spectra (black dashed line) for comparison. The shape of
the signal spectra and its change with ALP DMmass can be
understood analogously to our previous discussion in the
context of scalar DM (see Fig. 1 and its discussion).
Given the photon flux, we follow the procedure dis-

cussed in Sec. II and calculate the upper bound from
NuSTAR SL data on gaγγ and it is shown in Fig. 4 in the
ma − gaγγ plane by the red dashed line. As expected from
our previous discussion, the limit on gaγγ decreases with a
decrease in ma featuring a sharp cutoff at ma ∼ 6 keV. For
comparison, we also show the existing direct search limits
from XMM-Newton (blue shaded region) [43], previous
NuSTAR M31 data (magenta shaded region) [44], and
other x-ray searches (gray shaded region) [59]. We find
that, in some mass ranges the NuSTAR stray light can
provide almost a factor ∼2 stronger limit than existing
searches. A recent search using eROSITA observation of
the Large Magellanic Cloud sets the strongest limit on gaγγ
for 2 keV≲ma ≲ 5 keV [60] complementary to our region
of interest.

2. Electrophilic ALP dark matter

Alternatively, another popular scenario is an ALP DM
candidate that couples only with electrons given by the
following effective Lagrangian [61],

LALP ¼
1

2
∂μa∂μa −

1

2
m2

aa2 −
gaee
2me

∂μaēγμγ5e: ð10Þ

If such an ALP is light with ma < 2me, it can not decay to
electrons, thereby seemingly making it challenging to

detect. However, given a coupling with electron only, an
effective ALP-photon coupling can be generated at one
loop (through an e triangle diagram) which is given by
[41,55]

gloopaγγ ¼ αgaee
πme

ð1 − τf2ðτÞÞ; where ð11Þ

fðτÞ ¼ sin−1
�

1ffiffiffi
τ

p
�

for τ ≥ 1; ð12Þ

with τ ¼ 4m2
e=m2

a. This induced photon coupling can
trigger the decay of light electrophilic ALP DM to two
photons. Thus, the electrophilic ALP DM will eventually
lead to a two-photon signature which can enable us to
search for it in the same methodology prescribed earlier.
We follow the same procedure as the photophilic case to

extract the upper bound on gaee from NuSTAR SL data and
it is shown in Fig. 5 in the ma − gaee plane. As existing
constraints, we portray the direct search limit from
XENON1t and XENONnT (purple and blue shaded
regions) [15,16] and from previous x-ray and gamma ray
searches (gray shaded region) [41]. We find that in the keV
mass range, the upper bound derived from the NuSTAR SL
data can be orders of magnitude stronger than existing
direct detection limits and surpasses previous astrophysical
constraints on ALP DM by a significant margin.

C. Vector dark matter

Light vector bosons arise in many well-motivated BSM
scenarios [62,63] and have been extensively studied as cold
DM candidate [61,64–67]. In this section, we analyze the
indirect detection prospect of keV-scale vector DM. As an
example, we consider the popular dark photon (DP) DM
with kinetic mixing with the SM photon. However, our

FIG. 4. Upper bound on ALP-photon coupling (gaγγ) from
NuSTAR SL data (red dashed line) with respect to the DM mass
ma. Existing constraints from other indirect searches like XMM-
Newton (blue shaded region) [43], previous NuSTAR M31 data
(magenta shaded region) [44] and other x-ray searches (gray
shaded region) [59] are also showcased with different colors.

FIG. 5. Upper bound on ALP-electron coupling (gaee) from
NuSTAR SL data (red dashed line) as a function of the DM mass
ma. Existing constraints from direct searches like XENONnT
(blue shaded region) [15] and XENON1t (purple shaded region)
[16] and from previous x-ray and gamma-ray searches (gray
shaded region) [41] are also shown for comparison.
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results can be easily translated to other “electrophilic”
vector bosons as well. We consider the Lagrangian,

LDP ¼ þ 1

2
m2

A0A0μA0
μ −

1

4
F0μνF0

μν −
ϵ

2
F0μνFμν; ð13Þ

where A0 is the dark photon with corresponding field
strength tensor F0μν and mass mA0 . On the other hand,
the usual SM photon field strength tensor is denoted as Fμν

and ϵ is the kinetic mixing strength. Because of this mixing,
DP DM can couple to the SM fermions with an effective
coupling ϵαEM, with αEM being the electromagnetic fine
structure constant. If the DP DM is sufficiently heavy, then
it can decay to SM fermions, for example electron-positron
pair if mA0 > 2me, which can produce observable signals,
thus providing a robust indirect signature.
However, if mA0 ≪ 2me then indirect detection of DP

DM becomes more complicated since it can not decay to
fermions. Furthermore, the decay to two photons via
fermion loops is also forbidden due to the spin angular
moment argument [68,69]. In this mass regime, the only
visible signature possible is the trident decay of DP,
A0 → 3γ, through the quadrilateral loop of SM fermions
[61,70]. Using this trident decay, INTEGRAL was able to
constrain the kinetic mixing ϵ for mA0 ≳ 60 keV [70]. We
demonstrate that NuSTAR, with its operating range span-
ning 6–30 keV, can serve as an ideal probe of such DPDM
and complement the INTEGRAL bound in the low-mass
regime.
The DP DM trident decay width in the limit mA0 ≪ 2me

is given by [61,70]

ΓA0→γγγ ¼ 1 sec−1 ×

�
ϵ

0.003

�
2

×

�
mA0

me

�
9

ð14Þ

and the corresponding spectrum of the produced photons
from this decay is given by

�
dNγ

dEγ

�
A0→3γ

¼ 2x3

17mA0

�
1715 − 3105xþ 2919

2
x2
�
; ð15Þ

where x ¼ 2Eγ=mA0 ð0 < x < 1Þ and Eγ is the photon
energy. Note that the spectrum of the produced photons
in the case of the trident decay is significantly different
from that of the two-photon decay. The two-photon decay
spectrum is a delta function centered at Eγ ¼ mDM=2 and
while the photon spectrum from the trident decay of DP
DM exhibits a continuous distribution.
Given the decay width and the photon spectrum, we

calculate the flux of photons from DP DM decays in the
galaxy following Eq. (1), and the resulting flux is shown in
Fig. 6 for two different DP DMmasses and kinetic mixings,
viz., mA0 ¼ 20 keV with ϵ ¼ 10−9 (blue solid line) and
with mA0 ¼ 30 keV with ϵ ¼ 10−10 (red solid line. The
sharp cut off in the signal spectra at Eγ ¼ mA0=2 is reflected

from the kinematics of the three-photon decay [70]. For
comparison, the observed NuSTAR SL background is
shown by the black dashed line.
Having discussed the spectrum, we calculate the upper

bound on ϵ from the NuSTAR SL data following the
procedure outlined in Sec. II and the resulting constraint in
themA0 vs ϵ plane is shown in Fig. 7 by the red dashed line.
In contrast to two-photon decays, where the maximum
mass that we can probe is equal to two times the energy of
the highest energy bin, in case of the three-photon decay
signal of DPDM there is no such cutoff due to the
continuous nature of the spectrum. Hence we find that
NuSTAR can probemA0 ≳ 36 keV setting new limits in that
range. The limit improves with a higher DM mass due to
the combined effect of less suppression bymA0 in the decay

FIG. 6. Expected signal photon spectrum from the DP DM
trident decay as a function of the emitted photon energy formA0 ¼
20 keV with ϵ ¼ 10−9 (blue solid line) and for mA0 ¼ 30 keV
with ϵ ¼ 10−10 (red solid line). The observed NuSTAR back-
ground is shown by the black dashed line.

FIG. 7. Upper bound on DP kinetic mixing parameter (ϵ) from
the NuSTAR SL data as a function the DP DM mass mA0 (red
dashed line). Existing constraints from indirect searches like
INTEGRAL (cyan shaded region) [70] and combined stellar
cooling limits (magenta shaded region) [71,72] are shown with
different colors.
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width and spectrum, as well as the smaller background at
higher energies. However, for m0

A ≳ 60 keV, INTEGRAL
[70] provides the most stringent constraint as shown by the
cyan shaded region. Stellar cooling limit (magenta shaded
region) [71,72] becomes dominant for mA0 ≲ 20 keV. The
constraint from NuSTAR SL data can be competitive to the
direct search limits [73], and provides one of the most
stringent indirect detection limits in the keV mass range.

D. Inelastic (fermionic) dark matter

Finally, we consider another well-motivated light DM
scenario, which is the inelastic DM, where the dark sector
comprises multiple BSM particles, thereby enabling rich
phenomenology. In this scenario, one has two fermions χ1;2
with a tiny mass splitting Δm between them, and together
they constitute the total DM abundance. The striking
feature of this setup is that for sufficiently small couplings
with the SM, the heavier state becomes a long-lived
particle. However, at later times, it can decay to the lighter
state, accompanied by one or more SM particles, which can
be probed in different indirect detection experiments. If the
mass splitting Δm≲ 2me, the only visible final state can be
a photon, which can be searched for using existing and
future telescopes, thereby setting new limits on the param-
eters of this model. Here, we use the NuSTAR SL data to
probe such inelastic decaying DM.
We consider two cases:
Case 1: DM χ1;2 couples in-elastically to two photons
through the effective operator, χ1χ2FμνFμν, where Λ is
some scale. We assume χ2 to be the heavier state,
mχ2 > mχ1 , for which χ2 can decay through the
process χ2 → χ1 þ 2γ, where mi denotes the mass
of χi (i ¼ 1, 2). The mass splitting in this case is given
by mχ2 −mχ1 ¼ Δm. One scenario could be χ2, χ1 are
two Majorana fermions which couple to the SM

fermion through a scalar portal. As mentioned in
Sec. III A, the scalar can couple to two photons
through a fermion loop, leading to the above effective
operator [74];

Case 2: The Majorana fermion DM (χ2, χ1) couples
(inelastically) to a massive dark photon mediator,
where the following process χ2 → χ1 þ A0 can be
realized. However, for Δm≲m0

A < 2me, the above
decay is forbidden and the only visible signal can be
through the trident decay of dark photon to three SM
photons as mentioned previously in Sec. III C. In such
scenario the decay χ2 → χ1 þ 3γ can be realized [74].

Note that in either of the scenarios, apart from the
photons, there also exists a massive (invisible) final-state
particle. As a consequence, in contrast to the popular DM
decays with massless particle (e.g., sterile neutrino DM
[34]), the inelastic DM decays lead to a quite different
spectrum of the signal photon, as will be discussed next.
In what follows, we keep our analysis generic and

constrain the DM lifetime vs the DM mass. However,
given a UV complete model featuring such interactions, our
bounds can be easily translated to bounds on the model
parameters. The differential photon flux from inelastic DM
decay in the galaxy is given by Eq. (1) with mDM ¼ Δm,
ΓDM ¼ 1=τχ2 and hdDDM=dΩi being replaced with
1=2hdDDM=dΩi with the assumption that χ2 constitutes
half of the total DM abundance [74].
The photon spectrum for the inelastic DM decay is given

by [74]

dΦγ

dEγ
¼ 1

4πmχτχ2

1

Δm
dN
dx

D
2
; ð16Þ

where

dN
dx

¼
(
280x3ð1 − xÞ3; χ2 → χ1 þ 2γ
143x3
1530

½ð1 − xÞFðxÞ − 11033820x2 log x�; χ2 → χ1 þ 3γ
; ð17Þ

with

FðxÞ ¼ 137200 − 2377850x − 15834839x2

þ 14321161x3 − 13688639x4

þ 10465561x5 − 5630414x6

þ 1849450x7 − 275450x8 ð18Þ
and 0 < x ¼ Eγ=Δm < 1. The coefficients of dN=dx are
set by the normalization condition

R
1
0 dxðdN=dxÞ ¼ 2ð3Þ

for the two (three) photon decay processes, respectively.
Using the photon spectrum given above, we calculate the

expected photon flux from inelastic DM decay in the

galaxy and the resulting spectra for χ2 → χ1 þ 2γ (red
solid line) and χ2 → χ1 þ 3γ (blue solid line) for Δm ¼
20 keV with τχ2mχ ¼ 1020 are shown in Fig. 8. The
observed NuSTAR SL spectra are also shown by the black
dashed line. Note that the two decay modes do not lead to a
sharp photon spectrum, but rather a continuous distribution
peaked at ∼Δm=2 for the two photon final state and peaked
at ∼Δm=3 for the three photon final state. This continuous
distribution of the photons from the inelastic DM decay
provides the scope for probing Δm > 18 keV.
Finally, following the procedure outlined in Sec. II, we

derive the lower limit on the DM lifetime from the
NuSTAR SL data, which are shown in Fig. 9 in the Δm
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vs τχmχ2 plane by the red dashed line. The top and bottom
panels correspond to the decay channels χ2 → χ1 þ 2γ and
χ2 → χ1 þ 3γ, respectively.
As discussed earlier, we find that the continuous photon

spectrum from these decays enables NuSTAR to probe
mass splittings as large as Δm≳ 30 keV. However, for
larger splittings, Δm≳ 100ð130Þ keV, the most stringent
constraints on χ2 → χ1 þ 2γ (χ2 → χ1 þ 3γ) are provided
by INTEGRAL [74], as indicated by the blue shaded
region. On the other hand, the lowestΔmð∼3 keVÞ one can
probe using NuSTAR SL data is limited by the lowest
energy bin available in the NuSTAR SL data. Although for
our analysis, we assumed the DM χ2 to satisfy half of the
total observed DM density, one can also consider it to
saturate the total DM density, and in that case, the
corresponding limit can be obtained by appropriate scaling.

IV. DISCUSSIONS

NuSTAR SL observations offer a unique window into
diffuse x-ray emission, enabling sensitive searches for light
dark matter in the 3–18 keVenergy range. In this work, we
exploit this capability to hunt for spectral signatures of keV-
scale decaying dark matter and derive constraints on a
broad class of well-motivated particle physics models. For
a given model, we calculate the predicted spectral signature
of DM decay, and in the absence of any statistically
significant excess in the diffuse x-ray spectrum, we derive
conservative upper bounds on the DM coupling to SM
species.
For a scalar DM with Yukawa-like interaction with SM

electrons, which can decay to two photons via an electron
loop, we find that the NuSTAR SL data provides one of the
strongest upper bounds on e0e for DM masses in the range
∼7–36 keV. For example, it probes the scalar DM coupling
down to 4 × 10−19 ð6 × 10−20Þ for DMmass 7 keV (36 keV).
For an ALP DM we consider both a photophilic ALP and an
electrophilic ALP. We find that for the photophilic ALP DM,
the NuSTAR SL data can constrain the ALP photon-coupling
gaγγ ≲ 10−18 GeV−1 (≲2 × 10−19 GeV−1) for ma ∼ 7 keV
(36 keV) providing the strongest limit in the range
7≲ma ≲ 36 keV. On the other hand, for the electrophilic
ALP DM, which can decay to two photons via an electron
loop, the NuSTAR SL data can help to constrain the ALP-
electron coupling over the samemass range as the photophilic
case. NuSTARSLdata can constrain gaee ≲ 1.5 × 10−14 ð8 ×
10−16Þ forma ∼ 7 keV (36 keV). Note that for both the scalar
DM and the ALPDM, the primary decay channel is the decay
to two photons either at tree level or at one loop, leading to a
monochromatic signal. On the contrary, for DP DM, the only
decay channel to photons is the loop induced decay to three
photons, also known as the trident decay. Such a three-body
decay results in a continuous photon spectrum as opposed to a
monochromatic spectrum for the two-body case. This feature
enables us to probe a wide range of DM masses using the

FIG. 8. Expected signal photon spectrum from the decay χ2 →
χ1γγγ (blue solid line) and χ2 → χ1γγ (red solid line) as function
of the emitted photon energy for Δm ¼ 20 keV with
τχ2mχ ¼ 1020. The observed NuSTAR spectra are shown by
black dashed line.

FIG. 9. Lower bound on the product of DM lifetime and mass
(τχmχ2 ) from the NuSTAR SL data as function of mass splitting
(Δm) (red dashed line) for (a) χ2 → χ1 þ 2γ and
(b) χ2 → χ1 þ 3γ. INTEGRAL [74] constraint is shown by the
blue shaded region.
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NuSTAR SL data. Specifically, we find that for DP DM
masses in the range 20 keV to 60 keV, using the NuSTAR SL
data, one can get strongest indirect search limit on the DP-
photon kinetic mixing. FormA0 ∼ 22 keV (65 keV) the upper
limit on ϵ is found to be≲2 × 10−11 ð3 × 10−13Þ. Finally, we
highlight the detection prospects of inelastic DM scenarios
featuring multiple dark sector particles. For such DM candi-
dates, we can place an upper bound on the lifetime of the
heavierDMparticle decaying to 2γ and 3γ alongwith a lighter
dark sector particle. The energyof the signal photon is strongly
correlated to the mass splitting Δm between the dark sector
particles. Using NuSTAR stray light data, we place upper
bounds on the DM lifetime for 3 keV≲ Δm≲ 100 keV,
which represent the strongest indirect detection constraints in
this mass splitting range, superseding the previous bounds
from INTEGRAL.With 2γ signalNuSTARSLdata can probe
τχmχ ≲ 3 × 1023 GeV:s (1.5 × 1022 GeV:s) for Δm ∼
10 keV (100 keV). On the other hand, with 3γ signal, it
excludes τχmχ ≲ 4 × 1023 GeV:s (8 × 1022 GeV:s) for
Δm ∼ 10 keV (130 keV). Through this analysis, we highlight
the fact that theNuSTARSLdata can be extremely valuable in
astrophysical searches for keV-scale new physics.

Finally, we note that the bounds derived in this work adopt
a conservative treatment of the NuSTAR SL background, in
which the full stacked diffuse spectrum is treated as back-
ground without further decomposition. Refs. [33,34] have
shown that this stacked spectrum is well-described by a
combination of solar x-ray emission and the cosmic x-ray
background. A dedicated analysis involving astrophysical
modeling of the background and searching for a DM signal
in the residual might improve the obtained limits.
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