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Shedding stray light on decaying light dark matter: Constraints from
NuSTAR x-ray observations
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Light dark matter (DM) [mass < O(100) 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 Am in the range 3 keV—

100 keV.

DOI: 10.1103/7g4l-nlcl

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
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been the most studied DM model featuring a thermal DM
with mass GeV-TeV and 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., bb),
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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 O(10) 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 E, ~ mpy/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

d®, 1 Tpy dN <dDDM

> em2s 'srlkeVT!, (1)
where ['py; is the DM decay width, related to the lifetime as
oM = I'pms mpy is the DM mass. dN/dE, is the photon
spectrum per decay, and (dDpy/dQ2) represents the
stacked differential dark matter column density for the
given profile. In this work we use the value of
(dDpp/dQ) = 5.32 GeVem 2 kpesr™' 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 DM models
is encoded in dN/dE,.

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 7., ~ 234 Ms. To
suppress contamination from Galactic ridge x-ray emission,
only observations with Galactic latitude |b| > 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 cm? deg? per module, correspond-
ing to a combined grasp of G ~ 80 cm? deg? for FPMA and
FPMB [33,34].

The detector counts in the S 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 |b| > 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 z,, and the bin width for
which we use a conservative value of AE, is treated as the
background B;. For a given DM model, the expected signal
counts in the 7th bin are given by

do
: (El) X g X gtot(Ei) X Iops X AE» (2)

S. = —
' dE,

where %(E,-) is the predicted differential photon flux,

given in Eq. (1), evaluated at the central energy E; of the ith
bin. We use the combined grasp of G = 80 cm? deg”? and
fold it with the energy dependent efficiency of the focal
plane detectors & (E;) evaluated at E;, an integrated
observation time of 7, =234 Ms, and an average
conservative bin width of AE = 0.1 keV in our analysis
[32]. Following [33,34] we have computed & (E) 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
E4et(E). The BEABSPAR file, common to both focal plane
modules, tabulates the transmission of the Be entrance
window as a function of energy Eg.(E). The detector
efficiency is then obtained as

gtot(E) = 6det(E) X gBe(E)- (3)

With this the corresponding signal-to-noise ratio is then
defined as
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SNR = (4)

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 = 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,

1 1
Ly>5(d)(94) - Emécﬁz — e.pee, (5)

where m; and e, 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]

> 3, , 5
QMM [ e,
r,. = e o) 6
d—rr 2567[3 <me 1/2(X )) ( )

. . Am?
where, agy is the fine structure constant and x, = 7. In

¢
this work, we consider m,, ~ few keV < m,. Thus, in our

region of interest x; > 1 and F/,(x,) is given as [38]

Fia(x,) = =2x, [1+ (1 —x,)sin2 <\/lx_eﬂ (7)

Given the decay width, we calculate the expected photon
signal using Eq. (1) with dN/dE, = 26(E, — m¢/2).1 The
expected signal photon spectra from the decay of scalar
DM to two photons via an electron loop for a fixed
coupling e, = 10~'® are displayed for two benchmark
masses; my = 20 keV (blue solid line) and for m, =
30 keV (red solid line) in Fig. 1. Note that both of the
decay spectra are peaked at m;/2 as expected from the
kinematics. For a lower value of mg, 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 m, —
¢!, plane by the red dashed line. As expected, the limit
becomes weaker at low m, due to the decreased signal
event rate as shown earlier in Fig. 1. The sharp decrease in
the limit at m;, ~ 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 my 2 100 keV,
and hence, we do not show it here. On the other hand,
astrophysical constraints like stellar cooling limit exclude
e/, > 1071 and my < 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 < my < 35 keV.

'To account for the finite detector resolution, we model the
delta function as a Gaussian centered at mpy/2 with
o = FWHM/2v/21n2. For the full width at half maximum
(FWHM) we use a conservative value of 400 eV [32].
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FIG. 1. Expected signal photon spectrum from the scalar DM

decay as a function of the energy of the emitted photon for m, =
20 keV (blue solid line) and for m,; = 30 keV (red solid line)

with e/, = 107!8. The observed NuSTAR data is shown by the
black dashed line.

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 global U(1) 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 U(1) 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 U(1) 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,

10—17:
—18
S

10—19 E

FIG. 2. Upper bound on the scalar DM-electron coupling (¢},)
as a function of DM mass m,, (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.

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 a O(keV) mass 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 m,, described by the
effective Lagrangian,

Larp :%O”adﬂa—%mﬁaz +%aF’“’FW. (8)
Here, F,, corresponds to the photon field tensor and g,,,
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

e
— 3 24rr
Loy =my odr’ ©)

with the energy of the produced photon being E, = m, /2.
If m, ~ 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/dE, =26(E, —m;/2). The resulting
differential photon flux is shown in Fig. 3 for two different

FIG. 3.

Expected signal photon spectrum from the decay of the
ALP DM as a function of the photon energy for m, = 20 keV
(blue solid line) and for m, = 30 keV (red solid line) with
Gayy = 10717 GeV~!. The observed NuSTAR data is shown by
the black dashed line.
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ALP masses i.e., m, = 20 keV (blue solid line) and m, =
30 keV (red solid line), with a fixed photon coupling
Gayy = 10717 GeV~!. Also shown is the NuSTAR SL
spectra (black dashed line) for comparison. The shape of
the signal spectra and its change with ALLP DM mass 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 g, and it is shown in Fig. 4 in the
M, = Yay, Plane by the red dashed line. As expected from
our previous discussion, the limit on g,,, decreases with a
decrease in m, featuring a sharp cutoff at m, ~ 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 g,,,,
for2 keV <m, <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],

1 I ,, g s
Lap = Eaﬂaa”a —5Maa —ﬁaﬂae}"‘y e. (10)

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

10—17

LR R L |

10—18

Gavy [GeVT]

~
-
~~_
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|| ==- NuSTAR SL
— XMM-NEWTON

10—19 H—— X-Rays
F—— NuSTAR Old
oot e e by by a1yl
5 10 15 20 25 30 35 40
mg, [keV]

FIG. 4. Upper bound on ALP-photon coupling (g,,,) from
NuSTAR SL data (red dashed line) with respect to the DM mass
m,. 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.

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]

a
giop = Lace (1 _zp2(r)),

here 11
o, w (11)

f(z) = sin™! (\%) for 7 > 1, (12)

with 7 =4m2/m?2. 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 g,,, from NuSTAR SL data and
it is shown in Fig. 5 in the m, — g,.. plane. As existing
constraints, we portray the direct search limit from
XENONIt 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

10— 13 1=‘
10— 14 -é
<1071 < 3
s F eI ;
21010 T .
==+ NuSTAR Stray Light I

10_17 —— X-ray and gamma-ray searches

—— XENONnNt

10_18 111 l 111 1 l 1111 Tl %]?I\ZOII\II]J; I N TN T N N T N - |

9 14 19 24 29 34 39
m, [keV]
FIG. 5. Upper bound on ALP-electron coupling (g,..) from

NuSTAR SL data (red dashed line) as a function of the DM mass
m,. Existing constraints from direct searches like XENONnT
(blue shaded region) [15] and XENONI1t (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,

Lop =+ % m, AMAL %F’””Fjw —SFWE,.  (13)
where A’ is the dark photon with corresponding field
strength tensor F# and mass my,. On the other hand,
the usual SM photon field strength tensor is denoted as F*¥
and ¢ is the kinetic mixing strength. Because of this mixing,
DP DM can couple to the SM fermions with an effective
coupling eagy, With agy 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 my > 2m,, which can produce observable signals,
thus providing a robust indirect signature.

However, if my, <« 2m, 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,
A’ — 3y, through the quadrilateral loop of SM fermions
[61,70]. Using this trident decay, INTEGRAL was able to
constrain the kinetic mixing e for my = 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 m, < 2m,
is given by [61,70]

€ \? my\?
FA’_’}’}’}/ =1 SeC_l X <m) X <mA> (14)

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

dN 253 2919
< y) a <1715—3105x+—x2>, (15)
A'=3y 2

dE, 1 Tmy

where x =2E,/m,(0 <x <1) and E, 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 E, = mpy/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 DM masses and kinetic mixings,
viz., my =20 keV with e = 10~ (blue solid line) and
with my = 30 keV with € = 107'° (red solid line. The
sharp cut off in the signal spectra at E, = m,/2 is reflected

E T T T T T T T T T

— Fl— my =20keV, e=10"°

‘bD H—— my =30keV, e=10"1
,g [|---- NuSTAR SL
v—‘1 10735— -
> Eoo

o) [T~<a
= /\“t\

b i S
q E

: /
L. L

&

-5

% 107k
< E

&
&
=

10-6 1 1 M B | L
4 6 8 10 12 14 16 18

E, [keV]

FIG. 6. Expected signal photon spectrum from the DP DM
trident decay as a function of the emitted photon energy for m, =
20 keV with € = 10~ (blue solid line) and for m, = 30 keV
with ¢ = 107! (red solid line). The observed NuSTAR back-
ground is shown by the black dashed line.

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 e from the NuSTAR SL data following the
procedure outlined in Sec. II and the resulting constraint in
the my vs € 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 probe m, 2 36 keV setting new limits in that
range. The limit improves with a higher DM mass due to
the combined effect of less suppression by m, in the decay

T T T T T T
---- NuSTAR Stray Light
") 10_102_ —— Stellar Limits (combined)
%{) F —— INTEGRAL
21071
£ :
210712
- E
) E
= i
M 1071F
—14 L 1 L 1
10 50 100
my [keV]

FIG. 7. Upper bound on DP kinetic mixing parameter (¢) from
the NuSTAR SL data as a function the DP DM mass m, (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 m/, 2 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 m, < 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 y »
with a tiny mass splitting Am 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 Am < 2m,, 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 I: DM y,, couples in-elastically to two photons
through the effective operator, yy, F,, F**, where A is
some scale. We assume y, to be the heavier state,
m for which y, can decay through the

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 (y,, y;) couples
(inelastically) to a massive dark photon mediator,
where the following process y, — y; +A’ can be
realized. However, for Am < m/, < 2m,, 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 y, — y; + 3y 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 mpy = Am,
I'pm = 1/7,, and (dDpy/dQ) being replaced with
1/2(dDpy/dQ) with the assumption that y, constitutes
half of the total DM abundance [74].

The photon spectrum for the inelastic DM decay is given
by [74]

22 = My ol p N do, 1 1 dND (16)
process y, — yi + 2y, where m; denotes the mass — = —_—
of ; (i = 1, 2). The mass splitting in this case is given dE,  4mm,t,, Am dx 2
by m,, —m, = Am. One scenario could be y,, v, are
two Majorana fermions which couple to the SM  where
|
dN 280x3(1 — x)3; 2= +2r )
dx | M35 ((1 - x)F(x) — 1103382082 log x]; o = 1 + 37

with

F(x) = 137200 — 2377850x — 15834839x>
+ 14321161x* — 13688639x*
+ 10465561x° — 5630414x°
+ 1849450x7 — 275450x% (18)
and 0 < x = E,/Am < 1. The coefficients of dN/dx are
set by the normalization condition [j dx(dN/dx) = 2(3)
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 y, — y; + 2y (red
solid line) and y, — y; + 3y (blue solid line) for Am =
20 keV with 7,,m, =10 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 ~Am /2 for the two photon final state and peaked
at ~Am/3 for the three photon final state. This continuous
distribution of the photons from the inelastic DM decay
provides the scope for probing Am > 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 Am
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FIG. 8. Expected signal photon spectrum from the decay y, —

x17yy (blue solid line) and y, — y,yy (red solid line) as function
of the emitted photon energy for Am =20 keV with
t,,m, = 10°°. The observed NuSTAR spectra are shown by
black dashed line.
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FIG. 9. Lower bound on the product of DM lifetime and mass
(z,m,,) from the NuSTAR SL data as function of mass splitting
(Am) (red dashed line) for (a) y, »>y;+2y and
(b) y» = x1 + 3y. INTEGRAL [74] constraint is shown by the
blue shaded region.

vs 7,m,, plane by the red dashed line. The top and bottom
panels correspond to the decay channels y, — y; + 2y and
x> — x1 + 3y, respectively.

As discussed earlier, we find that the continuous photon
spectrum from these decays enables NuSTAR to probe
mass splittings as large as Am z 30 keV. However, for
larger splittings, Am = 100(130) keV, the most stringent
constraints on y, — y| + 2y (yo» — y; + 3y) are provided
by INTEGRAL [74], as indicated by the blue shaded
region. On the other hand, the lowest Am(~3 keV) 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 y, 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 keV energy 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 ¢/, for DM masses in the range
~7-36 keV. For example, it probes the scalar DM coupling
downto4 x 1071 (6 x 1072°) for DM mass 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
Gayy S 10718 GeV™! (52 % 107" GeV™") for m, ~7 keV
(36 keV) providing the strongest limit in the range
7 <m, <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 same mass range as the photophilic
case. NuSTAR SL data can constrain g,,, < 1.5 x 107'% (8 x
10716) for m, ~ 7 keV (36 keV). Note that for both the scalar
DM and the ALP DM, 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
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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. For m, ~ 22 keV (65 keV) the upper
limit on € is found to be <2 x 10~!! (3 x 10~'3). 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
heavier DM particle decaying to 2y and 3y along with a lighter
dark sector particle. The energy of the signal photon is strongly
correlated to the mass splitting Am between the dark sector
particles. Using NuSTAR stray light data, we place upper
bounds on the DM lifetime for 3 keV < Am < 100 keV,
which represent the strongest indirect detection constraints in
this mass splitting range, superseding the previous bounds
from INTEGRAL. With 2y signal NuSTAR SL data can probe
t,m, $3x10% GeV.s (1.5 x 102 GeV.s) for Am ~
10 keV (100 keV). On the other hand, with 3y signal, it
excludes 7,m, <4 x 107 GeV.s (8 x 10% GeV.s) for
Am ~ 10 keV (130 keV). Through this analysis, we highlight
the fact that the NuSTAR SL data 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.

ACKNOWLEDGMENTS

S.J. acknowledges financial support from the National
Natural Science Foundation of China (No. 12425506 and
No. 12375101) and State Key Laboratory of Dark Matter
Physics. T. K. acknowledges support in the form of Senior
Research Fellowship from the Council of Scientific and
Industrial Research (CSIR), Government of India.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further informa-
tion or data should be sent to the authors.

[1] E. Zwicky, Die Rotverschiebung von extragalaktischen
Nebeln, Helv. Phys. Acta 6, 110 (1933).

[2] V. C. Rubin and W. K. Ford, Jr., Rotation of the andromeda
nebula from a spectroscopic survey of emission regions,
Astrophys. J. 159, 379 (1970).

[3] D. Clowe, M. Bradac, A.H. Gonzalez, M. Markevitch,
S. W. Randall, C. Jones, and D. Zaritsky, A direct empirical
proof of the existence of dark matter, Astrophys. J. Lett.
648, 1.109 (2006).

[4] N. Aghanim ef al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020); 652, C4(E) (2021).

[5] G. Arcadi, M. Dutra, P. Ghosh, M. Lindner, Y. Mambrini,
M. Pierre, S. Profumo, and F. S. Queiroz, The waning of the
WIMP? A review of models, searches, and constraints, Eur.
Phys. J. C 78, 203 (2018).

[6] L. Roszkowski, E. M. Sessolo, and S. Trojanowski, WIMP
dark matter candidates and searches—current status and
future prospects, Rep. Prog. Phys. 81, 066201 (2018).

[7]1 M. Cirelli, A. Strumia, and J. Zupan, Dark matter, SciPost
Phys. Rev. 1 (2026).

[8] R.J. Scherrer and M.S. Turner, On the relic, cosmic
abundance of stable weakly interacting massive particles,
Phys. Rev. D 33, 1585 (1986); 34, 3263(E) (1986).

[9] M. Srednicki, R. Watkins, and K. A. Olive, Calculations of
relic densities in the early Universe, Nucl. Phys. B310, 693
(1988).

[10] M. Aaboud et al. (ATLAS Collaboration), Search for dark
matter and other new phenomena in events with an energetic

jet and large missing transverse momentum using the
ATLAS detector, J. High Energy Phys. 01 (2018) 126.

[11] A.M. Sirunyan et al. (CMS Collaboration), Search for new
physics in final states with an energetic jet or a hadronically
decaying W or Z boson and transverse momentum imbal-
ance at /s = 13 TeV, Phys. Rev. D 97, 092005 (2018).

[12] F. Kahlhoefer, Review of LHC dark matter searches, Int. J.
Mod. Phys. A 32, 1730006 (2017).

[13] M. Misiaszek and N. Rossi, Direct detection of dark matter:
A critical review, Symmetry 16, 201 (2024).

[14] J. Billard et al., Direct detection of dark matter—APPEC
committee report*, Rep. Prog. Phys. 85, 056201 (2022).

[15] E. Aprile et al. (XENON Collaboration), Search for new
physics in electronic recoil data from XENONnT, Phys.
Rev. Lett. 129, 161805 (2022).

[16] E. Aprile et al. (XENON Collaboration), Excess electronic
recoil events in XENONIT, Phys. Rev. D 102, 072004
(2020).

[17] J. M. Gaskins, A review of indirect searches for particle dark
matter, Contemp. Phys. 57, 496 (2016).

[18] C. Pérez de los Heros, Status, challenges and directions in
indirect dark matter searches, Symmetry 12, 1648 (2020).

[19] E. Charles et al. (Fermi-LAT Collaboration), Sensitivity
projections for dark matter searches with the Fermi large
area telescope, Phys. Rep. 636, 1 (2016).

[20] L. Bergstrom, T. Bringmann, I. Cholis, D. Hooper, and C.
Weniger, New limits on dark matter annihilation from AMS
cosmic ray positron data, Phys. Rev. Lett. 111, 171101
(2013).

063012-10


https://doi.org/10.1007/s10714-008-0707-4
https://doi.org/10.1086/150317
https://doi.org/10.1086/508162
https://doi.org/10.1086/508162
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1140/epjc/s10052-018-5662-y
https://doi.org/10.1140/epjc/s10052-018-5662-y
https://doi.org/10.1088/1361-6633/aab913
https://doi.org/10.21468/SciPostPhysRev.1
https://doi.org/10.21468/SciPostPhysRev.1
https://doi.org/10.1103/PhysRevD.33.1585
https://doi.org/10.1103/PhysRevD.34.3263
https://doi.org/10.1016/0550-3213(88)90099-5
https://doi.org/10.1016/0550-3213(88)90099-5
https://doi.org/10.1007/JHEP01(2018)126
https://doi.org/10.1103/PhysRevD.97.092005
https://doi.org/10.1142/S0217751X1730006X
https://doi.org/10.1142/S0217751X1730006X
https://doi.org/10.3390/sym16020201
https://doi.org/10.1088/1361-6633/ac5754
https://doi.org/10.1103/PhysRevLett.129.161805
https://doi.org/10.1103/PhysRevLett.129.161805
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1080/00107514.2016.1175160
https://doi.org/10.3390/sym12101648
https://doi.org/10.1016/j.physrep.2016.05.001
https://doi.org/10.1103/PhysRevLett.111.171101
https://doi.org/10.1103/PhysRevLett.111.171101

SHEDDING STRAY LIGHT ON DECAYING LIGHT DARK ...

PHYS. REV. D 114, 063012 (2026)

[21] M. Aguilar et al. (AMS Collaboration), Towards under-
standing the origin of cosmic-ray electrons, Phys. Rev. Lett.
122, 101101 (2019).

[22] H. Abdalla et al. (H.E.S.S. Collaboration), Search for dark
matter annihilation signals in the H.E.S.S. inner galaxy
survey, Phys. Rev. Lett. 129, 111101 (2022).

[23] E. Richard et al. (Super-Kamiokande Collaboration), Mea-
surements of the atmospheric neutrino flux by Super-
Kamiokande: Energy spectra, geomagnetic effects, and
solar modulation, Phys. Rev. D 94, 052001 (2016).

[24] S. Baur (IceCube Collaboration), Dark matter searches with
the IceCube Upgrade, Proc. Sci. ICRC2019 (2020) 506.
[arXiv:1908.08236].

[25] T.T. Q. Nguyen, L. John, T. Linden, and T. M. P. Tait, Strong
constraints on dark photon and scalar dark matter decay
from INTEGRAL and AMS-02 data, Phys. Rev. D 113,
103051 (2026).

[26] P. De la Torre Luque, P. Carenza, and T. T. Q. Nguyen, Sub-
keV dark matter can strongly ionize molecular clouds, Phys.
Rev. D 113, 063035 (2026).

[27] T.T. Q. Nguyen, P. De la Torre Luque, I. John, S. Balaji, P.
Carenza, and T. Linden, INTEGRAL, eROSITA and Voy-
ager constraints on light bosonic dark matter: ALPs, dark
photons, scalars, B-L and Li-Lj vectors, Phys. Rev. D 113,
103010 (2026).

[28] C. A. Argiielles, A. Diaz, A. Kheirandish, A. Olivares-Del-
Campo, 1. Safa, and A. C. Vincent, Dark matter annihilation
to neutrinos, Rev. Mod. Phys. 93, 035007 (2021).

[29] L. Bouchet, A. W. Strong, T. A. Porter, 1. V. Moskalenko, E.
Jourdain, and J.-P. Roques, Diffuse emission measurement
with INTEGRAL/SPI as indirect probe of cosmic-ray
electrons and positrons, Astrophys. J. 739, 29 (2011).

[30] M. Cirelli, N. Fornengo, B.J. Kavanagh, and E. Pinetti,
Integral X-ray constraints on sub-GeV Dark Matter, Phys.
Rev. D 103, 063022 (2021).

[31] V. Schoenfelder et al., Instrument description and perfor-
mance of the imaging gamma-ray telescope COMPTEL
aboard the compton gamma-ray observatory, Astrophys. J.
Suppl. Ser. 86, 657 (1993).

[32] NASA HEASARC, Nustar technical description, https://hea
sarc.gsfc.nasa.gov/docs/nustar/nustar_tech_desc.html
(2023), accessed: 2026-04-19.

[33] E.1. Zakharov, V.V. Barinov, D.S. Gorbunov, R.A.
Krivonos, and A. A. Mukhin, Search for a photon peak
from keV-scale dark matter annihilation with NuSTAR:
Constraints on (ov) after 11 years of observations, Phys.
Rev. D 112, 103037 (2025).

[34] R. A. Krivonos, V.V. Barinov, A. A. Mukhin, and D.S.
Gorbunov, Strong limits on keV-scale galactic sterile
neutrino dark matter with stray light from NuSTAR after
11 years of operation, Phys. Rev. Lett. 133, 261002
(2024).

[35] M. Cautun, A. Benitez-Llambay, A.J. Deason, C. S. Frenk,
A. Fattahi, F. A. Gémez, R.J.J. Grand, K. A. Oman, J.F.
Navarro, and C. M. Simpson, The Milky Way total mass
profile as inferred from Gaia DR2, Mon. Not. R. Astron.
Soc. 494, 4291 (2020).

[36] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011); 73, 2501(E) (2013).

[37] S. Knapen, T. Lin, and K. M. Zurek, Light dark matter:
Models and constraints, Phys. Rev. D 96, 115021 (2017).

[38] G. Bickendorf and M. Drees, Constraints on light lepto-
philic dark matter mediators from decay experiments, Eur.
Phys. J. C 82, 1163 (2022).

[39] G. Montefalcone, G. Elor, K. K. Boddy, and N. Bellomo,
CMB constraints on loop-induced decays of leptophilic dark
matter, Phys. Rev. D 112, 023506 (2025).

[40] A. Mitridate, T. Trickle, Z. Zhang, and K. M. Zurek, Dark
matter absorption via electronic excitations, J. High Energy
Phys. 09 (2021) 123.

[41] R.Z. Ferreira, M. C.D. Marsh, and E. Miiller, Do direct
detection experiments constrain axionlike particles coupled
to electrons?, Phys. Rev. Lett. 128, 221302 (2022).

[42] B. Batell, N. Lange, D. McKeen, M. Pospelov, and A. Ritz,
Muon anomalous magnetic moment through the leptonic
Higgs portal, Phys. Rev. D 95, 075003 (2017).

[43] J. W. Foster, M. Kongsore, C. Dessert, Y. Park, N. L. Rodd,
K. Cranmer, and B. R. Safdi, Deep search for decaying dark
matter with XMM-Newton blank-sky observations, Phys.
Rev. Lett. 127, 051101 (2021).

[44] K.C.Y. Ng, B.M. Roach, K. Perez, J.F. Beacom, S.
Horiuchi, R. Krivonos, and D.R. Wik, New constraints
on sterile neutrino dark matter from NuSTAR M31 obser-
vations, Phys. Rev. D 99, 083005 (2019).

[45] R. Laha, J.B. Mufioz, and T.R. Slatyer, INTEGRAL
constraints on primordial black holes and particle dark
matter, Phys. Rev. D 101, 123514 (2020).

[46] E. Hardy and R. Lasenby, Stellar cooling bounds on new
light particles: Plasma mixing effects, J. High Energy Phys.
02 (2017) 033.

[47] R.D. Peccei and H.R. Quinn, CP conservation in the
presence of instantons, Phys. Rev. Lett. 38, 1440 (1977).

[48] S. Weinberg, A new light boson?, Phys. Rev. Lett. 40, 223
(1978).

[49] F. Wilczek, Problem of strong P and 7 invariance in the
presence of instantons, Phys. Rev. Lett. 40, 279 (1978).

[50] J. E. Kim and G. Carosi, Axions and the strong CP problem,
Rev. Mod. Phys. 82, 557 (2010); 91, 049902(E) (2019).

[51] L. Di Luzio, M. Giannotti, E. Nardi, and L. Visinelli, The
landscape of QCD axion models, Phys. Rep. 870, 1 (2020).

[52] R.T. Co, L.J. Hall, and K. Harigaya, Axion Kinetic
misalignment mechanism, Phys. Rev. Lett. 124, 251802
(2020).

[53] A. Biekotter and K. Mimasu, Axions and Axion-like
particles: Collider searches, arXiv:2508.19358.

[54] A. Bharucha, F. Briimmer, N. Desai, and S. Mutzel, Axion-
like particles as mediators for dark matter: Beyond freeze-
out, J. High Energy Phys. 02 (2023) 141.

[55] M. Bauer, M. Neubert, and A. Thamm, Collider probes of
axion-like particles, J. High Energy Phys. 12 (2017) 044.

[56] M. Dine and W. Fischler, The not so harmless axion, Phys.
Lett. 120B, 137 (1983).

[57] J. Preskill, M. B. Wise, and F. Wilczek, Cosmology of the
invisible axion, Phys. Lett. 120B, 127 (1983).

[58] L. F. Abbott and P. Sikivie, A cosmological bound on the
invisible axion, Phys. Lett. 120B, 133 (1983).

[59] D. Cadamuro and J. Redondo, Cosmological bounds on
pseudo Nambu-Goldstone bosons, J. Cosmol. Astropart.
Phys. 02 (2012) 032.

063012-11


https://doi.org/10.1103/PhysRevLett.122.101101
https://doi.org/10.1103/PhysRevLett.122.101101
https://doi.org/10.1103/PhysRevLett.129.111101
https://doi.org/10.1103/PhysRevD.94.052001
https://arXiv.org/abs/1908.08236
https://doi.org/10.1103/5wrw-7dz8
https://doi.org/10.1103/5wrw-7dz8
https://doi.org/10.1103/qmw9-1k4k
https://doi.org/10.1103/qmw9-1k4k
https://doi.org/10.1103/fn6k-1nlc
https://doi.org/10.1103/fn6k-1nlc
https://doi.org/10.1103/RevModPhys.93.035007
https://doi.org/10.1088/0004-637X/739/1/29
https://doi.org/10.1103/PhysRevD.103.063022
https://doi.org/10.1103/PhysRevD.103.063022
https://doi.org/10.1086/191794
https://doi.org/10.1086/191794
https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_tech_desc.html
https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_tech_desc.html
https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_tech_desc.html
https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_tech_desc.html
https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_tech_desc.html
https://heasarc.gsfc.nasa.gov/docs/nustar/nustar_tech_desc.html
https://doi.org/10.1103/f1w8-bcny
https://doi.org/10.1103/f1w8-bcny
https://doi.org/10.1103/PhysRevLett.133.261002
https://doi.org/10.1103/PhysRevLett.133.261002
https://doi.org/10.1093/mnras/staa1017
https://doi.org/10.1093/mnras/staa1017
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1103/PhysRevD.96.115021
https://doi.org/10.1140/epjc/s10052-022-11128-9
https://doi.org/10.1140/epjc/s10052-022-11128-9
https://doi.org/10.1103/hxmm-vcjz
https://doi.org/10.1007/JHEP09(2021)123
https://doi.org/10.1007/JHEP09(2021)123
https://doi.org/10.1103/PhysRevLett.128.221302
https://doi.org/10.1103/PhysRevD.95.075003
https://doi.org/10.1103/PhysRevLett.127.051101
https://doi.org/10.1103/PhysRevLett.127.051101
https://doi.org/10.1103/PhysRevD.99.083005
https://doi.org/10.1103/PhysRevD.101.123514
https://doi.org/10.1007/JHEP02(2017)033
https://doi.org/10.1007/JHEP02(2017)033
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/RevModPhys.82.557
https://doi.org/10.1103/RevModPhys.91.049902
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1103/PhysRevLett.124.251802
https://doi.org/10.1103/PhysRevLett.124.251802
https://arXiv.org/abs/2508.19358
https://doi.org/10.1007/JHEP02(2023)141
https://doi.org/10.1007/JHEP12(2017)044
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1088/1475-7516/2012/02/032
https://doi.org/10.1088/1475-7516/2012/02/032

SK JEESUN and TANMOY KUMAR

PHYS. REV. D 114, 063012 (2026)

[60] J. Terol Calvo, M. Taoso, A. Caputo, M. Negro, and
M. Regis, Searching for dark matter X-ray lines from
the large  magellanic cloud with  eROSITA,
arXiv:2603.19109.

[61] M. Pospelov, A. Ritz, and M. B. Voloshin, Bosonic super-
WIMPs as keV-scale dark matter, Phys. Rev. D 78, 115012
(2008).

[62] T.G. Rizzo, Kinetic mixing, dark photons and an extra
dimension. Part I, J. High Energy Phys. 07 (2018) 118.

[63] A. Caputo, A.J. Millar, C. A.J. O’Hare, and E. Vitagliano,
Dark photon limits: A handbook, Phys. Rev. D 104, 095029
(2021).

[64] J. Redondo and M. Postma, Massive hidden photons as
lukewarm dark matter, J. Cosmol. Astropart. Phys. 02
(2009) 005.

[65] A.E. Nelson and J. Scholtz, Dark light, dark matter and the
misalignment mechanism, Phys. Rev. D 84, 103501
(2011).

[66] P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Redondo,
and A. Ringwald, WISPy cold dark matter, J. Cosmol.
Astropart. Phys. 06 (2012) 013.

[67] Y. Farzan and A. R. Akbarieh, Decaying vector dark matter
as an explanation for the 3.5 keV line from galaxy clusters,
J. Cosmol. Astropart. Phys. 11 (2014) 015.

[68] L. D. Landau, On the angular momentum of a system of two
photons, Dokl. Akad. Nauk SSSR 60, 207 (1948).

[69] C.-N. Yang, Selection rules for the dematerialization of a
particle into two photons, Phys. Rev. 77, 242 (1950).

[70] T.Linden, T. T. Q. Nguyen, and T. M. P. Tait, X-ray constraints
on dark photon tridents, Phys. Rev. D 112, 023026 (2025).

[71] H. An, M. Pospelov, and J. Pradler, New stellar constraints
on dark photons, Phys. Lett. B 725, 190 (2013).

[72] M. Giannotti, I. Irastorza, J. Redondo, and A. Ringwald,
Cool WISPs for stellar cooling excesses, J. Cosmol.
Astropart. Phys. 05 (2016) 057.

[73] E. Aprile et al. (XENON Collaboration), Emission of single
and few electrons in XENONIT and limits on light dark
matter, Phys. Rev. D 106, 022001 (2022); 110, 109903(E)
(2024).

[74] G. Krnjaic, D. McKeen, R. Mizuta, G. Mohlabeng, D. E.
Morrissey, and D. Tuckler, X-rays from inelastic dark matter
freeze-in, Phys. Rev. D 112, 115039 (2025).

063012-12


https://arXiv.org/abs/2603.19109
https://doi.org/10.1103/PhysRevD.78.115012
https://doi.org/10.1103/PhysRevD.78.115012
https://doi.org/10.1007/JHEP07(2018)118
https://doi.org/10.1103/PhysRevD.104.095029
https://doi.org/10.1103/PhysRevD.104.095029
https://doi.org/10.1088/1475-7516/2009/02/005
https://doi.org/10.1088/1475-7516/2009/02/005
https://doi.org/10.1103/PhysRevD.84.103501
https://doi.org/10.1103/PhysRevD.84.103501
https://doi.org/10.1088/1475-7516/2012/06/013
https://doi.org/10.1088/1475-7516/2012/06/013
https://doi.org/10.1088/1475-7516/2014/11/015
https://doi.org/10.1016/B978-0-08-010586-4.50070-5
https://doi.org/10.1103/PhysRev.77.242
https://doi.org/10.1103/37gn-x3y1
https://doi.org/10.1016/j.physletb.2013.07.008
https://doi.org/10.1088/1475-7516/2016/05/057
https://doi.org/10.1088/1475-7516/2016/05/057
https://doi.org/10.1103/PhysRevD.106.022001
https://doi.org/10.1103/PhysRevD.110.109903
https://doi.org/10.1103/PhysRevD.110.109903
https://doi.org/10.1103/99z7-kz4s

	Shedding stray light on decaying light dark matter: Constraints from NuSTAR x-ray observations
	I. INTRODUCTION
	II. SEARCHING FOR DARK MATTER DECAY SIGNATURES IN NUSTAR STRAY LIGHT DATA
	A. Dark matter decay signal
	B. Statistical analysis

	III. CONSTRAINTS ON DECAYING DARK MATTER
	A. Scalar dark matter
	B. ALP (pseudoscalar) dark matter
	1. Photophilic ALP dark matter
	2. Electrophilic ALP dark matter

	C. Vector dark matter
	D. Inelastic (fermionic) dark matter

	IV. DISCUSSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


