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We propose simple scenarios where lepton flavor-violating couplings generate the observed dark matter
abundance through freeze-in of an axion-like particle with mass in the few keV range. Compared
to flavor-diagonal freeze-in, this mechanism enhances dark matter stability, softens stellar cooling
constraints and improves the experimental sensitivity of accelerator-based searches. These scenarios can

be tested by future X-ray telescopes, and in some cases will be almost entirely probed by new searches
for lepton flavor violation at high-intensity experiments such as Mu3e and MEG IL
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Light axions with tree-level flavor-violating couplings to Stan-
dard Model (SM) fermions allow to test enormously large scales of
Peccei-Quinn breaking at high-intensity laboratory experiments |1,
2]. Scales up to about f, ~ 10'2 GeV are probed by NA62 in s —d
transitions [3,4], while lepton flavor-violating (LFV) muon decays
give sensitivity to scales up to f; ~10'° GeV [2,5]. Such large de-
cay constants imply that the axion can be stable on cosmological
scales, motivating scenarios where the axion itself fully accounts
for the Dark Matter (DM) relic density today.

In general, flavor-violating axion couplings depend on the mis-
alignment of PQ charges and SM Yukawas, which can be only fixed
if a theory of flavor is specified [6-8]. Here instead we present
a scenario where LFV decays of SM leptons are directly responsi-
ble for producing axion DM in the early Universe through thermal
freeze-in, so that the DM abundance is set by the product of ax-
ion mass and LFV decay rate, Qpy o mqI'(¢; — £;a). The viable
range of axion masses is thus bounded from above by the kine-
matic threshold and from below by direct searches for the flavor-
violating decay. This setup gives rise to a class of very simple and
predictive models of axion DM, which can be tested with future
X-ray and low energy y-ray telescopes [9-14], and in some cases
will be almost entirely probed in future LFV experiments at MEG II
and Mu3e [2,5,15], if new search strategies for light particles will
be implemented.
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Freeze-in production of axions in the early Universe has been
considered before in Ref. [16-18] in order to constrain flavor-
violating couplings of the QCD axion from Dark Radiation. Here
instead the LFV decays account for the total observed amount of
axion DM.

2. The framework

We consider a “lepto-philic” anomaly-free axion, which is a
massive pseudo-Goldstone boson a that only couples to SM lep-
tons according to the effective Lagrangian

L —MT“CV cA MG 1
=5 iV (f,-fj+ fifj)/S)fj 5 & (1)
where C ?,f‘j are traceless hermitian matrices in lepton flavor space
f =¢,v. They originate from rotating the charge matrices of the
underlying, spontaneously broken U(1)x symmetry to the mass
basis:
Ct =VEXRVR £ VIxive, it =2vixy,, 2)
where Xr (Xp) are the traceless U(1)x charges of SU(2); sin-
glet (doublet) fields, and the unitary matrices are defined by
VZME Vi = M3, vIiMmyv, = MY Left-handed charged lepton
and neutrino rotations are related by the PMNS matrix Vpyns =
viv,.

In the following we will discuss two simple scenarios: first we
consider the case where only right-handed (RH) leptons of first
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and second generation are charged under U(1)x, so that with-
out loss of generality Xg = diag(1,—1,0) and X; = 0. We re-
fer to this case as “two-flavor scenario”. In the second scenario
we consider general traceless charges for left-handed (LH) fields
X; =diag(1, X, —1 — X) and Xg =0. In the two-flavor case the ro-
tation matrix is taken to be a general rotation in the 1-2 space
parameterized by an angle 0 < o < 7r/2, suitably defined such that
in the mass basis

14 A Sa Ca 0 V,A
C[iej = Cziej =| Cqd —Sa 0 N Cv,v] =0. (3)
0 0 O

We denote this case as the “ue-scenario”; analogously we consider
also the “tp-scenario” and the “te-scenario”. In the second case,
dubbed the “PMNS-scenario”, we will take the rotation matrix in
the LH sector to be the PMNS matrix, so that Vpyns ~ VI and V,
is close to the identity. This gives in the mass basis

Cgej = —Cézj = Vpuns diag(l, X, — X)VPMNS,
Chy, = — CQUj:diag(l,x,_l_x), )

Both scenarios depend on three free parameters: fg, my and o (X)
in the first (second) case, respectively. One combination of these
parameters is fixed to reproduce the observed DM relic abundance,
leaving a 2-dimensional parameter space in each scenario.

2.1. Dark matter stability

In order to be stable on cosmological scales, the axion must
be sufficiently light such that the decay channel into electrons is
kinematically closed. In the following, we will therefore consider
my < 1 MeV, so that the axion can only decay into photons and
possibly neutrinos with a total decay rate I'y =gy + Fgsvy =
1777 + 1/t}", where

2

I s 5

wyy ¥ 647[3 f2 Z bt 12m2 12mz ©)
up to higher powers of mg/m%i, and

2
mgq A my.

r N — T 6

a—w ¥ v (6)

The decay rate into photons is suppressed by mg/mj}, since there
is no electromagnetic anomaly (cf. Ref. [19-23]), while the decay
into neutrinos is suppressed by the smallness of neutrino masses.
The inverse partial widths into neutrinos and photons read

2
£V 109 sec 60 keV (0.05 eV)? fa ’
Mg >, my)? | \109Gev

7 10 SeC(GOkeV)7( ) (fa/Cz e,) ’ )

Mg Me 109GeV
where C?iéi is the axion coupling to the lighter SM lepton.
To good approximation I'q_.,, is dominated by the electron
loop for generic diagonal couplings to leptons. Since the ratio
Fa—syy/Tasvy strongly depends on the axion DM mass (o mg),
for a fairly light ALP, the main decay channel is expected to be
into neutrinos.

For axion decay constants in the right ballpark for producing
DM through freeze-in of LFV decays (see next section), the axion
lifetime exceeds the age of the Universe by roughly three orders of
magnitude, making it possible for the axion to be DM.
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The axion partial width into photons is further constrained
by precise measurements of the CMB temperature and polariza-
tion anisotropies, which give a bound on the lifetime of roughly
777 >3 x 1024 sec in the mass range of interest [24,25]. Stronger
constraints can be derived from indirect searches for X-rays:

/7 > (10%° - 10%8) sec, (8)

depending on the precise mass range [9,26-48] with a weak de-
pendence on the DM density profile [45,49]. We collected in Ap-
pendix A the relevant constraints for decaying DM in the keV-MeV
range in Fig. 2, together with the projected sensitivities of future
telescopes [9-14].

Axion DM decaying into neutrino-antineutrino pairs will lead to
lines with energy below 1MeV [50,51], well below the kinematic
threshold of the inverse 8 decay reaction v, + p — n + et which
requires Ej, > 1.8 MeV. Elastic scattering with electrons is the
only active process for these low energy neutrinos which makes
it very challenging for present detectors such as Borexino [52] to
provide any interesting constraints on decaying DM beyond the
cosmological bound. The situation could be possibly improved by
future experiments looking for neutrino capture on beta decaying
nuclei [53-56].

2.2. Dark matter production

For values of the axion decay constant allowed by the con-
straints on decaying DM, the axion was never in thermal equi-
librium with the SM in the early Universe. Therefore the different
contributions to the DM abundance come from freeze-in of LFV
decays of SM leptons and leptonic 2 — 2 scattering processes, and
possibly from non-thermal production mechanisms.

Thermal axions will be dominantly produced through their cou-
plings to SM leptons via the freeze-in mechanism [57]. Assuming
that axion production happens during radiation domination and
that the effective number of relativistic degrees of freedom in
the SM bath is approximately constant, one can derive a simple
analytic expression for the axion relic density, see e.g. Ref. [58].
For flavor-diagonal couplings, axion DM is produced through the
scattering processes £{ — ya and £y — fa with the abundance
roughly given by

Ma 5% 109GeV\” [ my 75 \3/2
wmﬁ(.qu><5ﬂ<wm0 ‘
(9)

Flavor-violating axion couplings instead induce freeze-in pro-
duction through lepton decays, which depend on the FV decay
rate T'(¢; — €ja) ~ Cfiljmz_/64nfaz. These decays dominate over
the flavor-diagonal scattering processes for Cee; ~ Ceyey, and lead
to an axion abundance given by

2
Qah | scattering

%9><10_4(

2
Qah |Z,'—>Zjﬂ

5x10%eV)’ [/ 75 \?
conz(gh) () (Z56Y) (s) - o
50keV/ \ m; fa/Cuye; 8« (my;)

with Cge; = /ICY, |2 +|C{, |2. Remarkably, the required decay
itj l Z

constants to account for the total DM relic abundance today are
in the range f; ~ 10° — 10'9GeV, which is allowed by present
stellar cooling constraints [2,59] and within the reach of future ex-
periments hunting for LFV in muon decays [2,5,15]. For the same
range of decay constants the freeze-in of scattering processes give
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a negligible contribution to the relic abundance, as a result of the
em Suppression of the scattering rate compared to the decay rate.
Since flavor-violating couplings also help to suppress axion de-
cays to photons (which are subject to very stringent constraints as
discussed above), they play a crucial role in both production and
stability of axion DM (see also Ref. [60]). We finally note that the
freeze-in from muon decays is only mildly suppressed compared
to the one from tau decays, because the mass hierarchy between
the two SM leptons is almost entirely compensated by the large
difference in the number of relativistic degrees of freedom in the
SM bath.

Freeze-in scenarios are potentially sensitive to DM produc-
tion processes that are dominated by high temperatures. In the
present case, such processes arise from 2 — 2 scattering via the
dimension-5 operator of the form
ia my, -
E%cgqhemﬂj +h., (11)

which is obtained from Eq. (1) upon integrating by parts and
using the fermion equation of motions (or equivalently perform-
ing a-dependent fermion field redefinitions), and for simplicity we
have set C Z (= C 2 ¢ This interaction contributes to freeze-in pro-
duction of axions via ¢;h — £;a and similar processes, which are

UV-sensitive, i.e. they depend on the reheating temperature Ty (cf.
Ref. [57]), giving an abundance today

Leff = —

my, TR
3m3v2
Requiring the UV contribution to be subdominant with respect to
production from LFV decays then gives an upper bound on the re-
heating temperature TP ~ 373v2/my, ~ 2 x 105 GeV x (m;/my,),
which can be expressed as an upper bound on the Hubble scale at
reheating

Qah?|uy ~ X Qah®|g; 50 (12)

me 2

Hpg <<4keV<—> , (13)
my;

where we used g, (Tg'®*) =106.75 since TP** >> v. For muon de-

cays this gives an upper bound Hg <1 MeV.

With this requirement in mind, we can now discuss non-
thermal production mechanisms. Potentially most relevant is the
misalignment mechanism for ALPs [61,62], which generalizes the
classic production mechanism for the QCD axion [63-65]. In par-
ticular, given the upper bound on the Hubble scale during the
radiation domination epoch in Eq. (13), the onset of axion oscil-
lations (roughly' defined by the equation m, ~ H) happens prior
to reheating in the mass range of interest (unless for muon decays
the reheating temperature saturates the upper limit in Eq. (13),
Hr ~ 1MeV). The present day abundance generated by misalign-
ment is then suppressed due to the dilution that occurred during
the initial period of matter domination between the onset of oscil-
lations and Tg. The resulting abundance is independent of the ALP
mass and reads [62,66,67]

_ fabo \*( Hr \'"?
Qah?|mis. 1.2 x 1073 ) 14
al” mis X (10106eV TkeV (14)

Given the upper bound on the reheating temperature necessary
to have an IR dominated freeze-in, the misalignment contribution
turns out to be always subleading, although in the case of muon

1 For the numerical values below we have used mg = 1.6H(Tosc) as suggested in
Ref. [62].
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LFV decays one can arrange for a sizable misalignment contribu-
tion for reheating temperatures close to the upper limit of Eq. (13).
The misalignment contribution could also be enhanced if instead
of a period of matter domination inflation ends in a period of ki-
nation [62,66,67].

Another available non-thermal production mechanism goes
through inflationary perturbations [68-71]. This depends on the
Hubble scale during inflation H;, which in general can be much
higher than Hpg. In the case of instantaneous reheating, H; ~ Hg
is smaller than the ALP mass in the range of interest and the infla-
tionary production is exponentially suppressed. For f; > H; > m,
the global symmetry associated with the axion is always bro-
ken during inflation, and quantum fluctuations of the axion field
of order 6(x) ~ H;/2m f, are generated together with the axion
zero-mode 6. These fluctuations will generate isocurvature per-
turbations in the matter power spectrum, which are constrained
by CMB observation to be less than a percent of the adiabatic ones.
If Hi > Hr and we keep requiring Hg < mg, Eq. (14) ensures that
the energy density into isocurvature perturbation is small enough
as long as H; < fg. For H; > fg, the global symmetry is restored
during inflation and the axion inflationary production becomes de-
pendent on the radial mode dynamics.

In principle one could relax the constraint in Eq. (13) and con-
sider axion DM scenarios where the abundance receives contri-
butions also from UV dominated freeze-in, misalignment or in-
flationary production. In what follows we instead assume that
fa > Hj > mg > Hg, so that the dominant production of axion dark
matter always comes from freeze-in of LFV decays and is insensi-
tive to UV dynamics. We will show how this simple scenario leads
to concrete targets for future LFV experiments [2,5,15].

2.3. Warm dark matter

Even if it is never in equilibrium with the SM bath, axion
dark matter produced through freeze-in of LFV decays is created
with a large initial velocity and is initially free-streaming. This
feature leaves its footprint on the DM power spectrum suppress-
ing the growth of primordial fluctuations with wavelength larger
than the DM free-streaming length roughly estimated as Agg >~
0.1 Mpc x (mg/1 keV). The suppression of the power spectrum
at small scales can be tested through the absorption features of
the spectra of distant quasars generated by neutral hydrogen fila-
ments which are assumed to trace the matter power spectrum [72]
(denoted by “Lya” below). Other possible probes involve counting
dwarf satellite galaxies of the Milky Way or other nearby galaxies,
but are typically more easily affected by observational and astro-
physical uncertainties. For this reason we focus on Ly« constraints
in this discussion, whose robustness against astrophysical mod-
elling and observational uncertainties has been thoroughly investi-
gated in Ref. [73]. A stringent lower bound on the warm DM mass
m{TA‘,i[‘)‘M ~ 5.3keV has been derived in Refs. [74-76], which can be
relaxed to myyp,, ~ 3.5keV under more conservative assumptions.
Recent works recasted these limits by computing the exact DM dis-
tribution function for different freeze-in processes [58,77,78]. For
LFV axion freeze-in this constraint can be written as

i 4/3 1/3
mmin 75 \V
mg > 10 kev< WDM ) ( ) ) (15)

3.5 keV g+(myp)

3. Results

We are now ready to summarize our results. Putting Eq. (7)
together with Eq. (10) and the lower bound on the DM mass in



P. Panci, D. Redigolo, T. Schwetz et al.

Physics Letters B 841 (2023) 137919

DM
a.0=0 [GeV] o [GeV]
10° 10% 3x10° 1010
1071_"| T 21 = U o -1.5¢ T T B T —
i : g v E I E ' = ]
- . . P [ Lo : 5]
— ' g & v I 2 2! rcMB T
T 1e 3‘ = ' [ 20k BB, oa-»yy B
-t <N S 1 1 = & .
L g | 1 [ 4 [ r I
] ; 5 1 L [l [
P » : :
[ . CMB : : il L 1 & x
Y asyy & _25L ] i ]
A ' 1 | n 1 1
A [} 1 : :
8 1072F 2 X-Ray i o > ' X-Ray . '
L . a-yy ' 09 L o OV '
I v -30¢} : ; 1
v\‘ L) A | ] | ]
L ‘“‘ [] L] [ [] L]
L i n-‘ I 1 ] il L
: 25 =F :
L | _1 (] 9 r (] (]
LFV i "I‘ 1 1 -35¢- ):I: ] o O B
L 1> ea y O &, t & E A 1
] B, 2 Eﬁ‘: = :
L E [} E L) L Sl E 1
=1 <:: L L—0 L ] |
]0—3 R S | | MYl L :||l||| 40 \ \ .....I: L L l|l||l|: L L B
103 1072 107! 10° 103 102 162 10°
m, [MeV] m, [MeV]

Fig. 1. Allowed parameter space for DM freeze-in through LFV decays. The decay constant f, (top x-axis) is determined by requiring that the DM abundance today is produced
through freeze-in (see Sec. 2.2 for details), once the ALP mass mq (bottom x-axis) and the remaining parameter « or X (y-axis) is fixed (we choose the reference values o« =0
and X = —2). The dark blue shaded, blue shaded and gray shaded regions are excluded by the DM lifetime, CMB and X-ray constraints on decaying DM, respectively. The
reach of future X-rays searches is shown by dashed orange lines (see Appendix A). Conservative (stringent) constraints on WDM requiring mwpm = 3.5(5.3) keV are recasted
following Refs. [58,77,78] and shown as dotted-dashed (dashed) gray lines. The present bound from searches for ;t — ea (90% CL) are shown as green shaded regions, while
the prospects for future proposed searches at MEG II [5] and Mu3e [2,15] are shown as dashed green lines. Left: In the pe-scenario of Eq. (3) flavor-diagonal couplings
are suppressed by small o, thus relaxing the X-rays constraints. Future X-ray searches will probe most of parameter space down to o ~ 1073, The present bound on the
LFV right-handed coupling of the ALP to muons [79] sets already a strong lower bound on the ALP mass, and proposed searches at MEG II and Mu3e will probe almost the
entire allowed parameter space independent of «. Right: In the PMNS scenario of Eq. (4) the PQ charge X is taken as a free parameter. The WDM bounds assume that DM
is produced solely from t-decays. The present bound on LFV left-handed couplings [80] is too weak to appear in the plot, while future proposed searches at MEG II [5] will
be able to probe a large amount of parameter space, except a very fine-tuned region around X ~ 2.4. The reach of Mu3e for left-handed ALP couplings assumes that new

calibration methods will be implemented in order to reduce systematic uncertainties (see Ref. [2] for a discussion).

Eq. (15), we rewrite the axion lifetime, assuming its abundance
today comes dominantly from freeze-in of LFV decays, as

Coe;\? (10keV\® /my \*( 75
)7 ~10% sec (—M’) (—) (i) —
C[,‘Zl‘ ma me g*(mfj)

me;\ [ 0.12
* <m_r) (QDMh2> ’ e

where ¢; (£;) is the lighter (heavier) lepton. This equation shows
that generically a hierarchy between the LFV and flavor-diagonal
couplings is necessary to sufficiently suppress the axion diphoton
width, in order to satisfy the stringent constraints from X-rays
searches shown in Eq. (8). Since the parametric dependence of the
freeze-in production through muon or tau LFV decays is very sim-
ilar up to O(1) numerical factors, we can estimate the required
hierarchy assuming that the axion freeze-in reproduces the total
DM abundance today:

Coti - (1028 sec)l/2 (lOkeV)3 (’%)2

—= <01 —5— — , (17)
Cl,‘@j ~ Ta)/)/ Mg Mme

where in the two-flavor scenario we have Cei;/Cei; = tana. This
result makes it evident that a dominantly off-diagonal flavor tex-
ture of the axion couplings is required to open up the freeze-
in DM parameter space for an axion coupled to electrons with
mg 2 10 keV. This feature would be strongly exacerbated by more
stringent lower bounds on the DM mass from Ly« observations.

H H i H min
For instance setting the most stringent present constraint leDM ~

3/2

5.3keV would already result in the upper bound m, 2 17.4keV re-
quiring a hierarchy Cee;/Ceie; S 1072. Future X-rays searches are
supposed to probe axion lifetimes around 1022 — 1030 sec, requir-
ing an even stronger suppression of the flavor-diagonal couplings.

Interestingly, future LFV experiments can probe this axion pro-
duction mechanism directly. In particular future proposals testing
muon LFV decays will be able to probe fz/Cpe up to 10'° GeV,
where the expected sensitivity and the best experimental strat-
egy strongly depends on the chiral structure of the axion cou-
plings [2,5,15]. This sensitivity is essentially independent on the
axion mass, which is well below the experimental resolution in the
mass range of interest and can be taken to be zero for all the ex-
perimental purposes. From Eq. (10), we conclude that the expected
reach would be able to probe axion masses up to 100 keV. The re-
maining parameter space for axion mass between 100 keV and 1
MeV requires extreme hierarchies between the flavor-diagonal and
LFV axion coupling as shown by Eq. (17).

We summarize our results in Fig. 1, which shows the allowed
parameter space in the pe- and PMNS scenarios. The axion de-
cay constant f, has been fixed to reproduce the observed relic
density, solving the Boltzmann equation numerically (the results
are in very good agreement with the analytical approximations in
Eq. (10)). For small values of «, the required value of f; is essen-
tially independent of o and shown in the upper axis in the left
panel. In the PMNS scenario the rotation angles are large, so that
a sufficient suppression of the decay rate to photons can be ob-
tained only in a tiny fine-tuned region of parameter space where
X ~ 2.6, leading to an accidental cancellation in the axion-photon
couplings.
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Finally we comment on other two-flavor cases where the LFV
axion is coupled solely to taus and muons or taus and electrons.
In the 7 p-scenario the suppression of the photon coupling by the
muon mass is sufficient in order to allow for diagonal couplings
of the same order of the LFV ones, giving a largely unconstrained
parameter space. However, the expected sensitivity from searches
for LFV tau decays into axions at Belle-1I only probes decay con-
stants fq/Cz; up to 108 GeV [2,81-83], which is unfortunately
more than an order of magnitude too low to probe axion freeze-
in (for prospects at a future muon collider see Ref. [84]). This
leaves only future X-ray telescopes to probe this scenario. The te-
scenario is very similar to the pe-scenario, except that the WDM
bound is slightly relaxed and again the experimental prospects on
tau LFV decays are too weak to probe the allowed parameter space.

4. Conclusions and outlook

We have proposed the possibility to produce axion DM from
LFV decays of SM leptons. This gives rise to several simple sce-
narios, depending on the LFV transition and the relative size of
diagonal and off-diagonal axion couplings to leptons, which essen-
tially control axion decay and production, respectively. This ratio
can be unity for tau decays to muons, while for tau or muon
decays to electrons the stringent constraints from decaying DM to-
gether with the lower bound on the axion DM mass from WDM
constraints require some amount of suppression of diagonal cou-
plings to electrons. Allowing for UV-sensitive scenarios where the
DM abundance receives sizable contributions from both freeze-in
and misalignment, the WDM constraint can be softened substan-
tially opening up the allowed parameter space of these models.

The allowed parameter space of all scenarios will be further
tested by future X-ray telescopes, and in some cases almost en-
tirely probed by precision measurements of rare muon decays. In
particular, the LFV muon decay width required for freeze-in sets a
definitive target for proposed LFV experiments such as Mu3e [2,15]
and MEG II [5]. These experiments have the unique opportunity of
probing directly the very same decay that has produced axion DM
in the early Universe.

In the same spirit of this paper, it would be interesting to
consider scenarios with flavor-violating axion couplings to quarks,
where the mg/mfnk suppression of the effective photon coupling
would strongly improve DM stability.
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Appendix A. Constraints on decaying dark matter

We summarize here the different constraints on decaying dark
matter into diphotons in the keV-MeV mass range, which are the
ones of interest for our study. Our recollection is shown in Fig. 2.

First we show in light blue the cosmological constraints on de-
caying DM which originate from the high energy photons injected
in the photon-baryon fluid. These high energy particles induce
an electromagnetic cascade, causing atomic ionizations, excitations
and heating of the intergalactic medium [24,86-89], leaving im-
prints in the CMB anisotropies and leading to distortions of the
CMB black body spectrum [25,90]. CMB anisotropies constrain ax-
ion diphoton lifetimes of order 102 sec for axion masses above 10
keV (see e.g. Ref. [24]).

In the whole keV- MeV mass range, X-rays and low energy
gamma-rays searches set stronger constraints than cosmology. In
Fig. 2 we show bounds from the XQC sounding rocket [9,30]
which sets the most stringent limit in a tiny mass region around
mg >~ 1 keV. At higher masses, many searches have been performed
since the 3.5 keV line excess was first found in Ref. [91] analyzing
the XMM-Newton observations in a stack of galaxy clusters. We
show the current best limits set by Chandra’s observations of the
M31 (Andromeda) galaxy [40,85] and an updated analysis of the
XMM-Newton dataset [48]. At higher masses, the different obser-
vations of the NuSTAR telescope [42-44,47] set the most stringent
constraints on decaying DM. Between 100 keV and 1 MeV the
most stringent constraint comes from INTEGRAL full emission pro-
file [92] analyzed in Ref. [45]. It is worth noticing that this recent
analysis got a less stringent constraint compared to Ref. [41], which
was using INTEGRAL data correlated with a specific emission tem-
plate.

We also collect in Fig. 2 the expected sensitivities of different
future telescopes. At high masses we show the projected sensi-
tivity of GECCO obtained in Ref. [13]. At lower masses an im-
proved sensitivity is expected from the forthcoming THESEUS mis-
sion covering a wide energy range between 1 and 350 keV [11].
At lower energies future X-ray missions like e-ROSITA and espe-
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cially Athena are expected to probe dark matter lifetimes exceed-
ing 103%ec [10,12,14] down to a few keV. The reach around 1 keV
mass region will also be extended by Micro-X observations [93].
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