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FIG. 3. The solid and dotted red and blue lines show pro-
jected 95% CL upper limits on the spectral features as well as
the pion bump, including our estimate for the background sys-
tematics, for the ComPair satellite. We also show (in gray) re-
sults obtained when neglecting background systematics. For
profiles steeper than NFW, and an optimized ROI, B ⇠ 10 is
possible (see text for discussion).

5.0 ⇥ 1022 GeV2 cm�5.
In total we are thus dealing with an eleven parameter

model. The expected variance of the DM signal normal-
ization parameters is �2

ii = (I�1)ii, with i = 4, 5. Here,
I�1 denotes the inverse of the 11 ⇥ 11 Fisher informa-
tion matrix. Note that the matrix inversion fully takes
into account correlations between background and signal
components in the model. The projected 95%CL up-
per limit on the annihilation cross section into spectral
features is then h�viUL = 1.65 · �55 · 10�26 cm3 s�1 (see
Appendix B).

Results. Our results for the projected upper limits are
summarized in Fig. 3. Here, we consider for illustration
only ComPair; see the supplemental material for similar
results for e-ASTROGAM. We show the projected 2�
upper limits that could be obtained for DM masses close
to the kinematic cuto↵ for the indicated quark channels.

We find that, indeed, after taking into account a realis-
tic model for background uncertainties, the spectral fea-
tures (solid lines) have a larger constraining power than
the broad pion bump (dotted lines). If one were to com-
pletely neglect background systematics (light gray lines),
one would falsely conclude that the pion bump is more
constraining. Note that at very small masses the limits
on the spectral features become slightly less constraining
again; this is because some of the excited meson states
are no longer kinematically accessible.

Discussion. While our projected limits from the pion
bump alone would already be competitive with present
bounds from dwarf galaxy observations by the Fermi
gamma-ray space telescope [30], including the spectral
features in the analysis would significantly improve them.
Let us stress, however, that Fig. 3 mainly serves to illus-

trate the relative importance of the two signal contribu-
tions in setting the limit. Rather than the annihilation
rate h�vi we hence plot Bh�vi, where B = 1 corresponds
to the specific analysis settings described above. Both
a data-optimized ROI (see e.g. [31]) and a DM profile
steeper than NFW would easily increase B by a factor of
a few, allowing ComPair or e-ASTROGAM to detect the
spectral features described here even if there is no hint
for a signal in dwarf galaxy observations.

Concerning possible spectral features, the B and D
meson families we have focussed on here have the advan-
tage of de-exciting via the emission of a single photon
or neutral pion. Furthermore, while DM annihilation
or decay can directly produce such excited states with
small kinetic energies, this is not expected for astrophys-
ical processes. Let us stress, however, that the spectra
shown in Fig. 1 are just examples for similar features that
may arise at sub-GeV energies.

The dark sector may, e.g., feature a non-Abelian gauge
symmetry with confinement [32]. The dominant final
states of DM annihilation would then naturally be dark
meson states that de-excite by emitting a dark pion ⇡̃. If
⇡̃ dominantly decays to two photons, this would lead to
identical features as for the decay of a standard ⇡0 – with
the di↵erence that these features could in principle ap-
pear at any energy because the di↵erences in energy levels
follow from the physics of the dark and not the visible sec-
tor. As noted earlier [8–10], DM annihilation to bound
quark-antiquark states also leads to potential smoking-
gun signatures if accompanied by the emission of a (nec-
essarily quasi-monochromatic) photon. We therefore ex-
pect further identifiable features if the quarkonium is not
produced in its ground state or if the co-produced boson
is a ⇡0 rather than a photon. While this adds yet another
promising type of sub-GeV spectral features to our list,
a full classification of the potentially rich phenomenology
is beyond the scope of the present work.

Let us finally stress that codes like Pythia are tuned to
higher energies, where the formation of the q̄q pair and
the subsequent hadronization can be treated as separate
processes. This clearly introduces a certain theoretical
error, warranting more detailed studies about meson pro-
duction at threshold (as well as direct quarkonium pro-
duction, see the discussion above, which is not covered
by Pythia). On the other hand, we note that spectral
features like the ones shown in Fig. 1 arise mainly due
to kinematics, because only a few meson states are kine-
matically accessible and the de-excitation time scale is
shorter than the decay time scale. For that reason, we
do not expect that an improved estimate of the dynamics
of meson production will lead to qualitative di↵erences
in the relative normalization of the spectral components.

Conclusions and Outlook. The clear identification of
a DM signal above astrophysical backgrounds generally
proves to be a big challenge, and finding distinct spectral
features on top of an observed smooth excess could be


