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We propose a novel framework where light (sub-GeV) dark matter (DM) is detectable with future
MeV gamma-ray telescopes without conflicting with Cosmic Microwave Background (CMB) data.
The stable DM particle x has a very low thermal relic abundance due to its large pair-annihilation
cross section. The DM number density is stored in a slightly heavier, meta-stable partner ¢ with
suppressed pair-annihilation rates, that does not perturb the CMB, and whose late-time decays
1) — x fill the universe with x DM particles. We provide explicit, model-independent realizations
for this framework, and discuss constraints on late-time decays, and thus on parameters of this
setup, from CMB, Big Bang Nucleosynthesis, and Large Scale Structure.

Introduction. Models of dark matter (DM) with sub-
GeV thermal relics are, generically, strongly constrained
by Cosmic Microwave Background (CMB) data. A DM
particle with a thermal relic density matching the mea-
sured cosmological DM abundance corresponds to a total
annihilation cross section times the relative velocity at
freeze-out of [IH5]

(0Vrel)F.0. ~ 3 x 1072 cm® sec™! . (1)

Here, the product ov, is averaged over a thermal ensem-
ble. CMB forms when the universe is Tcyvps =~ 380,000
years old (the time of “recombination”), typically long
after DM freeze-out. Nevertheless, the energy injected
by out-of-equilibrium DM annihilation can measurably
alter the CMB anisotropy spectrum [6HI0]. Quantita-
tively, CMB data constrain the DM pair-annihilation rate
at recombination to be [I1]

4.1 x 10728 cm3s~! (mDM)
fcﬁ‘ GeV

The “efficiency factor” feg is approximately constant for
a given annihilation channel, and the specific values can
be found in Refs. [I2HI4]. For typical values feg =~ 0.5,
thermal relics with mpy < 35 GeV are excluded.

(2)

<Uvrel>CMB S

Well-known caveats to the conclusion above exist: The
annihilation rate can decrease as the universe expands,
such as for p-wave or forbidden annihilations [I5} [16];
one could modify the Hubble expansion rate by inject-
ing entropy after freeze-out [I7H21], allowing for smaller
annihilation rates; the relic density could be set by a
primordial asymmetry [22H24], by co-scattering [25], by
co-annihilations [26], or by 3 — 2 processes [27, 2§].
While these possibilities all evade CMB bounds, they also
weaken indirect detection signals today, in most cases
making the indirect detection of sub-GeV DM very chal-
lenging. The DM annihilation rate always satisfies the
bound in Eq. (2)), which is well below the current [29]
and future [30H34] sensitivity of gamma-ray telescopes.

One possible exception is a large annihilation rate in the
co-decaying scenario of Ref. [35]; here, however, CMB
limits are evaded only if there is a very high degree of
mass degeneracy in the particle spectrum in the dark sec-
tor, producing a velocity suppression to the annihilation
rate at recombination.

In this Letter, we propose a novel framework for sub-
GeV DM with large indirect-detection signals in the late
universe: The DM candidate is a stable particle x that
annihilates to Standard Model (SM) final states through
fast, s-wave processes. We add to the dark sector (at
least) a new, heavier metastable degree of freedom 1,
charged under the same symmetry ensuring the stability
of the x DM particle, and with a lifetime longer than
TomB- The DM particle is coupled to the thermal bath
at high temperatures, and its large annihilation rate sig-
nificantly washes out x’s at freeze-out. The dark matter
number is stored into the heavier partner v, stable until
after recombination, and whose interactions do not de-
posit any energy in the electron-photon plasma. After
the last scattering surface epoch, ¥» — x decays popu-
late the universe with DM particles: the universe today
is thus filled with stable x’s that have a large annihi-
lation cross section, producing significant and possibly
detectable signals for future MeV gamma-ray telescopes.

The DM relic density as “measured” by CMB [II] is
reproduced for ppu/s = (myny + myny)/s ~ 0.44€V,
where s is the entropy density. Regardless of how the relic
density is shared between x and v, the CMB bound has
to be rescaled, here, to account for the fact that only x’s
annihilations affect recombination. After presenting two
general scenarios realizing our framework, with a detailed
discussion of relic density and CMB bounds, we discuss
constraints on late time decays and annihilations in the
“cosmic dark ages”, i.e. after recombination, and how
they affect the parameter space of our framework.

Two Scenarios. We first consider a weakly coupled
partner ¢ produced non-thermally. Freeze-out of x’s is
not affected by the presence of 1, and number densities
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FIG. 1: Allowed parameter space for i non-thermal produc-
tion. For different values of 7, (see main text), we shade re-
gions excluded by overproduction and/or CMB bounds. The
region below each curve is excluded. We also show current
diffuse limits for xy — eTe™.

can be tracked by solving the Boltzmann system

dn

ditx + 3an = — <UXXUre1>(F.O.) [ni - n(;(QQ] ) (3)
d

%+3Hn¢ :Cw s (4)

where H is the Hubble parameter describing the expan-
sion rate of the universe. We do not include operators
accounting for the late time decays ¥ — Y, since they
happen long after freeze-out. In particular, ¢’s decay af-
ter recombination, and in order to properly rescale CMB
bounds we need to know the individual number density
of x and 1. The two differential equations are decoupled
and can be solved independently. The most minimal op-
tion would be to populate the early universe with ’s
via xy — 9 inverse decays. This would not require new
interactions, since the coupling inducing ¢y — x must
exist to mediate late-time decays. However, such a cou-
pling is bound to give a lifetime longer than the time
of CMB formation, 7, > 7cmp. The comoving density
of 1 particles produced via this mechanism is approx-
imately py/s ~ Mpi/(my7y). The relic density con-
straint combined with the bound on the lifetime of
implies m, < 0.3eV, way beyond the range of our in-
vestigation. A mechanism that would work is freeze-in
production [36] through decays of a heavier particle ®,
corresponding to Cy, = ng' Loy Ki[me/T]/Ka[me/T).
Here, we do not specify the source of non-thermal pro-
duction Cy, our findings are general.

We show the available parameter space for this first
scenario in the (m,, (oyyvrel)) plane in Fig. (1] The vari-
able on the vertical axis is the s-wave annihilation cross
section to wisible channels and evaluated today, which is
the observable probed by indirect searches. The effective
cross section at freeze-out appearing in Eq. does not

necessarily have to be the same; there could be annihila-
tion to invisible or forbidden channels, co-annihilations,
etc. We quantify this mismatch by introducing the pa-
rameter

v
re = <UXX rcl>(FAO,) ) (5)
(O xxVrel)
We consider the representative benchmark f.g = 0.5

for the CMB bound, and we always take Weyl fermions
(9x = gy = 2; note that this choice does not impact our
findings). For four different values of r,, we shade regions
that are not phenomenologically viable. At small annihi-
lation cross sections, one typically overproduces x’s. For
larger annihilation cross sections, instead, one typically
underproduces x’s, and the measured DM abundance can
be accounted for by production of ¢’s. Whatever mech-
anism we employ to produce v, as long as it gives the
correct DM abundance, the rescaled CMB bounds open
up a significant parameter space region. Values for r, > 1
further widen the available parameter space. The result
does not depend on the specific choice of m,,. The bound-
ary of the excluded region for each r, is made of two
pieces, which can understood by using a semi-analytical
solution [37] for y freeze-out abundance. The roughly
horizontal piece of the boundary (only visible for the blue
and orange regions) corresponds to overproduction of x,
and it is approximately given by

(OxxVrel) 5.2 X 10~ cm3sec™! —

<xf(x)> 10 1z
20 9:(@f(y)) .

Here, x5,y = T¢(y)/my =~ 20 is the freeze-out tempera-
ture and g.(zs(y)) is the number of relativistic degrees of
freedom at that time. The portion of the boundary with
negative slope corresponds to the rescaled CMB bound,
which approximately results in

(6)

1 /1
(TyxVrel) = 3.3 x 1072* em®sec™ — < GeV) y

2
U= mX

()5 )

0.5 20 gx(py) )
For reference, we also show, shaded in grey, the region
of parameter space amenable to indirect searches, which
is capped by a dashed black line indicating constraints
from diffuse photon emission for DM annihilation to elec-
tron/positron pairs [29]. As noticeable from Fig. [1} our
framework in this first scenario provides sub-GeV DM

candidates well within the reach of future gamma ray
missions.

(7)

A second, different possibility is if the heavier part-
ner originates from thermal freeze-out, and thus origi-
nally was in thermal equilibrium, as long as its annihila-



tion rate is sufficiently suppressed at recombination. The
Boltzmann system for this case reads

dn N

ditx +3Hny = — (0 Wrel) w0y [y — 1537] )
+ <0w—>xvrel>(F-O-) [nfb - quni] ’

dn

ditw +3Hny = — (TypUrel) r.0.) [”12/1 - nquﬂ + O

- <0w—>xvrel>(F.O.) [ngp - r?}qni] .

For simplicity, we assume that annihilations are s- and
p-wave processes for x and 1, respectively. Thus we pa-
rameterize

OxxVrel =05 = <0-XX/UI‘81>(F4O.) ’ (10)

O Urel = OpUg) - (11)

The ratio between the effective annihilation cross section
at freeze-out for x and the one to visible final states today
is here, again, given by the factor r, defined in Eq. .
We also introduce the ratio between the p- and s-wave
freeze-out cross section parameters
_ %

rg = . (12)
A similar two-state system with a long-lived partner was
considered in a different context by Ref. [38], for weak
scale DM and only accounting for annihilations. Here,
we also include species conversion reactions yx < Yy
since they can affect relative as well as overall number
densities (see e.g. Ref. [39]). In both equations, we use
detailed balance to always write the collision operator for
the reaction ¥ — xx, which is the one allowed at zero
kinetic energy, and we define the ratio between equilib-
rium number densities

nol

Teq = n—%ﬁq . (13)
As shown in the next section due to CMB limits, the
ratio my /m, has to be very close to an integer number,
up to few percent. For the calculation of abundances
from freeze out, we can ignore this small deviation and
only consider integer mass ratios. In order to account
for the phase-space suppression, we parameterize species
conversion cross sections as follows

My /My 2 1
My /My >~ 2,3, ...

R Urel

Oap—sx Urel = { . (14)

The effect of this type of reactions is quantified by the
dimensionless parameter

Te = = (15)

Os

Results for this second scenario are shown in Fig.
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FIG. 2: Parameter space for frozen-out ¢. Dashed blue lines
reproduced the observed DM density for each value of rorg
(see main text) and without species conversions. Always in
the absence of species conversion, purple region are excluded
by CMB bounds for each r,. We present results for one case
where species conversions are present, with relic density and
CMB constraints (dashed and solid red lines, respectively).
As in Fig. [1] we show current diffuse limits for yx — eTe™.

where we present the available parameter space always
in the (my, (oyytre)) plane. We fix m, ~ my, and
start our exploration by neglecting species conversions
(i.e. . =0), thus y and ¢ freeze-out independently. It
is possible in this case to derive semi-analytical results
for the relic density and CMB bounds. We are interested
in regions of parameter space giving mostly ¢ production
at freeze out, in order to relax CMB bounds. With this
assumption, we employ again a known semi-analytical
solution [37] for the freeze-out density, and find the fol-
lowing condition to obtain the correct relic density:

;1
TeTR
(22y? ( 10 >”2
20 ge(zsw))/)
This closely corresponds to the blue dashed lines in Fig.[2]
which were obtained by a full numerical solution of the

Boltzmann system in Egs. and @D The rescaled
CMB bounds are approximated by the inequality

3

(OyxUrel) 2.1 % 10~ em3sec™

(16)

_ 1 1 [1GeV
(OxxVrel) 2 3.3 x 10 24 cm3sec 173( e ) X

(17)

() (3 )

0.5 20 [ ($f(x)) ’
and this constraint corresponds to the excluded purple
regions in Fig. 2] obtained again by a full numerical solu-
tion. The effect of species conversions cannot be captured

by simple analytical expressions since x and 1 do not
freeze out independently anymore. We choose a specific



set of values for the parameters and we show numerical
results for this case in Fig. 2| with red lines. As long as
the parameter r, is small, the effect is not dramatic and
the overall picture is unchanged. However, for r, ~ 1 the
early universe can no longer be filled mostly with v’s par-
ticles: the species conversion reaction ¥y — xx becomes
an effective way to wash the universe out of v’s, and we
end up with comparable abundances of y and ¥. As a re-
sult, our mechanism works as long as r, < 1071, We note
however that, alternatively, one can invoke a form for the
species conversion cross section different from the one in
Eq. , as for example one including further velocity
suppression, effectively weakening the value of r,. The
figure also shows the region covered by future indirect
searches. Our framework predicts candidates within the
reach of these experiments, even if the heavier partner
1) frozen-out originally was in thermal equilibrium and
its relic abundance was set by the standard freeze-out
process.

Cosmological constraints from the “dark ages”.
Thus far we have been agnostic about the mass split-
ting between the ¢ and x particles, Am = my — my,
and the precise value for the 1 lifetime. Here we use
cosmological constraints to describe the viable space for
these parameters in the present framework. We find that
constraints from the Big Bang nucleosynthesis of light
elements (BBN) at most force Am/m, < 1075 [40-42],
a value much less stringent than those from distortion of
the CMB spectrum after recombination from late-time
decays to visible-sector particles.

Decays after CMB recombination lead to significant
constraints from effects on the CMB anisotropy spec-
trum. Ref. [43] calculates the maximum allowed frac-
tion fgec of decaying dark matter with a given life-
time 7y, for a broad range of spectra and injected en-
ergies. To be as conservative as possible, we use the
strongest limits on such fraction (i.e. the smallest value
of fiec from Fig. 11 of Ref. [43]) to constrain the quantity
Am/my ~ Am/my < faec at different lifetimes.

After production, y annihilations also contribute to
perturbing observables related to the CMB, and are con-
strained by limits similar to those described above and
given in Eq. (2), with an important difference. Ne-
glecting the effects of clumping due to structure forma-
tion [10], integrating in redshift Eq. (14) of Ref. [44] in
the limit of large 7, and assuming that the CMB lim-
its on (oyyvrel) scale linearly with the injected energy
per unit volume, the limits are weakened by the factor
(zdec(r¢)/zrec)3 [52]. Here, zyec ~ 1100 is the recombina-
tion redshift and zqec(7y) is the redshift corresponding
to the decaying particle lifetime 7. The value for the
allowed lifetime range is thus found as as follows

28 cm® sec ™! 1/3

8 X 10— cim - sec

(ﬂxxvreﬂGeV ’ (18)
7nx

chc(Tw) X Zrec

We consider here three values for the quantity

{oxxtrel) = {10726, 10-2, 10-22) cm? sec™!

_— 19
My GeV (19)
which correspond to the following redshifts and
ages/lifetimes:
Zdee = {474, 102, 22} | (20)
-

L= {47 %101, 5.1 x 10", 5.0 x 10"} . (21)
sec
No constraints exist for parameters corresponding to

: —28 _cm®
Zdec > Zrec, 1.6. (OyyUrel) /My S8 x 107°° S8

s GeV

Finally, while low-redshift experiments indicate a
smaller value of €2, than high-redshift experiments such
as Planck (see e.g. Fig. 11 of Ref. [45]), the discrep-
ancy is at present within 1 standard deviation, and there-
fore does not constrain Am in our scenario. It is worth
noticing, though, that the general trend of shrinking €2,
and og from high to low redshift is an expected outcome
of models such as those discussed here (for related dis-
cussions in the context of decaying dark matter see e.g.
Ref. [46] 4T]).

In Fig(3] we summarize these model-independent con-
straints. For visible ¥y — x decays, the region at large
Am/m, above the blue line is ruled out by constraints
from post-recombination decays while the regions to the
left of the vertical lines indicate constraints from annihi-
lations. The level of degeneracy in the 1, x mass spec-
trum required to prevent spoiling CMB data is thus very
high, typically of order of one part in 10°. We notice
that CMB constraints could be however significantly re-
laxed for very small mass splitting, Am < 1 eV, since
the energy of the final state particles would be below the
hydrogen binding energy and they would not be able to
modify CMB formation.

If the daughter particle(s) in the ¢ — x decay is (are)
invisible, such as for example SM neutrinos of new light
degrees of freedom, the constraints just discussed do not
apply, and the only relevant constraints arise from the
effect of the late decays on the formation of structures;
such effects have been studied in detail with N-body sim-
ulations in Ref. [48H50] and for a broader range of life-
times, including 7 < 1 Gyr, in Ref. [51]; we show such
constraints in Fig. 3} for short lifetimes (still much larger
than the epoch of recombination), the relative mass split-
ting can be as large as a percent.

Discussion and Conclusions. In this Letter, we con-
sidered the possibility of light, sub-GeV dark matter x
annihilating at large rates today while evading CMB
and other cosmological constraints. The key idea is
that the dark matter is produced from late-time, post-
recombination decays of a slightly heavier particle
whose annihilation does not significantly perturb the
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FIG. 3: Model independent constraints on the lifetime versus
relative mass splitting plane. Parameter space above the blue
line and shaded in blue is ruled out by constraints from CMB
on 1 decays; finally, parameter space to the left of the three
vertical lines is ruled out by the late-time annihilation of x

particles for (o Urel)/my = 10726, 10724, 10722 chn:v’ left
to right. We also show constraints for the case of invisible
decay final products from Refs. [48] and [51] (the lines and
shaded areas correspond to the lifetime ranges considered in

those analyses).

CMB. We solved in detail the coupled Boltzmann equa-
tions describing the evolution of the number densities of
the two species x and 1, as a function of their respective
annihilation rate and of the strength of the operator(s)
connecting their number densities. We calculated con-
servative constraints from annihilations of relic x’s and
from the decays themselves, and argued that it is gener-
ically possible to have light, sub-GeV dark matter with
large late-time annihilation rates compatibly with CMB
constraints.

Our findings motivate the physics case for utilizing
future satellite missions [30H34] aimed at exploring the
gamma-ray sky in the energy range between 0.1 MeV up
to 100 MeV, for dark matter searches. They also moti-
vate future studies of more complete and independently
motivated particle physics constructions based on late-
time, post-recombination dark matter production from
decays.
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