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Introduction

Dark Matter (DM). several traces along the Universe
o« After reheating, freeze-in or freeze-out-> relic density
e At recombination: traces in Cosmic Microwave Background (CMB)
e Present in galaxies today: potential traces ?

In this work: Focus on thermal s-wave DM with a mass below 10GeV.
1.Cosmological context -> this DM is excluded in Sstandard case
2.Introduction of resonance to rekindle it
3.CMB constraints on resonant models "
U Possibility to detect DM with indirect detection






The cosmological context

Thermal Dark Matter: Freeze-out
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s-wave annihilation cross section

velocity dispersion
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Constraints on Dark Matter

CMB Constraints
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e CMB: strong constraints on annihilation cross section (ACS) for
m <10GeV
e S Wave: ACS not very different during freeze out and during CMB
— Most of the time, ACS that reproduces relic density=excluded by
CMB

Almost every s-wave light DM model excluded
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e CMB: strong constraints on annihilation cross section (ACS) for
m <10GeV
e S Wave: ACS not very different during freeze out and during CMB
— Most of the time, ACS that reproduces relic density=excluded by
CMB

Almost)every s-wave light DM model excluded

Resonant models can evade
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Goal of this work

Being model-independent, we show that a narrow resonances
can reproduce the relic density evading CMB constraints,
potentially allowing to detect s-wave DM annihilation in the
present Universe
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Resonance

Breit-Wigner cross section

Oyx—f — gxgSM

4w
e B, B

2 12
mzrlx

(

a2
S mp

)2 + mpT

2
R



Resonance

Breit-Wigner cross section

2 12
47w mRFR

Oxx—f — Yx9sSM 2 By By

13



Resonance

Breit-Wigner cross section
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Resonance

Breit-Wigner cross section
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Resonance
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Resonance
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Resonance
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Kinetic Decoupling
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Kinetic Decoupling
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Kinetic Decoupling
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Kinetic decoupling
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Hypothesis: enough DM self interaction
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Kinetic decoupling

Hypothesis: enough DM self interaction
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Belated Freeze out

;= freeze-out
x4= Kinetic decoupling
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CMB constraints
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Indirect Detection
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Indirect Detection

Indlrect Detection

XMM-NeWwion: galactic halo (X-ray)
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Indirect Detection (ov) /oo
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II. RESONANT S-WAVE ANNIHILATION

Consider a DM particle x of spin .S, and mass m,,
initially in thermal equilibrium with the SM plasma at
early times (T" > m, ). Near a resonance, its annihilation
cross-section takes a generic BW form,

47TwB B m%l'%
p2 X f (s —m%)2 + miIs

(1)

Oxx—f —

with w = (2Jr +1)/(2Sy + 1), and p = /s —4m2 /2

is the DM center-of~-mass momentum in terms of the to-
tal energy /s. The parameters Jg, mpg, and I'r de-
note the spin, mass, and total width of the resonance,
respectively. The branching ratios are given by B, for
resonance decay into DM pairs and By = 1 — B, for
other final states. Since the (numerator of the) branch-
ing ratios in Eq. (1) are energy-dependent, and assum-
ing s-wave dominance with negligible velocity-suppressed
corrections, their product near the resonance follows,

B, B ~ % x B, By, (2)

where barred quantities denote their “on-shell” values at
Vs = mpg. Introducing the dimensionless parameters
er = mp/(4m3) — 1 and yg = mgrTg/(4m3), the an-

X

nihilation cross-section times the lab-frame DM velocity

reads [3],

1/2 2
TV = Sﬂ'bﬁ(l ‘|_{:) YR :| ?

m?2 (1 + 26)6}{2 {'}’?{ + (€ — €r)?

where € = (s —4m? )/(4mi) ~ v, /4 is the squared rela-

X

tive DM velocity, and we define bg = wB, (1-B,) < w/4.

I1I. BELATED FREEZE-OUT

We assume that DM particles were initially in chemical
equilibrium with the SM in the early Universe and that
the present relic density of DM has formed through the
freeze-out mechanism. The Boltzmann equation govern-
ing the number density of DM is given by [1, 26, 27,

ny +3Hn, = —(ov) (ni — ?’Li eq) » (4)
where H 1s the Hubble parameter, n, ., denotes the equi-
librium DM density, and (ov) is the thermally-averaged
annihilation cross-section.

Following standard freeze-out calculations for resonant
annihilation [3] which are briefly reviewed in appendix A,
the contribution of y to the energy budget of the Universe
today 1s approximately,

1/2
Q. h? ~55x%x 10" BN MGV ER (5)
Xt X _1/2 7
bRYRGx




To evade strong CMB constraints while ensuring res-
onant enhancement at freeze-out, we impose ecyp <
er S 1. When eg > epalo ~ 10~°, DM annihilation is
only weakly enhanced in the Milky Way, limiting the in-
direct detection prospects. As we demonstrate below, ex-
1sting searches already exclude resonant s-wave DM with
er < 107°% We thus focus on eg in the range 107* —107°
in the following.

Such a fine-tuned mass coincidence between DM and
the mediator is not natural in the 't Hooft sense within
minimal models. A notable exception arises in Kaluza-
Klein DM models [23] based on large extra dimen-
sions |24, 25|, where mp = 2m, can be achieved at tree-
level. Nevertheless, this scenario remains phenomeno-
logically compelling, representing one of the last viable
scenarios for thermal s-wave DM below m, ~ 10 GeV. A
key feature of these resonances is their significant impact
on freeze-out dynamics, delaying it well beyond the point

of chemical decoupling from the thermal bath.
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FIG. 1. DM abundance Y, as function of time, parameter-
ized by x = m, /T, after chemical decoupling at x5 = 20 in
the belated freeze-out scenario for e = 107°. The dashed
line assumes kinetic equilibrium (xgzegp > 1), while the red,
orange, green and blue curves represent the suppression due
to kinetic decoupling at x4/xy = 1, 10, 100, and 500, re-
spectively. The inset highlights the mild enhancement of the
abundance for very late decoupling at x e = 1/2 (magenta)
and 2 (brown). Abundances are shown in units of the kinetic
equilibrium value at x — oo, denoted as Yp.



where N, = 1 (N, = 2) when x and y are (not) iden-
tical particles, m,gev is the DM mass in GeV, and gi’ °
is the effective number of degree-of-freedom of the SM
plasma at the time of chemical decoupling. This expres-
sion assumes that DM exchanges energy with the SM suf-
ficiently fast to maintain a thermal distribution through-
out freeze-out. However, for highly effective resonant an-
nihilation, this kinetic-equilibrium condition is typically
not met [17], as the DM-SM scattering cross-section does
not benefit from the resonance and is suppressed by small
couplings. In such scenarios, the Boltzmann equation
must be solved directly for the DM momentum distribu-
tion rather than the number density. This is a challeng-
ing numerical task [18], requiring detailed modeling to
relate the scattering and annihilation cross-sections. To
keep the discussion general, we parameterize corrections

to eq. (5) from early kinetic decoupling with a model-
dependent normalization factor kge.. Thus, we write,

2
m cev
X (6)

1/2 , ¢
Q'*X fx

—1/2
bRYRER

= 4.6 x 107 Pkgec Ny

where f, =€, /Cpn is the fraction of the total amount
of DM observed, with Qpuh? ~ 0.12, that is in the

form of y (and eventually y) particles. We will show
in section IV that for eg < 1, kqee 18 expected to be
much smaller than unity, meaning the relic density
1s strongly suppressed, with the approximate scaling

kdec X VER-



Figure 1 shows that for e < 1, the abundance of y
continues to evolve long after chemical decoupling, result-
ing in a belated freeze-out regime. Although the annihi-
lation rate has fallen below the Hubble expansion rate,
the annihilation cross-section continues to grow at lower
temperatures [5]. As DM particles cool, the peak of their
velocity distribution aligns more closely with the reso-
nance peak. Consequently, the DM vield slowly fades
out, scaling approximately as x='/2 where x = m, /T,

until r ~ Eﬁl: at which point DM particles are too cold
to satisfy the resonance condition. While this description
remain qualitatively correct, it is significantly modified
by kinetic decoupling, which, as we argue below, likely
occurs in the course of this evolution.

The right-hand side of the Boltzmann equation
in eq. (4) is modified to.

Ny + 3Hny = — (ov)'ni + (ov)ns

= — (ov) [,6' (E)ni — ni Eq} : (9)

where (ov)’ is obtained by taking T" — T" in (ov), and
the second line assumes resonant annihilation, with,

B(&) = £3/2e—en(E 1) (10)

We show in appendix B that solving eq. (9) approxi-
mately vields,

2 71—1
2
e Yd

2v/TYa

Kaee = |erf(yq) — erf(yy) + (11)

where y = \/xreg, and erf is the error function. The first
two terms (last term) in the square brackets correspond
to DM annihilation before (after) kinetic decoupling. In
the regime rgyep < 1, the last term dominates, yielding
a suppression of the relic density relative to the usual
result without kinetic decoupling,

kdee = 2\/mrgep < 1. (12)



IV. KINETIC DECOUPLING

Resonant annihilation typically requires much smaller
coupling values to achieve the correct DM relic density.
This generally leads to kinetic decoupling of DM during
the freeze-out process. Below, we estimate the kinetic-
decoupling correction parameter,

kdec = X : (7)

where Ql;eq denotes the abundance obtained from eq. (5)
under the assumption of kinetic equilibrium.

We assume the DM particles are in sufficiently fast self-
interactions, allowing them to form a dark equilibrium
at temperature 7" < T after decoupling at T' = Ty. For
T >Ty, T' =T, while for T < Ty, the DM temperature
evolves with time according to,
het (T) rﬂ% N (8)
he(Ta) Ty

The linear scaling with 7T follows from the fact that DM
is non-relativistic at decoupling, while the prefactor cap-
tures the subsequent reheating of the SM plasma due to
the decoupling of SM species; heg denotes the number of
degrees of freedom of the entropy density.

T(T < T,)) = £(I)T, &(T) = [

Once kinetic decoupling occurs, DM particles, being
non-relativistic, cool more rapidly than the thermal
bath, with 77 o« T?. This causes the resonance condition
to be satisfied earlier, maximizing the annihilation
cross-section when the Universe's entropy density is still

high and DM particles are less diluted. As a result, the
DM yield decreases more rapidly, scaling approximately
as x~ 2. This effect weakens the later the kinetic
decoupling occurs. In the opposite limit, zzep > 1,
the relic density remains unchanged, as expected,
since the DM yield stops evolving after = ~ O(Eﬁl).
Interestingly, kgec in eq. (12) reaches a maximum at
finite 4 = (2¢g)~!. This implies a window of enhanced
relic density, though only by a modest factor of O(10%)
at most, with a mild eg-dependence from the erf(yy)
term. The reason for this is that, at temperatures where
the peak of the DM velocity distribution has moved
past the resonance, annihilation becomes less efficient.
This is because the distribution shifts away from the
resonance more rapidly than in kinetic equilibrium,
diminishing the overlap of the distribution’s tail at later
times. When decoupling occurs for x4 ~ Eﬁl: where the
enhancement discussed earlier has largely diminished,
this effect becomes dominant, leading to a slightly
higher DM abundance. Figure 1 shows the evolution of
Y, with time for various kinetic decoupling temperatures.

where 75 = 2T 2 1.8 x 1077, Equation (13) may
change in models where additional scattering processes,
distinct from the crossing-symmetric counterparts of the
annihilation processes, also contribute efficiently to main-
tain kinetic equilibrium. These processes could extend
the period of equilibrium beyond the estimate in eq. (13)
and potentially modify the dependence on resonance pa-
rameters. In the following, we disregard such processes
and assume that eq. (13) remains valid.



Kinetic equilibrium is maintained at least until chem-
ical decoupling occurs at xy =~ 20 thanks to the an-
nihilation process itself [11]. Whether kinetic equilib-
rium persists to lower temperatures depends on the effi-
ciency of scattering processes. While model-dependent,
the generic properties of such processes can still be as-
sessed. After chemical decoupling, the scattering rate
nsM (Oscat. V) typically remains faster than Hubble expan-
sion because the SM number density ngy is not Boltz-
mann suppressed, ensuring kinetic equilibrium until well
beyond freeze-out in models where the scattering and an-
nihilation cross-sections are comparable. Here, however,
unlike annihilation, scattering is not resonantly enhanced
and is expected to be suppressed by a factor of O(yg)
relative to annihilation. For sufficiently small resonance
widths, the scattering rate is generically subdominant to
the annihilation rate, so kinetic decoupling occurs 1m-
mediately after chemical decoupling. For larger width
values, scattering is less suppressed relative to annihila-
tion, and kinetic decoupling is delayed well after Ts. We
show in appendix B that rgr = T /T} is, approximately.

~ ] R/R 7R >R

where we include in the second equality the effect of ki-
netic decoupling using eq. (12) in eq. (5). The CMB
bound can also be evaded if eg <€ ecpmp, but since
ECMB S 10~ for GeV-scale DM, this would require ex-
treme fine-tuning of dark sector masses, so we do not
consider this scenario further.

An upper bound (ov)cup from CMB anisotropies con-
strains the resonance width, yielding two possible regimes
based on vg /e (see appendix D): (i) a large-width regime
with yg > €g, and (ii) a small-width regime with vp <
ér. In the large-width regime, CMB imposes a lower
bound on the resonance width,

€R
> 97 X2 [ ] . 1
YR 2 27 10-5] (15)
with
N X
X = 1/2 X(mﬂﬂ 3 (16)
g+~ fx(ov)cmB

which 1s deeply in the non-perturbative regime unless
the CMB bound is significantly weaker than the typical
thermal cross section (ov)¢,. Conversely, in the small-
width regime, CMB implies a rather strong upper bound
on the width,

4.5x107% 1 e 13/2
{: .



V. CMB CONSTRAINTS

DM annihilation during recombination injects energy
that heats and reionizes the photon-baryon plasma, af-
fecting the CMB temperature and polarization fluc-
tuations [28]. Observations from the Planck satellite
place stringent constraints on DM annihilation at that
time [29]. In particular, for annihilation into elec-
tron pairs, CMB data exclude cross-sections as large
as (ov)yn = 3 x 107*°cm?/s, for DM below m, =~
10GeV [10]. This typically rules out standard freeze-
out via s-wave annihilation in this channel. However, we
show that resonant annihilation can evade these bounds
and determine the resonance parameters required for var-
ious final states, including electrons, muons, pions, and
photons.

At recombination, DM particles are typically very cold,
with ecyp <€ 1 when the Universe’s temperature is
Toup = 2.6eV. If eg > ecump. the annihilation cross-
section at that time is non-resonant and well approxi-
mated by the zero-velocity limit (e — 0) of eq. (3), typ-
ically valid for eg ~ 107° (see appendix C). This gives,

81h
(cv)oMB = —7 ER .
miep (e + €R)
N /212
- —26 3 X'df "R 'R
~21x107*" em? /s /3 { EJH:E}.
!_}'* fx fYR R

(14)

provided ygr < %, or

(18)

’}’RN?'me_g { €R ]

X'2/3 10—°

when yg > 7%, which suggests very weak resonance’s
couplings to DM and SM particles in this regime.

Figure 2 shows the allowed resonance widths for DM
annihilation into electrons, muons, pions, and photons
as a function of the DM mass and for different values of
er. We use micrOMEGAs to derive the CMB constraint
for the electron, muon, photon and pion channels, fol-
lowing the approach outlined in [10] and accounting for
the most recent Planck data [29]. The pion bound as-
sumes annihilation into both 77" and 7+ 7~ final states,
with cross-sections related by isospin symmetry, though
the neutral pion contribution largely dominates. Further-
more, for the interested reader, we provide CMB bounds
for several individual channels in appendix E.

The small-width regime is bounded from below by the
condition v = 3.3 x 107%° /mycev that the resonance
lifetime does not exceed one second so that it has disap-
peared from the Universe before the onset of Big Bang
nucleosynthesis (BBN), and by the condition bgp < w/4
corresponding to physically relevant resonance BRs. For
electrons with assuming eg = 10™°, the CMB constraint
excludes the large-width regime up to m, ~ 40GeV.
In the small-width regime, it forces the resonance to be
extremely narrow, as small as ~ 107!2 of its mass for

m, =~ 1 MeV.



For DM below 10 MeV annihilating into electrons and
photons, constraints from Neg (not shown in fig. 2) may
also be relevant (see, e.g., [30-32]). However, these
bounds are model-dependent, as they vary with the DM
spin and can be significantly relaxed, in some cases down
to m, ~ 1 MeV, if additional couplings to neutrinos are
present [30].

VI. INDIRECT DETECTION SIGNALS

We now examine signals of DM annihilation in the
present Universe, focusing on the galatic halo, dwarf
galaxies, and galatic clusters. For resonant s-wave an-
nihilation, the predicted cross-section depends strongly
on the DM velocity. We assume that DM particles have
virialized within these astrophysical systems, following a
Maxwell-Boltzmann distribution with a dispersion veloc-
ity vpm. In the small-wdith regime, and under the relic
density constraint from eq. (6), the velocity-averaged an-
nihilation cross-section is given by,

| : N ve \' T €n
~ 1.9 x 107 em® /s 2 [ — [ * ]
(ov) cm” /s —lﬂfx UDM 10—
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2
Ve €ER
X exp [ 18.6 (vm{) [105]] , (19)

where vs = 220km/s is the typical velocity dispersion
in the Milky Way halo at a distance of ~ 10kpc from
the Galactic center [33, 34]. Notably, (ov) in eq. (19) is
independent on the resonance width vg and only weakly
depends on the DM mass via the number of relativistic
degrees of freedom present in the early Universe at the
time of DM chemical decoupling g,.. In astrophysical en-
vironments where vpy 1s much smaller than vg, such as
dwarf galaxies, the cross-section is no longer resonantly
enhanced and instead approaches the zero-velocity limit,

. , N
OV) = OVesp ~ 6.7 x 107°  cm? /s - X
—1/2
9+~ fx
VR ] [ €R ]—5‘”2 5
. [1@—12 0-s) o 20

which is the same cross-section relevant during recombi-
nation. Additionally, ovy depends weakly on m, through
G

Figure 3 illustrates the boost factor R = (ov)/ovg
due to BW effects as a function of the DM dispersion
velocity, for different values of ez and g, highlighting
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FIG. 2. Resonance width vr as function of the DM mass
m,. The blue-shaded area is excluded by CMB observations
with different boundaries representing annihilation to elec-
trons (green), muons (magenta), photons (orange) and pi-
ons (black), assuming ez = 107°. The pion bound assumes
annihilation into both 77" and 777~ channels, assuming
isospin symmetry. The red region corresponds to resonance
lifetime exceeding one second, potentially affecting BBN pre-
dictions. In the brown-shaded region the resonance branching
ratios are not physical (bg > w/4, assuming Jg = 1, 5, = 0).
Dashed and dot-dashed lines represent results for resonances
with eg = 107* and 107°, respectively, showing only photons
for the CMB exclusion. The allowed regions above and below
the CMB exclusion correspond to the large-width and small-

width regimes, respectively, as defined in the text.

A variety of indirect detection (ID) experiments search
for the products of DM annihilation in different astro-
physical environments. These constraints typically as-
sume a velocity-independent s-wave annihilation cross-
section. However, near a resonance, the cross-section
exhibits strong velocity dependence, necessitating a re-
casting of experimental limits.

The Fermi-LAT telescope observes gamma-ray emis-
sions from dwarf galaxies [21], where typical DM veloc-
ity dispersions range from 2.5km/s to 10.7km/s [35]. At
these low velocities, DM annihilation occurs far from
the resonance, justifying the zero-velocity approxima-
tion (0U)Fermi-LAT =~ 0vg. Similarly, for constraints
based on gas cooling observations of the Leo T dwarf
galaxy [36], where the DM velocity is estimated to be
around 7km/s [37, 38].

Powerful constraints can be extracted from X-ray data
of XMM-Newton [20], which observes the entire galaxy
and derives limits from concentric rings. We use the con-
straint from the 42° — 48° latitude region, which pro-
vides to the strongest limits away from the galactic center
(GC). In this region, the dominant contribution to DM
annihilation comes from DM particles with a velocity v .
The X-ray constraints are subject to large uncertainties;
here, we adopt the central value from [20].

We also incorporated radio constraints from the
MeerK AT telescope, which detects synchroton emissions
from galaxy clusters and dwarf galaxies using radio in-
terferometry [39, 40]. We focus on constraints from
galaxy clusters, which have fewer astrophysical uncer-
tainties and provide more robust bounds [22|. Using
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FIG. 3. Boost factor R = (ov)/ovp of the DM annihila-
tion cross-section as function of the DM dispersion velocity
vpwm, relative to its zero-velocity counterpart, i.e., the cross-
section relevant during recombination. Dashed, solid and dot-
dashed lines correspond to eg = 10™%, 107? and 107", respec-
tively, with fixed yg = 107"% (blue) and 10~ "” (black). The
vertical gray line marks the typical DM wvelocity dispersion
ve = 220km /s in the Milky Way’s halo, excluding the Galac-
tic center [33, 34].

the linear dependence of R on vp.

DarkMatters [41], we computed the radio flux from DM
annihilation into electrons and muons and compared
them to MeerKAT’s L-band sensitivity [42]. The typical
DM velocity in these clusters is ~ 1000 km/s, resulting in
a large boost factor R (see fig. 3) for a wide range of eg.
The constraints in fig. 4 are derived from observations of
the Abell 133 cluster [22]. These limits depend on as-
trophysical parameters, such as the halo radius, density
profile, and magnetic field, and can weaken by a factor
of 2, or strengthen by over an order of magnitude.
Other constraints from both INTEGRAL [43] and
COMPTEL [44] are derived from the inner region of the
galaxy, but due to uncertainty in DM wvelocity in this
region, a detailed recasting is required, which we do not
perform. Moreover, their limits are generally weaker
than those from XMM-Newton, except for DM masses

of a few MeV.

Figure 4 presents the predicted annihilation cross-
section (ov)990 = (ov)(vpMm = ve ) that satisfies the relic
density constraint for different values of eg, compared to
the limits extracted from XMM-Newton (m, < 5GeV),
Leo T (m, < 1.3GeV), Fermi-LAT (for m, > 2GeV),
and MeerKAT (m, > 5GeV), assuming annihilation
into eTe~ (top panel) or u*pu~ (bottom panel), with
vr = 10712, For ep = 107°, the maximum resonant en-
hancement occurs at vs, leading to strong XMM-Newton
and MeerKAT constraints that exclude DM over the en-
tire mass range. For eg = 107°, XMM-Newton pro-



vides the most stringent constraint for m, <5 GeV, but
does not exclude the relic-density compatible region. No-
tably, due to resonance effects, very small couplings are
required to reproduce the observed DM abundance, lead-
ing to (ov)a90 values much smaller than 3 x 107*°cm®? /s.
MeerKAT rules out the region m, > 5 GeV, as it bene-
fits from a large boost factor. The same conclusion ap-
plies to both leptonic channels. For e = 10™*, the reso-
nance peak shifts to higher velocities, suppressing (ov) 220
and allowing sub-GeV DM to evade current constraints,
while MeerKAT excludes DM in the 5-100 GeV range
in both leptonic channels. Due to the small DM veloc-
ities involved, dwarf galaxies observations do not ben-
efit from a resonance boost and thus fail to constrain
resonant DM for any €. Similar conclusions hold for
DM annihilation into pion pairs. More precisely, for
vyr = 107'2, we find that the X-ray constraints are
evaded for e > 7 x 107° for muons and eg = 8 x 107°
for electrons, at m, = 1GeV, while radio constraints are
evaded for eg = 2 x 10~* for both electrons and muons

at m, = 10GeV.



