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Abstract. We discuss the phenomenology of an MeV-scale Dirac fermion coupled
to the Standard Model through a dark photon with kinetic mixing with the electro-
magnetic field. We compute the dark matter relic density and explore the interplay
of direct detection and accelerator searches for dark photons. We show that precise
measurements of the temperature and polarization power spectra of the Cosmic Mi-
crowave Background Radiation lead to stringent constraints, leaving a small window
for the thermal production of this MeV dark matter candidate. The forthcoming MeV
gamma-ray telescope e-ASTROGAM will offer important and complementary opportu-
nities to discover dark matter particles with masses below ∼ 10 MeV. Lastly, we discuss
how a late-time inflation episode and freeze-in production could conspire to yield the
correct relic density while being consistent with existing and future constraints.
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1 Introduction

The existence of dark matter (DM) has been established, via its gravitational effects,
through a variety of observations at different scales – from galaxies to the largest struc-
tures in the Universe. The dark matter accounts for 27% of the total energy density
of the Universe, and for about 85% of its matter density [1]. However, at present the
fundamental nature of the DM particle remains a mystery, providing one of the most
important open problems in particle and astroparticle physics today. The require-
ments of strong and electromagnetic charge neutrality, and of the dark matter being
non-relativistic at the time of decoupling from the thermal bath in the early Universe,
rule out any of the Standard Model known particles as dark matter candidates. The
dark matter is thus quite likely a new elementary constituent. As such, it is not im-
plausible to assume the dark matter is charged under possibly additional, “dark” gauge
interactions.

In the Standard Model, electromagnetic interactions are described by a U(1)
gauge interaction, quantum electrodynamics (QED), whose massless force carrier is
the photon. In QED the photon couples to particles proportionally to their electric
charges and features only vector interactions. One of the few renormalizable “portals”
between the dark matter and the (visible) Standard Model is via the kinetic mixing of
the electromagnetic field strength and the field strength of a new (dark) U(1) gauge in-
teraction, whose force carrier is a new particle, which we hereafter indicate as the dark
photon. In principle the dark photon can be massless, with an unbroken dark U(1) and
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a possible milli-charged DM [2, 3]. Here we will consider instead the possibility that
the dark U(1) is broken, leading to a massive dark photon. Searches for dark photons
have been carried out at a multitude of laboratories throughout the world, utilizing
data ranging from collisions at the Large Hadron Collider to pion decays [4–11].

In our work, we assess the feasibility of having the dark photon as a portal to
dark matter, assuming that the dark matter particle is an MeV-scale Dirac fermion
charged under the new dark U(1) gauge interaction. Dark matter at the MeV scale is
an interesting possibility, offering a rich phenomenology [3]. The topic has witnessed
increasing interest in light of null results in the search for WIMPs [12] and of the many
upcoming experimental probes for MeV-scale dark matter [13–18]. Several MeV dark
matter studies have been conducted in the literature, e.g. in the context of a light dark
Higgs [19], effective operators [20–22], radiative neutrino masses [23], sterile neutrinos
[24], neutrino detectors such as Super-Kamiokande [25], dark radiation [26], interplay
with gamma-rays [27, 28], in connection to MeV anomalies at colliders [29], supernova
physics [30], small scale structure [31], keV line emission [32], low energy colliders [33],
Big Bang Nucleosynthesis [34] and coherent neutrino-nucleus scattering [35]. Despite
the large number of existing studies in the context of MeV dark matter, our work is
novel at a variety of levels:

(i) We discuss complementarity of dark matter searches, focusing on accelerator
and/or collider searches as well as direct and indirect dark matter searches;

(ii) We investigate MeV dark matter complementarity in the context of the dark
photon portal;

(iii) We study different production mechanisms beyond thermal freeze-out, namely
inflaton decay and freeze-in.

The paper is structured as follows: In Section 2, we introduce our dark photon
model; we discuss in Section 3 the dark matter relic density; in Sections 4-5-6 we
discuss the CMB and gamma-ray constraints and prospects, as well as direct detection
bounds; in Section 7 present our results in the context of thermal production, late-time
inflation and freeze-in production mechanisms, and we conclude in Section 8.

2 The dark photon model

The dark photon model has been originally proposed in [36, 37]. The model contains
a massive vector boson mixing with the QED photon via a kinetic mixing term of the
form εF µνF ′µν , with ε a dimensionless parameter. In the regime in which the dark
photon is much lighter than the Z boson, the dark photon inherits the properties of
the QED photon, i.e. it interacts with fermions proportionally to their electric charges,
albeit with couplings suppressed by ε. In this work, such dark photon is the mediator
between the dark matter particle, assumed to be a Dirac fermion, and the SM fermions.
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Figure 1. Feynman diagrams for dark photon models.

After kinetic mixing diagonalization [38], the Lagrangian reads

L ⊃− 1

4
FµνF

µν − 1

4
F ′µνF

′µν +
1

2
M2

A′A′2

+
∑
i

f i(−eqfi /A− εeqfi /A
′ −mfi)fi

+ χ(−gD /A
′ −mχ)χ ,

(2.1)

wheremfi , mχ andMA′ are the SM fermion, DM and dark photon masses, respectively,
F µν and F ′µν are the fields strength of the photon A and of the dark photon A′, gD
is the coupling between the dark photon and the dark sector, and εe the dark photon
coupling with the standard fermion of charge qfi .

This model possesses two important channels for dark matter production, de-
pending on the relation between the dark photon mass and the DM mass [38]: for
mχ > MA′ , we have the s-channel annihilation into SM particles (left diagram in
Fig.1) and on-shell production of two dark photons A′ (right diagram in Fig.1), the
latter being typically dominant. This scenario is called Secluded Dark Matter Model
[36]. In the opposite case, mχ < MA′ , we have s-channel annihilation producing a pair
of (four) SM particles via the (off-shell) A′ mediator (see Fig. 1). In this work we will
focus on the second case because in this case the kinetic mixing parameter is a key pa-
rameter in the dark matter phenomenology, allowing to directly and straightforwardly
explore the rich interplay of a multitude of independent searches for this specific class
of dark photon models.

Having in mind the first diagram in Fig.1 is straightforward to find the integrated
amplitude squared which reads,∫

dΩ|M|2 =
64π

3
(εeqfgD)2

(
1 +

2m2
f

s

)(
1 +

2m2
χ

s

)
s2

(s−M2
A′)2 +M2

A′Γ2
A′
, (2.2)

where the total width of the dark photon is given by

ΓA′ =
MA′

4π

∑
i

(εeqfi)
2

(
1 +

2m2
fi

M2
A′

)√
1−

4m2
fi

M2
A′

+ g2
D

(
1 +

2m2
χ

M2
A′

)√
1−

4m2
χ

M2
A′

 .
(2.3)
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These two expressions above will be important to understand the physical pro-
cesses we will present further.

3 Relic density

The evolution of the number density of a species i is set by the number of interactions
per unit of volume and time, the rate R(T ). The corresponding Boltzmann equation
reads

ṅi + 3Hni = R(T ) , (3.1)

where H = ȧ/a is the Hubble rate, with a the scale factor.
It is convenient to absorb the effect of the expansion of the Universe by defining

the yield Yi = ni/s, where s is the entropy density s = S/a3. Since the entropy S is
dominated by the ultra-relativistic content, it holds that s = 2π2/45gs(T )T 3, with gs
the entropic relativistic degrees of freedom. The Boltzmann equation is therefore

dYi
dt

=
R(T )

s
− Yi

s

d lnS

dt
, (3.2)

where we see that entropy injection during dark matter production would decrease the
dark matter yield.

Tracking the evolution in terms of temperature gives1

dYi
dT

= −g̃R(T )

sHT
− d lnS

dT

(
Yi −

R(T )

3Hs

)
, (3.3)

where g̃ ≡
(
1 + T

3
d ln gs
dT

)
. In our scenario, under entropy conservation we have

− T

g̃

dYχ
dT

= 2YA′
ΓA′→χχ

H

(
1− Yχ

YA′

nχ〈Γχχ→A′〉
2ΓA′→χχ

)
+ Yf

nf〈σv〉
H

(
1−

Y 2
χ

Y 2
f

)
, (3.4)

where 〈Γχχ→A′〉 and 〈σv〉 are the thermally averaged rates for inverse A′ decay and for
ff ↔ χχ, see below. Hereafter we will assume that the dark photons have already
decoupled from the thermal bath, so that YA′ � Yf and we can drop the first term of
the above equation. With Eq.3.4 at hand we have two possibilities for Yχ:

• freeze-out: Yf = Y eq
χ . In the thermal freeze-out regime the dark matter was

in thermal contact with SM particles, but eventually the expansion rate of the
Universe equaled the interaction rate effectively preventing the dark matter par-
ticles to self-annihilate into SM particles, leading to freeze-out of the relic dark
matter particle population. In this freeze-out scenario the yield can lead to the
correct dark matter relic density or not. We will discuss the case where dark
matter abundance matches the one from freeze-out and the setup where the dark
matter abundance is assisted by a late-time inflation episode. The latter will be
addressed in Section 7.2;

1Here we have used dt = − 1
HT dT + 1

3H (d lnS − d ln gs).
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• freeze-in: Yf � Yχ. In the freeze-in case, the dark matter particles were never
in equilibrium with fermions due to the weakness of their interactions with SM
particles. It indeed freezes-in through the process ff → χχ.

We will now give a more quantitative description of these two processes. The
rates for the freeze-out and the freeze-in regimes are respectively

RFO(T ) = n2
eq〈σv〉ann

(
1−

Y 2
χ

Y 2
eq

)
RFI(T ) = n2

f〈σv〉prod

(3.5)

It turns out that we have

n2
eq〈σv〉ann = n2

f〈σv〉prod =
T

32(2π)6

∫
ds
√
sK1

(√s
T

)√
1−

4m2
χ

s

√
1−

4m2
f

s

∫
dΩ|M|2,

(3.6)

where the number density of a species i in this regime is

ni =
gi

2π2
m2
iTK2

(mi

T

)
, (3.7)

and s is the Mandelstam variable and where neq stands for the equilibrium num-
ber density of dark matter. Furthermore, we highlight that we used the Maxwell-
Boltzmann approximation, since we are interested in studying these processes in the
non-relativistic regime of dark matter and fermions.

It is useful to have an analytic approximation for the thermally averaged an-
nihilation cross section to also facilitate the understanding and interpretation of the
bounds we will discuss further. In the limit m2

f � m2
χ � M2

A′ , i.e. when the dark
matter annihilation to fermion pairs via the s-channel exchange of the dark photon is
non-resonant, 〈σv〉ann scales as

〈σv〉ann ∼
(gDεe)

2m2
χ

M4
A′

. (3.8)

Therefore, if an experiment places a model independent bound on 〈σv〉ann, we can
interpret such limit in the ε vs MA′ plane for a fixed dark matter mass. Furthermore,
this constraint should weaken with the dark photon mass. This feature will clearly
emerge in the following Figs. 4-6. Moreover, since the dark matter annihilation cross
section is proportional to 1/s

∫
dΩ|M|2 defined in Eq. (2.2) and we can observe that

the dark matter annihilation features a resonance when M2
A′ ∼ s ∼ 4m2

χ, i.e. when
MA′ ∼ 2mχ, in the non-relativistic limit. This resonance regime is very important in
model since most of the parameter space consistent with the existent limits, in the
freeze-out scenario, lives near the A′ resonance.
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Now that we understood some limiting cases of the annihilation rate, we can go
back to the discussion of the dark matter thermal relic abundance. In the freeze-out
regime, we can rewrite Eq. (3.4) as

dYχ
dT

= − g̃

sHT
n2

eq〈σv〉ann

(
1−

Y 2
χ

Y 2
eq

)
= MPl

(
45

π

)−1/2

g1/2
∗ 〈σv〉ann(Y 2

χ − Y 2
eq) (3.9)

where we adopt the usual notation g1/2
∗ ≡ g̃gs/

√
ge, with ge the sum of the degrees of

freedom.

After freeze-out , we can take Yχ � Yeq, giving a solution for the final yield Y0

1

Y0

=
1

Yf
+

MPl√
45/π

∫ Tfr

T0

dTg1/2
∗ 〈σv〉ann. (3.10)

Notice that in the freeze-out scenario we integrate from the freeze-out temper-
ature Tfr to the temperature today T0. The freeze-out temperature is found to be
Tfr ∼ mχ/10 and it is derived by finding which temperature leads to a dark matter
yield after freeze-out much larger than the yield in equilibrium.

Yf is defined as the yield of dark matter just after decoupling, Yf = Yeq(1 + δ),
where for a good approximation δ = 1.5 [39]. Since we are going to consider dark
matter masses in the range 10− 100 MeV, the final states are just electrons.

For the freeze-in regime, Eq. (3.4) reduces to

dYχ
dT
≈ − g̃

sHT
n2
f〈σv〉prod = − MPl

(2π)2

(
45

π

)3/2
g̃

gs
√
ge

n2
f〈σv〉prod
T 6

, (3.11)

which is easily integrated to give the final dark matter yield and relic density. In this
case, we integrate from some high scale temperature, usually taken as the maximal
temperature of radiation era, the reheating temperature, up to T0.

The equilibrium condition between dark matter and fermions will dictate which
mechanism will generate the dark matter relic density. Roughly speaking, if n〈σv〉(T ) <
H(T ), the expansion of the Universe is faster than the interactions and the sectors are
considered thermally decoupled, otherwise they are in thermal contact. Therefore,
if neq〈σv〉ann/H > 1, we have the freeze-out and if nf〈σv〉prod/H < 1, we have the
freeze-in. We illustrate, in the left panel of figure 2, the ratios n〈σv〉(T )/H(T ) as a
function of the inverse temperature (rather, of the ratio MA′/T ) for different choices
of the annihilation rate and of the coupling ε2.

Additionally, Fig. 2 shows that the maximal pair-annihilation rate occurs in the
pole region, when s ∼M2

A′ . By using the Narrow Width Approximation (NWA),∫
dΩ|M|2 =

A(s)

(s−M2)2 +M2Γ2
→ π

MΓ
A(s)δ(s−M2) , (3.12)
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Figure 2. Left: Ratio of the frequency of interactions to the frequency of expansion for a set
of parameters of interest. Notice that for ε2 . 10−15 dark matter never reaches equilibrium
with the fermions and could be produced via freeze-in. Right: Evolution of the thermally
averaged annihilation and production cross-sections.

we can estimate the point at which the maximum of the reaction rate is smaller than
the expansion frequency. In the NWA approximation the rate is

RNWA(T ) =
M4

A′

24π3

K1(x)

x

1

MA′(1/ΓA′→χχ + 1/ΓA′→ff )
. (3.13)

Since ε� gD, 1/ΓA′→ff � 1/ΓA′→χχ and therefore we will satisfy the out-of-equilibrium
condition RNWA(T ) < H(T ) roughly when

ε2 < 7.4× 10−16
( ge

10

)1/2
(
MA′

GeV

)
rfK2(

√
rfx)x2

(1 + 2rf )
√

1− 4rfK1(x)
, (3.14)

where x ≡MA′/T and rf ≡ m2
f/M

2
A′ . For MA′ ∼ 100 MeV, ge ∼ 20 and by considering

electrons, rf ∼ 10−5. Considering the maximum of the rate at x ∼ 3, we can have
freeze-in production for ε2 . 5× 10−15.

We highlight that in the freeze-out scenario, it is usual to work with the ther-
mal annihilation cross section, which is 〈σv〉ann = RFO(T )/n2

eq. Since both R(T ) and
neq(T ) decreases for T . Tfr, the annihilation cross section becomes constant after the
thermal decoupling. For the freeze-in scenario, we work instead with the production
cross-section 〈σv〉prod = RFI(T )/n2

f . Since nf is still nearly constant after decoupling,
〈σv〉prod decreases after decoupling. We illustrate this in the right panel of figure 2.

One can thus integrate Eqs. (3.10) and (3.11) in order to find the relic density
in the freeze-out and freeze-in scenarios, respectively. In what follows we will discuss
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current and upcoming experimental bounds on the model, in particular from direct de-
tection and indirect detection, and compare the constraints with the parameter space
leading to the correct relic density.

4 CMB bounds

The results of the Planck satellite improved significantly the precision and resolution
of the measurement of the anisotropies of the CMB spectrum, rendering the CMB
bounds on dark matter annihilation very competitive when compared to the standard
relic density and indirect detection constraints.

If dark matter particles annihilate at early times, between the period of recombi-
nation and reionization, they could inject electromagnetic particles in the intergalactic
medium. This could affect significantly the CMB power spectrum, for example, en-
larging the surface of last scattering or increasing the electron ionization fraction, since
this injected energy can ionize and heat the intergalactic medium.

The energy per time per volume deposited in the medium by a DM annihilation
is given by

dE

dt dV
= ρ2

cΩ
2
χ(1 + z)6Pann(z) , (4.1)

where ρc is the critical density, Ωχ is the DM abundance, z is the redshift, and the
redshift-dependent parameter Pann(z) is the annihilation parameter, defined as

Pann(z) ≡ f(z)
〈σv〉
mχ

, (4.2)

which depends on the efficiency function f(z) defined below, the thermal averaged
annihilation cross section 〈σv〉 and the dark matter mass mχ. The efficiency function
f(z) describes the relation between the deposited energy and the injected energy in
the medium for a given redshift:

dE

dt dV

∣∣∣∣
dep

(z) = f(z)
dE

dt dV

∣∣∣∣
inj

(z) . (4.3)

In other words, f(z) is the efficiency at which the deposited energy is actually injected
into the medium as a function of the redshift. This function was carefully computed
in [40]. Recently, it was demonstrated that with good precision the function f(z) can
be approximated to be independent of redshift, being an effective efficiency factor feff

[41, 42]. Thus, hereafter, we will refer to it as feff .

This efficiency factor depends on the final state from dark matter annihilation as
well. In our model the possible final states are electron-positron pairs and photons
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resulting from final state radiation.

In order to compute feff we need to obtain the numbers of electron-positron pairs
and photons produced per dark matter annihilation as a function of energy, a quantity
known as energy spectrum. We denote dN/dEγ and dN/dEe+ as the photon and
positron energy spectrum respectively. The electron-positron yield is trivial and the
photon production is in the approximation where the dark matter mass is much larger
than the electron mass [43]. A numerical calculations of these energy spectra with
Pythia or PPPC4DM would furnish similar results [44, 45]. With the energy spectra
at hand we also need to account for the individual efficiency functions of the electron-
positron pairs and photons. Such individual efficiency functions simply quantify how
much these particles perturb the ionization history of the Universe as a function of
energy. We label them as fγeff and f e+eff . Having the energy spectra at hand and these
individual efficiency functions obtained using the code from Ref. [42], we can compute
the overall efficiency factor, feff , by integrating over energy [42] as follows,

feff =
1

2mχ

∫ mχ

0

EdE

(
fγeff(E)

dN

dEγ
+ 2 f e

+

eff (E)
dN

dEe+

)
,

where the factor 2 appear to account for electrons and positrons.

For now, using this approximation, Pann can be rewritten as

Pann ≡ feff
〈σv〉
mχ

, (4.4)

which is a z-independent quantity that currently is constrained by Planck to [1]

Pann < 4.1× 10−28 cm3 s−1 GeV−1 , (4.5)

which will be used to constrain the MeV dark matter in our dark photon model. With
Eq. (4.4) at hand and the bound from Planck in Eq. (4.5) we can place a limit on
the dark matter annihilation cross section as a function of the dark matter mass for a
known feff . We remind the reader that feff was obtained numerically using the routine
provided in [42].

At the end, we obtained the CMB bound displayed in Fig. 3 as a red curve. To
be more specific, we give two examples: our bound is 〈σv〉 < 5.18 × 10−30 cm3 s−1 for
mχ = 10 MeV and 〈σv〉 < 5.65× 10−29 cm3 s−1 for mχ = 100 MeV.

5 Gamma-rays

The last decade has brought unprecedented progress in the area of GeV gamma-ray
astronomy, improving the sensitivity to a dark matter signal by several orders of mag-
nitude [46–50]. However, in the MeV-GeV regime there has not been much progress
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and the e-ASTROGAM proposal is anticipated to fill this gap [51].

Interesting studies in the energy range relevant for MeV-GeV gamma-ray indirect
detection have been presented e.g. in Refs. [27, 31, 52–65]. In this work, will focus on
the e-ASTROGAM mission. The e-ASTROGAM space observatory is projected to be
comprised of a silicon tracker, a calorimeter and an anti-coincidence system, sensitive
to photons in the energy range from 0.3 MeV to 3 GeV. That said, Ref. [66] performed a
dedicated sensitivity study of the e-ASTROGAM mission to MeV dark matter. There
it was assumed that the systematic uncertainties in these future missions will be simi-
lar to those pertinent to Fermi-LAT; the local dark matter density to be 0.4 GeV/cm3;
the dark matter density profile to be modeled by a Navarro-Frenk-White halo [67, 68];
and the region of interest to be the Galactic center. For the case of dark matter
annihilation into e+e−, they have included prompt photons resulting from final state
radiation as well as secondary photons [69, 70]. Here we will consider the benchmark
scenario described in [66] where final state radiation is the main component along with
bremsstrahlung emission.

In summary, the bound found in [66] is reproduced in Fig. 3 with a purple line
and compared with the CMB one derived in the previous section. It is clear that
e-ASTROGAM can potentially discover dark matter for masses below 10 MeV, while
offering a complementary and important probe for larger dark matter masses. Thus,
in Fig. 4, where we exhibit the results for mχ = 10 MeV, e-ASTROGAM and CMB
will constitute orthogonal and nearly equally competitive bounds.

1 10 100 1000
mχ (MeV)

10-31

10-30

10-29

10-28

10-27

10-26

〈 σv〉
 (c

m
3
 s−

1
)

χ χ →  e + e −

CMBe-ASTROGAM

Figure 3. Limits on cross section versus dark matter mass from CMB bounds [42] and
prospects from e-ASTROGAM [66] on the channel χχ → e+e−.
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6 Direct Detection

Another promising way to discover MeV dark matter is via the observation of dark
matter scatterings at nuclear targets or electrons [71–87]. In particular, the strongest
limits on MeV dark matter stems from the XENON10 and -100 experiments, two-phase
detectors that used ionization and scintillation to distinguish background from signal
events [88, 89].

In the case of MeV dark matter, when a dark matter particle scatters off an
electron it may ionize a xenon atom in the liquid phase. The recoiling electron can
ionize other surrounding atoms if it has sufficient energy as well. An electric field then
drifts the electrons to the xenon gas phase where a scintillation signal is produced,
commonly referred to as the S2 signal. This signal is proportional to the number of
stripped electrons. Taking into account the specifics of the XENON10 and -100 detec-
tors, bounds were placed on the dark matter-electron scattering cross section [88]. In
particular, they found σe < 4.5× 10−37 cm2 for mχ = 10 MeV and σe < 9× 10−39 cm2

for mχ = 100 MeV. Such bounds are displayed in red curves in Figs. 4-5.

Moreover, projected limits from the SuperCDMS collaboration using silicon with
a 10 kg-year exposure were forecast to be σe < 2.7× 10−43 cm2 for mχ = 10 MeV and
σe < 1.3× 10−42 cm2 for mχ = 100 MeV [88]. These limits will significantly reduce the
viable parameter space of the model and we represent them with red curves in Fig. 6.

These model-independent bounds can be interpreted in terms of the dark photon
model we consider knowing that the dark matter-electron scattering cross section reads
[88]

σe =
16πµχeαε

2αD
M2

A′ + α2m2
e

, (6.1)

where α is the fine-structure electromagnetic constant, αD = gD/4π, and µχe is the
dark matter-electron reduced mass. For a fixed dark matter mass µχe is determined
and one can thus translate the experimental bound on σe into a bound on the ε vsMA′

plane.

We now move to the discussion of dark matter production via freeze-out and
freeze-in on the same parameter space used before.

7 Dark Matter Production

The evidence for dark matter in our Universe is irrefutable, but the production mech-
anism for the dark matter in the early Universe remains utterly mysterious. In a
nutshell, dark matter particles can be produced either in thermal equilibrium or not.
The former is known at thermal freeze-out. In the thermal freeze-out regime the dark
matter was in thermal contact with SM particles, but eventually the expansion rate of
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Figure 4. Bounds on the plane ε2 versus dark photon mass from CMB (see [42]) and
direct detection (see [89]) constraints on the channel χχ → e+e− (purple and red hatched
regions, respectively) and relic abundance (turquoise lines) for DM mass mχ = 10 MeV and
two different values for the dark coupling gD, gD = 0.1 (left panel) and gD = 1 (right panel).
We are comparing our results with the most recent dark photon searches (gray regions) and
future prospects (colored regions).

the Universe equaled the interaction rate effectively preventing the dark matter parti-
cles to self-annihilate into SM particles, leading to freeze-out of the relic dark matter
particle population. If dark matter particles never attain equilibrium in the early
Universe, there is no unique way to non-thermally generate the observed dark matter
abundance [39, 90, 91]. One possibility is that processes dump out-of-equilibrium dark
matter particles in the early Universe, letting a slowly-growing population of particles
to accrete, eventually, to the observed abundance – a process dubbed freeze-in [92–96].

7.1 Freeze-out

In Fig. 4 we summarize the results for mχ = 10 MeV. In the left (right) panel we
exhibit the limits for gD = 0.1 (gD = 1). The gray regions represent current limits
ranging from accelerators to colliders as reviewed in [38]. The regions in color account
for projected sensitivities of a multitude of experiments such as LHCb, HPS, BELLE
II etc. The red curve is the current XENON exclusion limit, whereas the purple curve
delimits the current CMB bound as well as the forecast e-ASTROGAM sensitivity.
The region of parameter space that yields the correct dark matter relic density is de-
marcated by a green solid curve. One can easily notice that the relic density curve
is completely immersed in the exclusion region of the CMB/e-ASTROGAM probes.
Therefore, there is no room for a 10 MeV Dirac fermion dark matter candidate whose
relic density stems entirely from the thermal freeze-out process.

In Fig. 5 we display the results for mχ = 100 MeV with gD = 0.1 (left panel)
and gD = 1 (right panel). In this figure we introduce a dilution parameter ∆, to be
discussed in more detail further below. The important point is that ∆ = 1 corresponds
to the case where the dark matter relic density arises only from the thermal production
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of dark matter. This scenario is represented by the green solid curve. That said, we can
conclude from the left panel that a 100 MeV dark matter with gD = 0.1 is excluded,
whereas gD = 1 has a small viable region for MA′ < 10−4 GeV. In summary, only for
gD = 1 one can accommodate an MeV dark matter particles in the dark photon portal
without need of non-standard cosmology. We will now discuss the setup where ∆ > 1.

7.2 Freeze-out followed by late-time inflation

It is possible to bring models with an over-abundant thermal relic into accord with
observations by invoking non-standard cosmology. If some beyond the SM field had
driven a phase transition while dominating the energy density of the Universe for a
short period of time prior to big bang nucleosynthesis (BBN), it would provoke an
acceptable late-time inflation [97]. Since such a phenomenon could inject a significant
amount of entropy into the thermal bath, any already decoupled species i of yield
Yi = ni/s would undergo a dilution:

Y A
i =

Y B
i

∆
. (7.1)

Here Y B
i denotes the yield before dilution, which would be set by the freeze-out for

instance, and Y A
i denotes the diluted yield, after the dilution process. Therefore, the

parameter ∆ quantifies the effect of late-time inflation into the abundance of the dark
matter: an over-abundant dark matter density is simply diluted by this factor ∆.

Actually, there are many ways to accomplish an entropy injection episode, and
several realizations have been discussed in the literature [98–116]. We will remain ag-
nostic about the origin of this entropy injection episode and simply assume it existed
after the dark matter freeze-out but before BBN and quantify its consequences in the
context of complementary probes for dark matter. That said, we cannot discuss the
dilution factor for 10 MeV dark matter because the freeze-out occurs at BBN. For
100 MeV dark matter, however, we can discuss it since the freeze-out occurs before
BBN, allowing the entropy injection episode to take place.

Anyways, we remind the reader that the annihilation cross section goes as 〈σv〉 ∼
ε2m2

χ/M
4
A′ and the abundance grows with 1/〈σv〉. Hence, the smaller ε the larger the

dark matter abundance. Due to the existence of stringent limits from direct detection,
indirect and collider experiments, we will be forced to live in a region of parameter
space which ε is very small, leading to an over-abundant dark matter candidate. For
this reason we need this late-time inflation episode, i.e. the dilution factor ∆, since it
suppresses the dark matter relic density bringing it down to the correct value. More-
over, the smaller ε the larger ∆ needed to reproduce the correct relic density. This
effect is clearly visible in Fig. 5.

In the Fig. 5 we present the result for mχ = 100 MeV with gD = 0.1 (left panel)
and gD = 1 (right-panel). We preserve the same color scheme of the previous figure,
where the gray area represent the existing limits on the model. From the left panel of
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Figure 5. Bounds on the plane ε2 versus dark photon mass from CMB (see [42]) and direct
detection (see [89]) constraints on the channel χχ → e+e− (purple and red hatched regions,
respectively) and relic abundance (turquoise lines) for DM mass mχ = 100 MeV, for two
different values for the dark coupling gD, gD = 0.1 (left panel) and gD = 1 (right panel). We
are comparing our results with the most recent dark photon searches (gray regions). Here ∆
is a dilution factor resulted from late-time inflation needed to suppress the dark matter relic
density, which was initially overclosing the Universe.

Fig. 5 we see that ∆ & 10 is needed to find a region of parameter space yielding the
correct relic density while simultaneously obeying experimental limits. It is interest-
ing to see that accelerators provide a complementary probe for MeV dark matter. In
particular, for ∆ & 100, accelerators are the most promising detection method.

For gD = 1 (right panel of Fig. 5) the complementarity among all these searches is
fascinating with direct detection being very restrictive for MA′ < 50 MeV, accelerators
for ∆ & 100, and indirect detection for MA′ > 100 MeV. Notice that a 100 MeV dark
matter is perfectly consistent with all existing bounds with no need for non-standard
cosmology.

In summary, in light of existing constraints only for a small region of parameter
space can one accommodate an MeV dark matter candidate based on thermal produc-
tion of dark matter and standard cosmology. The departure from a standard cosmology
opens up a lot the viable parameter space of the model allowing both low and large
dark matter masses to accommodate MeV dark matter.

It is nonetheless important to have in mind prospects for MeV dark matter in
the dark photon portal. To illustrate that, we display in Fig. 6 projected limits from
direct detection assuming the SuperCDMS setup [117, 118] following the receipt given
in [88]. We notice that a SuperCDMS-like detector is very important and might detect
MeV dark matter, covering a large region of the parameter space of the model where
a correct relic density is achieved either via thermal production or late-time inflation.
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Figure 6. Bounds on the plane ε2 versus dark photon mass from CMB constraints (see [42])
and direct detection prospects (see [88]) on the channel χχ → e+e− (purple and red hatched
regions, respectively) and relic abundance (turquoise lines) for DM mass mχ = 100 MeV, for
two different values for the dark coupling gD, gD = 0.1 (left panel) and gD = 1 (right panel).
We are comparing our results with the most recent searches on dark photons (gray regions)
and future prospects (colored regions). Again, ∆ is a dilution factor resulted from late-time
inflation needed to suppress the dark matter relic density, which was initially overclosing the
Universe.

Moreover, we have introduced the projected limits from colliders and accelera-
tors (LHCb and HPS among others) [38]. It is exciting to see that such experiments
can almost fully test the model, regardless of the dark matter production mechanism
assumed (freeze-out and/or late-time inflation).

7.3 Freeze-in

In this section we present the case of dark matter freeze-in production. We emphasize
that in this mechanism the dark matter particle never reaches equilibrium with SM
particles. In order to successfully achieve the DM production via freeze-in, the kinetic
mixing parameter has to be finely tuned to small values. Therefore direct and indirect
limits we discussed previously are no longer relevant.

Any weakly interacting light species that can be produced in a supernova event
can potentially affect the energy loss and thus the luminosity of a supernova episode
[119]. Since the neutrino observation from SN1987A [120, 121] strong limits have been
imposed on new light particles such as axions and dark photons [30, 122–124]. In our
case, these new dark photons could be emitted in the channels like p+ p→ p+ p+A′

and p+ n→ p+ n+A′ via bremsstrahlung and for the second case via pion emission
too. This emission alters the energy loss of the supernova, which can be expressed in
terms of the luminosity in the emitted light particle. The maximum energy loss εA
permitted by the SN1987A observation is given by [125],

εA =
LA
M
∼ 1019 erg

g.s
, (7.2)
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Figure 7. Freeze-in abundance constraint on the plane ε2 versus dark photon mass (turquoise
lines) for DM mass, mχ = 10 MeV (left panel) and mχ = 100 MeV (right panel), for two
different values for the dark coupling gD, gD = 0.1 (continuous lines) and gD = 1 (dashed
line). We are comparing our results with the most recent dark photon searches (gray regions).

where M is the supernova mass and and LA its luminosity. This constraint imposes
a lower limit on the ε parameter. However, for large ε the dark photon could decay
before having left the supernova core or get trapped and thermalize, which effectively
produces an upper limit on ε for which constraints are effective [30]. In short, we find
that supernova physics does not constrain the relic density curve of our model as one
can observe in Fig. 7. BBN constraints arising due to the cascade reaction induced by
a very long lived dark photon are not directly applicable to our model either, because
our dark photon decays into dark matter [126].

Hence, one can successfully produce MeV DM via freeze-in in the dark photon
portal escaping most phenomenological constraints, unlike the thermal equilibrium
case discussed above. This fact is clearly visible in Fig. 7 where the curves that delimit
the parameter space which yields the correct relic density are free from constraints, for
either dark matter masses, 10 MeV and 100 MeV.

8 Conclusions

In this study, we have addressed MeV dark matter complementary in the context of
the dark photon portal. The particle dark matter candidate was assumed to be a
Dirac fermion that interacts with SM particles via a kinetic mixing term between the
U(1) gauge fields. We have investigated the DM production via freeze-out solely and
concluded that DM masses of 10 MeV exhibit a small region of parameter space in
accordance with existing limits; in the future a SuperCDMS-like experiment and pro-
jected bounds stemming from LHCb and HPS detectors are potentially capable of
probing entirely the scenario.
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We showed, however, that a late-time inflation episode opens up the parameter
space accommodating 100 MeV DM particles in agreement with stringent limits from
Planck and XENON experiments. Orthogonal probes provided by accelerators can
test regions of the parameter space otherwise inaccessible to direct and indirect detec-
tion experiments, thus highlighting the importance of complementary searches for MeV
dark matter. Projected limits in the context of indirect detection (e-ASTROGAM),
colliders and accelerators (LHCb and HPS for example), and direct detection (Super-
CDMS) have also been introduced to show that such experiments are capable to test
almost the entire parameter space of the model.

Lastly, we have studied the case of DM production via freeze-in in the dark photon
portal to show that due to the small couplings involved, this scenario is basically free
from constraints and offers a viable framework to host an MeV dark matter candidate.
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