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Abstract: Thermal dark matter at the MeV scale faces stringent bounds from a variety

of cosmological probes. Here we perform a detailed evaluation of BBN bounds on the

annihilation cross section of dark matter with a mass 1 MeV. mχ . 1 GeV. For p-wave

suppressed annihilations, constraints from BBN turn out to be significantly stronger than

the ones from CMB observations, and are competitive with the strongest bounds from

other indirect searches. We furthermore update the lower bound from BBN on the mass

of thermal dark matter using improved determinations of primordial abundances. While

being of similar strength as the corresponding bound from CMB, it is significantly more

robust to changes in the particle physics model.
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1 Introduction

Over the past few decades, theoretical work and experimental searches for dark matter

(DM) have mainly focussed on particles with mass and interactions set by the weak scale,

motivated by the WIMP paradigm. The lack of an unambiguous sign of new physics at the

LHC [1–3] as well as stringent bounds from direct DM searches [4–6], however, motivate

the study of alternative scenarios. In particular, DM below the GeV scale has attracted a

large amount of attention in the last few years as direct bounds are significantly weakened

in this region of parameter space (see e.g. [7–11]). For sub-GeV DM, additional light

states are typically required in order to obtain the correct DM relic abundance, leading

to additional experimental signatures, which can be probed using astrophysical [12–14]

and cosmological [15–18] observations as well as collider searches [19–21] and beam-dump

experiments [22–24]. Furthermore, light mediating particles naturally lead to sizeable

DM self-interactions, which may be inferred through astrophysical observations and give a

handle on these models independently of the couplings to SM states (see [25] for a review).

In this study we concentrate on cosmological implications of MeV-scale dark sectors

with a particular focus on Big Bang Nucleosynthesis (BBN). Specifically, we consider the

case of MeV-scale DM particles that can annihilate into the kinematically available Stan-

dard Model (SM) final states – electrons, photons and neutrinos. During standard BBN,

such a scenario generically leads to an increase of the Hubble rate as well as to an injec-

tion of electromagnetic energy into the thermal bath of SM particles. Furthermore, if the
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DM freeze-out happens after neutrino decoupling, annihilations into electrons and photons

(neutrinos) lead to a decrease (increase) of the neutrino-to-photon temperature ratio and

thus to a modified effective number of neutrinos Neff [26–33]. In this paper, we present

updated bounds on these scenarios by employing recent determinations of the deuterium

and helium abundances [34], and compare them to constraints from the Cosmic Microwave

Background (CMB) using the latest data from Planck [35].

We also point out that, for a sizeable branching into both channels, the DM-induced

interactions of neutrinos with electrons can lower the neutrino decoupling temperature,

potentially leading to an increase of Neff
1.

After the termination of nucleosynthesis, the products of residual DM annihilations

may still have an effect on the abundances of light elements via photodisintegration pro-

cesses [37]. The resulting constraints on the annihilation cross section of DM have been

derived in [38–40], albeit only for masses above a few GeV. Extrapolating those bounds

down to DM masses below 100 MeV is not possible due to the presence of photodisinte-

gration thresholds. Furthermore, for these masses one has to account for potentially large

deviations from the universal spectrum of photons originating from the electromagnetic

cascade induced by the products of DM annihilation [18, 41–44]. In this work we perform

a dedicated study of BBN constraints on both the s- and p-wave annihilation cross section

of MeV-scale DM, based on the computational techniques developed in [17, 18]. In partic-

ular we show that the resulting bounds are especially competitive for the case of p-wave

annihilations, as the average velocity of DM particles during the era of photodisintegra-

tion can be orders of magnitude larger than during recombination, leading to significantly

weakened constraints from the CMB. We also compare our results to bounds derived from

observations of gamma rays and charged cosmic rays.

This paper is organised as follows: in section 2.1 we discuss the cosmological evolution

of MeV-scale thermal DM and its impact on nuclear abundances via changes to the Hubble

rate as well as to the photon and neutrino temperature. In section 2.2 we then describe

our method of calculating the non-thermal photon spectrum originating from the electro-

magnetic cascade induced by the residual annihilations of DM, and derive the resulting

modifications to nuclear abundances from photodisintegration processes. In section 3 we

present the corresponding bounds from BBN and CMB, and compare our results to con-

straints from complementary observations. Finally, we conclude in section 4. Additional

material is provided in appendix A and B.

2 Impact of MeV-scale DM on the abundances of light nuclei

2.1 Modifications to the Hubble rate and time-temperature relationships

The presence of a DM particle χ with a mass mχ at the MeV scale leads to modifications

of the Hubble rate and the time evolution of the temperatures of the photon and neutrino

bath, which in turn lead to a change in the predicted abundances of light nuclei. In

the following we discuss the underlying formalism for two well-motivated particle physics

1This has also been discussed in [36] which appeared during the final stage of preparation for this work.
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scenarios: in the first case, (i), we assume that the interaction of DM with neutrinos is

negligible, and thus only annihilations into electron-positron pairs and/or a pair of photons

are relevant. This can be realized e.g. in a scenario where the interaction is mediated by

a Higgs-like scalar. In the second case, (ii), we consider equal branching ratios for the

annihilation of DM into e+e− and νeν̄e. This setup is naturally expected for models where

DM couples to the first generation of SU(2)L lepton doublets. For mχ < 2me, where the

phase-space for annihilations into electron-positron pairs is closed, we assume equal rates

for the annihilation into photon pairs and neutrinos, although such masses are in any case

robustly excluded also for other choices of the branching ratios [36].

We denote the time of neutrino decoupling by tν-dec, and assume that neutrinos and

photons are in full thermal contact for t < tν-dec, while they are completely decoupled at

later times. Effects associated to non-instantaneous neutrino decoupling are sufficiently

small for our purposes; see [36] for a recent discussion. For scenario (i), where no cou-

plings between neutrinos and DM are present, tν-dec is simply given by tν-e±-dec, i.e. the

time at which the SM scattering and annihilation processes involving neutrinos, electrons

and positrons become inefficient. In the absence of additional particles contributing to the

Hubble rate, the corresponding temperature is T (SM)(t
(SM)
ν-e±-dec

) ' 2.3 MeV [45]. In the pres-

ence of extra degrees of freedom, influencing the expansion rate and the time-temperature

relation, we estimate tν-e±-dec as follows

T (tν-e±-dec)
5/H(tν-e±-dec) ' T (SM)(t

(SM)
ν-e±-dec

)5/H(SM)(t
(SM)
ν-e±-dec

) , (2.1)

observing that the relevant neutrino interaction rates scale as ∝ T 5 [18, 46].

For scenario (ii), where DM annihilates into both e+e− and νeν̄e, DM can serve

as a ‘bridge’ for keeping neutrinos in equilibrium with the photon heat bath at times

t > tν-e±-dec. Note that due to efficient oscillations, the flavor species of the final state

neutrinos in the annihilation process is not important (see e.g. the discussion in [36]). The

DM-induced equilibration of neutrinos with the photon heat bath becomes inefficient once

Γν-χ-ann(t) . H(t), where Γν-χ-ann(t) is the rate of DM annihilations into νeν̄e (which by

assumption in scenario (ii) is the same as the rate of DM annihilations into e+e−). Defin-

ing tν-χ-dec via Γν-χ-ann(tν-χ-dec) ' H(tν-χ-dec), we can then estimate the time of neutrino

decoupling via

tν-dec ' max [tν-e±-dec, tν-χ-dec] . (2.2)

Clearly, this is only an approximation to the more complex mechanism underlying the

decoupling of neutrinos, but it is nevertheless sufficient for qualitatively understanding the

impact on BBN and CMB observables. An alternative approach based on the consideration

of energy transfer rates has been recently advocated in [36] with results presented in the

limiting cases 〈σv〉χχ→e+e− � 〈σv〉χχ→νeν̄e and 〈σv〉χχ→e+e− � 〈σv〉χχ→νeν̄e .
Having determined the time of neutrino decoupling tν-dec, let us now turn to the

calculation of the common temperature T (t) = Tν(t) of the photon and neutrino bath for

t < tν-dec. For both scenarios (i) and (ii), the entropy density of all particles in thermal

– 3 –



equilibrium is given by2

s(T )
∣∣(i), (ii)

t<tν-dec
=

2π2

45

(
g(Tν=T )
s (T ) + gχFs(mχ/T )

)
T 3 . (2.3)

Here, g
(Tν=T )
s (T ) denotes the effective number of SM degrees of freedom for Tν = T , gχ is

the number of internal degrees of freedom of the DM particle, and Fs(x) is given by

Fs(x) =
15

4π4

∫ ∞
x

du
3u2(u2 − x2)1/2 + (u2 − x2)3/2

eu ± 1
, (2.4)

with the + (−) sign corresponding to fermionic (bosonic) DM. Entropy conservation implies

ṡ+ 3Hs = 0, and after inserting Eq. (2.3) we obtain T (t) from the solution of the resulting

differential equation. After neutrino decoupling, entropy is conserved separately in both

the photon and the neutrino sector.

In scenario (i), in which DM only annihilates into e+e− and/or γγ, DM can still be in

equilibrium with the photon heat bath even after neutrino decoupling. Thus, the entropy

density of all particles that are still in equilibrium with the photons is given by

sγ(T )
∣∣(i)
t>tν-dec

=
2π2

45

(
g(vis)
s (T ) + gχFs(mχ/T )

)
T 3 , (2.5)

with g
(vis)
s (T ) being the effective number of degrees of freedom of the photons, electrons and

positrons. The time evolution of T (t) again follows from solving the equation of entropy

conservation in the photon sector, ṡγ + 3Hsγ = 0, while the entropy conservation in the

neutrino sector can be used to obtain the corresponding neutrino temperature

Tν(T )

T

∣∣∣∣(i)
t>tν-dec

=

(
g

(vis)
s (T ) + gχFs(mχ/T )

g
(vis)
s (Tν-dec) + gχFs(mχ/Tν-dec)

)1/3

, (2.6)

with Tν-dec ≡ T (tν-dec).

In scenario (ii), in which DM annihilates into e+e− and νeν̄e, the definition of tν-dec

in Eq. (2.2) implies that the DM particles are neither in equilibrium with the photon nor

with the neutrino bath for t > tν-dec, and hence do not contribute to the entropy degrees

of freedom. We thus simply have

sγ(T )
∣∣(ii)
t>tν-dec

=
2π2

45
g(vis)
s (T )T 3 , (2.7)

and determine T (t) again from ṡγ + 3Hsγ = 0. The neutrino temperature in this scenario

is then given by

Tν(T )

T

∣∣∣∣(ii)
t>tν-dec

=

(
g

(vis)
s (T )

g
(vis)
s (Tν-dec)

)1/3

. (2.8)

2Here we assume that DM is in equilibrium with the heat bath at temperatures where Fs(mχ/T ) ∼ O(1).

This requirement is satisfied for the DM annihilation cross section that corresponds to the observed relic

density.
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Finally, we compute the expected abundances of 1H, D, 3He and 4He by using a

modified version of AlterBBN v1.4 [47, 48]. Similar to the procedure described in [18],

we replace the built-in functions for the temperatures T (t) and Tν(t) as well as the Hubble

rate H(t) by the results of our calculations outlined above. The baryon-to-photon ratio

is fixed to the value η = 6.1 × 10−10 [49] at the time of recombination, and consistently

propagated backwards in time using entropy conservation.

2.2 Photodisintegration induced by residual annihilations of DM

After freeze-out, the comoving number density of DM stays approximately constant. Nev-

ertheless, residual annihilations with a rate ∝ n2
χ×〈σv〉 are still taking place, and can lead

to modifications in the predicted abundances of light nuclei. Specifically, if DM annihi-

lates into e+e− and/or γγ, these annihilation products induce an electromagnetic cascade,

leading to a non-thermal spectrum of photons which can potentially destroy light elements,

e.g. via d(γ, p)n. It is well known that these photodisintegration processes are only effective

at t & 104 s, as for smaller injection times the resulting cascade spectrum falls below the

disintegration threshold of all light nuclei [50].

For sufficiently large DM masses, the photons originating from the cascade process

follow a universal spectrum, with a normalisation depending only on the total amount of

injected energy [50, 51]. However, as pointed out in [52], for the ranges of injection energies

relevant to this study, the universal spectrum is typically not applicable. We thus compute

the energy spectrum fX(E) of the particles X ∈ {γ, e−, e+} from scratch by solving the

relevant cascade equations [18, 51, 53]

fX(E) =
1

ΓX(E)

(
SX(E) +

∫ ∞
E

dE′
∑
X′

[
KX′→X(E,E′)fX′(E

′)
])

, (2.9)

with the total interaction rate ΓX(E), the corresponding differential interaction rate for

scattering and/or conversion KX′→X(E,E′) as well as the source term SX(E). Note that

the dependence on the temperature T has been suppressed to avoid clutter. For the case

of residual DM annihilations, the source term is given by

SX(E) = S
(0)
X δ(E −mχ) + S

(FSR)
X (E) . (2.10)

Here, the first term corresponds to the monochromatic energy injection of the particle X

induced by the annihilation of non-relativistic self-conjugate DM particles with mass mχ:

S
(0)
e− = S

(0)
e+

=
1

2
n2
χ 〈σv〉χχ→e+e− , (2.11)

S(0)
γ = n2

χ 〈σv〉χχ→γγ . (2.12)

Note that the annihilation into neutrinos does not lead to an electromagnetic cascade and

thus does not further appear in the discussion of photodisintegration. Following [44, 54, 55],

the second term in Eq. (2.10) accounts for the final state radiation (FSR) of photons for
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Figure 1. Thermally averaged squared velocity of DM for mχ = 10 MeV and different choices of

the kinetic decoupling temperature T kd = 100 eV, 1 keV, 10 keV, 100 keV and 1 MeV (from blue to

yellow). The gray shaded regions roughly indicate the range of temperatures or velocities relevant

to photodisintegration, CMB observables and DM annihilation in typical present-day halos.

DM annihilating into e+e−:

S(FSR)
γ (E) =

n2
χ 〈σv〉χχ→e+e−

2mχ
×

α

π

1 + (1− x)2

x
ln

(
4m2

χ(1− x)

m2
e

)
×Θ

(
1− m2

e

4m2
χ

− x
)
, (2.13)

with x = E/mχ.

Since the DM particles are non-relativistic for all temperatures relevant for photodis-

integration, we can expand the thermally averaged annihilation cross section appearing in

Eqs. (2.11)−(2.13) in powers of the relative velocity vrel:

〈σv〉 ' a+ b
〈
v2

rel

〉
. (2.14)

In the following, we will consider both the case of unsuppressed s-wave annihilations with

〈σv〉 being dominated by a as well as a scenario with p-wave annihilating DM, in which case

the normalisation of the source terms depends only on b. In the latter case, the thermal

average of the squared relative velocity of two annihilating DM particles is given by

〈
v2

rel

〉
' 6Tχ(T )

mχ
. (2.15)

The temperature of DM particles after chemical decoupling Tχ(T ) entering this expres-

sion critically depends on T kd, the temperature at which DM kinetically decouples from
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the photon heat bath [56]:

Tχ(T ) =

{
T if T > T kd ,

T kdR(T kd)2/R(T )2 if T < T kd ,
(2.16)

where R(T ) is the scale factor at a given temperature. In the following we pursue a model-

independent approach by treating the kinetic decoupling temperature as a free parameter,

noting that values down to T kd & 100 eV are consistent with Lyman-α forest measure-

ments [57]. We show the resulting temperature dependence of
〈
v2

rel

〉
in Fig. 1 for different

values of the kinetic decoupling temperature, choosing mχ = 10 MeV for concreteness.

Clearly, for a wide range of kinetic decoupling temperatures, the suppression of the anni-

hilation cross section by the square of the DM relative velocity is much less severe during

photodisintegration than at recombination. The resulting values of
〈
v2

rel

〉
are also typically

larger than the ones entering indirect detection probes of DM annihilating in e.g. the Milky

Way or dwarf galaxies. As we will see in section 3, this implies BBN bounds on the p-wave

annihilation cross section which are much stronger than the corresponding limits from the

CMB, and also very competitive with other indirect detection probes.

After calculating the source terms SX(E) by using the formalism described above,

we solve the coupled cascade equations (2.9) following the method presented in [18]. To

this end, we take into account all relevant processes contributing to the scattering and

conversion of photons, electrons and positrons, including double photon pair creation,

photon-photon scattering, Bethe-Heitler pair creation, Compton scattering, and inverse

Compton scattering3. In order to obtain the modifications to the abundances of light

nuclei induced by the photodisintegration processes, it is important to note that at the

time where photodisintegration becomes relevant (t & 104 s) nucleosynthesis has already

terminated. For a given point in parameter space we can therefore take the abundances

calculated as described in section 2.1, and then evolve those according to [43, 50](
dT

dt

)
dYX
dT

=
∑
Ni

YNi

∫ ∞
0

dE fγ(E)σγ+Ni→X(E)

− YX
∑
Nf

∫ ∞
0

dE fγ(E)σγ+X→Nf (E) , (2.17)

where YX = nX/nb and X ∈ {p, n, 2H, 3H, 3He, 4He, . . . }. Details on the relevant photo-

disintegration cross sections as well as on the method of solving Eq. (2.17) can be found

in [18].

3See [18] for a collection of the corresponding expressions for the rates ΓX and KX′→X .
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3 Constraints from BBN and CMB

3.1 Comparison with observations

We confront the predicted abundances of light nuclei calculated as described in the previous

section to the following set of observed abundance ratios4:

Yp (2.45± 0.04)× 10−1 , [34] (3.1)

D/1H (2.53± 0.04)× 10−5 , [34] (3.2)
3He/D (8.3± 1.5)× 10−1 . [58] (3.3)

Theoretical uncertainties associated to the nuclear rates entering our calculation are

taken into account by running AlterBBN v1.4 in three different modes corresponding

to high, low and central values for the relevant rates. We then derive 95% C.L. bounds by

combining the observational and theoretical errors as described in more detail in [18].

Thermal MeV-scale DM is also constrained by CMB observations. As explained in

section 2.1, depending on the annihilation channels the freeze-out of DM can lead to a

delayed thermal decoupling of neutrinos, as well as to an enhancement or a suppression of

the neutrino temperature relative to the photon temperature. This implies a non-standard

value of the effective number of neutrinos at recombination (t = trec):

N
(CMB)
eff = Nν

(
Tν(trec)

T (trec)

)4(11

4

)4/3

. (3.4)

In the following, we set the number of SM neutrinos to Nν = 3.032 in order to match the

precise SM result N
(CMB)
eff = 3.046 obtained by taking into account effects associated to non-

instantaneous neutrino decoupling and QED corrections to the electron mass [65, 66]. For

constraining N
(CMB)
eff we employ the latest results from Planck [35], using the combination

of TT, TE, EE+lowE, lensing, and BAO data. In view of the partial degeneracy in the

experimental determination of N
(CMB)
eff and Yp at the time of recombination, we consistently

calculate both observables for each scenario, and confront them to the 95% C.L. region in

the plane spanned by N
(CMB)
eff and Yp (shown in Fig. 41 of [35]).

3.2 Bounds on the mass of thermal DM from BBN and CMB

In Fig. 2 we show the range of DM masses excluded by different combinations of observables,

assuming a thermal annihilation cross section of 〈σv〉 ' 4× 10−26 cm3/s (8× 10−26 cm3/s)

for self-conjugated (not self-conjugated) DM [67]. The left panel corresponds to a DM

particle annihilating exclusively into e+e− and/or γγ, while the right panel assumes equal

4Note that throughout this work we employ the 2σ upper bound on the abundance ratio 3He/D, which

is generally accepted to be a robust cosmological probe [58–60]. Using the primordial value of 3He/1H

inferred in [61] would result in a slightly stronger bound. However, this value has been argued to be

subject to sizeable astrophysical uncertainties and whether this should be used to constrain early universe

cosmology is debated in the literature [34, 59, 62]. We also do not consider constraints from lithium, for

which the observed abundance is in disagreement with the expectation in the SM [63], but also subject to

large astrophysical uncertainties [64].
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10−1 100 101 102

mχ [MeV]

BBND/1H low D/1H high
BBNYp high Yp low

PlanckNeff

PlanckNeff+Yp

DM DM→ e+e−/γγ

10−1 100 101 102

mχ [MeV]

Dirac fermion

Majorana fermion

Complex scalar

Real scalar
BBND/1H low
BBNYp low

PlanckNeff

PlanckNeff+Yp

DM DM→ e+e−/γγ and νν̄

Figure 2. Bounds on the mass of a thermal DM particle annihilating into e+e− and/or γγ (left

panel), or into electromagnetic final states and neutrinos with the same branching ratio (right

panel). The region excluded by (under-) overproduction of D/1H is shown in gray (orange), and

similarly for Yp in pink and blue, respectively. Constraints from the CMB are shown in purple and

dark red (see text for details).

branching ratios into electromagnetic final states and neutrinos. For each type of DM

particle, the constraints from BBN are shown in gray and orange for D/1H and in pink and

blue for Yp; 3He does not appear as it leads to less stringent constraints on this scenario.

The CMB bounds corresponding to modified values of N
(CMB)
eff and Yp are shown in purple

and dark red, respectively. In the former case, we only employ data from Planck, lensing

and BAO, implying a rather large range of allowed values for the helium abundance [35].

In the latter case, we additionally impose the constraint from the direct observation of Yp,

corresponding to Eq. (3.1).

With the exception of a real scalar annihilating into e+e− or γγ, we find that the

BBN bounds from D/1H are nearly identical to the corresponding constraints from the

CMB: depending on the DM type and annihilation channel, both observations rule out

thermal DM with a mass mχ . (7− 10) MeV. Crucially, this bound applies to both s- and

p-wave annihilating DM. It is important to stress that the constraint obtained from BBN

is significantly more robust. Specifically, for the scenario of DM annihilating exclusively

into electromagnetic final states, the CMB constraint arises from a value of N
(CMB)
eff smaller

than the observed one, which can quite easily be compensated by invoking additional (dark)

degrees of freedom contributing to the energy density. On the other hand, the BBN bound

mainly arises from the additional contribution of the DM particle to the Hubble rate, which

would only get stronger in the presence of dark radiation. The BBN bound can therefore

be considered model-independent unlike the constraint from the CMB.

For DM annihilations into electromagnetic final states, the CMB bounds shown in the

left panel of Fig. 2 are in good agreement with [36], while they are slightly stronger than the
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p-wave
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Figure 3. Constraints from BBN (vertical dashed lines, cf. Fig 2) and photodisintegration (full

lines) for s-wave (top panels) and p-wave (bottom panels) annihilation of Majorana DM. The left

panels correspond to annihilations exclusively into e+e−, while the right panels show the results

for annihilations into e+e− and νeν̄e with identical cross section. For the p-wave scenarios, we

show the most stringent limits corresponding to T kd = 100 eV. In addition to the combined limit

(solid black line), we also separately list the regions of parameter space which are excluded due

to deuterium underproduction (gray), deuterium overproduction (orange), 4He underproduction

(blue), 4He overproduction (pink) and/or 3He overproduction relative to deuterium (green). For

reference, the thermal cross-section is indicated as a black dash-dotted curve.

ones derived in [30, 31] due to the use of the most recent Planck data in this work. On the

other hand, our BBN bounds for DM annihilating into e+e−/γγ are significantly stronger

than in [30, 31], mostly due to the more precise measurement of D/1H (see Eq. (3.2)).

Finally, the CMB and BBN bounds on the scenario of DM annihilating into e+e−/γγ and

νeν̄e with equal branching ratios are derived for the first time in this work.
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3.3 Bounds on the annihilation cross section of DM from photodisintegration

For a DM particle with a mass satisfying the bounds shown in Fig. 2, one can still set an

upper limit on its annihilation cross section via the constraints on photodisintegration of

light nuclei (cf. section 2.2). We show the resulting bounds on the s- and p-wave coefficient

of 〈σv〉 ' a+ b〈v2
rel〉 in the upper and lower panels of Fig. 3, respectively. The left panels

correspond to the case of DM annihilating exclusively into5 e+e−, while the right panels

assume annihilations into e+e− and νeν̄e with equal branching ratios, leading to constraints

less stringent by a factor of two. As discussed in section 2.2, for the scenario of p-wave

annihilating DM the bounds explicitly depend on the kinetic decoupling temperature, which

we have fixed to T kd = 100 eV in this figure for concreteness. This is at the lower end of

values consistent with Lyman-α measurements [57]; results for other choices of T kd will be

discussed below. Furthermore, let us note that in Fig. 3 as well as in all following figures

we assume the DM particle to be self-conjugate; the photodisintegration bounds as well as

the thermal cross-section for a complex scalar or a Dirac fermion are shifted by a factor of

two.

In the various panels of Fig. 3, the colored regions enclosed by the solid curves show

the range of DM masses and annihilation cross sections which are excluded on the basis of

photodisintegration. The vertical dashed curves correspond to the limits on the mass of a

thermal Majorana DM particle already shown in Fig. 2.6 In the gray (orange) shaded re-

gions the D/1H abundance is too small (too large) compared to the observationally inferred

value given in Eq. (3.2). The constraints from underproduction of 4He and overproduction

of 3He relative to deuterium are shown in blue and green, respectively. The impact of the

energy thresholds for photodisintegration of D and 4He are clearly reflected in the upturn of

the corresponding bounds at mχ ' 2.2 MeV and ' 21 MeV; for smaller masses, all photons

produced in the electromagnetic cascade following the initial injection of an e+e− pair are

below the threshold energies of E
(th)
d(γ,p)n or E

(th)
4He(γ,n)3He

, respectively. For mχ & 25 MeV,

we find that depending on the annihilation cross section of DM, photodisintegration pro-

cesses can either give rise to an over- or underproduction of deuterium implying a very

narrow region between the solid red and gray curves in Fig. 3 consistent with the observed

value of D/1H. However, these parts of the parameter space are robustly excluded by the

constraints on 3He/D and Yp.

For DM masses sufficiently larger than the relevant photodisintegration thresholds,

mχ & 100 MeV, the upper limits on the s-wave annihilation cross section 〈σv〉 ' a shown

in the top panels of Fig. 3 depend linearly on mχ. This can be understood from noting that

the energy injected into the plasma scales as Einj ∝ mχn
2
χa ∝ a/mχ. Conversely, for p-wave

5Unlike the bounds from BBN, the bounds from photodisintegration depend on the exact electromagnetic

branching ratios of the DM particle. In appendix A we provide the relevant bounds for a DM particle that

annihilates exclusively into γγ.
6While these bounds are indeed virtually independent of the annihilation cross section for 〈σv〉 &

10−30 cm3/s, they are strictly speaking not valid once the annihilation process of DM is not efficient enough

to keep it in equilibrium with the SM heat bath at least down to T ' mχ. Such a scenario would in any

case imply a drastically different cosmological history of DM compared to the standard thermal freeze-out

scenario, and is not further discussed here.
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Figure 4. Photodisintegration constraints for the p-wave annihilation of self-conjugate DM into

electron-positron pairs for six different choices of the kinetic decoupling temperature T kd. The

meaning of the differently colored regions is identical to the one used in Fig. 3.
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dominated scenarios the thermally averaged annihilation cross section itself depends on mχ

via 〈σv〉 ' b〈v2
rel〉 ∝ b/mχ (cf. Eq. (2.15)), and correspondingly the injected energy depends

on the DM mass via Einj ∝ 1/m2
χ. This explains the stronger mass dependence of the upper

limits on b shown in the lower panels. The strongest bounds from photodisintegration are

obtained for mχ ' 150 MeV (mχ ' 10 MeV) for the case of s-wave (p-wave) dominated

DM annihilation. In the former scenario, it is almost possible to probe the value of 〈σv〉
expected for a thermal relic, as indicated by a black dash-dotted line in the various panels

of Fig. 3.

In the lower panels of Fig. 3 we have assumed that DM kinetically decouples at T kd =

100 eV. In order to investigate the dependence of our results on this choice, we show in Fig. 4

the upper limits on b for six different values T kd = 10 eV, 100 eV, 1 keV, 10 keV, 100 keV,

and 1 MeV. We observe that for T kd . 100 eV the bound becomes independent of the kinetic

decoupling temperature: in this case photodisintegration entirely takes place during the

epoch where DM is still in kinetic equilibrium. On the other hand, for T kd & 100 eV the

upper limits on b become less stringent with larger decoupling temperatures, corresponding

to smaller values of the thermally averaged velocity square of DM during the times relevant

to photodisintegration (cf. Fig. 1). For T kd & 10 keV decoupling occurs prior to the

onset of photodisintegration, in which case it follows from Eq. (2.16) that the constraints

simply scale as g
(vis)
s (T kd)2/3T kd due to the red-shifting of the DM temperature. A further

discussion of this point can be found in appendix A.

3.4 Comparison with other constraints

Finally, in Fig. 5 we compare our constraints on the annihilation cross section of DM

into e+e− with bounds from complementary cosmological and astrophysical observations,

choosing for definiteness T kd = 100 eV. Upper limits on the s- and p-wave annihilation

cross section are shown in the left and right panel, respectively.

In the s-wave case, constraints from the CMB on exotic energy injection [68–70] pro-

vide the most stringent results (for mχ & 10 MeV), probing values of 〈σv〉 ' a at least

two orders of magnitude smaller than the bounds on primordial abundances of light nuclei

derived in this work. Depending on the DM mass, constraints from the diffuse extra-

galactic background [71, 72] or from gamma-ray observations of Milky Way dwarf satellite

galaxies [73] are competitive or more stringent than the bounds from BBN.

On the other hand, for p-wave dominated DM annihilations the bounds from photo-

disintegration derived in this study are highly competitive with all other searches. For all

ranges of DM masses, the corresponding upper limit on b is more stringent than the one

derived from CMB observations by at least one order of magnitude.7 As explained above,

this is mainly due to the significantly larger velocities of DM during the times relevant to

photodisintegration compared to recombination, cf. Fig. 1. Recently, it has been pointed

out that the observations of charged cosmic rays can also be used to constrain p-wave an-

nihilating DM at the MeV scale [74]; taken at face value, those bounds are a factor of a few

7Details on how we extract complementary bounds on the p-wave annihilation cross section from results

in the literature can be found in appendix B.
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Figure 5. Comparison of the BBN constraints derived in this work (dark red curves) with com-

plementary bounds on the annihilation cross section for s- and p-wave annihilations of DM, shown

in the left and right panel, respectively. Bounds from the CMB [68–70] (updated with the results

from Fig. 2 for small masses) are shown in purple, from the high-redshift intergalactic medium tem-

perature [69] in orange, from the diffuse extragalactic background [71, 72] in red, from gamma-ray

observations of MW-satellite dwarf galaxies [73] in green, and from cosmic rays observations [74] in

blue. See text for details.

more stringent than the bounds from BBN. However, considering the significant systematic

uncertainties from cosmic ray propagation inherent to those constraints (with an example

of two different propagation models shown via the solid and dashed blue curves in the right

panel of Fig. 5), the results from BBN derived in this work clearly serve as an important

complementary constraint.

4 Conclusions

Stable particles at the MeV scale constitute a theoretically interesting and phenomenolog-

ically rich class of candidates for dark matter. If they interact sufficiently strong with SM

particles, they will be in thermal equilibrium at early times, and eventually obtain their

relic abundance via the well-known freeze-out mechanism. Besides being testable by di-

rect and astrophysical searches, such particles can also leave their imprint on cosmological

observables.

In the first part of this study, we have revisited the lower bound on the mass of thermal

dark matter from BBN and CMB observations, employing the most recent set of available

data. In addition to increasing the expansion rate of the Universe, the annihilation of

MeV-scale dark matter generically leads to a modification of the photon and/or neutrino

temperature via the injection of such particles into the thermal bath. We also show that

dark matter can serve as a mechanism to keep electrons, positrons, and neutrinos in equi-

librium after the relevant SM processes stop being efficient, leading to a modification of the

effective number of neutrinos Neff. We then derive constraints for the two scenarios which
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are most natural from the particle physics point of view, namely annihilations exclusively

into e+e−, or into e+e− and νν̄ with similar branching ratios. BBN bounds on the latter

scenario are discussed for the first time in this work.

Our results imply that BBN and CMB independently exclude a thermal dark matter

particle with a mass below ' (7− 10) MeV, with the detailed value depending on the dark

matter particle type and annihilation channel. This lower bound serves as an important

target value for future efforts in the search for low-mass dark matter, conducted e.g. by di-

rect detection or beam dump experiments. Importantly, the constraints from BBN derived

in this work are quite robust with respect to modifications of the particle content in the

dark sector, while the bound from the CMB at least in some scenarios can be circumvented

by postulating the existence of additional species in the dark sector.

Even for masses above ' 10 MeV, BBN constitutes an important probe for the anni-

hilation cross section of dark matter. Residual annihilations into SM particles induce an

electromagnetic cascade on the background photons, electrons and nuclei, which in turn

can lead to photodisintegration of deuterium and helium produced earlier during nucleosyn-

thesis. We have extended previous works in this direction by considering for the first time

dark matter masses below . 100 MeV, where the breakdown of the universal spectrum of

cascade photons as well as the onset of photodisintegration thresholds requires a dedicated

study. For the case of s-wave annihilations, we find that the constraints from the CMB on

exotic energy injection provides stronger limits than the one derived from primordial nu-

clear abundances. In contrast, p-wave annihilating dark matter is only mildly constrained

by CMB data due to the very small velocities during recombination. On the other hand,

the suppression of the annihilation cross section by 〈v2
rel〉 is much less severe during the

times relevant to photodisintegration, corresponding to temperatures T ' 1 keV� TCMB.

Consequently, we find that BBN imposes significantly more stringent bounds on the anni-

hilation cross section for p-wave suppressed scenarios, which are furthermore competitive

with complementary bounds derived from observations of cosmic rays.
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A Compilation of additional results

In this appendix, we provide additional results for the upper limits on the annihilation

cross section of DM originating from photodisintegration (see also section 3.3, in particular

Figs. 3 and 4).

In Fig. 6, we investigate the dependence of our bounds on the kinetic decoupling

temperature T kd of DM by showing the upper limit on the coefficient b of the p-wave

annihilation cross section as a function of T kd. In the left (right) panel, the mass of

the DM particle is fixed to mχ = 10 MeV (mχ = 100 MeV), which roughly corresponds

to the global (local) minimum of the exclusion limits shown in Fig. 4. As discussed in

section 3, the bounds become independent of T kd for small values of the kinetic decoupling

temperature, as at some point the DM particles decouple only after the time relevant

for photodisintegration. The value of T kd at which this happens scales approximately

with the inverse of the DM mass and is given by T kd, min ∼ O(1 keV) and T kd, min ∼
O(100 eV) for mχ = 10 MeV and mχ = 100 MeV, respectively. On the other hand, it

follows from Fig. 6 (and also from Fig. 4) that for large values of T kd, the decoupling

of the DM particles happens before photodisintegration, implying smaller velocities and

therefore weaker constraints on the annihilation cross section. As mentioned previously,

the corresponding bounds then scale as g
(vis)
s (T kd)2/3T kd. For T kd . me this can be noticed

in a slight bump in the constraint due to the onset of electron-positron annihilation.

When presenting our main results in Figs. 3 and 4, we have assumed that DM either

annihilates exclusively into e+e− or into e+e− and νeν̄e with identical cross section. While

this is indeed well-motivated from the point of view of particle physics, in principle DM

could also dominantly annihilate into a pair of photons. In light of this, we show in Fig. 7

the limits from photodisintegration as well as the lower bound on the mass of a thermal

DM particle from BBN for a scenario with annihilations exclusively into two photons (in

analogy to Fig. 3). For the case of p-wave annihilation, we again set T kd = 100 eV for

definiteness. As expected, in this case one obtains substantially stronger bounds on the

annihilation cross section compared to the case of annihilations into electron-positron pairs:

in the latter scenario, the spectrum of photons originating from the electromagnetic cascade

is softer, as only electrons and positrons are produced as primary particles in the DM

annihilation, while in the former case the photons also originate directly from DM. Finally,

for completeness we present in Fig. 8 the photodisintegration bounds for annihilations into

γγ for different values of the kinetic decoupling temperature, in analogy to Fig. 4.
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Figure 8. Photodisintegration constraints for the p-wave annihilation of a Majorana DM particle

into a pair of photons for different choices of the kinetic decoupling temperature T kd. The color

coding is identical to the one used in Fig. 7.
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B Complementary bounds on the p-wave annihilation cross section

We estimate CMB constraints on the p-wave annihilation cross section of DM based on the

s-wave bounds derived in [69] as follows: first, the constraints are rescaled with a factor

of 3.2/4.1 to account for the updated calculation of pann [35]. We then obtain a bound on

the p-wave coefficient of the thermally averaged annihilation cross section via

b =
a(mχ)〈

v2
rel

〉
(z = 600)

= a(mχ)
mχT

kd

6T (z = 600)
, (B.1)

with T (z = 600) ' 0.14 eV, the s-wave bound a(mχ) from [69], and T kd = 100 eV in

accordance with the value chosen for our BBN bound. Here we used the fact that the

CMB constraints are most sensitive around z ∼ 600. Finally, we combine this constraint

with the lower bound on the mass from Fig. 2.

The remaining p-wave constraints from the high-redshift intergalactic medium tem-

perature (IGM) [69], the diffuse extragalactic background (EGB) [71, 72], and gamma-ray

observations of MW-satellite dwarf galaxies (dSphs) [73] are all given in terms of bv2 with

some reference velocity v. In order to obtain a bound on b, we therefore have to rescale

the results with the corresponding value of v, which are given by v = 100 km/s (IGM),

v = 220 km/s (EGB), v = 270 km/s (dSphs), respectively. In addition to this, we divide

the dSphs bounds by a factor of six due to a different normalization convention chosen

in [73].

We furthermore note the possibility to constrain p-wave annihilations using the steep

density profiles and correspondingly enhanced DM velocities in the vicinity of supermassive

black holes [75], which however is subject to significant astrophysical uncertainties.
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