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Thermal freeze-out offers an attractive explanation of the dark matter density free from fine-tuning of
initial conditions. For dark matter with a mass below tens of MeV, photons, electrons, and neutrinos are the
only available direct Standard Model annihilation products. Using a full three-sector abundance
calculation, we determine the minimal mass of dark matter, allowing for an arbitrary branching into
electrons/photons and neutrinos that is compatible with current cosmological observations. The analysis
takes into account the heat transfer between the various sectors from annihilation and elastic scattering,
representing the first fully self-consistent analysis that tracks the respective sectors’ temperatures. We
thereby provide accurate thermal annihilation cross sections, particularly for velocity-dependent cases, and
deduce the sensitivity of current and upcoming CMB experiments to MeV thermal dark matter. In the latter
context, we also establish the fine-tuned parameter region where a tiny admixture of neutrinos in the final
states rules in MeV-scale p-wave annihilating DM into electrons. Finally, we show that a sub-%
millicharged dark matter with an interaction strength that interferes with 21-cm cosmology is still allowed
when freeze-out is supplemented with annihilation into neutrinos. For all cases considered, we provide
concrete particle physics models and supplement our findings with a discussion of other relevant

experimental results.
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I. INTRODUCTION

Weakly interacting massive particles (WIMPs) make for
attractive dark matter (DM) candidates: the combination of
electroweak-scale mass and interactions—in strength rem-
iniscent of the weak interactions in the Standard Model
(SM)—allow for a broad experimental and observational
program in their search. In this quest, the parameter space
that predicts the correct relic abundance provides an
important experimental target. In the early universe,
WIMPs come into thermal equilibrium with the SM, and
their nonrelativistic chemical decoupling allow for an
understanding of their density that is free from initial
conditions.

The to-date absence of new physics at the electroweak
scale, however, have motivated efforts to experimentally
probe an increased range in DM mass. Particularly sig-
nificant advances, both theoretically and experimentally,
have allowed us to push the sensitivity of directly detecting
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dark matter in the laboratory below the 100 MeV mass
scale. This recently gained sensitivity is, on the other hand,
not easily matched with cosmologically compatible models
of thermal DM relics. The number of available annihilation
channels for thermally regulating the DM abundance
reduces drastically, while the demand on the size of the
cross section increases. At the same time, freeze out
happens close to the highly nontrivial epochs of neutrino
decoupling and electron-positron annihilation. A thorough
calculation of the relic density must hence relate to a three
sector system, the electromagnetic sector (photons, elec-
trons), neutrinos and DM. When this system is appropri-
ately solved, it not only predicts the relic density but also
the temperature ratio of neutrinos to photons, which, by
itself is an important and sensitive cosmological observable
and often in tension when considering a MeV-mass DM.

Previous treatments of thermal MeV-scale DM have
mostly assumed instantaneous neutrino decoupling [1-5].
More recently, systematic efforts toward a full treatment of
MeV-scale thermal DM decoupling and a study of cosmo-
logical observables were made in [6] and in [7-9]. These
works account for the energy transfer from the dark to the
SM sector from annihilation with the aim to precisely
predict Ny and/or light element abundances. The main
caveat in the above-mentioned works is that it had to be
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assumed that DM stays in thermal equilibrium with either
photons or neutrinos, while classical Maxwell-Boltzmann
statistics and an annihilation cross section independent of
DM mass had to be adopted.

An important step toward a fully self-consistent treat-
ment of the problem that allows for arbitrary branching
ratios into neutrinos and photons/electrons was provided by
the authors of Ref. [10]. There, the three-sector problem is
formulated in such a way that it becomes computationally
feasible to solve the coupled set of Boltzmann equations
over a great numerical range of reaction rates while
ensuring fulfillment of the detailed balancing conditions.
Moreover, for the first time, it became possible to include
the energy transfer between the sectors originating from the
number-conserving elastic scattering processes.

The purpose of this paper is to follow up on the introduced
methodology in [ 10] and provide concrete examples of MeV-
scale DM decoupling. For generic WIMP DM, the canonical
thermal cross section is (ov) ~ 3 x 1072 cm?/s, indepen-
dent of the WIMP mass [11,12]. However, as is now well
known, this value is subject to changes, particularly for light
DM [13,14]. In this work, we compute the exact value of the
required thermally averaged cross section that provides
the correct relic density for a set of relative branching ratios
of the annihilation channels into neutrinos vs. electrons, for
s- and p-wave annihilation cross sections in a DM mass
regime where freeze-out overlaps with neutrino decoupling.
By dialing through the branching ratios we further explore
the minimal DM mass that is compatible with the cosmic
microwave background (CMB) measurements and if a
careful partition of branching ratios allows for an avoidance
of this constraint while simultaneously maintaining the
successful big bang nucleosynthesis (BBN) predictions.

In a second part, we apply our methods to millicharged
dark states. The existence of such particles can have far-
reaching consequences for phenomenology, astrophysics,
and cosmology. Because the nonrelativistic elastic scat-
tering on baryons is enhanced with relative velocity v as
v™*, such relic can also induce a cooling of the baryonic
gas in the post-recombination Universe when DM is at its
coldest temperature. This has been shown to affect the
expected cosmological neutral hydrogen 21-cm absorp-
tion signal at the epoch of the cosmic dawn [15-17] and
may, additionally, impact structure formation [I18].
Although the observational status of the 21-cm signal
is unclear, with a putative detection of a global absorption
feature by EDGES [19] but not confirmed by SARAS3
[20], the prospect of probing dark sector properties
through 21-cm cosmology is exciting.

The proposal faces very stringent limits from direct
detection, fixed target experiments, high-redshift observ-
ables [17,21-31], among other limits, and, jointly, they
require millicharged DM to constitute only a subpercent
fraction of the total DM abundance and be situated in a
particular corner of parameter space: MeV-scale mass and a

millicharge Q ~ 1075-10~*." Even satisfying all those
constraints, the cosmic viability remains questionable
because the thermalization and guaranteed annihilation
of these particles into electrons lowers the Ny value to
unacceptable values [26]. In this work, we revisit the
possibility of millicharged DM by supplying its inter-
actions with an additional annihilation channel into neu-
trinos. The joint annihilation into electrons and neutrinos
harbors the potential of alleviating the N.; constraint,
hence widening or ruling in this possibility. This extension
requires a three-sector treatment and is therefore a perfect
application of our here-developed methodology.

The paper is organized as follows. In Sec. II we produce
the values of the thermal DM cross sections for DM masses
below 20 MeV and find the minimum cosmologically
compatible mass. In Sec. IV we compute the N and
nucleosynthesis predictions for millicharged DM when it is
supplied with neutrino interactions in the coupling range
where DM-baryon interactions affect the global 21-cm
signal. We conclude in Sec. V. Several appendices provide
some semianalytical solutions to the thermal DM cross
sections, as well as the calculational results that go into the
solution of the Boltzmann equations.

II. THERMAL CROSS SECTIONS AND N ¢

The objective of this section is to provide a precise
value of the thermally averaged cross section in the
situation that annihilation occurs during or in the vicinity
of the epoch of neutrino decoupling. This necessitates a
simultaneous solution for three-sectors: the electromag-
netic (“EM”) one comprised of electrons, positrons and
photons, the SM neutrino (“2”’) one, and the dark matter
sector (“¢p” or “;(”).2

In a previous work we have developed the methodology
[10] for such treatment. It is based on a reformulation that
makes detailed balancing numerically manifest for quan-
tum statistics, together with a factorization of neutrino and
DM chemical potentials in the respective collision terms. A
pictorial representation of the three-sector problem is given
in Fig. 1. The dynamics is governed by a number of rates,
where the most familiar ones are the rate of weak
interactions, I'yeyc = 1,G3 T2, determining neutrino decou-
pling and the total DM annihilation rate Iy, = 714(Gann?)
controlling the DM number density and determining the
point of chemical decoupling from the SM bath; G is
the Fermi constant, T, the photon temperature and n,, is

' Additional constraints, in particular cosmological ones [32],
arise when the millicharged DM is realized through an ultralight
kinetically mixed dark photon. In this work, we do not consider
this further possibility.

If right-handed neutrinos are also light, and DM annihilates
into both left- and right-handed neutrinos, our method can
be applied to the evolution of a different three-sector scenario:
“DM,” “SM,” and ‘right-handed v;” see [33] for a two-
sector case.
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three-sector

DM freeze-out

FIG. 1. Schematic depiction of the three coupled sectors (EM,
v, DM “¢” or “y”’) with the respective variables we solve for: the
temperatures T, T, T, and chemical potentials y, and p, in the
neutrino and DM sector. The sectors are kept in contact by
various rates: SM weak interactions I'y,.,;, DM annihilation into
SM states [',,,, energy exchange from annihilation I'.,,, and
elastic scattering I'y...

the electron/DM number density. A related important rate
controlling the temperature evolution of the various sectors
is the energy exchange rate Ty, = né(aann‘ivéE )/ pi

between DM and sector i € {EM,v}. Here, the thermal
average is weighted by the energy OF that is transfer
between the sectors. For example, when I'y,., < H but
[Cexeni > H, T, = T, remains possible even after neutrino
decoupling in a standard cosmology. Tracking the energy
exchange is hence of crucial importance in the determi-
nation of N.. Finally, energy may also be transferred by
number conserving elastic scatterings with a rate given by
| nd,ni(agi‘;nvéﬂ /p; and where the typical energy
transfer is of the order of the temperature difference
between the sectors. We are able to include this channel
across the enormous dynamical range in particle densities
and rate efficiencies. We refer the reader to [10] for a
detailed discussion of the rates and the ensuing sequence of
DM decoupling.

A. Parametrization and existing constraints

In this work we consider the thermal histories of
complex scalar DM ¢ and Dirac fermion DM y at the
MeV mass-scale, annihilating into electromagnetically
interacting particles and neutrinos with respective branch-
ing ratios Bgyy and Br,, with Bgy + Br, = 1. The total
annihilation cross section times the Mgller velocity vy, is
parametrized in the usual nonrelativistic expansion of
relative velocity vrel’3

3For velocity-dependent annihilation it can make a difference
at order v2, if a velocity expansion of the Lorentz-invariant
product 6v,, or of ov, is considered; see [34] for a concrete
p-wave example.

Gy = a+ bvz, + O(vl)) (1)
A nonrelativistic thermal average then yields (ovy) = a +
6b/x + - where we have used that (v2) ~6T,/m,; =
6/x. For orientation, the canonical values for a Majorana
fermion with mass above 10 GeVare a~2 x 10726 cm? /s =
1.7 x 10715 MeV~2 for pure s-wave annihilation (b = 0)
and b~ 1.5 x 107 cm?/s = 1.3 x 1074 MeV~2 for pure
p-wave annihilation (a = 0).

The annihilation cross section into the EM sector faces
stringent limits from cosmology. The strongest constraints
on s-wave MeV-mass DM come from Planck observations
of the CMB, suggesting a x BRgy < (3—4) x 10730 cm? /s
[35], where BRgy; is the annihilation branching ratio into
the EM sector; see also [27,36,37] for other indirect
detection limits and prospects thereof. In practice, the
CMB constraint demands that a thermal s-wave freeze-
out in our considered mass range must obey BRgy; < 1074,
although we will consider arbitrary values of BRgy, for
completeness below. In contrast, due to the velocity
suppression factor, p-wave freeze-out with b X BRgy ~
1072° c¢m?/s is currently not constrained by CMB and low-
redshift indirect searches; see e.g. [38,39]. Constraints on
DM annihilation into neutrinos are significantly weaker.
For the considered DM mass range below 20 MeV, values
of axBR, < (1-100) x 1072* cm?®/s, are allowed by
the combination of Borexino, KamLAND and Super-
Kamiokande [40]. Thus it leaves enough parameter space
for a s-wave thermal freeze-out, let alone a p-wave one.

Before proceeding to present the results, we point out that
taking into account the elastic scattering between DM and
electrons/neutrinos necessitates the specification of a model,
as there is no universal correspondence between annihilation
and elastic scattering. The concrete models that we use are
specified below in Sec. I D and in Appendix E as well as in
the companion paper [10]. The induced model-dependence
is nevertheless relatively mild. For s-wave annihilation,
the elastic scattering is irrelevant and the model dependence
in fact drops out. For p-wave annihilation, the models
are chosen to be as minimal as possible: they assume that
the same heavy mediator that enables the annihilation is
also responsible for the elastic scattering. In this sense, also
the p-wave results are generic.4

B. Thermal cross section values

After solving the whole set of Boltzmann equations, we
show in Fig. 2 the required thermal annihilation cross
sections for ¢ from the joint solution for the coupled
sectors. The left panel is for s-wave annihilation. For

*One may of course construct rather special cases, by tuning
parameters or introducing multiple mediators, e.g. DM domi-
nantly annihilating into electrons while being kinetically coupled
to neutrinos. This is beyond the scope of this work.
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FIG. 2. Parameters of annihilation cross sections for thermal freeze-out of a complex scalar ¢ as a function of DM mass m,, that yields
the correct relic DM density from numerically solving the coupled three-sector system. The left (right) panel is for s-wave (p-wave)
annihilation. Curves for different branching ratios as labeled are shown with different colors and dashing.

my > 25 MeV, DM freeze-out happens well before neu-
trino-electron decoupling, so varying the branching ratios
has little impact. In this region, reducing the DM mass
requires a ‘“closer-to-relativistic” freeze-out, or, equiva-
lently, a smaller value of x¢, = m,/T;, where T¢,_is the
chemical decoupling temperature. Therefore, the correct
relic abundance requires the canonical annihilation
cross section to become smaller with decreasing ¢-mass,
in accordance with the well-known relation Y, o
xf.o./<6annUM> [11]

Formy < 10 MeV, the s-wave freeze-out goes through a
period where the EM sector is being reheated by electron-
positron annihilation. Because of the elevated photon
temperature relative to the neutrino temperature, DM that
is dominantly coupled to the EM sector enjoys a higher
abundance relative to DM that is dominantly coupled to
neutrinos. Consequently, in order to yield the correct relic
abundance for DM coupled to electrons, annihilation
should last longer than compared to without reheating,
requiring a larger annihilation cross section. In the opposite
case that DM dominantly annihilates into neutrinos, the EM
sector affects freeze-out only indirectly through the evo-
lution of the effective degrees of freedom. The latter is,
however, of little importance because electron-positron
annihilation happens in an entropy-conserving manner

(S = sa®> = const) so that the final DM yield Y, =

n¢a3 /S is affected only mildly through the term %”fl]l’;g*

in the Boltzmann equation; see Eq. (A4) in the Appendix.
This explains Fig. 2 where the annihilation cross section

SA similar effect also arises from DM annihilation, which may
preferably reheat the EM or the neutrino sector thereby changing
the entropy degrees of freedom with respect to the temperature of
photons or neutrinos, respectively. In our code, this is taken into
account.

into electrons has a stronger trend than the annihilation
cross section into neutrinos.

The middle ground between the two extreme branching
ratios is more involved, and is sensitive to the energy
transfer among the three sectors. Concretely, the presence
of a dark sector now causes two effects. One is it may
maintain the kinetic equilibrium of neutrino and EM
sectors, i.e., T, =T,, via the energy exchange between
EM and neutrino sectors mediated by DM interactions even
after neutrinos decouple from electrons. This effect thus
tends to increase 7,/T, in comparison to a standard
cosmology after electron decoupling. The other effect is
DM annihilation after EM-neutrino kinetic decoupling,
which may increase or decrease T,/T,, depending on
the annihilation branching ratio Brgy: Br,. For most of
the parameter space, the first effect dominates over the
second one. More interestingly, we illustrate in the next
subsection that one may tune the value of Brgy: Br, to
make the two effects cancel with each other, bringing the
final T,/T, ratio close to its standard cosmology value
0.7164. Note that the DM-induced energy transfer is
dominated by DM pair creation/annihilation in the s-wave
case, and the kinetic decoupling of neutrinos from the EM
sector is mainly sensitive to the product Br,Brgy.

The right panel of Fig. 2 shows the result for p-wave
annihilation. It generalizes our previous work [10] where
we only entertained a fixed value Brgy;: Br, = 2:3. Here,
we consider a broader variety in analogy to the s-wave case,
with similar features observed. As established in [10],
taking into account elastic scattering is crucial in the
p-wave case. The reason is that elastic scattering is able
to maintain the kinetic coupling between DM and neutrinos
(or electrons, depending on the branching ratios) for a
longer period after DM freeze-out. This leads to a mild
heating of DM particles. In other words, elastic scattering
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Left: N values obtained for complex scalar DM with the thermal annihilation cross-section that matches the DM abundance.

The left (right) panel is for s(p)-wave annihilation. The calculation accounts for the energy transfer from annihilation and elastic
scattering among the various sectors. Shaded regions are excluded from combining Planck + BAO data, while the CMB-S4 sensitivity
(standard cosmology value N = 3.044) illustrated by the dot-dashed (dotted) horizontal lines.

affects the average DM velocity, and hence feeds into the
calculation of the velocity-dependent cross section from the
freeze-out point onward.

Moreover, in the p-wave case the effective DM annihi-
lation cross section quickly decreases with time, so that the
final DM abundance only marginally depends on the period
x> x;, (little residual annihilation). In contrast, for the s-
wave case, residual DM annihilation decreases the abun-
dance by more than 10% from x = 100 until the CMB
epoch. As a result, in the p-wave case, the EM sector
reheating by electron annihilation only starts to play a role
for somewhat lighter DM compared to the s-wave case (left
panel of Fig. 2). Meanwhile, at mgy ~ 10 MeV, the canoni-
cal freeze-out cross section into neutrinos-only can be
larger than for annihilation into electrons-only, as DM
annihilation affects the neutrino temperature stronger. At
last, in each figure the curves with different branching
ratios should gradually converge at m > 30 MeV, when the
freeze-out happens well before neutrino decoupling.

The results to other cases carry over in the following
sense: the DM degrees of freedom, gpy, only enter loga-
rithmically in the calculation of the freeze-out temperature,
so the canonical thermal cross section is essentially the same
for complex scalar and Dirac fermion DM. In contrast, the
self-conjugate cases, i.e., real scalar and Majorana fermion
DM approximately require half the annihilation cross
section compared to the nonself-conjugate cases to obtain
the same final relic abundance; see Appendix A. Therefore,
our Fig. 2 is generalized to these other options of DM
candidates with only mild losses in accuracy.

C. N and minimal DM mass

We now study the predictions for N at the CMB epoch
by adopting the established canonical values for the DM

annihilation cross section. To this end, we take N3 =
3.044 as the standard cosmological history value (e.g., with
conventional TeV-scale DM), consistent with our SM-only
calculations. At 95% C.L. the combination of Planck and
baryonic acoustic oscillation (BAO) measurements yields
2.66 < N < 3.33 [41]. In terms of the deviation from the
standard value,

AN = Nege — N3Y, (2)
the error bar is expected to improve such that the expected
sensitivity of the Simons Observatory reads |AN | < 0.1
[42], and that of CMB-S4 |AN | < 0.06 [43] when one
assumes a standard cosmological history as the bench-
mark point.

The results on N are shown in Fig. 3. We find that for
most of the branching ratios, the dark sector is able to
transfer energy from the EM sector to the neutrino sector,
increasing the value of N ;. Moreover, as we mentioned
above, the effect is mostly sensitive to BrgyBr,, so the two
cases of Brgy,: Br, = 10* and 107* lead to similar results.
Obviously, for Brgy: Br, =1 the EM- and v-sector are
most strongly connected via the DM “agent” so that this
branching ratio results in pronounced N values, which
are comparable to the case that DM only annihilates into
neutrinos. These features are in broad agreement with
previous works [6,8], while we also take into account
the exact canonical cross section for each DM mass and the
subleading contribution of DM-SM elastic scattering. The
exact canonical cross section is two-to-three times the often
assumed value of one pico-barn which modifies the final
bounds on the DM mass for BrgyBr, # 0, depending on
the exact values of branching ratio. In the cases of
BrgyBr, =0, the final value of N is simply decided
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FIG. 4. Same as Figs. 2 and 3 above, but for Dirac fermion DM. The left (right) panel gives and s-wave (p-wave) results.

by entropy conservation after neutrino decoupling, regard-
less of the exact canonical cross section or whether it is s-
or p-wave dominated. This can be seen from the similarity
of the respective solid red and blue curves of the two panels
of Fig. 3.

We also investigate the canonical annihilation cross
sections, as well as the associated CMB N values, for
Dirac fermion DM y with both s-wave and p-wave
annihilation. The results are shown in Fig. 4. While there
are great similarities with the complex scalar DM case,
some differences exist at DM mass below 10 MeV due to
the fact that a Dirac fermion has 4 degrees of freedom (or
7/8 x4 = 3.5 effective bosonic degrees of freedom),
which contributes to the total energy density of the
Universe at 7, ~MeV. As a result, a slightly larger
canonical annihilation cross section is needed to compen-
sate for a larger Hubble rate. Its energy density also has a
stronger impact on N in cases of BrgyBr, = 0, leading to
stronger bounds on the DM mass. For non-negligible
values of BrgyBr, where the final value of Ny is mainly

determined by the prolonged EM-v kinetic equilibrium, the
d.o.f. of the DM particle only mildly affects the bounds on
the DM mass.

With those results at hand, Table. I lists the minimal thermal
DM masses that are compatible with an otherwise standard
cosmological history in the absence of additional particles
and/or other “model-building tricks.” The limits vary from
m, =2 MeV to 11.2 MeV depending on the model and
branching ratio. Only the first column with no annihilation
into neutrino leads to a decrease in N, whereas all other
cases increase N from the standard value. The weakest limit
(in terms of the lowest allowed DM mass) is attained for
Brgy: Br, = 10*. As can also be observed the differences
between complex scalar and Dirac fermion are rather mild,
with p-wave annihilation leading to slightly stronger limits.

We close this discussion by commenting on the case of
self-conjugate DM candidates. A Majorana fermion has
two spin degrees of freedom and effectively 7/8 x 2
bosonic degrees of freedom so that the case likely closely
resembles the complex scalar one. This is also suggested

103510-6
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TABLE 1. Minimal DM mass (mm/MeV) for various DM
candidates and branching ratios into the EM and neutrino sector
compatible with the 95% C.L. limit 2.66 < N < 3.33 [41].

Brgy: Br, 1:0 10* 1 107%  0:1

Complex scalar (s-wave) 6.9 20 438 3.8 8.7
Complex scalar (p-wave) 6.9 29 52 3.9 8.7
Dirac fermion (s-wave) 9.5 25 50 4.1 11.2
Dirac fermion (p-wave) 9.5 3.0 57 4.3 11.2

in [8]. Finally, a real scalar only has one bosonic degree of
freedom and consequently relaxed bounds.

D. Exemplary particle physics realizations

Benchmark cases for MeV complex scalar DM ¢ and
Dirac fermion DM y interacting with charged leptons and
neutrinos via a heavy mediator for both, s- and p-wave
annihilation cases, are readily constructed. For example, for
a (pseudo-)scalar mediator, the DM annihilation of a
complex scalar ¢ is s-wave, while for a vector mediator
it is p-wave. For a fermionic y, a vector mediator can
induce both, s- and p-wave annihilation. Below, we discuss
the s-wave annihilation of a complex scalar DM which was
used in obtaining the corresponding s-wave results above;
the description of the p-wave counterpart is given in our
companion paper [10]. The models for s- and p-wave
annihilating fermionic DM particle y are provided in
Appendix E.

A simple realization for s-wave annihilation of complex
scalar DM is the exchange of an intermediate real heavy
pseudoscalar A via the renormalizable interactions terms

L) = =i " ViA(lysl) - uaAlgr ). (3)
1

where the sum runs over leptons [ = e, v,, ....5 This leads
to s-wave DM annihilation to neutrinos and electrons, and a
velocity-dependent elastic scattering between DM and SM
fermions. At low energies the interaction is described by
the effective mass dimension-5 operator iy,(¢*¢)(Iy°1)/ A
with A = pu,/m3%; the Yukawa couplings y; and trilinear
coupling u, are taken as real.

The interactions in (3) give rise to annihilation processes
such as ¢*¢p < eTe™, ¢p*¢ < v and elastic scattering
processes such as ¢e <> ¢e, ¢v <> ¢uv. Varying the ratio
v,/y. then amounts to entertaining different combinations
of branching ratios of annihilation into neutrinos, BR,, and
into electrons and/or photons, BRgy, (here electrons). The

®See [44,45] for concrete examples of pseudoscalar portals to a
dark sector. Note that throughout this work SM neutrinos are
assumed to be of Majorana nature for pseudoscalar interactions.
Additional pseudoscalar interactions of neutrinos can be induced
via mixing with sterile neutrinos, see e.g. [46,47].

tree-level ¢¢* annihilation cross sections in the nonrela-
tivistic limit read

2 2\ 1/2
ye me
O Uy = 1-— +
oM 477:Az< m3>

2

ygmjzfvrzel 1 mg -1z
32aN2m} ’

where the p-wave component is subleading when
my > m,. The Boltzmann equations that describe the
number and energy densities are given in Appendix B.
The collision terms that enter the evaluation for s-wave
annihilation are calculated in Appendix C and for p-wave
annihilation are listed in the companion paper [10].

The parameter regions concerned for DM thermal freeze-
out are easily allowed by other existing bounds, if one takes
the mediator mass to be a few to tens of GeV. Taking the
electron-mediator interaction described by Eq. (3) as an
example, intensity-frontier and neutrino experiments pro-
vide the strongest constraints on such a GeV-scale media-
tor, limiting y,/m, to be below 1073-10* GeV~!, e.g., by
searching for dilepton resonances and/or neutrino-electron
scattering signatures [48,49]. On the other hand, the
DM-mediator interaction in (3) is best bounded by DM
self-scattering. Requiring 644,44 < 0.2 barn/GeV [50,51]
leads to pt4 /my4 < 0.05(my/MeV)3/4. Therefore the choice,
say, pus/my < 0.03—compatible with all the constraints
discussed above—is always allowed for the DM mass
range considered in this work. The situation is similar for
other interactions adopted below, as long as the mediator
mass is taken to be several GeV.

At last, general neutrino-DM interactions are much less
constrained experimentally, like the annihilation channels
discussed above. In fact, due to the weak interaction, a
neutrinophilic mediator with a mass above the GeV-scale is
hardly probed by current experiments. Note that further
constraints from neutrino nonstandard interactions induced
by the mediator may enter too. A detailed discussion on
neutrino-DM/mediator interactions will be deferred until
Sec. IV C.

III. AVOIDING THE N,;; CONSTRAINT

As mentioned, the dark sector modifies N with two
competing effects: first, EM-v kinetic equilibrium mediated
by DM always increases N with respect to N3M. This is
because in standard cosmology T, < T, after e* annihi-
lation; a prolonged DM-mediated kinetic coupling of the
EM and v sectors will therefore raise the neutrino temper-
ature relative to photons. Second, DM annihilation after
EM-v kinetic decoupling either increases or decreases N ;.
It depends on the relative branching ratios Brgy: Br,,
where a larger ratio heats up the EM sector better and
therefore decreases N. For Brgy: Br, > 1, a parameter
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FIG. 5. Illustration of fine-tuned branching ratios that give

small N at recombination, as the increase of Ny caused by
delayed kinetic decoupling of EM and neutrino sectors is
canceled by the subsequent heating of the EM sector by DM
annihilation after kinetic decoupling. The observed DM relic
abundance fixes total cross sections. The increase on (D/H)
remains below 2% on the black line, saturating the value at

m, =1 MeV. An elevated helium abundance excludes points

along the black line for m; < 3 MeV; see Tab. I

region exists where both effects cancel. To arrange for this
cancellation, the kinetic decoupling needs to happen well
before the DM energy density gets strongly Boltzmann-
suppressed, requiring BrgyBr, < 1.

We illustrate this cancellation as the solid black line in
Fig. 5 for complex scalar DM with p-wave annihilation.
The case of s-wave annihilation with similar parameters is
already excluded by DM indirect searches. Note that for
even heavier DM, with mass above 40 MeV, which freezes
out well before T, ~ m, but after SM neutrino decoupling
around 7', ~ 3 MeV, the optimal ratio of Brgy; : Br, should
eventually converge to (g, +7/8g,.):7/8g, = 21/22. The
situation is very similar in the Dirac DM model, which
would require even stronger fine-tuning to accommodate
the bounds on N as it has more effective d.o.f. than a
complex scalar.

For branching ratios that result in exact cancellation, we
also provide the neutrino temperature evolution for scalar
DM mass my =1, 3, 5, 7 MeV as a function the photon
temperature in Fig. 6. One observes from its lower panel
that with the EM-neutrino kinetic coupling induced by DM
(T,/T, = 1), the neutrino sector is hotter with respect to
standard cosmology case. When the two sectors kinetically
decouple (T,/T, # 1), DM dominantly annihilates into the
EM sector, reducing the ratio of T,/T,. Figures 5 and 6
show that one can always tune the branching ratios to
satisfy the N bounds from CMB. However, MeV-scale
thermal DM additionally contributes to the total energy-

— | U
1.0~ Complex scalar (p-wave)
0.9 n
Ei\
X
&~ L — my =1MeV |
0.8 —= mg =2MeV _
s — my =3MeV
-y mg = 5MeV
i — my =T7MeV ]
o7 T e Standard Cosmology _|
’ rnl] i n nnnnnal
% 2.5%
Ao , = =
1072 107! 100 10!

T, [MeV]

FIG. 6. Evolution of T,/T, for tuned parameters that result in
negligible additional radiation at recombination with complex
scalar DM and p-wave canonical freeze-out. The black dashed
horizontal lines correspond to its CMB value predicted by
standard cosmology, 0.7164, as well as the projected CMB-S4
sensitivity |ANq| < 0.06. Blue-shaded regions indicate the
current Planck + BAO bounds at recombination (7, ~ 0.3 eV.)
The lower panel shows the deviation of the T, /T, ratio of the
respective cases in percent from the standard cosmological
evolution.

density of the Universe before its density gets Boltzmann
suppressed. The latter modifies the predicted abundances of
primordial light elements, and may thus receive constraints
from BBN. To check this, we feed the neutrino- and
photon-temperature as well as the DM energy density
evolution into our BBN code described in [52], including
all necessary current updates of nuclear reaction rates
following [53].

Before including DM, we obtain a standard BBN
(SBBN) deuterium abundance of D/H =2.49 x 107>
and a helium mass fraction abundance of Y, = 0.2475
in good agreement with literature [54]; a neutron lifetime of
879.5 s [55] has been assumed. Recent measurements of
the deuterium and helium abundances broadly agree with
the SBBN predictions. Over the years, the helium values
have ranged between 0.24 <Y, < 0.26 [56-59]. The most
aggressive 95% C.L. constraint ¥, < 0.251 results when
employing recent observations with claimed small error
bar, Y, = 0.247 £+ 0.0020 [59]. In turn, observations of
deuterium abundances are now at the percent-level, D/H =
(2.527 4 0.030) x 107 [60,61], allowing for a departure
by +£2.4% from its central value at 95% C.L. Table II shows
the results when DM is included with a branching ratio
such that the N constraint is evaded. We observe that
while the increase in (D/H) remains below or at 2%, the
helium abundance increases with decreasing DM mass.
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TABLE II. Cosmological observables for the fine-tuned branching ratios that evade the N constraint. The last column indicates the
cosmological compatibility and it is driven by the helium abundance.

Brgy = 1) Br, A(D/H) 10x7Y, Ay, Viable?
SBBN e e 2.478 e v
m, =7 MeV 5.9 x 107 —0.1% 2.479 +0.1% v
m, =5 MeV 2.7 x 1073 +0.1% 2.485 +0.3% v
m, =3 MeV 6.7 x 1076 +0.5% 2.502 +1.0% v
m, =2 MeV 2.6 x107° +1.1% 2.525 +1.9% X

m, =1 MeV 4.8 x 1077 +2.0% 2.568 +3.7% X

N

This is the effect from the DM energy density itself and it
excludes finely tuned masses m, <2 MeV.

IV. MILLICHARGED DM AND ITS CONNECTION
TO 21-CM COSMOLOGY

A well suited application of our three-sector treatment
are MeV-scale millicharged particles, being entertained in
a variety of contexts. An exciting prospect that has
emerged in recent years is the potential of 21-cm
cosmology as a probe of the Universe at high redshift
30 £z <6 [62]. The emission of 21-cm radiation from
neutral hydrogen during that epoch is sensitive to the
baryon temperature, which in turn may be altered by
dark matter-baryon or dark matter-electron interactions
[15—17]. The current state of observations is controver-
sial. Whereas the EDGES collaboration has claimed the
observation of an absorption feature at redshifted
21-cm wavelength that is stronger than expected from
standard cosmology [19], the signal is contested by more
recent observation by the SARAS3 instrument [20].
Nevertheless, 21-cm cosmology is a new window probing
light dark sector physics.

The required strong effective DM-baryon interaction
cross section can be mediated by the Coulomb-like v~
velocity enhancement for which millicharged DM is a
prime candidate. Currently, light dark states with a
millicharge between 5 x 107° < e < 107*(m, /5 MeV)%0
are allowed by both the SLAC mQ experiment and SN
cooling constraints [23]. Moreover, MeV-scale DM par-
ticles with € <10~ become able to reach underground
XENON detectors to trigger recoil signals, and thus be
excluded [28]. Similarly, to avoid the stringent constraint
from the surface run of the SENSEI experiment, one needs
even larger millicharges, €2 8 x 1073 [25,63].7 The
combination of mQ and direct detection experiments thus
requires m, 2 3 MeV. On the flip side, to explain EDGES
(or more generally, to have an influence in 21-cm

"Note that the result of [25] cannot be trivially re-scaled for a
subleading MeV DM component, as mentioned in their paper.
Besides, the upscattering of the incident DM flux from the solar
corona still offers an avenue to probe this parameter space [64].

cosmology), heavier y particles either need to make a
larger portion of the total DM abundance, or one needs to
introduce larger values of €. Since detailed investigations
of CMB spectra demand a DM mass fraction below 0.4%
for the € values discussed above [23,30,65,66], there exist
also upper bounds on m, values of interest. So, taken
together, the parameter range of interest becomes m,, from

3-30 MeV and € of (8-20) x 10>, making up 0.1%-0.4%
of the total DM abundance.

Nevertheless, the scenario remains challenged by early
Universe cosmology: the sizable value of ¢ suggests that
such MeV dark state, y, comes into thermal equilibrium
with radiation during/before BBN. The annihilation into
electron-positron pairs® heats the EM sector relative to the
v-sector. The parameter region of interest is then shown to
be largely excluded because of a too low Ny value [26].
With our developed method of treating three sectors during
freeze-out, we may now check to which degree the above
conclusion holds when the millicharged DM candidate y
instead dominantly annihilates into neutrinos via additional
interactions.

A. Model and cross sections

In order to make contact with preceding literature [23],
we also take y to be a Dirac fermion. We may then consider
the millicharge interaction being supplemented by a pseu-
doscalar mediator, A, similar to what was done in the
previous section,

Lin = —iceA" (¥y,x) — iyuAZ(Dﬂ/SVI) — iyaA(¥rsx)-
1

(4)

where A* is the SM photon, e is the electric charge with
Q =c¢€e,and [ = e, u, 7. As y only makes up a subpercent
fraction of the DM abundance, the pseudoscalar coupling is
not constrained by DM self-interaction bounds.

¥ Annihilation into a photon-pair is higher order in Q and hence
subleading for m, > m,.
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TABLEIII. Cosmological observables for a millicharged DM particle with fractional abundance of 0.2%, with e = 10~* and Eq. (7).
The last column indicates the cosmological compatibility.
Negr AN ¢ A(D/H) Y, x10 Ay, Viable?
SBBN 3.044 e e 2.478 e v
, = 10 MeV 3.119 0.075 +1.0% 2.488 +0.4% v
m, =9 MeV 3.171 0.127 +1.5% 2.493 +0.6% v
m, = 8 MeV 3.193 0.149 +1.8% 2.496 +0.7% v
m, =7 MeV 3.268 0.224 +2.8% 2.503 +1.0% ?
m, =6 MeV 3.352 0.308 +3.8% 2.512 +1.4% X

N

The annihilation cross section of yy with squared center-
of-mass energy s into a pair of electrons, mediated by the
millicharge, is given by

8 2.2 22 22 42
Gty = =2 <1+ me><1+ m*) e
N

3s s s
ea? m> m2
z”—2<1+—3) 1-— (5)
my 2m;, my,

As a benchmark value we take ¢ = 10~* and m, =

6-10 MeV, which yields 6,v,,~(2-6) x 107> cm?/s. This
satisfies the CMB and indirect search bounds as y only
makes up subpercent fraction of the total DM abundance.

For the dominant annihilation channel, into neutrinos,
we fix the corresponding coupling so that y and its
antiparticles amount for 0.2% of the observed DM abun-
dance. And as shown above, the canonical freeze-out value
for m, = 6-10 MeV DM annihilation cross section into
neutrinos is about 107> c¢cm?/s. Therefore, we have the
total nonrelativistic annihilation cross section into neutrinos
around 5 x 10723 cm?/s, translating into relative branching
ratios of Brgy;: Br, ~ 1072, As the s-wave cross section for
the new annihilation channel into a single neutrino flavor
mediated by A is

Yave s vawemy (©)

87 (m} —s)* 2z m}y’

o,V =

thus the corresponding parameter set is given by

30,0 2 5 x 102 emd -1 (2427 * (GEV* oy
v 3 MeV my

where the prefactor 3 counts three neutrino flavors as final
states. Applicable neutrino bounds for this parameter
ballpark range are provided below in Sec. IV C.

Finally, we point out that the elastic scattering cross
section between y and neutrinos via each mediator reads

2\ 2
) N m)(
= — 1=, 8
Oy = YaVu 487rm;§ < > ( )

where we have assumed that s << m3. Given that the typical
squared center of mass energy scales as (s — mf{) ~m,T,,
this cross section has a temperature dependence such that
the elastic scattering rate per y-particle steeply decreases
with T3, in analogy with neutrino-electron interactions. See

Appendix F for more details.

B. Cosmological constraints

In order to test for the cosmological compatibility of the
millicharged fractional DM scenarios annihilating into
neutrinos, we now investigate the value of N at CMB
and compute the light element abundances from BBN.” For
the latter we directly feed the nontrivial evolution of the
electromagnetic, neutrino, and dark matter densities pgy,
p, and p, into a modified version of a nucleosynthesis code
[52]. We note in passing, that the neutrino annihilation
products that are being injected after neutrino-decoupling
with m, initial energies are too few in number to induce
nonthermal reactions such as 7, p — e™n at arelevant level,
see [75] for a detailed discussion.

Table III summarizes the results of this analysis for € =
10~* with cross section of Eq. (7), and various DM masses at
and below 10 MeV. For better comparison, the first line
shows the results for a standard cosmological history. Our
obtained value NSY =3.044 is in agreement with other
recent literature results, 3.043-3.046 [76-82]. The generally
observed trend when neutrino-annihilating millicharged
states are included is that for decreasing m,,, neutrino heating
becomes pronounced, leading to elevated levels of N.y. In
terms of AN i we observe shifts from 0.075 to 0.308, mostly
compatible with the current 95% C.L. range inferred
from Planck (see above). With similar branching ratios,
Brgy : Br, ~ 10°-10%, and a total annihilation cross section
at 3 x 10726 cm3/s, Table 8 of [6] obtains a lower bound
m, > 4.3 MeV from Ny < 3.33. As shown in Fig. 7, a

much larger cross section of 5 x 1072* cm?/s adopted here
further delays the DM-induced decoupling between neutrino
and EM sectors, increasing the bound to m, > 6.1 MeV.

°Other works that consider the modifications of light
element abundances from MeV-scale dark sectors include
[7,8,67-74].
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FIG. 7. The evolution of T,/T, for millicharged DM as a
function of photon temperature, with the same parameters as in
Table III. The black dashed horizontal lines correspond to its
CMB value predicted by standard cosmology and the projected
CMB-S4 sensitivity, while blue-shaded regions indicate the
current Planck + BAO bounds, same as Fig. 6.

We now turn to the BBN results. Including y into our
calculation, we find an increasing trend with decreasing
DM mass for both D/H and Y ,,. This effect is well known
in the helium mass fraction and, within the considered
m,-range, the helium abundance is barely changed
beyond the one per-cent level. In turn, for the lightest
mass considered, m, = 6 MeV, the deuteron abundance
changes by 3.8%, in tension with observations. Given that
the SBBN D/H prediction has a one percent uncertainty
stemming from nuclear-rate uncertainties, we are not able
to make a definite statement of the viability for
m, = 7 MeV. Still, the relative changes inform us that
the scenario is on the verge of being best probed by D/H,
and upcoming improvements in the observations of N
will provide the definite test. Moreover, the 95% C.L.
upper limit on Y, is only touched for the lightest
mass m, = 6 MeV.

To sum up, for this scenario considered here to explain
EDGES, early Universe cosmology suggests a lower bound
atm, 27 MeV at this moment. Furthermore, based on our
discussion above, given the sizeable value of BrgyBr,
adopted here, this bound is not expected to change much
for a millicharged scalar case.

C. Experimental bounds on neutrino interactions

In the set-up given above, the presence of a neutrino-
philic pseudo-scalar mediator induces neutrino self-inter-
actions and neutrino-DM scattering, and thus can be
constrained by experimental observations. In contrast, a
subleading DM candidate as above is only poorly
constrained by conventional DM searches, and a MeV

dark particle with a charge e = 10™* is below the current
sensitivity of intensity-frontier experiments; see e.g.
[23,25,83]. In this subsection, we consider relevant
observations, with a benchmark mass of intermediate
(pseudo)scalar, m, ~ GeV and y,y, ~0.3.

Regarding such neutrino-DM interaction induced by A,
the mean-free-path of a high-energy neutrino passing
through the fractional DM medium can be estimated via

1073 m 103 GeV—2
I+ ~10° G £ , (9
e pe (f DM) <M3V) ( O ) ©)

which means that a PeV neutrino freely travels in the
Universe in our set-up [84]. Moreover, recent O(100) TeV
neutrino observations in IceCube from Blazar TXS 0506 +
056 and active galaxy NGC 1068 could lead to 5—-10 orders
of magnitude stronger bounds, if such neutrinos were
generated around supermassive black holes within dense
DM spikes [85-87]. The conclusion of Ref. [87] can be
rescaled to give in our model

v < 10° 10\ 2 ('my \ (MeV 1/4 (10)
Av~ Foum GeV) \ m, ’

which applies to m, 2 1 MeV. This bound is also very
weak since the spike should be truncated by efficient y-pair
annihilation. Besides, neutrino-y interaction inside a proto-
neutron star may enhance dark particle capture, greatly
alleviating the SN cooling bounds on ¢, which is similar to
self-trapping induced by y self-interaction [88,89].

For a GeV mediator, stronger bounds may come from
neutrino self-interaction. There exists y, < 0.3 from obser-
vations of leptonic decay of mesons and heavy leptons, such
as K/D — lv and 7 — lvv [90-92], which is stronger than
the potential bounds from double beta decay [93]. Strong
neutrino self-interactions may also affect the neutrino-driven
mechanism of SN explosions in a nontrivial way [94-96].
Therefore, future observations of SN neutrinos could further
clarify the exact SN evolution, and thus probe this parameter
region; see also e.g. [97,98]. On the other hand, cosmological
bounds on neutrino self-interaction are much weaker. For
instance, CMB observations require neutrinos to free-stream
at z < 10* (assuming no recoupling), leading to y2/m3} <
0.1 MeV~2 [99]. For a summary of neutrino self-interaction
bounds, see a recent review [100]. As a result, the current
limit on y, in turn requires y, values to be around, or slighter
larger than, unity in our model.

At last we briefly comment on the contribution
of new particles to the electromagnetic properties of
neutrinos. In our set-up, neutrinos can couple to
photon via loops of intermediate pseudoscalar and milli-
charged particles. As the photon does not mix with a
pseudoscalar, dimensional analysis suggests that in heavy
scalar limit this can at most happen via dim-6 operators,
such as anapole moment, with coefficients of the order
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(ee)m?/m} <1078 GeV~2(m, /10 MeV)*(GeV/m,4)*, or
even smaller as (ee)m2/m%. Such benchmark values of
this model are well below the current bounds. For
instance, the upper bound on neutrino charge radius is,
(r*) £107° GeV~2 (about 1073 c¢m?) [101,102], for the
parameter region of our concern.

In summary, one may amend the millicharged DM model
by neutrino interactions with a GeV-mass mediator and
induce the necessary branching ratio into neutrinos without
facing new constraints that could not be evaded on the
account of taking y, ~ O(1).

V. CONCLUSIONS

In this work, we explored the prediction of DM candi-
dates with a mass below 30 MeV and which come into
thermal equilibrium with the SM. Such states undergo
thermal freeze-out close to or during the epoch of neutrino-
decoupling, affecting the SM predictions of the ratio of
neutrino to photon temperatures, or, equivalently, of N .
When DM annihilates into both neutrinos and electrons/
photons, an accurate prediction of N as well as of the
relic density, necessitate the simultaneous solution of the
coupled three-sector system: DM, neutrinos, and the EM
sector. The methodology for achieving this in a fully self-
consistent way that takes into account energy transfer into
the various sectors from both annihilation and elastic
scattering was developed in our preceding work [10].

Here we utilize this formulation to derive the thermal
values of the annihilation cross section that yield the
correct relic abundance for an exemplary set of branching
ratios into neutrinos and electrons for s- and p-wave
annihilation. For example, an s-wave annihilating
complex scalar ¢ with my =1 MeV requires a total
annihilation cross section of a~7.5 x 1072¢ cm?/s for
dominant annihilation into neutrinos, Brgy/Br, < 1074,
and an annihilation cross section equal or larger than
1072 cm?®/s for dominant annihilation into electrons,
Brgy/Br, > 10*. For my =15 MeV all cases converge
to approximately a ~ 8 x 1072° ¢cm?3/s, in agreement with
previous investigations. For the p-wave annihilating case
and my =1 MeV we obtain b~3.4x 1072 cm?/s for
Brgy/Br, < 1074, and b > 5 x 1072° ¢m?/s for dominant
annihilation into electrons, Brgy/Br, > 10*. Small
differences among the cases pertain to higher masses—
an effect that traces back to the nontrivial temperature
evolution in the dark sector; at my = 20 MeV all cases
require b ~4.5 x 1072 cm?3/s. The equipartitioned cases
with Brgy;/Br, = 1 lie in between the above values. For a
Dirac fermion the observed trends as a function of mass
are similar, but thermal cross sections mildly differ from
the complex scalar case.

Using the thermal cross section values, we are then in the
unique position to obtain a precision determination of N
as a function of mg and contrast it with current and future

CMB-inferred bounds and projections. Exclusive annihi-
lation into neutrinos (electrons) raises (lowers) N,
excluding m,; < 8(6) MeV for complex scalars and m, <
11(9) MeV for Dirac fermions at 95% C.L. for both s- and
p-wave annihilation from Planck measurements. Those
limits are lowered when annihilation proceeds simultane-
ously into neutrinos and the EM sector. For Brgy;/Br, =
10* and 107 an elevated N excludes DM mass below
2 MeV and below 4 MeV, respectively, for both s-wave and
p-wave annihilation and both model cases. Precise values
for all cases are shown in Figs. 3 and 4 and Table I.

We also explore the possibility of a fine-tuned parameter
region in Brgy/Br, > 1 with dominant annihilation into
electrons where the minimum DM mass value can be
lowered further as the heating of the photon and neutrino
baths proceeds such that N ; remains almost unchanged.
For p-wave annihilation this presents a loophole to entertain
lower-mass thermal DM; for s-wave DM any significant
annihilation into electrons is already excluded from energy
injection during the CMB epoch. For complex scalar DM
and p-wave annihilation, we establish a required branching
ratio into neutrinos of Br, ~ 5 x 1077 for mj = 1 MeV to
10~ for my = 10 MeV thatremain unchallenged by current
and future CMB N measurements; see Fig. 5. To complete
the cosmic viability test, we also feed the nonstandard
evolution of photon and neutrino temperatures as well as the
DM energy density into a BBN code and calculate the light
element abundance yields. We find that mpy; < 3 MeV is
excluded by an elevated helium abundance, see Table II.
Finally, we complement those studies by presenting particle
physics realizations where we summarize other relevant
observational and experimental constraints.

In a second part, as a further case-study, we focus on the
predictions of MeV-scale millicharged Dirac fermions y in
the mass-coupling regime where it affects the predictions of
the global cosmological 21-cm signal through its thermal
coupling to baryons at the cosmic dawn era. Because of
other cosmological constraints, such states must have a
subpercent level fractional abundance. We show that it is
possible to have a consistent thermal history of such
particles when y is being supplied with additional neutrino
interactions that dominate the DM freeze-out. This allows y
itself to deplete in number sufficiently. We compute N
and light element yields in the modified thermal history and
find that a narrow mass-window situated around 10 MeV
survives all current observational and experimental tests.
Nevertheless, this window may become firmly closed by
direct detection experiments soon.

Calculations of the thermal DM relic density are standard
repertoire when entertaining dark sector models. Yet, the
lowest mass range for simple thermal relics, 1-30 MeV,
considered on the brink of being compatible with cosmol-
ogy, has not yet been studied at the appropriate level of
rigor. In this work we have closed this gap. A further
application of the three-sector approach may be considered
the annihilation of d-wave annihilating DM or the decay of
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MeV-scale particles during the nontrivial epoch of neutrino
decoupling and electron annihilation.
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(TURIS). The computational results presented were in part
obtained using the Vienna “CLIP cluster”.

APPENDIX A: SEMIANALYTICAL FREEZE-OUT
SOLUTIONS

In this appendix, we also provide a semianalytical
solution to freeze-out in the case that DM with number
density n couples exclusively to the EM or the v sector, i.e.
Br,Brgy = 0. The derivation largely follows the literature,
such as Ref. [12,13], and the results are summarized in
Fig. 8. The aim is to illustrate the solution works for both
T'=T, and T =T, by simply re-defining the entropy/
energy degrees of freedom.

As we are only concerned with nonrelativistic freeze-
out, we assume DM follows a thermal evolution governed
by the temperature of the sector it couples to, T, or T,
For this (semi)analytical solutions in Fig. 8, we shall assume

1.5+
[ [Fermion DM (s—wave)]
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Canonical cross section needed to obtain the observed abundance for scalar DM ¢ (left panels) and fermion DM y (right

panels) in the case of s-wave annihilation (top) and p-wave annihilation (bottom) using the semianalytic approach detailed in
Appendix A. Red lines are for exclusive pair annihilation into the EM sector, while blue lines are for exclusive annihilation into
neutrinos. The y-axes give the parameter values of (6,,,v) = a + b(6T/m,, ). Dot-dashed lines are canonical values for self-conjugate
DM, re-scaled by a factor of 2, as self-conjugate cases need weaker annihilation. The gray dotted (dashed) lines give the exact numerical
result for electron-only (v-only) annihilation obtained in the main text.
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a sudden neutrino decoupling at 7, =7, =2MeV. One can

start by defining an “effective” total entropy, S =
a*(2n%gsT?/45) = a3, which is conserved during the
whole epoch through the appropriate choice of g;(7). We
emphasize again that 7" can be the temperature shared by DM
and its coupled sector, either T,orT, In each case, one
solves the Boltzmann equation

ay

dr _§<6ann”><Y2_Y%q)' (A1)

At the initial stage of the freeze-out evolution, the DM
abundance follows its thermal value Y., up to a small
correction, with

eq

Yeq = ! (A2)

93

S

~0.1447 <gD—M> x15ex,

We then follow a common convention and define the
freeze-out point through Y (xg,) = (1 4 ¢)Yeq(xg,) with a
constant c¢. It implies that at x = xg,

dInYq
dInx

5(Camn?) 1dlng;
=-Y 1—- 2
“T g ( Tdinx )2 TOE

Xfo

holds. By rewriting the equation as

H dInY
dlnx

s 1dIng;
e* = —0.1447 <9DM>X1.5 (o) (1 —1528) (2 + ¢)c

93

together with dIn Y /dInx = —(x — 1.5 + dIng;/dInx),
we refer to the right-hand side (rhs) of the equation above as
F(x), and rewrite the whole equation as e* = F(x). A
numerical solution to this equation can be obtained
iteratively,

X = In .7:|{x—>ln.7:\[x_>_..]}’ (A3)

where as initial value of x for MeV DM freeze-out one may
choose 10-20.

Once the freeze-out point is reached, Y becomes
increasingly larger than Y.q(x >> xi,), but smaller than
Yeq(x = xg,), allowing for another approximation of the
Boltzmann equation which may be cast in the form

dY _ 3(cam?) (1 _ldlngéa)dx. (Ad)

Y2~ Hx 3dlnx

Integrating both sides from x = xg, to x = oo gives

& §<6annv> ldIn 93 =
Y“‘[/xﬂ, o) <1 gdm>dx} . (a3)

For the analytical solution of DM annihilating into
neutrinos only, one simply replaces x=m/T, by x,=m/ T{/’
and rewrites the functions of g, and g; with respectto T,. 0
Since the neutrino sector is not heated up in electron
annihilation, it generally makes the DM particles cooler
than 7', and thus requires less DM annihilation to yield the
observed DM abundance, as illustrated in the figure.
Besides, for DM masses well above MeV, DM particles
do not contribute much to the total energy density of the
Universe, thus the canonical cross sections become almost
independent of the spin of DM particles.

The solutions of this semianalytical method are shown as
colored lines in Fig. 8, which agrees with our full numerical
results (gray lines) studied in the main text. Note that for the
figure we have taken ¢ = 0.4 for both s-wave and p-wave
annihilation, as it fits the exact numerical results of
MeV-scale DM better. If following [11], adopting ¢ =
0.75 for p-wave cases would increase the canonical cross
sections by 5%—-10%. For fermionic DM above 20 MeV, it
is also in good agreement with previous literature values,
see e.g. [13,14]. Similar to [14], we observe that the ratio in
p-wave canonical cross sections between nonself-conju-
gate and self-conjugate cases visibly deviates from 2 (lower
panel of Fig. 8) even for TeV DM. At last, we emphasize
that this semianalytical solution always assumes the kinetic
equilibrium between DM and the SM sector it couples to. In
contrast, the full numerical results adopt concrete particle
models, and typically have DM kinetically decoupled from
all radiation at x ~ 100. The latter thus requires a slightly
larger canonical annihilation cross sections in cases of
velocity-suppressed annihilation.

APPENDIX B: BOLTZMANN EQUATIONS

Here we summarize the definitions and notation
explained in further detail in the preceding methodology
paper [10]. The evolution of number and energy densities,
n; and p; of species i is given by the Boltzmann equations,

on; on;

! Hn, =— B1

at+3 =S (B1)
opi opi
—+3H(p;, + P;) =—, B2
Y 3H(ps+ Pr) =2 (B2)

with P; being the pressure density. The right-hand-side
terms 6n; /6t and 8p; /ot are, respectively, given in terms of

"°As usual, g, and g; are defined as g, = 3, g,(T,,/T)* +
7/8% ¢ 97(Ts/T)* and g; =37, 9,(T,/T)* +7/8 ngf(Tf'/T)3
with g, and gy being the active bosonic (fermionic) relativistic
degrees of freedom.
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sums over all contributing annihilation channels and all
two-body processes (annihilation and scattering),

on; &’p;
— =g | 5= > _ClfilAn, B3
5t gl (2ﬂ)3El — [ l] n ( )
op; d3l7i
Ty —§ C[f;|5E, B4
5t gl/(2ﬂ_)3El o Lfl} ( )

where C[f;] is the collision term as it appears in the
unintegrated Boltzmann equation for the phase space dis-
tribution function f; of species i; An and OF are the number
and energy exchanged in the process under question. In
practice, we take An = +2 for pair creation/annihilation.
For dark matter, which is assumed to develop a nonvanishing
chemical potential after becoming nonrelativistic,'" its
momentum distribution function is approximated as

eHom /Tom

fom(Epm) = (BS)

eEDM/TDM + 1 ’

where “DM” is set as ¢ (y) for scalar (fermionic) dark matter
candidate. For neutrinos, which are always relativistic
and only obtain tiny chemical potentials, there exists, to
the first order

1 w/T,

fu(E,) =~ CEITe 41 QBT 1 o BTy 10

(B6)

At last, the electromagnetic sector has no chemical potential
above keV. For more details and uncertainty discussions,
see [10].

Our methodology of solving the three-sector system then
involves factorizing the collision integrals in products of
functions of two (normalized) chemical potentials ji; =
u;/T; and three temperatures T,

on; o

ot Zai/ﬁij(l“i’/‘j)}’ij(Ti’ T;), (B7)
%

op; o

S5t Zbijﬁij(ﬂi»ﬂj)i:ij(Ti, T)). (B8)
=

Here, a;; = +1 and b;; = *1, depending on the process
under question, and f;; are functions of initial state
chemical potentials such as e#*# or fi;efs. Elastic scatter-
ing processes only enter in {;; as particle number is
conserved.

"This assumption may not be proper if the DM sector only
couples to neutrinos. While this relies on exact parameters of the
model, such as the mediator mass, we further assume that when
DMDM <« v is sufficient, 4v <> 2v via dark sector mediators is
sufficient too, resulting in ppy = p, = 0 during this period.

Analytical approximations for y;; and {;; for the charged
scalar s-wave case are given in Appendix C, for the p-wave
annihilation case they are found in the preceding work [10]
and for the millicharged scenario they are given in
Appendix F.

APPENDIX C: COLLISION TERMS FOR s-WAVE
SCALAR DM

Here we provide the interaction rates for the pseudo-
scalar mediated complex scalar DM model given in (3). In
the concrete expressions below, the d.o.f. of all initial states
have been summarized to give the physical number/energy-
exchange between two sectors with fixed temperatures.

For the annihilation process ee <> ¢p¢, we obtain

on
(5) ceoid - ﬁeee¢¢yge<—>¢¢’

op
(E) = ﬂeee¢¢€eee¢¢’
ee<>pp

with f,,.. 44 = €* and

(C1)

(€2)

9eYe deE+dE— eq req
<pp — e Je Oces pF
yee (]54 (2”)4 / 2 f f o ¢4 12

X [(1 - Aa\nn) + Azamn(l _ﬂann)]’

9.9; [ dsdE_ dE_
Cee<—>¢¢ = (27[)4/ D) fgq 2qaee—>¢¢fl2

X E+[(1 - Aann) + Aann(l _ﬁann)]’

where g, = g; = 2. Here, the electron equilibrium distri-
bution functions are given at vanishing chemical potential,

1
T ef/Tr 1

fe (T, 2 m./20). (C3)

The flux factor for a reaction of the type 1 +2 < 3 +4 is
given by, F, = \/A(s,m%,m%)/Z, with A(a, b, ¢) = a*> +
b* + ¢* — 2(ab + ac + bc) being the triangle function. As
usual, s = (p; + p,)? is the squared center-of-mass (CM)
energy and £, = E| £ E,. Finally, the weights are defined
as A, = e "T3VE: and B, = e2i) = ¢2(fu~ii2); here
we have for the subscripts 1=e and 3=¢. For the
pseudoscalar induced annihilation, we obtain

. _ 32 (1—4mé/s)'/2
=9 = 30 A2 (1 —4m?2/s)'/?"

(C4)

Note that we always set the heavier particles as final
states in annihilation cross sections, as we often neglect
quantum statistics of final states to simplify the numerical
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computation; see [10] for quantitative discussions and how
the full statistics can be further included.
For the elastic scattering ¢pe <> ¢pe¢ we obtain,

op
<E> = ﬂ¢e<—>¢e§¢e<—>¢ev (CS)
Ppe<>pe

with ﬂ¢e<—>¢e = eﬁﬁf‘f‘ and

(95 + 94)(ge + Ge)

é,(/)e(_)(/)e = (2”)4 / dE]dEzde[f;)q eq
dd{/)e—>¢e
X ——— F12(AsOF),
RN
where g; = g, = 1 and f3 is the ¢ equilibrium distribu-

tion function at vanishing chemical potential,

1
o
f¢q — eiE(/,/Tzﬁ 1 . (C6)
In the collision integral, (A, SE) is the energy transfer
per scattering, averaged over the azimuthal angle in the CM
frame; the explicit expression is found in [10]. The
integration region of 7 is given by [—A(s, m}, m3)/s,0].
For the pseudoscalar mediator, the differential cross
section of elastic scattering is

d0¢e—>¢e _ —y%l
dt 162 [m —2m (mg + 5) + (m3 — 5)?]

(C7)

Throughout this work, we set dog., /dt positive, with ¢
being negative as defined above.

Turning to neutrino interactions with ¢. To avoid
confusions, only interaction terms with left-handed neu-
trinos are included in this work, so we can safely negelct
right-handed neutrinos. Consequently, we take g, = g, = 1
for each neutrino flavor, distinguishing a left-handed
neutrino from a right-handed anti-neutrino; N, = 3 gives
the number of neutrino families.

Now, the collision term for neutrino pair annihilation,
v <> ¢, is given by

on
<5l> - yz(/)w—)(/)(/; + 'Bll/veg{)q&y,l/w_)qﬁlﬁy (CS)
w<pd

op
<§> guu(—)zf)(ﬁ + ﬂ}/l/(—)(/)(/)é’lil/@(/)(/l' (Cg)
w<>p¢

Here, the superscripts O and 1 signify an expansion in the
neutrino chemical potential. The collision integrals are
given by

o(1
}’u(/<->>¢¢ (T) =

g,,g,, /dsdE+dE_ eq q(’l)g ¢¢f12

(27)* 2 v
X[( - dnn)+Adnn( _ﬂann)]’

G gy () = 2 [ BT 059
X EL[(1 = Aqnn) + Aann(1 = Bann)]-
where we set [10]
SEST) = (c10)
+1
1

SYE,/T,) = (C11)

eEb/Tb + e_Eb/Tb + 2 ’

and [}11/1/<—>¢¢ = 2ji,. We have neglected the second order

corrections that are proportional to fe¢(1) fea-() For the
pseudoscalar-mediated annihilation it reads,
y2
14
O-bz/—>¢¢ :W(l —4m§)/s)1/2, (C12)

This cross section is a factor of 2 larger than the case of
electron annihilation (in the limit 7, — 0), the reason being
that here we take each chiral SM neutrino as one degree of
freedom, as stated above.

For the elastic scattering ¢v <> ¢pv, we obtain

op
(5) Y - ﬁ21w—>4)y412,w_>(/w + ﬂ;}zze(pyg;sw_npy, (C] 3)

with g, = €, By, .4, = €™ i, and
(95 +94)(9, + 9)N,

é‘qbz«—n,ibz/ - (2”)4

/ dE\dEydsdtf ' f, o

« d6¢v—>¢u

dt F12<Asca5E>'

The differential cross section for the pseudoscalar-mediated
¢ interaction reads

da(ﬁu—»q)v _ _ylz/t
dt 162A* (my, — 5)*

(C14)

And the cross section is the same for antineutrinos
(same below).

APPENDIX D: COLLISION TERMS
FOR p-WAVE SCALAR DM

The p-wave case follows the dark gauge boson mediator
model in our preceding methodology paper [10], and
thus we further assume that electrons and neutrinos may
carry different dark charges, labeled as y, and y,.
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The (differential) cross sections, averaging over initial
states and summing up final states are given as follows.

For DM-neutrino interactions, there are pair creation/
annihilation

(s —4m2) Am3\ /2
2 ¢ ¢
= 1- D1
Ow—ipp = Vv 24711\42, ( s ) ’ (D1)

and elastic scattering

dO'¢y_,¢y _ y2 (mé - S)2 + st (D2)
dt YAz, (my — s)*

per neutrino species. For DM-electron interactions, there
are also creation/annihilation

s —4m2)(s +2m2) /s —4m>\ /2
L e L T L

Coomsipy =
cemdp = Je 487N, s s —4m?

and elastic scattering

d6 4o pe o (m2 +m3 = 5)> + (s — m2)
dt “4rA, [m¢ = 2mg(mg + 5) + (my —5)*]
(D4)

APPENDIX E: s-WAVE AND p-WAVE DIRAC DM

In the case of s-wave Dirac DM, we take the simplest
case

£ =3 ) n). (E1)

l Z

where we assume that charged leptons and neutrinos can
have different dark charges, being similar to the p-wave
scalar case above. Then the associated four (differential)
cross sections are

. _ (s +2m2)(s +2m2) (s —4m2\ /2 (E2)
cemax ¢ 1277, s s —4m?> '

2(s —mZ —m2)? + 2st + 1*

dt 8Ny (s — m2)? + mg —2m2(s + m)]’

dOyeye

for electrons, and for each neutrino species

2m2 Am2\ 1/2
6uv—>){)( = y12/ (s - T}() (1 - ﬂ) ’ (E4)
67\ s

dc,, ., _ 2(s —m2)? +2t(s —m2) + 1 (ES)
dt . 87N, (s — m2)? '

In the case of the p-wave annihilation, for simplicity, we
only adopt the interaction term

£ = 302 () ), (E6)

2
! AZ’

for which the associated four (differential) cross sections
read

o (s +2m3) (s — 4my) (s - 4m§> 1/2 (E7)

127A3,s s — 4m?
doyemye 2(s—mZ—m3)? + (25 —4mZ + 1)1 — 8mZm
dt Ye 8aAL [(s—m2)* +mi—2m2(s+m2)]

(E8)

for electrons, and for each neutrino species

(s —4m?) 4mA\ 1/2
vy =i | ] _TX ’ (E9)

Aoy _ 2 2(s —m3)? +2t(s —m3) + 1 (EI0)

87AL, (s — m2)?

APPENDIX F: MILLICHARGED DIRAC DM
COUPLED TO NEUTRINOPHILIC
PSEUDOSCALAR

We now turn to fermionic DM models, for instance,
various collision terms predicted from the millicharged
dark states supplied with neutrino interactions (4).

For the annihilation channel ee <> yy we write,

dra’e?(s+2m2)(s+2m2) (s —4mi\ 1/
Ocenyy = 353 S —am? . (Fl)

For the elastic scattering ye <> ye, the interaction rates
can be expressed as

doyeye — 2mae[2(mg + my —s)* + 251 + 1]
dt (t— mieff)z[m‘e‘ —2m2(m2 +s) + (m2 —s5)*

(F2)

The effective photon mass m, . induced by finite-temper-
ature effects has been introduced to avoid potential col-
linear divergence, given by [103]

5 4rman,/m,, (T, < m,)
my.eff(TV) = { 2 (F3)
2arxT;/3, (T, > m,)

where n, is the number density of electrons plus positrons.
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Turning to the neutrino interactions mediated by a pseudoscalar, we get the (differential) cross sections as

4m2 1/2
_ 2 X
Ovy—yy — yf,y,, SIA? <1 - S) s (F4)
and
doy, .y 5 5 Ht—2m3)

dr A% 167A*(s — m2)?’

which applies to each SM neutrino species.

(F5)
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