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The existence of millicharged dark matter (mDM) can leave a measurable imprint on 21-cm cosmology
through mDM-baryon scattering. However, the minimal scenario is severely constrained by existing
cosmological bounds on both the fraction of dark matter that can be millicharged and the mass of mDM
particles. We point out that introducing a long-range force between a millicharged subcomponent of dark
matter and the dominant cold dark matter (CDM) component leads to efficient cooling of baryons in the
early Universe, while also significantly extending the range of viable mDM masses. Such a scenario can
explain the anomalous absorption signal in the sky-averaged 21-cm spectrum observed by EDGES and
leads to a number of testable predictions for the properties of the dark sector. The mDM mass can then lie
between 10 MeV and a few hundreds of GeVs, and its scattering cross section with baryons lies within an
unconstrained window of parameter space above direct detection limits and below current bounds from
colliders. In this allowed region, mDM can make up as little as 10~ of the total dark matter energy density.
The CDM mass ranges from 10 MeV to a few GeVs and has an interaction cross section with the Standard
Model that is induced by a loop of mDM particles. This cross section is generically within reach of near-

future low-threshold direct detection experiments.
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I. INTRODUCTION

Dark matter (DM)-baryon interactions can affect the
thermal history after recombination [1,2], possibly leading
to observable deviations in the 21-cm global signal com-
pared to the ACDM (cold dark matter) prediction [3].
Moreover, if the scattering cross section is enhanced at
small relative velocities, its impact on the cosmological
history is most prominent between recombination and
reionization, when the baryons are at their coldest. The
most optimistic scenario for identifying new physics in
21-cm observables is therefore realized if the DM-baryon
interactions are Rutherford-like, i.e., with a cross section
scaling as vr_e‘l‘, where v, is the relative velocity between
particles. This may result from an exchange of a light
mediator with negligible mass compared to the typical
exchange momentum in the scattering process.

In most scenarios, however, the presence of a new
light mediator is strongly constrained by a combination
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of fifth-force and stellar cooling bounds [4-6]. Accounting
for these constraints leaves little room for observable
effects from DM-baryon scattering in 21-cm cosmology
[7], with the only exception being a DM that carries an
effective electric charge Q, inducing DM interactions with
the SM [8]. Even in this so-called millicharged dark matter
(mDM) scenario, which has been studied extensively in the
literature [1,2,7,9-14], several stringent experimental con-
straints [7,9,11] apply. Most notably, measurements of the
CMB anisotropy power spectrum [15-19] and N con-
straints [11,20] limit the mDM to a small region of
parameter space, with mass 10 MeV < m,, <40 MeV,
charge 10> < Q <107, and energy density between
0.01% and 0.4% of the total dark matter energy density.
These severe restrictions make simple models of mDM
unattractive as a significant source of cooling for baryons in
the early Universe.

In this paper, we revisit the possibility of baryon cooling
by a millicharged component of DM. We show that ift mDM
also has an additional long-range interaction with the rest of
the dark matter (which forms a cold dark matter bath), it
may remain cold for longer, thereby greatly increasing the
effective heat capacity of the hidden sector. This substan-
tially improves the efficiency of baryon cooling, extending
the region of parameter space in which we expect large
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FIG. 1.

The structure of the dark sector studied in this paper. A fraction of millicharged DM (mDM), f,, which carries electromagnetic

charge Q, interacts with the baryonic bath which is composed of hydrogen (H), helium (He) with fraction xy and xy., respectively, and
an ionized fraction x, composed of e~, H*. The latter goes from being order one at CMB to ~10~* at z ~ 17. The mDM also interacts
with the rest of the cold DM (CDM) through a new dark long-range force, which couples with strength g,,, to mDM and g to CDM. The

same long-range force induces CDM self-interactions.

effects on 21-cm cosmology. In particular, the setup, which
we depict in Fig. 1, can explain the recent sky-averaged
21-cm spectrum measurement presented by the EDGES
Collaboration [21], while opening up the higher mass and
smaller density regions of the mDM parameter space. This
can be accomplished while ensuring that the momentum
transfer between mDM and CDM remains small enough to
circumvent the stringent CMB constraints.

The allowed parameter space in this scenario leads to
precise predictions that will be tested in upcoming direct
detection and collider experiments. The large heat capacity
needed to cool the gas implies an upper bound of several
GeVs on the CDM mass, while Big Bang nucleosynthesis
(BBN) constraints require it to be larger than roughly
10 MeV [22]. Interactions between CDM and Standard
Model (SM) particles are radiatively generated by loops of
mDM particles, and the corresponding CDM-baryon cross
section lies below the current direct detection limit from
Xenon10 and SENSEI [23-25], but well within the reach of
future runs of low threshold direct detection experiments
like SENSEI and DAMIC [26]. Interesting constraints on
the nature of CDM self-interactions can be inferred from
colliding (sub-)clusters [27,28] and from cluster ellipticity
[29,30], even though the reliability of the latter has been
questioned [31-33]. The allowed parameter space for the
mDM component in our new framework is greatly enlarged
compared to the standard scenario, leading to a rich
phenomenology that can motivate many upcoming beam
dump and direct detection experiments. The mDM fraction,
fum» should be within 1078 < £, < 0.004, where the upper
bound comes from present CMB constraints [15-18] and
the lower bound is the minimal fraction required to explain
EDGES while still being consistent with constraints from
collider and beam dump experiments. The mDM electric
charge lies in the range 107> < Q <1, such that the
interactions between the mDM component and the baryons
are strong enough to lead to sufficient cooling, while still
being consistent with collider searches. The mDM mass,
my,, is found to be in the range 10 MeV < m,, <200 GeV,
where the lower bound again stems from BBN constraints
[34], while the upper bound is derived by requiring that
cooling is efficient enough to explain EDGES while not
violating CMB constraints.

A large array of future experiments can potentially
discover the mDM component in our scenario. The
large-Q region is constrained by present collider searches
[37-40] and will be further probed by a combination of
future collider experiments such as milliQan [40,41],
MicroBooNE [42], LDMX [43], and dedicated detector
proposals in the NuMI or DUNE beamline [44,45].
Ground-based direct detection of mDM is challenging,
due to mDM energy losses in the atmosphere, in the Earth’s
crust and in the shielding material of a given experiment
[46,47]. For this reason, the best sensitivity to mDM in this
coupling regime may be achieved by surface runs of low
threshold detectors (e.g., Ref. [48]), which can detect the
soft tail of the DM velocity distribution after atmospheric
scatterings (see Ref. [49] for an updated reach of these
experiments for mDM). Pushing the reach to higher Q can
be achieved by either lowering the threshold of the
detectors [50-60] or reducing the atmospheric shielding
using balloon- and satellite-borne detectors [49].

The paper is organized as follows. In Sec. II, we
summarize the relevant 21-cm cosmology formalism and
discuss the EDGES measurement. In Sec. III, we explain
why it is difficult for an mDM component with no
interaction with the dominant CDM component to cool
baryons efficiently. Along the way, we develop an analytic
understanding of the parametric behavior of DM cooling
after recombination, which qualitatively explains most of
the features of the full numerical treatment, based on
Ref. [61]. In Sec. IV, we discuss quantitatively the
advantages of the setup summarized in Fig. 1. The allowed
parameter space is derived by fitting the EDGES signal and
accounting for other cosmological constraints. Section V is
dedicated to the phenomenological predictions of our setup
and the future prospects for excluding or discovering both
the mDM and the CDM components. Section VI contains
our conclusions.

This paper is supplemented by four appendices in which
we summarize many useful results that are at the core of
both our analytic and numerical treatment. Appendix A
summarizes a derivation of the thermodynamic equations
for a system of two baths, first derived in Refs. [1,2]. The
relevant rates are formulated in a model independent
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fashion in terms of the DM-baryon interaction form factors
as usually done in the direct detection literature [62]. In
Appendix B, we compute the relevant form factors in the
Born approximation. We discuss in particular the ones
necessary to include for DM scattering with hydrogen
and helium atoms in 21-cm cosmology. We also assess
the regions of parameter space in which the Born approxi-
mation breaks down, leaving a full quantum mechanical
computation of the rates for future work. In Appendix C, we
discuss more quantitative details about the implementation
of the framework described in Fig. 1. We discuss the
thermodynamic equations for a system of three baths and
show how the standard mDM scenario previously discussed
in Refs. [7,9,11] is parametrically extended as a function of
the coupling between mDM and CDM. We then discuss in
more detail the cosmological constraints from CMB on our
scenario, relying on Refs. [15-19]. Last, Appendix D
discusses concrete models realizing the scenario of Fig. 1
which are used to derive the CDM component direct
detection prospects.

II. THE EDGES OBSERVATION

The brightness temperature of the 21-cm hydrogen line,
T,;, measures the contrast between redshifted 21-cm
radiation and the CMB blackbody spectrum at the same
frequency. As a function of redshift, this can be written
as [63]

Ty ZI—H(TS—TY)(I — 71V, (1)
where T, is the CMB temperature [64], T is the spin

temperature of the 21-cm line, and 7(7';) its optical depth.
The latter two quantities are defined as

M _ I b/, z3<1 —E2]>, (2)
no 9o T,
3)2. A
«(T,) ~ 22121011 (3)

16T,H

where H is the Hubble parameter at a given redshift,
oy = 1/Ey; ~21 cm, and A;p~2.9 x 107 s7! is the
Einstein spontaneous emission coefficient for the 21-cm
transition. The spin temperature 7, characterizes the ratio
between the number densities of the triplet and singlet
hyperfine sublevels of the hydrogen 1s state. When T, is
larger (smaller) than T',, we expect to see an emission
(absorption) feature in 7.

The EDGES experiment claimed the first measurement of
the brightness temperature at the cosmic dawn (z ~ 17) [21].
During this epoch, the first stars begin to emit Ly-a radiation,
affecting the spin temperature as Ly-a photons pass through
hydrogen clouds by driving spin-flip transitions between
the hyperfine sublevels via the Wouthuysen-Field effect

[68,69]. The rate of these transitions quickly become much
faster than downward transitions through stimulated emis-
sion by CMB photons, driving the temperature of the
baryons T}, the spin temperature 7', and the temperature
of the Ly-a spectrum to a common value.

One can thus quite generally expect Ty, < T < T, with
the ratio T /T, depending on the strength of the
Wouthuysen-Field effect [70]. The strongest absorption
peak in the brightness temperature defined in Eq. (1) is
obtained by saturating the inequality on the left (T, = Ty),
giving

Ty |,—17 =0.35 K<1 _r

d ) @)

b

The ACDM prediction for T\, and T, at z = 17 gives
THPM|__,; = —0.22 K. This lower bound is in 3.8¢
tension with the central value of the EDGES measurement
[21], whose central value and 99% confidence intervals are

TR _iy = —0.513 K. (5)

This observed tension, if it persists, would point to a
deviation from standard cosmology, and has drawn sig-
nificant attention. Previous work in the literature has
focused on two possible solutions: (i) either 21-cm photons
at z = 17 were hotter than the CMB due to astrophysical
sources [65,66,74] or new physics [67], or (ii) the gas
temperature at z ~ 17 was colder than the one predicted by
ACDM due to cooling induced by the scattering of baryons
with some fraction of the cold DM bath [1,2,7,9-13]. In this
paper, we continue to investigate the latter option.

Using Egs. (4) and (5) and assuming that 7', is simply the
CMB temperature, the gas temperature inferred from the
EDGES measurement is

TEDGES|Z:17 = 3-2:]"595 K, (6)

with the deviation from the ACDM prediction being
given by

ATEDGES = (TEDGES - T{)\CDM)|z:17 = _3-6:1.'595 K. (7)

The DM bath must therefore cool the baryons by at least
1.7 K to a temperature of 5.1 K in order to accommodate
the EDGES result within the 99% CL. This is the amount of
cooling that will be conservatively required throughout
this paper.

Before leaving this section, it is worth pointing out that
the 21-cm global signal measurement is experimentally
intricate and face significant background subtraction chal-
lenges. For this reason, it has been suggested that the
significance of the EDGES result could be appreciably
reduced depending on the background subtraction pro-
cedure [75-78]. Future and ongoing experiments are likely
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to provide more insights and possibly independent tests on
the EDGES result [79-84]. Nevertheless, we believe it is an
important theoretical question to classify the classes of dark
sectors that could give signals in 21-cm cosmology without
being already excluded by other complementary probes. In
the remainder of the paper, we will explore this question,
focusing on DM cooling the baryons through elastic
collisions.

III. STANDARD MILLICHARGED DARK MATTER

Having presented the EDGES result, let us now discuss
the presence of an mDM component that interacts with the
baryonic gas. We shall argue that such an addition to
ACDM is insufficient to explain the EDGES result con-
sistently with the existing cosmological bounds.

We begin by estimating the mDM-baryon interaction
rate required for the mDM to account for the necessary gas
cooling presented above in Eq. (7). To do so, we study
the evolution of the gas temperature Ty, given by [85]
(see Appendix A for a detailed derivation and the full
expression),

2xppom  (TovZ)

2

T, ~—2HT, —
my + My, <Urel>

(Ty = Tw).  (8)

The first term on the right-hand side accounts for adiabatic
cooling due to the expanding Universe, while the second
term describes the cooling of the gas due to the mDM-
baryon interactions. T, is the mDM temperature, x;, is the
fraction of baryons interacting with mDM, py,, is the
reduced mass of the interacting baryon and the mDM, and

P
lﬁb = fm oM Gl%mvrel (9)
My

is the mDM-baryon interaction rate, with 6)™ the transfer
cross section [see Egs. (10) and (AS5)] and v, the relative
velocity between the colliding mDM and baryon particles.
We define f,, = pmpm/Ppom to be the energy density
fraction of the mDM. The symbol (...) indicates thermal
averaging over the velocity distributions of both fluids.

We calculate the mDM-baryon transfer cross section
assuming that the Coulomb potential is regulated by the
Debye thermal mass of the photon, m}% ~ agmne/ Ty Since
(i) m, is much smaller than the typical momentum transfer
q =~ Upym e and (ii) for the relevant charges Q considered
here, m, < pipm v,/ Qapy, 67" should be evaluated in the
classical regime described in [86—89], that is,

2 2.2 T.m 21}4
oM o~ ﬂg Z[EM 0g< b2 p3,u re]). (10)
:umvrel Q aEMpb

We stress that this expression has a different log factor
compared to the one commonly used in the literature
[9,90,91]. The cross section in Eq. (10) is evidently

enhanced as v} at low relative velocities. Substituting

this expression into Eq. (8), we see that the effect of mDM-
baryon scattering on the temperature evolution grows
rapidly as redshift decreases.

In the absence of the second term on the rhs of Eq. (8),
baryons cool only adiabatically. This is insufficient (by an
order one amount) for the temperature evolution to be
consistent with the EDGES measurements. Consequently,
in order for significant cooling to occur, the rate of energy
transfer must be at least as large as the energy loss from
adiabatic expansion, but not much larger. We therefore
require the cooling rate to be comparable to Hubble at
around z = 17 in order to explain the EDGES discrepancy
in Eq. (7). This gives

m?nmp H

xbfmﬂrznpDM 1 =Ty/Ty =17

<U?el> l/zat%m z=17 =

. (11)

where a much smaller rate will not be able to cool the
baryons, and a much larger one would cause an exponential
decrease in the baryon temperature.

The mDM temperature at z = 17 must lie between

Mm% EDGES
S ATORIS Ty < T (1)
where Q/Qpy 2~ 0.18. The upper bound on T, ensures
that the mDM bath can cool the gas, while the approximate
lower bound can be derived by assuming that the additional
heat per unit volume removed from the baryons is
transferred to a zero temperature mDM fluid, so that
ny|ATEPCES |~y T

Using the lower bound for 7, in Eq. (11), we get an
estimate of the smallest rate required to explain the EDGES
measurement. In the limiting case where T, is exactly
equal to T}, in Eq. (12), we find

Jm
my < 67 MeV<O‘4%>. (13)
The upper bound on m,, occurs at the point where the
number density of mDM is too small to absorb the required
amount of heat from the baryons. CMB constraints for a
typical mDM charge required for sufficient cooling exclude
Sm 2 0.4% [17,19,91]. Figure 2 shows in dark green the
value of Q as a function of m,, required to fit the EDGES
signal with f,, = 0.4%, computed using a full numerical
treatment. The turnaround is qualitatively explained by
Eq. (13): at higher mDM masses, the heat capacity of the
mDM bath becomes insufficient to cool the baryonic gas.
The full numerical treatment includes the heating of the
baryons from Compton scattering with CMB photons,
explaining why the turnover in Fig. 2 happens at a slightly
smaller mDM mass than predicted by Eq. (13).
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FIG. 2. Parameter space of the scenario described in Fig. 1 in the plane (m,,, Q) where we fix mc = 10 MeV to maximize the heat
capacity of the CDM bath and the maximal a,,ac allowed by CMB bounds [15-19]. The dark blue contours give the mDM fraction f,,
required for a given (m,,, Q) point to fit the upper value of the 99% CL interval of the EDGES measurement in the setup of Fig. 1. For a
fixed f,,, the entire region above the dark blue contour can be probed by reducing a,,ac (see text for details). For comparison, the dark
green contour shows the standard mDM case where 0.4% of mDM alone provides the baryonic cooling. The light blue region for
my, < 10 MeV is robustly excluded by BBN contraints on N [7,9,11,20], the two dotted lines distinguish between the case in which
mDM is a scalar or a Dirac fermion. The gray shaded area is a collection of different constraints taken from Refs. [39,92], plus limits on
millicharge particles from milliQ at SLAC [37], searches for low ionizing particles in CMS at the LHC [93], and the new constraints
from liquid scintillator neutrino detector and MiniBooNE derived in Ref. [42]. The region on the left of the blue line is excluded by CMB
constraints on Ny only when mDM couples to a dark photon with coupling g, = 0.1. The green region is excluded by present direct
detection experiments as shown in Ref. [49]. The green dashed line indicates our extrapolation of the results in Ref. [49] to higher
masses (see discussion in the text). The red/black/magenta lines indicate the Fermilab/SLAC/CERN effort to probe mDM. Solid/dashed/
dotted lines give a rough sense of the short/medium/long timescale of the proposal. Solid red is the ArgoNeut sensitivity derived in
Ref. [45], dashed red is the sensitivity of the Fermini proposal at NuMI [44] (see Ref. [45] for a more conservative reach based on
ArgoNeut at NuMI), dotted red is the DUNE reach [42] while dotted black is the LDMX reach [43]. Dashed magenta is the milliQan
reach as [40] while dotted magenta is the SHiP sensitivity [42]. The dash-dotted/dotted green lines indicate the reach of a SENSEI-like
dark matter detector on a balloon/satellite with 0.1 g-month exposure [49].

Given the upper bound in Eq. (13) and the required
couplings to baryons in Eq. (11), the range of possible m,,
and f,, that can explain the EDGES result is severely
restricted by constraints on the effective number of rela-
tivistic degrees of freedom from BBN and CMB. These are
notoriously difficult to accommodate given a particle
freezing out at temperatures below the QCD phase tran-
sition. Even though some caveats to this argument can be
constructed (see Ref. [11] for a discussion), these diffi-
culties substantially reduce the appeal of this minimal
mDM scenario as an explanation of the EDGES result.

mDM and the rest of the DM bath significantly improves
upon the standard mDM scenario in explaining the EDGES
observation. We first begin with an overview of our
framework in Sec. IVA. We then explain how the mDM
parameter space is extended in Sec. IV B, discuss the
cosmological constraints on the dark sector in Sec. IV C,
and finally describe the importance of mDM-neutral atom
scattering in our setup in Sec. IVD. A more detailed
discussion of each of these aspects of our model is included
in the appendixes.

IV. MILLICHARGED DARK MATTER
INTERACTING WITH A COLD DARK
MATTER BATH

In the remainder of this paper, we demonstrate how a
new long-range interaction between a small fraction of

A. The framework

Before diving into a detailed analysis, we wish to
introduce the main features of our new framework, illus-
trated in Fig. 1, and summarize our main results. The dark
sector is composed of a CDM and an mDM component.
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The mDM, of mass m,,, constitutes a fraction f,, of the
total DM energy density. The mDM-baryon long-range
interaction is controlled by the mDM charge Q, which may
or may not stem from the presence of a new light mediator.
The novelty in our setup is that the mDM fraction also
interacts with the remaining CDM component, of mass m,
through a distinct long-range hidden interaction controlled
by the coupling g,,gc. The same interaction also induces a
CDM self-interaction proportional to gZ. The two long-
range interactions of our setup imply the existence of one or
two new light mediators with masses below a keV, which is
the typical size of the exchange momentum in scattering
collisions during the cosmic dawn.

The long-range force between mDM and CDM opens up
the mDM parameter space at higher masses (up to
my <200 GeV) and smaller dark matter fraction (down
to f, = 107%). This is because the cooling is now driven by
the CDM bath, with the mDM acting as a mediator between
CDM and the baryons. As we show in Sec. IV B, the CDM
mass mc must lie below a few GeV in order to have a large
enough heat capacity to cool the gas sufficiently.

The allowed parameter space of our framework is mostly
determined by ensuring that the mDM-baryon and mDM-
CDM couplings are consistent with CMB constraints, as
discussed in Sec. IV C. In Fig. 2, we show three contours on
the m,,—Q plane where sufficient cooling of the baryonic
bath is achieved in our framework in order to explain the
EDGES result for f,, = 107, 107, and 10~%. We have
fixed mc = 10 MeV and g,,gc; these two parameters can
vary over a broad range of values without affecting our
qualitative results, as we will explain in greater detail in
Sec. IV C below. The white region of Fig. 2 represents the
available mDM parameter region, bounded between
present collider bounds [37,39,42,92,93] and direct detec-
tion bounds [49]. We also show the prospects of exploring
this region of parameter space with upcoming experiments.
This, together with the direct detection prospects for the
CDM component, which has a loop-induced interaction
with the SM, will be discussed in Sec. V.

B. Cooling parametrics

The long-range interaction between CDM and mDM
induces a Rutherford-like transfer cross section between the
two baths given by

2 4
o€ = 27t log< HinCVrel > (14)
Hinc Vel amacmé

where we defined a, = ¢%,/47x, ac = g&/4n, and again we
assume the mediator mass m, satisfies my <
,umcvfel /\/amac as in Eq. (10). The exact nature of the
mediator (scalar or vector) will not modify the discussion
here. The explicit example of a vector mediator will be
discussed in both Sec. V and Appendix D.

As in the standard mDM case, due to the strong velocity
dependence, the cooling of baryons is largest at low
redshifts, where the velocity of the baryonic bath is the
smallest. The crucial difference is that in our framework,
the cooling is achieved dominantly by an mDM fluid that is
coupled to the CDM bath. In a manner similar to Eq. (11),
sufficient cooling of baryons to explain the EDGES
measurement is approximately achieved when

mrznmp H

<112 >1/2me
xXpf m/’trznpDM 1 =T¢/T, =17

rel T lz=17 =

. (15)

with the important difference from Eq. (11) being that the
rate now depends on 7¢/T,, where T is the CDM
temperature, instead of T,/ T}.

Following the derivation of Eq. (12) closely, we find that
the CDM temperature at z = 17 is now bounded by

me £, EDGES
AT, <Tc<T,y, 16
pQC| b | ~1c b ( )

where the lower bound is set by the minimal amount of heat
that CDM absorbs from cooling the baryons through the
mDM fraction. Saturating the inequalities above results in
an upper bound on mc,

mc < 18 GeV, (17)

where the gain compared to the standard mDM bound in
Eq. (13) is given by the fact that the heat capacity of the
dark sector is now set by the number density of CDM,
which is much larger than that of the mDM component. In
deriving the approximate upper bound in Eq. (17), we have
neglected Compton heating from the CMB photons. For
mc values well below the bound in Eq. (17), the heat
capacity of the CDM is always large enough to absorb heat
from the mDM fluid efficiently, and as a result the contours
shown in Fig. 2 are insensitive to the exact value of mc.

In Fig. 3, we show a typical temperature history in our
framework where baryons are cooled sufficiently to give
the EDGES result. The dark sector coupling ¢,,gc has been
chosen so that the mDM bath is coupled to baryons at
recombination; this is important for CMB constraints on
our setup, which we will discuss below. For simplicity, in
Fig. 3, we also neglect the drag force between the mDM
and CDM fluids, which induces an extra heating source for
the baryons at high redshift. These effects are included in
our full numerical solution and have a qualitative impact on
some of our parametric estimates. A complete discussion of
our full numerical treatment can be found in Appendix C 1.

C. Cosmological bounds

Like the pure mDM model discussed in Sec. III, this
setup faces important cosmological constraints from the
CMB power spectrum measurement (which constrains both
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FIG. 3. Temperature evolution (left) together with ionization evolution and heating/cooling rates T, /HT, of relevant processes (right)
for benchmark parameters given by Q = 6 x 107, m,,, = 2 GeV and f,, = 107, with mc = 100 MeV and a,ac = 4 x 10716 setting
the interactions between mDM and CDM. At z ~ 3000, the mDM temperature is close to the baryon temperature while the CDM bath is
significantly colder. As the free electron fraction x, drops, the mDM decouples from the baryons, thermalizing with the CDM while
cooling the baryonic gas. These parameters are consistent with known experimental constraints on Q, as well as CMB constraints on
Imgc- They also produce sufficient cooling to be consistent with the upper limit of the EDGES 99% CL (arrow, black). For the range of
mDM masses considered here, the cooling of the baryons from both scattering with the ionized fraction (solid, orange) and with
hydrogen and helium atoms (solid, green) are important. At low redshifts (i.e., low relative velocities), the Born approximation for
scattering between mDM and atoms breaks down (gray, dotted). In particular, the formation of mDM-baryon bound states could increase
the cooling rate from mDM scattering with hydrogen and helium at lower redshift. Since this effect would only enlarge the parameter
space presented here, we leave an improved calculation of this effect for future work. We also neglect the effect of the drag forces
between the baths; this will modify the temperature evolution, introducing an O(1) change in the required mDM charge for sufficient
cooling. This effect does not modify the qualitative features of our solution, but it is accounted for in Fig. 2. A quantitative assessment of

this effect can be found in Appendix C 1.

the momentum transfer between baryons and CDM as well
as N.i) and from the primordial abundance of light nuclei
produced during BBN.

As we have mentioned above, for f, < 0.4% the CMB
power spectrum bounds on mDM vanishes, since it can be
considered to be a component of the baryonic fluid whose
contribution to the total baryon energy density €, lies
within the uncertainty of its observed value. The addition of
a new CDM-mDM interaction leads to a momentum drag
between the baryonic and the CDM fluid, which is con-
strained by measurements of the CMB anisotropy power
spectrum [15-18]. While a dedicated analysis of our
framework is beyond the scope of this paper, a simple
recasting of existing constraints from Refs. [15-18] can be
performed as long as the mDM is tightly coupled to the
baryons before recombination; this can only be achieved if
the mDM coupling to the CDM bath is sufficiently weak
(see Appendix C 2 for derivation),

mc

-102
acy, < 6.3x107'Q (100 MeV)' (18)

Under the above assumption, the standard constraint for
mDM interacting with the baryons can be rescaled to obtain
an upper limit on the CDM-mDM interaction. One finds
(see Appendix C 2 for details)

0.4%
GICVA <78 % 1074 cm? (mc + mm) ( 0), (19)
m, Sm

where V¢ is the bulk relative velocity between the CDM
and both the mDM bath and the baryons, which we take to
be 29 kms~! before kinetic decoupling at z = 1010; this is
roughly the rms value expected in ACDM [95,96]. Note
that by virtue of Eq. (14), the LHS depends only logarith-
mically on V . A more careful analysis of the CMB
constraints on our scenario is expected to lead to weaker
bounds on the mDM-CDM interaction strength.

Unlike the standard mDM scenario presented in Sec. III,
the CMB constraints can be relaxed by reducing f,,, and/or
choosing my, + mc > m,,: this is one of the key reasons
why the range of viable mDM masses can be so large. In
our numerical scans over m,,, mc, and f,,, we choose the
largest possible coupling which controls the CDM-mDM
cross section allowed by the CMB bound in Eq. (19). This
choice of coupling also allows the mDM component to
thermally couple to the CDM bath before z ~ 17, which is
important for efficient cooling of the baryons in most of the
parameter space. Given the upper bound on a,,ac from the
CMB constraint and the minimal required value to recouple
the mDM bath back to the CDM bath at low redshift, we
can explore the allowed range of a,,ac in the m,,—Q plane,
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for a given CDM mass and mDM fraction. This is shown in
Fig. 5 for f,, = 10~ and m¢c = 100 MeV. The wide range
of couplings over which we can explain the EDGES
measurement shows that our scenario does not rely on
any special fine-tuning between Q and a,,ac in most of the
parameter space.

BBN and CMB constraints on N set a lower bound on
the masses of both mDM and CDM. For the couplings
under consideration, both mDM and CDM are in thermal
equilibrium with the SM at high redshift. Moreover, mDM
and CDM annihilations into the light states mediating the
long-range interactions between mDM and the baryons in
Eq. (10) and between CDM and mDM in Eq. (14) would
inject new relativistic degrees of freedom, which are highly
constrained by N limits set by the CMB and the
primordial abundance of nuclei.

To avoid any modifications to BBN, we take both masses
to be above 10 MeV. For mDM, the value of N resulting
from annihilation into dark photons has been studied in
detail in Ref. [35], leading to a stronger lower bound on the
mDM mass (m,, 2 400 MeV) shown in Fig. 2 as a light
blue shaded region. This bound assumes g, = 0.1 where
the mDM charge is given by Q = gpe/gpm and € is the
mixing between the dark photon and the SM photon (see
also footnote VI). This bound can be circumvented in the
case of a pure millicharged DM (mDM) without a dark
photon, where the mDM annihilates only into SM photons
and no extra degrees of freedom are introduced. For CDM,
both BBN and N limits are model dependent; in the most
conservative scenario, a mass of mc 2 400 MeV is suffi-
ciently large for CDM to freeze-out early enough to avoid
any significant contribution to N . To access lower
masses, a less minimal model of CDM freeze-out should
be explored.

Throughout this paper, we have neglected heating of any
of the three fluids from the annihilation of dark sector
particles. Although previous work has shown that the
annihilation of mDM can have a non-negligible heating
effect on the baryon temperature [12—14], the annihilation
of mDM is suppressed by fZ, and the value of f,, examined
here is small enough that no appreciable heating of the
baryons is anticipated. Dark sector annihilations into other
dark sector particles are also unlikely to have any effect on
the temperature of the dark sector fluids. We refer the reader
to Appendix C 2 for more details on this topic.

D. Neutral hydrogen/helium scattering

With the range of viable mDM masses extended to
200 GeV, interactions between mDM and neutral hydrogen
and helium become important to consider. Having an mDM
mass heavier than the proton mass leads to a higher
momentum transfer in the mDM-gas collision compared
to the standard mDM setup where the bound in Eq. (13)
applies. This enhances the mDM scattering with hydrogen
and helium when the momentum transfer is larger than the

inverse Bohr radius, resulting in an unscreened interaction
with the nuclei of these atoms at energies much smaller
than their ionization energies. In fact, the momentum
transfer to helium atoms is comparable to that of hydrogen
atoms despite the smaller abundance of helium, due to the
larger nuclear charge and more diffuse electron wave
function. The mDM scattering rates with atoms have a
nontrivial velocity dependence, exhibiting a different
behavior from the interactions of mDM with the ionized
fraction. Including these interactions in our numerical
calculation leads to changes of order O(5) in the value
of Q required to fit the EDGES result for mDM masses
above 100 MeV. The relative importance of scattering with
neutral (solid green line) vs charged particles (solid orange
line) for one particular choice of parameters is shown in the
right panel of Fig. 3.

For the mDM charges considered here, the Born approxi-
mation breaks down at small enough velocities, and we
expect resonance effects to enhance the low-redshift scat-
tering of mDM with the atoms. The parametrics of when we
expect this to happen is discussed in Appendix B2 and
corresponds to the dotted-gray line in Fig. 3. At corre-
spondingly small redshifts, the naive estimation of the
atomic-mDM interaction rate should not be trusted, and
large corrections may exist. Since this effect is unlikely to
change our results qualitatively, and will only enhance the
mDM-baryon scattering rate, thereby enlarging the viable
parameter space further, we defer a more complete com-
putation of this effect to future work. For a detailed
discussion of how mDM-neutral atom scattering is included
in our calculation, see Appendix B.

V. PHENOMENOLOGY

The phenomenological consequences of our setup are
very distinctive, and a large portion of the available
parameter region will be probed in the near future.
Beam dump and collider experiments can probe the region
of parameter space with larger values of Q by directly
producing mDM, while direct detection experiments are
sensitive to lower values of Q for both mDM and CDM.
The latter acquires a nonzero scattering cross section with
the SM via a loop of mDM particles.

A. Millicharged dark matter component

The constraints on the mDM component are summarized
in Fig. 2, with the viable parameter space shown in white.
Within that region the mDM charge, Q, is too small to be
already excluded by present collider searches [37,39,92,93]
and too large for direct detection experiments to be
sensitive. The green region in Fig. 2 shows the most recent
determination of direct detection experimental sensitivity to
particles with large Q, based on Ref. [49]. The sensitivity of
direct detection constraints in the large Q region for mDM
masses above 10 MeV goes down to fraction as small as
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fm = 107 and therefore applies to the full parameter space
considered here. Due to energy losses of mDM particles in
the Earth overburden, the maximal reach for high-Q is
achieved by surface runs of the various experiments. For
charges above that, the energy of most mDM particles
reaching the Earth surface is below the energy threshold of
single-electron scattering experiments due to atmospheric
attenuation. At masses above 1 GeV, we extrapolate the
determination of Ref. [49] using their approximate analytic
treatment of the energy losses [97], which happens to
reproduce the high-mass Monte Carlo results accurately.

Present collider and beam dump experiments can probe
the existence of millicharged particles regardless of their
cosmological abundance. CMS can set constraints on
particles with charges above Q = 1/3 by looking for soft
tracks created by their interactions with the tracking
material [93]. However, at lower Q, mDM pairs will depart
the detector without interacting. The only way to constrain
them would be to look at the missing energy given by their
recoil against a hard object (either a photon or a jet) from
initial state radiation. At the LHC, the reach of these search
strategies is limited because of large backgrounds (see for
instance the discussion in Ref. [40]) and improvements are
only possible at future lepton colliders.

More interestingly, a robust search program for milli-
charged particles has been developed at beam dump
experiments, following up on the first dedicated experiment
on millicharged particles performed at SLAC [37]. The
potential reach of the various proposed searches are
summarized in Fig. 2. These can be broadly divided into
three classes: ionization-based experiments [37,41,44,45],
electron scattering experiments [42], and missing momen-
tum experiments [43]. The idea of most of these setups is to
produce millicharged particles in SM particle collisions that
are then detected downstream in scintillators [37,41], liquid
argon detectors [45], or by exploiting their scattering with
electrons [42]. Alternatively, missing momentum experi-
ments such as LDMX [43] can be sensitive to the emission
of mDM pairs by measuring the time evolution of the
momenta of electrons and muons as they pass through the
detector. On short timescales, the ArgoNeut Collaboration
[98] can almost completely exclude the EDGES explan-
ation for an mDM fraction of f,, < 1078, assuming that the
result in Ref. [45] is confirmed. In the near future, the
installation of milliQan at CERN [99] can cover a large
portion of the EDGES explanation up to a fraction
fm <1076, Larger mDM fractions (and therefore smaller
electric charges) can also be probed in the future with the
installation of the Fermini detector on the NuMI beamline
[44], or in more ambitious future experimental facilities
like DUNE and SHiP [42,45].

As seen in Fig. 2, the beam dump program has a limited
reach for mDM charges smaller than ~10~> and for mDM
masses above 10 GeV. The direct detection program can in
principle complement the collider effort in probing the
mDM explanation of the EDGES anomaly completely. The

main hurdle to overcome in this case is the mDM energy
losses in the atmosphere. The atmosphere shielding can in
principle be reduced by installing single-electron-threshold
detectors on a balloon or on a satellite. In Fig. 2, we show
the projected sensitivity for a SENSEI-like dark matter
detector installed on a balloon/satellite, with a 0.1 gram-
month exposure taken from Ref. [49]. Constraints from
previous rocket experiments like XQC [100] are not
sensitive to the small mDM fractions required to fit
EDGES and hence do not appear in the plot. We also do
not include the exclusion from Rich, Rocchia & Spiro [101]
which has not been properly recast for mDM. Alternatively,
the experimental threshold of direct detection experiments
can be reduced such that they become sensitive to the very
slow mDM particles reaching the surface of the Earth.
Given the existing proposals for low-threshold experiments
below single-electron recoil energy [50—60] and the flour-
ishing ongoing activity in this direction, it would be
interesting to study the ability of these experiments to
probe the strongly interacting window for mDM.

Further constraints on the mDM parameter space can
come from astrophysical probes. Two examples in this
direction are the constraints on mDM-baryon scattering
which can be deduced from the heating of very cold gas
clouds in the interstellar medium [102,103] or in dwarf
galaxies [104]. These types of probes are affected by large
systematic uncertainties, but have in principle the sensi-
tivity to probe a large portion of the mDM window
displayed in Fig. 2. Moreover, it is worth mentioning that
the mDM component will also have nontrivial interactions
with the magnetic fields in the interstellar medium and
could also be accelerated in supernova shockslike regular
cosmic rays [105]. A quantitative assessment of these
effects, their astrophysical systematics, and their depend-
ence on the details of the dark sector is then necessary to
fully understand the direct detection prospects in the
parameter space shown in Fig. 2 [106].

Finally, another interesting problem would be to deter-
mine further consequences of our setup at lower redshifts.
An example would be to understand to what extent the
CDM distribution in the Milky Way could be modified by
the presence of a small fraction of mDM strongly interact-
ing with the baryons. Indeed, in the absence of mDM-CDM
interactions, the mDM would thermalize with the baryons
and be dragged into the Milky Way as first noticed in
Ref. [107]. Adding mDM-CDM interactions can substan-
tially alter the standard mDM picture, allowing mDM to be
coupled back to the CDM halo. A quantitative assessment
of the consequences of our framework for structure for-
mation goes beyond the scope of this work and is left for
future studies.

B. Cold dark matter bath

In our setup, the CDM bath interacts with mDM
via a long-range interaction. This implies the presence of
long-range CDM self-interactions mediated by the same
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FIG. 4. Prospects for the direct detection of the dominant CDM component that couples to mDM via a light vector and acquires a
coupling to the baryons through a loop of mDM. Gray shaded regions show the current bounds from Xenon-10 recast for electron
scattering [23] and the nuclear recoil bounds taken from Ref. [94]. The vertical dotted lines at low masses indicate the AN constraints
from BBN for a Dirac fermion and a complex scalar extracted from [94]. All the sensitivities in the plot correspond to three signal events
under the assumption of zero background. The dashed (dashed-dotted) purple line is the reach of SENSEI 10 g with 1 month exposure
(100 g with 1 year exposure). The red dashed-dotted line gives the reach of DAMIC with 1 kg and 1 year of exposure. The thick blue
lines are predictions for the direct detection cross section of the CDM component fitting EDGES for different mDM masses at fixed
mDM fraction f,,, = 10~ and fixed g,,gc to be the maximal coupling satisfying the CMB constraint in Eq. (19) (see Appendix C 2 for
further details). On the left figure, we assume a minimal model with a single light millicharged particle, where in Eq. (21) we fix
m, = 10 TeV and m_ = m,, (see Appendix D for details). On the right, we show the case of a Dirac pair of millicharged particles with a
mass splitting Am,,/m,, = 1072, Correspondingly, &, is suppressed by (Am/m)?> = 107* with respect to the naive log-enhanced

expectation (see Appendix D for details).

force carrier. Accounting for the most conservative
constraints on CDM self-interaction from Refs. [33,108],
we require

az
—£ <107 GeV—3.
me

(20)

We emphasize, however, that the robustness of such con-
straints is still under debate (see e.g., Ref. [31]).
CDM-SM interactions are radiatively generated through
a loop of mDM pairs. For a given choice of mDM mass,
mDM fraction, and mDM-SM and mDM-CDM couplings
(possibly to explain the EDGES result) one expects a
minimal CDM-SM cross section. To illustrate this point, we
adopt a simple benchmark model where a light vector
boson mediates the mDM-CDM interactions. The direct
detection cross section of CDM is induced by mixing
between the new vector boson and the SM photon
generated by loops of mDM particles and is proportional
to Q’aca,,. For a choice of mDM mass, m1,,, and fraction
fm» and fixing the value of g,gc to saturate the CMB
constraint, the EDGES signal fixes Q, as shown in Fig. 2.
Using this value, we get a prediction for the direct detection
cross section of CDM. For an mDM sector containing two
Dirac fermions with masses ~m_, the direct detection cross
section defined in Eq. (B3) reads
80 ¢, <10g &) g
nm_

~ 21)
JEmHem

e

where we neglect the log-enhancement of the Rutherford
scattering. When m_ > m_ we recover, the UV depend-
ence of the cross section in the case of a single Dirac pair
(see Appendix D). If instead we define Am,, = (m, —
m_)/2 and m,, = (m, + m_), we see that log(m,/m_) ~
Amy,/my, in the limit Am,, < m,, and the direct detection
cross section is then suppressed as (Am,,/my,)? for small
splittings between the mDM Dirac pairs. The detailed
derivation of the CDM cross section and its dependence on
the structure of the mDM sector as well as on ¢,,gc is
discussed in Appendix D.

In Fig. 4, we show the CDM direct detection cross
section for f,, = 107 with the maximal g,,gc allowed by
CMB and different choices of the mDM mass, with Q
chosen as a function of my and mc to account for the
EDGES signal. On the left panel, we consider the simplest
model, where the UV cutoff is fixed at m, = 10 TeV and
m_ = my,. In this scenario, for m, masses larger than
100 MeV, the direct detection cross section of CDM is
already excluded by Xenon-10 data [23]. For mDM masses
below 100 MeV, the direct detection of CDM cross section
is within the reach of the future SENSEI with10 g of detec-
tor material and 1 month of exposure. On the right panel,
we show a scenario where Am,,/m,, ~ 1072, which is of
the order of the splitting between charged and neutral pions.
In this case, the direct detection cross section is suppressed
by 4 orders of magnitude; all of the mDM masses below
10 GeV give a currently viable cross section that is within
the reach of future low-threshold DM experiments.
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VI. CONCLUSION

We present a new setup where mDM-baryon scattering
produces large effects that can be observed in 21-cm
cosmology, without being constrained by any current
cosmological, terrestrial, or astrophysical probe. This work
has been motivated by the recent EDGES measurement
[21], which exhibits an anomalously large absorption peak
in the 21-cm global spectrum at the cosmic dawn. In our
model, the cooling capability of the mDM is enhanced by
introducing a long-range interaction between the CDM
component and the mDM fraction, thereby allowing the
CDM component to act as a heat sink while only interacting
weakly with the SM. As a consequence, and in contrast to
previous attempts at explaining the EDGES result with
mDM, the mDM parameter space extends to mDM masses
as high as 200 GeV, with a dark matter energy density
fraction as small as 1073, thereby relaxing the existing
bounds considerably.

The viable parameter space for which a fraction of mDM
can explain EDGES in our setup can be effectively probed
by the rich collider experimental program aimed at
searching for millicharged particles at beam dump facilities
[41-45]. Moreover, future single-electron-threshold direct
detection experiments above ground [49] (either in balloon
or satellites), together with ground-based direct detection
experiments with energy threshold below the single
electron recoil [50-60] serve as a complementary probe
at lower mDM charges.

Interestingly, fitting EDGES in our setup provides
a surprising connection between a low-redshift cosmologi-
cal signal and the direct detection of the CDM bath. We
have shown how forthcoming direct detection experiments
sensitive to electron recoils, such as SENSEI and DAMIC
[26], will be able to probe a large portion of the CDM bath
parameter space which explains the EDGES result. In
particular, the viable EDGES parameter space for the
simplest realization of our setup should be probed in the
near future by SENSEI-10g and SENSEI-100g.

Beyond providing a potential explanation for the
EDGES result, we have shown that the inclusion of the
scattering of mDM with both hydrogen and helium in
the Born approximation dominates the cooling rate for
sufficiently heavy mDM and should be included to cor-
rectly compute the 21-cm signal [2]. Extending our treat-
ment beyond the Born approximation and accounting for
the effects of mDM-SM resonances that are expected to
appear goes beyond the scope of this paper and is
postponed to future work. Including this effect together
with a more complete modeling of astrophysical effects at
low redshifts [63,71-73] would be necessary to better
assess the predictions of our setup for the absorption peak
shape at cosmic dawn. We hope to come back to this issue
in the near future.
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APPENDIX A: TEMPERATURE EVOLUTION
FORMALISM

In this appendix, we present a general treatment for
the temperature evolution of two nonrelativistic fluids
interacting through elastic processes. As previously derived
in Refs. [1,2], the thermal evolution of the two sectors is
sensitive to two macroscopic quantities: the heat transfer
rate between the two fluids, Q, and the drag between
the two fluids due to relative bulk motion, quantified by
the “drag term” D which is generally a function of V, the
relative velocity between the fluids. The system is
described by three thermodynamic parameters: the temper-
ature of each fluid and the relative bulk motion between the
two fluids. Denoting the two sectors by subscripts 1 and 2,
the thermodynamics of the two fluids is determined by the
following set of coupled nonlinear equations:

dr 20,
= 2T, + 22! Al
dloga ot 3H’ (A1)

dT, 20,
= 2T, + 222 A2
dloga 23 (A2)

dV . D

=V ——. A3
dloga rel H ( )

Here a is the scale factor and H is the Hubble parameter.

The nonlinearities arise because Q and D are nonlinear
functions of the temperatures and the velocity. To solve

these equations, one needs to specify Q and D, which are
related to the microscopic properties of the interaction
between the particles in the two gases. This is the subject of
the next subsection.

123011-11



LIU, OUTMEZGUINE, REDIGOLO, and VOLANSKY

PHYS. REV. D 100, 123011 (2019)

1. Heat transfer rate and drag term

We are interested in calculating two macroscopic quan-
tities, the heat transfer rate and the drag term. We relate
those quantities to the underlying particle physics through
the thermal average of energy and momentum that is
transferred when particles in each fluid scatter off each
other elastically. We will calculate everything in the rest
frame of fluid 1. Galilean invariance allows the relevant
quantities for fluid 2 to be obtained by simply substituting
1 <> 2. The thermally averaged momentum and energy
transfer from fluid 2 to fluid 1 is given by

- do . do
P1:</dgn2ﬁqucl>7 0, :</d9”2EAE1”m1>7

(A4)

where ¢ is the momentum transfer in the collision,
AE, = Veyp - G, Vey is the center-of-mass (c.m.) velocity
of the two particles in each interaction, and 7, is the number
density in fluid 2. The symbol (-) is the thermal average.
The momentum transfer is related to the scattering angle
through ¢ = 24?02, (1 — cos 0), with y the reduced mass
and v, the relative velocity between the colliding particles.
The transfer cross section is defined by [109]

= UTe- (A5)

N do _ -
GTprel:/dQEq’ Prel

Using the kinematics relation 2p,, - § = —g?, we can write

T 4p?el dG
dgr 2 22
2% / 79 40

Drel

(prel) (A6)

With this notation, both the averaged momentum transfer
and energy transfer can be expressed simply as

Pl = <F1ﬁrel>’ Ql = <FIECM : ﬁrel)v (A7)
with T’} = ny07(v) v being the rate of collisions of
particle 1 with particle 2 and o7 (v, ) is defined by Eq. (A6)
substituting pPry = 0.

Momentum conservation ensures that anl + n2P2 =0;
we use this to calculate the rate of change in the relative
bulk motion,

. p P, P
vrel*_l__2 l<1+p_l>

:M(
my mp my P2

O Vel vrel> .
my + my

(A8)

It is convenient to use a scalar quantity to quantify the rate
of change of relative velocity, defined as

D= Vre] _ Vrel ) Vrel :L P11+ P2 <

O Urel 5rel : Vrel>'
Vrel Vrel m + my

(A9)

To simplify the heat transfer rate, we decompose vy
into three directions: Vre], L= Ty — Vrel and Vg, with
the latter accounting for thermal fluctuations. The c.m.
velocity is simply

N m1171 +m2172
beM =~ [

A10
—— (A10)

where we denote the velocities of particles 1 and 2 by v ,.
Since the relative velocity is given by 7,y = 7, — 75, the
random component (in the rest frame of fluid 1) must be

= ;_1 T_Z( 2 rel)
Urand = m n, . (Al 1)
T_ T,
In this new basis, the c.m. velocity is given by
- - I =T, .
VeM = Vpand +—V —_, Al2
CM rand m, rel (ml +m2)ut2h ( )

with g = ((v7) = (Vre1)?)/3 = T1/my + To/m; being
the variance of the relative velocity distribution. In the
absence of relative motion and temperature difference
(‘7re1 =0and Ty = T),), the fluid temperatures only evolve
under adiabatic expansion. In such a situation, ¥cy = pangs
and Q) = (' Byana - Prel) has to vanish. We thus conclude
that 7,,,q Will not contribute to the heat transfer rate, and
therefore

P2 T T]/.l<

DV I By — Vi)
,01+P2ﬂ rel T m, + m, uth 1Vrel * ( rel r€1)>

(A13)

0=

We note that both D and Ql are now determined as thermal
averages over the relative velocity ¥, only. The 7
distribution is given by

-

{— (Bt = Vi) er‘)z] . (A14)

(27u3 )~3/% exp 2

f (Erel)
This shows that our results, as promised, are Galilean
invariant, allowing us to infer O, by symmetry arguments.
Moreover, energy conservation requires

P1P2
p1tp2

n 0 +ny 0, = ViaD. (A15)

2. Form factor integrals

The thermodynamic functions Q and D defined above
are given in terms of the following two integrals:
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ID = <6Tvre] Brel . Vre1>

= -
= /d3vrelf(vrel)vrel”rel : VrelaT(vrel>’

-

IT = <6Tvrel7_jrel ' (arel - Vrcl)>

= /d3yrelf(yrel)vrell_}rel : (Erel - vrel)6T<vrel)' <A16)

To present this in a more model-independent fashion, we
introduce the cross section parametrization adopted by
direct detection experiments [62],

d6_5'

- 22:
a0~ 4z F (@)l

| fom(@)PIfsu(@)P. (AL7)
where & is a constant and F(g?) is the interaction form
factor, further decomposed into DM and SM contributions,
written as fpv(g?) and fsu(q?), respectively. Using this
notation together with the definition of 67 in Eq. (A6), and
changing the order of integration so that we integrate first
over v, and then over ¢?, we arrive at the simple one-
dimensional (1D) integrals below.

Oy, i 2 2412
=2 [T g P
877:Vre1,l’t3 0

: {e"p [‘ <%7L_hqﬂ —la= —w}, (A18)

(o3 o0
Ip=-Ir +—/ dq ¢*|F(q*)[?
8vrel,u4 0

x {erf(cm) +(qg— —q)]. (A19)

This is as far as we develop the formalism on model
independent grounds; to proceed further, one should
specify a model and calculate the form factor F, as we
will do in the next section. For completeness, we give the
expressions for the integrals above in the limit where
Vg = 0 and V — oo in which only thermal motion
and bulk motion matter, respectively,

o [+3]
limly = —— dq*q*|F(¢*) |
VrelaO T 2 V 8ﬂ'uth//t4 /0‘ q q | (q )|

2
q .
Xexp |—|=—5]1, lim I, =0, A20
p |: <8/"£2ut2h>:| Vrcl—>0 b ( )
6 4”2‘/361
lim/lp, =—— da?a? | F(a?)2
timty =T [ dg ()
= V?elo-T(Vrel)a limOIT =0. (A21)
U —>

APPENDIX B: MILLICHARGED DARK MATTER
FORM FACTORS

We now provide the complete form factors needed to
correctly compute the temperature evolution of both the
baryons and the mDM after recombination. The baryonic
bath after recombination is composed of 93% hydrogen and
7% helium by number density, with roughly 10~ of
hydrogen being ionized in the form of H" and e~. The
interactions of mDM with the SM bath will then depend on
the behavior of the form factors of the different compo-
nents. We begin by presenting the form factors derived
using the Born approximation and then discuss the range of
validity for this approximation.

1. Born approximation
a. Ionized fraction

The differential mDM —  low energy scattering cross
section with / = e, p is given by

dG]

dQ (B1)

2.2 K
=40 g ——
. (mg, + ¢*)*
where p; is the I-mDM reduced mass and my is the
mediator mass, which we always take to be much smaller
than the typical momentum exchange ¢. Using the direct

detection experiments notation introduced in Ref. [62],
we have

__ 16m2 0%y

(aEMme)4 ’ (B2)

where u, is the e-mDM reduced mass. This allows us to
write

d — 2 4
dor _ Oepr W;Mmez) N (B3)
dQ " 42 (m + ¢°)

We can thus identify the DM form factor defined in
Eq. (A17) as

Hy (aEMme)z

pemgrey Y

f]I)M(qz) =

while the SM form factor is equal to one since we are
dealing with point particles.

b. Atoms
To calculate the mDM-atom interaction, we will treat
each atom as a positively charged point particle surrounded
by a negative charge density,

p=Ze(&(F) = lwaz(F)P). (BS)
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where w4 7 is the electron wave function which we assume
to be hydrogenlike, and Z, A are the atomic number and
mass, respectively, of the atom under consideration. Note
that the total charge when integrated over all space
vanishes, but the negative charge is distributed over the
support of the wave function. Within the Born approxi-
mation, this charge density leads to a differential cross
section which can be factorized into an interaction with a
point particle of mass Am, and charge Z times a form
factor. The latter is the Fourier transform of the squared
density above,

doy; 0o, AZ
o0z _ % | () P

(B6)

with

Ha (%:Mme)2
fom(@®) === 55,
oM pe (MG + q°)

AZ(2) = Z{l - {1 + (aeft@z] _2}. (B7)

Here a.g is the effective Bohr radius, i.e., ay = (agym,) ™!

for hydrogen and roughly a(/1.69 for helium [110]. Since
the mediators we consider are very light and will always
obey aymy < 1, we can safely set my, = 0 for all mDM-
atom interactions.

2. Beyond the Born approximation
a. Ionized fraction

For scattering in a Yukawa potential, at low momentum
transfer compared to the Yukawa potential energy, the Born
approximation no longer faithfully describes the scattering
process [89,108]. As was further shown in Ref. [89], when
the momentum transfer is also much larger than the
Yukawa potential length-scale, the full nonperturbative
quantum mechanical calculation reduces to the classical
scattering calculation of Refs. [86,87]. The authors of
Refs. [86,87] calculated the c.m. scattering process for
an attractive Yukawa potential

V(r) =- Qaem e "

‘ (B3)

and found that for Qagym, < uv?, the transfer cross
section defined in Eq. (AS) is very precisely approxi-
mated by

2 2.2 2
offss = 2. ”QaEMlog< Y ) (BY)

Wt Qagmmy,

We have reproduced this calculation also for a repulsive
potential and obtained the same result in the same limit.
Comparing this with the Born approximation transfer
Ccross section

oo™ = 2n 00y, (szz) (B10)

wrot emy
we see that the classical differential cross section can be
obtained from the Born approximation through

2

U
=2-40Q%y, =

do_class
2 2)\2°
T 9°)

, 4
p7e) Meg = . Qagymmyp,

(B11)

where e ~2.71828 is Euler’s number. From this result,
we can extract the classical form factor in Eqs. (A18)
and (A19),

2& (aEMme)z

. B12
pe (Mg + ¢°) (B12)

flI)M,class(qz) =

b. Atoms

The scattering of mDM with hydrogenlike atoms
requires extra care. The classical central potential between
an mDM particle and the hydrogenlike charge density of
Eq. (BS) is given by

e_zr/aeff
V(r) = j:QZaEM - (1 +

r ) (B13)

Aeff

where the £ sign corresponds to a repulsive and an
attractive interaction, respectively, and a. is the effective
radius defined below Eq. (B7). When a particle is close
enough to feel the potential, the above potential is of order
Qagn/ aq. If this potential energy is larger than the kinetic
energy in the scattering process, we expect resonances to
appear; this happens whenever

£>”—m~107’

2 2
Vtel ZaEMme

(B14)

where ,,, is the reduced mDM-atom mass. While the above
inequality identifies when resonances are expected in the
spectrum, by computing when the second term in the
Born series becomes as important as the first, we get a
self-consistency condition for the Born approximation to
hold [111]

Hm

- (B15)

/d3reiﬂmyre]r(69+l)m < 1.

r

This can be calculated analytically for the potential in
Eq. (B13) and in the limit p,v,a.4 > 1 reduces to

ZQapy

Urel

IOg (/’lmvrelaeff) <1 (B16)

During the cosmic dawn, the relative velocity between the
mDM and the baryonic bath can be as low as v, ~ 1075,
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As a consequence, the Born approximation breaks down for
a large portion of the allowed parameter space in Fig. 2.
A typical example of when the Born approximation breaks
down is indicated in Fig. 3. Including a full quantum
computation of the scattering mDM-atoms would enhance
the cooling rate at low redshift, further enlarging the
parameter space presented in our study. We defer a detailed
study of this effect for a future publication.

APPENDIX C: DETAILS OF THE FRAMEWORK

We now present the precise equations at the heart of this
paper governing the evolution of all the relevant physical
quantities in our model. We start by generalizing the
thermal evolution equations presented in App. A to include
three different fluids and study the different regimes. We
discuss in particular how our new solution is parametrically
connected to the standard mDM scenario. Last, we discuss
several important constraints on these parameters, includ-
ing a simple way of recasting CMB constraints for
our model.

1. Three fluid system and parameter space

We are interested in the thermodynamic evolution
equation of three coupled fluids: CDM, mDM, and bary-
ons. For simplicity, we will assume throughout that the
different constituents of the baryonic fluid always maintain
thermal equilibrium. The thermodynamic variables in that
case are the temperature of each fluid T, T,, and T, and

two relative bulk velocities \_/"bm and VmC' We assume for
simplicity that the two relative velocities lie along the same
direction, which is justified by our boundary conditions,
which assume mDM to be tightly coupled to the baryonic
fluid at high redshift. The thermodynamic evolution is then
given by

dcfZgCa:_ C+§%’ (©3)
Toa Ve ()

where ['coyp 1s the Compton rate of interaction between
photons and baryons, which is dominated by electrons. We
have neglected the Compton heating term from 7',: this is
justified if the thermal decoupling from the CMB occurs
before recombination at z ~ 1100, so that after this redshift,
the Compton heating rate is negligible compared to the
adiabatic cooling rate. The redshift of thermal decoupling

for mDM occurs at [13]
2/5
(12 s (2T (o)

n-QorTy

where T,  is the CMB temperature today. We therefore see
that for thermal decoupling to occur at z 2 1100, we require

/
0<035 <ﬂ>l B (C7)

MeV

which is always satisfied when the contours shown in Fig. 2
lie within the current experimentally allowed region.
Using the formalism already introduced in Appendix A,

dry = 2T, + 2Qbm + Tcomp (T, —Ty). (C1)  wecan write the above equations more explicitly in terms
dloga 3 H H ! of a few simple 1D integrals,
|
dT, 2f wPpM XjHjm I'n—T, I'com
2Ty = I r 2(T, - Ty), C8
dloga T 3H( + x, + Fre) — Mgy + m; m+ Mty ™ T =T (C8)
dT 2 Tw—T
C o= SfmPpM  Hmc Iﬁc 4 im . CI;C ’ (C9)
dloga 3H  my + mc Mo Ui
dT'y, 2(1 = fm)PoM  Himc I'c-T 2 n;m;f Iy-T
2T, = 2.+ ——=21t —y LD =1t (c10
dloga+ " 3H My +me | " meido ™ +3sz:mm—|—mj mt mju?m Jm (C10)
— vbm:—<@+1>z ol _m pe__ _mc_ (C11)
dloga Pb 5 My +miHVyy,  my, +me HV ¢
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D
deC 4V _ Pm + Pc Iﬁc Pj Ijrn (C12)
dloga me my, + me HV ¢ My +m; HVyy
dx, C
Jlogsa " " H (ngAgx2 — 4(1 — x,)Bge3bo/UTy)), (C13)

The index j runs over all the components of the baryonic
bath that interact with the mDM, with m; and p,, being the
mass of the jth particle and the j-m reduced mass,
respectively. The quantities I%(D are the thermal averaged
integrals defined in Egs. (A18) and (A19), using the
appropriate form factors from Appendix B; these quantities
may also carry an index j for their dependence on
ujz =Ty/mj+ Ty /my,. The sixth equation accounts for
the dynamics of the ionized fraction x, that is coupled to the
other variables we solve for. The temperature of the CMB
photons is assumed to be decoupled from matter for all
practical purposes and redshifts as a relativistic fluid
throughout.

It is instructive to study some limiting cases to get some
intuition for the set of equations above. The mDM-CDM
interaction is controlled by aca,,, while the mDM-baryon
interaction is controlled by Q%a2,, In the limit where
aca, — 0, the equations above reduce to the two-fluid
system presented in Appendix A and the analysis is the
usual one performed in recent literature [7,9,11,17].
Conversely, in the limit aca, — o0, mDM and CDM
are tightly coupled and the equations reduce again to a
two-fluid system. If we neglect the mass difference
between mc and my,, the resulting equations are exactly
those of 100% millicharged DM with an effective DM
electric charge equal to v/f,,,Q. The first limit corresponds
to the standard mDM explanation of the EDGES meas-
urement which has been shown to be challenged by a
number of cosmological, astrophysical, and ground based
constraints [7,9,11,17,20]. The second one is ruled out by
the CMB constraints alone [17,19,91].

The intermediate scenario is the one of interest for
this paper:

(1) aca,, must be small enough to not be excluded by
the CMB constraints on the CDM momentum drag
on the baryonic fluid. In Appendix C2, we will
show how the existing CMB bounds on mDM
[17,19,91] can be extended with a simple rescaling
to our scenario under the assumptions that mDM is
thermally coupled to the baryons before recombi-
nation, while CDM is decoupled. We will work
under this assumption to simplify the CMB analysis
of our paper, deferring a thorough study of the exact
CMB limits for future studies. In our treatment, the
maximal value of the couplings, At | ax» Must also
ensure that mDM remains tightly coupled to bary-
ons, as discussed later in Appendix C 2.

(i) aca, must be large enough such that CDM drives
the cooling of the baryonic bath necessary to explain
the EDGES observation. aca,, is then fixed for a
given value of Q, m,,, and mc. For the same choice
of couplings, in many regions of the parameter
space, mDM will couple back to the CDM bath
after recombination (when x, drops rapidly).
These two conditions identify an interval for aca,,, whose
boundaries can be parametrized by the ratio

0.1F 4
1021 .
103 | .

Q
107 =
—— Via(z = 1010) = 29 kmy/s
10_5 v Vi = 0 E
6 EDGES 99% CL ]
10 fu= 104
‘mc = 100 MeV
1077 1 1 1
0.1 10 10° 10° 107
my [MeV]
FIG. 5. Contours of Q and m,, that produce sufficient cooling

of baryons to satisfy the EDGES 99% CL limit for different
values of R¢p, defined in Eq. (C14), while also remaining
consistent with the CMB bounds in Eq. (19). Here, f,, = 1074,
mc = 100 MeV. We have also set V, = 0 initially and show
contours for both V,,c =29 kms™! at z= 1010 (solid) and
Vmc = 0 (dotted). For all values of R¢,, and initial conditions,
the contour shown in the region where m, < 1 MeV (blue) is
allowed, corresponding to the case where the mDM fluid alone
can cool the baryons sufficiently (at such small m,, Vc does not
significantly affect the thermal history [2]). In the region
1 MeV < m,, <10 MeV, the mDM fluid does not have sufficient
heat capacity to cool baryons alone, but also does not recouple to
the CDM fluid sufficiently early. As a consequence, the CDM
fluid is unable to assist in cooling. Our setup opens up the
parameter space for m,, = 10 MeV, when the mDM fluid cools
below the baryon temperature and equilibrates with the CDM
fluid after recombination, allowing for an enhanced cooling of
baryons. Contours representing parameter values for R¢p, =
1078 (green), 10~* (orange), and 1 (red) are shown, showing that
a large range of acay,, is possible in our model.
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=
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FIG. 6. Evolution of the fluid temperatures (left), bulk relative velocities and ionization (center), together with the heating/cooling
rates Tb JHT,, of relevant processes (right) for benchmark parameters given by Q = 1.2 x 1073, m,, =2 GeV and f,, = 107*, with
me = 100 MeV and a,,ac = 2 x 10~ setting the interactions between mDM and CDM. Compared to Fig. 3, the bulk relative velocity
between mDM and CDM (center, dotted red) V¢ results in an initial phase of heating as the mDM fluid experiences a drag from the
CDM fluid. This drag force is sufficient for V ,c ~ 0 by z ~ 200 and for a bulk relative velocity between mDM and baryons (center,
dotted orange) Vy,,, to develop. At this point, the mDM fluid begins to cool the baryons, satisfying the EDGES result for this choice of
parameters. The bulk relative velocity between CDM and baryons V,,, + V¢ (center, solid blue) evolves more gradually, redshifting as
1 + z just after recombination as in ACDM cosmology. It is fixed at a constant value of 29 kms™' prior to kinetic decoupling at

z = 1010 [96].

Acy

Rem (C14)

aCamlmax .

Rem = 0 corresponds to aca, — 0 which brings us back
to the standard mDM scenario, while R, = 1 corresponds
to the boundary of the parameter space, where acay,
required to cool the baryons is equal to the maximum
allowed value by CMB constraints in the tight
coupling approximation between mDM and baryons.
Figure 5 shows contours of R¢,, on the m,—Q plane
with f,, = 107 and mc = 100 MeV. Notice that R, can
also be used as a measure of the allowed model space of our
construction, as we can see for f,, = 107* most of the
parameter space allows for R¢,, < 1, which corresponds to
a wide range of possible choices for a,,ac to fit the EDGES
signal.

Neglecting the drag term between the mDM and the
CDM fluid, for R, = 0 our setup reproduces the result
with no CDM bath, which is consistent with the results in
Refs. [9,11]. As R¢,, approaches one, we approach the
contour for fixed f,, shown in Fig. 2, demonstrating the
gradual transition from the pure millicharged model with
no CDM bath considered prior to this paper and this work.
Including the drag force, the initial relative velocity
between the CDM and the mDM bath should drop below
the thermal relative velocity at sufficiently high redshift,
otherwise the heating induced by the drag force counteracts
the thermal cooling making it impossible for mDM to
couple back to CDM. This means a larger value of Q is
required at each value of m,, to get sufficient cooling to
explain the EDGES result. An example of a successful
thermal history which accounts for the drag force is showed
in Fig. 6. The initial bulk relative velocity V c between

mDM and CDM drops rapidly around z ~ 200 allowing the
mDM to decouple from the baryonic bath and begin
cooling baryons. From Fig. 5, we see that at fixed CDM
mass, the tension between a large deceleration rate and the
CMB constraint on apac selects an interval of mDM
masses. In the gap between the standard mDM solution and
the region of parameter space opened up by our setup, the
nonzero value of aca, required to cool the baryons
sufficiently for the EDGES observation violates the upper
bound imposed by the CMB constraints discussed below.

2. Parameter constraints

We discuss here the cosmological constraints on our
setup. We first discuss the CMB constraints and how the
existing analysis of the standard mDM case (without
interactions with CDM) can be extended to our framework.
We then comment on how the effects of annihilations can
be neglected in our analysis.

a. CMB constraints

The CMB power spectrum measurements can be used to
constrain the interaction strength between the dark and the
baryonic fluid [15-19,91]. In what follows, we recast these
CMB constraints to the particular setup considered in
this work.

The CMB constraint derived in Refs. [15—17] applies to
the standard mDM case, where an mDM fraction f,, of
total DM density is assumed to be completely decoupled
from the CDM component. In this case, the upper bound on
the mDM cross section with the baryons is roughly
v} O S 1.7 x 1074 cm? as long as f, 24 x 1073
[17-19,91].
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In the presence of mDM-CDM interactions, we consider
two opposite limiting cases leaving the treatment of the
intermediate case for a more detailed analysis.

(i) mDM tightly coupled to CDM: If the mDM fraction
fm of total DM density is tightly coupled to the
CDM component before recombination, the bar-
yonic bath feels the drag force from the full DM bath
but all the rates are multiplied by f,. This means that
if the upper bound on the interaction cross section of
pure mDM with the baryons was 6,,,,, when mDM
is tightly coupled to CDM the upper bound gets
rescaled as 6,4/ fi-

(ii) mDM tightly coupled to the baryons: When the
mDM fraction is tightly coupled to the baryonic
fluid before recombination, it can effectively be
considered as a component of the baryonic fluid
at CMB. The CDM interaction with the baryons is

|

(Vi) Vi S 1.7 x 1074 cm?

mC ~

then dominated by the CDM interactions with the
mDM component. Since the CMB constrains mainly
the drag exerted on the baryonic fluid, we want to
compute the drag of CDM on the mDM component.
For my, 2 m,, the relative fluid velocity is domi-
nated by the relative bulk motion so that following
the derivation of Egs. (A9) and (A21), one finds

mCy,2
or VmC’

Dyc= <1+ (C15)

pc ) Pm
PotPm/ My +Mc

where o1, c is the transfer cross section for the
CDM-mDM interaction. This result allows us to
recast the constraint on the cross section from
Ref. [19] as

<mc + mm> (1 + Qb >
mp meDM

(C16)

Notice that forecast constraints from CMB stage-4, according to Ref. [19], would improve this constraint only by a

factor of 2. In terms of coupling constants, this reads

2 2/ 1 Gev Q
acay < 7.4 x 10719 ( ¢ 14— ).
1Gev) (100 MeV) \Ung + myy Qo

In order for mDM to be tightly coupled to baryons before
recombination as assumed in deriving Eq. (C17), we need
the energy transfer rate between baryons and mDM to be
significantly larger than the energy transfer rate between
CDM and mDM. This gives an upper bound on aca,, for a
given value of Q. In order to get an analytical approxi-
mation for this, we can observe from Eq. (C10) that 7', ~
T, if the heat transfer terms from the CDM fluid is much
smaller than the heat transfer terms from the baryons with
T,, — 0; explicitly, this means we require

P b/"mp Tb

2
My~ My My Uy

PDMHmC D
mm+mC mC

It,.  (C18)

where we have assumed that the energy transfer from CDM
to mDM is dominated by the bulk relative velocity for
simplicity. Using the limiting expressions found in
Egs. (A20) and (A21) and neglecting log factors, we find

acay, < 6.3 x 10760 (100’"715[6\,). (C19)

For concreteness, we take the maximum value of aca,, for
tight coupling between mDM and baryons to be

(C17)

Ay | max < 6.3 X 1077 Q2< (C20)

mc
100 MeV>’
This has been found numerically to be sufficient to ensure
that 7'y, ~ T}, at recombination. In reality, this is simply a
heuristic bound to guarantee the accuracy of recasting of
the CMB limits; a full analysis would likely relax our
assumptions significantly.

b. Dark matter annihilation

Annihilation of either mDM or CDM particles can lead
to energy injection into any of the three fluids we consider
here. In what follows, we argue that the effects of the
various annihilation processes are always small in the
parameter space of interest.

(i) mDM/CDM to SM annihilations: These processes
produce high-energy particles that ultimately heat up
the baryons, possibly counteracting any cooling
processes [13]. To determine if this has a significant
effect on the baryon temperature evolution, we can
simply compare the energy injection rate with the
cooling due to adiabatic expansion.

For mDM annihilations into SM particles, we
can take the annihilation cross section to be
(ov) ~ Q%agy/m?2,. The energy injected per baryon
per unit time is given by
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b (00) 1554 Gey oo
nH(l +xe +'FHe) My

1];“f4>2 (1 ;}eV>3(1 +2)°0%

(C21)

m

This should be compared to the adiabatic expansion
cooling rate of the baryons,

T
HT, ~ 10727 GeVs~! (ﬁ) (1+2z)32.  (C22)
€

We can therefore neglect mDM annihilations into
SM particles if

0 <20 1074 my \32( T, \V/2/ 10° \3/*
fm ) \I GeV leV 1+z)

(C23)

(ii)

mc

Prior to recombination, the baryon fluid is coupled
tightly to photons, and any energy injection at this
time will have no effect on the baryon temperature. It
is easy to check that Eq. (C23) is satisfied after
recombination across the entire allowed parameter
space in Fig. 2.

For CDM, the annihilation rate is suppressed by
loop factors and the dark sector couplings aca,,, but
the energy density is much larger. Taking (ov) ~
Q’>akyacay,/mE and substituting the CMB upper
limit on aca,, in Eq. (C17) gives

F N2 (1 GeV 1/2
300( Lm
Q< <10—4 m ) \100 Mev

me + my, 1/2 Tb 172 /103 \ 3/4
1 GeV 1eV 1+z '

(C24)

which is again satisfied in the parameter space of
interest. The estimates shown in Eqs. (C23) and
(C24) are highly conservative, assuming instanta-
neous deposition of all energy produced from all
annihilations. We therefore find it reasonable to
neglect all annihilations to SM particles throughout.
mDM (CDM) to CDM (mDM) annihilations: A pair
of mDM particles can annihilate into a pair of CDM
particles or vice versa, depending on the masses of
the respective particles; this may inject energy into
either fluid. Suppose mc > m,,, so that CDM
particles annihilate into mDM particles with a cross
section (ov)c ~ acay,/mk. As we argued above,
|

My

these annihilations would significantly influence the
temperature evolution of the CDM bath if the energy
injection rate were comparable to the energy lost due
to Hubble expansion (the potential effects on the
mDM bath is much smaller since the mDM bath has
a higher temperature, leading to a significantly larger
adiabatic cooling rate). The maximum amount of
energy injected from each annihilation event is mic.
Therefore, the energy injection from CDM annihi-
lations into mDM particles is much smaller than the
Hubble expansion cooling if nc(ov)cme < HT .
Adopting the maximum value of aca, from the
CMB limits derived below in Eq. (C17), this gives

2710 MeV \ /1074 (1 +z2)\3/2
Te(z) > 5% 1077 eV '
C(Z) x ¢ (1() MeV) <mC+mm><fm >< 10° >

(C25)

This is easily satisfied for f,, = 10~* and for the
parameter choices in Fig. 2, with T (z..) typically
reaching 1073 eV when solving Egs. (C8)—(C13)
numerically. Equation (C25) is an extremely
conservative requirement, since we have neglected
the efficiency with which high-energy mDM par-
ticles deposit energy into the CDM fluid, which is
highly model dependent, but may reduce the energy
deposited significantly. We stress that this statement
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is independent of the initial conditions for any set of
parameters that can explain the EDGES signal: the
coupling between mDM and CDM is strong enough
such that the value of T evolves rapidly to the same
level around recombination, regardless of the initial
conditions specified.

If on the other hand m,, > mc, then the energy
injection rate from mDM annihilations is further
suppressed by f2, and the same analysis leads to
even weaker requirements on T (z).
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APPENDIX D: A VECTOR PORTAL BETWEEN
MILLICHARGED AND COLD DARK MATTER

We illustrate here two simple models realizing the
mDM-CDM setup of Fig. 1, namely the vector portal. In
this simple case, we determine the cross section of CDM
with the SM, which is induced by loops of mDM particles.
The prospects for direct detection are discussed in Sec. V.

We first consider a theory with two vector currents: one
associated with mDM coupled to the SM photon and the
other associated with the new dark vector boson V coupling
mDM to CDM. The Lagrangian of the model is (Lorentz
indices are suppressed)

1 1 K
ﬁ:ZFZ+ZF%/+ZFFV+6AJEM+9VVJV+£W“

(D1)

where £, encodes vectorlike masses for the matter content
which we will take to be two Dirac states (written in Weyl
notations): the mDM, y-7, and the CDM, w-. The
generated mixing operator between the two field strengths

|

k(q?) = Qdmegy /1 dx3x(x — l)log[
0

472

where we expanded at low momenta with respect to the
mDM masses and the mixing is logarithmically sensitive to
the cutoff A. In this theory, the direct detection cross section
of CDM with electrons reads (up to O(1) logarithmic
terms)

2 2 2
27K A OEM N 20°acan0gy

0% ~ , (D7)
T mvt
where we defined
2 2 2 2 2 0
Oy = Im _ Indy ac = ge _ 9cdv. (D38)
4 4 4 4

depends on the structure of the matter currents, which in
turn affect the structure of the gauge invariant masses for
the matter fields. We assume the matter fields to be
fermions for concreteness, but we do not expect our
arguments to be modified in the scalar case. In the simplest
model, we can write

Jem = Q(xoy' — yoi'") + I3, (D2)
Jy = qulxox" = 707" + qc(woy’ —woyp’),  (D3)
L,y = mujy + mcy. (D4)

Notice that in this simple case there is a residual symmetry
acting on the fermions and the gauge fields under which the
full Lagrangian is invariant,

Z_)Z5 W_)u?5 A_)_A, V_)_V. (DS)
Computing a loop of y’s, we get the natural size of the
mixing parameter k,

m2 + ¢*(x — 1)x

i my

A2 :| ~ QQme.gV A (D6)

|

For the region of couplings required to fit the EDGES
result, this cross section is within the reach of present/near-
future direct detection experiments as we show in the left
panel Fig. 4 in Sec. V.

Considering the next-to-minimal model we can see that
the mixing between CDM and the SM can be arbitrarily
suppressed via an accidental symmetry acting on the
fermions and the gauge fields. The model introduces
two Dirac-like pairs y -7, in the mDM sector which have
opposite charges +¢,,, under the dark gauge field V. The
vector currents and the gauge invariant masses are in
this case

Jew = Qrrox —o7h) + QUr-oxl — 7-ofl). (DY)
Iy = amlr o' = 707%) = amlr-ox' = 7-07") + qc(woy’ — i), (D10)
Lp=mjxy+mjy_ +mcpy. (D11)
In this theory, there is now an accidental symmetry under which only the mixing operator F'Fy is odd,
X+ =X )?+_))?—7 l//_)l/~/7 A_)A’ V- -V (D12)
This symmetry is only softly broken by the mass difference between the two mDM Dirac-like pairs,
Amy=m_—m,. (D13)
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For Am,, = 0, this symmetry is exact so we should find
k = 0. By explicit computation, we find indeed

quegv/l m? + ¢*(x — 1)x
7)== dx3x(x—1)1
k(q*) e A x3x(x—1)log T = )

Oqmegy , m_  Qqnegy Amy,
y=—"—log—x—"————.
4 my 4n My,

(D14)

The corresponding cross section reads

2 2
. 20%acanagy m_\?
UC ~ 5 4 10

UGV

N 20%acan oy <Amm>2' (D15)

vt

We can therefore arbitrarily suppress the direct detection
cross section of CDM by requiring a small splitting in
between the Dirac-like pairs of mDM. In the case of
m, > m_, we recover the result in Eq. (D7) if we identify
the cutoff A with m,.

In the left/right panel of Fig. 4 in Sec. V, we show the
prospects for discovering the CDM bath that explains
EDGES for m, = 10 TeV/(Am,,/m) = 1072 The direct
detection cross section is fixed there by choosing a,ac
equal to its maximal value allowed by CMB. In Fig. 7, we
show for a fixed choice of m,, = 100 MeV how much the
direct detection cross section changes by lowering the value

-
XENON-10 1
E

E

_

s 108 1Moo

& I E
5 1 - T 3
=2 107y 0 R~ - -0 ~ \yed _.--=3
S 1138 e mmeem T SENSELIO0E T
s 10t e T i K A
............... I

---------- 3

EDGES 99% C.L. 3

(fn= 107, m, =10 TeV, m,,=100 McV)é

i P | L
10? 10° 10*
mc [MCV]

FIG. 7. The thick blue band encloses the predictions for the
direct detection cross section of the CDM component fitting
EDGES for fixed mDM mass m,, = 100 MeV and mDM fraction
fm = 107 lowering a,,ac from its maximal value satisfying the
CMB constraint down to the entire interval allowed by fitting
EDGES (see Fig. 5). The cross section does not change by more
than 2 orders of magnitude by lowering the coupling up to 8
orders of magnitude, showing the robustness of our direct
detection prediction. Details about the present constraints and
prospects can be found in the caption of Fig. 4.

of a,ac. Since a smaller a,ac should always be compen-
sated by a higher Q, the direct detection cross section does
not change by more than 2 orders of magnitude as shown
in Fig. 7.
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