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We present new observational constraints on the elastic scattering of dark matter with electrons
for dark matter masses between 10 keV and 1 TeV. We consider scenarios in which the momentum-
transfer cross section has a power-law dependence on the relative particle velocity, with a power-law
index n ∈ {−4,−2, 0, 2, 4, 6}. We search for evidence of dark matter scattering through its sup-
pression of structure formation. Measurements of the cosmic microwave background temperature,
polarization, and lensing anisotropy from Planck 2018 data and of the Milky Way satellite abundance
measurements from the Dark Energy Survey and Pan-STARRS1 show no evidence of interactions.
We use these data sets to obtain upper limits on the scattering cross section, comparing them with
exclusion bounds from electronic recoil data in direct detection experiments. Our results provide
the strongest bounds available for dark matter–electron scattering derived from the distribution
of matter in the Universe, extending down to sub-MeV dark matter masses, where current direct
detection experiments lose sensitivity.

I. INTRODUCTION

Cosmological observations are a powerful tool for
studying the fundamental particle properties of dark
matter (DM). In the standard ΛCDM cosmology, DM is a
cold, collisionless fluid. However, if non-gravitational in-
teractions between DM and ordinary matter exist, these
interactions can have an observable effect on the distri-
bution of matter throughout the Universe.

Elastic scattering between DM and baryons in the
early Universe inhibits structure formation (with re-
spect to ΛCDM), dampening the cosmic microwave back-
ground (CMB) anisotropies and suppressing the matter
power spectrum on small scales [1–3]. Previous stud-
ies have placed upper limits on the momentum-transfer
cross section between DM and protons as a function of
DM mass using measurements of CMB anisotropies from
the Planck satellite [4–9].1 A variety of other observa-
tional probes of structure—including the Lyman-α for-
est [13, 14], strong gravitational lensing [15, 16], stellar
stream perturbations [17], and Milky Way satellite galax-
ies [18–21]—constrain the amount of suppression of the
matter power spectrum at scales & 1 h Mpc−1. Previous
work has constrained DM–proton scattering using mea-
surements of the Lyman-α forest power spectrum [4, 7]
and, more recently, using the abundance of Milky Way
satellite galaxies [20, 22, 23].

These observational limits can be compared directly
with the bounds from direct detection experiments
searching for nuclear recoils, which cover complemen-
tary regions of parameter space for broad classes of DM
models. Such models can be described using low-energy

1 There are also limits on DM scattering [10, 11] derived from the
bounds on CMB spectral distortions [12].

effective field theory operators [24–26]; in a cosmologi-
cal context, these operators produce momentum-transfer
cross sections with a power-law dependence on the rela-
tive velocity between scattering DM particles and nucle-
ons [6], permitting a straightforward comparison between
constraints from cosmology and direct detection. Direct
detection experiments have achieved extraordinary sen-
sitivity to the DM–nucleon cross section, primarily for
DM masses above the GeV scale. Cosmological observ-
ables probe much larger scattering cross sections, mostly
outside the sensitivity range of direct detection experi-
ments [27, 28], and DM masses & keV.

Cosmological studies of DM–baryon scattering have
mainly focused on DM–proton scattering. Observa-
tions can also provide bounds on DM–electron scattering,
which are complementary to direct detection searches
using electronic recoils [29–39]. Electronic-recoil experi-
ments have gained significant interest in recent years, be-
cause they can probe sub-GeV DM masses. At present,
the only cosmological constraints on DM–electron scat-
tering are from CMB spectral distortions [11].

In this work, we focus on constraining DM–electron
scattering using the latest measurements of the CMB
temperature, polarization, and lensing anisotropies from
the Planck satellite [40] and using the abundance of
Milky Way satellites from the Dark Energy Survey (DES)
and Pan-STARRS1 [41]. We present constraints on the
DM–electron momentum-transfer cross section for DM
masses & 10 keV, while electronic-recoil direct detection
searches lose sensitivity below MeV mass scales. Addi-
tionally, our limits extend to arbitrarily large cross sec-
tions,2 while direct detection limits are subject to a de-
tection ceiling [43–45].

2 Theoretical considerations place restrictions on the maximum
DM cross section due to partial wave unitarity for point-like DM
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In order to maintain the clear connection to direct de-
tection experiments, we assume that DM scatters only
with electrons and has no appreciable interaction with
other Standard Model particles. Such a scenario may
arise in leptophilic models of DM [46–53], in which DM
is not coupled to neutrinos [49, 51, 54]. In more gen-
eral frameworks, DM can scatter with various Standard
Model particles. Even in leptophilic models, there may
be substantial DM–nucleon scattering induced at the
loop level [55, 56]. Incorporating multiple scattering
channels would strengthen cosmological constraints, but
the relationship between the cross sections for different
channels is model-dependent and left for future work.

During the completion of this manuscript, we learned
of similar work in progress, presented in Ref. [57], which
places constraints on DM–electron scattering for n ∈
{−4,−2, 0} using CMB and baryon acoustic oscillation
(BAO) data, the abundance of Milky Way satellites, and
the Lyman-α forest. Where there is overlap, our results
are in reasonable agreement, and we have verified that
the inclusion of BAO data has little effect on our CMB
constraints. We note that Ref. [57] includes an analysis
of Milky Way satellites for n = −2 and n = −4. Cur-
rent methods [20, 22, 23] are not suitable for obtaining
conservative limits for these cases, so we consider n ≥ 0
only. See Sec. III for further discussion.

In Sec. II, we describe how the Boltzmann equations
and cosmological observables are modified in the pres-
ence of DM–electron scattering. In Sec. III, we describe
our procedure for constraining DM–electron scattering
with Planck data and with Milky Way satellite abun-
dance data, and we present our results. In Sec. IV, we
compare our bounds with limits from direct detection ex-
periments, for selected models. We conclude in Sec. V.
Throughout this work, we set c = kB = 1.

II. DARK MATTER SCATTERING

Elastic scattering between DM and ordinary matter
in the early Universe transfers energy and momentum
between the DM and baryon fluids, suppressing the for-
mation of structure at progressively smaller scales. This
suppression dampens the small-scale CMB power spec-
tra and may, depending on the scattering model, create
a sharp cutoff in the matter power spectrum (with re-
spect to ΛCDM) at small scales [2].

When working with the cosmological Boltzmann equa-
tions, electrons are treated as a component of the non-
relativistic baryon fluid due to their tight coupling to
baryonic particles. The treatment of DM scattering with
electrons rather than protons or helium is a matter of
DM scattering with a different component of the baryon
fluid, with constituent particles of a different mass.

or finite-size considerations for composite DM. See Ref. [42] for
a related discussion on DM–nucleus scattering.

A. Models

The relevant scattering quantity entering the Boltz-
mann equations in Sec. II B is the momentum-transfer
scattering cross section, obtained by weighting the dif-
ferential cross section by the fractional longitudinal mo-
mentum transferred in the scattering process:

σMT ≡
∫
dΩ

dσ

dΩ
(1− cos θ) , (1)

where θ is the scattering angle. We parameterize this
cross section as

σMT = σ0v
n , (2)

where σ0 is a constant coefficient and v is the relative
velocity between the incoming scattering particles with a
power-law index n.

This parameterization of the velocity dependence en-
compasses a wide class of DM models. In an effort to
be agnostic towards the underlying UV theory of DM,
we may consider effective field theories that allow DM
and electrons to interact through higher-dimensional op-
erators [55, 58–60]. Since we are concerned with DM
interactions in the nonrelativistic regime, we can adapt
the nonrelativistic operators formalism for DM–nucleon
scattering [24–26] to the case of DM–electron scatter-
ing [61]; these nonrelativistic operators map onto linear
combinations of the relativistic operators. Reference [6]
showed how these nonrelativistic operators are cast into
the form of Eq. (2) for use in a cosmological setting, and
the possible velocity dependencies are n ∈ {0, 2, 4, 6}, as-
suming no additional velocity- or momentum-dependence
is introduced through the Wilson coupling coefficients.

Negative values of n arise when DM interacts with elec-
trons through a very light mediator, with a mass much
smaller than the typical amount of momentum trans-
ferred via scattering. For example, DM with an elec-
tric dipole moment scatters with n = −2 [62]. The
case of n = −4 is relevant for millicharged DM, in
which DM possesses a small electric charge that per-
mits Coulomb interactions (e.g., see Ref. [63–66]). We
note that DM interacting with electrons through an elec-
tromagnetic channel would also permit interactions with
other charged particles, such as protons and helium nu-
clei. In this work, we purposefully limit our scope to DM–
electron scattering only in order to make fair comparisons
with electronic-recoil direct detection experiments. An
analysis of any particular model with multiple scatter-
ing channels would strengthen the results we present in
Sec. III.

B. Boltzmann equations

In the presence of interactions between the DM (de-
noted as χ) and baryon (denoted as b) fluids, a collision
term in the Boltzmann equations couples the motion and
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temperature of the two fluids. The standard Boltzmann
equations of ΛCDM [67] are modified to be [2]

δ̇b = −θb −
ḣ

2
, δ̇χ = −θχ −

ḣ

2

θ̇b = − ȧ
a
θb + c2bk

2δb +Rγ(θγ − θb) +
ρχ
ρb
Rχ(θχ − θb)

θ̇χ = − ȧ
a
θχ + c2χk

2δχ +Rχ(θb − θχ) , (3)

where δχ,b and θχ,b are the density fluctuations and ve-
locity divergences, respectively, of the fluids in Fourier
space; cχ,b are the speeds of sound in the fluids; and
ρχ,b are their energy densities. The overdot represents a
derivative with respect to conformal time, k is the wave
number of a given Fourier mode, a is the scale factor,
and h is the trace of the scalar metric perturbation. The
temperatures of the fluids evolve as3

Ṫb + 2
ȧ

a
Tb = 2

µb
me

Rγ(Tγ − Tb) + 2
µb
mχ

R′χ(Tχ − Tb)

Ṫχ + 2
ȧ

a
Tχ = 2R′χ(Tb − Tχ) , (4)

where me is the mass of the electron, mχ is the mass of
the DM particle, µb is the mean molecular weight of the
baryons, and Tγ is the photon temperature.

The terms proportional to Rγ and Rχ in Eq. (3)
describe the transfer of momentum between interact-
ing fluids, acting as a drag force between the fluids.
The momentum-transfer rate coefficient Rγ arises from
Compton scattering between photons and electrons. The
rate coefficient for DM–electron scattering is

Rχ = aρe
Nnσ0

mχ +me

(
Tχ
mχ

+
Tb
me

)(n+1)/2

, (5)

where Nn ≡ 2(5+n)/2Γ(3 + n/2)/(3
√
π), ρe = (1 −

YHe)ρbxeme/mp is the electron density, YHe is the helium
mass fraction, mp is the proton mass, and xe is the ion-
ization fraction. This expression has a similar form seen
in previous CMB literature on DM–proton scattering [4–
9], except the mass and density of protons are substituted
for the mass and density of electrons. The heat-transfer
rate coefficient in Eq. (4) is R′χ = Rχmχ/(mχ +me).

In deriving Eq. (5), we assume DM particles possess
a Maxwell-Boltzmann distribution function. Following
the current standard of cosmological analyses, we neglect
possible deviations in the distribution function induced
by DM scattering; as a result, our analysis may overesti-
mate the constraining power on DM scattering by a factor
of a few for low-mass DM and for DM cross sections with

3 In this work, we do not incorporate the backreaction of DM scat-
tering on the evolution of the baryon temperature; however, its
effect on the CMB power spectra is subdominant and should have
little impact on our analysis results, as investigated in Ref. [9].

a steep velocity dependence [68], but a detailed analy-
sis is required. It is also possible that DM is produced
with a nontrivial distribution function, as is the case for
freeze-in DM, which exhibits n = −4 scattering [69, 70].
We do not consider such scenarios in this work.

The evolution equations in Eqs. (3) and (4) are valid
at linear order, assuming the relative bulk velocity be-
tween the DM and baryon fluids is small compared to
the thermal relative velocity between scattering parti-
cles vth = (Tχ/mχ + Tb/me)

1/2, which appears in the
rate coefficient in Eq. (5). For models with n ≥ 0, the
momentum-transfer rate is large at early times, which
efficiently couples the motion of the DM and baryon flu-
ids, rendering the relative bulk velocity small prior to
recombination. The rate coefficient Rχ given in Eq. (5)
is appropriate for these cases.

For n = −2 and n = −4, the DM scattering rate is
feeble in the early Universe, and the relative bulk veloc-
ity can exceed the thermal velocity at times relevant for
the CMB. As a result, the Boltzmann equations become
nonlinear [4, 9]. In order to account for this nonlinear-
ity, we follow Refs. [4, 7, 8] to modify Eq. (5) with the
substitution(

Tχ
mχ

+
Tb
me

)
→
(
Tχ
mχ

+
Tb
me

+
V 2
RMS

3

)
, (6)

where we approximate the bulk velocity to be its root-
mean-square VRMS(z) under ΛCDM: VRMS ∼ 30 km/s at
z & 103 prior to recombination and evolves as (1 + z)2

at later times [71]. We note that using VRMS from a
ΛCDM cosmology is a good approximation to its value
in a cosmology where 100% of DM is interacting and the
interaction strength is no larger than its current CMB
bounds; however, this ceases to be the case if only a frac-
tion of DM interacts with baryons [9]. We only consider
the former case.

III. ANALYSIS AND RESULTS

In this section, we describe our analysis methods for
constraining DM–electron scattering. For both analyses,
we place upper bounds on the coefficient σ0 of the DM–
electron momentum-transfer cross section as a function
of the DM mass in the range 10 keV ≤ mχ ≤ 1 TeV.

We choose the lower end of the DM mass range to
be 10 keV, because the validity of our assumptions for
thermalized, cold DM breaks down at smaller masses for
n ≥ 0.4 At large DM masses mχ � me, the rate coeffi-
cient in Eq. (5) becomes a function of σ0/mχ, indicating
that σ0 and mχ are degenerate parameters in this limit.

4 For n < 0, the DM temperature is lower than the photon-baryon
temperature [9], possibly allowing our analysis to extend to lower
masses. Therefore, we also provide results for a 1 keV DM mass
in the tables below.
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FIG. 1. The 95% C.L. upper limits on σ0, the coefficient of the momentum-transfer cross section for DM–electron scattering,
as a function of DM mass. The cross section scales as vn, as indicated in the plots, where v is the relative velocity of scattering
particles. The shaded region above each line is excluded by (left) Planck 2018 CMB temperature, polarization, and lensing
power spectra at the 95% C.L. and (right) the Milky Way satellite abundance from DES and Pan-STARRS1.

Therefore, performing our analysis at sufficiently large
DM mass effectively produces a constraint on σ0/mχ, al-
lowing our results to be reliably extrapolated to larger
DM masses through a linear relationship between σ0 and
mχ. For practicality, we restrict our analysis to a maxi-
mum DM mass of 1 TeV.

We use a modified version5 of the Cosmic Linear
Anisotropy Solving System (CLASS) code6 to compute the
CMB power spectra and linear matter power spectrum
within a cosmology that features DM–electron scatter-
ing [5, 6, 9].

A. CMB

As discussed in Sec. II B, DM scattering induces a drag
term in the linear Boltzmann equations between the DM
and baryon fluids, permitting heat and momentum ex-
change. The dominant impact of introducing this inter-
action is the suppression of growth of perturbations and
thus of metric potentials on small scales.7 As a result,
the acoustic peaks of the CMB power spectra are damped
at high multipoles, relative to ΛCDM.

We perform a Markov chain Monte Carlo likeli-
hood analysis of the Planck 2018 CMB tempera-
ture, polarization, and lensing power spectra [40],
using the planck 2018 highl plik.TTTEEE lite
and planck 2018 lensing.clik likelihoods, in or-
der to place upper bounds on the DM–electron

5 https://github.com/kboddy/class_public/tree/dmeff
6 https://github.com/lesgourg/class_public
7 We refer the reader to Ref. [9] for an in-depth discussion of the

impact of DM–baryon scattering on the CMB power spectra.

momentum-transfer cross section. We con-
sider a set of seven cosmological parameters
θ =

{
ns, τreio, log

(
1010As

)
, Ωbh

2, Ωch
2, 100θs, σ0

}
,

representing the standard six ΛCDM parameters and
the momentum-transfer cross section coefficient σ0 for
DM–electron elastic scattering. Following Planck [72],
we assume three standard neutrino species, represented
by two massless states and one 0.06 eV massive state.

When computing the CMB power spectra using CLASS,
we do not incorporate any nonlinear effects. Cur-
rently available tools for calculating the nonlinear growth
of perturbations, such as Halofit, are not reliable in
context of cosmologies featuring DM scattering with
baryons [73]. Furthermore, nonlinear growth amplifies
perturbations on scales smaller than those directly rele-
vant for Planck. Thus, we assume that linear cosmology
describes our data sufficiently well and leave studies of
nonlinearities in interacting cosmologies for future work.

To sample the posterior probability distribution of θ,
we use the publicly-available Cobaya8 framework. We
employ broad flat priors on all parameters. In each like-
lihood analysis, we fix the DM scattering model by the
choice of the power-law index n ∈ {−4,−2, 0, 2, 4, 6}. To
speed up convergence in the sampling process, we fix the
DM mass mχ for each run and compute chains of parame-
ter samples for various benchmark masses. The resulting
95% confidence level (C.L.) upper limits on σ0 for each
sampled mass are shown in the left panel of Fig. 1 and
listed in Table I.

8 https://cobaya.readthedocs.io/en/latest/index.html

https://github.com/kboddy/class_public/tree/dmeff
https://github.com/lesgourg/class_public
https://cobaya.readthedocs.io/en/latest/index.html
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DM n
mass −4 −2 0 2 4 6
1 keV 4.0e-38 1.7e-32 1.1e-27 1.1e-25 2.7e-24 5.1e-23

10 keV 3.4e-38 1.4e-32 2.1e-27 9.9e-25 3.3e-22 4.2e-20
100 keV 4.6e-38 2.3e-32 4.4e-27 8.6e-24 5.2e-20 8.9e-17

1 MeV 9.7e-38 3.2e-32 1.2e-26 1.9e-22 9.5e-19 4.7e-15
10 MeV 8.4e-37 5.7e-31 6.5e-26 2.0e-21 1.0e-17 7.7e-14
1 GeV 5.6e-35 2.9e-29 8.4e-24 1.5e-19 9.6e-16 8.8e-12
1 TeV 5.6e-32 2.2e-26 8.9e-21 1.4e-16 1.0e-12 6.0e-09

TABLE I. The 95% C.L. upper limits on σ0, the coefficient of
the momentum-transfer cross section for DM–electron scat-
tering, in units of cm2 from the CMB analysis of Sec. III A
and shown in the left panel of Fig. 1.

DM n
mass 0 2 4 6
1 keV 5.7e-33 4.2e-36 1.6e-39 3.3e-43

10 keV 4.5e-32 4.2e-33 1.6e-34 3.3e-36
100 keV 3.6e-31 3.9e-30 1.2e-29 2.4e-29

1 MeV 4.5e-30 6.2e-28 1.5e-25 2.4e-23
10 MeV 7.3e-29 4.9e-26 3.0e-23 1.9e-20

100 MeV 7.3e-28 4.9e-25 3.9e-22 3.0e-19
1 GeV 7.3e-27 6.2e-24 3.9e-21 3.0e-18

10 GeV 7.3e-26 6.2e-23 3.9e-20 3.0e-17
100 GeV 7.3e-25 6.2e-22 3.9e-19 3.0e-16

1 TeV 7.3e-24 6.2e-21 3.9e-18 3.0e-15

TABLE II. Conservative upper limits on σ0, the coefficient of
the momentum-transfer cross section for DM–electron scat-
tering, in units of cm2 from the Milky Way satellite analysis
of Sec. III B and shown in the right panel of Fig. 1.

B. Milky Way satellites

Since DM scattering suppresses the growth of small-
scale perturbations in the early Universe, it also in-
hibits the formation of small-scale structure; therefore,
it generates a cutoff in the linear matter power spec-
trum and the corresponding subhalo mass function. Ref-
erence [22] demonstrated that velocity-independent DM–
proton scattering produces a cutoff very similar to that
caused by WDM free-streaming (see also Ref. [74]).
This similarity enables a correspondence between the
DM–proton momentum-transfer cross section and WDM
mass, which was used to place constraints on the scatter-
ing scenario via a WDM analysis [20, 22].

For models in which n ≥ 0, the rate of momen-
tum transfer is larger at higher redshifts and, for most
purposes, negligible after recombination, provided that
the interaction strength is below current cosmological
bounds [4, 6, 23]. For this reason, it is possible to capture
the effects of such interaction models on the population
of satellite galaxies by considering only their effects on
the transfer function (i.e., the ratio of the linear matter
power spectrum P (k) in a modified cosmology to that in
a ΛCDM cosmology).

In addition to small-scale suppression, the efficient cou-
pling between the DM and baryon fluids generates dark

acoustic oscillations in the linear matter power spectrum.
For n = 0, the dark acoustic oscillations are negligi-
ble at the scattering limit found in Ref. [22], and the
matter power spectrum features a WDM-like cutoff. For
velocity-dependent scattering with n > 0, the dark acous-
tic oscillations are substantial below the cutoff scale, and
the recovery of power at very small scales invalidates the
direct correspondence with WDM.

To address the dark acoustic oscillations in models
with n > 0, Ref. [23] developed a general and very con-
servative numerical procedure for mapping WDM con-
straints to limits on DM–proton scattering by comparing
the respective transfer functions. Namely, for a given mχ

and n, the strength of DM–proton scattering is consid-
ered strictly “ruled out” if the suppression of the transfer
function is more severe than that of thermal relic WDM,
at the current lower limit on its mass, up to a very large
k. This approach yielded the strongest observational lim-
its on models for velocity-dependent scattering with pro-
tons, and we adopt it here for the case of electron scat-
tering. For this purpose, we use the lower limits on the
mass of WDM of 6.5 keV (at 95% confidence) reported
by Ref. [20], which relied on the measurements of the
abundance of Milky Way satellites over nearly the full
sky, including the population of satellites accreted with
the Large Magellanic Cloud, detected in DES and Pan-
STARRS1 data [41].

In particular, we adopt the same fixed set of cosmologi-
cal parameters as Ref. [23] and a maximum wave number
of k = 130 h Mpc−1 up to which we ensure that the trans-
fer function suppression is more severe than that of the
ruled-out WDM model. Note that even for the case of
n = 0, we adopt the procedure of Ref. [23] rather than
Ref. [22] for consistency in our analysis. Since the trans-
fer function for n = 0 closely resembles that of WDM,
using the procedure in Ref. [22] yields very similar re-
sults. In Fig. 2, we show the n = 0 transfer functions for
DM scattering with electrons and protons at the ruled-
out level for DM masses well above and well below the
masses of the electron and proton.

For a large DM mass, the DM–electron scattering and
DM–proton scattering transfer functions match closely
and exhibit a shallower cutoff than WDM, but our pro-
cedure forces the high-k region of the transfer function to
follow WDM. For a low DM mass, the transfer functions
closely match the WDM shape near the cutoff region, but
the transfer function for DM–electron scattering exhibits
a sharper drop at high k compared to the case of DM–
proton scattering. This slight difference in the high-k
region between DM–proton and DM–electron scattering
produces a different behavior in the mass dependence of
the n = 0 limit at low DM masses. We expect stud-
ies using cosmological simulations with interacting DM
would only improve upon these conservative results. The
results of our analysis are summarized in Table II, and
the limits are plotted in the right panel of Fig. 1.

Finally, we do not consider n < 0 in this part of
the analysis, because these models produce scattering in
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FIG. 2. Transfer functions for velocity-independent DM scat-
tering with electrons (solid) and protons (dotted) ruled out
at 95% confidence based on the 6.5 keV thermal relic WDM
constraint from Milky Way satellite galaxies (black) [20].
We show the transfer functions at two extreme DM masses:
10 keV (red) and 1 TeV (blue).

post-recombination universe, and the resulting transfer
function cannot be related to that of WDM using the
conservative numerical procedure to produce meaningful
bounds; the transfer function for these models is illus-
trated in Ref. [9]. A dedicated analysis is required to ob-
tain bounds from satellite abundance measurements for
these interaction models, which we leave to future work.

IV. COMPARISON TO DIRECT DETECTION

To demonstrate the complementarity between cosmo-
logical and low-energy laboratory searches for DM inter-
actions, we compare the upper limits on DM–electron
scattering obtained in this work to constraints from elec-
tronic recoil direct detection experiments. Direct detec-
tion limits are cast in terms of the quantity [75, 76]

σ̄e ≡
µ2
χe

16πm2
χm

2
e

|M(αme)|2 , (7)

where µχe ≡ mχme/(mχ + me), α is the fine struc-
ture constant, and M(αme) is the matrix element for
DM–electron elastic scattering, evaluated at a momen-
tum transfer of q ≡ |~q| = αme. The full matrix element
squared for scattering is

|M(q)|2 = |M(αme)|2 × |FDM(q)|2 , (8)

where the DM form factor FDM(q) encapsulates the de-
pendence on momentum transfer and the overbar de-
notes averaging over initial and summing over final spin
states. In the center-of-mass frame, the square of the
momentum transfer in the nonrelativistic limit is q2 =

2µ2
χev

2(1 − cos θ), where θ is the scattering angle, and
the differential cross section is

dσ

dΩ
=
σ̄e
4π
|FDM(q)|2 . (9)

For various choices of |FDM|, we can relate σ̄e to the
coefficient of the momentum-transfer cross section σ0, for
a given velocity power-law index n.

Note that direct detection experiments search for ev-
idence of an ionization signal produced in an inelastic
scattering process between DM and an electron bound
within an atom; thus, the calculation of the detection
rate must also incorporate a form factor for the ionization
probability. Our cosmological analyses in Sec. III con-
strain DM scattering during the pre-recombination era
when the Universe is fully ionized, so we are concerned
with elastic scattering processes only and Eq. (9) is the
appropriate quantity for comparison purposes. Further-
more, at the time of recombination, the DM temperature
is well below the photon-baryon temperature [6, 9], and
there is insufficient kinetic energy to ionize electrons that
become bound in atomic hydrogen through direct scat-
tering with DM.

Let us consider a DM form factor parameterized as

|FDM(q)|2 =

(
q

αme

)n
, (10)

where n is an integer. Integrating Eq. (9) according to
Eq. (1), we find

σMT = σ̄e
4

4 + n

(
2µχe
αme

)n
vn (11)

for n > −4. We identify the prefactor of vn in the above
equation with σ0 in Eq. (2); therefore, we can imme-
diately relate our results to those from direct detection
through a simple rescaling for various values of n.

The three cases often considered in the direct detec-
tion literature are FDM ∈ {1, αme/q, (αme/q)

2} (see
e.g., Ref. [76]), which relate to our results on σ0 for
n ∈ {0,−2,−4}, respectively. For the case of n = −4, the
integral to calculate σMT has a logarithmic divergence in
the limit of far-forward scattering (as θ → 0), and we may
regulate the divergence with a small-angle cutoff θD � 1.
Thus, we find the correspondence between σ0 and σ̄e is

σ0 = σ̄e ×


1 for n = 0
α2m2

e

2µ2
χe

for n = −2(
α2m2

e

2µ2
χe

)2
ln
(

2
θD

)
for n = −4 .

(12)

We interpret the cutoff angle for n = −4 in the con-
text of millicharged DM: due to Debye screening of elec-
tromagnetic fields in a plasma, the cutoff angle is θD =
mD/(µχev), where the Debye mass ismD =

√
4παne/Tγ .

The Debye logarithm ln(2/θD) introduces two compli-
cations: the momentum-transfer cross section has a v
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dependence that is not captured by a power-law scal-
ing, and mD ≈ 8.1 × 10−16(1 + z) MeV has a redshift
dependence that renders σ0 an evolving quantity rather
than a constant. However, σMT has only a logarithmic
dependence on θD, and the Debye logarithm varies at
the level of tens of percent over the redshift range of
interest for Planck. Moreover, Planck data seem to pro-
vide the greatest constraining power on σ0 near redshift
z� = 2×104: the data have a high signal-to-noise for mul-
tipoles ` ∼ 1400, roughly corresponding to perturbation
modes that enter the sound horizon around this time [6].
We neglect the impact of the evolution of mD and v, fix-
ing the Debye logarithm at the reference redshift z = z�
and fixing v2 to its approximated thermal value, given by
the right-hand side of Eq. (6). To fix these quantities, we
set the ΛCDM parameters to their best-fit values from
the Planck 2018 TTTEEE+lowE+lensing analysis [72]
and the DM scattering parameter σ0 to be its 95% C.L.
upper limit in Table I for each corresponding DM mass.

In Fig. 3, we compare our observational bounds with
exclusion bounds from electronic-recoil direct detection
experiments in the parameter space of σ̄e versus DM
mass mχ. The top, middle, and bottom panels of the
figure correspond to the n = 0 [FDM = 1], n = −2
[FDM = αme/q], and n = −4 [FDM = (αme/q)

2] cases,
respectively. The shaded gray regions show bounds from
the Xenon10 [30] and protoSENSEI@MINOS [36] direct
detection experiments, as presented in Ref. [45], which
includes calculations of the sensitivity ceilings (shown as
dashed gray lines). Additionally, we show more recent
direct detection bounds from Xenon1T [34] for n = 0
and from SENSEI@MINOS [38] for n = 0 and n = −4 as
individual gray lines with no shading (Ref. [45] includes
ceiling projections for SENSEI, but we do not include
them here). We include limits (also shaded gray regions)
from µ-type spectral distortions using FIRAS data for
n = 0 and n = −2 from Ref. [11].

The results of this work exclude new regions of DM pa-
rameter space, particularly for cross sections above direct
detection sensitivity ceilings and for DM masses below di-
rect detection mass sensitivity thresholds. For n = 0, our
CMB constraint bridges the gap between limits at low
DM masses from spectral distortions and limits at high
DM masses from direction detection, while our Milky
Way satellite constraint is stronger than both spectral
distortions and CMB. For n = −2, our CMB constraint
is stronger than spectral distortion bounds. Finally, for
n = −4, our CMB analysis provides the only cosmologi-
cal constraint on DM–electron scattering and excludes a
large region of parameter space at small DM masses.

V. SUMMARY AND DISCUSSION

This work presents new observational constraints on
elastic DM–electron scattering using its effects on the
matter distribution in the Universe. Specifically, we rely
on the latest CMB measurements from Planck and mea-
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FIG. 3. Comparison of the CMB (red) and Milky Way
satellite (blue) results from this work and the exclusion
bounds from electronic-recoil direct detection experiments
and FIRAS spectral distortions (gray) [11]. We show re-
cent direct detection bounds from Xenon1T [34] and SEN-
SEI@MINOS [38] for FDM = 1 (top), FDM = αme/q (mid-
dle), and FDM = (αme/q)

2 (bottom); shaded regions for
Xenon10 [30] and protoSENSEI@MINOS [36] incorporate
ceiling calculations from Ref. [45]. We translate available
cosmological limits for n = 0 (top), n = −2 (middle), and
n = −4 (bottom) to the quantity σ̄e defined in Eq. (7).
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surements of the abundance of Milky Way satellite galax-
ies detected by the DES and Pan-STARRS1 surveys. To
explore the space of possible DM scattering models, we
parameterize the momentum-transfer cross section as a
power law of the relative particle velocity, with power-law
indices n ∈ {−4,−2, 0, 2, 4, 6}. Interaction models with
a negative power-law index lead to momentum exchange
between DM and baryons primarily at late times, while
for non-negative values of n, the primary effects of scat-
tering take place in the early Universe. We constrain all
of these scenarios using the CMB data; when using the
satellite abundance, the existing analysis methods rely
on relating the shape of the transfer function to that of
WDM, so we limit our analyses to non-negative values
of n that feature early-time scattering only, where these
methods are applicable.

Our resulting bounds are presented in Fig. 1. For
the case of n ≥ 0, where well-defined comparisons ex-
ist, Milky Way satellite abundances are more constrain-
ing than the CMB, because they probe matter cluster-
ing on smaller scales that are more strongly affected by
DM–electron interactions in the early Universe. Our
constraints for n < 0 from CMB data present some of
the strongest observational bounds to date; we defer a
systematic exploration of the effects of these models on
nonlinear structure, including Milky Way satellite abun-
dances, for future work.

We note that recent joint analyses of small-scale struc-
ture probes have achieved more stringent WDM con-
straints, for example by combining strong gravitational
lensing and Milky Way satellites [77, 78]. Different small-
scale structure tracers are sensitive to both the abun-
dances and concentrations of low-mass halos in distinct
ways, precluding a straightforward mapping to interact-
ing DM models that may impact the corresponding ob-
servables differently. A joint analysis of the effects of
DM interactions on multiple small-scale structure probes
is an interesting direction for future work.

We also compare our bounds with the constraints from
electronic-recoil direct detection experiments in Fig. 3.
We find that observational bounds, especially those that
involve small-scale tracers like satellite galaxies, have
overlap with the upper limits obtained from direct de-
tection. Moreover, our bounds present the strongest ob-
servational limits on sub-MeV DM interactions with elec-
trons. They also conclusively exclude regions of the pa-
rameter space above the detection ceiling of direct detec-
tion experiments.

There are astrophysical limits on DM–electron scatter-
ing that arise from constraints on the cooling of super-
novae [79, 80], DM capture in the Sun [81], and direct
detection of low-mass DM that undergoes cosmic ray up-
scattering [82–84]. Since these analyses either rely upon
a DM annihilation signal or work in the relativistic scat-
tering regime, neither of which pertain to our analyses,
we do not include them in Fig. 3. There may also be
bounds on the mass of DM from contributions to the
energy density of relativistic species at Big Bang nucle-

osynthesis (BBN); however, these bounds depend on the
spin statistics of the DM particle [85–87] and may be
circumvented in certain DM scenarios [88].

Finally, we expect that the same methods we employ
in this study, which have enabled some of the leading
observational constraints on DM elastic scattering with
electrons and protons, may be applied to other data sets
as well. For example, both CMB experiments such as the
Simons Observatory [89] and surveys like the Rubin Ob-
servatory Legacy Survey of Space and Time [90] deliver
their first data in the coming years. Combined with our
theoretical framework, these data may enable searches
for DM interactions throughout cosmic history.
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Appendix A: Scattering with protons

In this appendix, we present results for a CMB anal-
ysis of DM scattering with protons. Deriving limits on
DM–proton scattering using Planck data has been con-
sidered in previous literature [4–9]. The modified CLASS
code used for this work is based on the code used in
Refs. [5, 6, 9]; various improvements have made the code
more numerically stable and ready for public release.
With these improvements, we are able to explore cer-
tain regions of DM parameter space that had numerical
difficulties in our previous studies. Therefore, we revisit
the scenario of DM–proton scattering both to cover these
missed regions of parameters space and to serve as a con-
sistency check, aiding in the validation of our code.

We consider scattering with protons in the form of neu-
tral or ionized hydrogen; we neglect scattering with he-
lium. Our analysis follows the same procedure outlined
in Sec. III A for DM–electron scattering. The 95% C.L.
upper limits on σ0, where σ0 now refers to the coefficient
of the momentum-transfer cross section for DM–proton
scattering, are shown in Fig. 4 and listed in Table III.

The analysis for DM–proton scattering using Milky
Way satellite abundances was performed in Ref. [23] with
the same modified CLASS code used in this work. There-
fore, we refer the reader to Ref. [23] for these bounds.
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FIG. 4. The 95% C.L. upper limits on σ0, the coefficient of the
momentum-transfer cross section for DM–proton scattering,
as a function of DM mass. The cross section scales as vn,
as indicated in the plots, where v is the relative velocity of
scattering particles. The shaded region above each line is
excluded by Planck 2018 CMB temperature, polarization, and
lensing power spectra.

DM n
mass −4 −2 0 2 4 6
1 keV 8.9e-42 1.1e-33 1.2e-26 1.9e-24 8.4e-23 1.8e-21
1 MeV 9.5e-42 1.3e-33 5.3e-26 5.9e-21 1.1e-16 2.2e-12

10 MeV 1.5e-41 1.2e-33 7.7e-26 7.0e-20 1.9e-14 2.4e-09
100 MeV 1.1e-41 1.1e-33 1.5e-25 8.5e-19 1.1e-12 2.1e-06

1 GeV 2.0e-41 3.3e-33 2.8e-25 6.8e-18 6.2e-11 4.9e-04
10 GeV 1.4e-40 1.8e-32 1.6e-24 6.6e-17 1.0e-09 9.9e-03
1 TeV 1.1e-38 8.9e-31 1.4e-22 5.2e-15 1.6e-07 9.9e-01

TABLE III. The 95% C.L. upper limits on σ0, the coefficient
of the momentum-transfer cross section for DM–proton scat-
tering, in units of cm2 from the CMB analysis of Sec. A and
shown in Fig. 4.
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[68] Y. Ali-Häımoud, Boltzmann-Fokker-Planck formalism
for dark-matter–baryon scattering, Phys. Rev. D 99,
023523 (2019), arXiv:1811.09903 [astro-ph.CO].

[69] C. Dvorkin, T. Lin, and K. Schutz, Making dark matter
out of light: freeze-in from plasma effects, Phys. Rev. D
99, 115009 (2019), arXiv:1902.08623 [hep-ph].

[70] C. Dvorkin, T. Lin, and K. Schutz, The cosmology of sub-
MeV dark matter freeze-in, (2020), arXiv:2011.08186
[astro-ph.CO].

[71] D. Tseliakhovich and C. Hirata, Relative velocity of
dark matter and baryonic fluids and the formation of
the first structures, Phys. Rev. D 82, 083520 (2010),
arXiv:1005.2416 [astro-ph.CO].

[72] N. Aghanim et al. (Planck), Planck 2018 results. VI.
Cosmological parameters, Astron. Astrophys. 641, A6
(2020), arXiv:1807.06209 [astro-ph.CO].

[73] Z. Li, V. Gluscevic, K. K. Boddy, and M. S. Mad-
havacheril, Disentangling Dark Physics with Cosmic Mi-
crowave Background Experiments, Phys. Rev. D 98,
123524 (2018), arXiv:1806.10165 [astro-ph.CO].

[74] C. Boehm, A. Riazuelo, S. H. Hansen, and R. Schaeffer,
Interacting dark matter disguised as warm dark matter,
Phys. Rev. D 66, 083505 (2002), arXiv:astro-ph/0112522.

[75] R. Essig, J. Mardon, and T. Volansky, Direct Detection of
Sub-GeV Dark Matter, Phys. Rev. D 85, 076007 (2012),
arXiv:1108.5383 [hep-ph].

[76] R. Essig, M. Fernandez-Serra, J. Mardon, A. Soto,
T. Volansky, and T.-T. Yu, Direct Detection of sub-GeV
Dark Matter with Semiconductor Targets, JHEP 05, 046,
arXiv:1509.01598 [hep-ph].

[77] E. O. Nadler, S. Birrer, D. Gilman, R. H. Wechsler,
X. Du, A. Benson, A. M. Nierenberg, and T. Treu, Dark

Matter Constraints from a Unified Analysis of Strong
Gravitational Lenses and Milky Way Satellite Galaxies,
(2021), arXiv:2101.07810 [astro-ph.CO].

[78] W. Enzi et al., Joint constraints on thermal relic dark
matter from a selection of astrophysical probes, (2020),
arXiv:2010.13802 [astro-ph.CO].

[79] A. Guha, P. S. B. Dev, and P. K. Das, Model-independent
Astrophysical Constraints on Leptophilic Dark Matter
in the Framework of Tsallis Statistics, JCAP 02, 032,
arXiv:1810.00399 [hep-ph].

[80] S. Chigusa, M. Endo, and K. Kohri, Constraints on
electron-scattering interpretation of XENON1T excess,
JCAP 10, 035, arXiv:2007.01663 [hep-ph].

[81] R. Garani and S. Palomares-Ruiz, Dark matter in the
Sun: scattering off electrons vs nucleons, JCAP 05, 007,
arXiv:1702.02768 [hep-ph].

[82] C. V. Cappiello, K. C. Y. Ng, and J. F. Beacom, Re-
verse Direct Detection: Cosmic Ray Scattering With
Light Dark Matter, Phys. Rev. D 99, 063004 (2019),
arXiv:1810.07705 [hep-ph].

[83] Y. Ema, F. Sala, and R. Sato, Light Dark Matter at Neu-
trino Experiments, Phys. Rev. Lett. 122, 181802 (2019),
arXiv:1811.00520 [hep-ph].

[84] C. Cappiello and J. F. Beacom, Strong New Limits on
Light Dark Matter from Neutrino Experiments, Phys.
Rev. D 100, 103011 (2019), arXiv:1906.11283 [hep-ph].

[85] C. Boehm, M. J. Dolan, and C. McCabe, A Lower Bound
on the Mass of Cold Thermal Dark Matter from Planck,
JCAP 08, 041, arXiv:1303.6270 [hep-ph].

[86] K. M. Nollett and G. Steigman, BBN And The CMB
Constrain Neutrino Coupled Light WIMPs, Phys. Rev.
D 91, 083505 (2015), arXiv:1411.6005 [astro-ph.CO].

[87] G. Krnjaic and S. D. McDermott, Implications of BBN
Bounds for Cosmic Ray Upscattered Dark Matter, Phys.
Rev. D 101, 123022 (2020), arXiv:1908.00007 [hep-ph].

[88] A. Berlin and N. Blinov, Thermal Dark Matter Be-
low an MeV, Phys. Rev. Lett. 120, 021801 (2018),
arXiv:1706.07046 [hep-ph].

[89] P. Ade et al. (Simons Observatory), The Simons Ob-
servatory: Science goals and forecasts, JCAP 02, 056,
arXiv:1808.07445 [astro-ph.CO].
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