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We present the first cosmological constraint on dark matter scattering with protons in the early Universe
for the entire range of dark matter masses between 1 keV and 1 TeV. This constraint is derived from the
Planck measurements of the cosmic microwave background (CMB) temperature and polarization
anisotropy, and the CMB lensing anisotropy. It improves upon previous CMB constraints by many
orders of magnitude, where limits are available, and closes the gap in coverage for low-mass dark matter
candidates. We focus on two canonical interaction scenarios: spin-independent and spin-dependent
scattering with no velocity dependence. Our results exclude (with 95% confidence) spin-independent
interactions with cross sections greater than 5.3 × 10−27 cm2 for 1 keV, 3.0 × 10−26 cm2 for 1 MeV,
1.7 × 10−25 cm2 for 1 GeV, and 1.6 × 10−23 cm2 for 1 TeV dark matter mass. Finally, we discuss the
implications of this study for dark matter physics and future observations.
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Introduction.—One of the primary ways to investigate
the fundamental nature of dark matter (DM) is to search
for evidence of its nongravitational interactions with the
standard model of particle physics. None of the exper-
imental or observational searches for DM interactions have
yet made a confirmed detection. As a result, large portions
of DM parameter space are excluded and new proposals are
coming on the scene to broaden the search strategy and
examine unexplored DM scenarios [1,2].
A substantial effort to detect and characterize the

properties of DM rests on the hypothesis that DM may
be a weak-scale thermal relic particle (WIMP) with a mass
in the range of tens of GeV to a few TeV [3]. Virtually all
traditional direct-detection searches are constructed and
optimized to search for WIMPs from the local Galactic
halo through their scattering on nuclei in underground
targets [4]. They have exquisite sensitivity: the tightest
constraints to date on spin-independent interactions
exclude cross sections greater than ∼8 × 10−47 cm2 for
masses around 30 GeV [5,6], while the next-generation
experiments promise to push this bound further in the near
future [4]. These searches, however, are looking under the
lamp post. Specifically, current nuclear-recoil–based mea-
surements are effectively blind or background dominated
below DM masses of about a GeV [4]. Additionally, the
extensive shielding inherent in underground experiments
puts a “ceiling” on the interaction strength, above which
the majority of particles would be stopped before reaching
the detector [7–9]. Technological improvements [10,11]
and analyses of electronic recoils are able to expand

direct-detection sensitivities to somewhat lower DM
masses [12,13]; however, the latter are only applicable
to DM interactions with electrons, not protons. Entirely
new experimental strategies are thus required to truly open
up sub-GeV DM to broad, in-depth exploration that
parallels dedicated WIMP searches [1,2].
In addition to direct detection, there is a range of studies

that constrain low-energy DM-baryon interactions in the
local Universe, using results from balloon-borne experi-
ments [14], Galactic structure [15], observations of galaxy
clusters [16,17], cosmic rays [18,19], and other astrophysi-
cal observations [20–23]. These studies explore various
parts of the DM parameter space, but few focus specifically
on sub-GeV particles.
Given the current null results, new DM models (e.g.,

hidden-sector DM [24], asymmetric DM [25], freeze-in
DM [26], SIMPs/ELDERs [27–29]) have recently received
much attention in theoretical and experimental commun-
ities. Many of these models comfortably accommodate
DM particles with masses in the keV-GeV range. In this
study, we produce the strongest cosmological constraint to
date on DM interactions covering the entire DMmass range
between 1 keV and 1 TeV, using Planck measurements of
the cosmic microwave background (CMB) temperature and
polarization anisotropy, and the CMB lensing anisotropy
[30,31]. (Lyman-α forest limits on warm DM exclude
masses below a few keV [32], and we thus focus only
on masses above this limit.)
The very same interactions sought locally by direct

detection and other experiments also take place in the
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early Universe (in the first ∼400000 years after the Big
Bang) and can be tested with cosmological observations.
If baryons scatter with DM particles in the primordial
plasma prior to recombination, the heat transferred to
the DM fluid can cool the photons, producing spectral
distortions in the CMB; this effect was previously used
to constrain DM masses below a few hundred keV from
the null detection of distortions in FIRAS data [33]
(see also Fig. 1). Furthermore, due to a drag force
between the DM and photon-baryon fluids, small-scale
matter fluctuations are suppressed, altering the shape
of the CMB power spectra and of the matter power
spectrum. This effect too was explored in previous
studies [34–36] and was most recently used to place
constraints for DM much heavier than a GeV [36] (see
again Fig. 1).
We expand upon this previous work in several important

ways. First, we probe DM with masses down to 1 keV,
thereby closing the gap in mass coverage of previous
cosmological studies. Additionally, only scattering with
free protons in the early Universe was previously consid-
ered for the leading cosmological constraints on heavy DM
[36]; we also account for DM scattering with helium nuclei,
which significantly improves constraints in that mass
regime. Finally, we use the latest Planck 2015 data release
[30], and for the first time include CMB polarization and
lensing measurements to search for evidence of DM-proton
interactions. With these improvements in our analysis, the
limits we obtain are a factor of ∼13 stronger than the best
previous CMB limits of Ref. [36] for heavy DM. (When
we make the same simplifying assumptions as Ref. [36],
we restore consistency with their results.) In addition,
our constraints are several orders of magnitude stronger
than those of Refs. [33,34] for lower DM masses.

(The constraint of Ref. [34] is not dominated by the
CMB measurements, but rather by a reconstruction of
the linear matter power spectrum from the 2dF galaxy
survey [37], which may strongly depend on the choice
of galaxy bias model.)
Dark matter-proton scattering.—We concentrate on two

DM-proton interaction scenarios: spin-independent and
spin-dependent elastic scattering, with no dependence on
relative particle velocity. These simple interactions are the
most widely considered and easily arise at leading order
from high-energy theories (the literature on this subject
is vast, and we refer the reader to an early review for
Ref. [3]). In a companion paper [38], we expand this
study to constrain DM-proton interactions in the broader
context of nonrelativistic effective field theory [39–41]
and address a wide range of momentum- and velocity-
dependent interactions.
In order to compute CMB power spectra in the presence

of the interactions, we modify the code CLASS [42] to
solve the following Boltzmann equations (in synchronous
gauge) [43],

_δχ ¼ −θχ −
_h
2
; _δb ¼ −θb −

_h
2
;

_θχ ¼ −
_a
a
θχ þ c2χk2δχ þ Rχðθb − θχÞ;

_θb ¼ −
_a
a
θb þ c2bk

2δb þ Rγðθγ − θbÞ þ
ρχ
ρb

Rχðθχ − θbÞ;

ð1Þ
for the evolution of DM and baryon density fluctuations,
δχ and δb, and velocity divergences, θχ and θb, respec-
tively. In the above expressions, k is the wave number of
a given Fourier mode; a is the scale factor; h is the trace
of the scalar metric perturbation [43]; cb and cχ are the
speeds of sound in the two fluids [43]; and ρb and ρχ are
their respective energy densities. The overdot notation
represents a derivative with respect to conformal time.
The subscript γ pertains to photons, where Rγ represents
the usual Compton scattering term [43].
The terms proportional to Rχ encapsulate the new

interaction physics; Rχ is the coefficient for the rate of
momentum exchange between the DM and baryon fluids,
found by averaging the momentum-transfer cross section
over the velocity distributions of particles in the early
Universe [35,36]. Previous work considered DM scatter-
ing with only free protons [36]; here, we include scattering
with protons inside helium nuclei, and thus need a more
general expression for Rχ to account for the nuclear
structure of helium.
We start by summarizing the results for scattering with

free protons. In this case, both the spin-independent (SI)
and spin-dependent (SD) cross sections are the same as the
corresponding momentum-transfer cross sections,

FIG. 1. Constraints on the DM-proton scattering cross section,
as derived from various cosmological measurements; shaded
regions are excluded with 95% confidence. The exclusion curves
that partially span this mass range are from previous state-of-
the-art results, while the red curves that span the entire mass
range represent the constraints derived in this study for spin-
independent and spin-dependent scattering.
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σðSIÞp ¼ μ2χp
m4

vπ
½cðSIÞp �2;

σðSDÞp ¼ μ2χp
m4

vπ

SχðSχ þ 1Þ
4

½cðSDÞp �2; ð2Þ

where Sχ ¼ 1=2 is the spin of the DM,mχ is the mass of the
DM particle, and μχp is the reduced mass of the DM-proton

system. The coupling coefficients cðSIÞp and cðSDÞp set the
strength of the spin-independent and spin-dependent inter-
actions, respectively. We insert the weak-scale mass
mv ≈ 246 GeV, as an overall normalization (this choice
of the normalization scale does not impact our constraints
on the cross section).
Moving on to helium,we first note that it has zero spin and

thus cannot have spin-dependent interactions. For the spin-
independent interaction, there is no inherent velocity depend-
ence; however, the nuclear form factor is a function of the
momentum transferred in the scattering process [44]. The
momentum transfer is given by q2 ¼ 2μ2χHev

2ð1 − cos θÞ,
where θ is the scattering angle in the center-of-mass frame, v
is the relative velocity between the DM and helium particles,
andμχHe is the reducedmass of theDM-heliumsystem.Thus,
the associated momentum-transfer cross section has a
velocity-dependent part multiplying the following numerical
factor

σðSIÞHe ¼ 4
μ2χHe
m4

vπ
½cðSIÞp �2; ð3Þ

which depends on the strength of the interaction, quantified

by cðSIÞp , and μχHe is the reduced mass of the DM-helium
system. When we average the full momentum-transfer
cross sections (multiplied by the relative particle velocity)
over the velocity distributions for DM and baryons, we
obtain

RðSI=SDÞ
χp ¼ N 0aρbð1 − YHeÞ

σðSI=SDÞp

mχ þmp

�
Tb

mp
þ Tχ

mχ

�1
2

;

RðSIÞ
χHe ¼ N 0aρbYHe

σðSIÞHe

mχ þmHe

�
Tb

mHe
þ Tχ

mχ

�1
2

×

�
1þ ð2μHeaHeÞ2

�
Tb

mHe
þ Tχ

mχ

��
−2
; ð4Þ

where N 0 ≡ 27=2=3
ffiffiffi
π

p
, YHe is the helium mass fraction,

and Tb and Tχ are the temperatures of the baryon and DM
fluids. In the nuclear shell model, the length parameter for
helium is aHe ≈ 1.5 fm [40]. For spin-independent scatter-

ing, the total rate coefficient is RðSIÞ
χ ¼ RðSIÞ

χp þ RðSIÞ
χHe; for

spin-dependent scattering, the total rate coefficient is

RðSDÞ
χ ¼ RðSDÞ

χp . Note that the velocity dependence of the
cross section in the case of helium translates to the

additional temperature-dependent term in the last line of
the above expressions. Since our constraints imply thermal
decoupling of DM and baryons at early times z > 104, we
are able to neglect the relative bulk velocity between the
DM and baryon fluids to arrive at this expression [36,45].
Since we are interested in light DM, we cannot neglect

terms with Tχ in the above equations (as was done in
Ref. [36] for heavy DM). We thus track the DM temper-
ature evolution given by [35,36]

_Tχ ¼ −2
_a
a
Tχ þ 2R0

χðTb − TχÞ: ð5Þ

At early times, when the interactions affect the evolution of
density modes accessible to cosmological observables,
baryons are in thermal contact with photons, and the
backreaction on the baryon temperature is a subdominant
effect; we thus ignore it. The heat-exchange coefficients
control when the DM and baryon fluids thermally decou-
ple, and they are given by

R0ðSIÞ
χ ≡ ðμχp=mpÞRðSIÞ

χp þ ðμχHe=mHeÞRðSIÞ
χHe;

R0ðSDÞ
χ ≡ ðμχp=mpÞRðSDÞ

χp : ð6Þ

Data analysis and results.—We use the CMB power
spectra and likelihoods from the Planck 2015 data release,
as available through the CLIK/PLIK distribution [30,31].
We analyze temperature, lensing, and low-l polarization to
jointly constrain the six standard ΛCDM parameters: the
Hubble parameter h, baryon density Ωbh2, DM density
Ωχh2, reionization optical depth τ, the amplitude of the
scalar perturbations As, and the scalar spectral index ns. We
also include the coupling coefficient cSI=SDp as an additional
free parameter (with a wide flat prior probability distribu-
tion). We use the code MONTEPYTHON [46] with the
PYMULTINEST [47] implementation of nested likelihood
sampling [48–50]. [For the case of no DM-proton inter-
actions (vanishing coupling coefficients), we recover
ΛCDM parameter values and constraints consistent with
Planck published results [30] (to within 0.14σ).] We repeat
the fitting procedure for a range of 8 fixed DM mass values
between 1 keV and 1 TeV for spin-independent and for
spin-dependent interactions. (We choose to fix the mass,
rather than to sample it as a free parameter, purely for
computational reasons. The results are not affected by this
choice; an equivalent approach would be to vary the mass
as a free parameter and report the 95% confidence-level
contours of the marginalized posterior in mass-cross
section parameter space as an exclusion curve.) We find
no evidence for DM-proton scattering in the data, and thus
derive 95% confidence-level upper limits on cSIp and cSDp as
a function of DM mass. We then convert these results into
upper limits on the corresponding interaction cross sec-
tions; the resulting exclusion curves are shown and

PHYSICAL REVIEW LETTERS 121, 081301 (2018)

081301-3



compared to previous results (The results of Ref. [36] are
only valid for mχ ≫ mp. The slope of their constraint starts
to deviate noticeably from our exact calculation at
∼50 GeV.) in Fig. 1. For the spin-independent interaction,
we exclude cross sections greater than 5.3 × 10−27 cm2 for
1 keV, 3.0 × 10−26 cm2 for 1 MeV, 1.7 × 10−25 cm2 for
1 GeV, and 1.6 × 10−23 cm2 for 1 TeV DM particle
mass. To illustrate the effect of scattering, Fig. 2 shows
the percent difference in the CMB temperature power
spectrum between the ΛCDM model and a model with
spin-independent DM-proton scattering.
Most of the constraining power in this analysis comes

from the temperature measurements. The scattering signal
appears as a similar suppression of power at high multi-
poles in the case of lensing and polarization, but since the
small-scale anisotropy in these observables is not measured
with high enough accuracy with Planck, they only con-
tribute to the limits at the level of ∼30%. On the other hand,
while the inclusion of scattering on helium makes only a
modest contribution for sub-GeV DM masses, it improves
the limits by as much as a factor of 6 at high masses
(in Fig. 1, compare the spin-independent limit and spin-
dependent limit; helium contributes only to the former).
This is a consequence of the mass dependence of the
momentum-transfer rate between DM and baryons. With
helium included, the maximal momentum-transfer rate
occurs at a higher mass (by a factor of a few, as compared
to the proton-only case). Given the rapid loss of sensitivity

with increasing mass (see Fig. 1), this shift implies modest
improvements in constraining power at masses around a
GeV, but substantial improvements in the high-mass
regime.
Finally, the scaling of the cross-section constraint with

DM mass depends on two quantities that enter all relevant
evolution equations: Rχ and R0

χ . For heavy DM, both rates
scale as ∼σp=mχ , as does the resulting exclusion curve
shown in Fig. 1; thus, our result can be directly extended
to higher masses by appropriately scaling our reported limit
at 1 TeV. In the low-mass limit, the mass scaling of the rates
is different [see Eqs. (4) and (6)], and the slope of the
exclusion curve is a nontrivial combination of the two
effects.
Conclusions.—We analyze Planck measurements of

temperature, polarization, and lensing anisotropy to per-
form the first cosmological search for dark matter-proton
scattering in the early Universe in the full range of dark
matter masses between 1 keV and 1 TeV. We find no
evidence of such interactions and thus report an upper
bound on the corresponding cross sections, shown in Fig. 1.
This analysis improves upon previous leading CMB limits
by one or more orders of magnitude, for masses where they
were available.
We directly constrain cross sections for dark matter

scattering with protons—the same quantities probed by
direct detection and other experiments that operate at
low energies, but extend to a regime in parameter space
that is inaccessible to current underground experiments.
Additionally, upper limits coming from all experimental
probes seeking to detect dark matter in the Galactic halo
are sensitive to the assumptions about the astrophysical
properties of dark matter particles (their local velocity
distribution and energy density, in particular). The limits
we report directly address cosmological dark matter in
the early Universe and thus sidestep these important
caveats of the local low-energy probes. Therefore, our
result provides highly complementary information on
dark matter interaction physics, and paves the road for
a broad approach to the dark matter problem.
The effect of dark matter interactions is progressively

more prominent at smaller angular scales (see Fig. 2),
making it a prime target of investigation for a number of
existing and upcoming low-noise, high-resolution, ground-
based CMB experiments, such as the Atacama Cosmology
Telescope (ACT) [52], the South Pole Telescope (SPT)
[53], the Simons Observatory [54], and the CMB Stage-4
experiment [55]. We expect a substantial improvement in
the sensitivity of our analysis with data from ground-based
CMB measurements in the near future.
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