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ABSTRACT

We forecast constraints on dark matter (DM) scattering with baryons in the early Universe with upcoming and

future cosmic microwave background (CMB) experiments, for DM particle masses down to 15 keV. In terms of the

upper limit on the interaction cross section for a velocity-independent spin-independent elastic scattering, compared

to current Planck results, we find a factor of ∼6 improvement with CMB-Stage 3, a factor of ∼26 with CMB-Stage 4,
and a factor of ∼200 with a cosmic-variance limited experiment. Once the instrumental noise reaches the proximity

of 1 µK-arcmin, the constraints are entirely driven by the lensing measurements. The constraints benefit from a wide

survey, and show gradual improvement for instrumental noise levels from 10 µK-arcmin to 1 µK-arcmin and resolution

from 5 arcmin to 1 arcmin. We further study degeneracies between DM interactions and various other signatures of
new physics targeted by the CMB experiments. In the primary temperature and polarization only, we find moderate

degeneracy between the effects of DM scattering, signals from massive neutrinos, and from the effective number of

relativistic degrees of freedom. The degeneracy is almost entirely broken once the lensing convergence spectrum is

included into the analyses. We discuss the implications of our findings in context of planned and upcoming CMB

measurements and other cosmological probes of dark-sector and neutrino physics.

Corresponding author: Zack Li

zequnl@astro.princeton.edu

http://orcid.org/0000-0002-0309-9750
mailto: zequnl@astro.princeton.edu


2 Li et al.

1. INTRODUCTION

The particle nature of dark matter (DM) is un-

known, and many experiments and observations are

designed to search for signs of its non-gravitational

interactions. At low energies, most notably, direct
DM searches which rely on nuclear-recoil measure-

ments in low-background underground experiments

place strong bounds on DM interactions with the Stan-

dard Model, for DM particle masses above a GeV

(Cushman et al. 2013; Aprile et al. 2017). Such ex-
periments will push the bounds to even lower values

in the near future (Frederico Pascoal da Silva 2017;

Angloher et al. 2016). However, the range of DM

masses and cross sections that direct detection can
currently probe is limited, and new strategies are be-

ing devised to sidestep these limitations (Essig et al.

2012, 2017; SuperCDMS Collaboration et al. 2017;

Zaharijas & Farrar 2005; Angloher et al. 2016; Shafi Mahdawi & Farrar

2017; Emken & Kouvaris 2017).
Cosmological data such as the measurements of

the cosmic microwave background (CMB) and large

scale structure (LSS) provide insight into DM physics,

and are sensitive to high cross sections and the full
range of masses down to sub-GeV particles—all of

which are inaccessible to most other low-energy ex-

periments. The main effect of DM-baryon scat-

tering on cosmological observables is suppression

of structure at small scales. The strongest limits
on DM-baryon scattering in the early universe cur-

rently come from Planck CMB measurements and

Sloan-Digital-Sky-Survey Lyman-α-forest measure-

ments (Gluscevic & Boddy 2017; Boddy & Gluscevic
2018; Xu et al. 2018; Slatyer & Wu 2018). Upcoming

measurements from Stage-3 experiments (which we re-

fer to as CMB-S3 in the following) such as AdvACT

(Thornton et al. 2016) and SPT-3G (Benson et al.

2014), and future experiments such as the Simons Ob-
servatory (Simons Observatory 2018) and CMB Stage-4

(CMB-S4) (CMB-S4 Collaboration 2016), will measure

small-scale anisotropy with a substantially higher preci-

sion than Planck (CMB-S4 Collaboration 2016), and
will thus enable a substantial improvement in con-

straining DM interaction physics. Furthermore, in

the regime where DM is strongly coupled to baryons

(at high redshifts, for a velocity-independent interac-

tion), the effect of scattering resembles increasing the
inertia of the baryon fluid, which in turns reflects as

a shift of all CMB acoustic peaks in both tempera-

ture and polarization power spectra, towards higher

multipoles (Boddy & Gluscevic 2018; Chen et al. 2002;
Sigurdson et al. 2004). Thus, even the improvement

of CMB measurements at large and moderate angular

scales can contribute to a better constraint on DM-

baryon scattering, in particular by achieving better

resolution of the acoustic peaks in polarization.

In this work, we forecast the sensitivity of upcom-
ing and future CMB measurements to constrain the

DM-baryon scattering cross section, for DM masses

down to 15 keV; we concentrate on the case of velocity-

independent spin-independent elastic scattering–the pri-

mary interaction considered by many low-energy DM
experiments (Gaitskell 2004). In terms of the cross

section limit, compared to current Planck results in

(Gluscevic & Boddy 2017; Boddy & Gluscevic 2018),

we find a factor of ∼6 improvement with CMB-S3, a
factor of ∼26 with CMB-S4, and a factor of ∼200 for a

cosmic-variance limited experiment. The improvement

is largely driven by the CMB lensing power spectrum

measurement: we find that the addition of lensing ren-

ders our projected upper limits 4 to 6 times lower com-
pared to the analysis of the primary CMB anisotropy

alone.

We further investigate the dependence of the sensitiv-

ity to DM-baryon interactions on experimental design,
and find that maximizing chances for detecting early-

time interactions between DM and baryons with CMB

requires a wide survey with high-resolution measure-

ments of both the primary CMB and the CMB lensing

power spectrum.
Finally, we examine potential degeneracies between

signatures of DM-baryon scattering and other puta-

tive new-physics signals sought by the current and

planned CMB experiments. In particular, we quan-
tify prospects for disentangling effects of DM-baryon

interactions from DM annihilation signals, the signals

from neutrino mass, and the signals from the effective

number of relativistic degrees of freedom, using CMB

measurements alone. Detailed projections for sensi-
tivity of CMB-S3 and CMB-S4 to DM annihilations

and active neutrinos are presented in other literature

(see CMB-S4 Collaboration (2016)), and our forecasts

are in good agreement with previous results. We find
no degeneracy between DM annihilations and other

physical effects considered in this study. Furthermore,

in the primary CMB, we find a moderate degeneracy

between the effects of the neutrino mass, relativistic

degrees of freedom, and DM-baryon scattering. Since
the measurement of the neutrino mass is one of the

primary science targets for the next-generation CMB

experiments (CMB-S4 Collaboration 2016), our find-

ings indicate the need for confirmation of a tentative
signal with observables beyond the primary CMB, in

order to break this degeneracy. For this reason, we par-

ticularly focus on forecasts including the CMB lensing
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power spectrum. We find that lensing-potential power

spectrum measurements at the level of CMB-S4 promise

to break degeneracies between all new physical effects

considered in this study.
In Section 2, we provide a brief overview of the rel-

evant modifications to standard cosmology needed to

capture the effects of DM scattering, neutrino mass, the

effective number of relativistic degrees of freedom, and

DM annihilation on CMB power spectra. In Section
3, we summarize the Fisher information matrix method

that we use in all our forecasting exercises, with some

technical details presented in the Appendix. In Section

4, we present our numerical results. In Section 5, we
make concluding remarks and discuss the implications

of our findings.

2. MODIFICATIONS TO COSMOLOGY

In this Section, we briefly review the basic physics be-

hind DM-proton scattering, massive neutrinos, the ef-
fective number of relativistic degrees of freedom, and

DM annihilation, and their effects on CMB power spec-

tra. In Figure 1, we illustrate the effect of these non-

standard cosmologies on the CMB temperature power

spectrum CTT
ℓ , the E-mode polarization power spec-

trum CEE
ℓ , and CMB lensing convergence power spec-

trum Cκκ
ℓ (Lewis & Challinor 2006). The lensing con-

vergence power spectrum is computed with the linear

matter power spectrum. In this Figure, we show the
fractional residual signal from the ΛCDM power spec-

tra, varying each parameter individually while keep-

ing all other parameters fixed. The values of the rel-

evant parameters controlling the residual signal are set

to their 2σ upper limits derived using only the Fisher
information from the power spectrum of interest us-

ing an experiment with CMB-S4 noise (as described in

Section 4), while fixing all other cosmological parame-

ters to a set of values consistent with Planck -2015 data
(Planck Collaboration et al. (2016), see Table 2 in the

Appendix for more details). In the top panel, we set:

σp = 2.1 × 10−26 cm2,
∑

mν = 0.07 eV, Neff = 3.06,

and pann = 1.4 × 10−7 m3s−1kg−1; ii). In the middle

panel, we set: σp = 2.0 × 10−26 cm2,
∑

mν = 0.065
eV, Neff = 3.05, and pann = 1.4× 10−7 m3s−1kg−1; iii).

In the bottom panel, we set: σp = 8.8 × 10−27 cm2,
∑

mν = 0.08 eV, and Neff = 3.096. The gray dashed

curves represent the 1σ error bars associated with a
CMB-S4-like experiment with 1µK-arcmin noise, and

1.5arcmin beam full-width-half maximum (FWHM), for

the observed multipole range 2 < ℓ < 3000, binned in ℓ

with a bin width of ∆ℓ=50.

2.1. Dark Matter-Baryon Scattering
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Figure 1. Fractional residuals of unlensed CTT
ℓ , CEE

ℓ , and
Cκκ

ℓ . Residuals are shown with respect to the ΛCDM power
spectra, generated with a fiducial cosmology consistent with
Planck -2015 (Planck Collaboration et al. 2016). Modified
cosmologies include—one at a time—the effects from non-
vanishing: DM-proton scattering cross section σp, sum of
the neutrino masses Σmν , non-standard effective number of
relativistic degrees of freedom Neff, and DM annihilation pa-
rameter pann. See text in Section 2 for further details.
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We focus on spin-independent elastic scattering of DM

with protons, with no dependence on relative particle

velocity—a well-studied process described by a simple

contact interaction, arising from, e.g., the exchange of a
heavy scalar or vector mediator (Fan et al. 2010). Such

a scenario is constrained both by Planck measurements

and by null results from direct detection experiments,

for different ranges of DM masses.

Scattering of DM with baryons prior to recombina-
tion leads to momentum transfer and thus a drag force

between the two fluids; this affects density and veloc-

ity perturbations, predominantly at small scales, but it

also changes the global thermal history through modifi-
cations of fluid temperatures due to the friction force.

To compute the CMB power spectra in the non-

standard scenario that accounts for DM-baryon scat-

tering, we use the modified version of CLASS code

(Blas et al. 2011) developed for Gluscevic & Boddy
(2017), with an implementation of the following modi-

fied Boltzmann equations

δ̇χ = −θχ − ḣ

2
, (1)

θ̇χ = − ȧ

a
θχ + c2χk

2δχ +Rχ(θb − θχ), (2)

for DM, and similarly for baryons,

δ̇b = −θb −
ḣ

2
, (3)

θ̇b = − ȧ

a
θb+c2bk

2δb+Rγ(θγ −θb)+
ρχ
ρb

Rχ(θχ−θb), (4)

where δχ and δb are the density fluctuations in DM and

baryons, respectively; θχ and θb are the corresponding

velocity divergences; cχ and cb are the corresponding

sound speeds; ρχ and ρb are the corresponding energy
densities; k is a wave number; a is the scale factor; h is

the trace of the scalar metric perturbation; the overdot

notation refers to a derivative with respect to conformal

time; θγ refers to the velocity divergence for the pho-
ton component; Rγ is a coefficient corresponding to the

usual Compton scattering; and Rχ is the coefficient for

the rate of momentum exchange between the DM and

baryon fluids. The strength of the interaction between

DM and protons is parametrized by a coupling coef-
ficient cp associated with an effective-theory operator

describing the interaction (Fitzpatrick et al. 2013). The

coupling coefficient is related to the momentum-transfer

cross section1 as σp=µ2
χp/m

4
vπc

2
p, where mv≈246 GeV is

1 For brevity, we refer to the momentum-transfer cross section
as simply the cross section, as the two coincide for the interaction
under consideration in this work.

the weak-scale mass (chosen as an arbitrary normaliza-

tion), and µχp is the reduced mass of the DM-proton

system. We ignore scattering with neutrons, and in-

clude scattering on protons inside helium nuclei, follow-
ing (Boddy & Gluscevic 2018). 2 When averaged over

the velocity distributions, the cross section leads to a

momentum transfer coefficient; for scattering on proton,

it is given by

Rχp = N0aρb(1− YHe)
σp

mχ +mp

(

Tb

mp
+

Tχ

mχ

)1/2

, (5)

where N0 ≡ 27/2/3
√
π; Tb and Tχ are the temperatures

of the baryon and DM fluids, respectively; and YHe is

the mass fraction in helium. In the nuclear shell model,

aHe ≈ 1.5 fm parametrizes the size of the nucleus at
hand. The expression for the momentum rate coefficient

for scattering on helium is somewhat more complicated,

since it includes a nuclear form factor which yields veloc-

ity dependence even in our case of the interaction aris-
ing from a velocity-independent operator; we adopt the

approach of Boddy & Gluscevic (2018), and refer the

reader to it for further details on including scattering

on helium. In our case of spin-independent scattering,

the total rate coefficient is the sum over all species of
nuclei that interact with DM—protons and helium nu-

clei. The DM temperature is given as a solution to the

following

Ṫχ = −2
ȧ

a
Tχ + 2R′

χ(Tb − Tχ), (6)

where the heat-exchange coefficient R′

χ is closely related
to the momentum-exchange coefficient, as detailed in

Boddy & Gluscevic (2018). We treat sub-GeV DM par-

ticles, so the Tχ/mχ term in Eq. (5) is non-zero, and we

must solve for DM temperature evolution consistently.
We ignore the back-reaction on the baryon tempera-

ture from scattering, which is negligible when baryons

are tightly coupled to photons. Indeed, in the velocity-

independent scenario considered in this work, the effect

of interactions is dominant only before recombination, so
the back-reaction term is negligible for all times where

scattering is important. We ignore the relative bulk

velocity of the DM and baryon fluids, as it is negligi-

ble at relevant cosmological times (Dvorkin et al. 2014;
Gluscevic & Boddy 2017).

In terms of the CMB observables, the primary effect

of DM-baryon scattering is a suppression of power on

small angular scales (see Figure 1). In addition, scat-

tering changes the baryon speed of sound, shifting the

2 This only affects our results for masses above a GeV, when
scattering with helium becomes important.
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angular scale of the acoustic peaks in the CMB power

spectra. Since the peaks are narrower in multipole space

in the case of the polarization power spectra, we may

expect that polarization can substantially lower the up-
per limits on DM-baryon interaction strength. However,

for Planck ’s noise levels, polarization and CMB lens-

ing power spectrum measurements improve the current

constraints by only ∼30% (Gluscevic & Boddy 2017;

Boddy & Gluscevic 2018). As we show in Section 4.2,
the contribution of lensing and polarization to constrain-

ing DM-baryon interactions will substantially increase

with next-generation experiments.

Finally, scattering of DM with baryons can force the
DM fluid to undergo acoustic oscillations if coupling

is strong at early times, and this produces oscillatory

features and suppression of power on small scales in

the linear matter power spectrum (Boddy & Gluscevic

2018); this effect too can be used to search for ev-
idence of DM interactions with large-scale-structure

observables (Chen et al. 2002; Sigurdson et al. 2004;

Dvorkin et al. 2014). In addition, modifications to the

matter power spectrum imprint on secondary CMB
anisotropies, and can be captured using the power

spectrum of the convergence κ in the lensing field,

reconstructed as a 4-point function from CMB maps

(Hu & Okamoto 2002). In Section 4, we examine sensi-

tivity of both 2-point and 4-point functions to capturing
the effects of DM-baryon scattering. The effect of DM-

proton scattering on temperature, polarization, and the

CMB lensing power spectrum is illustrated in Figure 1.

2.2. Neutrino Mass

The sum of the masses of the three neutrino species,

Σmν , is currently not known, but the differences in the
squared masses have been measured through oscillation

experiments (Patrignani & Particle Data Group 2016).

These mass differences allow for two ways to order the

masses of the neutrino species: a “normal” hierarchy
where the sum of the masses is dominated by one species,

and an “inverted” hierarchy where two neutrino species

are much more massive than the third. In this work, we

assume the normal mass hierarchy, featuring a squared

mass difference of 2 × 10−3 eV2 between two neutrino
species, and a negligible mass difference between the two

lower-mass species.3

3 In the case of inverted hierarchy, the amplitude of the lensing
residual differs from that for the normal hierarchy by a factor of
order unity, while the acoustic peaks in the primary anisotropy
show only minor differences. We thus expect that our main con-
clusions are not strongly dependent on the assumptions about the
mass hierarchy.

Upon decoupling from the thermal bath (at temper-

atures of about 1 MeV), massive neutrinos are ini-

tially relativistic. As the Universe expands, they even-

tually become nonrelativistic and cosmologically indis-
tinguishable from matter (Lesgourgues & Pastor 2006;

Allison et al. 2015); the transition happens at a redshift

znr≈120 × (mν/60 meV) (Ichikawa et al. 2005). How-

ever, unlike cold DM (CDM), once they become nonrel-

ativistic at a redshift of a few hundred, they still have
a finite velocity dispersion (and thus behave like warm

DM). Thus, they do not cluster like CDM and baryons,

on scales smaller than their free-streaming length (1/kfs,

the typical distance a neutrino travels in a Hubble time
before scattering). For modes k ≫ kfs, they do not

contribute to the fluctuations in the source potentials,

but they still contribute to the Hubble expansion rate

through their energy density. Hence, neutrino mass af-

fects both the expansion history and the evolution of
perturbations: the matter fluctuations grow slower in

presence of neutrino mass, resulting in a scale-dependent

suppression of gravitational potentials and of the matter

power spectrum, relative to a cosmology with massless
neutrinos.

The effects of non-vanishing neutrino mass are im-

printed on both the primary CMB anisotropy and in the

amount of gravitational lensing of the primary CMB.

Indeed, as photons leave the last-scattering surface at
z = 1100, they undergo deflections as they pass through

growing gravitational potentials of matter fluctuations;

in a cosmology with massive neutrinos, suppressed mat-

ter fluctuations lead to a reduction in the amount of lens-
ing the CMB experiences. At the level of the temper-

ature and polarization power spectra, lensing appears

primarily as a smearing of the acoustic peaks, and an

increase in power at high ℓ multipoles. The presence

of massive neutrinos shows up as a reduction in the
amount of peak smearing and a reduction of power at

small angular scales, in the 2-point functions (TT , EE,

and TE), as compared to the ΛCDM case. Additionally,

massive neutrinos are more directly probed through the
lensing convergence power spectrum Cκκ

ℓ , reconstructed

from CMB maps as a 4-point function (Hu & Okamoto

2002). To compute the effect of Σmν on the CMB power

spectra, we use the existing implementation of “non-cold

dark matter relics” in CLASS; we illustrate these effects
in Figure 1.

2.3. Effective number of relativistic species

If there are additional relativistic degrees of freedom

in the early Universe, their contribution to the radiation

energy density ρrad can be parameterized by the effective
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number of relativistic species Neff as

ρrad =

[

1 +Neff

7

8

(

4

11

)4/3
]

ργ , (7)

where ργ represents the energy density of the CMB

photons. In the Standard Model, Neff=3.046 ac-
counts for the three massless active neutrinos; a

departure from this value would imply presence of

new relativistic particles. Such presence would im-

pact both the overall expansion history and the evo-
lution of perturbations; the dominant effect would

arise from increasing the expansion rate around the

time of recombination, which would shift the acoustic

peaks to larger angular scales, and suppress power on

scales that entered the sound horizon prior to recom-
bination (Bashinsky & Seljak 2004; Hou et al. 2013;

Lesgourgues et al. 2013; Baumann et al. 2017). In

terms of the CMB lensing power spectrum, the main ef-

fect comes through the suppression of power that results
from shifting matter-radiation equality to later times.

In this work, we assume the new relativistic species is

free-streaming, and utilize the implementation of Neff

already present in the CLASS code; the effects of Neff on

the CMB power spectra are illustrated in Figure 1.

2.4. Dark Matter Annihilation

If DM particles annihilate into Standard Model

particles, they can modify the recombination history

of the Universe. Namely, annihilation injects en-

ergy into the pre-recombination photon-baryon plasma
and post-recombination gas and background pho-

tons, which can leave an imprint in the CMB power

spectra. Indeed, large rates of energy injection are

ruled out by observations of the positions of the first

few peaks of the CMB temperature power spectrum
(Planck Collaboration et al. 2016). For much lower

rates of energy injection, the primary effect on the

CMB is due to an effective broadening of the surface

of last scattering, which leads to a suppression of fluc-
tuations at small angular scales. Energy injection from

annihilation also shifts the acoustic peaks in TE and

EE, and enhances EE power at ℓ<500, by effectively

increasing the thickness of the last scattering surface

(Galli et al. 2009; Slatyer et al. 2009; Finkbeiner et al.
2012; Madhavacheril et al. 2014; Green et al. 2018).

While constraints from TT are not expected to im-

prove much with future CMB experiments, there is

considerable room for improvement through more pre-
cise measurements of polarization (Madhavacheril et al.

2014).

Previous studies (Finkbeiner et al. 2012; Madhavacheril et al.

2014) have shown that the effects of an arbitrary annihi-

lation history on the CMB are well captured by a single

parameter pann corresponding to the amplitude of the

first principal component obtained in Finkbeiner et al.

(2012). We parametrize the DM annihilation signal
with pann, such that the rate of energy deposition per

unit volume and time is given by

(

dE

dt dV

)

ann

= pann(z)c
2Ω2

DMρ2c(1 + z)6, (8)

where pann(z)=pannf(z), and f(z) represents the

redshift-dependent first principal component; ΩDM is

the energy density in DM. The CLASS code already
implements DM annihilations in the thermodynam-

ics module, which integrates the ionization and mat-

ter temperature in the case where pann(z) is constant

(Giesen et al. 2012). In order to apply the “universal”

redshift dependence, we modify CLASS to include f(z)
from Finkbeiner et al. (2012) in combination with the

on-the-spot approximation, in which we assume that

DM annihilation deposits energy instantaneously into

the local plasma. The resulting effect of DM annihila-
tions on the CMB power spectra is illustrated in Figure

1. We note that the annihilation signal makes virtually

no impact on the lensing convergence signal, so we omit

the corresponding line from the bottom panel of this

Figure. We also note that the signals in polarization
and temperature are of similar amplitudes since a fu-

ture S4-like experiment will have similar constraining

power in both temperature and polarization.

3. FORECASTING METHOD

We now describe our method for forecasting the sensi-

tivity of various CMB experiments to detecting physical
effects described in the previous Section, and we sum-

marize experimental parameters and assumptions used

in all our numerical analyses.

3.1. Fisher Formalism

We use Fisher formalism and compute Fisher-

information matrices whose components are given by

(Eisenstein et al. 1999; Coe 2009; Wu et al. 2014)

Fij =
∑

ℓ

2ℓ+ 1

2
fskyTr

(

C−1
ℓ (~θ)

∂Cℓ

∂θi
C−1
ℓ (~θ)

∂Cℓ

∂θj

)

, (9)

where fsky is fractional sky coverage; Tr stands for the

trace of a matrix; ~θ represents the vector of model pa-

rameters, which we fit for when analyzing data; Cℓ’s
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represent our data set; and the covariances are given by

Cℓ ≡









CTT
ℓ +NTT

ℓ CTE
ℓ 0

CTE
ℓ CEE

ℓ +NEE
ℓ 0

0 0 Cκκ
ℓ +Nκκ

ℓ









.

(10)

We assume a white-noise power spectrum NXX′

ℓ for ef-

fective noise, where XX ′ ∈ {TT,EE, TE}, is given by

NXX′

ℓ = s2exp

(

ℓ(ℓ+ 1)
θ2FWHM

8 ln 2

)

, (11)

the resolution of the experiment in arcmin is θFWHM; s
is the instrumental noise in temperature; and

√
2s the

noise in polarization. We neglect the off-diagonal Tκ

and Eκ terms, which have very little contribution to

our constraints (Wu et al. 2014).

For the lensing convergence, we use the orphics code
(Madhavacheril & Hill 2018) to calculate the noise spec-

trum Nκκ
ℓ from a minimum variance combination of TT ,

TE, EE, EB and TB quadratic estimators, assum-

ing the CMB B-modes undergo an iterative delensing
procedure. For all experiments, we compute Cκκ

ℓ over

20<ℓ<2500, and assume infinite noise outside this mul-

tipole range. We compute the Planck lensing noise us-

ing temperature and polarization multipoles 2<ℓ<3000.

For CMB-S3 and CMB-S4, we compute with temper-
ature multipoles 300<ℓ<3000 and polarization multi-

poles 300<ℓ<5000 (CMB-S4 Collaboration 2016). Our

cosmic variance limited experiment is assumed to have

zero noise in κκ over the entire reconstructed multipole
range of 20<ℓ<2500. We show the lensing noise esti-

mates in Figure 2. We cross-validated our noise cal-

culation for the CMB-S4 case against the estimates in

(CMB-S4 Collaboration 2016).

To avoid double-counting lensing information in both
Cκκ

ℓ and in the CMB primary anisotropy, we use the

unlensed CTT
ℓ , CTE

ℓ , CEE
ℓ spectra when they are ana-

lyzed in combination with Cκκ
ℓ . A more precise joint

treatment of both the lensed spectra and convergence
is possible, but requires analytic calculation or joint

simulation of CMB 2-point and lensing reconstruction

power spectra to estimate the joint covariance ma-

trix (Benoit-Lévy et al. 2012; Schmittfull et al. 2013;

Peloton et al. 2017). In ignoring the lensing informa-
tion from the CMB primary anisotropy, we have thus

made a conservative forecasting choice.

Furthermore, for the purposes of our Fisher analy-

ses, we do not model nonlinearities in the matter power
spectrum when computing the CMB lensing signal; this

too is a conservative choice. Namely, the nonlinear

power spectrum has a higher small-scale lensing signal

in ΛCDM, so the fractional suppression in the small

0 500 1000 1500

ℓ

10−8

10−6

10−4

C
κ
κ

ℓ

Planck
CMB-S3
CMB-S4

Figure 2. The CMB lensing convergence noise spectrum
Nκκ

ℓ is shown for Planck, CMB-S3, and CMB-S4 experiments
(from top to bottom colored curve on the right-hand side
of the plot, respectively, all dashed lines), compared to the
lensing convergence signal Cκκ

ℓ (solid), computed with pa-
rameters consistent with the Planck -2015 best-fit cosmology
Planck Collaboration et al. (2016) (see Table 2 in the Ap-
pendix). For different experiments, we use the noise levels in
Table 1.

scale matter power from various effects considered in this

work is more evident in a nonlinear treatment. However,
fitting function methods for handling nonlinear evolu-

tion like Halofit (Smith et al. 2003; Bird et al. 2012)

are not calibrated for cosmologies that include neutri-

nos and DM-baryon scattering, and we do not use them
in this work.

To evaluate Fisher matrices, we developed a modified

Fisher-analysis approach, which supplements the stan-

dard Fisher calculation with a covariance-matrix sam-

pling procedure; our method is discussed in detail in
the Appendix. Its purpose is to provide a higher ac-

curacy compared to the standard Fisher method, when

the posterior probabilities are non-Gaussian (like in the

case of σp, as reported in previous data analyses), and
to enable implementation of arbitrary priors on chosen

parameters, while preserving computational speed on a

par with that of the stadard Fisher analyses. We choose

flat priors for all parameters of interest in this study.4,
and we verify the validity of our forecasts by compar-

ing our results with the forecasts obtained by MCMC

methods on simulated data, as discussed in detail in the

Appendix.

4 We note, however, that the choice of prior may pro-
duce order-unity variation in the forecasted upper bounds
(Hannestad & Tram 2017).
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3.2. Experimental Parameters

The noise properties of each of the experiments we

consider in this work are listed in Table 1. When es-

timating Planck noise levels, we follow (Allison et al.

2015), which includes effective TT noise matching
Planck -2015 data release, and TE and EE noise at

their Bluebook values (The Planck Collaboration 2006).

We also consider a generic CMB-S3 experiment, choos-

ing noise parameters to be representative of the reach

of the near-future CMB measurements with AdvACT
(Thornton et al. 2016) and SPT-3G (Benson et al.

2014), featuring a large improvement of sensitivity at

small angular scales (Madhavacheril et al. 2017). Fi-

nally, we consider one possible configuration of the
planned CMB-S4 experiment, which should improve

upon CMB-S3 roughly by an order of magnitude in

effective noise levels, according to the community plan-

ning report of CMB-S4 Collaboration (2016).

Being ground-based observatories, CMB-S3 and
CMB-S4 will have difficulty capturing the largest angu-

lar scales, and will also feature a limited sky coverage.

We thus always consider their measurements in com-

bination with Planck data, especially when analyzing
power spectra at ℓ<100. To avoid double-counting when

performing combined analyses, we use fsky for Planck

that accounts only for the areas of the sky not cov-

ered by the ground-based experiments; this adjustment

is described in the second row of Table 1. We also
produce constraints for a standalone, full-sky cosmic-

variance limited (CV-limited) experiment, in which we

set the noise in temperature, polarization, and lensing

convergence to zero for 2 < ℓ < 5000.

4. RESULTS

We now present projected constraints for the velocity-

independent spin-independent DM-proton scattering,
and review forecasts for other physical effects: effec-

tive number of relativistic degrees of freedom, sum of

the neutrino masses, and DM annihilations, for upcom-

ing and future CMB experiments. In particular, for
CMB-S4, we explore the impact of experimental de-

sign and survey strategy when forecasting sensitivity to

DM interactions. At the end, we quantify degeneracies

between the various signatures of physics beyond the

Standard Model.

4.1. Forecasts for DM-baryon scattering

We start by simultaneously projecting constraints on
the standard cosmological parameters (baryon density

Ωbh
2, DM density ΩDMh2, the Hubble parameter h,

the reionization optical depth τreio, the amplitude of

the scalar perturbations As, and the scalar spectral

index ns), along with the coupling constant cp for

velocity-independent spin-independent DM-proton scat-

tering. We consider three experiments: a mock version

of Planck, CMB-S3, and CMB-S4. We analyze CMB pri-
mary temperature and polarization anisotropy captured

by the unlensed TT , EE, and TE power spectra, in con-

junction with the lensing convergence power spectrum.

As our fiducial model, we choose the null-case best-fit

Planck -2015 ΛCDM cosmology, with three massless ac-
tive neutrinos, no DM-baryon interactions and annihi-

lations, and no new relativistic particles. For a study

case of 1 GeV DM particle, we obtain the following 2σ

upper limits on the coupling coefficient:

cp <



























4.4× 106 (Planck)

1.8× 106 (CMB-S3)

0.9× 106 (CMB-S4)

0.3× 106 (CV-limited)

(12)

and in terms of the scattering cross section:

σp

cm2
<



























16× 10−26 (Planck)

2.6× 10−26 (CMB-S3)

0.6× 10−26 (CMB-S4)

0.08× 10−26 (CV-limited)

(13)

The main result of our forecasting exercises for DM-

proton interactions is presented in Figure 3, which

shows the projected 2σ exclusion curves in the cross
section–DM-mass parameter space, for DM masses be-

tween 15 keV and 1 TeV. Our Planck projections are

in good agreement with results from Planck data anal-

yses done in previous studies (Gluscevic & Boddy 2017;

Boddy & Gluscevic 2018).
Figure 4 shows the projected 1σ and 2σ error ellipses

for the standard cosmological parameters and the DM-

proton coupling constant, for the three CMB experi-

ments, assuming a fixed DM particle mass of 1 GeV.
From Figure 4, we see that, for Planck, the coupling

strength cp is most degenerate with the scalar spectral

index ns: the increase in the value of cp leads to a larger

drag force between DM and baryons, producing a more

prominent suppression of power at small angular scales;
an increase in the value of ns can partly compensate

for the suppression by tilting the spectrum. However,

the spectral tilt affects all scales, while the momentum

exchange between DM and baryons produces a scale-
dependent effect. The degeneracy between ns and cp is

thus substantially reduced with better anisotropy mea-

surements at intermediate scales in the case of CMB-S3

experiment, as evident in this Figure.
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Experiment ℓ-range Noise s fsky θFWHM

[µK-arcmin] [arcmin]

Planck

(standalone)

T: 2-2500

P: 30-2500

T: 145,149,137,65,43,66,200

P: -,-,450,103,81,134,406
0.6 33,23,14,10,7,5,5

Planck

(with S3/S4)

T: 2-100

P: 30-100

overlap: 100-2500

· · ·

0.6

overlap: 0.2
· · ·

CMB-S3 T/P: 100-3000 10 0.4 1.4

CMB-S4
T: 300-3000

P: 100-5000
1.0 0.4 1.5

CV-limited T/P: 2-5000 0.0 1.0 N/A

Table 1. The experimental parameters used for our Fisher analyses. Parameters are listed for
CMB-S3 (S3) and CMB-S4 (S4) experiments, and for a mock-version of Planck (Allison et al. 2015;
CMB-S4 Collaboration 2016; Madhavacheril et al. 2017). Planck parameters are chosen depending
on whether it is considered as a standalone experiment, or in combination with S3/S4, to avoid
double-counting of modes. Parameters denoted as “overlap” are used for the fraction of the sky that
is observed by both Planck and the S3/S4 experiment; low multipoles are always analyzed assuming
fsky = 0.6. “T” denotes parameters used for temperature-only Fisher analysis, and “P” corresponds
to the parameters used when polarization is considered. We specify the noise and beam widths
θFWHM for the individual Planck frequency bands, combined with inverse-variance weights.
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2 ]
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CMB-S3
CMB-S4
CV-limited

Figure 3. Projected 2σ upper limits for the DM-proton
scattering cross section for Planck, CMB-S3, CMB-S4, and
cosmic variance limited experiments, obtained assuming a
null signal. Experimental parameters used in Fisher analyses
are listed in Table 1.

The factor of ∼6 improvement in σp constraints with

CMB-S3, as compared to Planck, comes from a com-

bination of improvements in the overall TT noise, as

well as from new small-scale temperature information

from 2500<ℓ<3000. The additional factor of ∼4 be-

tween CMB-S3 and CMB-S4 comes from further im-
provements in small-scale anisotropy measurements, es-

pecially in lensing. To illustrate where the information

on scattering is coming from in the power spectra, we

plot the summands of Eq. (9), in Figure 5 for Planck
(top panel) and CMB-S4 (bottom panel). The diagonal

elements of the Fisher information matrix shown in this

Figure correspond to the inverse covariance of the pa-

rameter σp (ignoring correlations between parameters),

and thus serve as a proxy for constraining power on that
parameter in a given experiment. For the case of Planck,

Fisher information is dominated by temperature at all

angular scales; contribution from polarization is only

significant at ℓ.1000, while contribution from lensing
is negligible. However, as we discuss in Section 4.3, the

lensing information reduces degeneracies between DM

scattering and other parameters. This changes the non-

diagonal terms in the Fisher matrix, and leads to a mod-

erate impact on the marginalized distribution of σp.
For the case of CMB-S4, temperature and polarization

make similar contributions to the constraint; however,

lensing becomes the dominant source of information on

all angular scales (see the bottom panel of the same
Figure). The situation is similar for the cosmic variance-
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Figure 4. Fisher forecasts for the ΛCDM parameters and the coupling coefficient for velocity-independent spin-independent
DM-proton scattering, for Planck, CMB-S3, and CMB-S4 experiments. Shown are the 1σ and 2σ error ellipses (and the
corresponding marginalized 1d posterior probability distributions on the top of each row), computed assuming the best-fit
Planck -2015 cosmology with no DM-proton interactions (zero coupling) as the fiducial model. Experimental parameters used
in Fisher analyses are listed in Table 1.

limited experiment, with information primarily coming

from the small scale lensing power spectrum.

To further quantify the information captured by lens-

ing of the primary CMB, we repeat our Fisher analyses
without κκ, first using only the unlensed and then us-

ing only the lensed temperature and polarization power

spectra. We find that there is considerable information

in just the lensed CMB, even without the convergence

power spectrum. In particular, for Planck, the analy-

sis of lensed power spectra yields a constraint tighter

by ∼15%, compared to the analysis that uses unlensed

spectra. For CMB-S3, we find a factor of ∼2.6 improve-
ment, and for CMB-S4, a factor of ∼3.8. For Planck,

forecasts obtained using the lensed CMB primary are

within 7% of those obtained using unlensed CMB com-

bined with the lensing convergence. With CMB-S4, the
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Figure 5. [Top:] Comparison of temperature and polariza-
tion contributions toward Fisher information for DM scatter-
ing [summands in Eq. (9)] are shown for an experiment with
Planck specifications. At small angular scales, the suppres-
sion of power in temperature dominates the overall DM scat-
tering signal; at large angular scales, the signal comes pri-
marily from shifts in the acoustic peaks and polarization sig-
nificantly contributes Fisher information. [Bottom:] Same
as top panel, except for a CMB-S4 experiment. In this case,
the lensing-convergence power spectrum dominates sensitiv-
ity at all angular scales.

difference reaches a factor of ∼2. From these compar-

isons, it may seem sufficient to conduct parameter es-

timation with the lensed CMB alone, in order to cap-
ture most of the information on σp. However, in Section

4.3 we show that the Cκκ
ℓ spectrum carries essential in-

formation that breaks degeneracy between DM-baryon

scattering and other signatures of new physics.

4.2. Dependence on Experimental Design

100 101

Noise [µK-arcmin]

10−27

10−26

10−25

σ
p
[c
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2 ]

mχ = 1 GeV
mχ = 1 MeV

Figure 6. Projected 2σ upper limits on the DM-proton
scattering cross section as a function of the detector noise
level, for a CMB-S4 experiment with a fixed beam width of
θFWHM=1.5 arcmin, and a fixed sky coverage of fsky=0.4.
Projections are shown for two DM particle masses, as de-
noted in the legend.
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Figure 7. Projected 2σ upper limits on the DM-proton
scattering cross section as a function of detector beam width
θFWHM, for a CMB-S4 experiment with a fixed tempera-
ture noise level of 1 µK-arcmin, and a fixed sky coverage of
fsky=0.4. Projections are shown for two DM particle masses,
as denoted in the legend.

To understand how sensitivity to DM-baryon scatter-

ing depends on the design and survey strategy of fu-

ture ground-based experiments, we focus on a CMB-

S4-like survey. We first show the projected 2σ upper
limit on the scattering cross section in Figure 6, for a

fixed beam size of θFWHM = 1.5 arcmin, and fractional

sky coverage of fsky=0.4; the projected upper limits are

shown for a range of experimental noise levels, assum-
ing white Gaussian noise, for 1 GeV (solid) and 1 MeV

(dashed) DM particle mass. We see that, regardless

of the mass, decreasing the noise from 10µK-arcmin to

1µK-arcmin secures a factor of ∼3 improvement in con-
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Figure 8. Projected 2σ upper limits on the DM-proton scat-
tering cross section for a CMB-S4 experiment, as a function
of sky coverage and experimental noise, where the squared
detector noise level divided by sky fraction is kept constant,
to represent a survey of a fixed duration.

straining power (for a fixed resolution and sky coverage).

The dependence of the projected sensitivity on the res-

olution θFWHM is shown in Figure 7. For θFWHM larger

than ∼6 arcmin, the TT measurement becomes noise
dominated at ℓ < 3000; since the effect of DM-baryon

scattering is most prominent at small angular scales, re-

ducing the beam size below this level leads to a large

improvement in sensitivity. For a beam smaller than 5
arcmin, all multipoles considered in our Fisher analy-

ses become signal-dominated, and further reduction in

the beam size has no further impact on projected sen-

sitivity; this corresponds to the saturation of the upper

limits on the left-hand-side of Figure 7. Finally, in Fig-
ure 8, we show 2σ limits on the cross-section, for a fixed

ratio of squared noise and sky coverage, chosen to rep-

resent a fixed survey duration. The results shown in

this Figure demonstrate that wide coverage of the sky
benefits searches for DM-baryon interactions more than

availability of deep observations of small patches of the

sky.

4.3. Distinguishing signals

Many signatures of new physics discussed in Section 2
constitute prime science targets of the next-generation

CMB experiments like the Simons Observatory and

CMB-S4. We now examine possible degeneracies be-

tween such signals by performing a joint Fisher fore-
cast that includes the standard cosmological parameters

(as we did in Section 4), and the parameters describing

DM-baryon interactions σp, DM annihilations pann, the

sum of the neutrino masses Σmν , and the effective num-

ber of relativistic species Neff—all at once. We assume

CMB-S4 experimental parameters given in Table 1 and

choose a fiducial cosmology with the best-fit Planck -

2015 ΛCDM parameters; we set all other parameters to
their null-signal values. The results are shown in Figure

9, for analysis that includes only the lensed power spec-

tra, only the unlensed power spectra, and both the un-

lensed power spectra and the lensing convergence power

spectrum.
In this Figure, we find a moderate degeneracy be-

tween σp and
∑

mν , when either the lensed, or the un-

lensed temperature and polarization power spectra are

analyzed. Interestingly, this degeneracy changes direc-
tion between the lensed and unlensed spectra. In the

unlensed spectra, the signals are positively correlated,

because their effects on the acoustic peaks are out of

phase (see Figure 1). On the other hand, when the

lensed spectra are used in the analysis, the dominant ef-
fect that drives the constraints is the power suppression

at high multipoles. Since both DM-baryon scattering

and the neutrino mass produce similar power suppres-

sion at small angular scales, their effects on the lensed
CMB power spectra are degenerate. However, once the

lensing convergence power spectrum is included in the

analysis, the degeneracy between σp and Σmν is entirely

broken, for CMB-S4 noise levels, as may be expected

from Figure 1.
Furthermore, we find a significant degeneracy between

σp andNeff in both the lensed and unlensed temperature

and polarization power spectra, which is broken once

Cκκ
ℓ is included into the analysis. This was expected

given that the lensing residuals shown in Figure 1 dis-

play a very different scale dependence of power suppres-

sion in the two cases: DM-baryon interactions have a

progressively larger impact on smaller scales, unlike the

relativistic degrees of freedom which equally impact all
small scales. Similarly, inclusion of the lensing conver-

gence alleviates the degeneracy between Neff and
∑

mν ,

although to a lesser degree, since the two signals are

more alike [see again Figure 1]. Finally, the power sup-
pression from DM annihilations has a much weaker scale

dependence at high ℓ than both neutrinos and DM scat-

tering with baryons, and is thus easy to distinguish from

all other physical effects we discuss here, using either the

primary anisotropy, or the lensing measurements.

5. DISCUSSION AND CONCLUSIONS

We presented forecasts for CMB constraints on the
spin-independent velocity-independent elastic scattering

of DM with baryons, for DM particle masses down to 15

keV; we considered a variety of planned and future CMB

experiments. The scattering signal predominantly ap-
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Figure 9. Projected 1σ error contours for CMB-S4 experiment, for DM-baryon scattering cross section σp, DM annihilation
parameter pann [defined in Eq. (8)], the sum of the neutrino masses Σmν , and the effective number of relativistic species Neff.
We assume zero fiducial values for pann and Σmν , and set fiducial σp=1.6×10−25 cm2, close to its current 2σ upper limit from
Planck, fixing the DM particle mass to 1 GeV. We set the fiducial value of Neff to 3.046. Different contours correspond to the
stand-alone analysis of unlensed (black) or lensed (blue) temperature and polarization power spectra, or to a joint analysis of
the unlensed primary anisotropy together with lensing convergence (orange).

pears as a progressively stronger suppression of power on

small angular scales in the primary CMB and the CMB

lensing power spectrum. We found that high-resolution

ground-based CMB experiments can deliver a substan-
tial improvement in sensitivity to detecting DM-baryon

scattering: CMB-Stage 3 could reduce the current up-

per limits on the interaction cross section by a factor

of ∼6 as compared to the results from Planck ; CMB-

Stage 4 could deliver a factor of ∼26 improvement; and

a CV-limited experiment, a factor of ∼200. While the

temperature anisotropy drives the current constraints,

future limits will be dominated by the information from

the lensing convergence power spectrum measurements
(which in turn will be dominated by measurements of

CMB polarization). In addition, we found that CMB

searches for DM-baryon interactions benefit from wide

surveys that maximize sky coverage at a fixed survey

duration.
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Various measurements relating to the neutrinos and

the dark sector are core scientific goals of the next-stage

CMB experiments. Given the challenges for determin-

ing the absolute mass scale of neutrinos in laboratory
experiments, the first measurement of the sum of their

masses, for example, is likely to come from these obser-

vations (Drexlin et al. 2013). Furthermore, DM-baryon

interaction strengths and particle masses probed by cos-

mological measurements lie in a complementary por-
tion of the parameter space outside the lamppost of

the most sensitive DM direct detection searches. It is

thus plausible that some of the first signs of new physics

beyond the Standard Model may come from cosmolog-
ical observations. In light of this, it is important to

understand whether different new-physics effects com-

monly considered in the literature are distinguishable

from each other Calabrese et al. (2011). Exploring this

question, we found a moderate degeneracy between DM-
baryon scattering, the effective number of relativistic

species, and the sum of the neutrino masses, when ei-

ther only the lensed or only the unlensed TT , TE, and

EE power spectra are analyzed with a Fisher-forecasting
method. This degeneracy is almost entirely broken once

the lensing convergence spectrum is considered. This

finding may serve as a guideline for future data analy-

ses: for example, if the DM-proton scattering cross sec-

tion is non-vanishing, it can bias neutrino mass measure-
ments towards higher values, assuming only the primary

anisotropy is considered; put another way, potential in-

consistencies in parameter estimation from the primary

and secondary anisotropy in future data sets could be a
signpost for a complex set of new-physics signals in the

CMB data.

Tracers of the large scale structure (LSS) and the mat-

ter power spectrum, such as the Lyman-α forest, Baryon

Acoustic Oscillations, galaxy cluster counts, and other
measurements targeted by the present and future sur-

veys —DES (The Dark Energy Survey Collaboration

2005), LSST (LSST Science Collaboration et al. 2009),

DESI (DESI Collaboration et al. 2016)—are not con-

sidered in this study, but could further advance the
sensitivity of cosmological searches for new physics by

measuring small scales inaccessible to the CMB. When

considering the LSS observables, it will be particularly

important to account for non-linear structure evolution,

which we neglected in this work. While this simplifying
choice may have minor impact on forecasts derived using

the CMB lensing-convergence power spectra, a careful

inclusion of non-linearities using schemes optimized for

these modified cosmologies will be essential when con-
sidering the LSS observables. Forecasts for the LSS

surveys paralleling those presented in this study for the

next-stage CMB, and a consideration of the combined

CMB and LSS analyses that will help further break de-

generacies between different signals of new physics are
a worthwhile exercise left for future work.
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APPENDIX

A. MODIFIED FISHER FORECASTING: PRIORS

The quadratic dependence of the power-spectra sig-

nal on the coupling of the DM particles with protons—a
parameter of interest for the main forecasting exercises

presented in this work—forced us to modify our Fisher

analysis in order to avoid linear dependence of the fore-

casts on the fiducial value of the coupling and to cap-
ture the non-Gaussian shape of the posterior at hand.

We now discuss this new method, which is computa-

tionally efficient, while producing posteriors in excellent

agreement with outputs from MCMC. We validated it

against the mock-likelihood analyses using the Monte

Python code (Audren et al. 2013).
The derivative of Cℓ with respect to cp approaches

zero when cp approaches zero. This makes it impossible

to forecast constraints on the coupling constant using a

zero fiducial value, as a zero derivative corresponds to an
infinitely poor constraint on cp. Furthermore, previous

data analyses indicated that the posterior for cp is not

Gaussian, which violates the assumptions of the usual

Fisher matrix analysis. The brute-force solution is to
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make forecasts with Monte Carlo using mock likelihoods,

but such methods can be computationally expensive.

We address this problem by introducing a reparametriza-

tion that ensures a Gaussian posterior and linear depen-
dence of observables on the parameter—we convert the

coupling constant into a cross section σp∝c2p (see Sec-

tion 2.1). We then compute the Fisher matrix for the

cross section, and then transform back to the coupling

by numerically sampling with the covariance matrix
and transforming each parameter value appropriately.

Priors can change under this transformation, so the

original priors are restored by reweighting the samples.

The algorithm for this procedure is as follows:

1. Compute Cℓ derivatives and a Fisher matrix for

parameters with approximately Gaussian posteri-

ors; in our case, these are the usual ΛCDM param-

eters and σp.

2. Obtain a covariance matrix by inverting the Fisher

matrix.

3. Numerically sample a multivariate Gaussian from

this covariance matrix.

4. Apply priors by weighting the numerically gener-

ated sample of parameters.

5. Transform the sample values of σp back to cp in

order to estimate marginalized probability density

for cp.

Priors are in general not invariant under this reparametriza-
tion. In our case, a flat prior in cp translates to a 1/σ2

p

prior on σp. This choice of prior can affect the forecast

by a factor of order unity. We choose a 1/σ2
p prior on σp

in order to reproduce previous analysis on Planck data
(Gluscevic & Boddy 2017; Boddy & Gluscevic 2018)

which used a flat prior on cp.

In order to handle a strictly non-negative cross section,

we use a parametrization which reduces to our prob-

lem after applying a prior that the cross section is non-
negative. This is necessary since a non-negative cross

section violates regularity conditions for the Cramer-

Rao bound, as part of parameter space in the neigh-

borhood of the fiducial is missing. In our specific case,
we choose a reparametrization with a “cross section” pa-

rameter σ̄p that is allowed to be negative, where negative

cross sections are the negative of the effect of positive

cross section. Defining ∆CXY
ℓ (σ̄p) to be the derivative

of CXY
ℓ at the fiducial parameter values, we have

∆CXY
ℓ (σ̄p) = sgn(σ̄p)∆Cℓ(σp). (A1)

When we apply priors, we assign zero weight to samples

which have negative σ̄p in order to obtain a constraint

on σp.

Parameter Fiducial Value Step Size

Ωbh
2 0.0222 1%

ΩDMh2 0.120 1%

τreio 0.06 1%

h 0.69 1%

As 2.2× 10−9 1%

ns 0.966 1%

σp (cm2) 0 2× 10−26(mχ/GeV)0.15

Σmν (eV) 0.06 0.02

pann 0 10−7

Neff 3.046 0.08

Table 2. Fiducial values and step sizes used for the
Fisher information matrices computed in this work. The
ΛCDM parameter step sizes are all set to 1% of the cor-
responding fiducial values, but the other fiducial values
are set to zero, so we fix their step sizes to finite values.
The derivatives for the usual ΛCDM parameters (Ωbh

2,
ΩDMh2, h, As, ns) are two-sided, and the derivatives for
the extension parameters (σp, Σmν , pann, Neff ) are one-
sided and right-handed. The step for σp is dependent on
DM mass mχ.

To complete the discussion of our modified method,
we now specify our choices of step size in numerically

estimating ∂CXY
ℓ /∂θi for the Fisher matrix. Steps ∆θi

in a parameter θi must be small enough to accurately

estimate ∂CXY
ℓ /dθi, but large enough so that the Boltz-

mann code can differentiate between θi and θi + ∆θi.
We found that a 1% step size worked for the ΛCDM pa-

rameters; we list our step size choices in Table 2. Our

modified version of CLASS has sufficient numerical reso-

lution to use step sizes in the cross section σp for which
the derivatives of the power spectrum converge, but this

step size changes for each DM particle mass. To estimate

the step size needed for derivatives to converge, we be-

gin with a large step and iteratively reduce the step until

the second derivative of Cℓ is sufficiently small. We com-
puted this on a grid of DM particle masses, and found

the required step size can be described as a power law in

the particle mass. We present this power law in Table 2.

This choice of step size leads to DM-baryon scattering
Fisher constraints which are robust to about 20% under

a factor of two change in step size. We also validated

these choices by running MCMC on specific masses, and

found excellent agreement between our Fisher analyses

and MCMC forecasts.
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