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We explore the complementarity between terrestrial neutrino oscillation experiments and astrophysical/
cosmological measurements in probing the existence of sterile neutrinos. We find that upcoming
accelerator neutrino experiments will not improve on constraints by the time they are operational, but
that reactor experiments can already probe parameter space beyond the reach of Planck. We emphasize the
tension between cosmological experiments and reactor antineutrino experiments and enumerate several
possibilities for resolving this tension.
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I. INTRODUCTION

As the precision of neutrino experiments continues to
improve, the importance of interdisciplinary studies grows—
it becomes increasingly possible and imperative to deter-
mine the extent to which the three-neutrino oscillation
framework can simultaneously describe a broad set of
experimental results. In many ways, neutrino oscillations
are already an interdisciplinary endeavor: neutrinos of
different origins (solar, reactor, accelerator, atmospheric,
cosmogenic, etc.) over orders of magnitude of energy have
been studied in a common framework. As a result,
synergies and tensions [1] have arisen between different
sectors and between experiments within the same sector.
Understanding the origins of these tensions is a central
issue.
One proposed solution to some (but not all) of these

tensions is that additional species of neutrinos with eV-
scale masses exist. The evidence driving this derives from
anomalous measurements of electron-neutrino disappear-
ance [2–5] and electron-neutrino appearance [6,7] (see, for
instance, Refs. [8–14] for more details). It is important to
note that this is not a silver-bullet solution to these
anomalies; even among the subset of anomalous exper-
imental results, a consistent description in terms of addi-
tional neutrinos is lacking, as has been explored in, e.g.,
Ref. [12].
In addition to the overall consistency of dedicated

oscillation experiments, astrophysics and cosmology
present stiff challenges to the proposed existence of

additional neutrinos. The literature concerning the role
of sterile neutrinos1 in cosmology is vast; see Refs. [15–25]
and references therein. Introducing these additional, light
degrees of freedom to resolve oscillation anomalies nec-
essarily invokes constraints from an ostensibly discon-
nected field of study. The objectives are to (a) understand
how different sets of constraints complement each other,
and (b) determine the essential characteristics of a solution
to all sets of constraints.
In this work, we focus on the first of these two

objectives. Our goals are to determine how constraints
on sterile neutrinos derived from terrestrial oscillation
experiments translate into constraints on their cosmological
properties and whether these improve on constraints from
dedicated astrophysics/cosmology experiments. The focus
will be on accelerator and reactor (anti)neutrino experi-
ments. Additionally, the observation of coherent elastic
neutrino-nucleus scattering (CEνNS) by the COHERENT
Collaboration [26] has opened a new means by which to
study neutrinos and their interactions [27–31]. We will
consider the sensitivities of several proposed experiments
that rely on this process which exist to test the sterile-
neutrino interpretation of reactor antineutrino anomalies.
This manuscript is organized as follows. In Sec. II, we

review oscillations involving a sterile neutrino and the
terrestrial constraints considered are discussed in Sec. III.
The framework with which we study the cosmology of a
sterile neutrino is presented in Sec. IV, and our results are
given in Sec. V. We offer concluding thoughts in Sec. VI.
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1There is no reason to suspect, a priori, that additional
neutrinos do not possess separate interactions among themselves
or with other particle species. We will assume that additional
neutrinos have no interactions, but use the term “sterile” to refer
to any species that does not have weak interactions.
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II. OSCILLATIONS WITH STERILE NEUTRINOS

Oscillations with three neutrinos can be extended to
include a fourth neutrino by generalizing the 3 × 3
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix to a
4 × 4, unitary matrix, U, whose matrix elements we denote
Uαi with α ¼ e, μ, τ, s and i ¼ 1, 2, 3, 4. We need not
concern ourselves with the parametrization of the entire
matrix (see, for instance, Ref. [32] for more details); the
relevant elements of this matrix, for this study, are

jUe4j2 ¼ s214; ð2:1Þ

jUμ4j2 ¼ s224c
2
14; ð2:2Þ

where we define sij ≡ sinϕij and cij ≡ cosϕij, where ϕij

are the mixing angles that parametrize U.
The probability that a neutrino of initial flavor α (¼ e, μ,

τ, s) propagating in vacuum will be detected2 with flavor
βð¼ e; μ; τ; sÞ is

Pαβ ¼ jδαβ −Uα2U�
β2ð1 − e−iΔ21Þ −Uα3U�

β3ð1 − e−iΔ31Þ
−Uα4U�

β4ð1 − e−iΔ41Þj2; ð2:3Þ

with Δij ≡ 2.54ðΔm2
ij=eV

2ÞðL=kmÞðGeV=EνÞ, where
Δm2

ij ≡m2
i −m2

j is the difference in neutrino masses
squared, L is the distance traveled, and Eν is the energy.
In the limit Δ31;Δ21 ≪ 1, Eq. (2.3) simplifies to

Pαβ ≈ jδαβ −Uα4U�
β4ð1 − e−iΔ41Þj2

¼
(
1 − sin22θααsin2

Δ41

2
ðα ¼ βÞ

sin22θαβsin2
Δ41

2
ðα ≠ βÞ

;

where have employed the effective mixing angles

sin2 2θαα ≡ 4jUα4j2ð1 − jUα4j2Þ; ð2:4Þ

sin22θαβ ≡ 4jUα4j2jUβ4j2: ð2:5Þ

The quantities sin2 2θee and sin2 2θμμ, as well as the mass-
squared splittingΔm2

41, are the primary subjects of this work.
We are interested in scenarios in which only one of the

active-sterile mixing angles is nonzero; in particular, we are
concerned with either nonzero ϕ14ð¼ θeeÞ or ϕ24ð¼ θμμÞ.3
The reason for this is that the formalism we introduce in
Sec. IV relies on the two-flavor-oscillations approximation
in the early universe. This approximation is violated if two

active-sterile mixing angles are simultaneously nonzero; our
framework allows for us to translate bounds on sin2 2θee and
sin2 2θμμ into cosmology parameter space, but not bounds on
sin2 2θeμ. In other words, we study neutrino disappearance
anomalies, but not neutrino appearance anomalies.
When neutrinos propagate through matter, their propa-

gation is altered by a background matter potential [33].
The propagation Hamiltonian receives an additional con-
tribution that is diagonal in the flavor basis, ðδHÞαβ ¼ffiffiffi
2

p
GF × diagðne; 0; 0; 12 nnÞ, where ne and nn are, respec-

tively, the electron and neutron number densities along
the path of propagation. In the mass basis, this potential
becomes ðδHÞij ¼ U�

αiðδHÞαβUβj; it is no longer diagonal,
rendering the mass-basis propagation Hamiltonian simi-
larly nondiagonal. For antineutrinos, we must replace
ðδHÞαβ → −ðδHÞαβ, and U ↔ U�.
Two key assumptions in writing down this matter poten-

tial are (i) that interactions of neutrinos with the background
matter are forward, coherent, and elastic, and (ii) that
neutrinos do not interact with the potential produced by
other neutrinos. There are physical systems in which these
assumptions do not hold—for instance, neutrinos propagat-
ing out of supernovae [34]—and the resulting phenomenon
is referred to as collective oscillations [35]. In Sec. IV, we
discuss another such system: neutrinos in the early universe.

III. TERRESTRIAL CONSTRAINTS ON
A FOURTH NEUTRINO

We discuss the neutrino experiments that we use to
constrain sterile neutrino cosmology. There is a great deal
of activity in the literature regarding searches for a fourth
neutrino (see, for instance, Refs. [8,12,36,37], and refer-
ences therein), but we have chosen a subset that we believe
provides the most value in terms of illuminating the
connection between terrestrial neutrino oscillation experi-
ments and early universe cosmology.

A. Accelerator neutrino experiments

Neutrinos for the MINOS experiment [38,39] are pro-
duced at the Fermilab Main Injector by protons incident on
a graphite target; they are directed toward a near detector
and a far detector that are 1.4 km and 735 km away,
respectively. We show in red the 90% C.L. constraint
derived in Ref. [40].
We also show the sensitivities of two proposed, long-

baseline accelerator neutrino experiments, estimated using
Monte Carlo simulations. The Deep Underground Neutrino
Experiment (DUNE) [41,42] is a proposed 34-kton liquid
argon detector located 1300 km from the Fermilab main
injector. The Hyper-Kamiokande (Hyper-K) experiment
[43–45] consists of two water Cerenkov detectors with a
combined fiducial mass of 0.56 Mton located 295 km from
the Japan Proton Accelerator Research Complex (J-PARC).
We discuss our simulations of these experiments in the

2It is, by hypothesis, not possible to directly detect sterile
neutrino states, as they do not interact with detectors. Instead, one
must infer that neutrinos have converted into the sterile flavor by
observing a reduced interaction rate.

3The first relation is always true, while the second is true only
if ϕ14 vanishes.
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Appendix A. The resulting 95% C.L. sensitivities for
DUNE (long-dashed green curve) and Hyper-K (short-
dashed purple curve) in the sin2 2θμμ − Δm2

41 plane are
shown in Fig. 1.

B. Reactor antineutrino experiments

The Detector of AntiNeutrino based on Solid Scintillator
(DANSS) project [46–48] consists of an array of gadolin-
ium-coated plastic scintillators in an experimental hall
beneath a reactor at the Kalinin Nuclear Power Plant.
The detector is placed in a lifting system that allows the
distance between the reactor and the detector to vary
between 9.7 m and 12.2 m. The cyan curve in Fig. 2
shows the sensitivity (95% C.L.) of DANSS to the presence
of a sterile neutrino as presented in Ref. [48].
The Daya Bay experiment [49] is a collection of eight

antineutrino gadolinium-doped liquid scintillator antineu-
trino detectors observing the antineutrinos produced by
six reactor cores located in southern China. The sensitivity
of Daya Bay to a sterile neutrino was investigated in
Ref. [50], and the resulting exclusion limit (95% C.L.) in
the sin22θee-Δm2

41 plane is reproduced in red in Fig. 2.
An updated dataset has recently been released [51,52], but
a sterile-neutrino analysis has not yet been performed.
The NEOS experiment [53] consists of a single gado-

linium-doped liquid scintillator detector located 24 m from

a reactor core in southwestern South Korea. A sterile
neutrino search was performed in Ref. [53], and the
resulting limit (90% C.L.) is shown in purple in Fig. 2.
The Jiangmen Underground Neutrino Observatory

(JUNO) experiment [54] is a proposed 20-kton liquid
scintillator detector whose primary physics goal is to
determine the neutrino mass hierarchy. The sensitivity of
JUNO to the presence of sterile neutrinos was also studied
in Ref. [54]; the result (95% C.L.) is shown in long-dashed
blue in Fig. 2 assuming a normal hierarchy of both active
and sterile neutrino masses, i.e., assuming the neutrino
masses are ordered m1 < m3 and m1 < m4.
The next few years will see a number of new short-

baseline results from STEREO [55], SoLid [56], and
PROSPECT [57], the first and last of which have already
started collecting data. However, to avoid clutter in Fig. 2
and in our results in Sec. V, we do not consider these in our
analysis. While they will ultimately be competitive in the
Δm2

41 ∼Oð1 − 10Þ eV2 region, they have not yet produced
world-leading limits. Constraints on sterile neutrinos mixing
with νe=ν̄e from radioactive source [58–60], solar [61–72],

FIG. 1. Constraints in the sin22θμμ-Δm2
41 plane from accelerator

neutrino experiments. The red, shaded region is excluded at
90% C.L. by MINOS=MINOSþ. Also shown are the expected
95% C.L. sensitivities of DUNE (long-dashed green curve) and
Hyper-K (short-dashed purple curve). FIG. 2. Constraints in the sin22θee-Δm2

41 plane from the reactor
antineutrino experiments. The shaded regions are currently
excluded by DANSS (cyan, 95% C.L.), Daya Bay (red,
95% C.L.), and NEOS (purple, 90% C.L.). Also shown is the
sensitivity reach of JUNO (long-dashed blue curve, 95% C.L.).
The black, five-pointed start represents the best-fit point from the
global analysis of Ref. [12].
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and carbon-scattering [73,74] experiments can be nontrivial,
but we do not consider these.
A global fit of the 3þ 1 neutrino oscillation framework

to short-baseline oscillation data was recently performed in
Ref. [12]. The authors find that the best-fit point to global
ν̄e disappearance data—including reactor, gallium, solar,
and β-decay experiments—with unfixed reactor fluxes
fΔm2

41; sin
2 2θeeg ¼ f1.3 eV2; 4.04 × 10−2g. This point

is indicated by the black star in Fig. 2.

C. Low-threshold experiments

The possibility of observing active-sterile oscillations
through coherent elastic neutrino-nucleus scattering
(CEνNS) has previously been discussed in Refs. [27–31];
these provide a complementary probe of the sin22θee-Δm2

41

space to reactor antineutrino experiments. In fact, the
experiments that we will consider are also based at nuclear
reactors, but we separate these from those of the previous
subsection because the underlying signal process—CEνNS—
is distinct from inverse beta decay (IBD).
Reference [30] reports a constraint in the sin22θee-Δm2

41

plane from a combined analysis of ν̄e scattering data from
the Krasnoyarsk [75], Rovno [76], MUNU [77], and
TEXONO [78] experiments.4 We reproduce the resulting
exclusion in purple in Fig. 3. This constraint is quite weak
relative to the other experiments in the figure, but it is the
only such analysis that can currently exclude any portion of
this parameter space.
We focus on a subset the many (existing and proposed)

CEνNS experiments [79–86], starting with the RED100
[87] and MINER [88] proposals. The sensitivities of these
experiments to sterile neutrinos were studied in Ref. [30].
Several benchmark scenarios were considered for each of
these experiments; we consider the most aggressive sce-
narios to assess how these experiments fare under the most
optimistic assumptions. We take baselines of 15 m for
RED100 and 1 m for MINER and assume a 100% efficiency
for each. The 90% C.L. sensitivities for RED100 and
MINER are reproduced in dot-dashed red and double-
dot–dashed green curves, respectively, in Fig. 3.
The sensitivity of the COHERENT experiment [26] to

sterile neutrinos has been studied in Refs. [31,86]. However,
COHERENT is more sensitive to a sterile neutrino mixing
with νμ=ν̄μ than it is to mixing with νe=ν̄e. Consequently, we
do not include COHERENT in our analysis. We remark,
however, that near-term expansions to the neutrino program
at the Spallation Neutron Source could yield meaningful new
constraints in this parameter space [89].
Last, we consider the CONUS experiment [90], for

which an official exclusion result does not yet exist. We
estimate the sensitivity of the CONUS experiment to
oscillations involving a sterile neutrino following the

procedures employed in Refs. [91,92]; we present this
analysis fully in Appendix B, but provide some relevant
details here. We consider two benchmark configurations
for CONUS. The first is the nominal CONUS configu-
ration, consisting of 4 kg of natural germanium and a
recoil threshold of 1.2 keV taking data over one year;
we call this configuration “CONUS.” The second is a
more aggressive configuration, consisting of 100 kg of
88% enriched germanium with a threshold of 0.1 keV,
taking data for five years; we call this configuration
“CONUS100.” We also assume that systematic uncertain-
ties will improve from Oð1%Þ down to Oð0.1%Þ. Other
relevant details are summarized in Appendix B.
The resulting sensitivities for the CONUS and

CONUS100 scenarios are shown in long-dashed blue and
short-dashed light blue curves, respectively, in Fig. 3. The
sensitivity of the default CONUS configuration is relatively
weak—it is comparable to existing bounds from ν̄ee
scattering. The CONUS Collaboration has completed their
data taking and is expected to be releasing their results in the

FIG. 3. Constraints in the sin22θee-Δm2
41 plane from low-

threshold experiments. The purple, shaded region is excluded
at 90% C.L. by ν̄e scattering [30]. Also shown are the expected
sensitivities of RED100 (dot-dashed red curve, 90% C.L.),
MINER (double-dot–dashed green curve, 90% C.L.), CONUS
(long-dashed blue curve, 95% C.L.), and CONUS100 (short-
dashed light blue curve, 95% C.L.). The black, five-pointed start
represents the best-fit point from the global analysis of Ref. [12].

4This is, of course, not a CEνNS process, which is why we
have opted to call this class of bounds “low threshold.”
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near future, at which point it will be possible to assess the
quality of the simulation performed here. However, it seems
unlikely that the CONUS experiment will be able to probe
the best-fit region to current short-baseline oscillation data
[12], represented by a black star in Fig. 3.
The projection for CONUS100, however, is much more

optimistic. Our analysis suggests that this experiment
would be able to conclusively probe the parameter space
preferred by short-baseline anomalies and would be com-
petitive with other next-generation CEνNS proposals. We
remind the reader that this configuration is intended to be
more optimistic than could likely be achieved, in order to
demonstrate the extent to which these kinds of experiments
could ultimately probe the cosmology of a sterile neutrino.

IV. COSMOLOGY WITH STERILE
NEUTRINOS

We outline the formalism for studying neutrino oscil-
lations in the early universe in order to keep this manuscript
reasonably self-contained. For a more detailed account, see,
e.g., Refs. [93–100].
In the early universe, neutrino interactions with the

matter background and with other neutrinos render the
description of neutrino oscillations in Sec. II insufficient.
Instead, one must solve for the evolution of the density
matrix ρp⃗ (ρ̄p⃗) that describes an ensemble of neutrino
(antineutrino) states with momentum p⃗. The equation of
motion for ρp⃗ is given by [95–97]

i
dρp⃗
dt

¼ ½Ω0
p⃗; ρp⃗� þ ½Ωint

p⃗ ; ρp⃗� þ C½ρp⃗; ρ̄p⃗�; ð4:1Þ

a similar equation exists for ρ̄p⃗. The Ω0
p⃗ term describes

vacuum oscillations, while Ωint
p⃗ describes the matter poten-

tial, including contributions from other neutrinos. The
collision term C½ρp⃗; ρ̄p⃗� describes incoherent, inelastic
interactions of neutrinos with their environment and with
each other; it contains integrals involving ρp⃗ and ρ̄p⃗, and is
the source of much of the technical difficulty in solving the
evolution of the (anti)neutrino fluid.
To simplify the problem, we consider mixing between

only two neutrinos, which we call active, a, and sterile, s,

�
νa

νs

�
¼

�
cos θ − sin θ

sin θ cos θ

��
ν1

ν2

�
; ð4:2Þ

where θ is the active-sterile mixing angle and ν1 and ν2 are
neutrino mass eigenstates with masses m1 and m2 > m1,
respectively. It is for this reason that we consider only one
of the ϕi4 (i ¼ 1, 2) to be nonzero, and we identify θ ¼ ϕi4
above, depending on which active species is being con-
sidered. Suppressing the subscript p⃗, the two-by-two
matrix ρ can be decomposed as

ρ ¼ 1

2
f0ðP0 þ σ⃗ · P⃗Þ; ð4:3Þ

where σ⃗ is the vector of the Pauli matrices and f0 is the
Fermi-Dirac distribution with vanishing chemical potential.
The evolution of P0 and the Bloch vector P⃗ are governed by

dP0

dt
¼ RðaÞ; ð4:4Þ

dP⃗
dt

¼ ðB⃗þ V⃗ðaÞÞ × P⃗ −DðaÞðPxx̂þ PyŷÞ þ RðaÞẑ; ð4:5Þ

where B⃗≡ ðΔm2

2p Þðsin 2θ; 0;− cos 2θÞ and Δm2 ≡m2
2 −m2

1.

A similar decomposition exists for ρ̄, into P̄0 and ⃗P̄.
The potential V⃗ðaÞ depends on whether νa is electron-

type or muon-/tau-type, as νe has charged-current inter-
actions with a background of electrons that νμ and ντ do
not. The matter potential is [98,100]

V⃗ðaÞ ¼ ðVðaÞ
1 þ VðaÞ

L Þẑ; ð4:6Þ

VðaÞ
1 ¼ −

7π2GF

45
ffiffiffi
2

p
M2

Z

pT4ðnνa þ nν̄aÞga; ð4:7Þ

VðaÞ
L ¼ 2

ffiffiffi
2

p
ζð3Þ

π2
GFT3LðaÞ; ð4:8Þ

where nf is the number density of species f. The constant
ga is either gμ;τ ¼ 1 or ge ¼ 1þ 4 sec2 θW=ðnνe þ nν̄eÞ,
and the lepton asymmetries LðaÞ are given by

LðeÞ ¼
�
1

2
þ 2sin2θW

�
Le þ

�
1

2
− 2sin2θW

�
Lp

−
1

2
Ln þ 2Lνe þ Lνμ þ Lντ ; ð4:9Þ

Lðμ;τÞ ¼ LðeÞ − Le − Lνe þ Lνμ;ντ ; ð4:10Þ

with Lf ≡ ðnf − nf̄Þneqf =neqγ , where neqf is the equilibrium

number density of f. The damping function DðaÞ character-
izes the loss of quantum coherence from interactions with
the background, and, assuming thermal equilibrium, is
approximately given by

DðaÞ ≈
1

2
ΓðaÞ; where ΓðaÞ ¼ CðaÞG2

FT
4p; ð4:11Þ

CðeÞ ≈ 1.27 is used for νe and Cðμ;τÞ ≈ 0.92 is used with νμ;τ
[94]. Last, the repopulation function RðaÞ is given approx-
imately by
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RðaÞ ≈ ΓðaÞ
�
feqðp; μνaÞ

f0
−
1

2
ðP0 þ PzÞ

�
; ð4:12Þ

where feqðp; μνaÞ is the equilibrium Fermi-Dirac distribu-
tion with chemical potential μνa .
It is convenient for numerical evaluation to define the

quantities

P�
i ¼ Pi � P̄i; ð4:13Þ

P�
a ¼ P�

0 þ P�
z ; ð4:14Þ

P�
s ¼ P�

0 − P�
z ; ð4:15Þ

for i ¼ 0; x; y; z. Their evolution is given by

dP�
a

dt
¼ BxP�

y þ Γað2f�eq=f0 − P�
a Þ; ð4:16Þ

dP�
s

dt
¼ − BxP�

y ; ð4:17Þ

dP�
x

dt
¼ −ðBz þ VðaÞ

1 ÞP�
y − VðaÞ

L P∓
y −DðaÞP�

x ; ð4:18Þ

dP�
y

dt
¼ ðBz þ VðaÞ

1 ÞP�
x þ VðaÞ

L P∓
x

−
1

2
BxðP�

a − P�
s Þ −DðaÞP�

y ; ð4:19Þ

where f�eq ≡ feqðp; μνaÞ � feqðp;−μνaÞ.
The standardΛCDMcosmology can be augmentedwith a

sterile neutrino through the introduction of two parameters:
ΔNeff ≡ Neff − 3.046 and meff

sterile ≡ ð94.1 eVÞΩsterileh2.
In Fig. 4, we show the CMB TT power spectrum for the
ΛCDM cosmology, as well as for two benchmark values of
ΔNeff andmeff

sterile; the best-fit points for the six parameters of
the base ΛCDM cosmology are shown in Table I. In Fig. 5,

we show the percent deviation of the two latter scenarios
relative to the former. In both figures, the gray squares
represent the Planck 2015 measurements of the temperature
spectrum and their uncertainties [101].
One can calculate ΔNeff at any point in the evolution of

the Universe via

ΔNeff ¼
R
dxx3feqðx; μ ¼ 0ÞPþ

s ðxÞ
4
R
dxx3feqðx; μ ¼ 0Þ ; ð4:20Þ

where x≡ p=T. Reference [21] discusses two ways in
which the mass of the fourth neutrino,m4, can be related to
meff

sterile. The first is the Dodelson-Widrowmechanism [103],
wherein the two are related via meff

sterile ¼ ΔNeffm4. In this
work, however, we will instead follow Ref. [21] and use the
relation

meff
sterile ¼ ðΔNeffÞ3=4m4; ð4:21Þ

which assumes that sterile neutrinos are produced thermally
in the early universe. We have verified that our results do
not depend strongly on this assumption.
We consider two bounds in the ΔNeff -meff

sterile parameter
space from cosmological data, calculated and presented in
Ref. [104]. The first is a combined analysis of the Planck
2015 CMB temperature and polarization (TT, TE, and EE)

FIG. 4. The CMB TT power spectrum for the base ΛCDM
cosmology and for two benchmark sterile neutrino scenarios.
Curves produced using the CAMB module [102]. The gray
squares represent the Planck 2015 measurements and their
uncertainties [101].

TABLE I. Best-fit parameters to the base ΛCDM cosmology
used to make Figs. 4 and 5, from the “TT;TE;EEþ lowP” fit to
Planck data [101].

Parameter Value

Ωbh2 0.02225
Ωch2 0.1198
100θMC 1.04077
τ 0.079
lnð1010AsÞ 3.094
ns 0.9645

FIG. 5. The percent differences between our benchmark sterile
neutrino scenarios in Fig. 4 relative to the base ΛCDM cosmol-
ogy. The gray squares represent the Planck 2015 measurements
and their uncertainties [101].
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spectra [101], for both high and low l, and baryon acoustic
oscillation (BAO) data [105–107]. Following Ref. [104],
we call this “CMBþ BAO,” shown in dotted gray in Fig. 6.
This limit is similar to, but stronger than, a similar limit
derived in Ref. [21]. The second adds to this the value of
the Hubble constant measured in Ref. [108] as a prior,
as well as Planck cluster [109] and lensing data [110] and
weak lensing data from Ref. [111], which we call “CMBþ
BAOþ other.” This is shown in black in Fig. 6.
The shift in the astrophysical/cosmological limit with the

inclusion of the “other” datasets stems, in part, from tension
in measurements of the Hubble constant; Planck measures a
smaller value [101] than local measurements indicate [108].
The origin of this discrepancy is as of yet unclear, but its
effect is to allow for a modestly larger value of ΔNeff at the
expense of a more stringent limit on meff

sterile. This is to be
expected from, for instance, Figs. 29–31 in Ref. [101]—
larger values of the Hubble constant result in a preference
for larger ΔNeff.
While the most recent Planck data release [112] assuredly

implies a more stringent constraint in this space, we do not
consider it here. In the absence of the Planck 2018 likelihood
function, it is not possible to quantitatively determine how
updated measurements of the local Hubble constant
[113,114] will shift the limit in the ΔNeff -meff

sterile plane.
We note, however, that the discrepancy between local and
cosmological determinations of the Hubble constant persists
in these recent measurements (see Ref. [115]); the resolution
of this puzzle has important implications for constraints on
additional neutrinos [116,117].

We assume throughout that the lightest neutrino mass
vanishes; for a normal neutrino mass ordering, this means
m1 ¼ 0. Furthermore, we have m2 ¼

ffiffiffiffiffiffiffiffiffiffiffi
Δm2

21

p
≈ 0, m3 ¼ffiffiffiffiffiffiffiffiffiffiffi

Δm2
31

p
, and m4 ¼

ffiffiffiffiffiffiffiffiffiffiffi
Δm2

41

p
. The Planck analysis assumes

that any excess in neutrino mass is attributable to a single
additional state—in our case, a sterile neutrino. If m1 > 0
or if neutrino masses were arranged in an inverted hier-
archy, then the constraints in Fig. 6 strengthen.
The primary objective of this work is to translate limits

that oscillation experiments place in the sin22θαα-Δm2
41

plane (α ¼ e, μ) into limits in the ΔNeff -meff
sterile plane.

We do so using the code LASAGNA [100] to solve for the
evolution of the neutrino fluid in the early universe. We use
as inputs the points in the sin22θαα-Δm2

41 plane that
comprise the experimental exclusions and sensitivities.
For each point, LASAGNA calculates the evolution of
the Bloch vector from T ¼ 40 MeV to T ¼ 1 MeV—
roughly the temperature of the Universe at big bang
nucleosynthesis—using the equations of motion in
Eqs. (4.16)–(4.19). We determine ΔNeff via Eq. (4.20)
and use this to calculate meff

sterile using Eq. (4.21). We
assume throughout that the initial lepton asymmetry of
the Universe is zero.
We are careful to distinguish between experiments that

bound sin2 2θμμ and those that bound sin2 2θee because of
differences in νe-νs oscillations and νμ-νs oscillations in the
early universe. The effective lepton asymmetry electron
neutrinos experience is different than for muon neutrinos—
see Eqs. (4.9) and (4.10)—resulting in a different matter
potential. We consider bounds on sin2 2θμμ from accelerator
neutrino experiments and bounds on sin2 2θee coming from
reactor and other low-threshold neutrino experiments; the
cosmological parameter space is the same in each case, but
we underscore that these constitute distinct hypotheses.

V. RESULTS

A. Accelerator neutrino experiments

In Fig. 7, we show the resulting exclusions/sensitivities
in the ΔNeff -meff

sterile plane for accelerator neutrino experi-
ments. Evidently, MINOS=MINOSþ can probe new
regions of the cosmological parameter space—particu-
larly compared to the CMBþ BAOþ other analysis—but
the excursion into untouched parameter space is not quite
as strong as previously reported in Ref. [21]. There, a
bound in theΔNeff -meff

sterile plane fromMINOS was derived
from the analysis of Ref. [118]. This analysis, however,
takes some oscillation parameters to be fixed, including
the solar parameters (Δm2

21 and θ12), the reactor angle
(θ13), and the CP-odd phase δCP. This bound is overly
optimistic; the uncertainties on the fixed parameters are
nontrivial, and ignoring them artificially enhances the
confidence of the final result. Therefore, we advocate that
the red curve in Fig. 1 is a more accurate representation of

FIG. 6. The 2σ C.L. exclusions in the ΔNeff -meff
sterile plane

derived in Ref. [104] for the CMBþ BAO (dotted gray curve)
and CMBþ BAO þ other (black curve) datasets; see text for
details.
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the capabilities of MINOS/MINOS+ as a probe of
neutrino cosmology.
Also shown in Fig. 7 are our projected 95% C.L.

sensitivity limits for DUNE and Hyper-K. These long-
baseline experiments have comparable sensitivity to the
meff

sterile ≲ 10−2 eV portion of the ΔNeff -meff
sterile plane that is

unconstrained by the CMBþ BAO and CMBþ BAOþ
other analyses, while Hyper-K has slightly more sensitivity
than DUNE in the region meff

sterile ∼ 10−1 eV. The upshot is
that these experiments (will) have a capability to cut into a
modest portion of the cosmological parameter space that is
not currently probed by Planck and other astrophysical/
cosmological experiments. Several comments are in order:
(1) These experiments are able to probe new parts of this

parameter space primarily because of their sensitiv-
ities to oscillations with Δm2

41 ∼ 10−2–10−1 eV2 and
sin2 2θμμ ∼ few × 10−2. Moreover, the modest sen-
sitivity that DUNE and Hyper-K will have in the
Δm2

41 ∼ 10−4–10−3 eV2 regime translates into a
substantial sensitivity to meff

sterile ≲Oð10−1Þ eV2.
(2) The inclusion of “other” data with the CMBþ BAO

dataset relaxes the bound on ΔNeff . However,
terrestrial oscillation experiments (will) provide
some coverage in the region in which the cosmo-
logical constraints are relaxed.

(3) While the improved sensitivity is interesting, DUNE
and Hyper-K will not start collecting data until at
least the late 2020s. In the interim, next-generation

projects such as CMB-S4 [119] will continue to
whittle away at the available parameter space; CMB-
S4 is expected to be completed by the mid 2020s.
Even if the latter is delayed, by the time DUNE and
Hyper-K have data to analyze, they will not be able
to substantively probe new parameter space. On the
other hand, should CMB-S4 be able to exclude, say,
nonzero Neff at high confidence, then these terres-
trial experiments may be able to independently
probe whether the relic is a sterile neutrino.

B. Reactor antineutrino experiments

Limits in the ΔNeff -meff
sterile plane from reactor antineu-

trino experiments are shown in Fig. 8, from which we
deduce several important features. The first is that Daya
Bay is (and JUNO will be) able to probe parts of this space
not currently constrained by either cosmological dataset.
However, while DUNE, Hyper-K, and JUNO are still years
away from taking data, Daya Bay can already rule out a
significant portion of the ΔNeff -meff

sterile plane to which
astrophysical/cosmological data are currently insensitive.
This is one of the key conclusions of this work. On the basis
of Fig. 37 in Ref. [112], it is likely that this persists in the
most recent data release from Planck, especially given that
Daya Bay, too, possesses an updated dataset [51,52]. This
is consistent with findings in Ref. [24], where a different set
of astrophysical/cosmological constraints was considered.

FIG. 7. Constraints in the ΔNeff -meff
sterile plane derived from

accelerator experiments: MINOS=MINOSþ (red curve,
90% C.L.), DUNE (long-dashed green curve, 95% C.L.), and
Hyper-K (short-dashed purple curve, 95% C.L.). Note that these
results rely on the assumption that sterile neutrinos are only
produced via nonzero sin2 2θμμ.

FIG. 8. Constraints in the ΔNeff -meff
sterile plane derived from

reactor experiments: DANSS (cyan curve, 95% C.L.), Daya Bay
(red curve, 95% C.L.), NEOS (purple curve, 90% C.L.), and
JUNO (long-dashed blue curve, 95% C.L.). The black, five-
pointed start represents the best-fit point from Ref. [12]. Note that
these results rely on the assumption that sterile neutrinos are only
produced via nonzero sin2 2θee.
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The second feature is that the bounds from DANSS and
NEOS are scarcely visible in this plot; they are compressed
against the boundary at ΔNeff ¼ 1, excluded at high
significance by both the CMBþ BAO and CMBþ
BAOþ other constraints. These experiments dominate
the fit to reactor data that results in the best-fit point
shown, again, by the black, five-pointed star in Fig. 8.
Taking this at face value implies that astrophysics and
cosmology already rule out a sterile neutrino with Δm2

41 ∼
Oð1Þ eV2.

C. Low-threshold experiments

Figure 9 depicts the limits from the low-threshold experi-
ments we have considered. The sensitivity of MINER is
scarcely visible on this plot; the sensitivity of RED100 is
visible, but improves on neither the CMBþ BAO nor the
CMBþ BAOþ other exclusions. Recall that we selected
these specific incarnations of the RED100 and MINER
experiments because they were the most optimistic proposals
for probing the sin22θee-Δm2

41 parameter space. However,
on the basis of Figure. 9, it seems that these experiments will
not offer a fresh perspective on cosmology.
Also included in Fig. 9 are the exclusion from ν̄e

scattering and the sensitivity of CONUS. However, neither

is visible on this plot; these constraints deviate from
ΔNeff ¼ 1 by at most ∼few × 10−5. On the other hand,
CONUS100 is capable of reaching a sliver of the parameter
space to which the CMBþ BAOþ other constraint is
insensitive. However, this configuration has been chosen
to be extremely optimistic—arguably unrealistically so—
and even under these conditions, it is barely able to improve
limits on the cosmology of a sterile neutrino. Moreover, the
most recent Planck data and CMB-S4 would likely render
these experiments totally impotent when it comes to
excluding cosmological parameter space.
These results and those of the previous subsection

present a problem. As we have mentioned, the best-fit
point to the reactor antineutrino anomaly—the black star in
Figs. 8 and 9—is strongly disfavored by the CMBþ
BAOðþ othersÞ datasets. Indeed, we have seen how experi-
ments that either provide evidence for the anomaly
(DANSS, NEOS, etc.) or are designed to probe the anomaly
(RED100, MINER, CONUS100, etc.) are powerless to
challenge the astrophysical/cosmological experiments in
this parameter space. We are then left to question if (and
how) these datasets can be rendered consistent. We enu-
merate a few possible resolutions.
(1) The reactor antineutrino anomaly is an aberration.

Determining the reactor antineutrino flux is a
complicated business; there is no shortage of ways
in which theoretical calculations and experimental
measurements could go awry. See, for instance,
Refs. [120–126] for more details. We note that, of
the reactor experiments we have considered,
DANSS, Daya Bay, and NEOS5 employ a near
detector to reduce flux-related systematics; the
rest, however, depend on theoretical predictions
of the flux.

(2) Our understanding of cosmology is incomplete. This
seems unlikely, but it is not altogether impossible
that something dramatic could have happened in the
early universe that the standard ΛCDM cosmology
does not capture.

(3) The framework we have employed is insufficient.
The two-neutrino approximation is useful to solve
for the evolution of the neutrino fluid, but it may be
missing some important physics. A more complete
calculation would be more intensive, but potentially
worth the effort.

(4) Neutrinos have extra interactions—affecting either
the active or the sterile flavors—that may lead to a
qualitatively different evolution of the neutrino fluid.
This may be due to a new matter potential or because
new degrees of freedom are relevant later in the

FIG. 9. Constraints in theΔNeff -meff
sterile plane derived from low-

threshold experiments: ν̄e scattering (purple curve, 90% C.L.),
RED100 (dot-dashed red curve, 90% C.L.), MINER (double-
dot–dashed green curve, 90% C.L.), CONUS (long-dashed blue
curve, 95% C.L.), and CONUS100 (short-dashed light blue
curve, 95% C.L.). The black, five-pointed start represents the
best-fit point from the global analysis of Ref. [12]. Note that these
results rely on the assumption that sterile neutrinos are only
produced via nonzero sin2 2θee.

5Note that NEOS uses the Daya Bay spectrum to normalize
their antineutrino spectrum. The different effective fuel fractions
at these experiments introduces a small amount of dependence on
the flux model.
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evolution of the Universe (see, for instance,
Refs. [127–130]).

(5) The initial lepton asymmetry of the Universe, L0, is
large, ∼Oð10−3–10−2Þ. This may suppress transi-
tions to the sterile flavor, diminishing its contribu-
tion to meff

sterile and ΔNeff . The LASAGNA module is
well suited to study the evolution of the (anti)
neutrino fluid in the presence of an initial lepton
asymmetry, and this has been studied in Ref. [21];
see also Ref. [131]. We relegate a detailed study to
future work.

Whatever its cause, the observation of this tension is the
other central conclusion of this work. There can be no
satisfactory sterile neutrino solution to the reactor anti-
neutrino anomaly that does not address this tension with
astrophysical and cosmological measurements.

VI. CONCLUSIONS

We have considered the complementarity between ter-
restrial neutrino oscillation experiments—specifically,
accelerator and reactor experiments—and cosmological
experiments in probing the cosmological properties of a
proposed sterile neutrino. Accelerator neutrino experiments
have the potential to improve on current constraints, but
given that these are years away from taking data, it is
unlikely that they will improve on the constraints that will
exist by then. Meanwhile, reactor experiments—Daya Bay,
specifically—are already able to probe parameter space
beyond the reach of cosmological experiments, a feature
that may persist with updated measurements.
We have emphasized the tension between cosmological

constraints and the mild preference for a sterile neutrino
from reactor antineutrino experiments. This is highlighted
by (1) the best-fit point from the global reactor analysis
of Ref. [12] already being strongly disfavored by Planck,
and (2) the inability of upcoming low-threshold neutrino
scattering experiments to probe new parts of the cosmo-
logical parameter space. Several possibilities for resolving
this tension have been enumerated, but we conclude that no
solution to the reactor anomalies can be truly compelling if
it does not address this tension with cosmology.
This analysis presented here is not, strictly speaking,

entirely consistent. Some of the terrestrial experiments we
have considered have been analyzed under the four-
neutrino hypothesis (with only one active-sterile mixing
angle allowed to be nonzero), whereas these bounds on
sterile neutrino oscillation parameters have been translated
into cosmological bounds using two-flavor oscillations.
This could well be a fatal inconsistency—it is logically
possible that the reduction to two-flavor oscillations has
oversimplified the system, so that crucial physics is being
missed. In particular, this framework offers no opportu-
nities to study the LSND [6] and MiniBooNE [7] anoma-
lies, since electron-neutrino appearance requires that two
active-sterile mixing angles be nonzero. A more complete

analysis is required, especially given the tension present in
the sterile-neutrino interpretation of neutrino appearance
and disappearance data [12].
The results of this work are meaningful heuristics, but

that the hypotheses to which they apply—that a sterile
neutrino exists, but that only one possible active-sterile
mixing angle is nonzero—may be too simple to be
physical. Moreover, the separation between electron-type
and muon-type oscillations in our treatment of the neutrino
fluid in the early universe is awkward. A more comfortable
arrangement would be to use bounds on the complete four-
neutrino hypothesis from a variety of experiments simulta-
neously to derive bounds on sterile-neutrino cosmology.
However, the primary limitation of this scheme is that
solving for the evolution of three active and one sterile
neutrino species (and their corresponding antineutrinos) in
the early universe is a technically daunting task.
This work is meant to illustrate the importance of

interdisciplinary studies in neutrino physics. It is not entirely
obvious, a priori, that an experiment such as Daya Bay
can improve constraints in some part of the ΔNeff -meff

sterile
plane, yet we have found this to be the case. In order to keep
this work focused, we have considered only accelerator and
reactor (anti)neutrino experiments and their interplay with
astrophysics and cosmology. Even with the restriction that at
most one active-sterile mixing angle is nonzero, similar
analyses could be performed using (anti)neutrino disappear-
ance results from solar [61–72] or atmospheric [132–134]
experiments, as well as accelerator experiments that we have
not considered [135–139]. These bounds, however, are at
best comparable to, and are generally weaker than, the limits
we have presented.
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Note added.—Since this work first appeared, a calculation of
the evolution of the neutrino fluid using the full 3þ 1
mixing formalism was presented in Ref. [140]. In that work,
the authors find that a sterile neutrino with the properties
suggested by the reactor anomaly would still be fully
thermalized: the mass splittings Δm2

21 and Δm2
31 do not

dramatically affect the production of the sterile neutrino, and
allowing multiple active-sterile mixing angles to be nonzero
does nothing to alleviate this tension (see Figs. 9 and 10 of
Ref. [140]). Consequently, the two-neutrino formalism
employed in this work is not responsible for the tension
between terrestrial and astrophysical experiments.
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APPENDIX A: SIMULATIONS OF DUNE AND
HYPER-KAMIOKANDE

We outline our Monte Carlo simulations of DUNE and
Hyper-Kamiokande from Sec. III, employing similar pro-
cedures to those in Ref. [32] and Ref. [141], respectively.
For DUNE, we assume 3 years of operation each in
neutrino and antineutrino modes using the fluxes, efficien-
cies, and detector resolutions reported in Ref. [41]. We
assume Hyper-K will run for 2.5 years in neutrino mode
and 7.5 years in antineutrino mode, and we use the fluxes,
efficiencies, and detector resolutions reported in Ref. [43].
While Hyper-K is sensitive to atmospheric neutrino oscil-
lations [141], we ignore these in our analysis.
Pseudodata are generated assuming the three-neutrino

framework using the experimental specifics mentioned
above and the neutrino cross sections in Ref. [142]. The
three-neutrino-oscillations parameters used to generate
these pseudodata have been set to their best-fit values in
Ref. [143], shown in Table II. The exception is δCP, which
we have taken to be −π=2; the final sensitivities do not
depend strongly on the assumed value. The pseudodata are
then analyzed under the four-neutrino hypothesis using
the Markov chain Monte Carlo package EMCEE [144].
We marginalize over the octant of θ23 but assume that the
hierarchy will be known by the time DUNE and Hyper-K
start collecting data and that the hierarchy is normal; these
results do not change significantly for the inverted hier-
archy. Gaussian priors are imposed on Δm2

21 ¼ ð7.50�
0.18Þ × 10−5 eV2 and jUe2j2 ¼ 0.299� 0.012. This analy-
sis differs slightly from those of Refs. [32,141] in that ϕ24 is
assumed to be the only nonzero active-sterile mixing angle.
The resulting 95% C.L. sensitivities in the sin22θμμ-Δm2

41

plane are shown in Fig. 1 alongside the constraint from
MINOS=MINOSþ; all other oscillation parameters have
been profiled. The sensitivities of DUNE and Hyper-K for
ϕ14 ¼ 0 are not markedly different from those determined
in Refs. [32,141]. The statistical power of these experiments
is dominated by the νμ=ν̄μ disappearance, which is sensitive
to sin2 2θμμ, whereas the appearance of νe=ν̄e provides
sensitivity to sin2 2θeμ [see Eqs. (2.4) and (2.5)]. When
ϕ14 vanishes, sin2 2θeμ similarly vanishes; there are no

sterile-neutrino contributions to the νe=ν̄e appearance.
However, this does not impact experimental sensitivity
to sin2 2θμμ.

APPENDIX B: SIMULATIONS OF CONUS

We provide a brief review of the CEνNS cross section, as
well as some detail on our simulations of CONUS and
CONUS100 outlined in Sec. III. The cross section for
coherent scattering of neutrinos and nuclei is given by [145]

dσ
dT

¼ G2
FM
π

Q2
effF

2
Helmðq2Þ

�
1 −

MT
2E2

ν

�
; ðB1Þ

where GF is the Fermi constant, M is the mass of the target
nucleus, T is the kinetic energy of the recoiling nucleus,
and q2 ≈ 2MT is the momentum transferred to the nucleus.
In the Standard Model, the effective charge Qeff is given by

Qeff ¼ gpVZ þ gnVN; ðB2Þ

where gnV ¼ − 1
2
and gnV ¼ 1

2
− 2 sin2 θW are the weak vector

charges of the proton and neutron, respectively, with
Weinberg angle θW . At low energies in the MS scheme,
sin2 θW ≈ 0.23 [146–148], meaning that the weak vector
charge of the proton is nearly zero.
The Helm form factor FHelmðq2Þ [149] encodes the

distribution of protons and neutrons with the nucleus.
This form factor goes to unity when q2 → 0, and it is less
than one for finite momentum transfer. For the energies
involved in scattering at CONUS, we find that including
this form factor gives a ∼5% contribution to the cross
section. However, searching for sterile neutrinos using
CEνNS requires accounting for these percent-level con-
tributions to the cross section.
We make two simplifying assumptions. The first is that

only oscillations related to Δ41 [defined below Eq. (2.3)] are
relevant; given the baseline and neutrino energies available at
CONUS, it is reasonable to ignore Δ31 and Δ21. The second
assumption is thatUe4 is nonzero whileUμ4 and Uτ4 vanish.
This implies that oscillations depend only on sin2 2θee [see
Eq. (2.4)] and that the only nonzero oscillation probabilities
are Pee and Pes ¼ 1 − Pee. Therefore, effects of a sterile
neutrino can be included in Eq. (B1) by modifying the
effective charge Qeff according to

Q2
eff → PeeQ2

eff ; ðB3Þ

only the active component of the neutrino flux at the target
will interact via weak neutral currents.
The CONUS experiment is located 17 m from the reactor

core at the 3.9 GWth Brokdorf power plant. The detector
collects the scintillation light from germanium recoils to
observe CEνNS interactions in the target. The number of
events in energy bin i is given by

TABLE II. Oscillation parameters used to generate pseudodata
for our sterile-neutrino sensitivity analyses for DUNE and
Hyper-K. Values taken from Ref. [143], with the exception
of δCP, which we have taken to be maximally CP violating.

Parameter Value

sin2 θ12 0.306
sin2 θ13 0.02166
sin2 θ23 0.441
δCP −π=2
Δm2

21 [eV−2] 7.50 × 10−5

Δm2
31 [eV−2] þ2.524 × 10−3
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Ni¼Δt
X
f

nf

Z
TiþΔT

Ti

dT
Z

∞

0

dEνΦðEνÞ
dσf
dT

Θð2E2
ν−MTÞ;

ðB4Þ

where Δt is the operating time of the experiment, f
represents the five stable6 isotopes of germanium, nf is
the number of each isotope in the detector, Ti is the lowest
energy associated with the bin, ΔT is the width of the bin,
ΦðEνÞ is the flux of antineutrinos coming from the reactor,
dσf
dT is the differential CEνNS cross section involving isotope
f, and the term Θð2E2

ν −MTÞ enforces the kinematics of
the scattering process.
We use the reactor flux calculation in Ref. [150], nor-

malized to a total antineutrino flux of 2.5 × 1013 s−1 cm−2

[90,91], and include sterile neutrinos following the pre-
scription in Eq. (B3). The formal upper limit in the integral
over Eν is infinity, but we cut off the reactor flux above
8 MeV; the flux dies off rapidly above this energy, a feature
that has been verified experimentally [151] and is present
in other theoretical calculations of the flux [120,121].
The upper limit in antineutrino energy implies a maximum
recoil energy; the masses of the isotopes of germanium imply
that this is∼1.75 keV [91]. We take this to be the upper edge
of the recoil spectrum for both CONUS and CONUS100.
We form the following χ2 in order to probe the

sensitivity of these experiments to a sterile neutrino,
following Ref. [91]:

χ2 ¼
X
i

ðN0
i − ð1þ αÞNiðsin22θee;Δm2

41ÞÞ2
Ni þ Nbkg þ σ2fðNi þ NbkgÞ2

þ α2

σ2α
;

ðB5Þ

where N0
i is the number of events in bin i with no active-

sterile mixing,Niðsin2 2θee;Δm2
41Þ is the same for nontrivial

active-sterile mixing, Nbkg is the number of background
events in each bin, α is a nuisance parameter for the
normalization of the flux, σα is the flux uncertainty, and
σf is the uncorrelated shape uncertainty for each bin.
For our benchmark analysis of CONUS, we take

Δt ¼ 1 year and nf to be consistent with 4.0 kg of natural

germanium; the isotopic abundances are shown in Table III.
Because the ionization detection threshold is 0.3 keV and
the quenching factor is ∼0.25, the minimum recoil energy
is 1.2 keV [91], and the recoil spectrum is binned in
0.05 keV increments. The normalization and shape uncer-
tainties are taken to be 2% and 1%, respectively.
For CONUS100, we assume a more optimistic exper-

imental configuration. In addition to a five-year run time,
the target mass is taken to be 100.0 kg of germanium 88%
enriched with 76Ge (see Table III). Furthermore, we assume
a recoil threshold of 0.1 keV can be attained and that
improvements in reactor antineutrino flux predictions can
drive down the normalization and shape uncertainties to
0.5% and 0.1%, respectively. For both configurations, we
take the background rate to be 1 count=ðday · keV · kgÞ
[91], even in the low-recoil regime and for the larger target.
The resulting sensitivity curves are shown in Fig. 3. In

addition to obvious factors such as the larger target mass
and improved systematic uncertainties, we highlight two
additional sources of improved sensitivity at CONUS100:
(1) The enriched target is primarily 76Ge. Because the

total CEνNS cross section grows with the (square of
the) number of neutrons in the target nucleus [see
Eqs. (B1) and (B2)], an enriched germanium target
yields better statistics relative to a natural germa-
nium target of the same size.

(2) The recoil spectrum scales as ∼ 1
T for low recoils,

where T is the kinetic energy of the recoiling
nucleus. Lowering the threshold from 1.2 keV to
0.1 keV dramatically increases the number of events
at low recoil, where the effects of sterile neutrinos
are proportionally more important.

TABLE III. The isotopic abundances considered in our simu-
lations of CONUS and CONUS100. Those for CONUS are the
natural abundances, while for CONUS100, we assume the target
to be 88% enriched with 76Ge while the four other isotopes
provide the remaining 12% in proportion to their relative natural
abundances.

Isotope CONUS fraction CONUS100 fraction
70Ge 20.5% 2.7%
72Ge 27.4% 2.6%
73Ge 7.8% 1.0%
74Ge 36.5% 4.7%
76Ge 7.8% 88.0%

6We note that 76Ge, while technically unstable, has a long
enough half-life to be effectively stable.
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