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We determine the sensitivities of short-baseline coherent elastic neutrino-nucleus scattering (CEνNS)
experiments using a pion decay at rest neutrino source as a probe for nonunitarity in the lepton sector, as
expected in low-scale type-I seesaw schemes. We also identify the best configuration for probing light
sterile neutrinos at future ton-scale liquid argon CEνNS experiments, estimating the projected sensitivities
on the sterile neutrino parameters. Possible experimental setups at the Spallation Neutron Source, Lujan
facility and the European Spallation Source are discussed. Provided that systematic uncertainties remain
under control, we find that CEνNS experiments will be competitive with oscillation measurements in the
long run.
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I. INTRODUCTION

The three-neutrino paradigm has been put on rather solid
ground from the interpretation of solar and atmospheric
oscillation data and the complementary results from reactor
and accelerator neutrino studies [1]. Underpinning the precise
way by which neutrinos get mass is one of the main current
challenges in particle physics. One of the leading ideas is that
neutrino mass generation proceeds through the mediation of
new heavy fermion states, such as in variants of the so-called
type-I seesaw mechanism. Since they carry no anomaly,
isosinglet “right-handed”mediators can come in an arbitrary
number in the Standard Model (SM), so one can envisage
low-scale seesaw realizations, where the mediators can lie
at the TeV scale with potentially sizable mixing with the
light neutrinos [2–5]. The admixture of heavy lepton mes-
sengers implies that the charged-current weak interac-
tion mixing matrix has a rectangular form [6], leading to
unitarity violation, as these heavy states are not kinematically

accessible. Likewise, one expects universality violation
effects. The associated processes could take place below
[7], at [8–10] or above [11–14] theZ bosonmass scale. In the
context of neutrino propagation, the admixture of heavy
neutrinos would clearly also imply deviations from unitarity,
as the heavy states cannot take part in oscillations.
Unitarity violation in neutrino oscillations has been

explicitly considered in Refs. [15–23]. It has been noticed
that the extra CP violation expected in these schemes can
fake the one present within the simplest three-neutrino
paradigm [24]. As a result, unitarity violation degrades the
CP violation sensitivity expected at DUNE [22]. Here we
note that the subleading effects of such TeV-scale heavy
neutrino mediators can also be probed in future liquid
argon coherent elastic neutrino-nucleus scattering (CEνNS)
experiments using muon decays as the neutrino source.
On the other hand, controversial anomalies such as those

coming from recent reactor data, as well as those hinted by
the LSND [25] and MiniBooNE [26] experiments, inspired
many phenomenological studies beyond the simplest three-
neutrino oscillation picture [27–29]. These are based on
the existence of a fourth light sterile neutrino state, with
eV-scale mass (m1;2;3 ≪ m4). Indeed, under certain circum-
stances, such as special symmetries [30,31], one may
expect such extra light sterile neutrinos to emerge in
fermion mediator models of neutrino mass generation.
The importance of neutral currents in oscillation physics

has been known for a long time; see Refs. [6,32]. The
discovery of CEνNS has now brought neutral-current-
based experiments to center stage, as a competitive and
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complementary tool to shed light on fundamental neutrino
parameters. Facilities looking for CEνNS have been
recognized to be important probes of sterile neutrino
oscillations for about a decade [33–35]. In 2017, the
COHERENT Collaboration reported the first observation
of CEνNS on CsI [36] at the Spallation Neutron Source
(SNS), a result recently confirmed by the same collaboration
on a liquid argon detector [37]. This prompted a new erawith
a wide range of physics applications concerning open
questions within Refs. [38,38–44] and beyond the SM
[45–69], including also dedicated sterile neutrino searches
[70–73]. The field is thriving rapidly, with several experi-
ments aiming to measure CEνNS now in preparation
worldwide (for a review see Ref. [74]), many of which
are planning to employ large liquid argon detectors. Here we
quantify the prospects for probing the effects of both light
sterile neutrinos and heavy neutrino-mass mediators within
future proposals employing large liquid argon scintilla-
tion detectors. In particular, we concentrate on the next-
generation detector subsystem of COHERENT, namely
CENNS [75], as well as on the Coherent Captain-Mills
(CCM) experiment [76] at the Los Alamos Neutron Science
Center—Lujan facility, and on the CEνNS program deve-
loped at the European Spallation Source (ESS) [77].
Our work is organized as follows. In Sec. II we present

the required formalism for simulating CEνNS signals and
discuss the experimental sites considered. In Sec. III we
present our results concerning nonunitarity effects induced
by new heavy neutrino admixtures and in Sec. IV we
discuss the sensitivities we have obtained on light sterile
neutrinos. Finally, we summarize and conclude in Sec. V.

II. SIMULATING COHERENT ELASTIC
NEUTRINO-NUCLEUS SCATTERING

Our present research on indirect effects of heavy neutrino
states or light sterile neutrinos is motivated by future
neutral-current CEνNS measurement proposals. Previous
work on sterile neutrino constraints from the CsI
COHERENT measurement can be found in Ref. [49].
We consider the process να þ ðA; ZÞ → νβ þ ðA; ZÞ where
A and Z stand for the mass and atomic number of a nucleus,
respectively, while Eν is the neutrino energy and α, β
represent the flavor index (α; β ¼ e, μ, τ). In this section,
we summarize the relevant formalism for simulating the
expected CEνNS signal and discuss the various experi-
mental configurations considered in our analysis.

A. Coherent elastic neutrino-nucleus scattering

The CEνNS cross section scales as N2, where N¼A−Z
is the number of neutrons and, therefore, leads to an
enhanced neutrino interaction cross section [32]. The rel-
evant CEνNS experiments are mainly sensitive to the tiny
recoils generated in a scattering event. The differential cross
section in terms of the nuclear recoil energy, TA, is [78]

�
dσ
dTA

�
SM

¼ G2
FmA

2π
ðQWÞ2

�
2 −

2TA

Eν
−
mATA

E2
ν

�
: ð1Þ

Here, GF denotes the Fermi constant, mA is the nuclear
mass, and QV

W is the weak charge [79]

QW ¼
��

1

2
− 2sin2θW

�
ZFpðQ2Þ − 1

2
NFnðQ2Þ

�
; ð2Þ

written in terms of the weak mixing angle sin2 θW ¼ 0.2312,
taken in the MS scheme. A coherence loss, due to the finite
nuclear size, is incorporated through the nuclear form factors
for protons and neutrons, Fp;nðQÞ2. Amongst the various
available parametrizations in the literature (for a summary
see Ref. [57]), here we employ the well-known Helm form
factor, given by

Fp;nðQ2Þ ¼ 3
j1ðQR0Þ
QR0

expð−Q2s2=2Þ; ð3Þ

where the magnitude of the three-momentum transfer is
Q ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2mATA
p

, the spherical Bessel function of order one is
j1ðxÞ ¼ sinðxÞ=x2 − cosðxÞ=x, and R2

0 ¼ 5
3
ðR2

p;n − 3s2Þ.
For the relevant liquid argon detectors, the neutron and
proton rms radii take the values Rn ¼ 3.36 fm and
Rp ¼ 3.14 fm, while the surface thickness is s ¼ 0.9 fm.
As for the incoming neutrino flux, at spallation

source facilities a large number of protons is scattered
on a nuclear target (mercury for the SNS and tungsten for
CCM and ESS), producing pions. The latter propagate and
subsequently decay at rest generating neutrinos (π-DAR
neutrinos). A monochromatic neutrino beam is produced
from πþ → μþνμ (prompt flux, with lifetime τ ¼ 26 ns)
with a spectrum given by

dϕνμ

dEν
¼ δ

�
Eν −

m2
π −m2

μ

2mπ

�
: ð4Þ

The subsequent muon decay μþ → ν̄μeþνe (delayed
flux, τ ¼ 2.2 μs) generates a beam composed of muon
antineutrinos

dϕν̄μ

dEν
¼ 64E2

ν

m3
μ

�
3

4
−
Eν

mμ

�
; ð5Þ

and electron neutrinos

dϕνe

dEν
¼ 192E2

ν

m3
μ

�
1

2
−
Eν

mμ

�
: ð6Þ

B. Experimental sites

Our present analysis will be focused on three prominent
experiments aiming to deploy large liquid argon detectors
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(see Table I) to measure a CEνNS signal at a π-DAR
source. We first consider the next-generation CENNS
detector of the COHERENT experiment at the SNS [75],
which is expected to replace the CENNS-10 detector that
provided the first detection of CEνNS on argon [37]. The
planned configuration will contain a 750 kg (610 kg
fiducial) liquid argon scintillation detector and will operate
with a 20 keV threshold and a baseline of 28.4 m. Another
interesting experimental site is the proposed CCM experi-
ment, located at Los Alamos National Laboratory, in the
Lujan facility. The CCM experiment plans to install a large
7 ton liquid argon detector and is expected to achieve a
1 keV threshold [76]. The detector will be placed 20 m
from the source with the goal to search for sterile neutrinos.
Another promising facility is the ESS located in Lund,
Sweden, that combines the world’s most powerful super-
conducting proton linac with an advanced hydrogen mod-
erator, generating the most intense neutron beam for
different purposes. Following the proposal in Ref. [77],
we will assume two different configurations: i) a first phase
configuration with a 10 kg liquid argon detector and an
ultra-low 0.1 keV threshold and ii) a next-generation
configuration with a 1 ton liquid argon detector and a
20 keV threshold, both located 20 m from the source.
The main difference among the ESS, SNS and Lujan

facilities is that the former one is scheduled to reach a
power of 5 MW with a goal energy of 2 GeV by 2023,
while SNS (Lujan) will have a power of 1.3 MW1 (80 kW).
This will lead to an about 1 order of magnitude increase in
the ESS neutrino flux with respect to SNS, resulting in a
significantly faster accumulation of CEνNS signal statistics
in comparison with the other two facilities. A second
difference is the proton beam pulse timing: SNS provides
60 Hz of 1 μs-wide proton on target (POT) spills while ESS
can only offer 14 Hz of 2.8 ms spills, reducing the relative
capability of separating the neutrino flavors with timing
information. Finally, while the power of the proton beam at
Lujan is 1–2 orders of magnitude smaller than in SNS and
ESS, it is worth mentioning that, in contrast to SNS, the
CCM experiment can deploy very large ton-scale detectors.
This feature, together with the fact that the Lujan Center

can achieve a shorter beam time interval, makes the CCM
experiment clearly complementary to the CEνNS searches
at SNS and ESS.

C. Statistical analysis

Our statistical analysis is based on the expected number
of events, simulated for each experiment. For the case of
CEνNS, the differential number of events is given by

dNx

dTA
¼ ηtrunNtarget

X
να

Z
Emax
νffiffiffiffiffiffiffi
mATA

2

p AðTAÞ
dϕνα

dEν

�
dσ
dTA

�
x
dEν;

ð7Þ

where trun is the data-taking time (we will assume
trun ¼ 1 year), Ntarget is the number of nuclear targets
in the detector, and x ¼ ðSM; newÞ denotes the type of
interaction. Here, η denotes a normalization factor given by
η ¼ rNPOT=4πL2, where L is the baseline, NPOT is the
number of delivered POT and r is the number of produced
neutrinos per POT. Finally, the detector efficiency AðTAÞ
for the case of CENNS-610 is taken from Ref. [80], while
for ESS and CCM the efficiency is assumed to be unity
(zero) above (below) the corresponding recoil threshold
shown in Table I.
Our statistical analysis will be mainly based on the χ2

function

χ2ðα11; jα21j; α22Þ

¼ min
a

�X
i

ðNi
SM − Ni

new½1þ a�Þ2
ðσistatÞ2

þ
�

a
σsys

�
2
�
; ð8Þ

where Nx represents the number of events evaluated
by integrating Eq. (7) over the nuclear recoil energy.
Here, Ni

SM refers to the number of events expected in
the ith bin according to the SM, while Ni

new includes
an extra contribution associated to the relevant new physics
of interest. The statistical uncertainty is defined as

σistat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ni

SM þ Ni
bg

q
, while a denotes a total normalization

factor handled as a nuisance parameter accounting for the
systematic uncertainty, for which we employ two bench-
mark values: σsys ¼ 2% and 5%.
For the case of the CENNS-610 detector, the background

events are due to the beam related neutrons (BRN), whose
energy dependence is provided by the CENNS-10 data
release2 [80]. GEANT4 simulations performed by the
COHERENT Collaboration in Ref. [75] suggested that
an improved background rate of 0.53 per kg.yr prompt
BRN events is achievable at CENNS-610 with the aid of a

TABLE I. Experimental configurations assumed in the present
work.

CENNS [75] CCM [76] ESS [77]

Mass 610 kg 7 ton 10 kg (1 ton)
Threshold (keVnr) 20 1 0.1 (20)
NPOT (1023=yr) 1.5 0.177 2.8
r 0.08 0.0425 0.3
Baseline (m) 28.4 20 20

1A possible increase to 2.4 MW is feasible with a second target
station at the SNS [75].

2The data imply that ∼94% (∼6%) correspond to prompt
(delayed) BRN events. The same proportion will be used for the
CENNS-610 detector.
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neutron moderator. For 1 year of exposure this translates
into 323 (21) prompt (delayed) BRN events per year and
implies that the total BRN background accounts to about
10% of the CEνNS signal. We finally note that given the
absence of relevant data for ESS and CCM, we will adopt a
single-bin χ2 treatment and we will furthermore assume
that Nbkg ¼ 10%NSM.
For the case of the CENNS-610 experiment, we calculate

the number of events following the prescription described
in the data release of the CENNS-10 experiment [80]. Thus,
by using the quenching factor and the energy resolution,
we converted from nuclear recoil space TA ½keVnr� to the
reconstructed electron equivalent energy space Tee;reco

½keVee�. We have furthermore verified the total of 128
CEνNS events predicted for the analysis A in Ref. [37], as
well as confirmed that the energy dependence of our
calculated CEνNS signal matches with Ref. [37]. Then,
we have appropriately scaled up our calculated number of
events to account for the CENNS-610 specifications. In
what follows, we will further assume that the steady-state
(SS) background is well understood from beam-OFF
measurements, and hence our calculations will involve
the SS-subtracted signal. The spectral dependence of the
expected signal after 1 year of data taking at the CENNS-
610 experiment is shown in Fig. 1 and compared with the
BRN background for the prompt and delayed timing
windows.

III. HEAVY SINGLET NEUTRINOS AND
NONUNITARITY

Here we assume that, in addition to the three standard
light neutrinos, one has extra singlet neutral heavy leptons
that mediate light-neutrino mass generation. It is well
known that such heavy leptons will couple subdominantly
in the weak charged current, via mixing with the SM
isodoublet neutrinos [6]. In the most general case, their
presence and mixing with the active neutrinos respects the

chiral SM structure. Alternatively, we also consider the
possibility of light sterile neutrinos taking part in oscil-
lations. Both lead to new features beyond the minimal
three-neutrino oscillation paradigm. Here we note that
constraining nonunitarity effects at short baselines plays
a crucial role in mitigating the ambiguities present in testing
for leptonic CP violation in long-baseline neutrino oscil-
lation experiments [24]. We propose to do this through the
neutral current.
In this section, we consider CEνNS experiments in the

presence of unitarity violation effects. To set up notation,
we write the relevant generalized charged-current weak
interaction mixing matrix as

N ¼ NNPU3×3; ð9Þ

where U3×3 denotes the standard unitary lepton mixing
matrix and NNP represents the new physics (NP) matrix
which accounts for unitarity violation [21]. The latter is
parametrized as

NNP ¼

0
B@

α11 0 0

α21 α22 0

α31 α32 α33

1
CA; ð10Þ

with the diagonal (off-diagonal) components αii (αij) being
real (complex) numbers. In this context, the oscillation
probability for να → νβ transitions reads

Pαβ ¼
X3
i;j

N�
αiNβiNαjN�

βj

− 4
X3
j>i

Re½N�
αjNβjNαiN�

βi�sin2
�Δm2

jiL

4Eν

�

þ 2
X3
j>i

Im½N�
αjNβjNαiN�

βi� sin
�Δm2

jiL

2Eν

�
: ð11Þ

FIG. 1. Energy dependence of the expected CEνNS signal and BRN background assuming 1 year of data taking at the CENNS-610
experiment.
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The survival probabilities Pee and Pμμ
3 and the transition

probability Pμe simplify to [21]

Pee ¼ α411P
3×3
ee ;

Pμμ ¼ α422P
3×3
μμ þ α322jα21jPI1

μμ þ 2jα21j2α222PI2
μμ;

Pμe ¼ ðα11α22Þ2P3×3
μe þ α211α22jα21jPI

μe þ α211jα21j2: ð12Þ

Here, P3×3
ee , P3×3

μμ and P3×3
μe denote the standard oscillation

probabilities, while the extra terms PI1
μμ and P

I2
μμ are defined

in Ref. [21]. Notice that PI1
μμ depends on a new CP violation

phase, INP, while PI2
μμ is phase independent.

For the short-baseline CEνNS experiments we are
interested in here, there is no time for oscillations among
active neutrinos to develop. Hence, the baseline depend-
ence in Eq. (12) is not relevant.4 Therefore, the effect of the
heavy neutrino states at CEνNS experiments will be mainly
due to the zero-distance effect, i.e., PαβðL ¼ 0Þ. The zero-
distance probabilities are given as

Pee ¼ α411;

Pμμ ¼ ðjα21j2 þ α222Þ2;
Pμe ¼ α211jα21j2;
Peτ ¼ α211jα31j2;
Pμτ ≃ α222jα32j2; ð13Þ

while the following “triangle inequalities” among the
elements of the NNP matrix hold [22,81]:

jα21j ≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − α211Þð1 − α222Þ

q
;

jα31j ≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − α211Þð1 − α233Þ

q
;

jα32j ≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − α222Þð1 − α233Þ

q
: ð14Þ

Within this context, due to the zero-distance effect,
neutrino fluxes at a spallation source are modified as follows:

dϕNU
e

dEν
¼ dϕNU

νe

dEν
þ dϕNU

ν̄e

dEν
¼ Pee

dϕ0
νe

dEν
þ Pμe

�
dϕ0
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dEν
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dEν

�
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μ

dEν
¼ dϕNU

νμ

dEν
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dEν
¼ Peμ

dϕ0
νe

dEν
þ Pμμ

�
dϕ0

νμ

dEν
þ dϕ0

ν̄μ

dEν

�
;

dϕNU
τ

dEν
¼ dϕNU

ντ

dEν
þ dϕNU

ν̄τ

dEν
¼ Peτ

dϕ0
νe

dEν
þ Pμτ

�
dϕ0

νμ

dEν
þ dϕ0
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dEν

�
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ð15Þ

where ðdϕ0
νe

dEν
;
dϕ0

νμ

dEν
;
dϕ0

ν̄μ

dEν
Þ denote the unoscillated neutrino

energy fluxes given in Eqs. (4)–(6).
Most generally, the above expression can be written

compactly as

0
BBB@
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dEν

dϕ0
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dEν

1
CCCCCA
; ð16Þ

with Pαβ ¼ Pðν̄α → ν̄βÞ. Given appropriate choices for its
entries, Eq. (16) holds for any neutrino experiment with an
arbitrary type of neutrino source and no charge identification.
For the specific spallation case, only the initial νe, νμ and ν̄μ
are nonvanishing, so we obtain the expressions in Eq. (15).
Note that, since the experiments under study cannot

distinguish neutrinos from antineutrinos, we combine
both contributions in a flavor-dependent signal, as indi-
cated in Eq. (15). There, we have also assumed that
neutrino and antineutrino oscillation probabilities are
equivalent, Pðνα → νβÞ ¼ Pðν̄α → ν̄βÞ ¼ Pαβ and also that
Pαβ ¼ Pβα. As seen from Eq. (15), an additional mono-
chromatic νe beam is generated due to νμ → νe transition,
as well as a continuous ν̄e spectrum due to ν̄μ → ν̄e
conversion. Similarly, a new tau-neutrino flux is also
expected due to νe → ντ, νμ → ντ and ν̄μ → ν̄τ oscillations.
However, one finds that these fluxes are largely suppressed
due to the smallness of the appearance probabilities Peτ and
Pμτ, well constrained by the existing limits on the non-
unitarity (NU) parameters αij. The flavor components
of the corresponding continuous fluxes are displayed in
Fig. 2. In this figure, we show the modification of the initial
neutrino flux due to the zero-distance nonunitarity effect.
The modified spectra have been evaluated using the
90% C.L. limits on the αij parameters reported in Ref. [22].
In what follows, we give a first estimate on the prospects

for probing the unitarity-violating parameters at future
liquid argon detectors. In order to determine the sensitivity
limits on unitarity violation, we proceed as explained in
Ref. [21]. For definiteness, wewill focus on the detection of
electron and muon neutrinos, reducing the number of
relevant NU parameters to three: α11, α22 and jα21j.5

3Here we neglect cubic products of small parameters α21,
sin θ13, and Δm2

21=Δm2
31.4For the π-DAR CEνNS experiments, L ¼ 20–40 m and

Eν∼ a few MeV; thus Δm2
i1L=Eν ≪ 1 for i ¼ 2, 3.

5Note that the nondiagonal parameter α21 is complex, but
the zero-distance effects analyzed here are insensitive to the
associated phase.
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Using the χ2 function defined in Eq. (8), we first perform
our statistical analysis on the sensitivity to unitarity-
violating parameters αij by assuming σsys ¼ 0. We varied
only one parameter, marginalizing over the other two, and
imposing the constraint coming from the triangular inequal-
ity of Eq. (14). The “one-at-a-time” sensitivity profiles
of future CEνNS experiments for the diagonal parameters
α11 and α22 are shown in Fig. 3. Comparing these
sensitivities with those derived from global neutrino oscil-
lation data [22], one sees that the CEνNS experiments
might eventually become competitive with current oscil-
lation searches. Indeed, while the current configuration
of ESS with 10 kg detector mass is not expected to
be competitive, the next generation of ESS will certainly
have the capability of improving current oscillation sensi-
tivities, provided the systematic uncertainties are under
control (see the discussion below). In the left panel of
Fig. 4 we illustrate the sensitivities on the modulus of
the nondiagonal parameter α21, neglecting systematic

FIG. 3. Sensitivity on the diagonal parameters α11 (left) and α22 (right), marginalized over the undisplayed parameters for different
experimental configurations. For comparison we also give the sensitivity obtained from global oscillation data analysis [22].

FIG. 2. Flavor composition of the continuous π-DAR neutrino
spectra in the SM (solid lines) and with nonunitarity effects
(dashed lines), taking for these the maximal deviation parameters
αij allowed at 90% C.L. [22].

FIG. 4. Sensitivity on the nondiagonal parameter jα21j marginalized over the undisplayed parameters for different experimental
configurations. A comparisonwith the analysis of ICARUSdata [82] as well as global oscillation data [22] is also given. The left panel shows
the results neglecting systematic uncertainties, while the right panel takes into account systematic uncertainties for the case of CENNS-610.

O. G. MIRANDA et al. PHYS. REV. D 102, 113014 (2020)

113014-6



uncertainties. Our results are compared with upper limits
obtained from global oscillation fits [22] and with the
sensitivity of future ICARUS data, as estimated in
Ref. [82]. Concerning the prospects on the jα21j sensitivity,
one sees that most CEνNS experiments cannot compete
with current bounds. However, the future ESS configura-
tion may offer the chance of improving this situation
drastically. The right panel of Fig. 4 illustrates the projected
sensitivities on jα21j for the case of CENNS-610 taking
into account systematic uncertainties of 2% and 5%. This
reduces the sensitivity by a factor ∼2 and ∼4, respectively,
compared to the ideal case with σsys ¼ 0. Similar con-
clusions hold for CCM and ESS. Likewise, we have
also checked that systematic uncertainties substantially
diminish the corresponding sensitivities on α11 and α22.
A summary of the bounds we extract is given in Table II. As
expected, one finds that a better control of the background
events and systematic uncertainties will lead to improved
sensitivities. For comparison, the current upper bounds
derived from oscillation searches [22] are also given in
Table II.
One can also perform a combined χ2 analysis through a

simultaneous variation of two NU parameters, and mar-
ginalizing over the third one. Our results for the CENNS,
CCM and ESS experiments (current as well as next-
generation setups) are presented in the upper panel of
Fig. 5. For each CEνNS experiment, the dark-shaded areas
in the α11 − jα21j and α22 − jα21j planes located to the right
of the lines are allowed at 90% C.L. by the corresponding
experiments. The region consistent with the triangle
inequality of Eq. (14) is the one below the dashed line
in both panels. Therefore, the allowed values in the
αii − jα12j plane are eventually determined by the inter-
section of the gray shaded area with the allowed region

determined by each experiment’s sensitivity. We find that
CENNS and CCM have the potential to probe part of the
currently allowed parameter space. As before, the most
promising experimental setup is provided by the next
phase of ESS with a ton-scale detector. The lower panel
of Fig. 5 shows the allowed parameter space from the
analysis of CENNS-610 when assuming systematic uncer-
tainties σsys ¼ 2% and σsys ¼ 5%. The results imply that
the determination of the diagonal NU parameters αii is
more sensitive to the systematic uncertainties than that of
the nondiagonal ones. Improvements with respect to
the present analysis could be obtained through a time-
dependent study which allows reducing the background/
signal ratio [53,58].

IV. LIGHT STERILE NEUTRINOS
IN (3 + 1) SCHEME

Though the theoretical motivation is not especially
strong, there could well be singlet neutrinos in nature,
light enough to take part in oscillations, usually known as
light sterile neutrinos. Although this situation differs from
what we have considered above, it can be described within
the same formalism developed in Ref. [6]. Here we present
basically the same reasoning in a somewhat more modern
form. There is a basic difference compared to most neutrino
oscillation experiments, in which neutrinos are produced
and detected through the charged-current (CC) weak
interaction. Here neutrinos are produced conventionally,
but detected through the neutral current, as illustrated in
Fig. 6. The other important difference is that, since we
cannot identify neutrino flavors, the process of interest is
necessarily inclusive, with the observable being simply the
recoil of the relevant nucleus.
For definiteness, we take the simplest (3þ 1) scheme

with three active neutrinos να (α ¼ e, μ, τ) and one light
sterile neutrino. The overall quantum-mechanical ampli-
tude for the process of interest is given as

Aαj ¼
X4;3
i;β

Kαie−iEitK�
βiKβj; ð17Þ

where the initial flavor index α is fixed, while β is
summed over the three flavors, and the roman (neutrino)
mass index is summed from 1 to 4. One sees that, in the
production CC vertex, one has the rectangular lepton
mixing matrix K, then the evolution factor,6 and finally
the NC detection vertex characterized by the projective
matrix P ¼ K†K ¼ P2 ¼ P. Assuming the charged leptons
are in their diagonal basis we can identify K with the
truncation of the 4 × 4 unitary matrix U diagonalizing the
neutrinos, so the active flavors are expressed in terms of

TABLE II. 90% C.L. sensitivities on unitarity deviations from
our present analysis of liquid argon CEνNS experiments. We also
give a comparison with results from the global neutrino oscil-
lation data analysis [22].

Experiment α11 α22 jα21jð×10−2Þ
Oscillations [22] >0.98 >0.99 <1.0

σsys ¼ 0 CENNS-610 kg >0.978 > 0.989 <1.6
CCM-7t >0.985 >0.993 <1.1
ESS-10 kg >0.961 >0.982 <2.7
ESS-1t >0.995 >0.997 <0.4

σsys ¼ 2% CENNS-610 kg >0.967 >0.984 <2.4
CCM-7t >0.971 >0.986 <2.1
ESS-10 kg >0.954 >0.979 <3.3
ESS-1t >0.976 >0.988 <1.7

σsys ¼ 5% CENNS-610 kg >0.933 >0.969 <4.7
CCM-7t >0.934 >0.970 <4.6
ESS-10 kg >0.924 >0.966 <5.3
ESS-1t >0.937 >0.971 <4.5

6Due to the very short baseline, oscillations cannot develop
and matter effects may be neglected.
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the four mass eigenstate neutrinos νi (i ¼ 1, 2, 3, 4) as
να ¼

P
4
i Uαiνi. From this equation, we see that the survival

probability to active neutrinos, Pα ¼
P

3
β Pαβ, is given as

Pα ¼
X

i;l;j;β;β0
Kαie−iEitK�

βiKβjK�
β0jKβ0leiEltK�

αl

¼
X
i;l;ββ0

Kαie−iEitK�
βiδββ0Kβ0leiEltK�

αl

¼
X
i;l;β

Kαie−iEitK�
βiKβleiEltK�

αl; ð18Þ

where greek indices run up to 3 and latin ones up to 4. This
result corresponds to Eq. (4.13) in Ref. [6]. Taking into
account that the propagation factors are too small for the
distances under consideration, except when the light sterile
neutrino, corresponding to i ¼ 4, is involved, we have

Pα ≃
X
l;β

Kα4K�
β4KβlK�

αle
−iðE4−ElÞt

¼
X
l;β

Kα4K�
β4KβlK�

αle
−i

Δm2
4l
L

2E : ð19Þ

Notice that, as explained above, the active survival prob-
ability Pα includes all the weak neutrino flavor states, νβ.
Note also that we can neglect the “appearance” part of this
probability (i.e., the sum over the final νμ and ντ states for
the case of an initial νe), in comparison with the “survival”
νe contribution. Indeed, the appearance probabilities will
involve products of the form sin2 θi4 sin2 θj4, and will be
more suppressed than the “survival” part, that goes as
sin2 θ14. Hence, the above expression will lead to the usual
vacuum survival probability

FIG. 6. Feynman diagram representing the charged-current
production, followed by oscillation and neutral-current detection.
There is a sum over the subindex β.

FIG. 5. Allowed regions at 90% C.L. in the planes α11–jα21j (left) and α22–jα21j (right), marginalized over the undisplayed parameter.
The gray shaded area below the black dashed curve denotes the bound given by Eq. (14), while the yellow region above corresponds to
the unphysical area. Upper panel: the blue (red) [olive] ftealg shaded area corresponds to the analysis of the CENNS (CCM) [ESS-
10 kg] fESS-1tg experiment, considering σsys ¼ 0 in all cases. Lower panel: CENNS-610 analysis taking into account systematic
uncertainties.
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PeeðEνÞ ≃ 1 − sin2 2θ14 sin2
�
Δm2

41L
4Eν

�
; ð20Þ

and similarly for muon neutrinos

PμμðEνÞ ≃ 1 − sin2 2θ24 sin2
�
Δm2

42L
4Eν

�
; ð21Þ

with θ14, θ24 being the mixing angles andΔm2
41 ≈ Δm2

42 the
mass splittings. The presence of the sterile neutrino is taken
into account in the CEνNS process through the substitution
QW → QWPααðEνÞ in the SM weak charge of Eq. (2).
We will now estimate the sensitivity of future CEνNS

experiments to the light sterile neutrino scenario. To do this,
we will use the formalism described in previous sections,
but replace the neutrino oscillation probabilities in
Eq. (15) by the expressions in Eqs. (20) and (21) above.
Note that, unlike the case of nonunitarity, here oscillation
probabilities depend on the neutrino energy. Our treatment
of this scenario will also be slightly different, and we will
consider independently oscillations in the channel νe → νs
and νμ → νs.
As a first step, we explore the optimal baseline for light

sterile neutrino searches with CEνNS detectors. For this
purpose, we fix the sterile neutrino mixing parameters to
the benchmark values Δm2

41 ¼ 1 eV2, sin2 2θ14 ¼ 0.1 and
sin2 2θ24 ¼ 0.1, and we evaluate the χ2 as a function of the
baseline L. The results obtained from the analysis of the
CENNS, CCM and ESS experiments are shown in the left
panel of Fig. 7. As discussed before, we estimate inde-
pendently the sensitivity for the electronic and muonic
channel. In all cases, the maximum sensitivity is reached
around L ¼ 30 m, very close to the proposed baselines.
One sees how the CENNS and CCM experiments have the
best sensitivity. One can also note the larger sensitivity to
sterile searches in the νμ → νs channel in comparison with

νe → νs. Note, however, that to distinguish between these
two oscillations channels, timing information would be
required [71].
We also find it useful to examine the sensitivity of the

CEνNS experiments to the mass splittings Δm2
41. In the

right panel of Fig. 7 we illustrate the corresponding χ2

profiles by fixing sin2 2θ14 ¼ 0.1 or sin2 2θ24 ¼ 0.1 and the
baseline to L ¼ 30 m. As previously, CENNS and CCM
perform better, while significantly higher sensitivities are
reached when muon neutrinos are involved. This is due to
the larger flux of muon-like events emitted at spallation
sources. One also sees that, for our chosen mixing angle
benchmarks, the Δm2

41 mass splitting values for which one
has better sensitivity are 1.5 and 6 eV2.
The attainable sensitivities of CENNS and CCM are very

similar, despite the large difference with respect to their
active detector masses. Indeed, the highly intense neutrino
flux available at the SNS can compensate the gain in
exposure due to the large detector of CCM (see Table I). On
the other hand, the results obtained for the current con-
figuration of ESS with a 10 kg detector mass are promising,
yet not competitive with the latter two since the detector
size in this case is smaller by 2–3 orders of magnitude.
However, ESS offers the most intense neutrino beam,
motivating us to perform an alternative analysis regarding
its future configuration with a 1 ton detector mass and a
20 keV threshold. As illustrated in the left and right panels
of Fig. 8, ESS-based sterile neutrino searches are expected
to be very promising in the long run. Indeed, the highly
intense neutrino beam available at the ESS can yield a very
large number of events, making CEνNS very relevant for
short-baseline oscillation searches.
We now explore how the sterile neutrino parameter space

can be probed via CEνNS measurements at future large
liquid argon detectors. In our analysis, we vary simulta-
neously the mixing angle sin2 2θi4 and the mass splitting
Δm2

41 ¼ Δm2
42, for different baselines. The sensitivity

FIG. 7. Left panel: sensitivity profile with respect to the baseline L for a fixed mass splitting Δm2
41 ¼ 1 eV2 for sin2 2θ14 ¼ 0.1 or

sin2 2θ24 ¼ 0.1 when dealing with νe (solid lines) or νμ (dashed lines), respectively. Blue (red) [olive] curves correspond to the CENNS
(CCM) [ESS-10 kg] experiment. Right-panel: sensitivity profile for the mass splitting Δm2

41 for a fixed baseline L ¼ 30 m and fixed
sin2 2θ14 and sin2 2θ24 as in the left panel.
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curves at 90% C.L. for the different experimental proposals
considered in our study are presented in the left panel of
Fig. 9, for a vanishing systematic uncertainty. Focusing on
CENNS-610, the right panel of Fig. 9 shows the modifi-
cation of the allowed regions when the systematic uncer-
tainties σsys ¼ 2% and σsys ¼ 5% are taken into account.
The results are rather promising, with the same general
conclusions regarding the relative performance of the
studied experiments. We stress that the future configuration
of the ESS experiment can become competitive with

current precision oscillation studies. Indeed, our results
illustrate the potential of neutral-current measurements in
probing the parameter space constrained by global sterile-
neutrino analyses; see e.g., Refs. [28,29].

V. SUMMARY AND OUTLOOK

We have analyzed the potential of future CEνNS experi-
ments in probing new physics phenomena associated to
the presence of heavy isosinglet neutrinos and light sterile

FIG. 8. Same as Fig. 7, but for the future ESS with a 1 ton detector and 20 keV threshold.

FIG. 9. Upper panel: 90% C.L. sensitivity curves in the sin2 2θi4 − Δm2
41 plane for different baselines and experiments with σsys ¼ 0.

Lower panel: CENNS-610 sensitivity to the sterile neutrino parameters for σsys ¼ 0, 2 and 5% and a fixed baseline of L ¼ 28.4 m.
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neutrinos. The purely neutral character of CEνNS makes it
complementary to neutrino-electron scattering experi-
ments. Due to its inclusive nature, there is no need to
disentangle the sterile neutrino mixing from that of the
active neutrinos. Specifically, we have focused on large
liquid argon detectors such as those intended to be installed
by the COHERENT Collaboration at the SNS, as well as
CCM at the Lujan facility, and the future CEνNS program
at the ESS. It is well-known that the admixture of heavy
neutrino mediators of neutrino mass generation in the weak
charged current induces an effective departure from uni-
tarity in the lepton mixing matrix. We have explored how
this can affect the initial neutrino fluxes for spallation
source experiments, and estimated the projected sensitiv-
ities on the unitarity-violating parameters. In contrast to
long-baseline oscillation searches, for the case of short-
baseline experiments only the zero-distance effect is
relevant. Our results indicate that future short-baseline
CEνNS experiments provide a new probe of indirect
signatures associated to heavy neutrino mediators, with
sensitivities competitive with those extracted from global
neutrino oscillation data. Our main results are shown in
Figs. 3, 4, and 5 and summarized in Table II. In long-
baseline experiments, the interplay between zero-distance
and oscillation effects can make the search for nonunitarity
effects more challenging. A combination of both types of
experiments can certainly offer very promising results [83].
All in all, provided the systematic and statistical uncer-
tainties remain under control, the attainable sensitivities to
fundamental parameters of the lepton sector obtained in
CEνNS experiments will be competitive and complemen-
tary to conventional charged-current-based oscillation
searches.

We have also studied the prospects for probing light
sterile neutrinos at short-baseline CEνNS experiments.
We first verified that the typical baselines of 20–40 m
are promising for searches of sterile neutrinos with mass
splittings of the order of 1 eV2 (see Figs. 7 and 8). Given
the large statistics that can be accumulated by the relevant
ton-scale liquid argon detectors, we concluded that
CEνNS-based sterile neutrino searches are feasible, pro-
viding complementary information to the conventional
oscillation approaches. The projected exclusion regions
in the ðsin2 2θi4;Δm2

41Þ plane are shown in Fig. 9. All in all,
we have seen that CEνNS studies offer a new way to search
for light sterile neutrinos, complementary to CC-based
short-baseline studies.
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