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Coherent elastic neutrino-nucleus scattering (CEνNS) has been experimentally confirmed using
neutrinos from pion decay at rest, solar neutrinos, and reactor antineutrinos. Future CEνNS experiments
will lead to precision measurements, which will be a powerful tool to search for new physics beyond the
standard model. In this work, we investigate possible deviations from unitarity in the 3 × 3 leptonic mixing
matrix that controls the propagation of active neutrinos. Such deviations may originate from the mixing
with additional gauge singlet fermions, and depending on their mass scale and mixing, the resulting
phenomenology can differ substantially. We explore two well-motivated regimes: the seesaw limit, where
the new fermions are heavy and kinematically inaccessible, leading to effective deviations from unitarity in
the active sector, and the light sterile limit, where they are light enough to be produced and participate in
neutrino propagation and scattering processes. We show how these scenarios modify both CEνNS and
elastic neutrino-electron scattering, and we present the corresponding sensitivity projections for a future
CEνNS reactor experiment obtained by upscaling the CONUS+ experiment, which reported the first
observation of reactor CEνNS. We identify the leading experimental systematics relevant for such an
upscaling and demonstrate the resulting capability to probe TeV-scale new physics. Our results highlight
the strong potential of CEνNS to test the structure of the lepton sector and to search for physics beyond the
standard model.
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I. INTRODUCTION

The discovery of neutrino oscillations [1,2] implies
physics beyond the standard model (BSM), with massive
and nondegenerate neutrinos being the simplest explan-
ation. This has led to many projects and ideas mostly driven
by experiments involving charged current (CC) processes
aiming at improved determinations of neutrino masses and
mixings. New physics may, however, manifest itself also in
modified CC interactions and especially also in neutral
current (NC) processes. It may also show up as unitarity
violation as a consequence of new, gauge singlet fermions,
and the associated phenomena have been extensively
explored [3–28]. Another potentially powerful tool are

coherently enhanced NC processes, in particular coherent
elastic neutrino-nucleus scattering (CEνNS), pioneered by
Freedman in the 1970s [29]. CEνNS has been recently
observed with pion decay-at-rest neutrinos [30–33], solar
neutrinos [34–36], and reactor antineutrinos [37], which
provides an interesting and complementary way to study
neutrinos [38]. In this paper we analyze the potential of
precision CEνNS measurements achievable with an upscal-
ing of the successful CONUS+ technology.
Gauge singlet fermions are in general well motivated,

and three right-handed neutrinos are in fact one of the best
ways to explain neutrino masses. This allows Dirac and
Majorana mass terms, leading to the famous see-saw
mechanism. Diagonalization of the total mass matrix leads
then usually to three light Majorana neutrinos, where their
mixing matrix is unitary if the right-handed Majorana states
are assumed to be ultraheavy. The right-handed states lead,
however, to unitarity violations if they are not so heavy.
Unitarity violations also show up if more gauge singlet
fermions exist. The structures of both the CC and NC
change in all these cases in a nontrivial way [39,40].
Indeed, the mixing matrix underlying the leptonic CC weak
interaction that describes oscillations [41] deviates from

*Contact author: salcen@ific.uv.es
†Contact author: lindner@mpi-hd.mpg.de
‡Contact author: thomas.rink@kit.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 113, 096010 (2026)

2470-0010=2026=113(9)=096010(20) 096010-1 Published by the American Physical Society

https://orcid.org/0000-0001-6579-1067
https://orcid.org/0000-0002-3704-6016
https://orcid.org/0000-0002-9293-1106
https://ror.org/017xch102
https://ror.org/043nxc105
https://ror.org/043nxc105
https://ror.org/052d0h423
https://ror.org/04t3en479
https://crossmark.crossref.org/dialog/?doi=10.1103/r2n6-5dlp&domain=pdf&date_stamp=2026-05-12
https://doi.org/10.1103/r2n6-5dlp
https://doi.org/10.1103/r2n6-5dlp
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


unitarity, while the NC interaction of mass eigenstate
neutrinos deviates from the unit matrix, with these two
features interconnected. Although the effect of nonunitary
neutrino mixing was first discussed in the context of
astrophysical neutrino propagation [42–44], it can be
phenomenologically relevant in Earth-bound experiments.
This happens in the context of genuine low-scale seesaw

schemes, such as the inverse [45,46] or the linear seesaw
mechanism [47–49], leading to potentially sizable devia-
tions from the conventional leptonic weak currents with
unitary mixing. These corrections are expressed as power
series in the parameter ε ¼ OðYv=MÞ, where M is the
mediator mass scale and v is the standard model (SM)
vacuum expectation value. Although small, we stress that ε
can be non-negligible within low-scale realizations of the
seesaw. We call this scenario the seesaw limit, where the
new states are heavy enough to decouple from low-energy
experiments while the mixing with active neutrinos remains
sizable and not suppressed by neutrino mass. In what
follows, we remain agnostic about the neutrino mass
generation and consider also the light sterile limit, where
the gauge singlets are light enough to be produced and
potentially participate in the neutrino propagation and
scattering.
Here, we explore the potential of CEνNS and elastic

neutrino-electron scattering (EνeS) to probe nonminimal
charged current and neutral current weak interactions
within the context of CEνNS experiments using germanium
detector technology close to a nuclear power reactor.
Motivated by the recent detection of CEνNS by the
CONUS+ experiment [37] and the established role germa-
nium technology occupies in this field [50–58], we want to
access the future potential of such experiments. At the same
time, further experiments using other detection technolo-
gies are catching up, among them: CONNIE [59], NEON
[60], NUCLEUS [61], RED-100 [62], RELICS [63], and
Ricochet [64]. More insightful data can also be expected
from the beam side [65,66] and dark matter direct detection
experiments [34,35], where solar neutrinos have already
been observed. First data provided by these experiments
already allowed for various CEνNS investigations within
and beyond the SM, such as determinations of the
Weinberg angle at these low energies, searches for non-
standard neutrino interactions (NSI), light (mediator)
particles, or electromagnetic properties of the neutrino
[11,67–76]. Our study complements recent theoretical
works that investigate both SM and BSM scenarios using
germanium reactor data [77–81] and aims to shed light on
the scale of neutrino mass generation.
The paper is organized as follows: in Sec. II we introduce

the theoretical framework we apply throughout this work
and show how CEνNS and EνeS are altered by nonunitarity
effects. In Sec. III we analyze the potential of a future
experiment, which we choose to be an upscaling of the
successful CONUS+ technology to larger detector masses.

Our findings are presented in Sec. IV for the cases of light
and heavy new physics and for selected experimental
specifications. We summarize our findings and conclude
with Sec. V.

II. THEORY PRELIMINARIES

We assume that the three active neutrinos mix with m
gauge singlet fermion states. In this case, the most general
charged current weak interaction of massive neutrinos is
described by a rectangular matrix K [39], connecting three
charged lepton mass states with 3þm massive neutral
states,

−LCC ¼ gffiffiffi
2

p Wþ
μ lLγ

μKνþ H:c:; ð1Þ

with lL ¼ ðēL; μ̄L; τ̄LÞ and ν ¼ ðν1; ν2;…ν3þmÞT being the
mass eigenstates of the charged leptons and neutrinos,
respectively. K is a rectangular 3 × ð3þmÞ matrix, where
in the basis where the charged lepton mass matrix is
diagonal, the upper blocks are simply the first three rows
of the neutrino mixing matrix [40]. We can also define the
relevant sub-block as

K ¼ ðN S Þ; ð2Þ

with N being a ð3 × 3Þ matrix, while S is ð3 ×mÞ. Further,
KK† ¼ I3×3 and thus SS† ¼ I − NN†, but note that in
general P ¼ K†K ≠ I. The matrix P, which is square
ð3þmÞ × ð3þmÞ, nondiagonal, nonunitary, and projec-
tive (P2 ¼ P), parametrizes the neutral current interaction
given by

−LNC ¼ g
2 cos θW

ν̄γμPLK†Kν ¼ g
2 cos θW

ν̄γμPLPν: ð3Þ

This formalism applies to both heavy and light singlet
states. In what follows, we will now distinguish between
two relevant limits, depending on the mass of the new
neutral leptons.

A. Heavy neutral leptons: The seesaw limit

We first assume m4; m5;… ∼M ≫ ΛEW, which we call
the seesaw limit. While our phenomenological analysis
remains model-agnostic, it is useful to recall what is
theoretically expected. In seesaw scenarios, the hierarchy
between the heavy singlet states and the light active ones
allows for an expansion in a small parameter ε, which
quantifies the departure from unitarity in the active sector.
In canonical high-scale seesaws, such as the type-I mecha-
nism, this parameter scales as ε ∼Oð ffiffiffiffiffiffiffiffiffiffiffiffiffi

mν=M
p Þ ≪ 1 and,

therefore, leads to unobservable effects. By contrast, in
genuine low-scale realizations, paradigmatically the inverse
or linear seesaws, the expansion parameter is ε ∼OðmD=MÞ,
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with mD ¼ Yv being the Dirac mass generated by the
Yukawa interaction of coupling Y and v the Higgs vacuum
expectation value. Assuming Y ¼ Oð1Þ, any experimental
boundon ε can thus be interpreted as a direct constraint on the
heavy-mediator mass scale M. Current global fits to oscil-
lation data [82] typically require ε2 ≲Oð10−2Þ, correspond-
ing to M ≳ 1.7 TeV for Y ∼ 1.
If the energy of a given process is well below the mass of

the heavymediators, they cannot be produced and, therefore,
do not participate in oscillation experiments. Then, effec-
tively, only the first 3 × 3 blocks ofK andPwill play a role in
the weak interactions, i.e.,N in the charged current andN†N
in the neutral current. We can relate the order of these blocks
with the seesaw expansion parameter ε ∼OðmD=MÞ as

NN† ∼ 1 −Oðε2Þ; SS† ∼Oðε2Þ: ð4Þ

The resulting nonunitary matrix N can be parametrized
following [3] as1

N ¼

0
B@

α11 0 0

α21 α22 0

α31 α32 α33

1
CA · U: ð5Þ

Besides the 3 × 3 unitary matrixU used to describe neutrino
mixing in the conventional unitary case, one has the
triangular prefactor characterized by three real diagonal αii
(i ¼ 1, 2, 3) and three nondiagonal αij (i ≠ j), which are
complex. Note that the αij parameters have a direct inter-
pretation in terms of the mixing angles between active
neutrinos and the heavy singlet states. As an illustrative
example, in the 3þ 1 scheme with one heavy neutral lepton
we find αii ¼ cos θi4 for the diagonal entries, while the off-
diagonal ones are given by αij ¼ sin θi4 sin θj4eiðϕi4−ϕj4Þ,
where θi4 and ϕi4 are the mixing angle and phases between
the active and sterile sectors. Since the mixing angles are
expected to be small, the diagonal terms are close to 1 and
real, while the off-diagonal entries are small and complex.
The general expressions for an arbitrary number of heavy
neutral leptons can be found in the Appendix of [3]. This is a
convenient and complete description of nonunitarity in the
lepton sector. By construction, N and S must satisfy the
relation NN†¼ 1−SS†, hence NN†∼1−Oðε2Þ. Explicitly,

NN†¼

0
B@

α211 α11α
�
21 α11α

�
31

α11α21 α222þjα21j2 α22α
�
32þα21α

�
31

α11α31 α22α32þα�21α31 α233þjα31j2þjα32j2

1
CA;

ð6Þ

fromwhich one can read off the strength of the αij in terms of
the small seesaw expansion parameter ε,

α2ii ∼ 1 −Oðε2Þ; ð7Þ

jαijj2 ∼Oðε4Þ; i ≠ j: ð8Þ

One sees that the strength of the off-diagonal α parameters is
suppressed relative to the deviations of the flavor-diagonal
ones from their SM values. In zero-distance experiments,
where neutrinos cannot oscillate from the source to the
detector, the 0th order in the seesaw expansion corresponds
to the unitary limit, the 1st order gives only diagonal flavor-
conserving effects, while the genuine flavor-violating effects
of nonunitarity only appear at 2nd order. Notice also that this
behavior is consistent with the validity of the well-known

triangle inequality jαijj ≤
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − α2iiÞð1 − α2jjÞ

q
[3].

From Eq. (7) a bound on 1 − α2ii can be interpreted, up to
Oð1Þ factors, as a bound on ε2. Using ε ∼mD=M and
mD ¼ Yv, one obtains the illustrative relation

M ≳ v
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1 − α2iiÞlimit
p : ð9Þ

Here, ð1 − α2iiÞlimit denotes the experimental upper bound
on the nonunitarity parameter ð1 − α2iiÞ. Equation (9)
should not be interpreted as a strict experimental constraint
on M, but rather as an intuitive translation between the α
parameters and the characteristic mass scale of low-scale
seesaw mediators, assuming Oð1Þ Yukawa couplings.
Additionally, unitarity violation leads to a redefinition of

the Fermi constant, which is extracted from the muon
lifetime assuming the SM to be valid. In the presence of
nonunitarity the measured quantity would be an effective
muon decay coupling Gμ. Since the W boson vertices are
modified by the nonunitarity parameters, one finds [84]

Gμ ¼ 1.1663787ð6Þ × 10−5 GeV−2; ð10Þ

G2
μ ¼ G2

FðNN†ÞeeðNN†Þμμ; ð11Þ

and, therefore,

1 ≤
G2

F

G2
μ
¼ 1

ðNN†ÞeeðNN†Þμμ
≈ 3 − α211 − α222 ∼ 1þOðε2Þ:

ð12Þ

Consequently, any process proportional to G2
F will

receive an “enhancement” due the deviation from unitarity.
This is counterintuitive because naively one expects less
events than in the SM if the mixing is nonunitary, due to
kinematically inaccessible heavy states. The reduction of
the event number due to nonunitarity and the “increase”

1An alternative description and its relationship with Eq. (5) is
discussed in Ref. [83].
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due to the redefinition of GF compete with each other, so
that in some cases one can achieveN SM=N NU ¼ 1 even in
the presence of nonunitarity.
In the context of future CONUS-like experiments, we are

interested in the electron antineutrinos produced by the
reactor and the two accessible processes. The first is
CEνNS, ν̄e þ N → ν̄j þ N, where N is a nucleus (Ge in
CONUS) and the outgoing neutrino is not measured, so we
will sum over the light-mass eigenstates ν̄j. The other is
EνeS, ν̄e þ e → ν̄j þ e. The relevant diagrams are given in
Figs. 1 and 2, which include also the neutrino production
vertices. In the unitary (SM) limit, the differential CEνNS
cross section is given by

dσ
dTA

ðTA; EνÞ ¼
G2

F

4π
mAQ2

W

�
1 −

mATA

2E2
ν

�
jFðTAÞj2; with

QW ¼ ½ð1 − 4sin2θWÞZ − N�: ð13Þ

Here, mA is the nucleus mass and QW is the weak nuclear
charge, which is defined by the number of protons Z and
neutrons N, respectively. For the nuclear form factor, the
Helm parametrization is used [85],

FðTAÞ ¼
3j1ðqðTAÞR1Þ

qðTAÞR1

exp

�
−
ðqðTAÞsÞ2

2

�
; ð14Þ

with the spherical Bessel function j1, the momentum
transfer q2 ¼ 2mATA, the nuclear skin thickness s ≃ 1 fm,
R1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 − 5s2

p
, and R ≃ 1.2A1=3 fm. Due to small

momentum transfers at a reactor site, the impact of the
nuclear form factor is negligible, i.e., F → 1. However, with
increasing precision on the SM signal—as investigated in
this work—this quantity becomes more relevant.
The target recoil energies Tx for x ¼ fe; Ag depend on

the scattering angle θ (lab frame) and are given by

Tx ¼
2mxE2

νcos2θ
ðmx þ EνÞ2 − E2

νcos2θ
⟶
θ→0 2E2

ν

mx þ 2Eν
; ð15Þ

where the last step defines the maximal nuclear recoil Tmax
x .

Compared to the SM, each vertex is modified in the
presence of nonunitarity. As such, the probability factor
attached to the diagram in Fig. 1 is given by

P ¼ NeiN�
αiNαjN�

ekNβkN�
βj ¼ ðNN†NN†NN†Þee: ð16Þ

By taking into account the redefinition of the Fermi
constant, performing the seesaw expansion, and keeping
terms up to order Oðε2Þ, we find the expected number of
CEνNS events compared to the SM case to be

�
N NU

N SM

�
CEνNS

¼ P
G2

F

G2
μ
¼ ðNN†NN†NN†Þee

ðNN†ÞeeðNN†Þμμ
≈ 2α211 − α222:

ð17Þ

This ratio is equal to 1 in the unitary limit, where
α11 ¼ α22 ¼ 1.
On the other hand, the differential cross section of the

elastic neutrino scattering on electrons in the unitary limit is
given by

FIG. 1. Feynman diagram of CEνNS. Modifications due to
lepton nonunitarity introduce corrections at the neutrino inter-
action vertices in both the production (left-hand side) and the
detection (right-hand side of the diagram).

FIG. 2. Feynman diagrams for EνeS mediated by the neutral current (NC, left) or charged current (CC, right). Nonunitarity affects
both the production (left-hand side of each diagram) and the detection (right-hand side of each diagram).
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dσ
dTe

ðTe; EνÞ ¼
G2

Fme

2π

�
ðgV þ gAÞ2 þ ðgV − gAÞ2

�
1 −

Te

Eν

�
2

þ ðg2A − g2VÞ
meTe

E2
ν

�
; ð18Þ

with gV ¼ − 1
2
þ 2 sin2 θW and gA ¼ − 1

2
for electron antineutrinos.

Now we need to compute the probability factors associated with the neutral and charged currents as well as their
interference. In general, they are different in the presence of nonunitarity. Therefore, the dependence of the differential cross
section on the recoil energy of the final electron will change with respect to the SM. However, this deviation of the shape of
the spectrum is not only very hard to measure, but also “theory suppressed,” as we will see. Indeed, the probability factors
are given by

PNC ¼ NeiN�
αiNαjN�

ekNβkN�
βj ¼ ðNN†NN†NN†Þee; ð19Þ

PCC ¼ NeiN�
eiNejN�

ekNekN�
ej ¼ ðNN†Þ3ee; ð20Þ

Pint ¼ NeiN�
αiNαjN�

ekNekN�
ej ¼ ðNN†ÞeeðNN†NN†Þee; ð21Þ

which at order Oðε2Þ in the seesaw expansion become

PNC ≈ PCC ≈ Pint ≈ α611: ð22Þ

As a consequence,

�
N NU

N SM

�
EνeS

¼ α611
G2

F

G2
μ
¼ α611

ðNN†ÞeeðNN†Þμμ
≈ 2α211 − α222 ¼

�
N NU

N SM

�
CEνNS

; ð23Þ

which is the same modification as in the CEνNS case.

B. Light sterile neutrinos

If instead the gauge singlet states are light enough to be
produced and propagate, the full matrixK will appear in the
description of the neutrino propagation, instead of only the
sub-blockN. It is also easy to see that, in this case,GF does
not get redefined, since the light sterile states leave the
experiment undetected. For concreteness, we focus on the
simple 3þ 1 case, where we consider the addition of a 4th
gauge singlet to the three massive active neutrinos. In doing
so, we remain agnostic regarding the neutrino mass gen-
eration mechanism. In this scenario, the probability factor
for the CEνNS process including oscillation effects is
given by

P ¼ Keie−iEitK�
αiKαjK�

eke
iEktKβkK�

βj

¼ ðKe−iEtK†KeiEtK†Þee; ð24Þ

where we used KK† ¼ 1. In the basis where the charged
lepton mass matrix is diagonal, K is simply the upper 3 × 4
rectangular block of the full 4 × 4 mixing matrix U. In
general, U is parametrized by six angles and six CP-
violating phases, making the above expression complicated
and not enlightening. Since the mixing between the sterile
neutrino and the active states is necessarily small, we can,

however, expand in powers of the small mixing angles θ4i
and identify the rest with the standard mixing angles.
Moreover, given the short baseline and the energy of
reactor antineutrinos, we can neglect standard oscillation
effects, i.e., ΔEijt ≈ 0 for i; j∈ f1; 2; 3g, but we assume
that ΔE4it is within experimental reach, i.e., oscillations
from active to sterile states can occur. In this way, we
recover the standard electron-electron oscillation survival
probability in the presence of a light sterile neutrino at short
distance, which only depends on one mixing angle and one
mass-squared difference,

P ≈ 1 − sin2 2θ14 sin2
�
LΔm2

41

4Eν

�
; ð25Þ

with the mixing angle sin2 θ14, experimental baseline L,
and the mass-squared difference Δm2

41. Thus, we obtain for
CEνNS

�
N light

N SM

�
CEνNS

¼ 1 − sin22θ14sin2
�
LΔm2

41

4Eν

�
: ð26Þ

Similarly, for EνeS we compute the neutral, charged, and
interference prefactors, being
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PNC ¼ ðKe−iEtK†KeiEtK†Þee ≈ 1 − sin2 2θ14 sin2
�
LΔm2

41

4Eν

�
; ð27Þ

PCC ¼ Keie−iEitK�
eiKejK�

ejK
�
eke

iEktKek ¼ jðKe−iEtK†Þeej2; ð28Þ

Pint ¼ Keie−iEitK�
kiKkjK�

ele
iEltKelK�

ej ¼ ðKe−iEtK†KK†ÞeeðKeiEtK†Þee ¼ PCC: ð29Þ

We can simplify PCC by again neglecting the standard oscillations and expanding in powers of the small quantities θ4i
and find

P ≡ PNC ≈ PCC ≈ Pint ≈ 1 − sin2 2θ14 sin2
�
LΔm2

41

4Eν

�
; ð30Þ

which implies

�
N light

N SM

�
EνeS

¼ 1 − sin22θ14sin2
�
LΔm2

41

4Eν

�
¼

�
N light

N SM

�
CEνNS

: ð31Þ

III. EXPERIMENTAL FRAMEWORK AND
ANALYSIS

Here, we assume an upscaling of the germanium-based
detector technology used in CONUS+ that has recently
achieved the first detection of CEνNS with reactor anti-
neutrinos [37]. This technology allows to go to larger
detector masses, which we scale up to 100 kg. We consider
plausible extrapolations of the current Ge-based concept.
Since the mass scales have the volumeM ∝ L3, a moderate
increase in size already yields a substantial gain in mass.
Using the current CONUS+ shield design with its capacity
of housing ∼10 kg Ge inside a detector chamber of
L ∼ 0.3 m, the Oð100 kgÞ mass scale corresponds to an
increase in size by a factor of ∼2.2, which may be achieved,
among other things, by arranging several detectors in one
cryostat. Concerning shielding, high-density low-activity
materials (e.g., clean tungsten, as used within CONUS+
collaboration) allow formore compact shielding designs than
conventional lead-based solutions. Finally, while the fea-
sibility of deploying a given mass-shielding configuration at
a baseline of ∼20 m ultimately depends on site-specific
infrastructure, safety/licensing, space, and statics constraints,
the 20mdistance should be regarded as a representative near-
field benchmark. In limiting cases, dividing the target mass
into several experimental setups, eachwith its own shielding,
could be considered. In particular, setups at different
distances can have advantages in dedicated physics inves-
tigations, as we will comment on below.
In addition to their mass, germanium detectors have a

low energy threshold [58], for which we also consider
conceivable improvements. We assume as a source nuclear
power reactors that have a very intense electron-antineu-
trino flux. Specifically we assume the experiment to be

located at a 20 m distance to a typical commercial reactor
with a thermal power of 3.5 GW. We choose a typical fuel
composition of a pressurized water reactor ð235U; 238U;
239Pu; 241PuÞ ¼ ð56.1; 7.6; 30.7; 5.6Þ% and select a data-
based reactor antineutrino spectrum. For this, we use the
method proposed in [86] and utilize the provided unfolded
spectra of inverse beta decay (IBD) measurements. The
high-energy part of the spectrum provided by [87] and
calculated spectra for the energy region below the IBD
threshold of [88] were added with appropriate normaliza-
tion. Similar spectra have already been used in previous
data analyses [37,54]. This leads to an electron antineutrino
flux of ∼1.5 × 1013=cm2=s at the experimental site with
underlying uncertainties—among others, of the reactor
thermal power and fission fractions. A 3% level of
uncertainty can be considered established, but we will also
show the impact of an improved uncertainty that could arise
from combining all other existing and upcoming reactor
experiments as the field moves toward a precision, multi-
experiment frontier. The “optimized” 0.3% flux uncertainty
should not be interpreted as a near-term improvement in
reactor flux calculations, but rather as an effective reduction
of the flux normalization uncertainty enabled by combining
multiple high-statistics reactor neutrino measurements in
global fits.
The cross sections of CEνNS and EνeS weighted with

the spectral information are obtained via

dσ
dTx

ðTxÞ ¼
Z

Emax

Emin

dEν
dN
dEν

ðEνÞ
dσ
dTx

ðTx; EνÞ; ð32Þ

with Tfe−; Ng being the electron and nuclear recoil, respec-
tively, Eν the antineutrino energy, and dN=dEν the reactor
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spectrum reaching up to Emax ≃ 11 MeV. The minimal
recoil energy is set by Eq. (15).
Further, we assume flat background levels of

10 cnts=keV=kg=d in the region of interest (ROI) for
CEνNS investigations, i.e., below 1 keV, and background
contributions of 0.5 cnts=keV=kg=d above as reference
values. A rise in background events toward lower energies
is usually expected and will degrade the sensitivity of
configurations with the lowest thresholds. However, real-
istic background models depend on various (site-specific)
factors, such as radiopurity of used materials, distance to the
reactor, and overburden, as well as the experimental envi-
ronment in the reactor building itself. Therefore, our
assumptions should be viewed as an effective description
of background in the ROI. More details about background
events in reactor environments and individual contributions
can be found in [51,89]. To reduce uncertainties on the
background, we fit times of operating (ON) and shut
down (OFF) of the reactor simultaneously and assume
tOFF ¼ 0.1 · tON.

2 Effects of overall improved background
levels are discussed below. In this study we assume exper-
imental exposures of 5, 50, and 500 kg · yrs (reactor ON).
Here, 5 kg · yrs corresponds to CONUS+ operation, which
we term as “now,” 50 kg · yrs is something that can be
obtained by operating CONUS+ with the latest upgraded
detectors for a few years, which we call “soon,” and 500 kg ·
yrs corresponds to an upscaling with 100 kg detector mass
operated for five years,whichwe call “future.”SeeTable I for
further details.
For the germanium detectors we assume 100% detection

efficiency in the ROI down to their threshold energies, for
which we choose “now,” “soon,” and “future” values of
150, 125, and 100 eV. While operating a detector under
such circumstances is a challenge in itself, we assume it to
be feasible for our study with sufficient long-term stability.
Our choice is motivated by current CONUS+ R&D: a
2.4 kg Ge prototype with an energy threshold of
Oð100 eVÞ has already been achieved under realistic
conditions. Since this detector type is only sensitive to
ionization, we need to account for the conversion of nuclear
recoils T into charge signals E. The relevant quenching

factor is so far well described by the widely applied
Lindhard model [90] that has been confirmed to be valid
for the germanium semiconductor detector down to the
energies of interest. We use for the theory’s k parameter
(reflecting the ratio between ionization and recoil energy at
1 keV) the measured value of k ¼ 0.162� 0.004 [91].
Future measurements may reduce the uncertainty on the k
parameter and we will discuss the impact of such improve-
ments. The conversion from recoil to ionization energy is
done by a variable transform

dσ
dE

ðEÞ ¼
�
Qf−1ðEÞ þ E

dQf−1

dE
ðEÞ

�
dσ
dTN

ðQf−1ðEÞ · EÞ;

ð33Þ

with Qf−1ðEÞ being the inverted Lindhard model in terms
of ionization (detected) energy E.
Furthermore, we assume a connection between the

detector’s threshold energy and the intrinsic noise of the
read-out electronic. In particular, we impose the detector
threshold to be three times the FWHM (full width at half
maximum) of an artificial test pulse at zero energy
Ethr ∼ 3 · FWHM. As a consequence, the detector resolu-
tion is described by a Gaussian with an energy-dependent
width given by

σ2ðEÞ ¼
�

Ethr

3 · 2.355

�
2

þ ϵ · F · E; ð34Þ

with the energy necessary to create an energy-hole pair in
germanium ϵ ¼ 2.96 eV (at 90 K) and the so-called Fano
factor F ¼ 0.11.
Taking all these aspects into account, the expected SM

event rates are ð16; 9; 5Þ cnts=kg=d for CEνNS in the region
(100, 125, 150) eVup to 1 keV, and∼1.4 cnts=kg=d=keV for
EνeS up to 100 keV. Exemplary CEνNS spectra for the
scenarios under consideration can be found in the right plots
of Figs. 3 and 4, respectively.
Our sensitivity estimates are obtained with a likelihood

function that incorporates both reactor ON and reactor OFF
data and pull terms taking into account the experimental
uncertainties of the neutrino flux ΔΦ and the Lindhard
model Δk,

TABLE I. Benchmark experimental configurations used in this work. The experimental background is divided into two regions: below
1 keV (first value) and above 1 keV (second value). The category “optimized” refers to improved experimental systematics of the given
categories.

Scenario Exp. [kg · yr] Ethr [eV] B ½cnts=kg=keV=d� ΔΦ Δk Notes

Now 5 150 (10, 0.5) 3% 2% CONUS+ operation scale
Soon 50 125 (10, 0.5) 3% 2% Few-year operation with upgraded detectors
Future 500 100 (10, 0.5) 3% 2% 100 kg × 5 yr upscaling

Optimized X X (1, 0.05) 0.3% 1% Same exposure/threshold

2Nuclear power reactors typically run for eleven months,
followed by a month for refueling.
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−2 logL ¼ −2 logLON − 2 logLOFF þ pull terms: ð35Þ

Two model parameters—ðα11; α22Þ in the seesaw and
ðsin2 2θ14;Δm2

41Þ in the light sterile limit—are fit together
with two background normalization parameters b<1 keV and
b>1 keV, while 3% and 1% uncertainties were assumed for
the reactor antineutrino flux ΔΦ and quenching given by
the Lindhard model Δk, respectively. In addition, we allow
the Weinberg angle sin2 θW to vary within current uncer-
tainties at low energy sin2 θW ¼ 0.2374� 0.0020 [92].
Additionally, we determine results for a factor 10 improve-
ment inΔΦ and the assumed background levels as well as a
factor 2 in Δk to quantify the impact of these parameters. In

doing so, we underline which experimental parameters are
worth improving for future experiments.
We perform a likelihood ratio test and extract limits (at

90% C.L.) on the parameter space from χ2-distributed test
statistics with 2 degrees of freedom. For the seesaw limit, we
incorporate knowledge extracted from oscillation experi-
ments [82] by adding an additional two-dimensional pull
term to the likelihood function above. Of course, a proper
treatmentwould require a combined investigation (global fit)
of both datasets, including underlying experiment-specific
systematic effects, which are beyond the scope of this work.
However, in this way we want to underline the potential of
future CEνNS reactor experiments in such “global fits”when
data from several neutrino experiments are combined.

FIG. 3. Left: prefactor ð2α211 − α222Þ present in Eqs. (17) and (23). Depending on the parameter configuration, the expected
CEνNS/EνeS signal can be smaller or larger than the SM expectation indicated by the black line. Right: exemplary CEνNS spectra for
the given alpha combinations, which are chosen to receive a bisection and doubling of the events. A flux of ϕ ∼ 1.5 × 1013=cm2=s is
assumed (L ¼ 20 m, Pth ¼ 3.5 GW).

FIG. 4. Left: oscillation probability of Eqs. (26) and (31) present in the CEνNS and EνeS cross section for fixed L=Eν. Right: expected
CEνNS spectrum of a light sterile neutrino for the given parameter combination compared to the SM case. Again, a flux of ϕ ∼
1.5 × 1013=cm2=s is assumed (L ¼ 20 m, Pth ¼ 3.5 GW).
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IV. RESULTS

A. Seesaw limit

As anticipated from the count rates mentioned in the
previous section, our limits are mainly driven by the
CEνNS channel. In addition, this has been confirmed by
investigating the impact of both interaction channels
individually, cf. Fig. 13. Although there exist already
strong constraints from oscillation experiments [82], an
improvement for α11 is expected due to an appearing factor
of 2 in the prefactors of Eqs. (17) and (23).

At first we assess the sensitivity to the individual non-
unitarity parameters by fixing the other one to unity. Our
results are summarized in Fig. 5 andTable II for our reference
configuration and Fig. 6 and Table III for optimized
experimental features, respectively. Detailed Δχ2 profiles
for the first, alsowhen combinedwith oscillation data, can be
found in the Appendix, cf. Fig. 10. We note that limits
improve with better detection thresholds and increased
exposure. However, advances are stronger for the transition
from recent to soon available thresholds and the first increase
in exposure. For the highest assumed exposure, there is no

FIG. 5. Δχ2 profiles of the individual alpha parameters—the other one being fixed to unity—for the assumed experimental
configuration. We show three threshold configurations together with three assumptions on the experimental exposure, which are
indicated by different colors and line styles, see Table I for full descriptions. Detailed profiles for the individual thresholds, also
combined with knowledge from oscillation experiments, are illustrated in Fig. 10 in the Appendix.

TABLE II. Individual 90% C.L. limits on the alpha parameters (1 − α2ii) (the other one fixed to unity) for the
assumed experimental configuration. The left column shows the limits for our experimental configuration alone,
while right columns indicate limits obtained when knowledge from oscillation experiments is incorporated. The
corresponding (oscillation) limits are given in the bottom row.

1 − α211 1 − α222

+ osci. + osci.
150 eV 5 kg · yr 0.039 0.022 0.086 0.008

50 kg · yr 0.026 0.018 0.057 0.008
500 kg · yr 0.023 0.016 0.051 0.008

125 eV 5 kg · yr 0.032 0.020 0.069 0.008
50 kg · yr 0.024 0.017 0.053 0.008
500 kg · yr 0.023 0.016 0.051 0.008

100 eV 5 kg · yr 0.027 0.018 0.059 0.008
50 kg · yr 0.024 0.016 0.052 0.008
500 kg · yr 0.023 0.016 0.051 0.008

Oscillations (90% C.L.) [82] 0.061 0.01
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clear improvement regardless of the chosen detector thresh-
old, cf. Fig. 5. This indicates that the assumed systematic
uncertainties, i.e., the antineutrino flux and signal quenching,
become dominant. A general improvement is obtained when
our reactor-only analysis is combined with information from
oscillation experiments. While for α22 existing bounds from
oscillation experiments are already quite strong, limits onα11
improve in a combined analysis, cf. Table II, clearly under-
lining the importance of combined approaches in the future.
Looking at the configuration with reduced uncertain-

ties and a lower background level (a factor of 10 for flux
and background and a factor of 2 for quenching), we

obtain limits of a factor >2 better than for the previous
case, cf. Table III. Especially the larger exposures benefit
from this optimization and yield increasingly better
constraints. When combined with knowledge from oscil-
lation, limits further improve with a lower detector
threshold and larger exposure. The obtained limits can
be converted into an approximate mass scale where the
connected new particles are expected to appear,
cf. Eq. (9), assuming a low-scale seesaw and Oð1Þ
parameters. In doing so, we could soon (50 kg · yr
exposure and 125 eV threshold) constrain new physics
to lie above ∼1100 GeV and ∼760 GeV for α11 and α22,

FIG. 6. Δχ2 profiles of the individual alpha parameters—the other one being fixed to unity—for the optimized experimental
configuration. Again, we show three threshold configurations together with three experimental exposures, which are indicated by
different colors and line styles. Detailed descriptions of our benchmark configurations are given in Table I.

TABLE III. Individual 90% C.L. limits on the alpha parameters (1 − α2ii) (the other one fixed to unity) for the
optimized experimental configuration. The left column shows the limits from our experimental configuration alone,
while right columns indicate limits obtained when knowledge from oscillation experiments is incorporated. The
corresponding (oscillation) limits are given in the bottom row.

1 − α211 1 − α222

+ osci. + osci.
150 eV 5 kg · yr 0.021 0.015 0.044 0.008

50 kg · yr 0.010 0.008 0.020 0.007
500 kg · yr 0.006 0.005 0.011 0.006

125 eV 5 kg · yr 0.016 0.013 0.034 0.008
50 kg · yr 0.008 0.007 0.016 0.007
500 kg · yr 0.005 0.005 0.011 0.006

100 eV 5 kg · yr 0.012 0.010 0.025 0.008
50 kg · yr 0.006 0.006 0.013 0.007
500 kg · yr 0.005 0.005 0.010 0.006

Oscillations (90% C.L.) [82] 0.061 0.01
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respectively. An improved setup could lift these “bounds”
up to ∼1900 GeV (α11) and ∼1400 GeV (α22).

3

An optimistic scenario with a 100 eV threshold and
500 kg · yr combined with oscillations and the optimized
experimental setup would constrain new physics up to
2500 GeV.

The results of the full investigation are given in Fig. 7. As
for the case of the single parameter investigation, we see the
systematic uncertainties become limiting. For a threshold of
150 eV, there is a clear improvement between the exposures
5 kg · yrs and 50 kg · yrs. The soon available threshold
value, i.e., 125 eV, already shows only a minor improvement
between 50 kg · yrs and 500 kg · yrs, while for a 100 eV
threshold there is almost no increase in sensitivity. With the
help of Table II, it is possible to identify experimental
configuration of almost similar sensitivity: 500 kg · yrs of

FIG. 7. Allowed regions of the alpha parameters for three threshold values and three exposures for our detector. The transparent
contours show the limits of the assumed experimental configuration alone, while the nontransparent regions indicate parameter space
still allowed when combined with knowledge from oscillation experiments. Gray contours show limits from oscillation experiments
alone. Left: results for our reference setup. Right: results for improved knowledge on quenching (factor 2), background (factor 10), and
reactor antineutrino flux (factor 10). Descriptions of all configurations are given in Table I.

3Here, we chose the intermediate values for exposure and
detector threshold to show the experimental potential that is going
to be available in the near future.
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exposure with a 150 eV threshold is complementary to
50 kg · yrs exposure with a 100 eV threshold. Such infor-
mation is valuable, and further development on the exper-
imental site might decide which path to follow in the future.
The additional knowledge from oscillation sites—indi-

cated by gray contours in Fig. 7—strongly shrinks the
parameter space still allowed by our CEνNS setup. As
evident from the single parameter cases, limits on α22 are
driven by oscillation experiments, while CEνNS experi-
ments are contributing valuable knowledge for α11, under-
lying their importance for global investigations.
The optimized configuration (a factor 10 improvement in

flux uncertainty and background level as well as a factor 2
improvement in quenching parameter k) is able to constrain
large parts of the parameter space. In particular, the
transition from 5 kg · yrs to 50 kg · yrs shows a strong
increase in sensitivity regardless of the chosen detection
threshold. Note also that these systematics are still not
limiting because improved thresholds and exposures lead to
better limits on the nonunitarity parameters.
In order to quantify which experimental parameters are

the main drivers of the improved sensitivity, we perform
sensitivity estimates switching them on one after the other.
Our findings are summarized in Fig. 8 for single parameters
and Figs. 11 and 12 in the case of two parameters and both
mass regimes. It is apparent that the uncertainty of the
reactor antineutrino flux is the limiting factor, leading to a
relative improvement of ∼63% for the constraints on the
nonunitarity parameters when reduced by a factor of 10.
Reducing the background level by a factor of 10 only
improves the limits by ∼2%. Further knowledge on the k
parameter of the Lindhard model seems to be of minor
importance, i.e., <0.5%. Finally, an overall improvement
of constraints on the alpha parameters of ∼70% can be
achieved when all factors are combined. Nevertheless, it is

clear that better knowledge about reactor-related quantities
will become the main limitation for the next generation of
experiments.

B. Light sterile limit

Similar to the previous case, we expect CEνNS to have
the dominating contribution to the achieved sensitivity,
cf. Fig. 14 for exemplary single channel sensitivities. In
addition, it is worth noting that there already exist many
dedicated experiments that aim to investigate a light sterile
neutrino, especially at sites very close to a nuclear reactor
core [93–97]. Our sensitivity results are illustrated in Fig. 9.
We immediately see that in the light sterile limit, systematic
uncertainties are not limiting since higher exposures and
lower detection thresholds still show constraining power. For
example, a detector of 50 kg · yr exposure and a threshold of
125 eV mostly excludes mixing angles sin2 2θ14 ≳ 0.2
for Δm2

14 ∈ ½10−1; 10� eV2. The BEST experiment best fit
[98], Δm2 ¼ 3.3þ∞

−2.3 eV2 and sin2 2θ ¼ 0.42þ0.15
−0.17 , is fully

excluded in our projections, a result consistent with the
strong tension between the BEST anomaly and other short-
baseline data [99].Moreover, 100 eV detectors with 500 kg ·
yr exposure will start to probe mixing angles sin2 2θ14 ≲
2 × 10−2 in a setup at a 20 m distance. While in the previous
case, configuration of almost similar sensitivity could be
identified, i.e., 500 kg · yrs at 150 eV vs 50 kg · yrs at
100 eV, the message here is different: CEνNS searches for
a light sterile neutrino clearly benefit from a lower detection
threshold.
Improved experimental specifications, i.e., antineutrino

flux, background level, and quenching, also boost the
experimental sensitivity in this context. In particular, a
setup with a threshold below 125 eVand an exposure larger
than 50 kg · yrs will clearly exclude mixing angles above
0.1, and larger parts above 0.05.

FIG. 8. Δχ2 profiles of individual model parameters for improved experimental characteristics: quenching uncertainty reduced by a
factor of 2 (orange), a factor 10 improvement on the background level (green), and flux uncertainty (red). The blue curve shows our
reference configuration, while the purple lines indicate the combination of improvements. In the heavy seesaw limit (left and middle),
the other alpha parameter is fixed to unity, while for the light sterile case (right) we set Δm2

14 ¼ 1 eV2 for illustrative purposes. As an
example a 125 eV threshold detector with 50 kg · yr exposure is chosen.
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To quantify the effect of experimental uncertainties also
for this case, we fixed Δm2 ¼ 1 eV2 and varied them
individually.4 The Δχ2 profiles in terms of the mixing angle
sin2 θ14 are given in Fig. 8 (right plot). Also here, the flux
uncertainty is the driving factor of the obtained sensitivity
with∼54% relative improvement. The impacts of quenching

and background level are stronger, i.e., ∼4% and ∼14%
relative improvements, but are still of secondary importance.
An overall improvement of ∼57% can be gained with the
combination of these factors, less strong than for the seesaw
limit. The effects on the two-dimensional parameter space are
illustrated in Fig. 12.
However, the parameter space probed is mostly excluded

by existing short-baseline experiments. The advantage of
CEνNS setups in this context lies in their compactness. An
experiment of several medium-sized CEνNS detectors at

FIG. 9. Experimental sensitivity (exclusion potential) of light sterile neutrino searches of our reference setup (left column) with the
assumed detection thresholds (150, 100, and 50 eV) and exposures (5, 50, and 500 kg · yrs). In contrast to the previous case, such
searches are not limited by the systematic uncertainties assumed. Results for improved experimental characteristics (a factor 10
improvement in flux uncertainty and background level as well as a factor 2 improvement in quenching uncertainty) are shown as well
(right columns). Descriptions of all configurations are given in Table I.

4Here, we have selected a generic point close to the secondmain
oscillation peak. Of course, the results vary depending on the
chosen value of Δm2 and the chosen experimental characteristics.
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different distances would allow to reduce reactor-related
uncertainties. In addition, CEνNS is sensitive to all neutrino
flavors, providing complementary information to charged
current electron flavor–based searches.

V. CONCLUSIONS

After the first detection of CEνNS, more and more
CEνNS experiments start data collection and we can expect
further interesting physics results in the future, not only
from experiments but also from subsequent phenomeno-
logical studies. The existing data and analyses already
revealed the large potential of CEνNS that could be further
exploited when the next generation of experiments tran-
sition to precision measurements. Motivated by the recent
CEνNS observation of the CONUSþ experiment, the
present work aimed at identifying the sensitivity of a future
upgrade based on demonstrated technology, i.e., a next-
generation germanium-based experiment close to a nuclear
power reactor site. With lepton nonunitarity as an example,
the expected experimental reach has been determined for
well-selected benchmark points, while taking into account
major experimental uncertainties, such as reactor antineu-
trino flux and signal quenching. Further, the impact of these
uncertainties and the underlying background level in future
experimental endeavors has been assessed to identify key
drivers for scientific progress in this context.
In the so-called seesaw limit, where new degrees of

freedom are heavy, future CONUS-like experiments will
contribute valuable information on the nonunitarity param-
eters, cf. Table II and Figs. 5 and 7. A CEνNS setup with
characteristics soon to be achieved (50 kg · yr, 125 eV
threshold) will be able to probe nonunitarity parameters
related to energy scales of 1100 GeV (for α11) and 760 GeV
(for α22). With reduced uncertainties on the reactor anti-
neutrino flux (factor 10), quenching (factor 2), and a reduced

background level (factor 10), scales up to 2500GeV (for α11)
and 1700 GeV (for α22) could be tested in a future setup. In
general, when combined with knowledge from oscillation
experiments, even higher scales can be probed, see Table IV.
We emphasize that the mass scales inferred from Eq. (9) are
not strict experimental limits: they rely on the assumptions
specified in the main text, including the low-scale seesaw
interpretation and Oð1Þ coefficients.
For the case of a light new particle (light sterile limit),

bounds from the CEνNS experiment will be improved
significantly, cf. Fig. 9. Especially, mixing angles above
∼0.1 could be fully excluded when systematic uncertainties
and background can be further lowered. Obtained results
are not competitive with existing bounds but are excep-
tional in the sense that they are flavor independent. Further,
a more refined investigation with several CEνNS detectors
may be envisioned. For future design, our work contributes
interesting knowledge since experimental configurations
with (roughly) the same sensitivity have been identified. In
particular, the question of whether to build an experiment
with 500 kg · yr exposure and a 150 eV threshold or 50 kg ·
yr with a 100 eV threshold may be answered by detector
developments in the next years. Furthermore, it has become
clear that systematic uncertainties will be the limiting factor
in future precision experiments underlining the importance
of carefully assessing an experiment’s uncertainties and
improved theory predictions. In the context of this work,
the reactor antineutrino flux is identified as one of the key
drivers for experimental sensitivity, cf. Fig. 8. Of course,
more refined studies from our experimental colleagues are
needed to fully consider all potential uncertainties under-
lying a specific experimental setup.
Nevertheless, our work clearly underlines the strong

potential of future CEνNS experiments for future tests of
the lepton sector and searches of physics beyond the
standard model.
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TABLE IV. Limits (at 90% C.L.) on the heavy mediator mass
scale M inferred from the nonunitarity parameters α11 and α22,
assuming a low-scale seesaw with Oð1Þ coefficients. The row
“oscillations” uses current bounds from Ref. [82]. The rows
“oscillationsþ current=realistic=optimistic” additionally include
projected CEνNS sensitivities for CONUS-like detector thresholds
and exposures of 150 eV with 5 kg yr (now), 125 eV with 50 kg yr
(soon), and100eVwith 500kg yr (future). In the optimistic casewe
assume the optimized experimental configuration, see themain text
for more details.

M limit from α11 M limit from α22

Oscillations 700 GeV 1740 GeV
Oscillations þ now 1300 GeV 1940 GeV
Oscillations þ soon 1330 GeV 1940 GeV
Oscillations þ future 2460 GeV 2250 GeV
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APPENDIX A: DETAILED Δχ 2 PROFILES OF THE SEESAW LIMIT

FIG. 10. Detailed Δχ2 profiles for the individual alpha parameters and the three threshold values (150, 125, and 100 eV from top to
bottom) under consideration. The experimental reach of the individual experimental configuration (dashed lines) is shown in
comparison to the sensitivity when information from oscillation experiments is added as external knowledge to our analysis (solid).
Benchmark configurations are described in Table I.

TESTING LEPTON NONUNITARITY WITH THE NEXT … PHYS. REV. D 113, 096010 (2026)

096010-15



APPENDIX B: IMPACT OF IMPROVED EXPERIMENTAL PARAMETERS:
FULL PARAMETER SPACE

FIG. 11. Limits on the nonunitarity parameters under optimization of experimental characteristics: quenching uncertainty reduced by a
factor of 2 (left), background reduction by a factor of 10 (middle), and antineutrino flux uncertainty reduced by a factor of 10 (right).
Here, a 125 eV threshold detector with 50 kg · yr exposure is chosen as an example.

FIG. 12. Limits on mass and mixing parameters under optimization of experimental characteristics: quenching uncertainty reduced by
a factor of 2 (left), background reduction by a factor of 10 (middle), and antineutrino flux uncertainty reduced by a factor of 10 (right).
Here, a 125 eV threshold detector with 50 kg · yr exposure is chosen as an example.
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APPENDIX C: SINGLE CHANNEL COMPARISON

1. Seesaw limit

2. Light sterile limit
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