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Abstract: We explore the complementarity of direct detection (DD) and spallation source
(SS) experiments for the study of sterile neutrino physics. We focus on the sterile baryonic
neutrino model: an extension of the Standard Model that introduces a massive sterile
neutrino with couplings to the quark sector via a new gauge boson. In this scenario, the
inelastic scattering of an active neutrino with the target material in both DD and SS
experiments gives rise to a characteristic nuclear recoil energy spectrum that can allow for
the reconstruction of the neutrino mass in the event of a positive detection. We first derive
new bounds on this model based on the data from the COHERENT collaboration on CsI
and LAr targets, which we find do not yet probe new areas of the parameter space. We
then assess how well future SS experiments will be able to measure the sterile neutrino
mass and mixings, showing that masses in the range ∼ 15 − 50 MeV can be reconstructed.
We show that there is a degeneracy in the measurement of the sterile neutrino mixing that
substantially affects the reconstruction of parameters for masses of the order of 40 MeV.
Thanks to their lower energy threshold and sensitivity to the solar tau neutrino flux, DD
experiments allow us to partially lift the degeneracy in the sterile neutrino mixings and
considerably improve its mass reconstruction down to 9 MeV. Our results demonstrate
the excellent complementarity between DD and SS experiments in measuring the sterile
neutrino mass and highlight the power of DD experiments in searching for new physics in
the neutrino sector.
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1 Introduction

The neutrino sector remains one of the most promising places to look for new physics
beyond the Standard Model (SM). Amongst the most obvious open problems, the SM
offers no explanation for the origin of neutrino masses. A generic prediction of new physics
models for neutrino masses is the presence of new sterile neutrino states, which have very
small interactions with the SM ones. The masses of these new exotic states depend on the
actual mechanism by which neutrinos acquire a mass, but an interesting range of values is
the MeV.

The search for sterile neutrinos involves different types of experimental probes and
the constraints depend strongly on the mass range of the new states. For example, sterile
neutrinos have been widely searched for in meson decays, where masses of up to hundreds of
MeV in peak searches of pion and kaon decays have been probed [1–5], and heavier steriles
have been searched for in neutrino beam dump experiments [6–9]. In our regime of interest
(tens of MeV), bounds can be derived through their possible direct production processes. This
could be observed in solar neutrino data [10], atmospheric neutrino data [11], or neutrino
beam experiment data [12] like MINOS/MINOS+ [13]. In addition, the presence of an extra
sterile neutrino may have a non-negligible impact on different cosmological observations
depending on its mass and couplings [14]. For example, long-lived sterile neutrinos with
masses of the order of MeV may alter Big Bang nucleosynthesis and the expansion rate of
the universe [15, 16]. Moreover, sterile neutrinos decaying before recombination may affect
the cosmic microwave background anisotropies [17, 18].
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Experiments situated at spallation source (SS) facilities have recently become excellent
probes of new neutrino physics. Most notably, the COHERENT collaboration [19] has
been able to observe, for the first time, a very rare SM phenomenon: the coherent elastic
scattering of neutrinos with nuclei (CEνNS). The results from both the first run on a
CsI target [20] and a second run that employed LAr in the CENNS-10 detector [21] are
compatible with the SM prediction [22, 23]. This has been used to derive limits on new
physics in the neutrino sector (see, for example, refs. [24–29]), with particular attention
to what future detectors can achieve. Planned experiments include CENNS610 [21] (an
extension of CENNS-10 LAr [30]), CCM [31], and efforts in the European Spallation
Source facility [32]. The bounds from COHERENT and the sensitivity of the planned
detectors are generally interpreted in models with low-mass mediators (or using an effective
description in terms of non-standard neutrino interactions), which alters the SM prediction
for CEνNS [26, 33–36]. Likewise, they are applicable to inelastic processes that involve
the up-scattering to a heavy neutrino state, for example through the presence of a nonzero
neutrino transition magnetic moment [37–39], or even to a dark fermion [40].

In parallel, underground experiments searching directly for dark matter particles have
become increasingly sensitive. Planned detectors, especially those based on liquid noble
gases, feature extremely clean, ton-scale targets with excellent background discrimination
that will soon enable them to measure CEνNS from solar neutrinos. Although this would
constitute a serious background for dark matter searches, it also offers the unique possibility
to test new neutrino physics [41–49] in a way that is complementary to that of dedicated
neutrino detectors. The main advantages of these direct detection (DD) experiments are that
they can probe both electron and nuclear recoils, which makes them a perfect complement
to SS and oscillation experiments [50], and that they are also sensitive to the tau neutrinos
in the solar flux.

The sensitivity of DD experiments to observe heavy neutrino states was studied in
ref. [51] for the particular case of the neutrino dipole portal, showing that current xenon-
based detectors could significantly improve existing astrophysical bounds. The neutrino
dipole portal was considered to account for the apparent excess in the low-energy data
from electronic recoils in the XENON1T experiment [52, 53]. However, this solution was
seriously limited by other experimental constraints [54], and the excess was not reproduced
by XENONnT [55]. Since the coupling of a sterile neutrino to the leptonic sector is in general
severely limited by experimental searches, in this article we will focus on the potential
interactions with the quark sector. These are more difficult to probe, but they could lead
to changes in the predicted nuclear recoil rates in DD and SS experiments that could be
accessible in near future experiments. For concreteness, in this work we set up to study the
sterile baryonic neutrino (SBN) [56] as an example of models in which the active neutrinos
can up-scatter to heavy states.

More specifically, in this article we study the potential of DD and SS experiments to
not only detect the sterile neutrino but also reconstruct its parameters — namely, its mass
and mixings with the active neutrinos. Our main goal is to determine the conditions under
which the sterile neutrino mass can be unambiguously measured (distinguished from zero).

In section 2, we introduce an effective construction based on the sterile baryonic neutrino
model and determine the new inelastic contribution to neutrino-nucleus scattering. In
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section 3, we address the prospects for upcoming SS experiments. In section 4, we extend
the analysis to include future xenon-based DD experiments. Finally, in section 5, we study
the complementary role of DD and SS experiments. We present our conclusions in section 6.

2 The sterile baryonic neutrino

We introduce a dark sector consisting of a new vector mediator, Z ′, stemming from a broken
U(1)B gauge symmetry and a new baryonic sterile neutrino, νb, that is also charged under
this new symmetry [56]. For the purpose of this work, we regard this model as an effective
theory, and we do not address its possible anomaly-free UV completion. The relevant part
of our Lagrangian is given by

L ⊃ m2
Z′

2 Z ′µZ ′
µ + gbZ

′µνbγµνb + 1
3gqZ ′µ∑

q

qγµq . (2.1)

Here, m′
Z is the mass of the new boson, gb is its gauge coupling to the baryonic neutrino

and gq to the quarks, and the sum runs over all quark flavours q. In this model, a generic
flavour eigenstate, |να⟩, can then be written as a linear combination of mass eigenstates,
|νi⟩, as

|να⟩ =
4∑

i=1
U∗

αi |νi⟩ , (2.2)

where |ν4⟩ is the new mass eigenstate with mass m4, and α ∈ {e, µ, τ, b}.
From eq. (2.1), and defining the coupling gZ′ ≡ √

gbgq, the neutrino-nucleus up-
scattering process ναA → ν4A has amplitude

Mα4 = g2
Z′

q2 − m2
Z′

lµhµ , (2.3)

where q2 is the square-momentum exchange with the nucleus, hµ is the nucleus transition
amplitude for the nuclear ground state A, and lµ is the leptonic transition amplitude. Using
eq. (2.2) to re-write the dark baryonic current in terms of the mass eigenstates, we have that

lµ ≡ ⟨ν4| νbγµνb |να⟩ =
∑
ijk

⟨ν4|U∗
αkU∗

biUbjνjγµνi |νk⟩ =
∑

i

U∗
αiU

∗
b4Ubi ⟨ν4| ν4γµνi |νi⟩

≃ U∗
α4 ⟨ν4| ν4γµνi |νi⟩ ,

(2.4)

where, in the last step, we have assumed that |Ubi| ≪ |Ub4| for i ̸= 4 and that |Ub4|2 ≃ 1 [57].
The differential neutrino-nucleus up-scattering cross section then follows:

dσα4

dER
= g4

Z′A2 |Uα4|2 mA

2πE2
ν

(
2mAER+m2

Z′

)2

[
4E2

ν−2ER (mA−ER+2Eν)− m2
4

mA
(mA−ER−Eν)

]
F 2(ER),

(2.5)
where mA is the mass of the target nucleus, Eν is the energy of the incoming neutrino, and
ER is the nuclear recoil energy. For the nuclear form factor F 2(ER), which arises from the
hadronic part of the amplitude, we use the Helm form factor [58] with the parametrisation
introduced in ref. [59]. This new inelastic scattering process provides an extra contribution
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m4 [GeV] |Ue4|2
∣∣Uµ4

∣∣2 |Uτ4|2

BP1a 2 × 10−3 0 9 × 10−3 0
BP1d 2 × 10−3 0 9 × 10−3 9 × 10−3

BP2a 9 × 10−3 0 9 × 10−3 0
BP2b 9 × 10−3 0 9 × 10−3 9 × 10−4

BP2c 9 × 10−3 0 9 × 10−3 4 × 10−3

BP2d 9 × 10−3 0 9 × 10−3 9 × 10−3

BP3a 20 × 10−3 0 9 × 10−3 0

BP4a 40 × 10−3 0 9 × 10−3 0

BP5a 60 × 10−3 0 9 × 10−3 0

Table 1. Benchmark points used in this work.

to the usual SM elastic neutrino-nucleus scattering, which takes place through CEνNS and
has the following differential cross section,

dσCEνNS
dER

= G2
F

4π
Q2

νmA

(
1 − mAER

2E2
ν

)
F 2(ER) , (2.6)

where GF is the Fermi constant, and Qν ≡ N −
(
1 − 4 sin2 θW

)
Z is the SM coherence

factor in terms of the Weinberg angle, θW , and the number of neutrons, N , and protons, Z.
Note that, for the characteristic recoil energies at SS experiments (ER ≲ 100 keV) and

DD experiments (ER ≲ 10 keV), the cross section in eq. (2.5) can be interpreted as being
proportional to the effective coupling g4

Z′ |Uα4|2/m4
Z′ . As both of these types of experiments

are sensitive to this product of model parameters, they are only able to make inferences
on this effective coupling. Since the focus of our analysis is the physics underlying the
baryonic neutrino, we choose to fix the parameters related to the new vector mediator to
mZ′ = 1 GeV and gZ′ = 4 × 10−3, taking into account the constraints found in ref. [60].
Thus, without loss of generality, for as long as m2

Z′ remains greater than the momentum
transfer at these experiments, our results can simply be rescaled by the factor g4

Z′/m4
Z′ .

We therefore consider a four-dimensional parameter space (m4, |Ue4|2, |Uµ4|2, |Uτ4|2) and
table 1 shows some representative benchmark points used in this work.

3 Spallation source experiments

Neutrino experiments at spallation sources have become an extremely useful tool to explore
new neutrino physics associated with neutrino-nucleus scattering. The neutrino flux arriving
on-target has three components, shown in figure 1. The prompt decay of the initially
produced pions, π+ → µ+νµ, induces a monochromatic beam of muon neutrinos with energy
Eνµ = (m2

π − m2
µ)/2mπ ≃ 30 MeV. The delayed decay µ+ → e+νeν̄µ gives rise to a flux
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of muon antineutrinos and electron neutrinos with continuous energy distributions. The
corresponding fluxes are given by (see, e.g., ref. [61])

dϕνµ

dEν
= ξδ

(
Eν −

m2
π − m2

µ

2mπ

)
,

dϕν̄µ

dEν
= ξ

64
mµ

(Eν

mµ

)2(3
4 − Eν

mµ

) ,

dϕνe

dEν
= ξ

192
mµ

(Eν

mµ

)2(1
2 − Eν

mµ

) ,

(3.1)

where, from kinematics, Eν ∈
[
0, mµ/2

]
for the continuous spectra of ν̄µ and νe. The

constant ξ ≡ rRPOT/(4πL2) accounts for the luminosity of the experiment. Here, r is
the number of neutrinos of any given flavour produced per proton collision, RPOT is the
number of protons on target per unit time, and L is the total length of the experimental
baseline. Given the promising sensitivity of the configurations planned to run at the
European Spallation Source, in this article we will consider it as a paradigmatic example of
a realistic future experiment. Two different setups can be considered [32]: a small (10 kg)
but extremely sensitive detector with an energy threshold of Eth = 0.1 keV (which we refer
to as ESS10), and a large detector (1 ton) but with a higher energy threshold of Eth = 20 keV
(which we refer to as ESS). For the former, low threshold configuration, we envision the
LAr scintillating bubble chamber setup described in ref. [32]. For both configurations, the
baseline is L = 20 m, RPOT = 2.8 × 1023 yr−1, and r = 0.3. Despite the great advantage of
its extremely low threshold, the small target size of ESS10 makes it insufficient to explore
new regions of the parameter space of sterile neutrino models, and, for this reason, we will
concentrate on ESS assuming 1 yr of operation. In our analysis, we consider a bin energy
resolution of 5 keV. For the quenching factor, we have extrapolated that of COHERENT-
LAr [21], QF = 0.246 + 7.8× 10−4ER, whereby E[keVee] = QF ER. Following the treatment
in ref. [47], we approximate the efficiency as ϵ(ER) = 0.5

(
1 + tanh (ER − Eth)

)
/Ewidth,

where we take Ewidth = 1 keV for ESS.
To compute the differential rate of nuclear recoil events, we integrate each neutrino flux,

α′ ∈ {e, µ, µ̄}, taking into account both SM CEνNS and new physics up-scattering processes,
from eq. (2.6) and eq. (2.5), respectively. The differential scattering rate is given by

dRα′

dER
= 1

mA

(∫ Emax
ν

Emin,CEνNS
ν

dϕνα′

dEν

dσCEνNS
dER

dEν +
∫ Emax

ν

Emin,α′4
ν

dϕνα′

dEν

dσα′4
dER

dEν

)
, (3.2)

where 1/mA is the total number of targets per unit mass in a given experiment, dσµ̄4/dER =
dσµ4/dER, and Emax

ν = mµ/2 is the maximum allowed neutrino energy. The minimum
neutrino energy required to produce a recoil of energy ER differs for the elastic and inelastic
processes. For usual SM CEνNS, it is given by

Emin, CEνNS
ν = 1

2

(
ER +

√
E2

R + 2mAER

)
≃

√
mAER

2 . (3.3)
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Figure 1. Normalised (without the ξ factor) neutrino fluxes at spallation source facilities.

However, for the inelastic up-scattering process, the minimum energy must be high enough
to produce the massive sterile neutrino, leading to

Emin, α′4
ν =

(
1 + m2

4
2mAER

)
Emin, CEνNS

ν . (3.4)

Finally, the total number of nuclear recoils in each energy bin is computed by inte-
grating the differential rate over the experimental range of recoil energies (given by the
specific experimental setup) weighted by the corresponding energy-dependent efficiency
function, ϵ(ER),

NSS = ε
∑
α′

∫ Emax
R

Emin
R

dRα′

dER
ϵ(ER) dER , (3.5)

where ε is the experiment exposure: the product of its total mass and its live time. For the
ESS configuration that we are considering, ε = 1 ton yr.

Figure 2 shows the differential spectrum for each contribution in eq. (3.2) and for four
representative benchmark points (BP1a, BP2a, BP3a, and BP5a with parameters specified
in table 1), where the sterile neutrino mass is varied for the same choice of couplings.
The inelastic contribution only switches on above a certain recoil energy, leading to a
characteristic bump with energies in the range

Ebump
R ∈

[
1

2mA

(
2(Emax

ν )2 − m2
4 − 2Emax

ν

√
(Emax

ν )2 − m2
4

)
, (3.6)

1
2mA

(
2(Emax

ν )2 − m2
4 + 2Emax

ν

√
(Emax

ν )2 − m2
4

)]
, (3.7)

where we have made the approximation Eν/mA ≪ 1. In the event of a future observation,
this ‘bump’ could be used to determine the mass of the sterile neutrino, thus helping to
discriminate this model from other potential new physics contributions in the neutrino
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Figure 2. Predicted energy spectra at ESS for some representative benchmark points in table 1,
featuring different values for m4 and mixings with the active neutrinos. The vertical grey dotted
(dashed-dotted) line shows the projected ESS (ESS10) threshold. The quantity ∆µ is defined as
the energy difference between the endpoint of the SM spectrum and the contribution from the
monochromatic νµ flux. The dashed green line in the upper-left panel shows the expected neutrino
NSI spectrum with εu

µµ = 0.4.
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sector. In practice, this could confirm the existence of a sterile neutrino (with mass different
from zero). Notice that the lower end of the energy bump takes place at very small values
of the recoil energy, well below the reach of current and future detectors. For this reason,
the sterile neutrino mass reconstruction mostly relies on determining the upper end of the
bump, which is displaced from the end of the SM CEνNS spectrum. The contribution from
muon neutrinos is particularly interesting for this purpose. As their flux is monochromatic,
the energy bump in their spectrum is more easily distinguishable from the SM prediction.
The difference of the endpoint in the SM CEνNS spectrum and the inelastic contribution
from νµ is denoted ∆µ in figure 2 for each benchmark point.

To observe this feature, the experimental threshold must be low enough and the energy
resolution of the detector must at least be comparable to ∆µ. Since ∆µ increases with m4
(which we can see in figure 2 or infer from eq. (3.7)), heavier sterile neutrino masses are
easier to reconstruct. Since the energy thresholds of current and planned experiments at
spallation sources are of the order of ∼ 10 keV, a measurement of the sterile neutrino mass
is only possible above a certain value of m4. In particular, given the planned characteristics
of the ESS experiment, the signal of both BP1 and BP2 would be indistinguishable from
that for m4 = 0. For reference, the vertical grey dotted (dashed-dotted) lines in figure 2
represent the expected energy threshold of both ESS and ESS10 respectively.

It should be emphasized that measuring the sterile neutrino mass — that is, confirming
that m4 = 0 is not within the 2σ best-fit region — is crucial to discriminate the signal
due to the SBN model from that of a generic neutrino non-standard interaction (NSI),
where no extra neutrinos are introduced [62–69]. Indeed, the spectrum from a particular
choice of NSI can mimic the observed signal in the SBN model when the lower end of the
energy bump is below the experimental threshold. We illustrate this in figure 2 for BP1a,
where we have generated an NSI spectrum with a pure up-quark effective NSI parameter
of εu

µµ = 0.4. For the range of observable energies, we see that the SBN and NSI spectra
almost completely overlap, making them indistinguishable from one another.

To test the reconstruction of the sterile neutrino parameters, we have created Asimov
data sets for each of these benchmark points and attempted to reconstruct their associated
model parameters in the four-dimensional space (m4, |Ue4|2 ,

∣∣Uµ4
∣∣2 , |Uτ4|2). In these Asimov

sets, our ‘observed’ data are equal to the theoretically expected number of events for each
given benchmark point. The ensuing limit from such an analysis should asymptotically
approach the median limit arising from many Monte Carlo runs [71]. The statistical
details of our analysis can be found in appendix A. We compute the expected number
of nuclear recoil events from eq. (3.5) using an extension of the SNuDD package [72]. For
each benchmark point, we carry out a profile-likelihood analysis using the nested sampling
algorithm multinest [73, 74] via its Python implementation [75].

We show in figure 3 the parameter reconstruction corresponding to BP1a, BP2a, BP3a,
and BP5a, assuming the projected configuration of the ESS detector. The hatched areas
correspond to the allowed regions (∆χ2 < 6.18). As we can see, ESS would be able to
observe the first three benchmark points and measure the coupling

∣∣Uµ4
∣∣2. It would also be

able to fully reconstruct the mass of the sterile neutrino in BP3a. Nevertheless, for BP1a
and BP2a, only an upper bound on the sterile neutrino mass can be extracted (the end-point
of the bump cannot be distinguished from the SM spectrum). Since the sterile neutrino
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Figure 3. Profile-likelihood results for the BPs with
∣∣Uµ4

∣∣2 = 9 × 10−3, |Uτ4|2 = |Ue4|2 = 0 and
m4 = 2 MeV (upper left panel), 9 MeV (upper right panel), 20 MeV (lower left panel), and 60 MeV
(lower right panel) using SS data only. Hatched areas correspond to allowed regions (∆χ2 < 6.18).
For clarity, we depict as a yellow star the true values of the analysed benchmark point. The shaded
dark (light) grey regions are excluded by the current COHERENT CsI (LAr) data. The horizontal
dashed blue line corresponds to the upper bound on the sterile neutrino mixing with the muon
sector [70].

mass for BP5a is above the energy of the neutrino flux in spallation source experiments,
the up-scattering is kinematically forbidden and hence there will be no observation. For
this benchmark point, we can only obtain an exclusion region.

As a new result, we have derived constraints on the SBN model using current CO-
HERENT data from the two targets, LAr [21] and CsI [76]. These two experiments are
much smaller than the future ESS, having targets of 24 kg and 14.6 kg, respectively. To
derive the constraints, we have used the statistical treatment of appendix A. The bounds
are represented in figure 3 as light and dark grey areas in the corresponding plots for the
LAr and CsI targets, respectively. As we can see, the excluded areas lie above the upper
bound on the sterile neutrino mixing with the muon sector from ref. [70] and therefore do
not probe new areas of the parameter space. The better sensitivity of the ESS configuration
is mainly due to its target size and the larger ξ at the European Spallation Source facility.
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Figure 4. Profile-likelihood results for BP4a (m4 = 40 MeV,
∣∣Uµ4

∣∣2 = 9× 10−3, |Uτ4|2 = |Ue4|2 = 0)
using SS data only. For clarity, we depict as a yellow star the true values of the analysed benchmark
point. The shaded dark (light) grey regions are excluded by current COHERENT CsI (LAr) data.
The yellow arrows depict that the benchmark point is outside of the plotting area.

It is interesting to note that for sterile neutrino masses above m4 ≳ 30 MeV, the
monochromatic νµ flux is not energetic enough to produce the sterile neutrino and only
the ν̄µ and νe fluxes contribute in eq. (3.2). When this occurs, the characteristic feature
∆µ is no longer present. This makes the mass reconstruction more difficult and leads
to a degeneracy between the mixings with muon neutrinos, Uµ4, and electron neutrinos,
Ue4. This effect is more pronounced for m4 ≃ 40 MeV, where the νe and ν̄µ fluxes are
comparable. To exemplify this, in figure 4 we analyse a benchmark point with m4 = 40 MeV
and

∣∣Uµ4
∣∣2 = 9 × 10−3 (BP4a in table 1), which we attempt to reconstruct through a

profile-likelihood analysis. The degeneracy on the reconstruction of the mixings (evidenced
on the right panel) induces a similar degeneracy on the sterile neutrino mass (see left and
middle panels of figure 4), making measuring m4 impossible. This degeneracy is lifted for
sterile neutrino masses m4 ≳ 45 MeV (depending on the value of the mixings) when the
contributions from the νe and νµ fluxes differ (see figure 1).

Our analysis so far shows that

• Current limits on the SBN model using COHERENT data do not exclude new areas
of the parameter space, but future experiments like ESS would allow us to explore
regions below current experimental constraints.

• In the event of a positive observation, future SS experiments might be able to
determine the sterile neutrino mass (distinguishing it from the massless case) for a
range m4 ∼ 15 − 50 MeV. For lighter masses, the observed signal is indistinguishable
from that of a new massless neutrino.

• The sterile neutrino mixing with the electron and muon sectors can, in general, be
disentangled based on the different shapes of the contribution from the νe and νµ

fluxes.

• There is, however, a region for sterile neutrino masses around m4 ∼ 40 MeV for which
the reconstruction is highly degenerate and the sterile neutrino mass (and mixing
with νe and νµ) cannot be measured.

– 10 –
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• SS experiments are completely insensitive to the sterile neutrino mixing with the tau
sector, as there is no ντ flux.

In the following sections, we will study how (dark matter) direct detection experiments can
provide complementary information that improves the reconstruction of the SBN model
parameters, partially lifting some of these degeneracies and considerably improving the
mass measurement.

4 Direct detection experiments

While primarily employed in the search for dark matter, direct detection experiments are
becoming so sensitive that they will start observing CEνNS from solar neutrinos. Indeed,
the sensitivities of xenon-based experiments of this and future generations — such as LZ [77],
XENONnT [78], and DARWIN [79]—are projected to hit the neutrino fog: a region of
the parameter space where a dark matter signal and a neutrino event will be difficult to
disentangle [80]. This motivates us to think of these experiments as neutrino observatories
instead of as dark matter detectors, treating this ‘background’ as a signal to help us learn
more about the nature of both SM and BSM neutrino physics. In this section, we show how
these experiments can use measurements of the solar neutrino scattering rate as a probe of
the SNB model.

In the case of nuclear recoils, the calculation of the differential rate is similar to that of
SS. The key differences are that we instead use the solar neutrino flux and that we must now
account for the oscillation probabilities as neutrinos propagate to the Earth from the solar
core. As we did in section 3, the SM and new inelastic contributions must be considered
separately since the minimal neutrino energy to produce a nuclear recoil of a given energy
differs. The differential scattering rate, after summing over the flavours α ∈ {e, µ, τ}, is
ultimately given by1

dR

dER
= 1

mA

[∫ Emax
ν

Emin,CEνNS
ν

dϕνe

dEν

dσCEνNS
dER

dEν +
∑

α

∫ Emax
ν

Emin,α4
ν

dϕνe

dEν
Peα

dσα4
dER

dEν

]
, (4.1)

where dϕνe/dEν is the total differential solar electron-neutrino flux and Peα is the transition
probability for an electron neutrino to oscillate to the flavour α. Notice that since SM
CEνNS is flavour blind, the transition probabilities factor out and sum to one. For the new
physics contribution, the cross section is instead flavour dependent, so the probabilities
must be retained.

In this work, we consider a multi-ton xenon experiment with an exposure of ε =
200 ton yr, a recoil energy threshold of Eth = 1 keV, and an energy bin resolution of 1 keV.
This type of experiment has been shown to be a powerful probe of new physics in the
neutrino sector [45, 47, 50]. When calculating the total number of expected events, we

1It has recently been noted that one must be careful when calculating the solar neutrino scattering rate
in the presence of new physics [81]. If the new physics introduces flavour-changing neutral current processes,
then a more general density matrix formalism must be employed. This was recently done in the context of
DD experiments and general NSI in ref. [50]. In our case, flavour charge is conserved, so we can compute
the rate in the usual manner as we have written.
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incorporate experimental effects, folding into eq. (4.1) the energy-dependent efficiency and
resolution functions. We do this using

NDD = ε

∫ Emax

0

∫ dR

dE′ ϵ(E
′) 1

σ(E′)
√

2π
exp

−(ER − E′)2
2σ2(E′)

 dE′

 dER , (4.2)

where the convolution with the Gaussian resolution function is taken with respect to the
theoretically expected recoil energy, E′, which is converted to the observed recoil energy,
ER. The integral is taken from ER = 0, with the threshold of the experiment implicitly
incorporated through the efficiency function, ϵ. Note that it is crucial to incorporate this
convolution with the resolution function, as this smears lower energy 8B events beyond
where CEνNS would be kinematically forbidden. As experimental thresholds are typically
placed near where this forbidden region occurs, which is useful for dark matter searches,
this smearing allows us to see some events as opposed to almost no events.

To implement eqs. (4.1) and (4.2), we once again make use of the SNuDD package. This
package uses the B16-GS98 standard solar model neutrino flux predictions [82] and the
NuFIT 5.2 oscillation parameter results to compute the electron neutrino survival and
transition probabilities [83]. For more information on the package, please see ref. [50] for
the theory and ref. [72] for the code base.

With the existence of the new flavour state |νb⟩, it is possible that the electron neutrinos
produced in the Sun can oscillate into baryonic neutrinos. These neutrinos could then
elastically scatter off target nuclei via the new vector mediator, leading to an observable signal
in DD experiments that could, in principle, dominate over that of our considered inelastic
process [56, 84]. However, for sterile neutrinos in the mass range we have considered
(m4 ∼ 1 MeV–100 MeV) deviations from the unitarity of the PMNS matrix are highly
constrained by flavour and electroweak precision data, as well as direct searches for such
heavy neutrino states [16]. Consequently, we take the liberty of ignoring transitions to
the baryonic neutrino state, neglecting the elastic scattering process and using the SM
prediction for the survival and transition probabilities.

Figure 5 shows the resulting differential spectrum for some representative benchmark
points from table 1. As in the case of SS experiments, the new physics contribution from the
inelastic process shows a characteristic bump. There is, however, an important difference.
Since the solar neutrino fluxes are not monochromatic, this feature is not as abrupt as
the νµ contribution in SS experiments. Consequently, the reconstruction of the sterile
neutrino mass from a hypothetical future signal in DD experiments is significantly more
challenging. Notice that the lower end of the energy bump is generally well below the
experimental threshold (and is therefore not observable). Thus, it is difficult to determine a
lower bound on the mass of the sterile neutrino using DD alone. Given the shape of the
solar neutrino flux [85], for sterile neutrino masses above ∼ 2 MeV, only the 8B and hep

neutrino fluxes contribute to the inelastic process. Despite this, DD experiments have the
great advantage that they are sensitive to all three flavours of active neutrinos, thereby
conveniently complementing the information from spallation sources, which lack a tau
neutrino flux.
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Figure 5. Predicted DD spectra for four benchmark points with m4 = 9 MeV,
∣∣Uµ4

∣∣2 =
9 × 10−3, |Ue4|2 = 0, and |Uτ4|2 = 0 (upper left panel), 9 × 10−4 (upper right panel), 4 ×
10−3 (lower left panel), 9 × 10−3 (lower rigth panel). The SM spectrum is shown in grey, while the
SBN contribution is shown in black. For completeness, we also show as red dashed-dotted (blue
dashed) lines the SBN contributions arising from the νµ (ντ ) flux.
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As we did for SS experiments, we can compare the expected number of events for a
given set of model parameters with the simulated data of each benchmark point detailed in
table 1. Since the expected number of events is significantly lower than in SS experiments,
we model the likelihood as a product of Poissonian likelihoods for each energy bin. In
addition, we introduce a nuisance parameter to account for the systematic uncertainty on
the 8B flux. The full statistical description can be found in appendix A. To test how this
uncertainty impacts our results, we consider two cases:2 one with the current experimental
uncertainty of σ8B = 4% [88] and another one with an optimistic uncertainty of σ8B = 1%.

In figure 6, we show as blue hatched regions the parameters that would be allowed
(∆χ2 < 6.18) by a future observation in a multi-ton liquid xenon experiment with σ8B = 1%.
For comparison, we include as a blue dashed line the results obtained with σ8B = 4%. Given
the maximum energy of the 8B solar neutrino flux, DD experiments will be insensitive to
BP3a and BP5a. Hence, DD experiments can only probe sterile neutrinos with a low mass
(m4 ≲ 20 MeV) and a large mixing. Regarding the benchmark points of figure 6, only BP1a
is observable — while we do observe events for BP2a, the statistics are not high enough
for a reconstruction. For BP2a, BP3a, and BP5a we only obtain an upper bound on the
neutrino mixing. For BP5a, adding DD data leads to a more constraining upper bound
for small sterile neutrino masses. It should be emphasised that one cannot disentangle
the individual contributions from each of the three neutrino flavours using only DD data,
and therefore the reconstruction of the mixing parameters is completely degenerate (in the
figure, this leads to |Uµ4|2 being unbounded).

5 The complementarity of direct detection and spallation source
experiments

In this section, we forecast the sensitivity that will be achieved by combining the results of
future DD and SS experiments. In particular, we analyse how their complementarity can
be used to break the degeneracies found in their individual analyses and better determine
the parameters of the SBN model. Since the measurements performed by DD and SS
experiments are independent of one another, we model the total likelihood as the product
of the individual likelihoods described in appendix A. Using this combined likelihood, we
repeat our previous analysis.

In figure 6, we present the results for the same benchmark points as in figure 3, but
now considering the information that DD experiments can contribute. The blue-shaded
areas correspond to the best-fit regions when only DD data are considered, while green-
shaded regions are those that employ the combination of DD and SS data. Only BP1a is
observable by a future multi-ton xenon experiment. While the corresponding mass of BP1a
cannot be determined using DD alone, the inclusion of DD data leads to a more stringent
upper bound on m4. For BP2a, BP3a, and BP5a, DD can only set upper bounds on the
mixing parameters; however, this can still prove to be extremely useful. For example, when

2These values are motivated by the current uncertainty obtained through global fits analysis [86]
(σ8B = 2%) and the uncertainty to which DUNE will measure 8B using a combination of elastic scattering
and charged-current interactions (σ8B = 2.5%) [87].
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Figure 6. Profile-likelihood results for the BPs with
∣∣Uµ4

∣∣2 = 9 × 10−3, |Uτ4|2 = |Ue4|2 = 0,
and m4 = 2 MeV (upper left panel), 9 MeV (upper right panel), 20 MeV (lower left panel), and
60 MeV (lower right panel). The orange (blue) hatched regions show the results using SS (DD) data
only, while the green shaded regions show the results when using the combination of both types
of experiments. For clarity, we depict as a yellow star the true values of the analysed benchmark
points. The shaded dark (light) grey regions are excluded by current COHERENT CsI (LAr) data.
Regarding the uncertainty in the 8B solar neutrino flux, the solid blue line corresponds to σ8B = 1%,
and the dashed blue line to σ8B = 4%.

combined with SS results, this can help to exclude regions with small m4. In the case of
BP2a, for instance, DD complements the results of SS and is crucial to better measure the
sterile neutrino mass. For BP5a, DD data improves the exclusion for small values of m4.

A particularly interesting case is that of BP4a. As explained in section 3, for m4 ≃
40 MeV, the parameter reconstruction using only data from SS experiments displays a
degeneracy in the sterile neutrino mixings and mass (see figure 4). In figure 7, we show
how this degeneracy is partially lifted when DD data is included. Although BP4a is not
observable in a future xenon detector because of its large mass, the bounds from DD exclude
the region of the parameter space with small m4 and large |Ue4|2, which in turn leads to a
good measurement of the sterile neutrino mass.
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Figure 7. Profile-likelihood results for BP4a (m4 = 40 MeV,
∣∣Uµ4

∣∣2 = 9×10−3, |Uτ4|2 = |Ue4|2 = 0).
The orange (blue) hatched regions show the results of using SS (DD) data only, while the green-
shaded regions show the results when using the combination of both types of experiment. For clarity,
we depict as a yellow star the true values of the analysed benchmark point. The shaded dark (light)
grey regions are excluded by current COHERENT CsI (LAr) data. The yellow arrows depict that
the benchmark point is outside of the plotting area.
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Figure 8. The same as in figure 7 but for BP1d.

Another great advantage of combining both types of experiments is that the solar
neutrino flux includes a ντ component due to neutrino oscillations. This provides an extra
handle with which to measure the sterile neutrino mixing with tau neutrinos. In order to
test this, figure 8 shows an analysis of BP1d: a benchmark point with a non-negligible Uτ4
mixing. Not only is this component measured with DD data, but also the combination
with SS results leads to a better upper bound on the sterile neutrino mass and an improved
reconstruction of Uτ4.

For completeness, figure 9 shows a series of examples where both Uµ4 and Uτ4 are
non-vanishing, corresponding to BP2b, BP2c, and BP2d in table 1. These benchmark
points are observable in DD thanks to the Uτ4 component. When the best-fit regions are
determined, the upper bound on |Uµ4|2 from DD data is sensitive to the magnitude of
the mixing with tau neutrinos: for small |Uµ4|2 (e.g., BP2b), the bound on |Uµ4|2 is less
stringent than when |Uµ4|2 increases (e.g., BP2d). This also makes the combination with SS
results less trivial — in some cases, the excluded regions allow for a better reconstruction
of the sterile neutrino mass (BP2b), whereas in other cases this is not possible (BP2c
and BP2d).
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Figure 9. Profile-likelihood results for benchmark points with m4 = 2 MeV,
∣∣Uµ4

∣∣2 = 9 × 10−3 and
|Uτ4|2 = 9 × 10−4 (left); 4 × 10−3 (middle); 9 × 10−3 (right). The orange (blue) hatched regions
show the results using SS (DD) data only, while the green shaded regions show the results when
using the combination of both types of experiments. For clarity, we depict as a yellow star the true
values of the analysed benchmark points. The shaded dark (light) grey regions are excluded by
current COHERENT CsI (LAr) data.

5.1 How well can we measure the sterile neutrino mass?

As we have demonstrated, the combination of DD data with that from SS experiments can
lead to a better measurement of the sterile neutrino mass. This can happen even in the
cases where DD would not observe a new physics signal, simply from the effect that the DD
exclusions have on the regions of the parameter space that are consistent with detection in
SS experiments. Reconstructing m4 (i.e., confirming that it is non-vanishing) is crucial to
discriminate a sterile neutrino model from other kinds of BSM neutrino physics (such as
NSI on the active neutrinos).

In order to better quantify the relevance of the DD and SS complementary role
in measuring m4 and to provide a more general picture, we show in figure 10 various
projections of the (m4, |Ue4|2, |Uµ4|2, |Uτ4|2) parameter space, indicating the areas where
m4 can be reconstructed (i.e., m4 = 0 is not within the 95.45% CL region). Using the same
colour convention as in previous plots, the orange (blue) areas are those where m4 can be
reconstructed solely from SS (DD) data, and green regions correspond to their combination.
From top to bottom, the first row corresponds to the (m4, |Uτ4|2) plane with |Ue4|2 = 0 and
|Uµ4|2 = 4 × 10−3 (9 × 10−3) left (right) column. The second row shows the (m4, |Uµ4|2)
plane with |Ue4|2 = 0 and |Uτ4|2 = 4 × 10−3 (9 × 10−3) left (right) column. In the third
row, we represent the (m4, |Ue4|2) plane for |Uτ4|2 = 0 and |Uµ4|2 = 4× 10−3 (9× 10−3) left
(right) column. The different benchmark points of table 1 are indicted with yellow stars.

In all of these figures, we observe a clear synergy between DD and SS experiments.
This is evinced by the green areas extending beyond the union of the blue and orange ones.
In particular, the addition of DD data allows us to measure smaller values of m4. The
gap in the orange area of the top right and lower right panels appears for m4 ≃ 40 MeV
and corresponds to the regions where the degeneracy between |Ue4|2 and |Uµ4|2 makes
the mass reconstruction impossible for SS experiments alone (see figure 4 for BP4a). The
addition of DD information is crucial to break this degeneracy and, hence, allow for a mass
reconstruction in this region (as in figure 7).
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Figure 10. Regions of the parameter space in which we have a 2σ mass reconstruction for
different solar flux uncertainties. The orange (blue) hatched regions show the results using SS
(DD) data only, while the green shaded regions show the results when using the combination of
both types of experiments. Upper panel: results for benchmark points with fix |Ue4|2 = 0 and∣∣Uµ4

∣∣2 = 4×10−3(9×10−3) in left and right column respectively. Middle panel: results for benchmark
points with fix |Ue4|2 = 0 and |Uτ4|2 = 4 × 10−3(9 × 10−3) in left and right column respectively.
Lower panel: results for benchmark points with fix |Uτ4|2 = 0 and

∣∣Uµ4
∣∣2 = 4 × 10−3(9 × 10−3) in

left and right column respectively. The yellow arrows depict that the benchmark point is outside of
the plotting area.

As already mentioned, the performance of DD experiments is extremely sensitive to the
uncertainty in the solar neutrino fluxes. For completeness, in figure 10 we show in dashed,
dashed-dotted and dotted green lines the results obtained when combining both types of
experiments and considering a 8B flux uncertainty of 4%, 6% and 12%, respectively. As
expected, we see how our results worsen when increasing this uncertainty.

6 Conclusions

In this work, we have analysed the complementarity of direct detection and spallation
source experiments for the study of sterile neutrino physics. Specifically, we have focused
on the sterile baryonic neutrino (SBN) model: an extension of the SM that incorporates
a new gauge boson that couples to baryons and a sterile neutrino that mixes with the
active ones and also couples to this mediator. Due to this mixing, the sterile neutrino can
be produced through the up-scattering of an active neutrino with the nucleus of a target
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material. This inelastic process alters the expected nuclear recoil spectra for both DD and
SS experiments, providing a characteristic signature that can allow for the measurement of
the sterile neutrino mass and mixing parameters in the event of a future detection.

Using current data from the COHERENT collaboration on CsI and LAr, we have first
derived new constraints on the SBN model, showing that they do not exclude new areas of
the parameter space. Assuming a future SS experiment with the projected properties of
a detector to be installed at the ESS, we have then assessed how well the sterile neutrino
properties would be determined upon a positive observation. We have shown that the new
inelastic contribution to neutrino-nucleus scattering induces a bump in the nuclear recoil
spectrum. This proves extremely useful to reconstruct the sterile neutrino mass, conclusively
disentangling this model from a generic NSI contribution to the active neutrinos. We have
demonstrated that using only SS data, values in the range 15 − 50 MeV can be measured.
However, in a narrow range of masses of the order of 40 MeV, there is a degeneracy in the
measurement of the sterile neutrino mixing that substantially affects mass reconstruction.

Incorporating future DD data helps in two ways. These detectors have an excellent
energy resolution and generally a lower energy threshold than SS experiments. Furthermore,
DD experiments are sensitive to all three neutrino flavours, including tau neutrinos, present
in the solar neutrino flux. Thus, they are extremely helpful in removing degenerate solutions
in the neutrino mixing parameter space. Considering the case of a future multi-ton liquid
xenon experiment, we have demonstrated that the combination of future DD and SS results
is crucial to substantially increase the area of the parameter space where the sterile neutrino
mass can be reconstructed (see figure 10), allowing us to measure values as low as ∼ 8 MeV.

These results strengthen the role of DD experiments as probes of the neutrino sector
and their complementarity with dedicated neutrino detectors.
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A Statistical treatment

In all of our analyses, we consider the profiled log-likelihood-ratio test statistic, defined as

q(θ; ζ0) ≡ −2 ln

L(θ, ω̂, â; ζ0)
L(ˆ̂

θ, ˆ̂ω, ˆ̂a; ζ0)

 , (A.1)
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where L is the likelihood function describing our data given the model parameters. For later
convenience, we have split our model parameters into three subsets, represented by θ, ω, and
ζ0. The parameters θ ≡ (m4, |Uα4|2)T, for some given flavour index α ∈ {e, µ, τ}, are the
two parameters we are constraining at any given time. The parameters ω ≡ (|Uβ4|2, |Uγ4|2)T,
with α ̸= β ̸= γ, are the two remaining mixings we profile over at a given BP. Finally, as
explained in section 2, we fix the parameters related to the new vector mediator, denoted
by ζ0 ≡ (gZ′ , mZ′)T. We also introduce a dimensionless pull parameter, a, as a nuisance
parameter that is designed to capture systematic uncertainties in the theoretically expected
count. We model this parameter as being Gaussian distributed with a mean of zero and
an experiment-dependent standard deviation. Hatted variables indicate quantities that
maximise the likelihood at a given parameter space point (the null hypothesis likelihood),
while double-hatted variables represent the quantities that maximise the unconstrained
likelihood (that of the alternative hypothesis).

A.1 Spallation source experiments

Following refs. [20, 33, 47] for SS experiments, we perform a binned statistical analysis,
modelling the likelihood of each bin i as a Gaussian. In this case, eq. (A.1) reduces to the
simpler ∆χ2 statistic, with

χ2(θ, ω, a; ζ0) =
Nbins∑
i=1

(
N i

obs − [1 + a] N i
th(θ, ω; ζ0)

σi
stat

)2

+
(

a

σsys

)2

. (A.2)

Here, N i
obs and N i

th(θ, ω; ζ0) are the numbers of observed and theoretically expected events
in the ith bin, respectively. The quantity σi

stat is the statistical uncertainty of the observed
number of events, which we take to be

σi
stat ≡

√
N i

obs + N i
bkg , (A.3)

where N i
bkg is the expected number of background events in the ith bin. When performing

our analysis of COHERENT data, we use the backgrounds reported by collaboration [21, 76].
However, when considering the future ESS experiment, we instead use the fact that the
beam-related neutron (BRN) background represents an important background in this type
of search, with CENNS-10 reporting that 10% of its measured signal events arose due to this
background source [30]. Since we make no assumptions on how well future SS experiments
will handle this background, we take N i

bkg ≡ N i
SM/10, with N i

SM the number of expected
CEνNS events in the ith bin under the SM. For the pull parameter, a, we take the ESS
uncertainty to be σsys = 0.05 [25, 47] (σsys = 0.28 for COHERENT-CsI [20] and σsys = 0.085
for COHERENT-LAr [21]).

To construct the ∆χ2 for our parameters of interest, we compute the profiled test statistic

∆χ2(θ; ζ0) = χ2(θ, ω̂, â; ζ0) − χ2(ˆ̂
θ, ˆ̂ω, ˆ̂a; ζ0) . (A.4)

As explained in section 3, we make use of Asimov data sets throughout our analyses. This
means that our ‘observed’ data are set to the theoretically expected number of events for
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each given benchmark point. This leads to two simplifications. Firstly, as the data are
perfectly consistent with a given BP, we know that the value of the overall minimised χ2

will be zero. Secondly, the minimisation over a can be done without resorting to numerical
methods for any given θ and ω̂. By simply finding that value of a for which ∂a(∆χ2) = 0,
we get the analytical result

â =

∑
i

(
N i

obs − N i
th

)
N i

th(
σi

stat

)2


/(σsys

)−2 +
∑

i

(
N i

th
σi

stat

)2
 . (A.5)

Note that, since N i
th is not a function of a, the minimisation over a and ω can be

done separately.
Finally, when drawing our contours for the 95.45% CL (corresponding to 2σ) regions,

we use the fact that our ∆χ2 should be distributed according to a χ2 distribution with
2 degrees of freedom. This is because, of the 7 parameters that eq. (A.2) depends on,
we profile over 3 of them in eq. (A.4), keeping the remaining 2, represented by ζ0, fixed
throughout. We therefore draw the boundaries of our regions at ∆χ2 = 6.18.

A.2 Direct detection experiments

For DD experiments, we also perform a binned statistical treatment. However, unlike for SS
experiments, we assume that the number of counts in each bin follows a Poisson distribution
due to the lower number of events expected within the high-energy bins. Inserting a Poisson
likelihood for L in eq. (A.1) and once again exploiting our use of Asimov data sets, we
get that

q(θ; ζ0) = 2

Nbins∑
i=1

(1 + â)N i
th(θ, ω̂; ζ0) − N i

obs + N i
obs ln N i

obs
(1 + â)N i

th(θ, ω̂; ζ0)

+
(

â

σ8B

)2

.

(A.6)

Note that, as for SS experiments, we have also introduced the pull parameter a to capture
the effect of systematic uncertainties. In the case of DD experiments searching for CEνNS,
we assume that this is dominated by the uncertainty in the 8B solar neutrino flux, σ8B, for
which we take different values in the main text.

As before, we can derive the analytical form for â; we do this by solving the equation
∂aq = 0. We find that

â =
−(1 + N tot

th σ2
8B) +

√
(1 + N tot

th σ2
8B)2 − 4σ2

8B(N tot
th − N tot

obs)
2 , (A.7)

where N tot
obs and N tot

th are the total observed and theoretically expected number of events
across all bins, respectively. We note that in eqs. (A.6) and (A.7) we have neglected
any background contribution, as the background (O(1)) in DARWIN is expected to be
much smaller than the expected signal (O(102−3)) for the majority of bins. Since the pull
parameter a only impacts the signal, the analytical minimisation presented in eq. (A.7)
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is only possible with zero (or, more generally, constant) background. With a bin-variable
background contribution, the minimisation must instead be done numerically.

To draw our 95.45% CL (corresponding to 2σ) limits, we make use of Wilks’ theorem [71].
This tells us that the log-likelihood-ratio test statistic asymptotically follows a χ2 distribution
with number of degrees of freedom equal to the difference in the number of free parameters
between the null and alternative hypotheses. As previously, this gives us two degrees of
freedom. We therefore draw the boundaries of our regions at q = 6.18.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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