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1 Introduction

The neutrino oscillation picture is still far from being complete. While T2K [1] and
NOvA [2] will keep collecting data in the coming years, new facilities will be needed to test
at high confidence level whether CP is violated in the leptonic sector, and to determine the
neutrino mass ordering with a statistical significance above the 5σ level. For that purpose,
before the end of the decade two major long-baseline neutrino oscillation experiments will
go online: the Deep Underground Neutrino Experiment [3] (DUNE) in the US, and the
Tokai-to-Hyper-Kamiokande [4, 5] (T2HK) experiment in Japan.

With their larger detectors and more powerful beams, the upcoming generation of os-
cillation experiments will also be able to thoroughly test the robustness of the standard
three-family oscillation framework at an unprecedented level of precision. In fact, while
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there is plenty of evidence indicating that at least two of the Standard Model (SM) neu-
trinos are massive, the exact mechanism responsible for their generation is still unknown
and requires the addition of new degrees of freedom to the SM particle content, which
may lead to the observation of new physics effects. The most minimal extension that
can generate neutrino masses is the inclusion of Majorana right-handed neutrinos through
the celebrated type-I Seesaw mechanism [6–9] which leads to unitarity deviations for the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) 3×3 active-light sub-block of the full neutrino
mixing matrix and, depending on the mass scale, to additional oscillation frequencies in
the probabilities [10–14]. Alternatively, following a completely model-independent perspec-
tive, one could add higher-dimensional effective operators to the SM Lagrangian stemming
from a new physics theory at high energies. Such operators may induce new interactions
affecting neutrino production, propagation or detection processes, usually referred to as
Non-Standard neutrino Interactions (NSI) [15–20].

It is clear that, in order to search for new physics, systematic uncertainties should be
reduced as much as possible. At long-baseline neutrino oscillation experiments, these are
relatively large and stem from two key limitations: (i) our inability to compute the neutrino
flux analytically; and (ii) the lack of a microscopic model describing the neutrino-nucleus
interaction cross section at GeV energies, where nuclear effects are very relevant. In order
to reduce these, long-baseline experiments typically use a near detector (ND), located
at a sufficiently short baseline (typically LND ∼ O(500) m) so that standard neutrino
oscillations have not yet developed. The ND data is used to determine the unoscillated
spectrum with high accuracy, and its combination with the far detector (FD) data leads
to a partial cancellation of systematic uncertainties (see, e.g., ref. [21] for a review on the
theoretical and experimental challenges that have to be faced for this to take place).

A priori, the ND data alone can be used to constrain several of the new physics scenarios
outlined above and, in some cases, can provide complementary information to that available
at the FD. This is clear in the case of an eV-scale sterile neutrino: for example, at DUNE the
new oscillation frequency would roughly match the ND distance and induce an oscillating
pattern [22–24], while at the FD this effect would be completely averaged-out. In the case
of NU of the mixing matrix (or, equivalently, NSI in production and detection), the ND
data can be used to probe parameters which would otherwise essentially be inaccessible
at the FD due to its much lower statistics. Remarkably, this type of new physics effects
can induce a neutrino flavor transition already at zero distance. Although a zero-distance
effect in the context of non-unitarity of the PMNS matrix has been studied in the context
of Neutrino Factories [25–29], to the best of our knowledge this issue has not been explored
for the DUNE ND, with the notable exception of ref. [24] where different configurations
for the ND complex were considered. Our work differs from the study in ref. [24] in
several aspects. In particular, we make use of the latest DUNE configuration details in our
simulations (beam configuration, detector efficiencies and resolutions, etc). Additionally,
while in ref. [24] the zero-distance effect was only considered for the νµ → νe channel, our
analysis also includes a study of the sensitivity to anomalous ντ appearance in the ND.
While some ντ would in principle be produced at the target from the decay of heavy mesons
and τ leptons, the flux at DUNE would be too small to lead to an observable number of
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events in the ND. Thus, the observation of a νµ → ντ signal at the ND would automatically
point to new physics.

However, while the ND can be used on its own, from the reasoning above it also becomes
clear that it will be affected by a much larger level of systematic uncertainties than FD
data. In fact, while some of these uncertainties will be correlated among different energies
(leading to an overall “rescaling” effect for the event rates), in some cases they can lead
to modifications of the expected shape of the event spectrum. Therefore, when studying
the sensitivity of neutrino NDs to new physics it is important to distinguish between
normalization and shape uncertainties, as these will affect the sensitivity to experimental
observables differently. It is however remarkable that most studies of the sensitivity to new
physics using the ND at long-baseline experiments only include normalization uncertainties.
In this work, we study in detail the impact of shape uncertainties on the sensitivity of
the DUNE ND to three main new physics scenarios: non-unitarity (NU) of the PMNS
mixing matrix, sterile neutrino oscillations, and Non-Standard Interactions (NSI) affecting
neutrino production and detection processes. In particular, we will quantify the expected
loss in sensitivity when shape uncertainties are included in the analysis, which stresses the
importance of keeping these under control. In this sense, our approach is similar to the
one adopted in refs. [24, 30]. However, note that in ref. [30] the focus was put on the far
detector analysis at DUNE and the sensitivity to NSI in neutrino propagation, while in
ref. [24] the authors considered a different set of near detector configurations (baseline,
energy resolution, etc).

The paper is organized as follows. Section 2 presents the formalism used and clarifies
the relation and possible mapping between the NSI, NU and sterile neutrino formalisms
for short-baseline experiments. The most important simulation details, event rates and our
choice of systematic uncertainties is discussed in section 3, while our results are presented
in section 4. We summarize and conclude in section 5. Appendices A, B and C include
more technical details.

2 Theoretical framework and notation

As mentioned above, the simplest extension able to account for the light neutrino masses
and leptonic mixing observed in neutrino oscillation experiments, consists in the addition
of singlet fermions to the SM field content. The light neutrino masses and mixing can
be successfully generated via the seesaw mechanism, or its different low scale realizations
as the inverse and direct seesaw models [31–35], for masses of the new fermions in the
range between the O(eV) and up to (near) the GUT scale. These new states are typically
named in the literature as right-handed neutrinos or heavy neutral leptons (HNLs) when
their mass lies around or above the electroweak scale, and sterile neutrinos when this new
physics scale is close to the O(eV) region as relevant for the LSND [36], MiniBooNE [37]
and reactor anomalies [38, 39] (see e.g., refs. [40–45] for recent global fits in the context of
light sterile neutrinos).

– 3 –



J
H
E
P
0
8
(
2
0
2
1
)
0
6
5

In all generality, the full mixing matrix connecting the mass and flavor basis (including
light and heavy states) can be written as

U =
(
N Θ
R S

)
, (2.1)

Here N is a 3 × 3 non-unitary matrix corresponding to the PMNS active-light sub-block,
and Θ is the 3×n sub-block parameterizing the mixing between active and heavy neutrinos,
with n the number of new states. The R (S) sub-block gives the mixing between the sterile
and light (heavy) states and does not play any role in neutrino oscillations.

The phenomenology strongly depends on the mass scale of the new states. According to
their impact on neutrino oscillations, we can essentially distinguish two possible scenarios
that we will describe below in more detail: (i) NU generated by new states above the
electroweak scale, which can be integrated out from the low energy spectrum so that the
low energy new physics effects are directly encoded in the active-light PMNS sub-block
N (which is no longer unitary); and (ii) kinematically accessible sterile neutrinos, which
can be produced in the neutrino beam and lead to additional oscillation frequencies in
the probabilities.

Notice that even in the sterile neutrino case, the N sub-block is not unitary and thus
this scenario can be considered as a source of deviations from unitarity from low scales.
Indeed, in [46] it was shown that when the new squared-mass differences are large enough as
compared with the ratio between the experiment’s baseline and energy, the effects in long-
baseline neutrino oscillations coincide at leading order (linear on the parameters quantifying
the deviations from unitarity) with those generated in the NU scenario stemming from
heavy scales. In such a case, an averaged-out limit in which the oscillation probabilities
become independent of the new frequencies is achieved and the effects in the far detector
are virtually equivalent for both cases. As we will show below, for the appearance channels
in short-baseline experiments it is necessary to go beyond the linear order, which results
into a factor of two difference in the oscillation probabilities between the two scenarios in
this case.

2.1 Parameterization

The most popular parameterizations of the non-unitary matrix N are given by

N = (I − T )U or N = (I − η)U ′, (2.2)

where η is an hermitian matrix [47, 48], while (I − T ) is a lower triangular matrix [49–52]
given by1

T =

αee 0 0
αµe αµµ 0
ατe ατµ αττ

 , (2.3)

1Notice that in [51] the subindices for the α parameters are indicated by numbers while we use flavor
indices. In addition, here αββ are small parameters which directly parameterize the deviations from unitarity
while in [51] αjj are close to one, in such a way that αjj=1-αββ .
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and U and U ′ are unitary matrices that resemble the standard PMNS matrix up to
small corrections driven by α and η. Both parameterizations are equally general and a
mapping between them can be found in [46]. In this work we will use the lower tri-
angular parametrization but our results can thus be trivially mapped to the hermitian
parameterization.

As we will see, our anxalysis can be performed in terms of the α parameters for both
scenarios, NU sourced from heavy new physics and sterile neutrino oscillations. In the lit-
erature, the sterile neutrino analyses are typically done as a function of the mixing between
the active and heavy (mostly sterile) states. The connection between both formalisms can
be easily done just considering the unitarity of the full mixing matrix UU† = I, which
implies the following simple relation between the N matrix and the active-heavy mixing:

NN † + ΘΘ† = I = I − T − T † + ΘΘ† +O(α2), (2.4)

where in the right hand side we have introduced the triangular parameterization for N
given by eqs. (2.2) and (2.3). From this equation we arrive to

αββ = 1
2
(
ΘΘ†

)
ββ

= 1
2

n∑
i=4
|Uβi|2,

αγβ =
(
ΘΘ†

)
γβ

=
n∑
i=4
UγiU∗βi. (2.5)

Even though both scenarios can be studied with the same formalism using the same
parameterization, the bounds applying to each case are remarkably different. If the de-
viations from unitarity are generated from very heavy scales, integrating out the heavy
states leads to modifications of the charged-current and neutral-current couplings of the
active neutrinos and very stringent constraints are derived from precision electroweak and
flavor searches [25, 53–60]. On the other hand, when the new states are light enough to be
kinematically produced with negligible masses as compared with the energy scale of these
experiments, unitarity is effectively restored in those observables and the just mentioned
constraints do not apply. In such a case, the present bounds stem from neutrino oscillation
experiments and are less stringent. A summary of the current bounds in both scenarios
is shown in table 1, extracted from ref. [46]. Note that the constraints in the middle col-
umn apply for new squared-mass differences associated to the sterile neutrinos in the range
∆m2 & 100 eV2, and are thus relevant for both near and far detectors of most long-baseline
experiments when the sterile neutrino oscillations are in the averaged-out regime. The
bounds shown in the right column apply for ∆m2 ∼ 0.1−1 eV2, being relevant if the sterile
neutrino oscillations are in the averaged-out regime only in the far detector.

2.2 Non-unitarity from new physics above the electroweak scale

In this scenario the heavy states are integrated out from the low energy spectrum and
are thus not kinematically accessible in the experiment. We will focus our analysis on the
sensitivity provided by the DUNE ND complex and, therefore, we will restrict our study to
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High-scale Non-Unitarity Low-scale Non-Unitarity
(m > EW) ∆m2 & 100 eV2 ∆m2 ∼ 0.1− 1 eV2

αee 1.3 · 10−3 [60] 2.4 · 10−2 [61] 1.0 · 10−2 [61]
αµµ 2.2 · 10−4 [60] 2.2 · 10−2 [62] 1.4 · 10−2 [63]
αττ 2.8 · 10−3 [60] 1.0 · 10−1 [62] 1.0 · 10−1 [62]
|αµe| 6.8 · 10−4 (2.4 · 10−5) [60] 2.5 · 10−2 [64] 1.7 · 10−2

|ατe| 2.7 · 10−3 [60] 6.9 · 10−2 4.5 · 10−2

|ατµ| 1.2 · 10−3 [60] 1.2 · 10−2 [65] 5.3 · 10−2

Table 1. Upper bounds on the Non-Unitarity (NU) framework using the α parametrization,
extracted from ref. [46]. The constraints are shown at 2σ and 95% CL (1 d.o.f.) for NU stemming
from very heavy scales and low scale physics (averaged-out light sterile neutrinos) respectively. The
value quoted in parenthesis for the αµe element corresponds to the bound obtained from µ → eγ.
The limits for the off-diagonal parameters without a reference are derived indirectly from bounds
on the diagonal parameters via |ααβ | ≤ 2√ααααββ . See [46] for further details.

neutrino oscillations in vacuum.2 The associated oscillation probability is given by [25, 46]

Pγβ =

∣∣∣∣∣∣
∑
j

NβjN
∗
γj e

−i∆m2
j1L

2E

∣∣∣∣∣∣
2

, (2.6)

where L and E correspond to the baseline and the neutrino energy, respectively. Notice
that this theoretical probability should be convoluted with the neutrino flux and cross
section in order to obtain the number of events.

At the experimental level, in a far detector analysis the oscillation probability is ob-
tained from the ratio between the number of events observed in the FD and an extrapolation
of the results from the ND. Taking into account the corrections from NU, this results in
the following experimentally inferred oscillation probability [46]

Pγβ = Pγβ
((NN †)γγ)2 . (2.7)

The normalization factor can play a relevant role in long-baseline neutrino oscillation stud-
ies [46], which is often overlooked in the literature.

However, at very short distances, as the ones considered in this work, the theoretical
and experimentally inferred oscillation probabilities for the appearance channels coincide.
In particular, we get:3

Pµe(L = 0) = |αµe|2,
Pµτ (L = 0) = |ατµ|2. (2.8)

2See for instance [46] for a neutrino oscillation analysis including matter effects.
3Notice that a normalization factor as the one present in eq. (2.7) would not play any role here since it

would only give a subleading contribution to eq. (2.8).
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From this equation it is clear that, if deviations from unitarity are induced by new physics
above the electroweak scale, there is a non-zero probability of observing flavor transitions
already at zero distance. This renders the neutrino NDs as a powerful tool to constrain or
potentially discover a new physics signal encoded in αγβ .

2.3 Sterile neutrinos & non-unitarity from new physics at low scales

If the new states are light enough to be kinematically produced in the neutrino beam, they
can directly participate in the oscillations. Therefore, a priori, the oscillation phenomenol-
ogy is expected to be different from the NU case considered above. However, it has already
been shown that in the average-out limit both scenarios can be virtually equivalent at the
phenomenological level regarding the far detector physics [46]. Here we will focus on the
ND physics paying particular attention to the differences or similarities between the two
approaches. For simplicity, for the sterile neutrino framework we will consider the 3 + 1
case in which only one extra sterile neutrino is added.

At very short baselines (as is the case for the DUNE ND), the three-family oscillation
frequencies are very suppressed and the oscillation probabilities can be written as

Pγβ = 4 |Uβ4|2|Uγ4|2 sin2
(

∆m2
41L

4E

)
,

Pββ = 1− 4 |Uβ4|2(1− |Uβ4|2) sin2
(

∆m2
41L

4E

)
, (2.9)

to a very good approximation. It is common in the literature to parametrize these probabil-
ities in terms of effective mixing angles for the appearance and disappearance channels, as

Pγβ = sin2 2ϑγβ sin2
(

∆m2
41L

4E

)
, with sin2 2ϑγβ ≡ 4 |Uβ4|2|Uγ4|2,

Pββ = 1− sin2 2ϑββ sin2
(

∆m2
41L

4E

)
, with sin2 ϑββ ≡ |Uβ4|2 . (2.10)

In the averaged-out regime (∆m2
41L/E � 1) the oscillations are too fast to be distinguished

at the detector,4 and we find

Pµe = 2 |Uµ4|2|Ue4|2 = 2|αµe|2, (2.11)

Pµτ = 2 |Uµ4|2|Uτ4|2 = 2|ατµ|2, (2.12)

Pββ = 1− 2 |Uβ4|2(1− |Uβ4|2) = 1− 4αββ +O
(
α2
)
. (2.13)

where in the right-hand side we have just introduced eq. (2.5) particularized to the n = 1
case under consideration.

In the absence of an auxiliary detector with an even closer location to the neutrino
source, the ND has a sensitivity to the diagonal αββ parameters through disappearance
channels which is ultimately determined by the normalization uncertainty. Due to the

4See appendix C for details on the numerical implementation of this regime in the simulations.
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limited knowledge of the neutrino flux and cross section, the region of αββ that can be
experimentally probed by the ND is already ruled out by present experiments. Therefore,
in this regime, only the appearance channels are relevant to constrain the new physics
effects with the ND.

Furthermore, we would like to stress that the difference between eq. (2.8) and
eqs. (2.11)–(2.12) is only a global factor 2. This means that the effects at the ND produced
by NU stemming from heavy new physics and averaged-out sterile neutrinos are practically
indistinguishable. It is potentially possible to distinguish if NU effects measured in the ND
are generated by heavy or light new physics [66] if complementary observables are added
to the analysis. However, when the corrections are sourced by new physics above the elec-
troweak scale, the current constraints from other observables become very stringent (see
table 1) and essentially exclude the possibility of observing any signal at DUNE. There-
fore, we will focus on the case in which the deviations from unitarity are generated by new
physics at low scales (i.e., sterile neutrinos in the average-out limit). For brevity, in the
rest of this work we will refer to this scenario simply as NU. In any case, our results can be
trivially recasted to the heavy NU case rescaling our sensitivity limits by the corresponding
factor of two.

2.4 NSI

The Non-Standard neutrino Interaction (NSI) framework is a model-independent phe-
nomenological approach in which the new physics effects in neutrino oscillation experiments
are parameterized in terms of four-fermion effective operators (see e.g. refs. [67, 68] for a
QFT description of NSI interactions in the context of SMEFT and reactor experiments).
While obtaining sizable NSI at low energies from new physics at high energies without
entering in conflict with charged lepton processes is challenging [69, 70], it has been shown
in recent literature that a possible way out of this argument is the inclusion of new degrees
of freedom at low scales [71–74] or in radiative models of neutrino masses [75] (see [76] for
a recent review on the viability of NSI models in this context). In this work we will fol-
low a purely phenomenological approach and report the expected bounds on NSI without
considering the underlying theory that can lead to the four-fermion effective operators at
low energies.

NSI would lead to corrections in neutrino production, neutrino detection, or in neutrino
propagation through matter. Since we are considering the ND complex, there are no effects
in neutrino propagation and only NSI in production and detection will be discussed here.
The appearance oscillation probability (γ 6= β) in presence of NSI can be parameterized as

Pγβ(L= 0) =
∣∣∣∣[(I+εd)(I+εs)

]
βγ

∣∣∣∣2 = |εdβγ |2+|εsβγ |2+2|εdβγ ||εsβγ |cos(Φs
βγ−Φd

βγ), (2.14)

where εs(d)
βγ = |εs(d)

βγ |e
iΦs(d)
βγ . It is clear that, analogously to the NU case, a flavor transi-

tion can already occur at zero distance in presence of NSI. The main difference between
these two approaches at the phenomenological level is that production and detection are
correlated in the NU framework, while this is not generally the case in the NSI scenario.
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Beam configuration Power Ep PoT/yr tν (yr) tν̄ (yr) Mdet

Nominal 1.2 MW 120GeV 1.1× 1021 3.5 3.5 67.2 tons
High-Energy 1.2 MW 120GeV 1.1× 1021 3.5 – 67.2 tons

Table 2. Exposure and beam configuration parameters used in the simulations. From left to right,
the columns indicate beam power, proton energy, number of protons on target per year (PoT/yr),
the running times in neutrino and antineutrino modes, and the fiducial mass of the detector.

Indeed, NU can be considered a particular case of NSI in production and detection. In
particular, comparing the above equation with eqs. (2.11)–(2.12) it is straightforward to
see that there is a mapping for the appearance channel physics between NSI and the low
scale NU frameworks [46]:

2|αβγ |2 = |εdβγ |2 + |εsβγ |2 + 2|εdβγ ||εsβγ | cos(Φs
βγ − Φd

βγ) . (2.15)

The NSI effects in disappearance channels show up already at linear order in
ε, Pββ = 1 +O(ε). However, analogously to the NU case discussed above, the ND sen-
sitivity via disappearance channels is limited by the normalization uncertainty. For this
reason, we will focus only on the analysis of appearance channels.

3 Simulation details

This section describes the main details used in our simulations for the DUNE experi-
ment. In order to simulate the expected event rates at the DUNE ND, we use the same
configuration as in the DUNE Technical Design Report (TDR), see refs. [3, 77]. All our
calculations are performed using the GLoBES library [78, 79], together with the files pro-
vided by the collaboration as ancillary material with ref. [80]. Below we discuss the main
relevant aspects of the simulation, while we refer the interested reader to refs. [3, 77, 80]
for additional details.

3.1 Beam configuration and exposure

The main experimental configuration details are summarized in table 2. In particular,
for the nominal running mode we consider equal exposure in neutrino and antineutrino
running modes (3.5 years each, giving a total of 7 years of data taking), with a 1.2 MW
beam. The nominal neutrino flux for DUNE is shown in figure 1 as a function of the
neutrino energy (dashed red line). For comparison, the solid green line in the same plot
shows the ντ charged-current (CC) cross section which, due to the large τ mass, does not
kick in until the neutrino energy is at least 3GeV. As shown in the figure the nominal
neutrino flux peaks at much lower energies and, as a result, the ability to probe νµ → ντ
conversion at the ND is going to be severely limited by statistics. For this reason, we have
also considered adding 3.5 additional years of running time (in neutrino mode) using the
High-Energy (HE) beam configuration. This flux peaks at considerably higher energies as
shown by the dotted blue line in figure 1 and therefore turns into a higher event rate for
CC ντ interactions.
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Figure 1. Comparison between the nominal νµ flux and the HE flux as a function of the neutrino
energy, in arbitrary units. Both curves are shown for neutrino mode only; the comparison is
qualitatively similar for the antineutrino running mode fluxes. For comparison, the ντ CC cross
section is also shown.

3.2 Simulation of the ντ -like event sample

We use the ντ cross section provided with the ancillary material of ref. [81], which corre-
sponds to the ντ CC cross section on Ar simulated with GENIE v2.8.4 [82, 83]. Regarding
the detection and reconstruction effects, the collaboration does not provide efficiencies or
energy smearing matrices for a ντ CC signal. We describe below our treatment of signal
and backgrounds for the ντ -like event sample.

Once a τ lepton has been produced at the detector, it will decay promptly. Given the
neutrino energy is in the few GeV range, the distance traveled by the τ is not sufficiently
long to allow for a successful particle identification at DUNE. However, its decay will still
leave a visible signature in the detector: these events are characterized by either a hadronic
shower or a charged lepton, plus missing energy carried away by the outgoing neutrino (or
neutrinos, in the case of a leptonic decay). Given that the τ branching ratio into the
hadronic decay channel is much larger than that of the leptonic channels (65%, compared
to a 17% for each of the leptonic decay channels [84]), in our analysis we include only those
events where the τ decays hadronically.5 For these events the main background comes from
neutrino NC interactions, which would also yield a hadronic shower plus missing energy.
Although the number of background events in this case is very significant, several cuts
can be applied to increase the signal-to-background ratio, see refs. [85–87]. Some of the
most relevant signal/background discriminators include the energy of the most energetic
pion, the number of pions produced in the shower, or the total visible energy of the event
excluding the leading pion [87]. As a benchmark value we set the signal detection efficiency
at 30% based on ref. [86].

5We have explicitly checked that the inclusion of the electronic decay channel in our analysis (using the
same efficiencies as in ref. [80]) has no impact in the results.
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The second relevant aspect of ντ detection involves energy smearing. As outlined
above, part of the incident neutrino energy will be carried away by the ντ produced in the
τ decay. Therefore, the visible energy will be significantly lower than the true incident
neutrino energy. We implement this effect following ref. [86]: for a given Etrue

ν , we assume
that the observed energy distribution follows a Gaussian with mean value 0.45Etrue

ν and
width 0.25Etrue

ν . As for the background from NC events, we use the same migration
matrices provided by the experimental collaboration for the νe CC channel. However, in
this case we replace the background rejection efficiencies (which are provided for the e-like
sample) by a constant 0.5%, based on ref. [86]. As a final comment we stress that the signal
and background rejection efficiencies considered here are probably somewhat conservative
and could be improved with the use of more sophisticated machine learning techniques, as
demonstrated in ref. [87] for the event sample where the τ decays into electrons.

3.3 Event rates

The expected event rates are shown in figure 2 for the νe-like and ντ -like samples, as
indicated by the labels. The total event rates for the different channels are summarized in
table 4 in appendix A for the nominal and HE beam modes. For illustration purposes, we
show in figure 2 separately the background and signal contributions, for a value of the NU
parameters which saturates the present bounds. As can be seen from the figure, even in
the NU scenario the signal and background event rates present a very different dependence
with the observed energy. In the νe-like sample, this is because the leading contribution
to the background comes from the intrinsic contamination of the beam, which has a very
different shape compared to the leading νµ component since it stems mostly from kaon
instead of pion decays. In the case of the ντ -like sample, on the other hand, the fraction
of energy carried away by the outgoing neutrino in NC scattering events and τ decays will
be different, which translates into a different amount of migration towards lower values of
the observed energy.

Overall, the expected event rates shown in figure 2 illustrate the need to go beyond
a naive implementation of systematic errors in terms of normalization uncertainties, and
to include shape uncertainties as well. The impact will be even larger in the sterile neu-
trino case (not shown here for conciseness), where the signal event rates would show an
oscillatory pattern.

3.4 Systematic uncertainties included in the fit

At conventional long-baseline neutrino oscillation experiments the neutrino flux is pro-
duced from meson decays (predominantly pions and kaons) which, after being produced
are focused into a decay pipe. Thus, the neutrino flux prediction cannot be computed
analytically and relies on Monte Carlo simulations. Its associated systematic errors are
largely dominated by hadron-production uncertainties, which can be as large as 10%-15%
(see e.g. ref. [77] in the context of DUNE). Additional flux uncertainties come from beam
focusing effects and can modify the expected shape of the neutrino flux, although these are
typically kept at the few percent level.
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Figure 2. Event distributions as a function of the observed energy in the detector. Upper (lower)
panels show the expected rates for the nominal (HE) beam configuration, for one year of data
taking in neutrino mode. The light (dark) histograms correspond to the total background (signal)
events for the NU case, with αµe and ατµ as indicated by the labels. The resulting histograms
for antineutrino mode are qualitatively similar to the upper panels and are not shown here. The
colored bins (labeled as “Energy window”) indicate the events included in the analysis, see text
for details.

As shown in figure 2, the nominal flux at DUNE peaks at approximately 2.5GeV.
At these energies, there is a similar contribution to the total neutrino event rates from
quasi-elastic (QE), resonance production (RES) and deep-inelastic scattering (DIS) pro-
cesses. While the DIS cross section can be accurately described starting from the neutrino
interactions with the partons in the nucleons, the situation is very different for RES and
QE processes, for which nuclear effects are relevant. For example it has been shown that
the impact of two-particle-two-hole (2p2h) effects and final state interactions can lead to
a significant bias in the neutrino energy reconstruction [88–92], which in turn can have
a large impact on the measurement of physics observables (see e.g. ref. [21] for a recent
review). Therefore, in what follows special attention has been paid to the role of shape
uncertainties in our fits.

All simulations in this work have been performed using GLoBES v3.2.16 [78, 79], which
includes the same systematics implementation as in ref. [93]. In order to account for shape
uncertainties in our fit, a set of bin-to-bin uncorrelated nuisance parameters has been
included for the most significant contributions to the total background. Additionally, for
νµ-like events, the sensitivity is expected to be limited by the systematics on the νµ → νµ
channel, and therefore shape uncertainties are also included for the signal in this case. An
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Event sample Contribution
Benchmark 1 Benchmark 2 Benchmark 3
σnorm σshape σnorm σshape σnorm σshape

νe-like

Signal 5% – 5% – 5% –
Intrinsic cont. 10% – 10% 2% 10% 5%
Flavor mis-ID 5% – 5% 2% 5% 5%

NC 10% – 10% 2% 10% 5%

νµ-like
νµ, ν̄µ CC (signal) 10% – 10% 2% 10% 5%

NC 10% – 10% 2% 10% 5%

ντ -like
Signal 20% – 20% – 20% –
NC 10% – 10% 2% 10% 5%

Table 3. Assumed prior uncertainties affecting the normalization and shape of the event rates in
our simulations, for the three benchmark scenarios considered in this work. We assume the same
uncertainties (although completely uncorrelated) for the HE and nominal beam configurations, as
well as for the neutrino and antineutrino modes. The background contributions are separated into
intrinsic beam contamination (intrinsic cont.), flavor mis-identification (flavor mis-ID) and neutral-
current (NC) backgrounds. We have numerically checked that for the νe-like and ντ -like events,
including a shape uncertainty also for the signal has a completely negligible impact in the analysis,
as expected. For additional details on the systematics implementation, see appendix B.

overall nuisance parameter (bin-to-bin correlated) is also included to allow for an overall
change in normalization, for each signal and background channel separately, for all channels.
A pull term is then added to the χ2 for each nuisance parameter, and the final χ2 is obtained
after minimization over all nuisance parameters included in the fit. Table 3 summarizes
the prior uncertainties included in our simulations, while a more detailed description of our
χ2 implementation and the correlations implemented can be found in appendix B.

As can be seen from table 3, the priors assumed for the normalization uncertainties
range between 5% and 20%, depending on the particular channel. Our reasoning for choos-
ing these values is based on the fact that, although some of the predictions for the fluxes
and cross sections rely on the prediction from Monte Carlo simulations (with uncertainties
that can be as large as 10%–20%), others may be reduced combining different measure-
ments at the ND. For example, in the νµ-like sample we assume a 10% normalization
uncertainty, mainly driven by the large hadron production uncertainties affecting the flux
prediction from simulations. However, a measurement of the νµ CC event sample at the
ND can be used to normalize the flux for the contribution to the signal from νµ → νe
anomalous events, as well as the backgrounds from flavor mis-identification to this search.
Thus, for these contributions we assume a smaller uncertainty, at the 5% level. Similarly,
while the neutrino NC cross section in the few GeV range is poorly known [94], a dedicated
measurement of NC events at the DUNE ND can be used to reduce the uncertainties on
the NC background for the νe-like and ντ -like samples. In the case of shape uncertainties,
driven by cross section and beam focusing effects, we consider two different benchmark
values at the 2% and 5% as outlined in table 3, plus a third case where shape uncertainties
are not included in the analysis.
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4 Results

This section summarizes the main results of our work. We will discuss separately the results
obtained for the two frameworks under study, namely: NU of the leptonic mixing matrix
coming from new physics at low scales, and sterile neutrinos participating in oscillations.
For completeness, we will also provide the results for NSI in production and detection,
which can be obtained from the mapping between NU and NSI as discussed in section 2.

4.1 Non-unitarity

In the non-unitarity case the observable impact on the event rates at the DUNE ND would
be through a change in normalization. As a consequence, the sensitivity via disappear-
ance channels to αee and αµµ, see eq. (2.13), is expected to be limited by the size of the
systematic errors affecting the normalization of the event rates for the νe-like and νµ-like
samples. For this reason, we do not consider these parameters here and focus instead on the
determination of the off-diagonal parameters αµe and ατµ, which would lead to observable
differences in the energy dependence of the total event rates, as shown by the histograms
in figure 2.

Our results are shown in figure 3 for αµe (left panel) and ατµ (right panel), respectively.
The different lines show the results for different choices of systematic uncertainties as in-
dicated by the labels, as a function of running time. Two main features can be seen from
both panels in the figure. First, the results depend severely on the choice of systematic
errors (as expected). Second, if shape uncertainties are included in the analysis the results
are completely dominated by systematics and the sensitivity does not improve significantly
by increasing the number of years of data taking in each mode. There is a certain improve-
ment in sensitivity due to the changes between neutrino and antineutrino modes, as well
as from the addition of extra data in the HE mode: this is due to new information coming
into the fit from a different dependence of the signal-to-background ratio with the energy
in the different running modes. However, after an initial (sharp) increase in sensitivity the
experiment enters again a systematics-dominated regime and the results stop improving
with new data.

Our results show an expected improvement with respect to current bounds for αµe,
as shown in the right panel. In the case of ατµ, however, the outcome will depend on the
final level of systematic uncertainties: even in the case in which a 2% shape uncertainty is
assumed the improvement over current bounds on this parameter is marginal. This is so
because of the much larger background levels expected for the ντ samples with respect to
the signal (as shown in figure 2).

4.2 Sterile neutrinos

Before discussing our results, let us point out that the determination of the sensitivity
to sterile neutrinos from oscillations is non-trivial from the statistical point of view. In
particular, the results obtained under the assumption that Wilks’ theorem [95] applies
may differ from the ones obtained via Monte Carlo simulation [43, 96–98]. The sensitivity
contours in this work have however been computed under the assumption that Wilks’
theorem applies, in order to ease the comparison with previous literature.
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Figure 3. Sensitivity to the off-diagonal NU parameters αµe (left panel) and ατµ (right panel).
The lines show the sensitivity at 90% CL for 1 degree of freedom (d.o.f.) as a function of the running
time ∆t (in number of years), for different choices of the systematic uncertainties as indicated by the
legend. The vertical lines indicate the changes between neutrino and antineutrino running modes
(in the nominal beam scenario) as well as the change to the HE beam. For reference, the shaded
gray areas show the region disfavored at 90% CL by current constraints. For αµe, the dot-dashed
red line indicates the expected sensitivity using the far detector data (taken from ref. [46]), while
for ατµ the expected sensitivity would be worse than the range shown in the figure and is therefore
not shown.

In order to discuss the sensitivity to sterile neutrino oscillations it is important to keep
in mind that at the DUNE ND the event rates would be sensitive to several oscillation
probabilities: Pee, Pµµ, Pµe and Pµτ . Each of them will be sensitive to a different set of
mixing matrix elements as described in section 2, see eq. (2.10). In the 3 + 1 framework
it is also common to parameterize the full mixing matrix as U = R34S24S14R23S13R12,
where Rij is a rotation matrix in the ij sector with mixing angle θij , while S14 are complex
rotation matrices which also include a CP phase δij . The new rotation angles driving the
mixing between the mostly sterile mass eigenstate and the active neutrinos can be trivially
mapped to the triangular parameterization, and also be written in terms of mixing matrix
elements as:

|Ue4|2 = 2αee = s2
14,

|Uµ4|2 = 2αµµ = s2
24 +O(s2

24s
2
14)

|Uτ4|2 = 2αττ = s2
34 +O(s2

24s
2
34) +O(s2

34s
2
14).
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In figure 4 we present the results obtained for the sensitivity to a sterile neutrino in-
ducing non-standard Pee, Pµµ and Pµτ probabilities at the DUNE ND. In each case, the
sensitivity comes mainly from the measurement of the νe-like, νµ-like and ντ -like samples
separately. Therefore, no combination between different samples is performed for any of
the results shown in this figure. For comparison, we compare our results to the present
dominant constraints from Daya Bay/Bugey-3 [101], NOMAD [65], CHORUS [99], MI-
NOS/MINOS+ [101], and Icecube [100]. Note that eq. (2.9) implies that the oscillation
probability is invariant under the change |Uα4|2 → (1 − |Uα4|2). Therefore, a null result
in the disappearance channels can be accommodated not only for small values of Uα4 (as
expected) but for large values as well. Very large values of the mixing matrix elements
in the fourth column of the PMNS are however excluded by present neutrino oscillation
data [102]. Thus, in order to be consistent with current bounds we only consider values of
the mixing matrix elements such that |Uµ(e)4|2 < 0.5.

As in the case for the NU scenario, in the sterile neutrino case we see again a large
dependence of the results with the implementation of systematic uncertainties. The effect
is dramatic on the sensitivity to Pµµ oscillations, as shown in the middle panel of figure 4,
where shape uncertainties at the level of 2% lead to a decrease in sensitivity of over an
order of magnitude with respect to the scenario where only normalization uncertainties are
considered. In this case, only a mild improvement over present constraints from MINOS
could be expected at DUNE. The reason is that, in this channel, the sensitivity is almost
entirely driven by the observation of a small oscillatory pattern on top of the expected
(large) number of νµ CC events (see table 4 in appendix A), which can be easily hidden by
the inclusion of shape uncertainties. The effect is similar (although a bit milder) for the Pee
case shown in the top panel of figure 4; however, current constraints in the ∆m2

41 ∼ 10 eV2

region are not as strong as in the Pµµ case and, therefore, there is still room for a consid-
erable improvement (up to one order of magnitude) if shape uncertainties are at the 2%
level. Finally, we also present our results for the Pµτ channel in the lower panel of figure 4.
In this case, the sensitivity is severely limited by the reduced statistics; however, for shape
uncertainties at the level of 2%, there is room for a factor ∼ 5 improvement over current
bounds from CHORUS [99] and NOMAD [65] for mass-squared splittings ∆m2

41 . 50 eV2,
specially if HE data is included in the fit (indicated by the shaded blue band).

Figure 4 also shows how the average-out regime (in which the sensitivity becomes
independent of ∆m2

41) is achieved for ∆m2
41 & O(100) eV2. Notice that, for the Pµµ

and Pee channels, the sensitivity in this region is basically limited by the normalization
uncertainty, see eq. (2.13). Since we are using similar normalization uncertainties for both
channels (see table 3), a similar limit is obtained for |Ue4|2 and |Uµ4|2 in this regime. For
the Pµτ channel, we also observe that in the averaged-out region the low-scale NU limit
shown in figure 3 is recovered, as expected from eq. (2.12).

Figure 5, on the other hand, shows our results for oscillations in the Pµe channel. Again,
for comparison the shaded pink, purple and gray areas show current dominant constraints
from previous experiments, namely, NOMAD [64], KARMEN [103] and the combination
of MINOS/MINOS+ and Daya Bay/Bugey-3 data [101]. Note that while NOMAD and
KARMEN directly probed the Pµe channel, the combination of MINOS/MINOS+ and
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Figure 4. Expected sensitivity to the sterile neutrino scenario, for oscillations in the Pee, Pµµ and
Pµτ channels for the top, middle and lower panels, respectively. The shaded regions show current
constraints from other experiments [65, 99–101], while the colored lines indicate the sensitivity for
the DUNE ND, for different choices of systematic uncertainties as indicated by the legend. In each
case, the region to the right of the colored lines would be disfavored at 90% CL (2 d.o.f.). Finally,
the colored blue bands indicate the increase in sensitivity due to the addition of 3.5 years of data
taken in the HE mode.
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Figure 5. Expected sensitivity to the sterile neutrino scenario, for oscillations in the Pµe channel.
Results in the upper panel only include information from the νe-like sample, while in the lower
panel we have added the information from the νµ-like sample as well. The shaded pink, purple and
gray areas show current constraints from other experiments at 90% CL [64, 101, 103], while the
shaded yellow/orange regions are favored at the 99% CL by the LSND [36] and MiniBooNE [37]
anomalies. The colored lines indicate the sensitivity for the DUNE ND, for different choices of
systematic uncertainties as indicated by the legend. In each case, the region to the right of the lines
would be disfavored at 90% CL (2 d.o.f.). Finally, the shaded band to the left of the dashed lines
indicate the increase in sensitivity due to the addition of 3.5 years of data taken in the HE mode.

Daya Bay/Bugey-3 provides an indirect constraint from Pee and Pµµ disappearance chan-
nels. For reference, the shaded yellow/orange regions indicate the fraction of parameter
space that is favored at 99% CL by the LSND [36] and MiniBooNE [37] anomalies.

In principle the sensitivity to the Pµe channel comes from the measurement of the
νe-like sample, which is directly sensitive to transitions between muon and electron neutri-
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nos. However, at DUNE the combination with data from the νµ-like sample would greatly
enhance the sensitivity since it would allow for a simultaneous constraint on |Ue4 |2, |Uµ4 |2,
and |Ue4 |2|Uµ4 |2. This can be seen from the comparison between the top and lower panels
in figure 5: while in the top panel the analysis is performed using only information from
the νe-like sample (which is sensitive to Pµe and Pee), in the lower panel we also include
the information on Pµµ from the νµ-like sample.

In fact, the combination of data from different channels for a sterile neutrino search was
already performed for the DUNE experiment in ref. [104], leading to an impressive sensitiv-
ity to sterile neutrinos which reached values of the effective mixing angle of sin2 2θµe . 10−6

in the region where ∆m2
41 ∼ O(1− 10) eV2. However, in ref. [104] only normalization un-

certainties were included in the analysis. Interestingly, even though our implementation of
normalization uncertainties is very different than in ref. [104] we recover a similar result
here, shown by the solid blue line in the lower panel of figure 5. This already indicates
that normalization uncertainties are not playing a relevant role in the fit, which is expected
since the effect from a sterile neutrino would be detected by looking at spectral distortions
in the event rates. Indeed, once shape uncertainties are included at the 2% level (shown
by the dashed blue lines in the lower panel) the corresponding result is worsened by two
orders of magnitude with respect to the case where only normalization uncertainties are
included. Nevertheless, we find that even in this case the DUNE ND data should be able
to probe most of the regions favored by the LSND and MiniBooNE experiments at more
than 90% CL, with the exception of the region at very low ∆m2

41 (which is in any case
already disfavored by the combination of MINOS/MINOS+ and Daya Bay/Bugey-3 data).
Furthermore, notice that DUNE has the additional advantage of being able to consistently
probe the sterile neutrino hypothesis with the same experimental setup using different and
complementary neutrino oscillation channels: Pee, Pµµ and Pµe.

4.3 Non-standard interactions in production and detection

Finally, for completeness we also include an explicit recasting of our bounds from low scale
NU to the NSI formalism in production and detection, following the prescription from
eq. (2.15). Our results are shown in figure 6, for NSI parameters affecting Pµe (left panel)
and Pµτ (right panel).

As can be seen from eq. (2.14), the oscillation probability in this case depends on the
production and detection NSI including their possible CP-violating phases, which come in
through an interference term that is proportional to cos(Φs

βγ − Φd
βγ) ≡ cos ∆Φβγ . For this

reason we show in both panels in figure 6 the sensitivity to production and detection NSI
in two limiting cases, depending on the value of ∆Φ.

Our results for NSI can be compared to those obtained in ref. [105]. Regarding the
sensitivity in the disappearance channels, we find that the results are essentially limited
by the normalization uncertainties (as expected from naive theoretical arguments) and are
therefore not shown here. On the other hand, for the appearance channels we have checked
that, when no shape uncertainties are considered, our results for the Pµe and Pµτ channels
agree relatively well with those obtained in ref. [105]. For the Pµτ channel we have checked
that including in our analysis the additional events from the τ decay channel into electrons
has a negligible impact on our results.
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Figure 6. Sensitivity to NSI in production and detection. Results are shown for effects on the
Pµe (left panel) and Pµτ (right panel). In both panels the sensitivity is shown for the two limiting
cases ∆Φ = π, 0, which lead to a destructive and constructive interference between production and
detection NSI respectively (see eq. (2.14)).

5 Summary and conclusions

Oscillation experiments using conventional neutrino beams rely on the use of a near detector
(ND), located at typical distances of O(500) m from the target station, to measure the
unoscillated neutrino event rates. In this work we have studied the potential of the ND at
the future DUNE experiment to test new physics affecting oscillations in three scenarios:
effects coming from non-unitarity (NU) of the leptonic mixing matrix due to new states at
low scales, light sterile neutrino oscillations, and Non-Standard Interactions (NSI) affecting
neutrino production and detection processes. While sterile neutrinos would induce a new
oscillation at the ND, NU and NSI would lead to a so-called zero-distance effect on the
oscillation probabilities.

Using the ND to search for new physics is, however, technically challenging due to
the large systematic uncertainties associated to the neutrino flux and cross sections. While
most works in previous literature include only normalization uncertainties, for the scenarios
considered in this work shape uncertainties are most important. Our results show that
shape uncertainties at the 2% level can lead to a reduction in the sensitivity to sterile
neutrino oscillations in the Pµe channel of two orders of magnitude, and around one order
of magnitude in the case of oscillations in the Pee and Pµµ channels. Their impact is also
relevant for the NU scenario, leading to a decrease in sensitivity of about a factor of 2 (3)
in the case of αµe for shape uncertainties at the 2% (5%) level. Our results qualitatively
agree with those presented in ref. [24], where the sensitivity to both scenarios (including
shape uncertainties) via the Pee, Pµµ and Pµe channels was studied (albeit for different ND
configurations).

We have also studied the sensitivity to new physics leading to νµ → ντ transitions. In
this case we find that the sensitivity is limited by the low signal-to-background ratio. This
stems from the fact that the charged-current ντ cross section starts to grow for neutrino
energies Eν & 3.5 GeV, above the region where the nominal DUNE neutrino flux reaches

– 20 –



J
H
E
P
0
8
(
2
0
2
1
)
0
6
5

its maximum. Our results show that this is specially relevant for the NU scenario, for
which the DUNE ND will only be able to improve marginally over current constraints if
shape uncertainties can be kept at the 2% level or below.

Finally, we have studied the impact on the results of additional data taken with the
neutrino beam in the so-called High-Energy (HE) configuration. Being much more ener-
getic, this leads to a slightly better sensitivity to new physics effects in the Pµτ channel.
However, for the rest of oscillation channels considered in this work, the impact of the HE
data is always rather minor since the sensitivities are mostly limited by systematic errors
instead of statistics.

In summary, our results show that the potential of the DUNE ND to constrain new
physics scenarios affecting oscillations at short baselines is severely limited by shape un-
certainties, an effect that is typically overlooked in the literature. This stresses the im-
portance of a joint experimental and theoretical effort to improve our understanding of
neutrino nucleus cross sections, as well as hadron production uncertainties and beam fo-
cusing effects. Nevertheless, even with our more conservative and realistic implementation
of systematic uncertainties, our results indicate that an improvement over current bounds is
generally expected.
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A Total event rates

In this work the event rates are computed following ref. [80]. While we refer the interested
reader to the mentioned references for details, here we provide a summary of the total
event rates considered in our analysis, which are useful to understand the final results from
our simulations.

The total event rates are summarized in table 4 for the nominal and HE beam con-
figurations. They are given separately for the contributions from: intrinsic contamination
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(νe and ν̄e) of the beam; νµ and ν̄µ CC events mis-identified as νe or ν̄e events; and NC
events mis-identified as CC events (in all cases, adding up the neutrino and antineutrino
contributions to the event rates). The total number of νµ and ν̄µ CC events are also
provided, for Pµµ = 1. The number of νe and ν̄e CC events can be estimated from this
multiplying by the corresponding Pµe probability (up to small differencies in detection ef-
ficiencies for the two flavors). The total number of ντ and ν̄τ events is also provided for
Pµτ = 1, and can be trivially rescaled down for a given value of the NU parameters, see
eqs. (2.11) and (2.12). All event rates are provided after efficiencies and smearing effects
are taken into account. The numbers provided correspond to the total rates within a given
energy window above 0.5GeV and below the maximum observed energy given in the last
column of the table. The binning is taken as in ref. [80].

B Details on the χ2 implementation used

In order to account for shape uncertainties in our fit, a set of bin-to-bin uncorrelated nui-
sance parameters has been included in the analysis. Given the large number of bins involved
in the analysis and, in order to keep the total number of nuisance parameters as low as pos-
sible, these are applied to the final background event rates (adding up all the background
contributions listed in table 4) and to the overall signal event rates as well (adding up the
neutrino and antineutrino contributions to the signal). The shape nuisance parameters in
the i-th energy bin are denoted as ξsig

i or ξbg
i for the signal and background, respectively.

An independent set of nuisance parameters (bin-to-bin correlated) is also included to allow
for an overall change in normalization, in this case for each signal and background channel
separately (ζc, for a given contribution c ≡ s, b to the signal or background rates). Thus,
for each sample a Poissonian χ2 is defined as

χ2
stat({Θ, ξ, ζ}) =

∑
i

2
(
Ni({Θ, ξ, ζ})−Oi +Oi ln Oi

Ni({Θ, ξ, ζ})

)
, (B.1)

where Oi stands for the simulated “observed” event rates in the i-th energy bin, which we
always take to be those predicted in the standard three-family framework. On the other
hand, Ni({Θ, ξ, ζ}) stands for the predicted event rates in the same bin for a new physics
model which depends on a set of parameters generically denoted as {Θ}. It also depends
on the nuisance parameters, as:

Ni({Θ, ξ, ζ}) =
∑
s

(1 + ξsig
i + ζs) si({Θ}) +

∑
b

(1 + ξbg
i + ζb) bi({Θ}) , (B.2)

where we have included a set of possible signal (s) and background (b) contributions to the
event rate sample in the bin. Also, from eq. (B.2) it is clear that new physics effects are
included on the backgrounds event rates as well (and not just on the signal).

A pull term is then added to eq. (B.1) for each nuisance parameter, and the final χ2

is obtained after minimization over all nuisance parameters included in the fit. The final
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Running mode Sample Contribution Event rates (×105) Emax
obs (GeV)

ν mode (nominal)

νe-like
Intrinsic cont. 20.18
Flavor mis-ID 4.61 7.125

NC 6.77

νµ-like
νµ, ν̄µ CC (Pµµ = 1) 2,235.72

7.125
NC 17.35

ντ -like
ντ , ν̄τ CC (Pµτ = 1) 39.33

18
NC 3.23

ν̄ mode (nominal)

ν̄e-like
Intrinsic cont. 11.18
Flavor mis-ID 1.07 7.125

NC 3.89

ν̄µ-like
νµ, ν̄µ CC (Pµµ = 1) 1,013.42

7.125
NC 9.76

ν̄τ -like
ντ , ν̄τ CC (Pµτ = 1) 27.75

18
NC 1.80

ν mode (HE)

νe-like
Intrinsic cont. 38.10
Flavor mis-ID 12.98 18

NC 30.51

νµ-like
νµ, ν̄µ CC (Pµµ = 1) 5,784.30

18
NC 72.15

ντ -like
ντ , ν̄τ CC (Pµτ = 1) 259.67

18
NC 9.42

Table 4. Expected total number of events for the different contributions to the event samples
simulated in our analysis, for the nominal and high-energy (HE) beam configurations. Note that
for the nominal beam we consider 3.5 years of data taking in neutrino and in antineutrino modes,
while for the HE configuration we only consider 3.5 years in neutrino mode, see table 2. The
background contributions are separated into intrinsic beam contamination (intrinsic cont.), flavor
mis-identification (flavor mis-ID) and neutral-current (NC) backgrounds, adding the contributions
from neutrinos and antineutrinos. We also provide the expected number of charged-current (CC)
νµ and ν̄µ events for Pµµ = 1, as well as the ντ and ν̄τ CC events for Pµτ = 1. The latter
can be trivially rescaled to a given value of α, see eqs. (2.11) and (2.12). In all cases, detection
efficiencies and smearing effects have already been accounted for. Finally, the last column indicates
the maximum energy considered for each of the samples (corresponding to observed energy). See
text for additional details.
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χ2 then reads:

χ2
min({Θ}) = min{ξ,ζ}

χ2
stat({Θ, ξ, ζ}) +

∑
s

(
ζs

σnorm,s

)2

+
∑
b

(
ζb

σnorm,b

)2

+
∑
i

(
ξsig
i

σshape,sig

)2

+
∑
i

(
ξbg
i

σshape,bg

)2 , (B.3)

where σnorm,c indicates the prior uncertainties assumed for the normalization of each signal
or background contribution, while σshape stands for the shape uncertainties assumed for
the overall background or signal event rates in the sample considered.

A series of simplifications and approximations have been performed in order to keep
the number of nuisance parameters as low as possible and to avoid numerical issues during
minimization. First, we assume that the shape uncertainties are the same in each energy
bin and therefore have removed the index i in the corresponding priors as can be seen
from eq. (B.2) and (B.3). Next, we have assumed that all normalization uncertainties
are uncorrelated between different signal and background contributions as well as between
different event samples. Although in practice some degree of correlation is expected, our
approach avoids numerical difficulties during minimization, which is important given the
large number of nuisance parameters involved in the fit. It is also a conservative approach,
as including correlations will most likely lead to an effective reduction on the size of sys-
tematic errors and a corresponding increase in sensitivity. Finally, although in the most
general case one should in principle assume that both the signal and background would be
affected by shape uncertainties, this would lead to a large number of nuisance parameters in
the fit. Therefore, shape uncertainties are only included for the background contributions
to the νe- and ντ -like samples, while for the νµ-like sample we do include it both for signal
and background rates. With the aim of keeping the simulations feasible, we include shape
uncertainties for the sum of all background contributions in all cases, while we do include a
separate normalization uncertainty for each contribution separately. In this way, we allow
the different background contributions to float independently in the fit, while the shape
systematics would affect the overall background rates. We believe this is enough given that
in any case the background is typically dominated by a single channel (intrinsic contami-
nation in the case of νe and ν̄e samples, or NC events in the case of νµ and ντ -like samples,
see table 4). The values assumed for the prior uncertainties are summarized in table 3.

As shown in section 4, in the case of sterile neutrino oscillations in the νµ → νe channel,
it is convenient to add information from the νe → νe and νµ → νµ event rates as well. While
information from νe → νe oscillations is already included in the e-like event sample (since
the intrinsic νe background event rates would be affected by oscillations), it is necessary to
combine this information with the one extracted from the µ-like event rates. In this case,
a separate χ2 contribution is computed for the two samples using eq. (B.3), and the total
χ2 is obtained after adding up the two.
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C Numerical implementation of oscillations in the average-out regime

GLoBES uses a sampling method to evaluate the number of events in each bin. To avoid
fast oscillations leading to aliasing, a low-pass Gaussian filter is available [78, 79]. However,
by default this filter does not handle well sampling points6 which are not equally separated.
This is relevant for our DUNE implementation, due to the very different bin sizes used at
low and high energies. In this appendix we present a formal description of the Gaussian
filter, and we describe the way it has been implemented in our code to avoid this issue.

Our goal is to perform the average of the probability within each sampling bin. We will
consider that the value of the Ei in each sampling bin follows a normal distribution with
mean given by the central value of the bin (Eci ) and standard deviation given by the size of
the bin (∆Ei). The energy enters in the oscillatory part of the probability as sin2(∆m2

41L
4E ),

therefore to perform the average we need to know the probability distribution of L
E . This

leads us to the next formal problem.
Let us consider two independent random variables, normally distributed, X ∼

N
(
µx, σ

2
x

)
and Y ∼ N

(
µy, σ

2
y

)
. Then the ratio Z = X

Y follows the non-trivial distri-
bution [106]:

fZ (z;β,ρ,δy) = ρ

π (1+ρ2z2)

{
exp

[
−ρ

2β2+1
2δ2
y

]
+
√
π

2 q erf
(
q√
2

)
exp

[
− ρ2(z−β)2

2δ2
y (1+ρ2z2)

]}
,

(C.1)
where

q = 1 + βρ2z

δy
√

1 + ρ2z2 , (C.2)

β = µx
µy

, (C.3)

ρ = σy
σx

, (C.4)

δy = σy
µy

. (C.5)

However, when δy < 0.1 the density distribution in eq. (C.1) also follows a normal distri-
bution to a very good approximation, namely X

Y ∼ N
(
µx/µy, σ

2
X/Y

)
, where:

σ2
X/Y =

(
σy
µy

)2
(σx

σy

)2

+
(
µx
µy

)2
 . (C.6)

In our case, Y = L and X = Ei, and therefore µx = L, µy = Ec
i , σx = 0, σy = ∆Ei.

The condition that allow us to approximate the distribution of L/Ei by a normal dis-
tribution is now given by ∆Ei < 0.1Ec

i , implying that the choice of the sampling bins
cannot be arbitrary if we want to use a Gaussian filter. Under these conditions the density

6In GLoBES, the term “sampling points” refers to the values of the true neutrino energies that are used
in the computation of the event rates. See the GLoBES manual for additional details.
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distribution for L/Ei is given by:

fL/Ei

(
L

E

)
≈ 1
σL/Ei

√
2π
e
− 1

2

(
L/E−L/Ec

i
σL/Ei

)2

, with σL/Ei = L
∆Ei
(Eci )2 . (C.7)

Therefore in each sampling bin the average probability is given by:

〈Pαβ(L/Ei)〉 =
∫ ∞

0
Pαβ(L/Ei)fL/Ei

(
L

E

)
d
L

E
. (C.8)

In fact, the result from this expression can be computed analytically [107], yielding the
following result for the case of the sterile oscillation probability at the ND:

〈Pαβ(L/Ei)〉= δαβ−4 |Uα4|2
(
δαβ−|Uβ4|2

)[
1
2−

1
2 cos

(∆m2
41L

2Eci

)
exp

{
−1

2

(
∆m2

41σL/Ei
2

)2
}]

(C.9)
which is the expression we use for our sterile neutrino analysis with GLoBES.

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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