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We critically examine a number of theoretical uncertainties affecting the MiniBooNE short-
baseline neutrino oscillation experiment in an attempt to better understand the observed ex-
cess of electron-like events. We re-examine the impact of fake charged current quasi-elastic
(CCQE) events, the background due to neutral current π0 production, and the single-photon
background. For all processes, we compare the predictions of different event generators (GE-
NIE, GiBUU, NUANCE and NuWro) and, for GENIE, of different tunes. Where MiniBooNE
uses data-driven background predictions, we discuss the uncertainties affecting the relation
between the signal sample and the control sample. In the case of the single-photon back-
ground, we emphasize the large uncertainties in the radiative branching ratios of heavy
hadronic resonances. We find that not even a combination of uncertainties in different chan-
nels adding up unfavorably (an “Altarelli cocktail”) appears to be sufficient to resolve the
MiniBooNE anomaly. Varying the radiative branching ratios of the ∆(1232) and N(1440)
resonances by ±2σ, however, reduces its significance from 4σ to less than 3σ. We finally
investigate how modified background predictions affect the fit of a 3 + 1 sterile neutrino
scenario. We carefully account for full four-flavor oscillations not only in the signal, but also
in the background and control samples. We emphasize that because of the strong correlation
between MiniBooNE’s νe and νµ samples, a sterile neutrino mixing only with νµ is sufficient
to explain the anomaly, even though the well-known tension with external constraints on νµ
disappearance persists.
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1 Introduction

The decision to downgrade the BooNE proposal to the MiniBooNE experiment [1] has been, in
retrospect, both a curse and a blessing for neutrino physics. On the one hand, MiniBooNE has given
us one of the most intriguing anomalies particle physics has seen in recent years: a 4.8σ [2] excess
of electron neutrinos (νe) in a beam consisting mostly of muon neutrinos (νµ). This observation has
led to significant progress in our understanding of neutrino–nucleus interactions [3], progress that
will be invaluable to future neutrino experiments. The anomaly has also given rise to a tremendous
amount of theoretical and phenomenological work interpreting the excess as a hint for new physics,
for instance in the form of sterile neutrinos [4–14]. On the other hand, if MiniBooNE hadn’t been
stripped of its second detector, we might have known right away whether the anomaly is due to
“new physics” or due to imperfect modeling of Standard Model effects.

In any case, the situation is being rectified now, with Fermilab’s new short-baseline program con-
sisting of not one but three additional detectors: MicroBooNE [15], SBND [16], and ICARUS [17,
18]. These detectors are located at different baselines, L, from the primary target and should there-
fore be able to unambiguously determine whether MiniBooNE’s νe excess oscillates with L or not.
Moreover, they are liquid argon time projection chambers which, compared to MiniBooNE’s mineral
oil-based Čerenkov detector, offer much better event reconstruction capabilities and will therefore
be much better at distinguishing a possible neutrino oscillation signal from various backgrounds.

Our goal in this paper is to add several novel aspects to the discussion of background processes
and theoretical uncertainties in MiniBooNE. Ultimately, we would like to determine whether an
accumulation of small deviations in different background channels adding up in an inauspicious way
– often dubbed an “Altarelli cocktail” [19] – could be sufficient to explain the MiniBooNE anomaly.

We begin in section 2 by re-calculating several of MiniBooNE’s most important backgrounds.
First, in section 2.1, we address MiniBooNE’s event reconstruction: the signal process charged
current quasi-elastic (CCQE) neutrino–nucleus scattering is identified by the exclusive presence of
a single e± or µ±, and the energy of the incoming neutrino is calculated from the energy of this
charged lepton and its direction with respect to the beam axis. However, events may be incorrectly
classified as CCQE if additional final state particles such as pions are either reabsorbed before they
leave the target nucleus, or are missed by the detector. The resulting misreconstruction of neutrino
energies has been discussed previously in refs. [20–34], and while it leads to distortions of neutrino
energy spectra, the effect has been found to be too small to explain the MiniBooNE anomaly. Our
novel contribution compared to previous works will be threefold: (i) we compare predictions of
different event generators, namely GENIE, GiBUU, NUANCE, and NuWro, to better estimate how
CCQE energy reconstruction depends on theory errors; (ii) we include the impact of fake CCQE
events in the νµ sample, which MiniBooNE analyze together with the νe sample to better constrain
the neutrino flux; (iii) we work with more up-to-date data than previous studies, in particular the
data from ref. [34].1

Second, in section 2.2 we will study MiniBooNE’s π0 background, comparing again the predic-
tions of different event generators (see ref. [35] for previous related work in this direction). The π0

background arises from neutral current (NC) interactions in which a single π0 is produced. To the
MiniBooNE detector, the photons from π0 decay look the same as e± from a charged current (CC)
νe or ν̄e interaction. Therefore, if one of the two photons is missed, or if the two are so close to each
other that they merge into a single reconstructed photon, NC π0 production can mimic CCQE νe
interactions, the signal MiniBooNE is looking for.

The third background we address in this paper is the single-photon background (section 2.3).
1 We do not consider the even more recent data from the 2020 update of the MiniBooNE anomaly [2], which
corresponds to a roughly 50% further increase in statistics and elevates the significance of the anomaly from 4.7σ
to 4.8σ.
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Single photons can originate from radiative decays of hadronic resonances like the ∆(1232), or from
coherent production off the target nucleus. As for the π0-induced background, a single photon can
mimic the CCQE νe signal. We compare predictions of different event generators and tunes to
estimate the theoretical uncertainties affecting the single-photon background.

In the second part of the paper, section 3, we shift our focus towards data-driven estimates
for the π0s and single photons in an attempt to more closely follow the approach the MiniBooNE
collaboration is taking in predicting backgrounds. For both the π0 background and the single-
photon background, a suitable control sample are single π0 events in which the two photons from
the decay are separately reconstructed. On the one hand, this control sample constrains the rate
of π0 production. But since at MiniBooNE energies most π0s stem from the decay of hadronic
resonances, it also constrains the production rate of such resonances and thus rate of radiative
resonance decay events. Even with data-driven background estimates, theoretical uncertainties
enter when translating the event rate in the control sample into a number of expected background
events in the signal region. To estimate these theoretical uncertainties, we develop a mock-up
of MiniBooNE’s data-driven π0 and single-photon analyses, anchoring these background rates to
the measured spectrum of π0 events and comparing the impact of different theoretical models and
different event generators/tunes on the translation between the control and signal samples.2

In section 4, we emphasize the impact of large uncertainties in the radiative branching ratios of
hadronic resonances. We will find that these uncertainties can significantly affect the predictions of
the single-photon background. Importantly, this remains true even when data-driven methods are
used.

In the final part of the paper, section 5, we fit a 3+1 sterile neutrino scenario (3 standard active
neutrinos and 1 additional eV-scale sterile neutrino, νs) to MiniBooNE data. We first emphasize
that in a full four-flavor fit, the νe background can be affected by significant νe → νs disappearance,
and the νµ control sample that is used for flux normalization can suffer from sizeable νµ → νs
disappearance. In a two-flavor fit, on the other hand, disappearance effects are negligible. We will
show how this disparity affects the preferred parameter regions of the 3 + 1 scenario. We then
investigate how the fit changes depending on which event-generator is used for the background
predictions, and on whether the background prediction is taken directly from the Monte Carlo
(as in section 2) or whether data-driven methods are used (as in section 3). We summarize and
conclude in section 6.

2 Background estimates from Monte Carlo simulations

We begin by individually considering various background processes relevant to MiniBooNE’s sample
of CCQE νe-like events. We focus in particular on the CC νe background due to the νe contamina-
tion in the beam (section 2.1), NC π0 production (section 2.2), and NC single-photon production
(section 2.3). Even though the MiniBooNE collaboration is not relying on Monte Carlo simulations
alone, but rather on data-driven background estimates wherever possible, a comparison of Monte
Carlo-only predictions will give a first indication of where large theoretical uncertainties are lurking.
We employ in particular the following event generators: GENIE v3.00.04 [39], NUANCE v3.000 [40],
NuWro v19.02.2-35-g03c3382 [41], and GiBUU (2019 release) [42].

While GENIE, NuWro, and GiBUU are actively used state-of-the-art tools, NUANCE is, to the
best of our knowledge, not under active development any more. Nevertheless, NUANCE will be
crucial for our analysis because it is the main generator used by the MiniBooNE collaboration [43].

2 MiniBooNE’s data-driven estimates of the π0 background have also been scrutinized recently in refs. [36, 37],
focusing in particular on the effect of π0 re-absorption (an effect that has also been included in MiniBooNE’s
analyses [38]).
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Generator Tune Ref. Comments
NUANCE – [40] the generator used by MiniBooNE
GiBUU – [42] theory-driven generator
NuWro – [41]
GENIE G18_01a_02_11a [39, 44] GENIE baseline tune; see [44] for naming conventions

G18_01b_02_11a different FSI implementation compared to G18_01a_02_11a
G18_02a_02_11a updated res./coh. scattering models compared to G18_01a_02_11a
G18_02b_02_11a updated res./coh. scattering models and different FSI
G18_10a_02_11a theory-driven configuration; similar to G18_02a
G18_10b_02_11a theory-driven configuration; similar to G18_02b

TABLE I. Event generators and tunes used in this work.

Indeed, for NUANCE, we work with flux and configuration files that were kindly provided to us by
the MiniBooNE collaboration and are dated April/May 2007.

GiBUU differs from the other three generators in that it employs a more holistic approach: rather
than piecing together largely independent theoretical models for different kinematic regimes (quasi-
elastic scattering, resonance production, deep-inelastic scattering, etc.) and subprocesses (primary
interaction, final state interactions, etc.), it uses the same inputs such as nuclear ground state,
nuclear potentials, and production/absorption amplitudes for all kinematic regimes. By solving a
set of quantum transport equations, one of its strengths is the accurate simulation of final state
interactions (FSI).

In the case of GENIE, we will consider six different tunes [44]. The naming convention for these
tunes is G18_XXy_02_11a, where tunes with XX=01 can be considered baseline tunes, those with
XX=02 feature updated implementations of resonant and coherent scattering, and those with XX=10
also employ updated models for CCQE and two-particle/two-hole (2p2h) interactions [21] as well
as an improved description of the nuclear initial state in terms of a local Fermi gas (with radius-
dependent Fermi momentum, as opposed to a relativistic Fermi gas with a Fermi momentum that
is the same everywhere in the nucleus). The lower-case letter y indicates how FSI are treated, with
y=a corresponding to a simple implementation of hadron–nucleus cross sections, while y=a stands
for a more sophisticated hadronic cascade in which interactions of hadrons with individual nucleons
are recursively simulated. The code 02_11a, finally, describes the data sets that the models have
been tuned to, which are the same for all tunes considered here.

Note that GiBUU, NUANCE, and NuWro do not implement radiative decays of heavy baryonic
resonances (e.g. ∆(1232)→ N + γ) by default. As these decays are an important source of single-
photon events in MiniBooNE and thus an important background to the νe appearance search, we
have implemented them manually by randomly replacing the pion in ∆(1232)→ N + π0 events by
a photon with the same energy. We do this for 0.6% of all ∆(1232)→ N+π0 events, corresponding
to the branching ratio of ∆(1232)→ N + γ according to ref. [45].

The different generators and tunes used in this work are also summarized in table I.
Our strategy is the same for each of the three considered background channels (CC neutrino

scattering, NC π0 production, and NC single-photon production), and can be described as follows:

(i) From a Monte Carlo simulation using the NUANCE generator, we predict the event sample
under consideration. In doing so, we make our best effort to reproduce the cuts and implement
the efficiency factors of the real MiniBooNE analysis (which also employed the NUANCE
generator).

(ii) The predicted event spectrum from (i) is then compared with the corresponding prediction
obtained by the MiniBooNE collaboration [34]; the differences, which are expected to be
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mild, are compensated by bin-by-bin tuning.

(iii) We then predict the same event sample using GiBUU, NuWro, as well as six different GE-
NIE tunes, using the same cuts and efficiency factors as for NUANCE. We then apply the
tuning factors determined in step (ii) as the ratio between our NUANCE prediction and
MiniBooNE’s. This final tuning greatly alleviates any residual differences between our sim-
plified analysis and the one employed by the MiniBooNE collaboration, yielding background
predictions that are accurate enough to compare to data in a meaningful way.

In our analysis we only consider positive horn polarity (neutrino mode) data which mostly drives
the statistical significance of the reported excess..

2.1 Charged Current Events

We start by considering CC neutrino interactions. To MiniBooNE’s νµ → νe oscillation search,
such interactions are relevant not only for the signal, but also for part of the background. This
is because the beam, though consisting mostly of muon neutrinos, unavoidably contains a small
admixture of electron neutrinos, mostly from the decays of kaons and muons.3 This intrinsic νe
background accounts for O(10%) of the total background at the lowest measurable neutrino energies
Eν ∼ 200 MeV, and for almost all background events at Eν > 1 GeV. On top of this, the sterile
neutrino fit includes also CC νµ events, which are used as a control sample to normalize the flux.
A change in the CC νµ rate will thus indirectly affect predictions for the intrinsic νe background
and for the νµ → νe signal.

Following the strategy introduced in the beginning of this section, we first compute the expected
rate of CC νe and CC νµ events using NUANCE [46]. Out of all simulated events, we keep those
that contain exactly one charged lepton (electron or muon) and no detectable mesons. We define
a “detectable” meson as a neutral pion, a charged pion above the Čerenkov threshold, or a meson
heavier than a pion. For CC νe-like events, we apply a 20% detection efficiency [34], while for CC
νµ events, the efficiency is assumed to be 35% [47].

Like the MiniBooNE collaboration, we reconstruct the neutrino energy Eν in each event based
on the assumption that the event topology is indeed νe,µ + n → e−/µ− + p (or the corresponding
processes for anti-neutrinos). In this case, Eν can be calculated as [43]

Eν =
2m′nE` − (m′2n +m2

` −m2
p)

2[m′n − E` +
√
E2
` −m2

` cos θ`

, (1)

where E` is the charged lepton’s energy (` = e, µ), m` is its mass, and θ` is the direction of its
momentum vector relative to the beam axis. The proton and neutron masses are denotes as mn

and mp, respectively, while m′n ≡ mn − EB, with EB the binding energy in the nucleus. We set
EB = 34 MeV, corresponding to neutrons bound in a 12C nucleus [48]. It is important to keep in
mind that eq. (1) will yield an incorrect value for Eν in fake CCQE events, that is events which
contain extra final state particles (for instance pions), but in which these extra final state particles
are missed, either because they are reabsorbed by the nucleus in which they are produced, or
because they fall below the experimental thresholds [28, 33, 49].

We compare in fig. 1 our predicted Eν spectra (colored histograms) to the ones used by Mini-
BooNE [34] (gray histograms). For the case of νµ interactions (which are observed essentially
without backgrounds), we also compare to data (black points with error bars in fig. 1). Focusing

3 Here, and in the following, “neutrino” refers to both neutrinos and anti-neutrinos, unless stated otherwise.
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FIG. 1. (a) Monte Carlo-only predictions for the CC νe background to MiniBooNE’s νe appearance search
from different Monte Carlo event generators, in particular GiBUU (blue dashed), NUANCE (purple dotted),
NuWro (yellow solid), and GENIE (orange/red) with different tunes as explained in table I. The solid gray
histogram corresponds to the official background prediction by the MiniBooNE collaboration. (b) Monte
Carlo-only predictions for the CC νµ events that are used for flux normalization. We show results for the
same generators and tunes as in (a), but we also compare to MiniBooNE’s data (black points with error
bars).

first on the differences between different event generators and tunes, we observe that predictions
vary by O(10%). One striking observation is that NuWro predicts relatively large CC νe rates com-
pared to the other generators, while for CC νµ interactions, its predictions are among the lowest.
GiBUU’s predictions are overall relatively large, which is a reflection of the well-known fact that
GiBUU predicts lower pion production rates than observed in MiniBooNE (while being consistent
with the pion production rates in MINERνA and T2K) [50–52]. Here, this deficit means that a
larger number of CC interactions will be identified as CCQE, and fewer will be vetoed because of
the presence of extra pions. Regarding the comparison between our predictions and MiniBooNE’s
there are certain discrepancies; namely, MiniBooNE predicts somewhat higher event rates compared
to us both in the νe channel, and their predicted spectrum is more peaked in the νµ channel. This
indicates that our simplified cuts do not fully capture MiniBooNE’s true acceptance and efficiency.
As discussed above, for the purpose of the sterile neutrino fits which we will present in section 5, we
will eliminate this bias by applying additional energy-dependent tuning factors which are obtained
as the ratio of MiniBooNE’s prediction and our prediction using NUANCE. That way, we ensure that
using the same generator as MiniBooNE, our predictions exactly match theirs. After this tuning,
the differences between our predictions expose the differences between event generators while being
fairly robust with respect to the simplifications of our analysis.

2.2 Neutral Current π0 Production

Neutral pions are frequently produced in neutrino interactions. Of particular concern to Mini-
BooNE’s νe appearance search are neutral current interactions of the form ν + N → ν + N + π0.
In this case, the π0, or rather the two photons into which it promptly decays, are the only visible
interaction products. If one of the photons leaves the fiducial volume before showering, or if the
laboratory frame opening angle between the two photons is small, the event will contain a single
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FIG. 2. (a) Monte Carlo-only predictions and (b) data-driven predictions for the NC π0 background to
MiniBooNE’s νe appearance search from different Monte Carlo event generators, in particular GiBUU (blue
dashed), NuWro (yellow solid), and GENIE (orange/red) with different tunes as explained in table I. We
do not show NUANCE results here because they are used for tuning our analysis and thus would not be
independent, The solid gray histogram corresponds to the official background prediction by the MiniBooNE
collaboration.

electromagnetic shower that can be mistaken for an e± from a CC νe or ν̄e interaction.
To predict the contribution of NC π0 events to the νe background, we proceed as follows.

First, out of all simulated neutrino events, we select those which have one or several π0’s in the
final states, no e± or µ±, and no other charged particles above the Čerenkov threshold. We then
generate the photons from π0 decay, and we apply Gaussian energy and angular smearing to their 4-
momentum vectors. We use a 10◦ angular resolution, and an energy resolution given by (∆E/E)2 =
[0.08

√
GeV/E]2 + [0.024/(E/GeV)]2 [53].

On average, photons propagate around 50 cm before converting to an e+e− pair and starting
an electromagnetic shower [54]. Therefore, we pick the point at which this happens by randomly
drawing from an exponential distribution with a mean of 50 cm. Photons converting outside the
detector volume are discarded. If a photon converts in the veto region outside the fiducial volume
(rfiducial = 574.6 cm [55]), but still inside the active volume (rveto = 610 cm), the whole event is ve-
toed. The remaining events are assigned a weight factor according to MiniBooNE’s e/γ efficiencies,
published together with ref. [56].

If there are two or more photons left in an event, we need to determine whether they can be
reconstructed separately or if they merge into one. We do so by applying a cut on the opening
angle φ between pairs of photons. If φ is below a threshold φthr, the two photons are merged
into one. If not, they are kept separate, and the algorithm continues to consider the next pair of
photons. If, at the end of this procedure, exactly one photon is left, the event is considered as a
fake νe event, contributing to the background in the νµ → νe oscillation search. Otherwise, the
event is discarded. We allow the threshold φthr to depend on the reconstructed neutrino energy
Ereco that would be assigned to the event according to eq. (1) if the photon-induced electromagnetic
shower was mis-interpreted as originating from an electron and the event was mis-reconstructed as
a CCQE νe interaction, with all photons merged into one. In each Ereco bin, we choose φthr(Ereco)
such that our prediction for the NC π0 background using the NUANCE generator agrees exactly with
MiniBooNE’s prediction (likewise based on NUANCE) in that channel. We find that the resulting
φthr(Ereco) decreases with energy. With this procedure, our NUANCE prediction by construction
matches exactly MiniBooNE’s, while our GENIE, NuWro, and GiBUU predictions differ from it,
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highlighting the discrepancies between generators.
Our results for the NC π0 background prediction are shown in fig. 2 (a). We see that differences

between NUANCE, NuWro, and GENIE (with any tune) are small, while the GiBUU prediction
is significantly lower. As mentioned already in section 2.1, this discrepancy between GiBUU’s
predictions and MiniBooNE data on single-pion production is well known [50–52], but given that
a similar discrepancy does not exist when comparing GiBUU to MINERνA and T2K data, it is
an open question whether it indicates a problem on the theory side or on the experimental side.
Taking the GiBUU predictions at face value would even increase the significance of MiniBooNE’s
low-E νe excess.

2.3 Neutral Current Single γ Production

We next discuss single photon events. Most of these arise from radiative decays of heavy hadronic
resonances created in NC neutrino interactions, which is why this background is referred to as the
∆→ Nγ background in MiniBooNE publications.4

We select simulated events that contain exactly one photon in the final state, no electrons or
muons, and no other charged charged particles above the Čerenkov threshold. We apply the same
energy and angular smearing as in section 2.2. Each event is then (mis)reconstructed as a CC νe
interaction, misinterpreting the photon as an electron and applying eq. (1) to determine the recon-
structed neutrino energy Ereco. We finally determine an Ereco-dependent reconstruction efficiency
factor by demanding that, in each Ereco bin, our NUANCE prediction matches MiniBooNE’s pre-
diction for the ∆ → Nγ background. We find efficiency factors of order 10–20%, not too different
from the e±/γ efficiencies from the supplemental material of ref. [56].

The comparison between event generators is shown in fig. 3 (a). We find that GiBUU’s, NuWro’s,
and GENIE’s single-photon spectra are 10–20% lower than MiniBooNE’s official, NUANCE-based,
background prediction. The older GENIE tunes (G18_01a_02_11a and G18_01b_02_11a) seem to
give the lowest single-photon yield.

In passing, let us note that for GENIE, we found an unusually large number of events with
two photons from the decays of an η resonance. Other generators predict far fewer such events,
a discrepancy which might be due to differences in hadronization models. Luckily, we find that
the probability for missing one of the two photons from η decay is small. Therefore, even in the
GENIE simulation, photons from η decay account only for a handful of background events in the νe
appearance search.

3 Data-Driven Background Estimates

While our comparison of different Monte Carlo predictions for the MiniBooNE backgrounds in
section 2 reveals important discrepancies between the various generators, MiniBooNE’s own back-
ground prediction is to some extent resilient to these discrepancies. This is because it is based
on data-driven techniques, meaning that certain crucial aspects, for instance the π0 or ∆(1232)
production rate are directly measured in control samples rather than being predicted theoretically.
However, theoretical input is still needed for translating measurements in the control regions to
background predictions for the signal region. Therefore, even data-driven background estimation
techniques are not fully immune to theoretical uncertainties. In the following, we will investigate
these uncertainties for the π0 and single photon backgrounds in MiniBooNE.

4 Recently, a novel but subdominant single photon production channel was presented in [57].
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FIG. 3. (a) Monte Carlo-only predictions and (b) data-driven predictions for the NC single-photon back-
ground to MiniBooNE’s νe appearance search from different Monte Carlo event generators, in particular
GiBUU (blue dashed), NUANCE (purple dotted), NuWro (yellow solid), and GENIE (orange/red) with dif-
ferent tunes as explained in table I. MiniBooNE’s own prediction for this background is shown as a thick
gray histogram. We do not show Monte Carlo-only predictions from NUANCE because, given the way our
analysis is designed, they agree exactly with MiniBooNE’s prediction.

3.1 Neutral Current π0 Production

To emulate the data-driven estimation technique for the π0 background, we select from our simulated
events those containing exactly one π0. Other than that, events need to satisfy the same criteria
as in section 2.2: no charged leptons (e± or µ±) and no charged particles above the Čerenkov
threshold are allowed. We assume that the smearing kernel for pions is the same as for photons,
see section 2.2.

We first compare the rate of π0 production as a function of the π0 momentum, pπ0 , to Mini-
BooNE’s measurement of the π0 spectrum published in ref. [58]. To do so, we apply the efficiency
factors given in fig. 5 of that reference. The result of the comparison is shown in fig. 4, where
MiniBooNE’s prediction for the background (mostly mis-identified CC events, events with π±, and
multi-pion events) has been subtracted from the data. We see that Monte Carlo predictions vary
by O(50%), with NUANCE (purple), NuWro (yellow), and GENIE (orange/red) matching the data
well, but not perfectly, while the event rate predicted by GiBUU is too low and the spectrum is too
soft. In other words, we observe again the well-known discrepancy mentioned in sections 2.1 and 2.2
between GiBUU’s predictions and MiniBooNE data on single-pion production [50–52]. We also note
that MiniBooNE’s own Monte Carlo prediction is on the low side, showing that even with a full
detector simulation, the data on NC π0 production is very difficult to understand theoretically.

To obtain a data-driven prediction for the π0 background to the νe appearance search, we extract
a signal sample of π0s faking a νe from the simulation using the same criteria as in section 2.2. The
signal sample is then binned in pπ0 using the same bins as in the control sample, namely the 11
bins shown in fig. 4. Next, we reweight the signal sample in each of these bins with the ratio of
observed to simulated single-π0 events in the control sample. The thus reweighted signal sample is
what we call our data-driven prediction.

The result of (mis)reconstructing the data-driven background sample as CCQE νe interactions
is shown in fig. 2 (b) for the different event generators and tunes. We observe that the spread in
our results is reduced compared to the Monte Carlo-only predictions in fig. 2 (a). In particular, the
discrepancy between the GiBUU-based prediction and MiniBooNE’s own prediction is not quite as
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FIG. 4. Comparison of MiniBooNE’s data on NC π0 production from ref. [58] to predictions from various
Monte Carlo event generators as a function of the pion momentum pπ0 . The color scheme used here is
the same as in figs. 2 and 3. MiniBooNE’s own prediction for the π0 spectrum is shown as a thick gray
histogram.

bad in panel (b) as in panel (a). Among the other generators, the spread is . 10%.

3.2 Neutral Current Single γ Production

The procedure we follow to determine the impact of different Monte Carlo generators on the data-
driven prediction for the single-photon background is very similar to the one employed in the case
of the π0 background above. The control sample consists once again of single-π0 events, given
that the neutral ∆(1232) resonance, which is responsible for most of the single-photon background,
predominantly decays to pions. The signal sample is extracted from the simulation using the same
criteria as in section 2.3. Both the π0 control sample and the single-photon signal sample are
then binned according to the π0 and photon momentum, respectively, using the binning from fig. 4.
Next, we reweight the simulated single-photon events in each of these bins with the ratio of observed
to simulated single-π0 events in the control sample. Finally, we (mis-)reconstruct the reweighted
single-photon events as CC νe interactions to obtain our data-driven background prediction to the
νe appearance search, binned in Ereco.

The result is shown in fig. 3 (b). In contrast to what we observed in section 3.1 for the π0 back-
ground, we now find that the data-driven technique does not significantly decrease the spread be-
tween predictions from different generators. This indicates that, for the single-photon background,
large theoretical uncertainties exist which are not related to the ∆(1232) production cross-section.
Instead, they are due to other sources of single-photon events, not related to the ∆ resonance,
such as coherent photon production, decays of heavier resonances, etc. Reducing these uncertain-
ties may be possible with more sophisticated data-driven methods separating different sources of
single-photon events, and identifying suitable control samples for each of them. However, even if
this was possible, we expect significant cross-contamination between the different control samples.
For instance, it will be well-nigh impossible to fully separate different heavy baryonic resonances
based only on their visible decay products. Therefore, any significant reduction in systematic
uncertainties in the single photon channel will be very challenging. Our analysis thus shows that
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FIG. 5. Impact of branching ratio uncertainties on GiBUU’s prediction for the single-photon background in
MiniBooNE. We have varied the radiative branching ratios of the ∆(1232) and N(1440) baryon resonances
within their respective 2σ confidence intervals [45], and we show the envelope of the resulting event spectra
(blue hatched histogram). For comparison, we also show MiniBooNE’s NUANCE-based prediction for this
background [58] (gray histogram).

systematic uncertainties in the single-photon channel could play an important role in understanding
the MiniBooNE νe appearance anomaly.

4 Uncertainties in the Radiative Branching Ratios of Heavy Baryonic
Resonances

We would finally like to emphasize an additional aspect that could contribute to the MiniBooNE
anomaly: the branching ratios for radiative decays of heavy baryonic resonances (∆(1232), N(1440),
etc.) have relatively large uncertainties. As an example, ref. [45] quotes BR(∆(1232) → Nγ) =
0.55%–0.65%, BR(p(1440) → pγ) = 0.035%–0.048%, and BR(n(1440) → nγ) = 0.02%–0.04%.
None of these decays has been measured directly, and the quoted branching ratios are instead in-
ferred from baryon–photon interaction amplitudes determined in pion–nucleon and photon–nucleon
scattering, see for instance ref. [59]. In spite of the large uncertainties, state-of-the-art neutrino
Monte Carlo generators work with fixed branching ratios, so the uncertainties need to be carefully
accounted for a posteriori.5

To study the impact of these uncertainties, we have carried out a set of 25 GiBUU runs in
which the radiative branching ratios of the ∆(1232) and N(1440) resonances were scanned on a
regular grid covering their 2σ uncertainty intervals from ref. [45]. We have analyzed the resulting
event samples using the methods described in section 2.3. In fig. 5, we plot the envelope of the 25
single-photon event spectra as a function of the (mis-)reconstructed would-be neutrino energy (blue
hatched region). We see that the event rate varies by a factor of 2–3, especially in the low-energy
bins where MiniBooNE observes its anomaly.

We conclude that branching ratio uncertainties are crucial for making reliable background pre-
dictions in a MiniBooNE-like experiment, and may make an important contribution to the total

5 We also note that decay data in Monte Carlo generators is not always based on the latest version of the Particle
Data Group’s compilation, which may add to the error on these data.
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error budget. Crucially, they cannot be removed by using data-driven techniques – relating a π0

control sample to the signal sample as in section 3.2 hinges on the knowledge of the radiative
branching ratios.

To summarize our findings so far, we have identified a number of differences between different
Monte Carlo predictions of the MiniBooNE backgrounds. Visual inspection of figs. 1 to 3 and 5
suggests that these discrepancies may alleviate the tension with the MiniBooNE νe data, but will
probably not be large enough to fully explain away the observed event excess. In the following,
we will quantify this statement by carrying out explicit fits in a 3 + 1 sterile neutrino model and
determining the confidence level at which the no oscillation hypothesis is excluded.

5 Impact on Sterile Neutrino Fits

In fitting the MiniBooNE data, we will focus on the 3+1 scenario, in which the Standard Model
is extended by a single sterile neutrino whose mass is assumed to be at the eV scale. The only new
interaction is thus a Yukawa coupling of the form

L ⊃ y (iσ2H∗)LN , (2)

where L is a Standard Model lepton doublet, N is the sterile neutrino field, H is the Standard
Model Higgs doublet, σ2 is the second Pauli matrix, and y is a dimensionless coupling constant.
All fermion fields are interpreted as Weyl spinors here. In general, y and L carry flavor indices
to allow for different mixing between N and each of the three Standard Model neutrino flavors.
Equation (2) implies that the leptonic mixing matrix U is extended to a unitary 4 × 4 matrix,
while apart from this modification the standard expression for the neutrino oscillation probabilities
remains unchanged

Pαβ =
∑
j,k

U∗αjUβjUαkU
∗
βke
−i∆m2

jkL/(2E) . (3)

Here, as usual ∆m2
jk ≡ m2

j − m2
k is the difference between the squared masses of neutrino mass

eigenstates j and k.
The 3 + 1 scenario has been extensively studied in the context of the MiniBooNE anomaly

(and the other short-baseline anomalies), see for instance refs. [37, 60–71]. These fits have revealed
significant tension in the global data, caused mainly by the fact that MiniBooNE (and LSND)
suggest relatively large mixing between the sterile neutrino νs and both νe and νµ. It is in partic-
ular the νs–νµ mixing that is strongly constrained by νµ disappearance searches such as the ones
in MINOS/MINOS+ [72], IceCube [73–75], and MiniBooNE itself [76, 77]. The scenario is also
constrained by cosmology, in particular by Big Bang Nucleosynthesis [78] and by CMB+structure
formation data [79], though some or all of these constraints can be avoided in extended cosmological
scenarios [7, 80–88]. In fact adding sterile neutrinos may even help alleviate the tension between
local and cosmological determinations of the Hubble constant [89].

In the following, we address two important features of fits to the MiniBooNE data: the differences
between a full four-flavor fit compared to the two-flavor fits presented for instance in refs. [2, 29],
and the dependence of the fit results on the choice of event generator for the background predictions.

5.1 2-Flavor vs. 4-Flavor Fits to MiniBooNE Data

To fit the 3+1 model to MiniBooNE data, we use an adapted version of the fitting code developed in
refs. [7, 60, 63, 71]. It is based on the recommendations given by the MiniBooNE collaboration in the
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FIG. 6. Comparison between two-flavor and four-flavor fits to MiniBooNE data. In the two-flavor case,
oscillations in the νe background and in the νµ control sample are negligible, while in the four-flavor case,
νe → νs and νµ → νs disappearance can occur. Because of the strong correlation between the νµ control
sample and the νe signal sample, this leads to a shift in the best-fit region, with the four-flavor framework
allowing for a good fit even in the absence of νµ → νe oscillations, but with sizeable |Uµ4|2, see shaded
exclusion contours in panels (a) (sin2 2θµe vs. ∆m2

41) and (b) (|Uµ4|2 vs. ∆m2
41). The νe spectrum at the

four-flavor best fit point (solid blue histogram in panel (c)) is very close to the background prediction,
while the νµ spectrum in panel (d) is suppressed by νµ → νs disappearance. In the two-flavor case (dashed
histograms), on the other hand, the fit is driven by νµ → νe appearance. Note that the background prediction
shown in panel (c) is from the four-flavor fit, but the one for the two-flavor scenario is practically identical.
Panel (b) does not contain contours for the two-flavor case because |Uµ4|2 is not defined in that scenario.
We show, however, the global exclusion limit on νµ disappearance from ref. [71].

supplemental material of ref. [90] and uses the data released with ref. [34]. However, in contrast to
the fits carried out in MiniBooNE’s publications, we include the full impact of four-flavor oscillations
on the signal and background prediction, as discussed in appendix A of ref. [7]. In particular, in a
3 + 1 model, explaining MiniBooNE’s νµ → νe oscillation signal requires mixing between the sterile
state and both νe and νµ. νµ → νe oscillations are thus necessarily accompanied by νe → νs and
νµ → νs disappearance. And while the probability for the appearance signal is proportional to
|Ue4|2|Uµ4|2, the disappearance probabilities are only suppressed by |Ue4|2 and |Uµ4|2. νe and νµ
disappearance is thus a non-negligible effect which is not captured by the two-flavor fits employed
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in the official MiniBooNE analyses. It has the following consequences:

1. Oscillations in the νµ control sample. MiniBooNE’s fit includes CC νµ events as a control
sample to fix the unoscillated neutrino flux and spectrum in a data-driven way. An oscillation-
induced νµ deficit, if not accounted for, will thus lead to too low a prediction for the intrinsic
CC νe background and for the νµ → νe signal. In MiniBooNE’s two-flavor fit, where a νµ
deficit is only due to νµ → νe oscillation, this effect can be neglected. But in a realistic four-
flavor model, a much larger νµ deficit arises from νµ → νs disappearance, leading to important
corrections. We account for these corrections by scaling both the predicted oscillation signal
and the CC νe background with the inverse of the νµ disappearance probability.6 That way,
we compensate the bias that is introduced when MiniBooNE calibrate these backgrounds
to the observed νµ rate. We do not rescale the other backgrounds (mostly π0 and ∆ → γ)
because they are not normalized to the νµ control sample, but to single-pion control samples.

2. νe disappearance. By the same reasoning as for νµ, also the oscillation-induced deficit of
νe is much larger in a 3 + 1 model than in MiniBooNE’s two-flavor scenario. This affects in
particular the intrinsic CC νe background; we take this effect into account by rescaling said
background with the νe disappearance probability.

An interesting outcome of the four-flavor fit – and in particular of the inclusion of νµ disappearance
– is a significant distortion in MiniBooNE’s best fit regions, as illustrated in fig. 6 (a). In particular,
because of the strong correlation between the νe signal sample and the νµ control sample that is
used to normalize the signal, a good fit can be achieved not only by enhancing the νe flux, but also
by suppressing the νµ flux. Therefore the four-flavor best fit regions (shaded contours in fig. 6) (a)
extend to much smaller sin2 2θµe = 4 |Ue4|2|Uµ4|2 than in the two-flavor scenario (unshaded dashed
contours), at the expense of relatively large |Uµ4|2, see panel (b). Correspondingly, the νe spectrum
at the four-flavor best-fit point (solid blue histogram in fig. 6 (c)) is closer to the background
prediction, while the νµ spectrum in panel (d) is suppressed. In the two-flavor scenario, on the
other hand, the νe flux needs to be enhanced as the νµ flux remains unsuppressed.

Note that the four-flavor treatment increases the significance of the anomaly: our two-flavor fit
disfavors the no-oscillation hypothesis at 3.0σ, while the four-flavor fit disfavors it at 4.0σ. The
lower significance of our own fit compared to MiniBooNE’s – even when following MiniBooNE’s
recommended approach (including the assumption of two-flavor oscillations) as given in the sup-
plemental material to refs. [34, 90] – has been noted before [60, 63, 71]. It implies that our results
will be erring slightly on the side of being conservative.

It should be kept in mind that νµ disappearance is strongly constrained by dedicated mea-
surements, including measurements by MiniBooNE itself [76, 77, 91], as well as IceCube [73–75],
DeepCore [92, 93], CDHS [94], SuperKamiokande [95, 96], NOνA, [97], and MINOS/MINOS+ [72].
In fig. 6 (b), we show as a dotted red line the combined νµ disappearance limit from ref. [71].

In the following, we will always use the full four-flavor framework when fitting MiniBooNE data.

5.2 Dependence on Background Predictions

We now investigate how the interpretation of MiniBooNE’s results in the context of the 3 + 1
scenario depends on the event generator used for predicting the backgrounds. In fig. 7, we show the
resulting best-fit spectra in the νe channel (left) and the νµ channel (right) for different generators.

6 In fact, following MiniBooNE’s normalization strategy, the appropriate rescaling factor for νe from muon decay is
the νµ disappearance probability at MiniBooNE, while for νe from kaon decay, it is the corresponding probability
at the SciBooNE baseline of 100m.
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FIG. 7. Predicted MiniBooNE event spectra at the best-fit point of a 3 + 1 model, using different event
generators and tunes to predict the νe, π0 and ∆ → Nγ backgrounds. The panels on the left are for νe-
like events, while the panels on the right show the νµ spectra. In the top panels (a) and (b), background
predictions are based on the Monte Carlo-only simulations described in section 2, while panels (c) and (d)
at the bottom are based on the data-driven predictions from section 3.

In the fits, the νe, π0, and single-photon (“∆ → Nγ”) backgrounds in the νe channel, as well
as the prediction for the νµ channel, are based on our own prediction discussed in the previous
sections.7 For the other backgrounds we use MiniBooNE’s official predictions, see ref. [34]. An
exception is GiBUU: as discussed in section 2, GiBUU underpredicts the rate of pion production in
MiniBooNE (but, curiously, not in other experiments), which makes its predictions for the CCQE
channels, for the NC π0 backgrounds, and for all data-driven predictions anchored to the NC π0

rate, problematic. In view of this, we do not show fits with data-driven backgrounds from GiBUU at
all, and for fits with Monte Carlo-only backgrounds, we use GiBUU only for the ∆→ Nγ channel,
and MiniBooNE’s own predictions in all other channels. On the other hand, we indicate as a blue
band how GiBUU’s best fit spectrum varies if the radiative branching ratios of the ∆(1232) and
N(1440) resonances are varied within their 2σ limits, as discussed in section 4. Note that the
backgrounds shown in fig. 7 as colored histograms are MiniBooNE’s; see figs. 1 to 3 for comparisons

7 Note that we do not take into account the possible impact of misreconstruction of CCQE events on the signal
events. It has been shown in ref. [33] that this effect is small.
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Monte Carlo-only background predictions

Generator Tune ∆m2
41 [eV2] sin2 2θµe |Uµ4|2 χ2/dof ∆χ2

no osc. Significance
MB official 0.25 0.01 0.062 12.0 19.1 4.0σ
GiBUU default 0.25 0.01 0.076 12.0 24.6 4.6σ

BR(∆→ γ)− 2σ 0.32 0.0063 0.090 12.4 32.3 5.3σ
BR(∆→ γ) + 2σ 2.5 0.0020 0.0056 12.1 8.11 2.4σ

NUANCE – 0.32 0.0079 0.051 12.3 19.3 4.0σ
NuWro – 3.2 0.0020 0.040 13.7 15.6 3.5σ
GENIE G18_01a_02_11a 0.13 0.079 0.16 12.2 21.6 4.3σ

G18_01b_02_11a 0.79 0.0001 0.12 12.2 16.1 3.6σ
G18_02a_02_11a 0.13 0.050 0.16 12.0 15.1 3.5σ
G18_02b_02_11a 0.13 0.050 0.18 12.1 15.0 3.5σ
G18_10a_02_11a 0.25 0.016 0.051 12.1 11.2 2.9σ
G18_10b_02_11a 0.40 0.013 0.016 12.1 17.9 3.8σ

data-driven backgrounds

Generator Tune ∆m2
41 sin2 2θµe |Uµ4|2 χ2/dof ∆χ2

no osc. Significance
MB official 0.25 0.01 0.062 12.0 19.1 4.0σ
NUANCE – 0.32 0.0079 0.051 12.3 19.3 4.0σ
NuWro – 3.2 0.0016 0.040 13.3 12.7 3.1σ
GENIE G18_01a_02_11a 0.79 0.00020 0.14 12.2 23.3 4.4σ

G18_01b_02_11a 0.79 0.0001 0.12 12.2 15.5 3.5σ
G18_02a_02_11a 0.13 0.063 0.18 12.2 19.2 4.0σ
G18_02b_02_11a 0.13 0.050 0.20 12.3 16.9 3.7σ
G18_10a_02_11a 0.25 0.016 0.062 12.3 15.1 3.5σ
G18_10b_02_11a 0.40 0.013 0.016 12.1 19.5 4.0σ

TABLE II. Results of fitting a 3 + 1 sterile neutrino model to MiniBooNE data, using different event
generators and tunes to predict the νe, π0, and single-photon backgrounds. Besides the parameter values at
the respective best-fit points, we also list the ∆χ2 at which the no-oscillation hypothesis is excluded, and
we convert this number into a statistical significance for an anomaly, assuming a χ2 distribution with one
degree of freedom. Note that we do not use GiBUU’s Monte Carlo-only predictions for CCQE-like events
and NC π0 events, which appear problematic because GiBUU predicts fewer pions than observed. For the
same reason, we also do not show result for GiBUU with data-driven backgrounds at all. Here, GiBUU’s pion
deficit would affect the π0 control sample.

between MiniBooNE’s background predictions and ours for individual generators. Finally, as we
do not have a data-driven prediction for the intrinsic νe backgrounds (green shaded histograms in
fig. 7), we use the Monte Carlo-only one even for the fits labeled “data-driven”.

We observe significant spread between the best-fit spectra from different generators. Importantly,
this is the case not only for background predictions based on Monte Carlo simulations alone (top
panels), but also for our data-driven predictions (bottom panels). For the latter, it is driven
by the residual uncertainty in the single-photon channel, see section 3.2. Some generators, in
particular some GENIE tunes, are able to accommodate fairly large event rates in the low-energy
bins, consistent with the observed excess. However, they tend to also overpredict the rate at higher
energies a bit, suggesting that the goodness of fit will not be too different compared to MiniBooNE’s
official fit.

Table II reveals that differences between event generators translate into some differences in the
best-fit points and in the significance of the anomaly. However, the latter remains around 3− 4σ,
similar to the significance we obtain when using MiniBooNE’s background predictions. We find the



17

��-� ��-� ��-� ��-�
��-�

��-�

���

���

���

�����θμ�

Δ
�
���
[�
�
�
]

�� �� (�/ �� ����)

�� �� (�/� �� ����)

����� (Δ→γ ����)

����� (��-�σ)
����� (��+�σ)

������
�����
����� ���_���_��_���
����� ���_���_��_���

��-���� ��

��% ��

����� ���� ����

��-� ��-� ��-�
��-�

��-�

���

���

���

|�μ�|
�

Δ
�
���
[�
�
�
]

��-���� ��

��% ������
νμ ������� �������% ��

����� ���� ����

(a) (b)

��-� ��-� ��-� ��-�
��-�

��-�

���

���

���

�����θμ�

Δ
�
�
�
�
[�
�
�
]

�� �� (�/ �� ����)

�� �� (�/� �� ����)

������
�����
����� ���_���_��_���
����� ���_���_��_���

����-������ ��

��% ��

����� ���� ����

��-� ��-� ��-�
��-�

��-�

���

���

���

|�μ�|
�

Δ
�
�
�
�
[�
�
�
]

����-������ ��

��% ������
νμ ������� �������% ��

����� ���� ����

(c) (d)

FIG. 8. MiniBooNE 99% exclusion contours for a 3+1 sterile neutrino model using different event generators
and tunes for the prediction of the νe, π0 and ∆→ Nγ backgrounds. (For clarity, we show results for only
two GENIE tunes here; exclusion contours for the others can be found in appendix A.) The panels on the
left show the sin2 2θµe–∆m2

41 plane (νe appearance); the ones on the right show the |Uµ4|2–∆m2
41 plane (νµ

disappearance). In the top panels (a) and (b), background predictions are based on the Monte Carlo-only
calculations described in section 2, while panels (c) and (d) at the bottom are based on the data-driven
predictions from section 3.

lowest significance (2.4σ) when using GiBUU to predict the ∆→ Nγ background and increasing the
∆(1232) and N(1440) radiative decay widths to the upper end of their 2σ-allowed intervals from
ref. [45].

This is also illustrated in fig. 8, which compares the parameter space exclusion regions in the
3 + 1 scenario between analyses based on different generators. This is once again done both for
background predictions based on Monte Carlo simulations alone (top panels) and for data-driven
background predictions in the π0 and single-photon channels (bottom panels). We show projections
onto the sin2 2θµe–∆m2

41 plane (panels (a) and (c)) and onto the |Uµ4|2–∆m2
41 plane (panels (b)

and (d)).
We observe that the contours based on the NUANCE generator (purple) are, as expected, in

excellent agreement with those based on MiniBooNE’s official background predictions (which also
rely on NUANCE). Significant deviations are seen for fits using NuWro, GENIE, and GiBUU predic-
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tions, though. (As before, we include GiBUU only in the comparison Monte Carlo-only predictions,
and even there we use its predictions only for the single-photon channel.) Notably, NuWro and
GENIE allow sin2 2θµe = 0 at the 99% CL over a wide range of ∆m2

41 values, while GiBUU, as
well as the fit using MiniBooNE’s official background predictions, do so only in a narrow window
around ∆m2

41 ∼ 0.3 eV2. Remember that allowing sin2 2θµe = 0 does not mean that the anomaly
is resolved – the fits then require non-zero |Uµ4|2, see the right-hand panels of fig. 8. As explained
in section 5.1, this can be understood from the strong correlations between the νe and νµ data. An
excess of νµ events compared to the theory prediction may thereby be sufficient to explain an excess
also in the νe channel even without explicit νe appearance. Note, however, that the values of |Uµ4|2
required to accommodate the MiniBooNE anomaly are still in tension with the global exclusion
limit on νµ disappearance (dotted red line in the right-hand panels of fig. 8). The one exception
is the GiBUU fit with increased radiative branching ratios (blue dotted lines). It is consistent with
the no-oscillation hypothesis in both the νe and νµ channel at the 99% CL, in agreement with the
low significance of the anomaly we found in this scenario in table II.

6 Summary and Conclusions

The MiniBooNE anomaly is still one of the biggest mysteries in neutrino physics. In this paper we
have revisited the most relevant backgrounds for the MiniBooNE νe appearance analysis in which
the anomalous event excess is observed. We have in particular studied CC interactions of beam
νe, NC π0 production, and single-photon production. We have predicted the event rates in these
channels using different event generators – namely NUANCE, GiBUU, GENIE, and NuWro – and
have compared the results to estimate the theoretical uncertainties associated with our predictions.
For the π0 background, we have found that generators agree at the 10% level (with the exception
of GiBUU, which underpredicts the π0 production rate by almost a factor of two). For CC νe and
single-photon events, discrepancies are somewhat larger, with predictions differing by O(30%).

The situation improves only slightly when we attempt to predict the π0 and single-γ backgrounds
in a more data-driven way by normalizing them to MiniBooNE’s measured π0 production rate. (The
deficit of π0-induced events in GiBUU is, however, almost entirely removed that way.)

In addition, we have pointed out that the radiative branching ratios of heavy hadronic resonances,
most importantly the ∆(1232), come with large errors of order tens of per cent that affect in
particular the single-photon background.

In the final part of the paper, we have discussed fits to the MiniBooNE data in the context of
sterile neutrino models. We have highlighted the important differences between fits in a two-flavor
framework, which are often shown in the literature, and a more careful fit that takes into account
full four-flavor oscillations. In the four-flavor case, oscillations of the νe background and in the νµ
control sample play a crucial role. Most notably, the anomaly could be entirely explained by νµ
disappearance alone, thanks to the strong correlation between the νµ and νe samples in the fit.
The tension with the non-observation of νµ disappearance in other experiments would still persist,
though.

We have then studied how the choice of event generator affects the fit in a 3 + 1 sterile neutrino
model, and in particular the significance of the anomaly. We have found that all generators roughly
agree on the significance of the anomaly, but that allowing for some freedom (±2σ) in the branching
ratios of the (never directly observed) radiative decays of heavy hadronic resonances like ∆(1232)
and N(1440) can bring the anomaly down from ∼ 4σ to less than 3σ, without completely resolving
it though.

We conclude that theoretical uncertainties in MiniBooNE’s background predictions certainly
deserve further study. However, it seems that with our current understanding of neutrino interaction
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physics – as implemented in state-of-the-art event generators, the anomaly is robust. Not even an
“Altarelli cocktail” of several small deviations in different channels that add up to a potentially
much bigger overall discrepancy seems to be able to fully explain the event excess.
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A Parameter Scans in the 3 + 1 Sterile Neutrino Model

In this appendix, we supplement the discussion in section 5.2 by providing parameter space exclu-
sion plots for all Monte Carlo generators and tunes studied in this paper in the 3+1 sterile neutrino
scenario. In particular, we show in fig. 9 our fit results using Monte Carlo-only background predic-
tions, that is predictions which are not tuned to MiniBooNE’s own π0 production data. In fig. 10
we do the same using data-driven predictions backgrounds for the π0 and single-photon channels,
which have been tuned to π0 data. For each background model, we show the projections of the
3 + 1 model’s parameter space onto the sin2 2θµe–∆m2

41 plane and onto the |Uµ4|2–∆m2
41 plane.

(The SM oscillation parameters are irrelevant here because MiniBooNE’s baseline is too short for
SM oscillations to develop, and the mixing matrix element Uτ4 is irrelevant due to the absence of
τ neutrinos.)
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FIG. 9. Shaded contours: MiniBooNE exclusion contours in the sin2 2θµe–∆m2
41 plane and in the |Uµ4|2–

∆m2
41 plane for different event generators using Monte Carlo predictions without tuning to MiniBooNE π0

data. Unfilled black contours: fit results using MiniBooNE’s official background predictions. Red dotted
line in the |Uµ4|2-vs.-∆m2

41 panels: global 95% νµ disappearance limit from ref. [71].
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FIG. 10. Same as fig. 9, but for data-driven background predictions in the π0 and single-photon channels.
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