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The MiniBooNE low-energy excess stands as an unexplained anomaly in short-baseline neutrino
oscillation experiments. It has been shown that it can be explained in the context of dark sector models.
Here, we provide an overview of the possible new-physics solutions based on electron, photon,
and dilepton final states. We systematically discuss the various production mechanisms for dark
particles in neutrino-nucleus scattering. Our main result is a comprehensive fit to the MiniBooNE energy
spectrum in the parameter space of dark neutrino models, where short-lived heavy neutral leptons are
produced in neutrino interactions and decay to e e~ pairs inside the detector. For the first time, other
experiments will be able to directly confirm or rule out dark neutrino interpretations of the MiniBooNE

low-energy excess.

DOI: 10.1103/PhysRevD.111.035028

I. INTRODUCTION

Significant anomalies in neutrino experiments have
persisted for over two decades, with no conclusive reso-
Iution in or outside the Standard Model (SM). The most
statistically significant of these is the apparent v, — v,
conversion of neutrinos and antineutrinos at short baselines
in the MiniBooNE experiment [1-3] and the Liquid
Scintillator Neutrino Detector (LSND) [4]. The excess at
MiniBooNE, dubbed the low-energy excess (LEE), is
characterized by electronlike events in the energy region
between 200 and 600 MeV and is coincident in time with
the (E,) ~ 800 MeV neutrino beam. More detailed back-
ground studies and data have become available over the
years, increasing the significance of the excess to a total of
4.80 [5,6]. The origin of LEE has been debated in the
literature, with some authors pointing to combinations of
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effects that could somewhat reduce its significance [7,8].
However, at this time, it is accurate to say that the origin of
the LEE remains unknown and that its statistical signifi-
cance remains strong.

Historically, the most studied beyond-the-Standard-
Model explanation to the MiniBooNE LEE has been the
3 4 1 oscillation model, where an eV-scale sterile neutrino
induces short-distance v, — v, oscillations. Other anoma-
lies, including the LSND result and electron-neutrino
disappearance gallium experiments [9-15], have also been
linked to the LEE under the sterile neutrino hypothesis.
This paradigm, however, is in strong tension with cosmol-
ogy [16-18] and v, disappearance data [19-21]. In fact, the
internal tension in sterile neutrino global fits is significant
and driven not by one but multiple experiments [22,23]. In
addition, the LSND and the gallium experiments rely on
different principles of operation than MiniBooNE and,
therefore, it is not unlikely that the resolution to each of
these anomalies is unrelated. As such, we focus uniquely
on the MiniBooNE LEE and its potential solutions in new-
physics models.

The MiniBooNE detector could not distinguish between
the Cherenkov emission of electron and photon showers
inside the detector. Therefore, the LEE can be due to
multiple kinds of electromagnetic final states, including
electrons, photons, and combinations thereof. One impor-
tant class of backgrounds at MiniBooNE arises from photon
production in neutrino-nucleus neutral-current (NC)

Published by the American Physical Society
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interactions through coherent or resonant processes. Other
proposed solutions rely on nonresonant photons, photon
pairs, or electron-positron pairs produced inside the detector
in coincidence with the neutrino beam. When highly
collimated or highly energy-asymmetric, the pairs of
electromagnetic particles can be misreconstructed as a single
electron. Several beyond-the-SM explanations have
exploited this ambiguity in signal reconstruction. These
nonoscillatory explanations are easily embedded in low-
scale extensions of the SM, where new dark particles of MeV
to GeV masses mediate the production of or decay into
electromagnetic activity. We provide an overview of such
new-physics interpretations of the MiniBooNE LEE and
discuss their current status. For a review of broader aspects
of short-baseline phenomenology, we point the reader to
Ref. [24]. While our discussion is focused primarily on
MiniBooNE, our list of particle production modes in
neutrino scattering can be applied to other neutrino experi-
ments searching for new physics.

To disentangle the possible nature of the LEE, the short-
baseline neutrino (SBN) program at Fermilab is underway
and has started to probe a few interpretations of the excess
[25,26]. The program consists of three modern detectors in
the Booster Neutrino Beam (BNB), where MiniBooNE was
also located. Thanks to the improved particle identification
(PID) capabilities of the liquid argon time-projection
chambers (LArTPCs), the SBN program has greater dis-
criminating power between electron- and photon-like
events. The first detector to run in the BNB was the
MicroBooNE experiment, a 170 t active-volume detector
at 470 m away from the target. Two additional detectors are
part of SBN: the ICARUS detector, currently in operation
and with a much larger fiducial mass of 760 t located 600 m
from the BNB target, and the Short-Baseline Near Detector
(SBND), with a 112 t active volume at a shorter distance,
110 m away. Recent data from MicroBooNE showed no
excess of v, events [27-30], but could not yet fully exclude
the 3 4 1 oscillation picture [31-33] (see also [34]). The
MicroBooNE experiment has also tested the radiative A
decays hypothesis and excluded it at the 94% confidence
level (C.L.) [35]. The constraint is driven primarily by
events with a photon associated with a proton vertex, so
nonresonant sources of photons remain largely uncon-
strained due to the larger backgrounds. Furthermore, LEE
explanations based on exotic sources of electron-positron
pairs [36-45] or photon pairs [43] are still largely untested.

As a characteristic example of a model where e™e™ final
states explain the LEE, we study the so-called dark neutrino
explanation [36,37]. These models are based on low-scale
seesaw mechanisms embedded in a dark sector. The heavy
neutral leptons (HNLs) can explain neutrino masses and
have new interactions with ordinary matter through light
vector or scalar mediators. The mediators enhance the
production of HNLs in neutrino-nucleus upscattering and
allow them to quickly decay into visible final states inside

neutrino detectors. We perform a detailed fit to the
MiniBooNE energy distribution for models with a dark
photon mediator and one and two HNLs that decay into
ete” pairs. This is the first comprehensive fit to the
MiniBooNE LEE in the context of an e™e™ interpretation
and will allow other neutrino experiments to perform direct
tests of this hypothesis. Our analysis is based on our own
simulation of the MiniBooNE experiment in the publicly
available generator DarkNews [46].1

This article is divided as follows. In Sec. II, we review
the MiniBooNE LEE and its properties. In Sec. III, we
discuss the status of different new-physics models proposed
to explain the excess. We then turn our focus to dark
neutrino models in Sec. IV, where we present the results of
our fit to the MiniBooNE energy spectrum. We conclude
in Sec. V.

II. THE MINIBOONE LOW-ENERGY EXCESS

The MiniBooNE experiment was located in the Fermilab
BNB and employed a 12.2 m diameter Cherenkov detector
filled with 818 tons of pure mineral oil, located 541 m away
from the beryllium target. It ran in neutrino mode, with a
forward-horn-current (FHC), and antineutrino mode, with a
reverse-horn-current (RHC). Over a span of 17 years,
MiniBooNE observed a large excess of low-energy electron-
like events. The first excess was reported in neutrino mode
between 2007 and 2009. For a total of 6.46 x 10?° protons-
on-target (POT) in neutrino mode, an excess of 128.8 £ 43.4
electronlike events was observed over the background, with
a significance of 3.06 [2]. The excess was predominantly

present in the 200 MeV < EX <475 MeV energy region. It
was subsequently also observed in antineutrino mode with a
comparable significance of 2.8¢, corresponding to 78.4 +
28.5 excess events observed over the background in the
energy range 200 MeV < ES® <1250 MeV for a total of
11.27 x 10%° POT [3,47]. The experiment then collected
nearly double the amount of POT in neutrino mode,
improving the background analysis and reducing systematic
uncertainties. This led to a substantial increase in the
significance of the LEE, with the ~3c excess rising to
470 [5], and most recently to 4.8¢ [6]. The combined
neutrino and antineutrino mode excess currently stands at
638.0 & 52.1(stat) £ 122.2 (stat) electronlike events.
Charged particles in the MiniBooNE detector produce
directional Cherenkov light and isotropic scintillation light.
Due to the limited PID capabilities of Cherenkov detectors,
the signals of electrons, photons, and collimated e™e~ and
yy pairs are too similar to differentiate. Fortunately, the
dominant electromagnetic backgrounds at MiniBooNE are
constrained with in situ measurements. The beam’s intrinsic
v, content is constrained by v, charged current (CC) rate
measurements. This is particularly relevant at higher

lhttps:// github.com/mhostert/DarkNews-generator.
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energies, where kaon decays at the target dominate the
neutrino flux. The kaon production rate was directly
measured by SciBooNE [48], which operated at 100 m
from the BNB target for a fraction of the total MiniBooNE
lifetime. SciBooNE was also used to constrain v, disap-
pearance in the BNB beam in combination with
MiniBooNE data [49,50].

The z° production rate is inferred by measuring sepa-
rated yy pairs [51,52]. Given the z° kinematics and the
Monte Carlo, this allowed MiniBooNE to directly constrain
the number of 7% that decayed to collinear or highly
energy-asymmetric photons, as well as the number of
photon pairs where one of the photons was absorbed or
escaped undetected. In addition, the z° and 7~ rates that are
measured by MiniBooNE constrain the production of the
A(1232) resonance, which in turn constrains the rate of
single-photon events from radiative A(1232) decay. This
constraint, however, is subject to uncertainties on the
A(1232) radiative decay branching ratio. Nonetheless, an
enhancement of this rate to the level necessary to explain
the LEE is in conflict with theoretical predictions [53] and
with recent MicroBooNE data [35].

In addition to the low-energy nature of the excess, the
most prominent features of the LEE are the following:

(1) Angular spectrum: the LEE shows a mild preference
for forward-going events, although it is still broadly
distributed in the angular variable 0,,,,, the angle of
the electronlike shower with respect to the neutrino
beam. Approximately 72% of events have a recon-
structed angle satisfying cos @pe,m < 0.9.

(i) Radial profile: the radial distribution of the excess
events is consistent with neutrino interactions inside
the tank. The significance of the excess also in-
creases when decreasing the radius of the fiducial
volume.

(iii) Timing: most excess events occur within the first
8 ns of bunch timing, coinciding with neutrino
scattering events in the detector.

These considerations provide significant constraints on
potential LEE mechanisms. Quantifying the constraining
power of the aforementioned distributions is challenging
outside the collaboration due to the lack of a correlation
matrix, but one can conclude that the radial and timing
information indicates a preference for a neutrino-induced
excess. Additional constraints come from the search for sub-
GeV dark matter performed by the MiniBooNE-DM col-
laboration [54]. The experiment ran in beam-dump mode,
directing protons away from the beryllium target and toward
the steel absorber at the end of the decay pipe, 50 m away.
Consequently, the beam-dump mode had a smaller and softer
neutrino flux, allowing non-neutrino signals to be explored.
No excess was observed in this search, excluding explan-
ations where new particles are produced in neutral meson
decays at the target. Due to suppressed off-target production
of charged mesons, reciprocal models with charged mesons

are still allowed, up to the signal considerations discussed
above. For a detailed discussion of the role of the angular
distribution and the beam-dump mode data on new-physics
interpretations of the LEE, see Ref. [55].

III. NEW-PHYSICS EXPLANATIONS

There are four classes of final states that have the
potential of explaining the MiniBooNE low-energy excess:
e, 7, ete”, and yy. These could be produced by different
mechanisms within or beyond the SM. For each of these
final states, we discuss how these signals may appear in
new-physics models. We summarize the new-physics
models in Table I. It highlights the ability of the model
to explain different features of the MiniBooNE LEE, as
well as potential compatibility with the LSND excess. It
does not, however, reflect the current global experimental
landscape, as some models are more constrained by other
experimental data. We also summarize explanations based
on neutrino scattering processes in Table II. It is important
to add that previous work [44,45] has explored the fact that,
in addition to MiniBooNE, one could also explain the
LSND excess of inverse beta decay events by using
upscattering that knocks out neutrons from the carbon
nucleus in the LSND liquid scintillator. Some proposals
rely on the DIF (decay in flight) component of the pion
source to produce heavier particles.

A. Single electron

The MiniBooNE results have been initially interpreted as
an excess of v, (¥,) that undergoes CC scattering. The
electrons (positrons) would be detected as single fuzzy
Cherenkov rings in the MiniBooNE detector. Such an
excess of neutrinos in the beam can be due to a mismodel-
ing of the flux, or from a beyond-the-Standard-Model
phenomenon. One popular new-physics interpretation of
the excess is that of short-baseline neutrino oscillation
induced by a new sterile neutrino of eV mass. This
hypothesis gained significant traction due to the natural
connection between the LSND anomaly and the
MiniBooNE results, as well as due to other deviations
observed in the v, disappearance sector, all of which share
similar values of L/E. The LSND experiment observed a
3.80 excess of U, in a x decay at rest (DAR) neutrino
source. The antineutrinos were detected via inverse beta
decay (IBD) in the liquid scintillator of the detector. The
different operating principles of the two experiments
combined with the similar L/E suggested that a common
explanation could be found in novel oscillations. We
discuss the recent developments regarding this hypothesis
below and briefly review some alternatives to pure oscil-
latory models.

The MicroBooNE detector performed the first test of the
LEE under the single-electron hypothesis in LAr using the
same beam as MiniBooNE. The first analysis aimed to
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TABLE L.
mechanism. Notation: v*

New-physics explanations of the MiniBooNE excess categorized by the origin of the electronlike signature and underlying
the model can naturally explain the feature; X—the feature is not generally explained by the model. SBL

stands for “short baseline”. We do not make assessments on the viability of models based on other experimental constraints. TMM

stands for transition magnetic moments.

LEE signal properties

Final  Energy Angular
Category Model state dist. dist. Timing LSND References
Flavor transitions ~ SBL oscillations e 4 v v 4 Reviews and global
fits [22-24,56,57]
SBL oscillations with e~ v v v v [58,59]
invisible sterile decay
SBL oscillations e~ v v v v [60-65]
with anomalous
matter effects
Neutrino-flavor-changing e v v v [66]
bremsstrahlung
Decays in flight SBL oscillations e 4 v v v [67-71]
with visible
sterile decay
Heavy neutrino decay v, 7Y v X X X [72,73]
ete”
Scattering Neutrino-induced 44 v X (vector) v X (vector) Vector [36—41]
upscattering ete v (scalar) v (scalar) Scalar [42-44]
v (TMM) v (TMM) TMM [74-84]
Dark-particle-induced 7,y v Model v X [85]
upscattering ete” dependent
TABLE II. Examples of new particle production in neutrino-nucleus scattering with electromagnetic final states.
New physics in scattering
Topology Model Diagram Signal References
Single y
Neutrino upscattering N — vy [74-84]
Neutrino-induced inverse 0 .
Y Y *
Primakoff scattering , ::" ¢ A=7A [84]
ete”

Neutrino upscattering

Neutrino-induced
bremsstrahlung

Neutrino-induced

Primakoff scattering

Neutrino-induced
inverse Primakoff scattering

N — ve'e™ on-shell N

7' — ete™ off-shell N

@ —ete

7' - ete”

[36-44] Sec. IV

Not studied

[40]

Not studied

035028-4
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TABLE 1I. (Continued)

New physics in scattering

Topology Model

Diagram

Signal References

vy —//
Neutrino upscattering - : . {"j: ! N = vyy [43]

Neutrino-induced
Primakoff scattering

Not studied

@Y=y

constrain the template of the MiniBooNE LEE with three
independent v, event selections [27-30]. The template is
defined as the difference between the central value of the data
minus the central value of backgrounds as a function of the
reconstructed neutrino energy. This, in turn, can be unfolded
into an excess flux of v, in the BNB and constrained by
MicroBooNE data. We review the findings of this search and
comment on important caveats below. In the MicroBooNE ’s
LArTPC detector, protons can be observed as tracks, and the
signal contributes to either the 1sl7 or 150t topologies.2
Using a deep-learning-based reconstruction approach, one
analysis searched for the exclusive lelp charged current
quasi-elastic (CCQE) channel, finding a modest deficit with
respect to predictions [28]. A second analysis searched for
pionless v, scattering using Pandora-based reconstruction in
the exclusive channels 1eNpOz (N > 0) and 1e0p0x [29].
While a mild deficit was observed in the 1eN pOx channel, an
excess was present in the 1e0OpOx channel. The Ilatter,
however, has a much lower v, purity due to photon back-
grounds, so it is less sensitive to the single-electron hypoth-
esis. The third and highest statistics search was for inclusive
leX v, events using the Wire-Cell reconstruction method
[30]. Good agreement between data and prediction is
observed, and the fixed LEE template is excluded at
3.75¢. Combining all aforementioned channels, except the
less-sensitive 1e0pOz one, MicroBooNE rejects the fixed
LEE v, template at > 97% C.L. This translates into an upper
limit on the v, composition of the MiniBooNE excess,
corresponding to < 51% at 95% C.L.

Two important caveats to the MicroBooNE model-
agnostic template analysis were that (i) it used a fixed
template for LEE and (ii) it did not exclude physical
models, opting instead to work with a model-agnostic
approach. The first point, in particular, is critical, as the

2As both electrons and photons are reconstructed as showers, it
is customary to use the notation NsMr to specify a topology
containing N showers and M tracks.

uncertainties on the template’s shape can be large due to the
significant systematics and correlations in the MiniBooNE
background prediction. In addition, physical models that
attempt to explain the anomaly can also have significantly
different shapes from the nominal template and still provide
a reasonable fit to the data, thanks to the large systematic
uncertainties. The significance of the shape uncertainties
and the exclusion power of MicroBooNE in the parameter
space of 3 + 1 oscillation models were discussed in detail
in Ref. [31]. MicroBooNE has subsequently searched for
short-baseline oscillations [86], excluding a considerable
part of the sterile neutrino parameter space that can explain
the MiniBooNE and LSND results, but not fully ruling out
this interpretation. Finally, it has also been pointed out that
if the MiniBooNE excess is predominantly composed of
antineutrinos (in neutrino mode), the constraints posed by
LAr experiments become significantly weaker due to the
smaller antineutrino-argon cross sections [87].

We also briefly comment on other measurements of v,
events at MicroBooNE. In particular, the differential v,CC
cross section on argon has been measured using neutrinos
from the Booster Neutrino Beam [88] as well as from the
NuMI beam [89,90]. These measurements still have large
statistical and systematic uncertainties, especially in the
NuMI neutrino flux prediction, in which it can be as large
as 20% at the lowest energies (£, < 300 MeV). The mean
energy of NuMI flux in both analyses is similar to that of
Booster neutrinos, and the baseline varies between 679 m,
the distance between the NuMI target and MicroBooNE,
and 100 m, the distance between the NuMI absorber
and MicroBooNE. With increasing statistics, this flux
can become an auxiliary tool to explore different L
and E configurations, especially relevant for oscillation
searches [86].

1. Sterile-driven short-baseline oscillations

We start the v, interpretations of the MiniBooNE excess
within the 3 4+ 1 model of neutrino oscillations. A mostly
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sterile mass eigenstate with m4 2 1 eV is introduced,
leading to oscillations at L/E ~ 1 km/1 GeV, where L
is the baseline of the experiment and E is the neutrino
energy. This interpretation is related to other anomalies in
neutrino data, which share similar values of L/E. Of
particular relevance is the prediction that the v, — v,
appearance signal at MiniBooNE and LSND should be
accompanied by v, and v, disappearance in sterile-driven
oscillation models. We briefly review the status of these
two channels below.

Some electron-neutrino and antineutrino experiments
have observed a deficit of events compatible with sterile-
driven neutrino v, /v, disappearance. An overall deficit of
D, rates at reactor experiments [91], dubbed the reactor
antineutrino anomaly (RAA), was observed when incor-
porating the Huber-Miieller reactor antineutrino flux cal-
culations [92,93]. Since then, newer calculations of the
reactor antineutrino flux have diluted the statistical sig-
nificance of the RAA [94]. New data on the beta spectrum
of U and 2*°Pu collected at the Kurchatov Institute [95]
showed that data-driven reactor flux models based on data
from ILL [96-99] were overestimating the total number of
neutrinos [94,100]. This interpretation was recently cor-
roborated by the STEREO reactor experiment [101] and
resolved the RAA.

Reactor experiments that can measure ratios of
event rates at different baselines have better control
of the flux systematics. Dedicated searches for sterile
neutrinos were performed by the PROSPECT [102,103],
STEREO [101,104,105], and DANSS [106] experiments,
as well as by RENO and NEOS collaborations [107]. All
these searches reported null results. Neutrino-4 [108], on
the other hand, claims evidence for sterile neutrinos at a
significance of larger than 4¢. The interpretation of their
results has been criticized in the literature [109]. In
Ref. [110], the authors claim that the Neutrino-4 results
can only be reproduced when neglecting the detector
energy resolution. Their analysis brings the significance
of the excess to as low as 2.2¢, preferring significantly
larger and already-excluded mixing angles.

Another anomaly is the deficit of v, observed in gallium
experiments when exposing the detectors to radioactive
sources [111,112]. This anomaly has been observed in a
modern setup by the BEST experiment [113]. These
experiments have low sensitivity to the oscillation fre-
quency (Am3,) due to poor spatial resolution but they
observe an overall significant deficit in the expected v,
rate. A sterile-driven v, disappearance explanation, how-
ever, requires large mixing angles with electron-neutrinos,
around |U,4|* ~ 0.07, and is in tension with measurements
of the total solar neutrino flux [114]. No consensus has
been reached yet on the cause of this anomaly—for recent
reviews on the topic, see Refs. [115-117]. Global fits to
the reactor and gallium experiment data find that the
strongest evidence for anomalous v, disappearance comes

from BEST and Neutrino-4, while no satisfactory agree-
ment among all data in a 3 + 1 oscillation model was
observed [115,118].

In the muon sector, v, disappearance is not observed by
accelerator experiments [49,50,119]. The most signifi-
cant constraint was placed by MINOS/MINOS+ collabo-
ration [19], surpassing other existing limits by over an
order of magnitude. However, their results, especially
their sensitivity to averaged-out oscillations, have been
questioned in the literature [23,120]. Despite this, no
independent study has been performed to address the
issues raised. An independent limit on v, disappearance
comes from atmospheric muon-neutrinos that would
oscillate due to a sterile-neutrino-induced parametric
resonance inside the Earth. This effect is constrained
by IceCube [20,21] and excludes a significant portion of
the sterile neutrino parameter space around Am? ~ 1 eV2.
In the tau sector, data and constraints on v, appearance are
scarce and come mostly from atmospheric neutrino
experiments. At accelerators, OPERA set direct limits
on |Uul?* through a search for v, — v, appearance
[121,122]. In the future, IceCube [123] and KM3NET
[124] could improve on these direct searches. Indirect
limits have been obtained with searches for the disap-
pearance of active neutrinos via neutral-current inter-
actions. This strategy was pursued at NOvA [125,126]
and can also be used in the LAr program at FNAL [127].
Other direct probes of sterile neutrinos include searches
for anomalous kinks in the beta spectrum of tritium at the
KATRIN experiment [128], which are sensitive to the
|U.4|* mixing angle.

Light sterile neutrinos are strongly constrained by cos-
mology, as they would have thermalized with the SM bath in
the early Universe, and count as additional relativistic
species at big bang nucleosynthesis [18,129,130].
Extensions to the minimal 3 + 1 model have proposed to
reconcile the model with cosmology [70,131-141]. The
general idea consists of suppressing the production of the
light sterile neutrinos in the early Universe. This can be
achieved by the so-called secret interaction mechanism, in
which strong self-interactions between sterile neutrinos (or
between sterile neutrinos and an ultralight dark matter
background) create a large matter potential for the sterile
flavor and suppress their mixing with light neutrinos
at early times. Other proposals have also been put
forward, showing that lowering the reheating temperature
to a few MeV can avoid the thermalization of light sterile
neutrinos [134,142].

It is also possible that short-baseline oscillations are
induced by more than just one sterile neutrino. In addition
to the even larger number of relativistic degrees of freedom
in the early Universe, this solution is not immune to the
tension between appearance and disappearance datasets
[143]. Global fits still find a significant internal tension in
the 3 + 2 model [23,144-147].
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In conclusion, sterile neutrino models face significant
challenges in explaining global neutrino data, and their
existence is also in stark contradiction with standard
cosmological models. A solution to this conundrum
requires additional new physics in the neutrino sector
and/or nonstandard cosmologies. More data from the
SBN program will be essential to test the sterile neutrino
interpretation of MiniBooNE directly by means of mea-
surements of the v, spectrum at the different baselines of
MicroBooNE, SBND, and ICARUS [25,148].

2. Anomalous matter effects

The nonstandard interactions (NSIs) framework provides
a phenomenological parametrization of deviations from the
ordinary matter potential experienced by neutrinos in
matter [149]. While NSIs alone cannot generate new flavor
transitions at short baselines, several works in the literature
have studied their impact on sterile neutrino-driven oscil-
lations [150]. NSIs can suppress oscillations at large
energies, where 2E,V > Am3,, with V being a new matter
potential for neutrinos, relaxing constraints from MINOS/
MINOS+ [151] due to the higher energy of the NuMI
beam. In addition, the energy of the active-sterile transition
resonance used to search for sterile neutrinos at IceCube
can be lowered. Even though IceCube is less sensitive to
BSM effects at low energies [152], the authors of Ref. [153]
conclude that existing IceCube data already rule this
possibility out. The new matter potential can be associated
with new interactions in the v, and v, sectors [154], with
new interactions between sterile neutrinos and ordinary
matter [155], or interactions between sterile neutrinos and a
dark matter background [156]. The typical values of NSIs
required for the aforementioned scenarios are large, typ-
ically bigger than a few percent of G. They are, therefore,
strongly constrained by high-energy neutrino and global
data (see [149]).

Anomalous matter potentials can also induce new
resonances at short-baseline experiments, akin to the
Mikheyev-Smirnov-Wolfenstein effect. In this case, the
appearance signal can be sharply peaked at the resonant
energy and would explain the low-energy nature of the
MiniBooNE excess. A first proposal was based on an
anomalous matter potential sourced by the cosmic neu-
trino background [63]. However, this idea requires an
unrealistic local overdensity of cosmic neutrinos.
Ref. [64] also concludes that this scenario is excluded
by the different measurements of Am3, across the differ-
ent energy scales of T2K, NOVA, MINOS, and atmos-
pheric experiments. Another possibility is that the matter
potential is sourced by ordinary matter and that it
exclusively impacts the new sterile neutrino, referred to
as a quasisterile neutrino in Ref. [65]. In this case,
stronger-than-weak interactions between quasisterile neu-
trinos and matter particles are required to produce the
matter potential.

3. Decaying sterile neutrinos

Heavy, mostly sterile neutrinos can be produced via
mixing in meson decays and subsequently decay in flight
into light neutrinos between the source and the detector
[67-70]. This decay can proceed through a light scalar
particle, for instance, vy — v;¢p, with i <4, which can
also participate in the secret interaction mechanism
that suppresses v4 production in the early Universe.
Typically, m, + m, < my, such that v decays via two-
body decays with a lifetime shorter than the short-
baseline distances. In some models, the scalar particle
can decay, ¢ — v;u;, enhancing the final number of
neutrinos [70]. For Dirac neutrinos, the v, and ¢ decays
may be into left(right)-handed (anti)neutrinos, in which
case it is referred to as visible, or into noninteracting right
(left)-handed (anti)neutrinos, in which case it is called
invisible since the new decays are unobservable. The
visible and invisible types of decay can coexist, depend-
ing on the underlying interactions. For Majorana neu-
trinos, the daughter neutrinos and antineutrinos are
always interacting.

In the case of invisible decays, an explanation for the
short-baseline anomalies still relies on 3 + 1 oscillations.
However, depending on the experiment energy and base-
line, the oscillatory behavior can be damped due to the
sterile neutrino decay. Due to the finite lifetime of the
sterile state, limits from searches for a sterile-driven
resonance in the Earth using v, disappearance at
IceCube [58,59] are relaxed. In a dedicated analysis,
IceCube has searched for the sterile-driven resonance in
invisibly decaying sterile neutrino models [157,158]
and found that it actually improves the agreement with
data. The null hypothesis of no 3+ 1 oscillations is
disfavored with a p-value of 2.5%, and the hypothesis of
3 + 1 oscillations without decay is disfavored with a p-
value of <1%. The best-fit values prefer larger Amj,
values of O(4-10) eV?, as well as large couplings
between the scalar and the sterile neutrino, @, =~ 0.6.
A recent global fit to IceCube and global neutrino data
finds that invisible sterile decays alleviate the tension in
the 3 4+ 1 model [159]. Theoretically, these solutions can
be easily incorporated in models of singlet scalars
coupled to the sterile neutrino; however, the coupling
constants preferred by data are large, nearing the non-
perturbative regime.

For visible decays, the signal of v, — v, appearance
can be mimicked by the vy — vp(@p — vpDp) decays,
where vy is the low-energy neutrino flavor state,
lvp) = "3, Uslv;). In this case, v, and v, disappearance
are proportional to |U,4|* and |U,4|*, respectively, while
the effective appearance signal, if all decays are sufficiently
short, is proportional to |U ﬂ4|2. Since both appearance and
disappearance probabilities depend on the same power of
the mixing elements, the global neutrino data tension is
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significantly reduced and could disappear altogether. In the
original proposal [67], the v, decays do not proceed
through mixing, but instead from a dimension-five operator
g—;(L_eI:I)uR(p. In that case, appearance signals can still

occur without a corresponding v, disappearance channel
provided U,4 = 0.

If U, # 0, then v, can be produced in ®B decays in the
Sun. This is strongly constrained when v, decays to active
antineutrinos. Therefore, scenarios where the neutrinos are
Majorana or where the scalar is unstable, ¢ — vgUf, are in
tension with solar antineutrino searches [71]. Dirac neu-
trinos with a stable ¢ particle are not subject to these
constraints.

We also comment on an alternative, fine-tuned
solution to avoid these limits. Consider a model with a
lepton-number-charged scalar particle ¢,, which carries
L = 2. If neutrinos are Dirac and the sterile state is
almost degenerate in mass with the scalar, € = Wm;:"’ <1,

then the antineutrinos produced in v4 — Up@, decays are
not observable due to their small energy, below the
inverse beta decay threshold. The subsequent decays
of ¢ give two interacting visible neutrinos ¢ — vpup,
avoiding solar antineutrino limits altogether. A full
analysis is required to determine if the decay couplings
can be large enough to overcome the e suppression to the
vy lifetime,

Lab Zmi
|
— 4E,

where a, = gi /4rz. The model, however, still faces
strong limits from cosmology [70].

The decaying sterile neutrino models discussed above
have not been directly targeted by MicroBooNE, although
the null results of the template analyses and the 3 + 1
oscillations search can already constrain them. The main
difference with respect to the 3 + 1 oscillations in the sterile
decay signal is the softening of the energy dependence of
the oscillation and the suppression of v, disappearance.
This can weaken the constraining power of the v, sample
and wash-out oscillations in the v, appearance signal. In
particular, v, disappearance can be large and suppress the
rate of intrinsic v, backgrounds while compensating for the
additional v, rate from the effective v, — v, transition.
Given these distinctive features, we encourage a dedicated
study of this scenario to assess the sensitivity of
MicroBooNE to the decaying sterile neutrino explanations
of the MiniBooNE excess.

e2-ep. (1)

4. Exoftic effects in short-baseline oscillations

(a) Wave packet decoherence. The authors of Ref. [160]
pointed out that neutrino wave packet decoherence
could help explain the lack of o, disappearance in
reactor experiments in 3 + 1 oscillation models. The

(b)

(c)
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global fit to short-baseline data in Ref. [159] showed
that the 4.9¢ internal tension of short-baseline data is
reduced to 3.60 when including effects due to the finite
size of the neutrino wave packet. The best-fit result for
the size of the wave packet in that analysis is
o, ~ 67 fm, much smaller than the naive expectation
of the typical interatomic distance or the inverse of the
detector energy resolution [161]. For comparison,
theoretical estimates of the beta-decay-induced anti-
neutrino wave packet size [162] find o, < 10-100 pm
(see also [163,164]). For such proposals to be suc-
cessful, quantum mechanical decoherence should be
more significant than classical averaging from detector
resolution.

Energy-dependent mixing angles. It has been argued
that the possibility of having energy-dependent mixing
angles and masses can alleviate the tension between
appearance and disappearance experiments in 3 + 1
oscillation models [165,166]. As shown in Ref. [166],
renormalization group evolution can modify disap-
pearance constraints on the square of mixing elements
by factors of (O(2-3) because their energy scales are
significantly different from those of LSND and Mini-
BooNE. The running of the mixing angles also
modifies the oscillation at MiniBooNE since the
energy scale of detection (£ ~ 3 GeV) is larger than
that of production (E ~ m,). Reactors and solar
neutrinos constrain |U,| at energies of O(10) MeV
or less, leaving room for this parameter to run.
MINOS/MINOS+ and IceCube, however, are sensitive
to the same production scale (E ~ m,) but constrain
|U,4| at a larger detection energy of about 3 GeV and
1 TeV, respectively. Oscillation searches at Micro-
BooNE would not be significantly impacted, although
the oscillation maximum at the other SBN detectors
could be somewhat modified due to the different
baselines. The benchmark model proposed in
Ref. [166] closely resembles the particle content we
discuss in Sec. IV but does not require any couplings
between the new dark particles and the SM other than
to neutrinos themselves.

Space-time modifications. Altered neutrino dispersion
relations have also been discussed to solve the 3 + 1
oscillation tension. In large extra dimensions, fluc-
tuations of the brane make the path length of active
neutrinos larger than that of sterile ones [167-171].
In some cases, the modified dispersion relations lead
to resonances in the neutrino flavor evolution. An-
other realization of such scenarios is through Lorentz
violation, parametrized in the SM extension effective
theory, which can modify neutrino flavor evolution
via Lorentz-violating higher-dimensional operators
suppressed by powers of 1/Mpec [172-174].
Although these models solve some of the issues in
the 3 + 1 oscillation paradigm, they still show tension
with global neutrino data due to the steep energy
dependence [175].
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B. Single photons

Single photons are an important background in
MiniBooNE at low energies. The dominant sources of
these events come from misidentified 7z° decays and
A(1232) radiative decays [176]. Well-reconstructed two-
ring events are measured by MiniBooNE and directly
constrain the z° rate. While the A(1232) production cross
section is also constrained by the z° sample, largely made
up of resonant events, the radiative branching ratio
A(1232) - Ny (N =n, p) is not. An enhancement of
this branching by O(3) factors leads to a remarkable
agreement with the LEE. This possibility is constrained
by photoproduction experiments, yp — A, and has
recently been directly tested by the MicroBooNE experi-
ment. Good agreement with MiniBooNE ’s estimates was
found, excluding this explanation of the LEE at 94% C.L.
[35]. It is important to note that while this result excludes
the SM A hypothesis, it does not necessarily exclude
other new-physics scenarios that invoke single photons.
In particular, the MicroBooNE analysis was not suffi-
ciently sensitive to single photons not accompanied by a
hadronic vertex (e.g., coherent emission) due to the
significantly larger backgrounds in the 1y0Op selection.
Single photons can also contribute to the exclusive
1e0p0z channel of the MicroBooNE v, search, where,
notably, an excess is already observed [29]. In view of
that, we proceed to discuss beyond-the-SM sources of
single photons.

1. Upscattering via transition magnetic moments

Neutrino interactions with the material inside or outside
the MiniBooNE detector can produce short-lived HNLs
that subsequently decay visibly inside the fiducial volume.
This scenario is referred to as upscattering. One model for
upscattering where the HNL decays to a single photon is
that of a transition magnetic moment [74-76,79,81,83].
The low-energy Lagrangian is given by

a

7> %DGGM”NRFW fHec., (2)
where « is the neutrino flavor index. The interaction above
would mediate neutrino-nucleus upscattering that produces
the HNL N as well as the subsequent decays of N — vy.
Depending on the details of the model, the massive
particle N may be Dirac or Majorana, although the
MiniBooNE angular spectrum prefers the former. An
explanation of the LEE can be achieved with 4. as small
as O(10~°ug), which corresponds to yy ~ (1 PeV)~!. The
muon index indicates that muon neutrinos and antineu-
trinos, which dominate the flux at MiniBooNE, initiate the
upscattering process. In what follows, we drop the flavor

index and assume p, = .
In this model, the upscattering cross section and decay
rate of the HNL are proportional to |u,|>. Once produced,

the HNL can decay into either a single photon or, around
0.7% of the time, into a e e~ pair. The total decay rates for
a Dirac HNL are given by [177],

[l >
FN—>U7 = t;6” X ’ (3)

2
U m
Ty 4'8;2 m3, [2 log <m’;> - 3}, (4)

where we neglected terms of O(m2/m%) in the dilepton
rate. The dilepton mode, while subdominant, provides an
alternative signature that may be searched forin K™,z —
YN — £Tvete™ or at low-density neutrino detectors,
such as ND280 [177]. A detailed fit to the MiniBooNE
excess was performed in [83], suggesting that to explain
both the energy and the angular spectrum of the LEE, the
HNL should be as massive as 400 MeV. Reference [83]
also derived constraints on the model from the MINERVA
neutrino-electron scattering sideband data. While
MINERVA poses strong limits, it is not able to fully
exclude the regions of preference, especially at large HNL
masses where stringent cuts on the angular spectrum reject
most of the signal events.

Several future experiments can probe the TMM
scenario, including dark matter direct detection experi-
ments [178], coherent elastic neutrino-nucleus scattering
(CEvNS) measurements [179,180], double-bang searches
at IceCube and large-volume neutrino detectors [80,181—
184], and neutrino detectors at the Forward Facilities of
the LHC [185].

The scale of new physics behind the dimension-five
operator above is model-dependent, but a naive estimate for
a TMM induced at the one-loop level can be found using

yy’le my M%JV
o2V ELE T g (PRUV) | 5
Pu =702 My, °8 m? )

where Oy and m, stand for the electric charge and the
mass of the charged fermion in the loop, respectively, and
y) is the coupling between left(right)-handed fermions
to the new particle of mass Myy. Reference [186] proposes
a leptoquark model as an UV completion to Eq. (2),
where f = b-quark. The leptoquark can be within reach
of the LHC with Myy =1 TeV for y=3y =2 and
py ~ 1 PeV7L

In general, the UV completion of Eq. (2) would also
generate large mass terms, mp; Np [187-191] (see also
[192] for a recent review). In seesaw models, this is
undesirable for two reasons: (i) neutrino masses would
be too large, and (ii) the mixing between active and heavy
neutrinos would be too large. While point (i) can be
avoided in inverse seesaw models with approximate con-
servation of lepton number, point (ii) poses a much bigger
challenge. The mixing is subject to severe constraints from
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decay-in-flight and meson peak searches for HNLs.
Schematically, for f = b, we get

Hir M%JV 3 Hir Myy
Uy ~20 ~3x 107 . (6
N emy "7 rpev ) (TTev) (©

which is prohibitively large. As a result, such models
require some fine-tuning to avoid constraints on the mixing
angles.

Finally, we note that such transition magnetic moments
can also exist between different generations of HNLs
[180,193]. For instance,

Z5 ’%N_/L(;WNRFW +Hec., (7)

where N’ may again be a Dirac or Majorana particle. In
this case, even relatively light N particles can be produced
inside the detector and decay fast enough via N — N'y(*).
For instance, for my = 10 MeV and p,, ~ (5 PeV)~!, the
event rate at MiniBooNE is sufficiently large for
pnn ~ (500 TeV)~!, provided N’ is light enough.
Small mass splittings between N and N’ can also help
ameliorate tensions with the MiniBooNE angular distri-
bution in this case. This is particularly interesting
in inverse seesaw models, where lepton number violation
is controlled by My — My, though more work is needed
to find a self-consistent UV completion of Eqgs. (2)
and (7).

We end this section by noting that HNLs coupled to the
SM via mixing and small TMMs can be long-lived and
produced in charged meson decays, z, K — ZN. In this
case, the HNL propagates from the target to the detector to
decay in flight via N — vy [72]. This signature is severely
constrained by the timing information when the HNL
mass is larger than ~50 MeV. It is also constrained,
although not fully excluded, by the corresponding off-
shell photon mode N — v(y* — ete™) signature at
ND280 and PS-191 [177]. The latter, however, does
exclude similar models where the dominant branching
ratio of the HNL is into eTe™ [73].

2. Neutrino-induced inverse Primakoff scattering

We now turn to another possibility for producing single-
photon signatures: neutrino-induced inverse Primakoff
scattering (IPS). In this scenario, the neutrino scatters on
a nucleus through a virtual scalar particle that undergoes
inverse Primakoff scattering, ¢*A — yA, with A being a
nuclear target. The scalar may couple to photons or dark
photons (Z'), and either mediator may be exchanged with
the nucleus. The MiniBooNE LEE can be explained if a
photon is produced in the final state or if a dark photon
decays to an e'e™ pair. In this section, we focus on the
former. The process vA — vyA has been discussed in
Ref. [84] in the context of the dimension-seven Rayleigh

operators, vvF,, F* and tvF WF/“’. The scenario we dis-
cuss here is one of the completions of the operator above,
also discussed by the authors.

We discuss a model of a light scalar particle with loop-
induced couplings to SM photons. For later convenience,
we also include couplings to a dark photon, the mediator of
anew U(1), gauge symmetry. The low-energy Lagrangian
reads

1 € 1
£ D _ZX’”'XW - EFWXW - 56},(,00”40

a Cyy Cyx Cxx
-0\ 7 Fu "+ = Fu X+ ——=X Xﬂ”>,

8n (}/;f - f}/X - fXX -
(3)

where A¥ =9,A, — d,A, for A = X, F, with X, being the
U(1), mediator before diagonalization of the kinetic and
mass terms. The scales f,,/c,, and f,x/c,x are constrained
by direct searches for new charged particles by the coupling
of ¢ with SM particles. If the operators above are generated
by charged particles with no U(1), charge, we expect
¢yx € and cxy €2 upon diagonalization of the gauge
kinetic terms.

The scalar can also couple to the neutrino sector. A large
direct coupling to SM neutrinos is challenging to achieve
within a SU(2), -invariant model, but a direct coupling to a
sterile neutrino v, is less constrained. This sterile state v
mixes with SM neutrinos, and in terms of the mass
eigenstates, |v,) =Y 4, U%|v;). Having this in mind,
we can consider

£ > cij(py_iPLI/j +H.c., 9)
where all couplings ¢,/ are proportional to Uj;U,;. For
concreteness, we assume neutrinos to be Dirac.

Using the equivalent photon approximation, we estimate
the cross section for the vA — vyA process. In the limit of
large m,,, we find

dJI/A—HJ}/AN a322 |C}/},|Zi|cy|2

2Y)2
dQ?ds _64(47r)4 %y 0? mé; [F(Q%)%, (10

where Q7 is the momentum exchange with the nucleus,
§=(k+ ky)2 is the center-of-mass energy of the projectile
neutrino and the semireal photon, and F(Q?) is the nuclear
electromagnetic form factor. The cross section favors large
center-of-mass energies thanks to the higher-dimension
nature of the interaction and, therefore, produces high-
energy photons, in contrast with the low-energy nature of
the MiniBooNE excess. It is also suppressed by large
powers of a and phase-space factors. This is expected since
the full process is a one-loop three-body scattering.
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It is easy to see that for typical values of allowed
couplings and masses, the total cross section is far below
the SM neutrino cross section. We have also checked this
for small values of m,, where the mediator mass no longer
suppresses the rate. This is compatible with the findings of
[84], which quotes limits on the neutrino polarizability
operators of order ¢,|c,,|/f,, <3 x 107} GeV~!. Clearly,
[y 18 tied to the GeV scale for allowed couplings of ¢, of

O(107?%), and, therefore, requires new large couplings to
charged particles below the EW scale, which is highly
constrained by direct searches. The situation is much worse
in Majoron models where ¢, is proportional to neutrino
masses. While a detailed study would be needed to draw
definitive conclusions, we deem this model inconsistent
with the LEE, as (i) it produces photons that are too high
energy, and (ii) it requires decay constants f, significantly
below the EW scale, signaling a theoretical inconsistency
for the couplings required to explain the LEE.

Finally, we mention that IPS can also be initiated by dark
particles in the beam. Reference [85] considered the
production of long-lived scalar particles in charged meson
decays, #, K — Zvg, followed by the IPS of ¢ on nuclei
inside the detector. In this case, the scalar particle interacted
with matter through a virtual dark photon through the ¢, x
operator to produce a single photon.

C. Electron-positron pairs

Another explanation of the excess is an anomalous
source of e*e” inside the MiniBooNE detector. The LEE
signal is mimicked if the pairs overlap or are highly
asymmetric in energy, so only a single electromagnetic
shower is resolved [37], as can be seen in Fig. 1. The e*e™
explanation of the LEE is unique in that it constitutes both
a photonlike (overlapping pairs) and electronlike (energy-
asymmetric pairs) signal. Neutrino interactions in
MiniBooNE rarely produce e*te™ pairs directly. The most
common source of these final states is through the
production of photons that subsequently convert into
overlapping ete™ pairs, or the Dalitz decay of 7 —
e " e~y with a branching ratio of ~1.2%. We are unaware of
a publicly available study of Dalitz decays in MiniBooNE,
although the rate is small and most often accompanied by
an observable additional photon [85].

New-physics sources of e e~ arise naturally in models of
dark sectors, i.e., in extensions of the SM below the
electroweak scale with small couplings to the SM. The
new light particles can be produced by the interactions of
muon-neutrinos and antineutrinos with nuclei in the detector,
and subsequently decay to ete™. We will discuss a few
examples based on neutrino upscattering to HNLs, neutrino-
induced Primakoff scattering, and bremsstrahlung processes.

To date, no dedicated experimental search for an e*e™
origin of LEE has been carried out, although several
constraints have been derived in phenomenological works.

FIG. 1. Different scenarios where a new particle X can mimic
the v, appearance signal in the MiniBooNE Cherenkov detector.

The most constraining data come from the photonlike
sideband of the neutrino-electron scattering measurement
of MINERVA [194-196], which has been used to place
limits on dark neutrinos and transition magnetic moments
in Refs. [83,197]. It should be noted that MINERVA data
do not robustly exclude upscattering explanations of the
MiniBooNE excess. Already in Refs. [83,197] it was
recognized that the photon and ete™ final states appear
in a large dE/dx sideband (photonlike) of the MINERVA
analysis, which is tuned to data for measurements at low
dE/dx (electronlike). In the absence of theoretical uncer-
tainty bands for the pretuned photonlike background
prediction, the authors of [83,197] considered an optimistic
and a conservative assumption of 30% and 100% overall
uncertainty on the background. In view of the large excess
of photonlike events in recent MINERVA analyses [198], it
is unlikely that the optimistic constraints [83,197] from
MINERVA apply. While MINERVA could be sensitive to
upscattering scenarios with dedicated analysis strategies, it
is too early to conclude that the data exclude them.
Another important limit on upscattering scenarios comes
from the HNL search in the gaseous argon TPCs of ND280
[199], the off-axis near detector of T2K. As part of that
analysis, the collaboration searched for e™e~ final states
without any hadronic activity. With a generic but simplified
framework, Ref. [200] repurposed this search to constrain
MiniBooNE explanations, concluding that upscattering
models where the parent HNL has a lifetime greater than
c7® > 10 cm are excluded by T2K data. In Ref. [201], the
authors performed a more detailed simulation of the
signature inside the multicomponent detector, further
strengthening the limits for displaced decays. While a
comparison to the MiniBooNE region of preference was
possible in only a few cases, it is fair to say that it would be
difficult to reconcile MiniBooNE explanations based on
long-lived particles that decay primarily to e*e™ with T2K
data. This is primarily due to the large amounts of lead and
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iron in front of the low-density TPCs of the ND280
detector, which enhance the rate of coherent upscattering
events, and the low background nature of the analysis.
Scenarios with photon and two-photon final states are less
constrained, as the photons would not convert inside the
gaseous TPCs.

1. Neutrino-induced boson fusion

As another possibility for producing new particles by
neutrino-nucleus scattering inside MiniBooNE, we discuss
the neutrino-induced vector boson fusion (VBF) reactions.
Like the IPS process discussed in Sec. IIIB 2, this is a
2 — 3 scattering mediated by light particles. The dark
photon interactions in Eq. (8) and the neutrino-scalar
interaction of Eq. (9) could lead to the on-shell production
of the scalar particle ¢ or of the dark photon Z’, which
subsequently decay to ee~. The topology of the three-
body process need not arise from the higher-dimensional
operators in IPS. When considering a dark photon, the IPS
diagram can proceed through the direct interaction between
@ and Z', as considered in Ref. [40]. We leave a detailed
study of this cross section to future literature. In what
follows, we comment on the total cross section and argue
that it can be sufficiently large for the allowed param-
eter space.

For dark photon masses below the O(100) MeV scale,
the equivalent photon approximation can give a crude
estimate of the cross section for the vA — vZ’A process. In
the limit of small mediator masses, we find

ag’Z? m%,
4r $3Q?

dO-I/A—wZ’A
d0%ds

[F(@*))P. (1)

= |Cb‘2aD

where Q2 is the momentum exchange with the nucleus,
§ = 2k, - k, is the center-of-mass energy of the projectile
neutrino and the semireal photon, and F(Q?) is the nuclear
electromagnetic form factor. Contrary to Eq. (10), dark
photon production prefers low-energy exchange and, there-
fore, can, in principle, lead to low-energy events. We also
note that the rate is proportional to the dark photon mass,
which is a reflection of the fact that the scalar coupling to
the dark photon is proportional to g2, v,, where v, is the
dark scalar vacuum expectation value.

It is easy to see that for allowed parameters, the cross
section can be as large as a few percent of the total neutrino
cross section in the SM, indicating that as far as the total
rate is concerned, it can successfully reproduce the number
of events at MiniBooNE. A detailed study of the energy
and angular spectra is required to draw any additional
conclusions.

2. Upscattering to heavy neutrinos

In Sec. I B 1, we discussed the production of HNLs
through a transition magnetic moment. Now, we will focus

on models where HNLs are generated by new light
mediators and decay into dilepton pairs instead of a single
photon. These scenarios are particularly simple from a
model-building point of view and can be linked to con-
sistent low-energy extensions of the SM. The first propos-
als in Refs. [36,37] were based on dark photon models with
a single HNL. The signature is given by

vA— (N—=vZ® - vete)A, (12)

where A is some nuclear target, Z’ is the dark photon, and N
is a HNL. As indicated, the dark photon may be produced
on or off its mass shell. If on-shell, the decay chain is
typically prompt, and the final states are more forward-
going. If the dark photon is off-shell, the HNL will decay
via a three-body process and be longer-lived. In that case,
production from the dirt upstream of the detector can be
important.

Later studies considered vector mediators of a B — L
gauge symmetry [41] and extended scalar sectors [42,43],
where new light scalars play the role of the dark photon in
Eq. (12). Another logical possibility is that a scalar particle
mediates the scattering process, but the decay proceeds
through a light dark photon. An advantage of scalar
mediators is that the upscattering is predominantly hel-
icity-flipping, leading to less forward production of the
HNL. This can lead to less forward angular distributions at
MiniBooNE when compared to the vector mediator of the
upscattering process.

The HNL models that can give the upscattering signature
in Eq. (12) typically require multiple states for anomaly
cancellation and neutrino mass generation. This was
explored in Refs. [38,39], which generalized the dark
neutrino signature to a cascade of decays in the dark sector,

vA— (N; > NjZ’(*) — Njete)A, (13)

where N; is the lighter of the two HNLs and can be much

longer-lived than N;. Phenomenologically, these models

are called 3 + n models, where n stands for the number of

HNLs considered. In Sec. IV, we study 3 + 1 and 3 + 2

models in the context of the MiniBooNE excess. Due to the

larger dark photon coupling to heavy neutrinos, the parent

HNL decay in 3 4+ 2 models can be much faster than in

3 + 1 models, as it does not involve the coupling of the

dark photon to light neutrinos.

(a) Dark photon models. The UV completions of dark
neutrino sectors with dark Abelian gauge symmetry
U(1)p can be separated according to the origin of the
coupling between the dark leptons, vp, and active
neutrinos, v,—we refer to this coupling as the dark
neutrino portal. In Ref. [202], a new scalar SU(2),
doublet charged under the U(1),, Hp, realizes the
inverse seesaw mechanism in the neutral lepton sector
with a vectorlike dark neutrino, vp. The dark neutrino
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portal is then given by the Yukawa coupling between
active and dark neutrinos, LH pvp,. Another possibil-
ity studied by Refs. [38,39] was to consider an
SU(2), -singlet complex scalar @ as well as a singlet
sterile neutrino vy. In this case, the dark neutrino
portal is generated in a two-step process: the complex
scalar couples the dark neutrinos to the sterile states,
vyvp®, while the latter couples to active neutrinos
via the usual neutrino portal, LHvy. Alternatively,
when the sterile neutrino is heavy, one may integrate it
out to find the higher-dimensional portal coupling
My (LH)(vp®), where My is the mass of the sterile
neutrino.

The new gauge boson X, interacts with the SM
particles via kinetic mixing with the SM hypercharge
boson B,,. The dark photon mass may be generated by
the Stueckelberg or Higgs mechanisms. The latter
implies the existence of new scalar particles, such as a
single dark Higgs field, @, charged under U(1),.
Heavy neutrino fields charged under the new gauge
symmetry, referred to as dark neutrinos, can then
simultaneously explain the origin of neutrino masses
via the seesaw mechanism and the MiniBooNE
signature. The latter is possible thanks to their mixing
with SM light neutrinos and the interaction with the
dark photon.

For concreteness, we present the full model of
Ref. [39], which can accommodate the simpler
phenomenological model used in Sec. IV. The La-
grangian is given by

1 |
LD —— XWX, ——— X, B" + (D) (D)
4 2CW

- V(q), H) + mial/N + EiDUD

1
- (L H)Yl/]cv +§UNMNI/1CV + EDMXvD

+W(YLUCDL¢ + YRI./DR(D*) + H.C. N (14)

where H = io,H*, D,® = 9, — igpX,,, and gp, is the
coupling constant of the new force. The neutral lepton
sector contains a number d of vectorlike dark neu-
trinos vp = vp, +vp, and n sterile states vy. Upon
diagonalization of the kinetic and mass terms, the
gauge boson sector is comprised of the photon A, the
SM Z boson, and the dark photon Z'.

One advantage of dark neutrino models is their rich
connection to other low-energy phenomenology. For
instance, the model of Eq. (14) offers a viable solution
to the (g—2), anomaly [203]. Kinetic mixing
can explain the deviation from the Standard Model
[204], but this solution is already excluded if the
dark photon decays predominantly to ete™ or fully

(b)
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invisibly. In the invisible case, BABAR [205] and
NA64 [206] exclude the region of preference. How-
ever, if the dark photon can decay to several short-
lived HNLs, as in dark neutrino models, it becomes a
semivisible particle. That is, it decays to both visible
and invisible particles, such as in the reaction
Z' - (N; > Njete™)(Ny = Njete™), relaxing the
constraints above [207,208]. A simultaneous explan-
ation of the MiniBooNE and (g —2) , anomalies is
possible in 3+n models with n > 1 and requires
~1 GeV dark photons. Another important connection
is to kaon decays, where HNLs can produce multi-
lepton signatures, such as K™ — £*(N; - N;ete™)
[38]. For on-shell dark photons, this decay cascade
represents a double-bump hunt, where (px — p,)* =
M3, and (p,+ + p.-)* = my. Finally, similarly to the
transition magnetic moment case, large-volume ex-
periments can target the double-bang feature of the
upscattering signal [80,181-184].

Scalar models. The upscattering can also be mediated
by a scalar particle. This can be achieved, for
example, in Higgs portal models, where a dark scalar
mixes with the Higgs, or in two Higgs doublet
models, where one of the scalars in the extended
sector has a large Yukawa coupling to electrons. The
latter is preferable since the decay rate of the HNL
into electron-positron pairs [N — v(p™) — e*e™)] is
not necessarily suppressed by (m,/vgw)> In addi-
tion, Higgs portal models are subject to strong
constraints from Higgs decays at CMS [209] and
ATLAS [210].

One of the main advantages to considering a scalar
mediator scenario is that the cross section for
upscattering is suppressed at high energies, as can
be seen in Fig. 2 and as discussed in Refs. [40,45]. In
the coherent and nucleon elastic scattering regimes,
the vector and transition magnetic moments cross
sections grow slightly. On the other hand, the scalar
ones decrease for £, much larger than the HNL mass.
This maintains the upscattering events at low ener-
gies, in agreement with the MiniBooNE data. The
helicity-flipping dominance of the process also helps
widen the angular distribution of the events, espe-
cially for heavy scalar mediators where nucleon
elastic contributions become dominant. Finally, these
models are much less constrained by high-energy
data from, e.g., CHARM II and MINERVA [197].
Despite the attractive features of these scenarios, we
leave a detailed fit to the excess to future literature.

We end this section by comparing different upscat-
tering models against MiniBooNE data for a few
representative points in Fig. 3. To study the shape
differences between different upscattering scenarios, we
pick different values of HNL and mediator masses in
3 + 2 models and minimize the MiniBooNE y? (for
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FIG. 2. Neutrino upscattering cross sections for the vector mediator, scalar mediator, and magnetic moment upscattering. On the left,
we show the cases for mz = m;; = 1.25 GeV, and on the right, for mz = m;; = 30 MeV. In all cases, we fix m4 = 200 MeV.

more details, see Sec. IV) to find the best fit for the
normalization. We show both the reconstructed neutrino
energy and angular distributions, separating the coher-
ent and nucleon elastic scattering regimes. While in
TMM and dark photon models the scattering takes place
on the electric charge, in the scalar model, the upscatter-
ing can also be significant on neutrons (for more details
on the treatment of the scalar cross sections, see [46]).
Scenarios with a heavy mediator are better able to
explain the angular distribution thanks to the larger-
momentum transfer to the hadronic target.

3. Dark bremsstrahlung

Neutrinos can also bremsstrahlung dark photons or
scalars upon scattering with nuclei. These light bosons
can then subsequently decay to e*e~. The same boson can
also mediate the interaction with nuclei, and if it is light, the
cross section can be significantly enhanced, similar to the
upscattering case. Light bosons will produce collimated
et e™ pairs to be misreconstructed as single-electron events.
Reference [211] considered a similar process initiated by
dark matter particles. Here, we are interested in the
possibility of bremsstrahlung initiated by neutrinos. The
kinetic mixing parameter between the SM and the dark
photon is much more constrained.

For concreteness, let us consider a dark photon, Z'. The
coupling to matter will be proportional to charge, while the
coupling to neutrinos will be proportional to a dark
coupling gpUp,;Upj. We can obtain a naive estimate of
the dark bremsstrahlung cross section relative to the
upscattering one. For dark photons and HNLs much lighter
than the energy transfer in the scattering process, we
naively expect

Obrem _ @D s
—~—1 —, 15
Oups 47 °5 <m%,> (15)

which is typically smaller than the upscattering cross
sections used in Sec. III C2. Nevertheless, when «p is
large and m is lighter than 100 MeV, the emission rate
could still be large enough to match the number of events of
the LEE. The emission cross section is peaked in the
forward direction, indicating that it may be challenging to
reconcile this model with the angular distribution of the
MiniBooNE LEE.

D. Photon pairs

A less explored option is to have dark particles produced
in neutrino scattering decay to photon pairs. If the photons
are highly collimated, or one of the photons exits the
detector before pair converting, the signal appears as an
electronlike event at MiniBooNE. This can happen if a
scalar boson is produced in the dirt or detector and
undergoes @ — yy inside the fiducial volume. The pro-
duction of the boson can take place either via upscattering,
replacing the dark photon of Sec. III C 2 for a scalar, or via
IPS and VBF processes with the production of an on-shell
scalar particle. In all cases, the scalar decay proceeds via the
nonrenormalizable interaction between ¢ and the two
photons in Eq. (8), giving
@ |, lPm;

256 f3,

1 m, \? (100 GeV?2 (16)
~5em \200 MeV) \ f,,/|c, )

For the relatively large scalar mass of 200 MeV, the decay
constant cannot be significantly larger than 100 GeV, as
otherwise direct constraints from beam dumps become
prohibitively strong [212]. This, in turn, implies the need
for a relatively low-scale UV completion of the two-photon
operator, adding further strain on this interpretation.
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FIG.3. The MiniBooNE excess and the new-physics prediction in reconstructed neutrino energy (left) and the cosine of the angle with

the beam (right) in different models of upscattering. Each row corresponds to a different assumption of the mediating particle. Here,
Asy = (ms —my)/my.
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In the case of upscattering, the same scalar boson may
mediate the upscattering process. The HNL produced
would decay via N4 — v (¢ — yy). The scalar should
be produced on-shell, otherwise, the HNL decay rate will
be too small. In that case, the HNL decay can be regarded
as effectively prompt. Like the dark photon decay to ete™,
the scalar decay is isotropic, and so, as far as the decay
kinematics is concerned, the two scenarios are similar. One
difference, however, is the small fraction of events where
one of the photons may escape the fiducial volume before
converting to a visible eTe™ pair, leading to a genuine
single-photon signal. This upscattering scenario was
explored in Ref. [43] and was linked to the (g9-—2),
anomaly as well; however, in this case, the contribution
to the anomalous magnetic moment took place through the
Barr-Zee diagram, connecting the decay rate of the ¢ — yy
to the (g —2), anomaly.

Another possibility to produce yy pairs in MiniBooNE is
through the decay of dark particles into neutral pions. One
minimal example would a HNL produced via upscattering
through a dark boson with axial-vector couplings to quarks.
Such scenarios can appear in Z' models where the dark
boson mixes with the SM Z via mass-mixing. Contrary to
the vectorially coupled dark photon, the axial-vector can
mediate N — vz° decays. This scenario requires the 7° to
have significantly different kinematics from the SM z°
production in order to reproduce the excess, as otherwise it
is normalized away by the in situ n° constraint. We leave a
detailed study of these two-photon scenarios to future
literature.

IV. DARK NEUTRINO MINIBOONE FIT

Having surveyed the MiniBooNE explanations, we now
turn to the specific case of dark neutrinos introduced in
Sec. II. This class of models is largely unexplored
experimentally, can be embedded in self-consistent low-
energy extensions of the SM, and does not contradict
cosmological constraints. While they do not explain other
anomalies in short-baseline experiments, like the gallium
and LSND anomalies, they provide an excellent fit to the
MiniBooNE energy spectrum. The signal consists of the
decays of short-lived HNLs produced by neutrinos in
the dirt or inside the detector. A schematic of the signature
at MiniBooNE is shown in Fig. 4. The production requires
a new mediator particle to enhance production and shorten
the lifetime of the HNLs. In this work, we focus on a dark
photon due to the simplicity of the underlying model. Our
study covers similar physics to that proposed in scalar-
mediator and similar models [40-45].

A. Phenomenological model

We introduce a minimal phenomenological model to
describe HNL production and decay via dark photon
interactions. The interactions and particle content we

N,

L
_ 3z

Sio,

FIG. 4. The dark neutrino upscattering signature at
MiniBooNE for 3 4+ 1 models (N4 — ve™e™) and 3 + 2 models
(Ns = Nyete™). As an example, we show a scattering inside the
detector for 3 +2 and in the dirt upstream of the detector
for 3+ 1.

introduce are based on a seesaw extension of the SM with
a new U(l), dark gauge symmetry. Examples of UV
completions can be found in Refs. [38,39,202].

The minimal particle content consists of a massive dark
photon that kinetically mixes with the SM hypercharge and
the n heavy neutral leptons that interact through the dark
force and mix with light neutrinos. Upon diagonalization of
the kinetic and mass terms, the dark photon interactions can
be written as

m g
L D Z//l <QD~7/Z) —eeJpy — ffw—gz—jﬁc) (17)
mZ CW

where it is assumed that m?, < m%. The dark current 77,
can be expressed in general terms based on the neutral
lepton mass states,

3+n
b= Z Vivirtv;, (18)
=1

where 7 is the total number of heavy neutrino mass states,
Vii=>, QPU} Uy, is the interaction vertex, and k runs
over the number of generations of dark states in the theory.
QP is the dark charge of those, which we will assume to be
equal to +1 (—1) for neutrinos (antineutrinos), and U is the
neutrino mixing matrix. We adopt a similar notation to
Ref. [201], extending it to models with two heavy neu-
trinos. For convenience, we define the dark photon cou-
plings between the low-energy flavor neutrino state,
D,) = >3, |v;), and the upscattered HNLs N, with
h =4,5. In 3+ 2 models, assuming unitarity,
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UatUpy + UssUps
V1= ZhlUnlP +1Ugs)

Van = Upy, (19)

where a, f € {e, u, t}. The equivalent expression for 3 + 1
models can be recovered by setting all mixing elements U 5
to zero. For simplicity and having the LEE in mind, unless
otherwise specified, we will assume that the HNLs mix
with the muon neutrino flavor only. In addition, we always
assume that |U,4| = |Uys| and |Ups| = |Ups|. In our
simulations, we set |Upy|, and |Ups| are taken as 1/ V2,
neglecting the small correction from dark-light mixing
angles, |Upy|® + |Ups|* =1—=33, |Up;>. In this way,
|V ,(5)| can be used as a proxy for the parameter U 44(5)
which is directly constrained by several model-independent
HNL limits. Finally, we also define the coupling of HNLs
to all light neutrinos, collectively denoted by v,

b}

3 T
Vel =Y IVl = (U (U2 (20)
i=1 a=e

In 3 +2 models, there must also be two dark flavors,
in which case we assume they mix equally with light
neutrinos.

We will vary the kinetic mixing parameter, &, as well as
the masses my, ms, and my. In the 3 4+ 2 model, it will be
convenient to define the mass splitting parameter,
mMs — Ny

A

. e1)

This parameter controls the mass gap between the two HNL
states and, therefore, also the energy release in the N5 —
Nyete™ decays. In what follows, we will assume the
physical mass eigenstates to be of pseudo-Dirac nature.
This leads to less energetic and less forward e™e™ pairs
than in the Majorana case.

For large mass splitting in the 3 + 2 model, the parent
HNL can decay invisibly via N5 — N4N4N4(v;) decays.
While this channel is forbidden for A < 2(1), it can also be
suppressed by the dark photon coupling matrix, V;;. To
thoroughly explore the parameter space of the 3 + 2 model,
we make the assumption that |V4;| << |V, |Vss| < ee, for
i <4, allowing us to consider arbitrarily large A values
without worrying about the invisible decays of Ns. This
assumption may seem strong at first, but it can be thought of
as the result of a conserved C symmetry in the dark sector, as
discussed in detail in Ref. [208]. Light neutrinos (C = —1)
and N, (C = —1) are both odd under C and cannot interact
with each other via the dark photon (C = —1). On the other
hand, N5 (C = +1) is even and can interact with the lighter
odd neutral lepton states via the dark photon. In summary,
the C symmetry allows the dark photon to mediate tran-
sitions between N5 and the lighter neutral leptons, but not
between v; and N,. We further assume that the scalar

interactions are sufficiently weak so as not to spoil this
structure. Therefore, in what follows, it is understood that N5
always decays viaNs — N,£7¢~ and Ns - Nyx 7z, even
for values of A > 2, where ms > 3my.

The relevant decay widths of HNLs into the respective
final states are given by

aD‘Vf4|2 mi m%/ 2 1 m%/
Inyovz = T4 2 1 T2 2 + m2 )’
z' 4 4

ae 4m? 2m>
FZ/_”fﬂrff = —mzl 1 —_ zf(l + zf) (22)

3 m, 7

in the on-shell dark photon case. In the off-shell dark
photon case, the HNLs tend to travel longer distances than
in the on-shell case due to the three-body nature of the
decay. For off-shell cases, we find

2 2 .5
aape”|Vey|* m
= L(mj/m})

FN4—>ve+e’ -
487 )
V4
aape?|Vsy|* m3
FN5—>N4e+e_ = D“_T_jF(mézl/mg)v (23)

7

where L(x) =15 (x - 5 - 2 _(1-x) log7-) and F(x) =
1+ 2x — 8x% + 18x% — 18x° + 8x8 — 2x7 — x® + 24x3(1-
x + x?) log(x). In both cases, we neglect the charged lepton
masses. In the second rate, we neglect higher-order terms
in my/my. Note that for small A values (large m,/ms),
neglecting the lepton masses is a bad approximation, and
the full width should be calculated. In our analysis, we use
the full decay rate provided in DarkNews, including Z’
and SM Z/W bosons’ contributions.

B. DarkNews simulation

We use DarkNews [46] to simulate the production
of heavy neutrinos by neutrino upscattering in the dirt
and inside the MiniBooNE and SBN detectors. The
MiniBooNE detector is modeled as a sphere of 6.1 m
radius, filled with CH,. The dirt is modeled as a truncated
cone of uniform density filled with SiO,. The cone z-axis
(height) is aligned with the direction of the neutrino beam
and passes through the center of the MiniBooNE detector.
The cone minor and major radii equal 1.047 and 10.28 m,
respectively. The total length of the dirt cone is 474 m,
extending from the wall of the MiniBooNE vault to the
beam absorber. The distance between the MiniBooNE
vault wall and the outer shell of the MiniBooNE detector
is 6.35 m. The beam flux is assumed not to change
with respect to the azimuthal angle. We use the FHC and
RHC mode neutrino fluxes from [213], and simulate
events using the v, and 7, components of the beam for
both modes. The FHC (RHC) data correspond to
18.75(11.27) x 10* POT.
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FIG. 5. MiniBooNE single-electron/photon efficiencies as a
function of energy [215] used in this work.

We calculate the probability of decay inside the
MiniBooNE fiducial volume for every heavy neutrino
produced to reweight the events accordingly. If their travel
direction misses the detector altogether, this probability
vanishes. The fiducial volume is defined as a sphere of 5 m
radius at the center of the detector. To model reconstruction
effects in the detector, we smear the electron-positron pairs
using a Gaussian with the true energy of the electrons or
positrons as the mean and ¢ equal to 0.12 x \/EY® 4
0.01 GeV [214].

Our event selection is detailed in Appendix. To mimic the
LEE signature, the e*e™ must be reconstructed as a single
shower. Overlapping and asymmetric events are interpreted
as single showers with a “visible” four-momentum
Pt + po-. We adopt the same criterion for overlapping
and energy-asymmetry as the z° study of Ref. [8]. With the
visible energy E;, of the misreconstructed single shower
and its angle 0,.,,, with respect to the neutrino beam, we can
calculate ESCU®° defined as the reconstructed neutrino
energy under the hypothesis of CCQE scattering,

EECQE—reco _ lzmnEvis - (m% + mg - m%)
2 m, — Evis + Dyis COS ebeam

. (24)

where m ps Mys and m, stand for the proton, neutron, and

electron mass, and p;, = \/E% — m2. As a last step, we

multiply our final efficiencies by the official single-photon
reconstruction efficiency taken from [215], as shown in
Fig. 5. This includes the fiducialization of events, requiring
R < 500 cm, with a 55% efficiency. Since we have already
performed the fiducialization in our own simulation, we
divide the official efficiencies by this number.

A few examples of our reconstruction efficiencies are
shown in Figs. 7 and 8 for different values of the parent HNL
and dark photon masses in the 3 + 1 and 3 + 2 models.
These include only reconstruction effects but no geometrical
acceptance. The transition between on- and off-shell decays

is visible in the plots as a sharp drop in efficiency. For on-
shell decays, the efficiencies tend to be smaller at large dark
photon masses due to the larger separation angles between
the e™e™ pairs for less energetic dark photons.

We also show the total number of e™ e~ pairs expected at
the SBN detectors. For that, we use the DarkNews imple-
mentation of the MicroBooNE, SBND, and ICARUS
detectors and the corresponding dirt volumes upstream.
Our projections were for 6.8 x 10?° POT at MicroBooNE
and 15.6 x 10?° POT at SBND and ICARUS [216].

C. Statistical procedure

We calculate the MiniBooNE y? based on the distribu-
tion of ESC ™ yging the covariance matrices provided
by the MiniBooNE collaboration in [176]. The y? surfaces
are obtained by repeating this calculation across two-
dimensional grids of model parameters. We do this in
two ways: (i) for plots of coupling versus mass, we fix all
parameters that do not appear in the x and y axes and
compute the y? in the v and o modes, while (ii) for plots of
mass versus mass, such as my versus my, we fix all
parameters except for one mixing angle, which we profile
over U, in the 3 + 1 model and U,4 = U5 in the 3 +-2
model. This allows us to show the mass parameters that best
fit the shape of the LEE, independently of the coupling
needed. In this case, we compute the y* using v mode data
only. As in Ref. [215], when quoting the y* probability p.,
of our best-fit points, we use 6.8, 6.9, and 15.6 degrees of
freedom for the neutrino mode, antineutrino mode, and
their combination, respectively. This assumes two inde-
pendent fit parameters, typically |V ,4/5|* and mys.

In more detail, we vary m, and m, for the 3 4+ 1 model,
while in the 3 + 2 one we vary ms and A = (ms — my)/my
while fixing m, or vary ms and m, while fixing my. In
both cases, we profile over a mixing parameter, setting a
maximum value of 1072 for |U 4| (3 + 1) or for |U 4| and

|U,s| (3 +2). For the remaining parameters, we use the
following default values: g, = 2, Ups = Ups = 1/+/2,and
e=8x10"* (¢=1072) for 3+ 1 (3+2). With our
assumptions, the couplings of the dark photon to the
HNLs always appear in the combination a3|Ups|*e?.
Therefore, for different values of each one of these param-
eters, as long as |Up,| = |Ups|, the best-fit regions can be
trivially rescaled.

D. Results

1. 3+1 scenario

Figure 6 shows the regions of preference in the com-
bined v and ¥ mode MiniBooNE fit for different values of
my and |V ,4[*. Both plots set &2ap|Upy|* =5x107% in
our benchmark parameters. On the left panel, |U 4| =0,
while on the right panel, |U.4| = 10|U 4|. The latter helps
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FIG. 6. The MiniBooNE ES @™ best-fit regions in the |V ,4|* and my plane for the 3 + 1 model. On the left, we set |U,4| = 0, and
on the right, |U 4| = 10 x |U4|. Each color represents a given fixed value of m, and the different shading corresponds to the 16, 20,
and 30 C.L. regions [2 degrees of freedom (d.o.f.)]. Model-independent limits on heavy neutrinos exclude the shadowed region [217].
Other constraints from neutrino scattering and meson decays are not shown.

decrease the HNL lifetime, as the coupling |V,4|* that
controls the decay rate is now larger than |V 4|, which
controls the upscattering cross section. Where a disconti-
nuity is present, it can be attributed to the change of on-
shell to off-shell dark photon regimes.

High values of m, need higher couplings to produce
enough events due to the high threshold for HNL produc-
tion. On the other hand, when my, < m, and the dark
photon is off-shell in the HNL decay, large couplings are
required due to the long decay length of the HNLs. In
the off-shell regime, most of the signal stems from
HNLs produced in the dirt upstream of the detector.
This regime typically produces less energetic e™e™ pairs
than the prompt-decay regime, as the probability of decay
inside the MiniBooNE tank is larger for slower HNLs.

0.10

341 model | e =8 x 1074

10°

e

=t

&
|

Selection efficiency

my/GeV

Furthermore, heavy dark photons tend to produce less
forward ete™ pairs, further reducing their energy.

Figure 9 shows the same regions of preference as the left
panel of Fig. 6, but exclusively for m, = 30 MeV. This is
then compared with the predictions for the event rates at the
three SBN detectors: MicroBooNE, ICARUS, and SBND.
The orange curves in different dash styles correspond to the
parameters where 103 e* e~ pairs would be produced inside
the fiducial volume of each detector, considering upscatter-
ing in the upstream dirt and inside the detector. This
number is presented without any reconstruction or selection
efficiencies. The real sensitivity of each experiment will
depend on the backgrounds and selection strategy adopted.
We leave a detailed study to future work and experimental
collaborations.

0.10 10°
341 model | e =8 x 107*

0.08

0.06 -
107!

my/GeV

0.04 1

Selection efficiency

0.02

0.00 T T 1072

myz: /GeV

FIG. 7. The signal selection efficiency of our simulation for dark neutrino events in MiniBooNE for the 3 + 1 model. On the left, we
show the efficiency as a function of the heavy neutrino mass m, for fixed values of the mediator mass m . On the right, we show the
same efficiency, now as a function of m, for fixed values of m,. The geometric acceptance is not included.

035028-19



ASLI M. ABDULLAHI et al.

PHYS. REV. D 111, 035028 (2025)

0.20 ; 100
> ’
<
g 0.15 4
3] e
G 3
Haag,
é 0.10 A 1071 Em
8
5]
9 0.051 3+2 model
e=8x10"*
my = 1.25 GeV
0.00 T T 1072
107! 10° 10!
A
0.20
> 0
10
£015
3 >
s 3
g 0.10 1 B
Q
E g
<]
“20.05 9 342 model
e=8x10"*
my = 150 MeV
0.00 T T
10—t 10°
mz |GeV
FIG. 8.

| 10!
=
.E’ 0.15 4
]
% 100
<
.5 0.10 4
E
[
9 0.05 1 3+2 model
e=8x10"* 10-1!
mz = 1.25 GeV
0.00 T T
10—2 10! 10°
ms/GeV
0.20 A
10°
Z
2 0.15 1
& =
g S
5 0.10 1 N
g 101 5
°
9 0.051 342 model
e=8x10"*
my = 150 MeV
0.00

10°
ms/GeV

The signal selection efficiency of our simulation for dark neutrino events in MiniBooNE for the 3 + 2 model. The upper panels

show the efficiency as a function of the HNL mass splitting A (left) and the parent HNL mass m5 (right) for a single fixed value of m .
The lower panels show the efficiency as a function of the mediator mass m  (left) and the parent HNL mass m5 (right) for a single fixed

value of m,. The geometric acceptance is not included.

The best fit of the 3 + 1 model for |U,4| = 0 is given by
|V,ul> =4.8x 1077, my =20 MeV, and m, =30 MeV.
We show the prediction for the reconstructed neutrino
energy spectrum for this best fit in Fig. 11 for neutrino and
antineutrino modes. Most events come from coherent
scattering on nuclei, although proton-elastic interactions
are responsible for about 10% of the total signal. It can also
be seen that the rate in neutrino mode is lower than the data,
while in antineutrino mode, it is larger than the data. This is
due to the vector nature of the dark photon couplings to
quarks. It predicts that the neutrino and antineutrino cross
sections on nuclei are the same. This is in mild tension with
the MiniBooNE observation that the antineutrino excess is
comparatively smaller than the neutrino mode one. The
tension is also visible in Table III. The goodness-of-fit is
significantly better for neutrino than antineutrino data, so
combining the two provides an overall smaller y? proba-
bility. Since the excess in neutrino mode is more signifi-
cant, this mode drives the fit and leads to an overprediction
for the number of events in antineutrino mode. In the 3 + 1
model, the agreement with the data is typically better for
long-lived HNL regimes, but it is still at a =2¢ tension with
the combination of the neutrino and antineutrino excess.

101/72-3 fit | 3+1 model | e2ap|Upa|* =5-1078 | mz = 30 MeV

Sl

106 4

10-7 4

10—8 4

Vial®

1079 4
10710 4

—11 J
10 Projected 10% e*e™ pairs
MicroBooNE

SBND ICARUS

1012

102 101 100

my | GeV

FIG. 9. Same as Fig. 6, showing only the case where m, =
30 MeV and |U,| = 0. The orange lines indicate where the
MicroBooNE (dashed), ICARUS (dotted), and SBND (solid)
detectors can expect 10° e*e™ pairs from Ns decays to be
produced inside their respective fiducial volumes (before any
reconstruction efficiencies).
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TABLE III.

Best-fit values to the ESC™° spectrum at MiniBooNE for the combined fit to v and 7 modes in Figs. 6 and 12. For

3 + 1 models, & = 4, and for 3 + 2 models, & = 5. The number of degrees of freedom for the y? probability p., is 6.8, 6.9, and 15.6 for

v mode, ¥ mode, and the combination, respectively [215].

Number Parent Mass

of HNLs HNL mjs,, splitting A Mediator my IVl € Pual Dual Dual

- fit fixed fixed fit fixed v mode 7 mode combined
n=1 444 MeV 30 MeV 3.8 x 1078 8x 1074 46% 7.6% 6.7%
n=1 326 MeV 100 MeV 7.5% 1078 8 x 10~ 27% 5.7% 1.1%
n=2 723 MeV 0.3 100 MeV 3.5%x 107 8 x 10~* 46% 14% 13%
n=2 723 MeV 0.5 500 MeV 1.3x10™ 8 x 1074 37% 9.6% 11%
n=2 587 MeV 1.0 1.25 GeV 12x 1073 8x 1074 32% 5.0% 5.5%
n=2 322 MeV 3.0 1.25 GeV 23x 1074 8 x 10~ 30% 3.5% 2.3%

Finally, we emphasize that the reconstructed neutrino
energy fit has a subleading dependence on the angular
distribution and cannot adequately quantify the agreement
with the MiniBooNE angular spectrum. A quantitative
estimate of this tension, taking into account the correlations
between angular bins, is not possible outside the collabo-
ration. Nevertheless, in 3 + 1 models, we find that virtually
all points predict no events in the cos 8 < 0.9 region. This is
due to two main effects: (i) for off-shell dark photons, the
signal is dominated by dirt production of HNLs, so the
geometrical acceptance of the detector biases the angular
spectrum to be more forward, and (ii) in the on-shell dark
photon regime, the signal is dominated by HNLs produced
inside the detector, but the upscattering cross section is
predominantly coherent, leading to forward HNL produc-
tion due to the low-momentum exchange with the nucleus.

v fit | 341 model ‘ €2OLD|UD4|4 =5.10"8

10°
|UM4‘ < 10_2, |U7-4| =0
E e 1o
g 1071 20
g 3o

CTR, <10 cm

et > 10 em

1072 N T

107t
my: / GeV

100

In the next section, we explore 3 + 2 scenarios, where
HNLs can be short-lived even for off-shell mediators and,
therefore, lead to slightly less forward signatures.

Finally, we also explore the effect of simultaneously
varying the HNL and mediator masses in Fig. 10. The
darkest to lightest filled regions show the one, two, and three
o regions of preference, respectively, for the 3 + 1 model in
the plane of m, versus m. The parameter |U 4| is profiled
over with a hard upper bound of |U,4|* < 10~*. The plot on
the right includes one extra mixing, |U,|, which is set to
10 x |U 4. In this case, the upper bound is set on the tau
mixing parameter, |U,4|* < 107, explaining why the long-
lived region is significantly smaller than in the previous case.
The plots are divided in two: a short-lived HNL region
(CTON < 10 cm), shown in shades of blue, and a long-lived

v fit | 341 model | EZOCD|UD4|4 =5.10"8

10° +
|U7-4| < 10_2, |U7-4| =10 x ‘UH4|
?B N 1o
g 107! 20
Sy 30
g
CTR/ <10 cm
ety > 10 em
1072+ T T
1071 10°
my: / GeV

FIG. 10. The MiniBooNE ES“7% pest-fit regions in the m, and m. plane for the 3 + 1 model without (left panel) and with (right
panel) mixing between N, and tau neutrinos. The different regions show the 1o, 26, and 3¢ best-fit regions. The coupling |U ”4|2 is

profiled over with an upper bound of |U,4|* < 107~ (left) and |U,

4)? < 107#/10? (right). The dark coupling and kinetic mixing are

fixed, as indicated at the top of the panels. We divide the regions into a short-lived and a long-lived regime, where the HNLs decay
rapidly, cz% < 10 c¢m, and a region where dirt events and displaced vertices are expected, cr%, > 10 cm, where ¢7%, is the HNL proper

lifetime.

035028-21



ASLI M. ABDULLAHI et al.

PHYS. REV. D 111, 035028 (2025)
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FIG. 11. The excess of events as a function of the reconstructed neutrino energy ESCRE 4t MiniBooNE for the FHC (v) mode (left
panel) and the RHC (7) mode (right panel). The prediction of the best-fit point in the 3 4+ 1 model (|Vﬂ4|2 =3x1077, |V4| =0,
my = 326 MeV, my = 100 MeV) is shown as different shades in the histogram, separating events from coherent neutrino-nucleus

scattering, proton-elastic, and neutron-elastic neutrino scattering.
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FIG. 12. The MiniBooNE ES“7™ best-fit regions in the |V,s5|* and ms plane for the 3 + 2 model. Each panel corresponds to a
different value of A, as indicated at the top of the panel. Each color represents a given fixed value of my, and the different shading
corresponds to the 1o, 20, and 36 C.L. regions (2 d.o.f.). The 1o regions in the low-mass and large-coupling regime appear disconnected
due to an interpolation artifact. This is due to the strong dependence of the event rate on the HNL lifetime when the signal is dominated

by dirt upscattering. Model-independent limits on heavy neutrinos exclude the shadowed region [217]. Other constraints from neutrino
scattering and meson decays are not shown.
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FIG. 13. The MiniBooNE Eg “%™" best-fit regions in the ms and A plane for the 3 + 2 model for two choices of couplings. The different
regions show the 1o, 26, and 36 best-fit regions. The couplings |U,4|* = |U,s|* are profiled over with an upper bound of |U 4|* < 1072,
which can be tightened by choosing larger dark couplings and kinetic mixing. All the plots consider m, = 1.25 GeV and couplings, as
indicated at the top of each panel. We divide the regions into a short-lived and a long-lived regime, where the HNLs decay rapidly,
¢7% < 10 cm, and a region where dirt events and displaced vertices are expected, ¢7% > 10 cm, where ¢z, is the HNL proper lifetime.

HNL region (cr?v > 10 cm), shown in shades of beige,
where cr?\, is the decay length of the parent HNL in its rest
frame. The two regions correspond to the on-shell and off-
shell dark photon cases, respectively. Although we color the
regions differently, the fit is done over the entire plane,
showing that both on- and off-shell regimes can lead to an
acceptable fit to the MiniBooNE neutrino energy spectrum.

2. 3+2 scenario

Similarly to the 3 4+ 1 scenario, we show the resulting
regions of preference in the coupling |V ,5|* versus mass ms
plane in Fig. 12. Each panel corresponds to a fixed value of
A=ms/my—1=0.3, 0.5, 1, and 3, going from mildly
degenerate to mildly hierarchical masses. In turn, for each
panel, we show the resulting preference regions for differ-
ent fixed values of my, corresponding to 0.03, 0.06, 0.1,

0.2, 0.5, 0.8, and 1.25 GeV. In these plots, higher values of
A allow N5 to be shorter-lived and for it to release more
energy into the ete™ system. This improves the fit to the
excess, up until A becomes too large and the decays
resemble the 3 + 1 scenario. The shape of the regions of
preference can be understood by noticing that the downward
trend at low ms values is caused by the long lifetime of N5,
which is typically produced in the dirt and decays more often
inside MiniBooNE for larger m5 due to the steep dependence
of the decay rate, I' « mg Once N5 becomes too short-lived
to propagate the distance from the dirt to the detector, the
regions of preference turn over to then stay flat up to the
point where the N5 production energy threshold is too large.
The transition from off-shell to on-shell regions is less
noticeable in these plots since HNLs can be short-lived even
for off-shell mediators. Nevertheless, it can still be observed
as a gap between the two 1o and 20 closed regions.
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FIG. 14. The excess of events as a function of the reconstructed neutrino energy ESCRETT 4t MiniBooNE for the FHC (v) mode (left
panel) and the RHC (7) mode (right panel). The prediction of the best-fit point in the 3 + 2 model (m, = 100 MeV, ms = 615 MeV,
A =03, |Vu*=|V,5*=11x107 & =8 x 107*) is shown as different shades in the histogram, separating events from coherent
neutrino-nucleus scattering, proton-elastic, and neutron-elastic neutrino scattering.

In Fig. 14, we can see the distribution of the reconstructed
neutrino energy of the best-fit point in the 3 + 2 model,
namely, my» =100MeV, ms =615 MeV, A = 0.3, |Vﬂ4|2 =
Vsl =1.1x107°, and &€ =8x 107*. Once more, the
signal prediction for the neutrino mode undershoots the
excess, while the antineutrino signal overshoots it. Overall,
Table IIT shows that 3 4+ 2 models better fit the MiniBooNE
energy spectrum, especially for smaller A values where the
HNL decays produce lower-energy ete™ pairs.

Our projections for event rates at the SBN program are
shown in Fig. 15 for two cases: mz = 30 and 200 MeV,
both for A = 1. As before, the contours show the parameter
space where we project that 10° pairs of ete™ will be
produced inside the SBND, MicroBooNE, and ICARUS
fiducial volumes. As in the 3 4+ 1 model, when the signal is
dominated by HNL production in the dirt, ICARUS is
expected to see as many events as SBND. The smaller
neutrino flux at the detector’s location is compensated by
the greater extent of dirt upstream. It is easy to see that the
SBND detector could observe as many as 10° ete™ pairs
with its full exposure.
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FIG. 15.

Turning to mass versus mass plots, Fig. 13 shows a fit to
neutrino mode data in the plane of A versus ms. We fix
e2ap|Ups|* = 8 x 1070 and 5 x 1073, and impose an upper
bound on |U,[* = |U,s|* < 107*. The plot exhibits two
different shaded colors. The beige color corresponds to N
proper decay lengths greater than 10 cm, while the blue one
is smaller than 10 cm. The fit is mostly insensitive to the
values of A once larger than A > 1. In that case, we recover
a scenario similar to the 3 + 1 model, albeit with a larger
coupling on the HNL decay process. Small values of A are
disfavored due to the longer lifetime and the significant
suppression of the energy released in N5 — NyeTe™
decays. Nevertheless, a feature can still be observed at
large N5 masses, where the HNL production occurs by the
highest-energy neutrinos in the beam at the cost of
requiring larger |V145|2 couplings. We recall that when
1 <A <2, the decay process N5 — vNyN, could, in
principle, take place, and similarly for N5 — NyN4N,
when A > 2. As discussed in Sec. IVA, we assume both
of these channels to be subdominant due to the structure of
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Same as Fig. 12 but for A = 0.5 (left panel) and A = 1 (right panel). The mediator mass has been fixed to mz = 200 MeV.

The orange lines indicate where the MicroBooNE (dashed), ICARUS (dotted), and SBND (solid) detectors can expect 10> ete™ pairs
from N5 decays to be produced inside their respective fiducial volumes (before any reconstruction efficiencies).
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FIG. 16. The MiniBooNE ES“% ™™ best-fit regions in the A versus ms plane for the 3 +2 model with m, = 1.25 GeV. The
different regions show the 1o, 20, and 3¢ C.L. regions (2 d.o.f.). From the bottom to the upper rows, we set m, equal to 15, 150, and
250 MeV, respectively. In the left and right columns, we set € equal to 8 x 107 and 1072, respectively. The couplings |U,4|* = |U,s|*
are profiled over with an upper bound of |U ,,4|2 < 107*. We divide the regions into a short-lived and a long-lived regime, where the

HNLs decay rapidly, cz% < 10 cm, and a region where dirt events and displaced vertices are expected, cz% > 10 cm, where ¢z is the
HNL proper lifetime.
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the dark photon couplings, which can be easily achieved
with symmetry arguments.

The second mass fit is shown in Fig. 16. For each panel
in the vertical direction, we vary the mass of N, to 15, 150,
and 250 MeV, while in the horizontal direction, we consider
values of & of 8x10™ and 1072. We also float
|U,4|* = |U,s|* with a hard upper bound of 107%. As
the kinetic mixing increases, more parameter space opens
up at large my, where the lifetime of the HNL can still be
sufficiently short to induce a signal in MiniBooNE. A
similar effect happens for lighter Ny, as the mass splitting A
increases and the N5 decays faster. The change in regimes
from on-shell to off-shell dark photons can be seen in all
panels as a feature at intermediate m values.

In summary, the 3 + 2 model can provide a better fit to
the LEE than the 3 + 1 model when A <1 due to the
lower energy emitted in HNL decays. It still, however,
faces two main challenges: the LEE angular distribution
and the tension between neutrino and antineutrino data.
While we do show the angular distributions here, we find
that 3 + 2 models tend to predict more events outside the
€08 Opeam > 0.9 region, although the prediction still sig-
nificantly overshoots the data on the most forward bin.
The values of kinetic mixing, |V,4| and |V,s|, can be
significantly smaller in this model, even for heavy dark
photons, indicating that this scenario is less stringently
constrained by other indirect searches for dark photons
and HNLs.

V. CONCLUSIONS

We have reviewed proposed solutions to the low-energy
excess of electronlike events at MiniBooNE, specifically
in the context of new-physics models. Most explanations
exploit the limitations in the particle identification capa-
bilities of the MiniBooNE detector, as it cannot distin-
guish between single e®, single y, and collimated or
energy-asymmetric e e~ or yy pairs. New-physics models
that lead to an excess of v, and 7, in the beam, like the
popular eV sterile neutrino oscillations, are associated
with the single ¢~ and single e™ hypothesis and have
already been constrained by several experiments, includ-
ing MicroBooNE, which operated in the same beam as
MiniBooNE. Other explanations based on single y final
states, like upscattering to heavy neutrinos with transition
magnetic moments or inverse Primakoff scattering, are far
less constrained. The previous single-photon search at
MicroBooNE was less sensitive to these explanations, as it
exclusively targeted the radiative decays of the A(1232)
resonance. Unlike the resonant channel, the single-y dark
sector models predict a dominant coherent-scattering
component, which is subject to a larger background
due to the absence of a hadronic vertex. We have also
discussed proposals based on dark particle decays into
e"e™ and yy pairs inside the detector. These include dark

neutrino models, in which neutrinos interact with nuclei in
the detector to produce short-lived heavy neutral leptons.
We also commented on a few less explored alternatives to
upscattering, including inverse Primakoff scattering, neu-
trino-induced vector boson fusion, and dark bremsstrah-
lung, all of which warrant further study.

After this detailed overview, we focused on a repre-
sentative model that advocates HNL upscattering and
subsequent fast decays and performed a comprehensive fit
to the LEE neutrino energy spectrum. We considered both
cases of one HNL (3 4+ 1) and two HNLs (3 + 2) in the
spectrum. The 3 4+ 2 model is less constrained and can
accommodate solutions to the LEE at large mediator
masses, where the HNL decays N5 — Njete™ proceed
via off-shell mediators. In addition, the mass splitting
between the parent and daughter HNLs can lead to even
lower-energy events, providing a better fit to the LEE. In
3 + 2 models, we found better fits to the LEE than the best
fit in standard sterile-neutrino-driven oscillation hypoth-
eses, with an overall y? probability of 14%. The goodness-
of-fit was primarily limited by the tension between the
relative number of excess events in neutrino and anti-
neutrino modes. MiniBooNE is compatible with the SM
expectation that neutrino cross sections are larger than
antineutrino ones; in contrast, the vectorial nature of dark
photon interactions predicts they are the same. Another
challenge for dark photon models is reproducing the
LEE angular spectrum. For dark neutrinos to produce
events that are not fully concentrated in the region
€08 Opeam > 0.9, the model requires off-shell mediators
and large HNL masses, my = 400 MeV. In addition to the
uncertainties on the e e~ reconstruction, quantifying the
agreement with the angular spectrum and its bin-to-bin
correlations is not possible with publicly available infor-
mation, although the prediction significantly overshoots
the excess in the most-forward bin, where only ~32% of
the total excess is concentrated. Improvements to the
angular spectrum and the neutrino-to-antineutrino ratio
can be obtained in models where the upscattering is
mediated by a scalar or an axial-vector coupling to quarks.
Both possibilities, however, are more severely constrained
by other direct searches.

For the first time, our results allowed a thorough
comparison of the dark neutrino interpretation of
MiniBooNE with other experiments’ data. Extending
existing constraints on dark neutrino models to the slices
of parameter space we showed here will be crucial to
understanding this LEE interpretation status. Looking
forward, the SBN program at Fermilab will be able to test
the dark neutrino LEE hypothesis using the same beamline
in which MiniBooNE operated. As a crude estimate of the
reach of each detector, we showed the signal event rate
expected before reconstruction efficiencies. In the
MiniBooNE regions of preference, the number of e*e™
pairs produced inside the fiducial volume of MicroBooNE
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can be of O(10%), while for SBND and ICARUS, this
number can be well above O(10%). Despite being located
further away from the target, ICARUS can observe as many
events as SBND thanks to the larger amount of dirt
upstream of the detector, offering the ideal conditions to
constrain the parameter space where HNLs are long-lived.
A full sensitivity study that contextualizes these event rates
on top of SM backgrounds and reconstruction efficiencies
in each detector is in order.

We note that our dark neutrino fit is subject to uncer-
tainties in the treatment of the upscattering cross section.
These uncertainties are small for light mediators since the
signal is dominated by the cleaner coherent neutrino-
nucleus scattering channel. However, our DarkNews
simulation showed that the signal can contain a significant
portion of proton-elastic events for heavier mediators,
indicating that larger-energy transfer regimes can dominate
the upscattering. The tools available to simulate such
processes lack a detailed treatment of the nuclear response
in these regimes. Future efforts with automated tools like
ACHILLES [218] and more comprehensive implementations
of dark neutrinos in tools like GENIE [219] will be crucial
to support searches for dark particles in next-generation
neutrino experiments.
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APPENDIX: SIGNAL SELECTION

The MiniBooNE signal selection focused on a v, — v,
signal from oscillations. The data released by the collabo-
ration [176] include data and background distributions in
reconstructed quantities, like visible shower energy, shower
angles, and reconstructed neutrino energy under the
assumption of CCQE scattering. The collaboration also
released Monte Carlo events with true and reconstructed
variables and selection efficiencies for electron and photon
final states. These data releases are best suited for studies of

single-electron, positron, or photon final states. Other
models based on misidentifying multiple electromagnetic
showers into one require greater care since they depend on
the detector response and signal reconstruction specifics.
The two main challenges are (i) obtaining realistic dis-
tributions of reconstructed quantities without a detailed
detector simulation and (ii) evaluating the signal efficiency
without access to high-level reconstructed variables. For
instance, part of the signal selection in MiniBooNE is
performed using particle identification likelihoods, which
quantify the compatibility of an observed event with the
hypothesis that it consists of an electron, muon, or pion
final state. Without a detector simulation, obtaining the
distributions of these abstract quantities and the selection
efficiency of the respective cuts in these variables is not
realistic. As a result, phenomenological studies of models
that rely on the misidentification of final states are subject
to more uncertainties than those based on oscillation
signatures, for example.

In the absence of dedicated studies of exotic eTe™ and yy
final states by the collaboration, we turn to simplified signal
selection criteria. As the main benchmark of this article, we
focus on the dark neutrino model of Sec. I'V, where the main
source of uncertainty in the analysis is the probability that
an e e~ final state is selected as an electronlike event in the
LEE region. We also turn to the study in Ref. [8], where the
authors attempted to reproduce the MiniBooNE #° signal
selection without a complete detector simulation. In our
own fits, we implement a procedure analogous to theirs and
compare the final signal efficiency obtained under different
selection and reconstruction assumptions.

We divide the selection criteria into two steps:

(i) Preselection: requirement that the eTe™ pair is

reconstructed as a single electromagnetic shower.

(ii) Selection: fiducialization, PID, and energy re-

quirements.

To evaluate the efficiency of the second step, we apply the
official MiniBooNE reconstruction efficiencies shown in
Fig. 5 for each event given its E,;. Since we apply fiducial
volume cuts ourselves, we divide the official MiniBooNE
efficiencies by 55% [1]. The efficiencies also include the
cuton E;; > 140 MeV, so we extend our prediction down
to E,;, < 100 MeV. This is also an approximation since
the shape of CCQE events and dark neutrino events within
this low-energy bin can differ. Also implicit is the
assumption that the PID cuts have the same efficiency
for CCQE events and e*e™ ones. These cuts account for
approximately a factor of two reduction in the overall
efficiency [1]. This number may vary for e™e™ events due
to the different topology, but it cannot be estimated here
without access to the reconstructed electron, muon, and
pion likelihoods for each event. Finally, other cuts aimed
at reducing external (dirt and wall) events and comics are
also included in Fig. 5 and are assumed to have the same
effect on eTe™ events.
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FIG. 17. A comparison between the preselection (circ1) efficiency for dark neutrino events and the misidentification probability for z°
background events (from [8]) in the reconstructed visible energy variable.

We now describe two simplified preselection procedures
and compare their efficiencies in Figs. 18 and 17.

1. Simplified hard cuts’ preselection

A dark neutrino event can be reconstructed as a
single shower for sufficiently energy-asymmetric or
collimated ete™ pairs. A simplified approach adopted
in Refs. [37,39] was to define an energy-asymmetric
eTe” pair as one where the energy of one of the particles
was below 30 MeV (after smearing). Events were
classified as overlapping when the opening angle
between the leptons was at most 13° (after smearing).
In addition, a cut on the frue invariant mass of all events
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was performed, simulating the selection criterion in
Table 12.1 of Ref. [220],
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27.38
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)| wev.

In the MiniBooNE analysis, this cut is applied to the invariant
mass obtained under the two-photon reconstruction hypoth-
esis. Without such a reconstructed variable, we apply the cut
to the true invariant mass of the e*e™ pair. This implicitly
assumes that the MiniBooNE two-photon reconstruction
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— I . i
I — | !
_____ [
]
w4 | b !
Z
=]
15
'S
&
€3
1072 4
L-271 NC#¥ (Patterson 2007)
_____ '|l [ my =150 MeV my = 1.25 GeV
myg = 200 MeV mz = 1.25 GeV
[ my =400 MeV myz = 1.25 GeV
1073 T T T
0.0 0.5 1.0 1.5 2.0

True 7° momentum (/EZ, — m2,/GeV)

A comparison between the MiniBooNE signal selection efficiency for dark neutrino events and the misidentification

probability for z° background events (from [220]) in the true #° momentum variable. The latter is defined as y/Ez, — miu for eTe™

events.
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FIG. 19. The final signal efficiency using different preselection methods. The true-variable method, discussed in Appendix A 1, is shown
with and without applying the cut on the e* e~ invariant mass m,,. The simplified z° method, discussed in Appendix A 2, is referred to as
Kelly-Kopp. We show the different methods based on the choice of the r variable, as defined in [8]. In all cases, we generate upscattering
inside the detector and enforce N, to decay promptly. The fits in the main text are based on the Kelly-Kopp (circl) method.

correctly reconstructs the e™e™ invariant mass, which is less
likely to be the case for events that appear more single-
showerlike. While a crude approximation, this cut ensures
that heavy parent particles do not contribute significantly to
the LEE, since the daughter e™e™ pair will typically be well
separated. As we will see, this cut tends to produce much
smaller efficiencies than the method implemented in the
analysis of the main text.

2. Simplified 7'-based preselection (Kelly-Kopp)

This method is the one we adopt for our dark neutrino fits
and is adapted from Ref. [8]. The authors implement an
energy-dependent cut on the plane of the z° kinematics:
cos 0, versus Ey./E.i. This is achieved with a cut on 7,

the distance between points in the 7z° kinematic plane and

the most-overlapping and most-energy-asymmetric region.
The selection criterion is designed to reproduce the correct
7" background distribution, and it is shown to be mostly
independent of the exact choice of the abstract variable r.
Due to the similarity between the topology of dark neutrino
and 7° events, we readily adapt the selection for e*e~
events. For concreteness, we choose to work with the
variable r.|, defined here as

1 —cosf,,\? E 2
2 [T ree —omax ) A2
TGirel < 2 > * ( Evis > ( )

We then apply an energy-dependent cut on r;,; following
the data release of Ref. [8]. The three different » variables
defined in Ref. [8], namely, rew1, Feirco, and 7y, lead to
very similar results.
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A comparison of the efficiency for the two preselection
methods discussed above is shown in Fig. 19. We generate
upscattering events exclusively inside the detector and
enforce the N, decays to be prompt. In this way, the shape
of the efficiencies as a function of the reconstructed visible
energy EV:°° depends uniquely on the kinematics and not on
the HNL lifetime. The fiducial volume cut is included in
our preselection efficiency but does not depend on the
kinematics. The comparison shows that the cut in Eq. (A1)
significantly impacts the true-variable selection method. In
addition, the methods of Appendix A 1 and Appendix A 2
can differ significantly in shape and overall normalization.
The discrepancy is also significant for m, ~ m,, indicating
that the true-variable method would most likely not
reproduce the correct 7° spectrum at MiniBooNE if applied
to single 7° background events. This further motivates us to
work with the simplified 7° method of Ref. [8].

We also compare our preselection method (circ1) with the
misidentification of z° backgrounds at MiniBooNE. In
Fig. 18, we show the preselection efficiencies for a few
dark neutrino models and compare them with the misiden-
tification probabilities for genuine z° events quoted in
Fig. 11.8 of Ref. [220]. Although we refer to the latter as
an efficiency, it should not be confused with the efficiency of
reconstructing well-separated 2y event from z° s. We con-
vert the true e*e” total energy E,, into a mock z°

momentum variable according to p, = |/ Eg, —m2,. The

differences in shapes are due to the different boost factors of
the parent particle. Light mediators produced on-shell are
more likely to be misidentified as a single shower at much
lower momenta than z° simply due to their larger boosts. In
the case of off-shell mediators, the HNLs are misidentified
as a single shower more often across the entire energy
region. Finally, we also compare our preselection with the
efficiency in [8] as a function of the reconstructed visible
energy ET°.

Vis

10-5 e2ap|Upsl* =5-1078 | my = 30 MeV

= This work
Bertuzzo et al. (2018)

‘Vu4|2

1010 :
1071 100

FIG. 20. A comparison of the LEE neutrino energy spectrum fit
in this work and that of Ref. [36] for the choice of
mz =30 MeV. The 1o and 20 regions are shown as smaller
and larger closed regions, respectively. We assume that the results
in Ref. [36] are quoted for |Up,|> = 1.

A comparison of the final signal selection efficiencies for
various points in the parameter space of dark neutrino
events is shown in Figs. 7 and 8. We do not include the
geometrical acceptance in order to isolate the effects of
the kinematics on the efficiency. However, we do include
the official MiniBooNE e/y efficiencies.

For ease of comparison with previous literature, we
compare our own dark neutrino fit for the 3 4+ 1 model with
my = 30 MeV with the fit in Ref. [36] as can be seen in
Fig. 20. While the set of phenomenological parameters
used in their work is not the same, we assume that

|Ups| = 1, instead of our own value of |Up,| = 1/V/2.
Good agreement is observed between the two cases.
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