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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

Here, we provide an overview of the possible new-physics solutions based on electron,
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 eTe™ 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.
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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 be-
tween 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 important class of backgrounds at MiniBooNE arises
from photon production in neutrino-nucleus neutral-
current (NC) interactions through coherent or resonant
processes. Other proposed solutions rely on non-resonant
photons, photon pairs, or electron-positron pairs pro-
duced inside the detector in coincidence with the neu-
trino beam. The pairs of electromagnetic particles, be-
ing highly collimated or highly energy-asymmetric, can
be misreconstructed as a single electron. Several beyond-
the-SM explanations have exploited this ambiguity in sig-
nal reconstruction. These non-oscillatory 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 interpreta-
tions 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 experiments 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 interpreta-
tions 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 (LArT-
PCs), the SBN program has greater discriminating power
between electron and photon-like events. The first detec-
tor 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 shows no excess
of v, events [27-30], but it could not yet fully exclude
the 341 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
non-resonant sources of photons remain largely uncon-
strained due to the larger backgrounds. Furthermore,
LEE explanations based on exotic sources of electron-
positron pairs [36-42] or photon pairs [39] are still largely
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FIG. 1. Different scenarios where a new particle X can mimic
the v. appearance signal in the MiniBooNE Cherenkov detec-
tor.

untested.

As a characteristic example of a model where ete™ fi-
nal 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 up-
scattering and allow them to quickly decay into visible
final states inside neutrino detectors. We perform a de-
tailed fit to the MiniBooNE energy distribution for mod-
els with a dark photon mediator and one and two HNLs
that decay into ete™ pairs. This is the first comprehen-
sive fit to the MiniBooNE LEE in the context of an ete™
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 exper-
iment in the publicly-available generator DarkNews [43].!

This article is divided as follows. In Section II, we
review the MiniBooNE LEE and its properties. In Sec-
tion 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 Section IV, where
we present the results of our fit to the MiniBooNE energy
spectrum. We conclude in Section V.

II. THE MINIBOONE LOW-ENERGY EXCESS

The MiniBooNE experiment was located in the Fer-
milab 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 neu-
trino mode, with a forward-horn-current (FHC), and

1 O github.com/mhostert/DarkNews-generator.
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anti-neutrino 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 102 Protons-on-target (POT) in neu-
trino mode, an excess of 128.8 +43.4 electron-like events
was observed over the background with a significance of
3.00 [2]. The excess was predominantly present in the
200 MeV < EQF < 475 MeV energy region. It subse-
quently also observed in anti-neutrino mode with a com-
parable significance of 2.80, corresponding to 78.4 +28.5
excess events observed over the background in the en-
ergy range 200 MeV < EQF < 1250 MeV for a total of
11.27 x 10%° POT [3, 44]. The experiment then collected
nearly double the amount of POT in neutrino mode, im-
proving the background analysis and reducing systematic
uncertainties. This led to a substantial increase in the
significance of the LEE, with the ~ 3 ¢ excess rising to
4.70 [5], and most recently to 4.8 [6]. The combined
neutrino and anti-neutrino mode excess currently stands
at 638.0 &+ 52.1(stat.) & 122.2 (syst.) electron-like 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 colli-
mated eTe™ and 7y pairs are too similar to differenti-
ate. Fortunately, the dominant electromagnetic back-
grounds at MiniBooNE are constrained with in-situ mea-
surements. The beam’s intrinsic v, content is constrained
by v, CC rate measurements. This is particularly rele-
vant at higher energies, where kaon decays at the target
dominate the neutrino flux. The kaon production rate
was directly measured by SciBooNE [45], which oper-
ated at 100 m from the BNB target for a fraction of the
total MiniBooNE lifetime. SciBooNE was also used to
constrain v,, disappearance in the BNB beam in combi-
nation with MiniBooNE data [46, 47].

The 7% production rate is inferred by measuring sepa-
rated vy pairs [48, 49]. Given the 7 kinematics and the
Monte-Carlo, this allowed MiniBooNE to directly con-
strain the number of 7%s that decayed to collinear or
highly energy-asymmetric photons, as well as the num-
ber of photon pairs where one of the photons was ab-
sorbed or escaped undetected. In addition, the 7° and
7+ rates that are measured by MiniBooNE constrain the
production of the A(1232) resonance, which in turn con-
strains 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 [50] 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 pref-
erence for forward-going events, although it is still
broadly distributed in the angular variable Opeam,

the angle of the electron-like shower with respect to
the neutrino beam. Approximately 72% of events
have a reconstructed angle satisfying cos Opeam <
0.9.

2. Radial profile: The radial distribution of the ex-
cess events is consistent with neutrino interactions
inside the tank. The significance of the excess also
increases when decreasing the radius of the fiducial
volume.

3. Timing: Most excess events occur within the first
8 ns of bunch timing, coinciding with neutrino scat-
tering 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
collaboration [51]. 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 explanations 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 of the beam-dump mode data on new-physics inter-
pretations of the LEE, see Ref. [52].

III. NEW PHYSICS EXPLANATIONS

There are four classes of final states that have the po-
tential of explaining the MiniBooNE low-energy excess:
e, 7, eTe” and vvy. These could be produced by dif-
ferent 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 our dis-
cussion in Table II.

A. Single electron

The MiniBooNE results have been initially interpreted
as an excess of v, (7.) that undergo 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 mis-
modelling of the flux, or from a beyond-the-Standard-
Model phenomenon. One popular new-physics interpre-



LEE signal ties
Category Model Final state S18ha” properties References
energy | angular | timing
dist. dist.
SBL oscillations e v v v Reviews and global
fits [22-24, 53, 54]
SBL oscillations with e v v v [55, 56]
invisible sterile decay
Flavor transitions SBL oscillations with e v v v [57-62]
anomalous matter effects
neutrino-flavor-changing e v - v [63]
bremsstrahlung
SBL oscillations with e v v v [64-68]
Decays in flight visible sterile decay
heavy neutrino decay v/ete [y v [69, 70]
neutrino-induced v/ete [y v v DS [36-41, 71-73],
Scattering upscattering TMM [74-84]
dark particle-induced v/ete /vy 4 v [85]
upscattering

TABLE I. New physics explanations of the MiniBooNE excess categorized by the origin of the electron-like signature and

underlying mechanism. Notation: v'— the model can naturally explain the feature,

the model. SBL stands for “short-baseline”.

tation of the excess is that of short-baseline neutrino os-
cillation induced by a new sterile neutrino of eV mass.
This hypothesis gained significant traction due to natural
connection between the LSND anomaly and the Mini-
BooNE results, as well as due to other deviations ob-
served in the v, disappearance sector, all of which shar-
ing similar values of L/E. The LSND experiment ob-
served a 3.80 excess of U, in a 7 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 os-
cillations. We discuss the recent developments regarding
this hypothesis below and briefly review some alterna-
tives.

The MicroBooNE detector performed a first few tests
of the single-electron hypothesis using an improved de-
tection method on the same beam as MiniBooNE. The
first analysis aimed to constrain the template of the
MiniBooNE LEE with three independent v, event selec-
tions [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 Mi-
croBooNE data. We review the findings of this search
and comment on important caveats below. In the Mi-
croBooNE’s LArTPC detector, protons can be observed
as tracks, and the signal contributes to either the 1s1t

— the feature poses a strong limitation on

or 150t topologies.? Using a deep-learning-based recon-
struction approach, one analysis searched for the exclu-
sive lelp CCQE channel finding a modest deficit with
respect to predictions [28]. A second analysis searched
for pionless v, scattering using Pandora-based recon-
struction in the exclusive channels 1eNpOm (N>0) and
1e0p0Om [29]. While a mild deficit was observed in the
1eNpOm channel, an excess was present in the 1eOpOm
channel. The latter, however, has a much lower v, pu-
rity due to photon backgrounds, so it is less sensitive
to the single electron hypothesis. The third and highest
statistics search was for inclusive 1eX 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 3.750. Combining all afore-
mentioned channels, except the less-sensitive 1eOpO7 one,
MicroBooNE rejects the fixed LEE v, template at > 97%
C.L. This translates into an upper limit on the v, compo-
sition of the MiniBooNE excess, corresponding to < 51%
at 95% C.L.

Two important caveats to the MicroBooNE model-
agnostic template analysis was that it used a fixed tem-
plate for LEE and that it did not exclude physical mod-
els. The first point, in particular, is critical as the un-
certainties on the template’s shape can be large due to
the significant systematics and correlations present in the

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



MiniBooNE background prediction. In addition, phys-
ical 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 signifi-
cance of the shape uncertainties and the exclusion power
of MicroBooNE in the parameter space of 3+1 oscilla-
tion models were discussed in detail in Ref. [31]. Mi-
croBooNE has subsequently searched for short-baseline
oscillations [86], excluding a considerable part of the ster-
ile neutrino parameter space that can explain the Mini-
BooNE 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 neutrino-argon cross sections [87].

We also briefly comment on other measurements of
ve events at MicroBooNE. In particular, the differen-
tial v, CC cross section on Argon has been measured us-
ing neutrinos from the Booster neutrino beam [88] as
well as from the NuMI beam [89, 90]. These measure-
ments still have large statistical and systematic uncer-
tainties, especially in the NuMI neutrino flux prediction,
which it can be as large as 20% at the lowest energies
(E, < 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 in-
creasing 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 ex-
cess within the 341 model of neutrino oscillations. A
mostly-sterile mass eigenstate with my = 1 eV is intro-
duced, leading to oscillations at L/E ~ 1km/1 GeV,
where L is the baseline of the experiment and F 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, /7, disappearance. An overall deficit
of T, rates at reactor experiments [91], dubbed the reac-
tor antineutrino anomaly (RAA), was observed when in-
corporating the Huber-Miieller reactor antineutrino flux
calculations [92, 93]. Since then, newer calculations of
the reactor antineutrino flux have diluted the statisti-
cal significance of the RAA [94]. New data on the beta

spectrum of 23°U and 23°Pu collected at the Kurchatov
Institute [95] showed that data-driven reactor flux mod-
els based on data from ILL [96-99] were overestimating
the total number of neutrinos [94, 100]. This interpreta-
tion was recently corroborated 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 neu-
trinos were performed by the PROSPECT [102, 103],
STEREO [101, 104, 105], and DANSS [106] experiments,
as well as by the 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 40. 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 en-
ergy resolution. Their analysis brings the significance of
the excess to as low as 2.20, preferring significantly larger
and already-excluded mixing angles.

Another anomaly is the deficit of v, observed in gal-
lium experiments when exposing the detectors to ra-
dioactive sources [111, 112]. This anomaly has been ob-
served in a modern setup by the BEST experiment [113].
These experiments have low sensitivity to the oscilla-
tion frequency (Am?2,) due to poor spatial resolution but
they observe an overall significant deficit in the expected
v, rate. A sterile-driven v, disappearance explana-
tion, however, requires large mixing angles with electron-
neutrinos, around |Ues|? ~ 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; no sat-
isfactory agreement among all data in a 341 oscillation
model was observed [115, 118].

In the muon sector, v, disappearance is not observed
by accelerator experiments [46, 47, 119]. The most sig-
nificant constraint was found by the MINOS/MINOS+
collaboration [19]. Their results, especially their sensi-
tivity to averaged-out, large Am? oscillations, have been
criticized in the literature [23, 120]. 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 ef-
fect is constrained by IceCube [20, 21], which excludes
a significant portion of the sterile neutrino parameter
space around Am? ~ 1 eVZ. In the tau sector, data
and constraints on v, appearance are scarce and come
mostly from atmospheric neutrino experiments. At ac-
celerators, OPERA set direct limits on |U,4|> through
a search for v, — v, appearance [121, 122]. In the fu-
ture, IceCube [123] and KM3NET [124] could improve
on these direct searches. Indirect limits have been ob-
tained with searches for the disappearance of active neu-



trinos via neutral-current interactions. 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 experi-
ment [128], which are sensitive to the |Ug4|? mixing angle.

Light sterile neutrinos are strongly constrained by
cosmology as they would have been thermalized with
the SM bath in the early Universe and count as an
additional relativistic species at Big Bang Nucleosyn-
thesis [18, 129, 130]. Extensions to the minimal 341
model have proposed to reconcile the model with cos-
mology [67, 131-141]. The general idea consists in sup-
pressing 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 the self-
interaction between sterile neutrinos (or between sterile
neutrinos and an ultra-light dark matter background)
creates a large matter potential for the sterile flavor
and suppresses their mixing with light neutrinos at early
times. Other proposals have also been put forward, show-
ing that lowering the reheating temperature to a few
MeV can avoid the thermalization of light sterile neu-
trinos [134, 142].

It is also possible that short-baseline oscillations are in-
duced by more than just one sterile neutrino. In addition
to the even larger number of relativistic degrees of free-
dom 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 3+2 model [23, 144-147].

In conclusion, sterile neutrino models face significant
challenges in explaining global neutrino data and their
existence is also in stark contradiction with standard cos-
mological models. A solution to this conundrum requires
additional new physics in the neutrino sector and/or non-
standard cosmologies. More data from the SBN program
will be essential to test the sterile neutrino interpretation
of MiniBooNE directly by means of measurements of the
Ve spectrum at the different baselines of MicroBooNE,
SBND, and ICARUS [25, 148].

2. Anomalous matter effects

The non-standard interactions (NSI) framework pro-
vides a phenomenological parameterization of deviations
from the ordinary matter potential experienced by neu-
trinos in matter [149]. While NSIs alone cannot gen-
erate new flavor transitions at short baselines, several
works in the literature have studied their impact on ster-
ile neutrino-driven oscillations [150]. NSIs can suppress
oscillations at large energies, where 2E,V > Am?, with
V a new matter potential for neutrinos, relaxing con-
straints 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 ster-
ile neutrinos at IceCube can be lowered. Even though Ice-

Cube is less sensitive to BSM effects at low energies [152],
the authors of Ref. [153] conclude that existing IceCube
data already rules this possibility out. The new mat-
ter potential can be associated with new interactions in
the v, and v; sectors [154], with new interactions be-
tween sterile neutrinos and ordinary matter [155], or in-
teractions between sterile neutrinos and a dark matter
background [156]. The typical values of NSIs required
for the aforementioned scenarios are large, typically big-
ger than a few percent of Gp. 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 [60]. However, this idea requires an un-
realistic local overdensity of cosmic neutrinos. Ref. [61]
also concludes that this scenario is excluded by the dif-
ferent measurements of Am32; across the different energy
scales of T2K, NOVA, MINOS, and atmospheric exper-
iments. Another possibility is that the matter poten-
tial is sourced by ordinary matter, and that it exclu-
sively impacts the new sterile neutrino, referred to as a
quasi-sterile neutrino in Ref. [62]. In this case, stronger-
than-Weak interactions between quasi-sterile neutrinos
and matter particles are required to produce the matter
potential.

8. 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 detec-
tor [64—67]. This decay can proceed through a light scalar
particle, for instance, vy — v;p, with ¢ < 4, which can
also participate in the secret-interaction mechanism that
suppresses v4 production in the early Universe. Typi-
cally, m, + m,, < my such that v4 decays via two-body
decays with a lifetime shorter than the short-baseline
distances. In some models, the scalar particle can de-
cay, ¢ — v;7;, enhancing the final number of neutri-
nos [67]. For Dirac neutrinos, the v4 and ¢ decays may be
into left(right)-handed (anti)neutrinos, in which case it
is referred to as visible or into non-interacting right(left)-
handed (anti)neutrinos, in which case it is called invis-
ible since the new decays are unobservable. The visi-
ble and invisible types of decay can coexist, depending
on the underlying interactions. For Majorana neutrinos,
the daughter neutrinos and antineutrinos are always in-
teracting.

In the case of invisible decays, an explanation for
the short-baseline anomalies still relies on 341 oscilla-
tions. However, depending on the experiment energy



and baseline, the oscillatory behavior can be damped
due to the sterile neutrino decay. Due to the finite life-
time of the sterile state, limits from searches for a sterile-
driven resonance in the earth using v, disappearance at
IceCube [55, 56] 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 341 oscillations is disfavored
with a p-value of 2.5%, and the hypothesis of 3+1 os-
cillations without decay is disfavored with a p-value of
< 1%. The best-fit values prefer larger Am3; values
of O(4 — 10) eV?, as well as large couplings between
the scalar and the sterile neutrino, a, ~ 0.6. A recent
global fit to IceCube and global neutrino data finds that
invisible sterile decays alleviate the tension in the 341
model [159]. Theoretically, these solutions can be eas-
ily incorporated in models of singlet scalars coupled to
the sterile neutrino; however, the coupling constants pre-
ferred by data are large, nearing the non-perturbative
regime.

For visible decays, the signal of v, — wv. appear-
ance can be mimicked by the vy — vp(p — vpUp) de-
cays, where vg is the low-energy neutrino flavor state,
lvp) = Z?zl U |vi). In this case, v, and v. disappear-
ance are proportional to |Ues|? and |U,4|?, respectively,
while the effective appearance signal, if all decays are
sufficiently short, is proportional to |U,4|?. Since both
appearance and disappearance probabilities depend on
the same power of the mixing elements, the global neu-
trino data tension is significantly reduced and could dis-
appear altogether. In the original proposal [64], the vy
decays do not proceed through mixing, but instead from
a dimension-five operator g—Z(ZH Jvre. In that case, ap-
pearance signals can still occur without a corresponding
v, disappearance channel provided Ugy = 0.

If Uy # 0, then vy can be produced in 2B decays
in the Sun. This is strongly constrained when v, de-
cays to active antineutrinos. Therefore, scenarios where
the neutrinos are Majorana or where the scalar is unsta-
ble, ¢ — vpPp, are in tension with solar antineutrino
searches [68]. Dirac neutrinos 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 o, which carries L =
2. If neutrinos are Dirac and the sterile state is almost
degenerate in mass with the scalar, e = ™42 < 1, then
the antineutrinos produced in v4 — Uppy decays are not
observable due to their small energy, below the inverse-
beta-decay threshold. The subsequent decays of ¢ give
two interacting visible neutrinos ¢ — vprp, 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 v, lifetime,
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where o, = gi /4m.  The model, however, still faces
strong limits from cosmology [67].

The decaying-sterile neutrino models discussed above
have not been directly targeted by MicroBooNE, al-
though the null results of the template analyses and the
3+1 oscillations search can already constrain them. The
main difference with respect to the 341 oscillations in
the sterile decay signal is the softening of the energy de-
pendence of the oscillation and the suppression of v, dis-
appearance. This can weaken the constraining power of
the v, sample and wash-out oscillations in the v, ap-
pearance 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 fea-
tures, we encourage a dedicated study of this scenario
to assess the sensitivity of MicroBooNE to the decaying-
sterile neutrino explanations of the MiniBooNE excess.

4. FExotic effects in short-baseline oscillations

a. Wavepacket — decoherence The  authors  of
Ref. [160] pointed out that neutrino-wavepacket deco-
herence could help explain the lack of U.-disappearance
in reactor experiments in 341 oscillation models. The
global fit to short-baseline data in Ref. [159] showed
that the 4.90 internal tension of short-baseline data is
reduced to 3.60 when including effects due to the finite
size of the neutrino wavepacket. The best-fit result for
the size of the wavepacket in that analysis is o, ~ 67 fm,
much smaller than the naive expectation of typical inter-
atomic distance or the inverse of the detector energy
resolution [161]. For comparison, theoretical estimates
of the beta-decay-induced antineutrino wavepacket
size [162] find o, < 10 — 100 pm (see also [163, 164]).
For such proposals to be successful, quantum-mechanical
decoherence should be more significant than classical
averaging from detector resolution.

b. Energy-dependent mixing angles It has been ar-
gued that the possibility of having energy-dependent
mixing angles and masses can alleviate the tension be-
tween appearance and disappearance experiments in 341
oscillation models [165, 166]. As shown in Ref. [166],
renormalization group evolution can modify disappear-
ance constraints on the square of mixing elements by
factors of O(2 — 3) because their energy scales are sig-
nificantly different from those of LSND and MiniBooNE.
The running of the mixing angles also modifies the oscil-
lation at MiniBooNE since the energy scale of detection
(E ~ 3 GeV) is larger than that of production (E ~ mg).
Reactors and solar neutrinos constrain |Ue4| at energies
of O(10) MeV or less, leaving room for this parameter to
run. MINOS/MINOS+ and IceCube, however, are sensi-
tive 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 MicroBooNE
would not be significantly impacted, although the oscil-



lation maximum at the other SBN detectors could be
somewhat modified due to the different baselines. The
benchmark model proposed in Ref. [166] closely resem-
bles the particle content we discuss in Section I'V but does
not require any couplings between the new dark particles
and the SM other than to neutrinos themselves.

c. Space-time modifications Altered neutrino dis-
persion 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 neu-
trinos larger than that of sterile ones [167-171]. In some
cases, the modified dispersion relations lead to resonances
in the neutrino flavor evolution. Another realization of
such scenarios is through Lorentz violation, parameter-
ized in the SM Extension effective theory, which can
modify neutrino flavor evolution via Lorentz-violating
higher-dimensional operators suppressed by powers of
1/Mpianck [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].

B. Single photons

Single photons are an important background in Mini-
BooNE at low energies. The dominant sources of
these events come from misidentified 7° decays and
A(1232) radiative decays [176]. Well-reconstructed two-
ring events measured by MiniBooNE constrain the 7°
rate. Recent work has raised the possibility that the
finite MC statistics in the simulation can skew this data-
driven estimate [8], lowering the significance of the excess
by less than a single . While the A(1232) production
cross section is also constrained by the 7° sample, largely
made up of resonant events, the radiative branching ra-
tio A(1232) — N~ (N = n,p) of resonance 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, vp — A,
and has recently been directly tested by the MicroBooNE
experiment. Good agreement with MiniBooNE’s esti-
mates 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 nec-
essarily exclude other new physics scenarios that invoke
single photons. In particular, the MicroBooNE analysis
was not sufficiently sensitive to single photons not accom-
panied by a hadronic vertex (e.g., coherent emission) due
to the significantly larger backgrounds in the 1v0p selec-
tion. Single photons can also contribute to the exclusive
1e0p0m channel of the MicroBooNE v, search, where, no-
tably, an excess is already observed [29] In view of that,
we proceed to discuss new-physics sources of single pho-
tons.

1. Upscattering via transition magnetic moments

Neutrinos interactions with the material inside or out-
side the MiniBooNE detector can produce short-lived
heavy neutral leptons (HNLs) that subsequently decay
visibly inside the fiducial volume. This scenario is re-
ferred 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]. The low-
energy Lagrangian is given by

Z5 %vaaM”NRFW + he, 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 — vv. 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 uf. as small
as O(10~%up), which corresponds to ul: ~ (1 PeV)~L.
The muon index indicates that muon neutrinos and an-
tineutrinos, which dominate the flux at MiniBooNE, ini-
tiate the upscattering process. In what follows, we drop
the flavor index and assume g, = pf,.

In this model, the upscattering cross section and de-
cay 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 eTe™ pair. The total
decay rates for a Dirac HNL are given by [177],

2m3
-y = b 3)

o\ Mty 2 mn
PNt = 15;2' mj; {2 log <W> - 3} . (4

where we neglected terms of O(m?/m3%;) in the dilep-
ton rate. The dilepton mode, while subdominant, pro-
vides an alternative signature that may be searched for
in KT,7% — {tN — (Tvete™ or at low-density neu-
trino detectors such as ND280 [177]. A detailed fit to
the MiniBooNE excess was performed in [83], suggesting
to explain both the energy and the angular spectrum of
the LEE, the HNL should be as massive as 400 MeV.
Ref. [83] also derived constraints on the model from the
MINERvVA neutrino-electron scattering sideband data.
While MINERvVA 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 spec-
trum reject most of the signal events.

Several future experiments can probe the TMM sce-
nario, including dark matter direct detection experi-
ments [178], coherent elastic neutrinos-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].



New physics in scattering
Topology Model Diagram Signal ‘ References
single ~ neutrino upscattering N — vy [74, 75, 81]
neutrino-induced .
inverse-Primakoff T A= ~A [84]
scattering v i
+ —
neutrino upscattering N —ve'e [36, 37, 71, 72]
on-shell N Section IV
ete”
o , + -
neutrino-induced Z" —e'e not studied
bremsstrahlung off-shell N
Vi Yin
neutrino-induced ot + -
Primakoff scattering ---S--< S—ete [40]
-
neutrino-induced V”—'/S o .
inverse-Primakoff ' ¢ 7' —ete” not studied
scattering 7z =
Yy VYinv
neutrino-induced v .
P
v Primakoff scattering ---S-(i S=7y not studied
7
y

TABLE II. New particle production in neutrino-nucleus scattering with electromagnetic final states.

The scale of new physics behind the dimension-5 oper-
ator above is model-dependent, but a naive estimate for
a TMM induced at the one-loop level can be found using

L yy'eQy my My
Htr = 87T2 M[ij |}Og< m?c ) ] ’ (5)
where @)y and my 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. Ref. [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 =2 1 TeV for y = ¢ = 2 and pg ~
1 PeV!.

In general, the UV completion of Eq. (2) would also
generate large mass terms, mpv; Ny [187-191], and con-
sequently, large mixing between active and heavy neu-

trinos. This is undesirable for two reasons: i) neutrinos
masses generated by the seesaw mechanism would be too
large, ii) the mixing between active and heavy neutri-
nos would be too large. While point number 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 decay-in-flight and meson peak searches for HNLs.
Schematically, for f = b, we get

Her MIQJV N3><10_3< Htr )(MUV>
2 eQfmn 1PeV—t ) \1TeV )’
(6)
which is prohibitively large. As a result, such models re-
quire some fine-tuning to avoid constraints on the mixing
angles.
Finally, we note that such transition magnetic mo-
ments can also exist between different generations of

U(xN ~




HNLs [180, 192]. For instance,

2 > N 0" NgFy, + he., (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 — N4 For instance, for my = 10 MeV and
pir ~ (5 PeV)~L, the event rate at MiniBooNE is suf-
ficiently large for pxn: ~ (500 TeV)~!, provided N’ is
light enough. Small mass splittings between N and N’
can also help ameliorate tensions with the MiniBooNE
angular distribution in this case. This is particularly in-
teresting 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 Equa-
tions (2) and (7).

We end this section by noting that HNLs coupled to
the SM via mixing as well as via small TMMs can be
long-lived and be produced in charged meson decays,
m, K — ¢N. In this case, the HNL propagates from
the target to the detector, to then decay in flight via
N — vy [69]. 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 mod-

els where the dominant branching ratio of the HNL is into
ete™ [70].

2. Neutrino-induced inverse-Primakoff scattering

We now turn to another possibility for producing
single-photon signatures: neutrino-induced inverse Pri-
makoff scattering (IPS). In this scenario, the neutrino
scatters on a nucleus through a virtual scalar particle
that undergoes inverse Primakoff scattering, ¢* A — A,
with A a nuclear target. The scalar may couple to pho-
tons 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 fi-
nal state or if a dark photon decays to an eTe™ 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, vwF),, F*
and ﬁz/F,wﬁ‘“’. The scenario we discuss 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 medi-
ator of a new U(1)p gauge symmetry. The low-energy
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Lagrangian reads,

1 € 1
LD =X, XMW ——F, X" — ~0,p0" 8
VRt 2y " g CuPa¥ ®
o Cyy uv ey X 1z XX 5%
- — | 22F,, v+ 2R X 4 X, X"
8m (f’y'y a f'yX a fXX .

where A = 0,4, — 0,A, for A =X, F, with X, the
U (1) p mediator before diagonalization of the kinetic and
mass terms. The scales f,,/cyy and fyx/c,x are con-
strained by direct searches for new charged particles of
by the coupling of ¢ with SM particles. If the operators
above are generated by charged particles with no U(1)p
charge, we expect c,x o € and cxx €2, upon diago-
nalization 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)p-invariant model, but a direct
coupling to a sterile neutrino v; is less constrained. This
sterile state vy mixes with SM neutrinos, and in terms of
the mass eigenstates, |vg) = Z?Zl Uz |v;). Having this
in mind, we can consider

&L D e Pry; + hee., (9)

where all couplings ¢/ are proportional to UZUs;. For
concreteness, we assume neutrinos to be Dirac.

We estimate the cross-section for the vA — vyA pro-
cess using the equivalent photon approximation. In the
limit of large m,,, we find

dUVA—)l/'yA ~ a3Z2 |C’Y’Y|2i|cl/|2
dQ2ds G4(4m)* 12, Q° m?

F@)?, (10)

where Q2 is the momentum exchange with the nucleus,
8 = (k + k,)? is the center-of-mass energy of the pro-
jectile neutrino and the semi-real photon, and F(Q?) is
the nuclear electromagnetic form factor. The cross sec-
tion favors large center-of-mass energies thanks to the
higher-dimension nature of the interaction and, there-
fore, produces high-energy photons, in contrast with the
low-energy nature of the MiniBooNE excess. It is also
suppressed by large powers of o and phase-space factors.
This is expected since the full process is a one-loop three-
body scattering.

It is easy to see that for typical values of allowed cou-
plings 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 polarizabil-
ity operators of order c¢,|cy|/fyy < 3 x 1073 GeV L.
Clearly, f, is tied to the GeV scale for allowed couplings
of ¢, of O(1073), and, therefore, requires new large cou-
plings to charged particles below the EW scale, which
is highly constrained by direct searches. The situation
is much worse in Majoron models where ¢, is propor-
tional 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 pho-
tons that are too high energy, ii) requires decay constants
f~~ significantly below the EW scale, signaling a theoreti-
cal inconsistency for the couplings required to explain the
LEE.

Finally, we mention that IPS can also be initiated by
dark particles in the beam. Ref. [85] considered the pro-
duction of long-lived scalar particles in charged meson
decays, m, K — fvyp, followed by the IPS of ¢ on nuclei
inside the detector. In this case, the scalar particle inter-
acted with matter through a virtual dark photon through
the cyx operator to produce a single photon.

C. Electron-positron pairs

Another explanation of the excess is an anomalous
source of eTe~ inside the MiniBooNE detector. The LEE
signal is mimicked if the pairs overlap or are highly asym-
metric in energy, so only a single electromagnetic shower
is resolved [37]. The ete™ explanation of the LEE is
unique in that it constitutes both a photon-like (overlap-
ping pairs) and electron-like (energy asymmetric pairs)
signal. Neutrino interactions in MiniBooNE rarely pro-
duce ete™ 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® — ete~+ with a branching ra-
tio of ~ 1.2%. We are not aware 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 ete™ arise naturally in mod-
els 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 inter-
actions of muon-neutrinos and antineutrinos with nuclei
in the detector and subsequently decay to ete™. We
will discuss a few examples based on neutrino upscatter-
ing to HNLs, neutrino-induced Primakoff scattering, and
bremsstrahlung processes.

No dedicated experimental search for an eTe™ ori-
gin of the LEE has been carried out to date, although
several constraints have been derived in phenomenolog-
ical works. The most constraining data comes from the
photon-like sideband of the neutrino-electron scattering
measurement of MINERvA [193-195], which has been
used to place limits on dark neutrinos and transition
magnetic moments in Refs. [83, 196]. Another impor-
tant limit comes from the HNL search with eTe™ final
states in the gaseous Argon TPCs of ND280 [197], the
off-axis near detector of T2K. Ref. [198] has placed limits
on dark neutrinos using this dataset using kernel density
estimators to calculate the signal prediction across the
model parameter space. No dedicated search has been
performed yet in the SBN LAr program.
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1. Neutrino-induced boson fusion

As another possibility for producing new particles by
neutrino-nucleus scattering inside MiniBooNE, we dis-
cuss the neutrino-induced vector boson fusion (VBF) re-
actions. Like the IPS process discussed in Section 111 B 2,
this is a 2 — 3 scattering mediated by light particles.
The dark photon interactions in Equation (8) and the
neutrino-scalar interaction of Equation (9) could lead to
the on-shell production of the scalar particle ¢ or of the
dark photon Z’, which subsequently decay to eTe~. The
topology of the three-body process need not arise from
the higher-dimensional operators in IPS. When consider-
ing 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 parameter 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? m3,
4 53Q)2

dUUA%l/Z’A
dQ2ds

~ |e,[*ap IF@)?,  (11)
where Q2 is the momentum exchange with the nucleus,
5 = 2ky - k4 is the center-of-mass energy of the projectile
neutrino and the semi-real photon, and F(Q?) is the nu-
clear electromagnetic form factor. Contrary to Eq. (10),
dark photon production prefers low energy exchange and,
therefore, 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 cou-
pling to the dark photon is proportional to gzDvW where
v, is the dark scalar vacuum expectation value.

It is easy to see that for allowed parameters, this cross
section can be as large as a few percent of the total neu-
trino 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 Section IIT B 1, we discussed the production of HNLs
through a transition magnetic moment. Now, we will fo-
cus 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 consis-
tent low-energy extensions of the SM. The first proposals
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’ the dark photon, and
N an HNL. As indicated, the dark photon may be pro-
duced 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 [38, 39],
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 predom-
inantly helicity-flipping, leading to less forward produc-
tion of the HNL. This can lead to much better agreement
with the angular distribution at MiniBooNE.

The HNL models that can give the upscattering sig-
nature in Eq. (12) typically require multiple states for
anomaly cancellation and neutrino mass generation. This
was explored in Refs. [71, 72] that generalized the dark
neutrino signature to a cascade of decays in the dark sec-
tor,

VA — (N; = N; Z'™) — 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 34+n models, where n stands for the number of
HNLSs considered. In Section IV, we study 341 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+2 models can be much faster
than in 341 models as it does not involve the coupling
of the dark photon to light neutrinos.

The UV completions of dark neutrino sectors with dark
Abelian gauge symmetry U(1)p can be separated ac-
cording 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. [199], a new
scalar SU(2), doublet charged under the U(1)p, Hp, re-
alizes the inverse seesaw mechanism in the neutral lepton
sector with a vector-like dark neutrino, vp. The dark
neutrino portal is then given by the Yukawa coupling
between active and dark neutrinos, LHpvp. Another
possibility studied by Refs. [71, 72] was to consider an
SU(2) -singlet complex scalar ® as well as a singlet ster-
ile 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, Vxvp®,
while the latter couples to active neutrinos via the usual
neutrino portal, LHvy. Alternatively, when the ster-
ile neutrino is heavy, one may integrate it out to find
the higher-dimensional portal coupling My (LH)(vp®),
where M is the mass of the sterile neutrino.

The new gauge boson X, interacts with the SM par-
ticles via kinetic mixing with the SM hypercharge boson
B,,. The dark photon mass may be generated by the
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FIG. 2. The dark neutrino upscattering signature at Mini-
BooNE for 3+1 models (Ns — vete™) and 342 models
(N5 — N4e+ef). As an example, we show a scattering in-
side the detector for 3+2 and in the dirt upstream of the
detector for 3+1.

Stueckelberg or Higgs mechanisms. The latter implies
the existence of new scalar particles, such as a single dark
Higgs field, ®, charged under U(1)p. 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. [72],
which can accommodate the simpler phenomenological
model used in Section IV. The Lagrangian is given by,

1
LD — —XMX,, — ——X,,B" + (D,®) (D)
4 2CW
— V(®,H) + vNifvn + vpiPvp

- .1 '
— (LH)YVJCV + §VNMNV§’V +EDMXVD

+ W(YLI/BLCD + YRVDR(I)*) + h.c.
(14)

where: H = iooH*, D,,® = 0, — igpX,, and gp is the
coupling constant of the new force. The neutral lepton
sector contains a number d of vector-like dark neutrinos
vp = Vp, +Vp, and n sterile states v. Upon diagonal-
ization 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 in-
stance, the model of Eq. (14) offers a viable solution to
the (g — 2), anomaly [200]. Kinetic mixing can explain
the deviation from the Standard Model [201], but this
solution is already excluded if the dark photon decays



predominantly to eTe™ or fully invisibly. In the invisi-
ble case, BaBar [202] and NA64 [203] exclude the region
of preference. However, if the dark photon can decay
to several short-lived HNLs, as in dark neutrino models,
it becomes a semi-visible particle. That is, it decays to
both visible and invisible particles, such as in the reac-
tion Z' — (N; = Njete™)(Nj, — Niete™), relaxing the
constraints above [204, 205]. A simultaneous explanation
of the MiniBooNE and (g — 2),, anomalies is possible in
3+n models with n > 1 and requires ~ 1 GeV, dark pho-
tons. Another important connection is to kaon decays,
where HNLs can produce multi-lepton signatures, such
as K — (*(N; — Njete™) [71]. For on-shell dark pho-
tons, this decay cascade represents a double bump hunt,
where (pr—pe)? = M?Vi and (pe+ +pe- )% = mz . Finally,
similarly to the transition magnetic moment case, large-
volume experiments can target the double-bang feature
of the upscattering signal [80, 181-184].

3. Dark bremsstrahlung

Neutrinos can also bremsstrahlung dark photons or
scalars upon scattering with nuclei. These light bosons
can then subsequently decay to eTe™. 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 pro-
duce collimated eTe™ pairs to be misreconstructed as
single electron events. Ref. [206] 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 gpUJ,,Up;. We can obtain a naive esti-
mate 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 ap S
— ~ —1 — 15
Tups 4r 8 (m%) ’ (15)

which is typically smaller than the upscattering cross sec-
tions used in Section IITC2. Nevertheless, when ap is
large and myzs is much lighter than 100 MeV, the emis-
sion rate could still be large enough to match the number
of events of the LEE. The emission cross section is also
peaked in the forward direction, indicating that it may
be challenging to reconcile this model with the angular
distribution of the MiniBooNE LEE.
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D. Photon pairs

A less explored option is to have dark particles pro-
duced 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 ap-
pears as an electron-like event at MiniBooNE. This can
happen if a scalar boson is produced in the dirt or de-
tector and undergoes ¢ — 7 inside the fiducial volume.
The production of the boson can take place either via
upscattering, replacing the dark photon of Section IT1 C 2
for a scalar, or via IPS and VBF processes with the pro-
duction of an on-shell scalar particle. In all cases, the
scalar decay proceeds via the non-renormalizable inter-
action between ¢ and the two photons in Eq. (8), giving

o? |Cw|2mi
F‘P*)"/’Y = 25671'3 T (]‘6)
Y

1 mey  \3 (100 GeV”

5 cm (200 MeV) (f.w/|c.y.y|) '

For the relatively large scalar mass of 200 MeV, the de-
cay constant cannot be significantly larger than 100 GeV,
as otherwise direct constraints from beam dumps be-
come prohibitively strong [208]. This, in turn, implies
the need for a relatively low-scale UV completion of the
two-photon operator, adding further strain on this inter-
pretation.

In the case of upscattering, the same scalar boson may
mediate the upscattering process. The HNL produced
would decay via Ny — vp(¢ — 7). The scalar should
be produced on-shell; otherwise, the HNL decay rate will
be too small. In that case, the HNL decay can be re-
garded 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, lead-
ing to a genuine single photon signal. This upscattering
scenario was explored in Ref. [39] and was linked to the
(9 — 2),, anomaly as well; however, in this case, the con-
tribution to the anomalous magnetic moment took place
through the Barr-Zee diagram, connecting the decay rate
of the ¢ — 7 to the (g — 2), anomaly.

Another possibility to produce v pairs in MiniBooNE
is through the decay of dark particles into neutral pi-
ons. One minimal example would a HNL produced via
upscattering through a dark boson with axial-vector cou-
plings 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 — v7® decays. This sce-
nario requires the 7° to have significantly different kine-
matics from the SM 7° production in order to reproduce
the excess, as otherwise it is normalized away by the in-
situ 70 constraint. We leave a detailed study of these
two-photon scenarios to future literature.




Number of HNLs |Parent HNL ms34.,, | Mass splitting A | Mediator m |Vin |2 € Dval Dval Dval
— fit fixed fixed fit fixed |v mode|7 mode|combined
n=1 80 MeV - 30 MeV 9.0 x 10718 x 107*| 34% | 6.2% 0.8%
n=1 18 MeV - 200 MeV | 6.4x107%[8x 1074 30% | 12% 2.0%
n=2 615 MeV 0.3 100 MeV  |1.1x107%|8x107*| 57% | 10% 14%
n=2 740 MeV 0.5 500 MeV | 1.5x 10748 x 1074| 31% | 10% 11%
n=2 601 MeV 1.0 1.25 GeV  [1.3x1072 (8 x107%| 29% | 4.6% 5.5%
n=2 300 MeV 3.0 1.25 GeV  [1.9x107* (|8 x107*| 28% | 4.6% 1.9%
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TABLE III. Best-fit values to the ESCRPT¢ gpectrum at MiniBooNE for the combined fit to » and 7 modes in Figs. 3 and 7.
The number of degrees of freedom for the x? probability pya is 6.8, 6.9, and 15.6 v mode, 7 mode, and the combination,

respectively. [207].

IV. DARK NEUTRINO MINIBOONE FIT

Having surveyed the MiniBooNE explanations, we now
turn to the specific case of dark neutrinos introduced in
Section III. This class of models is largely unexplored
experimentally, can be embedded in self-consistent low-
energy extensions of the SM, and does not contradict cos-
mological 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 signa-
ture at MiniBooNE is shown in Fig. 2. 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 un-
derlying model. Our study covers a similar physics to the
one proposed in scalar-mediator and similar models [38—
42, 73].

A. Phenomenological model

We introduce a minimal phenomenological model to
describe HNL production and decay via new dark pho-
ton interactions. The interactions and particle content
we introduce are based on a seesaw extension of the SM
with a new U(1)p gauge symmetry. Examples of UV
completions can be found in Refs. [71, 72, 199].

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 diagonal-
ization of the kinetic and mass terms, the dark photon
interactions can be written as

2

Mz 9 u

m% 2cw jNC) ’
(17)

ﬁnh o let (ngg - egj}gM —etw

where it is assumed that m%, < m%. The dark cur-
rent J can be expressed in general terms based on the

neutral lepton mass states,

3+n
j“ = g V;le/ii’yuij

,j=1

(18)

where n is the total number of heavy neutrino mass
states, Vi; = >, QP U}, 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 (antineutri-
nos), and U is the neutrino mixing matrix. We adopt a
similar notation to Ref. [198], extending it to models with
two heavy neutrinos. For convenience, we define the dark
photon couplings between the low-energy flavor neutrino
state, |Uq) = Z?Zl |vi), and the upscattered HNLs Ny
with h = 4,5. In 342 models, assuming unitarity,

UaaUF UasUF
Van = Upn 470 ¥ 05
V1= Zs(IUsal? + [Ussl?)

(19)

where «, 8 € {e, 1, 7}. The equivalent expression for 341
models can be recovered by setting all mixing elements
U,s 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 |Uus| = |Uys| and |[Ups| = |Ups|.
In our simulations we set |Up4| and |Ups| are taken
as 1/4/2, neglecting the small correction from dark-light
mixing angles, |Up4|? +|Ups|? = 1 _2?21 |Upi|?. In this
way, |V,4(s)| can be used as a proxy for the parameter
|Upa(s)], which is directly constrained by several model-
independent HNL limits. Finally, we also define the cou-
pling of HNLs to all light neutrinos, collectively denoted
by v,

3 T
[Ven|? EZ|Vhi|2 ~ |UDh|QZ\Ua4\2- (20)
i=1 a=e

In 342 models, there must also be two dark flavors, in
which case we assume they mix equally with light neu-
trinos.
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v+ fit | 3+1 model | e2ap|Upa|! =5 x 1078 | |Ura| = 40 x |Upa|
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The MiniBooNE ESYQF7re hegt fit regions in the |Vy4|? and ma4 plane for the 34+1 model. On the left, we set

|[Urs| = 0, and on the right |Ur;4| = 40|Uu4|. Each color represents a given fixed value of myzs, and the different shading
corresponds to the 1o, 20, and 30 CL regions (2 d.o.f.). Model-independent limits on heavy neutrinos exclude the shadowed
region [209]. Other constraints from neutrino scattering and meson decays are not shown.

We will vary the kinetic mixing parameter, ¢, as well
as the masses my, ms, and mz.. In the 3+2 model, it
will be convenient to define the mass splitting parameter,

ms — My

A= (21)

my
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 na-
ture. This leads to less energetic and less-forward eTe™
pairs than in the Majorana case.

For large mass splitting in the 342 model, the par-
ent HNL can decay invisibly via N5 — NyNyN4(v;) de-
cays. While this channel is forbidden for A < 2(1), it
can also be suppressed by the dark photon coupling ma-
trix, V;;. To thoroughly explore the parameter space of
the 3+2 model, we make the assumption that |Vy;| <
[Vaal, |Vss| < eg, for i < 4, allowing us to consider ar-
bitrarily large A values without worrying about the in-
visible decays of N5. This assumption may seem strong
at first, but it can be thought of as the result of a con-
served C-symmetry in the dark sector, as discussed in
detail in Ref. [205]. Light neutrinos (C = —1) and Ny
(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 transitions between N5 and the lighter neutral
leptons, but not between v; and Ny. 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 via N5 — Ny£t4~

and N5 — Nymtm~, even for values of A > 2, where
ms > 3my.

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

2

s gt = ap|Veul? m} 1 m%, 1_1_ m%,
amry 4 m, m3 2 m2 )
(22)

2 2 2
ag 4dm 2m

Uz pre- = — Mz 1-—t <1 + 28)

m%, m%,

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?|Vig|* m
TNiosvete- = 487‘T Zhr(mimy)  (29)
Z/
2 2 .5
aape?|Vsqa? m
PNomNaetes = fgr put F (/)
Z/

where L(r) = (2~ § — 4 — (1~ 2)log 1) and

F(z) =14 22 — 82% + 182 — 182° + 828 — 227 — 28 +
2423(1 — x + 22) log(z). In both cases, we neglect the
charged lepton masses. In the second rate, we neglected
higher order terms in my4/myz/. Note that for small A
values (large my4/ms), neglecting the lepton masses is a
bad approximation, and the full width should be calcu-
lated. In our analysis, we use the full decay rate provided
in DarkNews, including Z’ and SM Z/W bosons contri-
butions.



v—mode | 341-model best-fit (on-shell Z’)

31 EEE Coherent (402 events)
1 Proton-Elastic (96 events)
- 61 1 Backgrounds
[}
=
~
£ 41
5}
>
€3]
2 4
O T T T T

0.2 0.4 0.6 0.8 1.0 1.2 1.4
ESCQE—reco/GeV

v—mode | 3+1-model best-fit (on-shell Z’)

L5 EEE Coherent (142 events)
[ Proton-Elastic (35 events)
1 Backgrounds

1.0 1

L

0.5 1 :

4%553:

0.0 T T T T T T
0.2 0.4 0.6 0.8 1.0 1.2 1.4

ECCQEfreco/GeV

Events/MeV

FIG. 4. The reconstructed neutrino energy ESCRE7rec0 4t
MiniBooNE for the FHC (v) mode (upper panel) and the
RHC (7) mode (lower panel). The prediction of the best-fit
point in the 341-model (|V,.4|*> = 4.8 x 1077, m4 = 20 MeV,
mz = 30 MeV) is shown as a solid blue histogram, sepa-
rated into events from coherent neutrino-nucleus scattering
and proton-elastic neutrino scattering.

B. DarkNews simulation

We use DarkNews [43] to simulate the production of
heavy neutrinos by neutrino upscattering in the dirt and
inside the MiniBooNE and SBN detectors. The Mini-
BooNE detector is modeled as a sphere of 6.1 m radius,
filled with CHy. The dirt is modeled as a truncated
cone of uniform density filled with SiO5. 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 Mini-
BooNE 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 [210], and
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v +7 fit | 3+1 model | e2ap|Ups|* =5 x 1078 | mz = 30 MeV
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FIG. 5. Same as Fig. 3 showing only the case where

mz = 30 MeV and |Ur4] = 0. 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).

simulate events using the v, and ¥, components of the
beam for both modes. The FHC (RHC) data corresponds
to 18.75(11.27) x 10%° POT.

We calculate the probability of decay inside the Mini-
BooNE fiducial volume for every heavy neutrino pro-
duced 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 recon-
struction 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 a o equals to
0.12 x y/Etrue 4+ 0.01 GeV [211].

Our event selection is detailed in Appendix A. To
mimic the LEE signature, the ete™ must be recon-
structed as a single shower. Overlapping and asymmetric
events are interpreted as single showers with a “visible”
four-momentum p.+ + p.—. We adopt the same criterion
for overlapping and energy-asymmetry as the 7° study
of Ref. [8]. With the visible energy Ey;s of the misrecon-
structed single shower and its angle 0},c., With respect to
the neutrino beam, we can calculate ESCQE_“’CO, defined
as the reconstructed neutrino energy under the hypoth-
esis of CCQE scattering,

12mpEyis — (m2 +m?2 —m?)

ECCQE—reco _ B P 24
Y 2 my — Eyis + Pyis €08 Opeam ( )

where my,, m,, m. stand for the proton, neutron, and
electron mass, and pyis = s — m2. As a last step,
we multiply our final efficiencies by the official single-
photon reconstruction efficiency taken from [207], shown
in Fig. 12. This includes the fiducialization of events, re-
quiring R < 500 cm, with a 55% efficiency. Since we have
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FIG. 6. The MiniBooNE EZ¢QE-reco hest fit regions in
the ma4 and myz/ plane for the 34+1 model without (upper)
and with (lower) mixing between N4 and tau neutrinos. The
different regions show the lo, 20, and 30 best-fit regions.
The coupling |Uya|? is profiled over with an upper bound of
|Upal* < 107 (left) and |Uus|*> < 107%/40% (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,
erd < 10 cm, and a region where dirt events and displaced
vertices are expected, ¢ty > 10 cm, where cry is the HNL
proper lifetime.

already performed the fiducialization in our own simula-
tion, we divide the official efficiencies by this number.

A few examples of our reconstruction efficiencies are
shown in Figs. 16 and 17 for different values of the par-
ent HNL and dark photon masses in the 34+1 and 3+2
models. These include only reconstruction effects but no
geometrical acceptance. The transition between on and
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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 sep-
aration angles between the eTe™ pairs for less energetic
dark photons.

We also show the total number of ete™ pairs expected
at the SBN detectors. For that, we use the DarkNews im-
plementation of the MicroBooNE, SBND, and ICARUS
detectors and the corresponding dirt volumes upstream.
Our projections for 6.8 x 10%° POT at MicroBooNE and
15.6 x 10%° POT at SBND and ICARUS [212].

C. Statistical procedure

We calculate the MiniBooNE Y2 based on the distri-
bution of ESCQE-reco yiging the covariance matrices pro-
vided by the MiniBooNE collaboration in [176]. The x?
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 x? in the v and ¥ mode, 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,4 in the 341 model and U,4s = Ups in
the 342 model. This allows us to show the mass param-
eters 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. [207], when quoting
the x? probability pya 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 independent fit parameters, typically
[Viay50? and myys.

In more detail, we vary m4 and my, for the 3+1 model,
while in the 342 one we vary ms and A = (ms—my)/my
while fixing mz, or vary ms and my, while fixing my4. In
both cases, we profiled over a mixing parameter, setting
a maximum value of 1072 for |U,,4| (3+1) or for |U,4| and
|Uus| (3+2). For the remaining parameters, we use the
following default values: gp = 2, Ups = Upy = 1/V/2,
and e = 8x107% (¢ = 1072) for 3+1 (342). With our as-
sumptions, the couplings of the dark photon to the HNLs
always appear in the combination a2 |Up4|*c?. There-
fore, for different values of each one of these parameters,
as long as |Upy4| = |Ups|, the best-fit regions can be triv-
ially rescaled.

D. Results
1. 8+1 scenario

Fig. 3 shows the regions of preference in the combined
v and 7 mode MiniBooNE fit for different values of my
and |V,4|2. Both plots set e?ap|Ups|* = 5 x 1078 in
our benchmark parameters. On the left panel, |U,4| = 0,
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FIG. 7. The MiniBooNE ESCRE= e hest_fit regions in the |V,5|? 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 mz/, and the different
shading corresponds to the 1o, 20, and 30 CL regions (2 d.o.f.). Model-independent limits on heavy neutrinos exclude the
shadowed region [209]. Other constraints from neutrino scattering and meson decays are not shown.

while in the right panel, |Ur4| = 40|U,.4|. The latter helps
decrease the HNL lifetime as the coupling |V;4|? that con-
trols the decay rate is now larger than V ,,,4/?, which
controls the upscattering cross section. Where a discon-
tinuity is present, it can be attributed to the change of
on-shell to off-shell dark photon regimes.

High values of my4 need higher couplings to produce
enough events due to the high threshold for HNL pro-
duction. On the other hand, when m4 < mz: and the
dark photon is off-shell in the HNL decay, large cou-
plings 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 detec-
tor. This regime typically produces less energetic ete™
pairs than the prompt-decay regime, as the probability
of decay inside the MiniBooNE tank is larger for slower

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

Figure 5 shows the same regions of preference of the
left panel of Fig. 3, but exclusively for mz = 30 MeV. It
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 cor-
respond to the parameters where 102 eTe™ pairs would
be produced inside the fiducial volume of each detector,
considering upscattering in the upstream dirt and inside
the detector. This number is presented without any re-
construction 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.

The best fit of the 3+1 model for |U,4| = 0 is given by
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FIG. 8. Same as Fig. 7 but for mz = 30 MeV (upper) and

mz = 200 MeV (lower). The mass splitting has been fixed
to A = 1. 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).

Vel = 4.8 x 1077, mg = 20 MeV, and mz = 30 MeV.
We show the prediction for the reconstructed neutrino
energy spectrum for this best fit in Fig. 4 for neutrino
and antineutrino modes. Most events come from coher-
ent scattering on nuclei, although proton-elastic interac-
tions 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
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FIG. 9. The reconstructed neutrino energy ESCRETrec0 4t
MiniBooNE for v mode (upper panel) and 7 mode (lower
panel). The prediction of the best-fit point in the 3-+2-model
(mz =100 MeV, ms = 615 MeV, A = 0.3, |Vya|? = |Vus|*> =
11x107°% e =8x 1074) is shown as solid blue histograms,
separated into events from coherent neutrino-nucleus scatter-
ing and proton-elastic neutrino scattering.

the two provides an overall smaller y? probability. Since
the excess in neutrino mode is more significant, this mode
drives the fit and leads to an overprediction for the num-
ber 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 20 tension with
the combination of the neutrino and antineutrino excess.

Finally, we emphasize that the reconstructed neutrino
energy fit has a subleading dependence on the angular
distribution and cannot adequately quantify the agree-
ment with the MiniBooNE angular spectrum. A quan-
titative estimate of this tension, taking into account the
correlations between angular bins, is not possible out-
side the collaboration. Nevertheless, in 3+1 models, we
find that virtually all points predict no events in the
cos® < 0.9 region. This is due to two main effects: 1)
for off-shell dark photons, the signal is dominated by dirt
production of HNL, so the geometrical acceptance of the
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ery > 10 cm, where ¢ry is the HNL proper lifetime.

detector biases the angular spectrum to be more forward,
and i) 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 production due to the low mo-
mentum exchange with the nucleus. 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. 6. 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 my4 versus my/. The parame-
ter |U,4| is profiled over with a hard upper bound of
|Ual*> < 107%. The plot on the right includes one ex-
tra mixing, |U;4|, which is set to 40 x |U,4|. In this
case, the upper bound is set on the tau mixing param-
eter, |Ur4]? < 1074, explaining why the long-lived re-
gion is significantly smaller than in the previous case.
The plots are divided in two: a short-lived HNL region
(er$ < 10 c¢m) shown in shades of blue and a long-lived
HNL region (cr% > 10 cm) shown in shades of beige,
where ¢7% as 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. 342 scenario

Similarly to the 341 scenario, we show the resulting
regions of preference in the coupling |V,5/? versus mass
ms plane in Fig. 7. Each panel corresponds to a fixed
value of A = mz/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 different fixed values of mz,, 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 Nj 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 long lifetime of N5, which is typically produced
in the dirt and decays more often inside MiniBooNE for
larger ms due to the steep dependence of the decay rate,
I' o« m3. 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 lo and 20 closed
regions.

In Fig. 9, we can see the distribution of the recon-

structed neutrino energy of the best-fit point in the
3+2 model, namely mz = 100 MeV, ms = 615 MeV,
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The different regions show the 1o, 20, and 30 CL regions (2 d.o.f.). From the bottom to the upper rows, we set m4 equal
to 15, 150, and 250 MeV, respectively. In the left and right columns we set € equal to 8 x 10~ and 1072, respectively. The
couplings |Ua|? = |Uys|? are profiled over with an upper bound of [U,4|> < 10™*. We divide the regions into a short-lived and
a long-lived regime, where the HNLs decay rapidly, ¢ty < 10 cm, and a region where dirt events and displaced vertices are

expected, cry > 10 cm, where cr% is the HNL proper lifetime.



A=03, |Vul?=|V;5?=11x10"5 and e =8 x 10~
Once more, the signal prediction for the neutrino mode
undershoots the excess, while the antineutrino signal
overshoots it. Overall, Table III shows that 3+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. 8 for two cases: myz = 30 and 200
MeV, both for A = 1. As before, the contours show the
parameter space where we project that 102 pairs of ete™
will be produced inside the SBND, MicroBooNE, and
ICARUS fiducial volumes. As in the 3+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.

Turning to mass versus mass plots, Fig. 10 shows a
fit to neutrino mode data in the plane of A versus ms.
We fix e2ap|Ups|* = 8 x 107% and 5 x 1078, and im-
pose an upper bound on |U,4|* = |Uys* < 107%. The
plot exhibits two different shaded colors. The beige color
corresponds to N5 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 2z 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 neu-
trinos in the beam at the cost of requiring larger |V,5|?
couplings. We recall that when 1 < A < 2, the de-
cay process N5 — vNy N, could, in principle, take place.
Similarly for N5 — Ny4N4N; when A > 2. As discussed
in Section IV A, we assume both of these channels to
be subdominant due to the structure of the dark photon
couplings, which can be easily achieved with symmetry
arguments.

The second mass fit is shown in Fig. 11. For each panel
in the vertical direction, we vary the mass of N4 to 15,
150, and 250 MeV, while in the horizontal direction, we
consider values of € of 8 x 107* and 1072. We also float
|Uual? = |Uyu5/%, with a hard upper bound of 1074, 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 mz: values.

In summary, the 342 model can provide a better fit
to the LEE than the 34+1 model when A < 1 due to the
lower energy emitted in HNL decays. It still, however,
faces two main challenges: the LEE angular distribu-
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tion and the tension between neutrino and antineutrino
data. While we do show the angular distributions here,
we find that 342 models tend to predict more events out-
side the cosOpeam > 0.9 region, although the prediction
still significantly overshoots the data on the most-forward
bin. The values of kinetic mixing, |V,,4], and |V,,5| 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 presented a detailed review of solutions to
the low-energy excess of electron-like events at Mini-
BooNE, specifically in the context of new-physics mod-
els. Most explanations exploit the limitations in the
particle-identification capabilities of the MiniBooNE de-
tector as it cannot distinguish between single e*, sin-
gle 7, and collimated or energy-asymmetric ete™ or vy
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 e~ and sin-
gle et hypothesis and have already been constrained by
several experiments, including MicroBooNE, which op-
erated in the same beam as MiniBooNE. Other expla-
nations based on single « final states, like upscattering
to heavy neutrinos with transition magnetic moments or
inverse-Primakoff scattering, are less constrained. The
previous single photon search at MicroBooNE is less sen-
sitive to these explanations as it exclusively targets the
radiative decays of the A(1232) resonance. Unlike the
resonant channel, the single-y dark sector models pre-
dict 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 eTe™ and v+ 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 comment on
a few less explored alternatives to upscattering, includ-
ing inverse-Primakoff scattering, neutrino-induced vector
boson fusion, and dark bremsstrahlung, all of which war-
rant further study.

After this detailed overview, we have focused on a rep-
resentative model that advocates HNLs upscattering and
subsequent fast decays and have performed a comprehen-
sive fit to the LEE neutrino energy spectrum. We con-
sider both cases of one HNL (3+1) and two HNLs (3+2)
in the spectrum. The 342 model is less constrained and
can accommodate solutions to the LEE at large mediator
masses, where the HNL decays N5 — Niete™ 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 342 models, we find better fits to the LEE than the
best fit in standard sterile-neutrino-driven oscillation hy-



potheses, with an overall x2 probability of 14%. The
goodness-of-fit is primarily limited by the tension be-
tween the relative number of excess events in neutrino
and antineutrino 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 pro-
duce events that are not fully concentrated in the region
€08 Opeam > 0.9, the model requires off-shell mediators
and large HNL masses, my 2 400 MeV. In addition to
the uncertainties on the eTe™ reconstruction, quantifying
the agreement with the angular spectrum and its bin-to-
bin correlations is not possible with publicly available
information, although the prediction significantly over-
shoots 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 allow a thorough compar-
ison of the dark neutrino interpretation of MiniBooNE
with other experiments’ data. Extending existing con-
straints on dark neutrino models to our new regions of
preference will be crucial to understand the status of this
LEE interpretation. 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 de-
tector, we show the signal event rate expected before re-
construction efficiencies. In the MiniBooNE regions of
preference, the number of ete™ pairs produced inside
the fiducial volume of MicroBooNE 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 de-
tector, offering the ideal conditions to constrain the pa-
rameter space where HNLs are long-lived. A full sensitiv-
ity 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 un-
certainties in the treatment of the upscattering cross
section. These uncertainties are small for light media-
tors since the signal is dominated by the cleaner coher-
ent neutrino-nucleus scattering channel. However, our
DarkNews simulation shows 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 [213] and more compre-
hensive implementations of dark neutrinos in tools like
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GENIE [214] will be crucial to support searches for dark
particles at next-generation neutrino experiments.
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Appendix A: Signal selection

The MiniBooNE signal selection focused on a v, — v,
signal from oscillations. The data released by the col-
laboration [176] includes data and background distribu-
tions in reconstructed quantities like visible shower en-
ergy, shower angles, and reconstructed neutrino energy
under the assumption of CCQE scattering. The collab-
oration also released Monte-Carlo events with true and
reconstructed variables and selection efficiencies for elec-
tron 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 multi-
ple electromagnetic showers into one require greater care
since they depend on the detector response and signal
reconstruction specifics. The two main challenges are 1)
obtaining realistic distributions of reconstructed quanti-
ties without a detailed detector simulation and ii) eval-
uating the signal efficiency without access to high-level
reconstructed variables. For instance, part of the signal
selection in MiniBooNE is performed using particle iden-
tification 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, phe-
nomenological studies of models that rely on the misiden-
tification 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
~+ 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 ofSection IV,
where the main source of uncertainty in the analysis is
the probability that an ete™ final state is selected as an
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FIG. 12. MiniBooNE single electron/photon efficiencies as a
function of energy [207] used in this work.

electron-like event in the LEE region. We also turn to
the study in Ref. [8], where the authors attempted to
reproduce the MiniBooNE 7° signal selection without a
complete detector simulation. In our own fits, we imple-
ment 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.

e Pre-selection: requirements that the ete™ pair is
reconstructed as a single electromagnetic shower.

e Selection: fiducialization, PID, and energy require-
ments.

To evaluate the efficiency of the second step, we apply
the official MiniBooNE reconstruction efficiencies shown
in Fig. 12 for each event given its F,is. Since we ap-
ply fiducial volume cuts ourselves, we divide the offi-
cial MiniBooNE efficiencies by 55% [1]. The efficiencies
also include the cut on Eyis > 140 MeV, so we extend
our prediction down to FEyis < 100 MeV. This is also
an approximation since the shape of CCQE events and
dark-neutrino events within this low-energy bin can dif-
fer. 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 re-
duction in the overall efficiency [1]. This number may
vary for ete™ events due to the different topology, but
it cannot be estimated here without access to the recon-
structed 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. 12 and are assumed to have the same effect on ete™
events.

We now describe two simplified pre-selection proce-
dures and compare their efficiencies in Figs. 14 and 15.

24
a. Simplified hard cuts pre-selection

A dark neutrino event can be reconstructed as a sin-
gle shower for sufficiently energy-asymmetric or colli-
mated eTe™ pairs. A simplified approach adopted in
Refs. [37, 72] was to define an energy-asymmetric etTe™
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 true invariant mass of all events was performed, sim-
ulating the selection criterion in Table 12.1 of Ref. [215],

E+ + E,-
true 32.03 + 7.417 | —=———— Al
Mete <|: =+ ( GeV ) ( )
Eo+E-\°
27. et | en MeV.
+ 738( Gov ) eV

In the MiniBooNE analysis, this cut is applied to the in-
variant mass obtained under the two-photon reconstruc-
tion hypothesis. Without such a reconstructed variable,
we apply the cut to the true invariant mass of the ete~
pair. This implicitly assumes that the MiniBooNE two-
photon reconstruction correctly reconstructs the eTe™ in-
variant mass, which is less likely to be the case for events
that appear more single-shower-like. While a crude ap-
proximation, this cut ensures that heavy parent parti-
cles do not contribute significantly to the LEE, since the
daughter eTe™ pair will typically be well separated. As
we will see, this cut tends to produce much smaller effi-
ciencies than the method implemented in the analysis of
the main text.

b.  Simplified 7°-based pre-selection

This method is the one we adopt for our dark neutrino
fits and is adapted from Ref. [8]. The authors imple-
ment an energy-dependent cut on the plane of the 7°
kinematics: cos 6, VS Emax/Evis. This is achieved with
a cut on r, the distance between points in the 7° kine-
matic plane and the most-overlapping and most-energy-
asymmetric region. The selection criterion is designed to
reproduce the correct 7%-background distribution, and it
was 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 eTe™ events. For concreteness,
we choose to work with the variable r¢.c1, defined here

as
1 — cos eee 2 Emax g
rgircl = <2) + (1 - E. . ) .

We then apply an energy-dependent cut on ¢ follow-
ing the data release of Ref. [8]. The three different r
variables defined in Ref. [8], namely, rcrc1, Tcirco, and
T'diag, lead to very similar results.

(A2)
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FIG. 13. The final signal efficiency using different pre-selection methods. The true-variable method, discussed in Appendix A 0 a,
is shown with and without applying the cut on the ete™ invariant mass me.. The simplified 7° method, discussed in Ap-
pendix A 0b, 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 N4 to decay promptly. The fits in the main text are

based on the Kelly-Kopp (circl) method.

A comparison of the efficiency for the two pre-selection
methods discussed above is shown in Fig. 13. We gen-
erate 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 recon-
structed visible energy E$° depends uniquely on the
kinematics and not on the HNL lifetime. The fiducial
volume cut is included in our pre-selection 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 0a and Appendix A 0b can differ signifi-
cantly in shape and overall normalization. The discrep-
ancy is also significant for myz ~ m,, indicating that the

true-variable method would most likely not reproduce the
correct 70 spectrum at MiniBooNE if applied to single
79 background events. This further motivates us to work
with the simplified 7 method of Ref. [8].

We also compare our pre-selection method (circl) with
the misidentification of 7° backgrounds at MiniBooNE.
In Fig. 14, we show the pre-selection efficiencies for
a few dark neutrino models and compare them with
the misidentification probabilities for genuine 7% events
quoted in Fig. 11.8 of Ref.[215]. Although we refer to
the latter as an efficiency, it should not be confused
with the efficiency of reconstructing well-separated 2+
event from 7's. We convert the true eTe™ total en-
ergy Fiot into a mock 7° momentum variable according
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FIG. 15. A comparison between the pre-selection (circl) efficiency for dark neutrino events and the misidentification probability
for 7° background events (from [8]) in the reconstructed visible energy variable.

to pr = \/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 70 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 effi-
ciency in [8], as a function of the reconstructed visible
energy Fiis°.

A comparison of the final signal selection efficiencies
for various points in the parameter space of dark neutrino
events is shown in Figs. 16 and 17. 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/~ efficiencies.

For ease of comparison with previous literature, we
compare our own dark neutrino fit for 3+1 model with
myz = 30 MeV with the fit in Ref. [36]. 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 |Ups| = 1/v/2. Good agreement is observed
between the two cases.
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Appendix B: Kinematics of dark neutrino events

To understand the properties of the e™e™ showers pro-
duced in dark neutrino events, we show the median of

kinematical variables across the parameter space.

For the 3+1 model, Fig. 19 shows the median of var-
ious kinematical observables as a function of myz, and
my. We can observe that on-shell regions exhibit more
forward events than off-shell ones. Lower values of mz,
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FIG. 18. A comparison of the LEE neutrino energy spec-
trum fit in this work and that of Ref. [36] for the choice of
mz = 30 MeV. The 1o and 20 regions are shown are shown
as smaller and larger closed regions, respectively. We assume
that the results in Ref. [36] are quoted for [Upa4|* = 1.

and my4 produce more forward showers because of the
larger boost characterizing the events. In those regions,
the misreconstruction of the two showers is dominated by
asymmetric events, which can have a larger separation
angle than those in regions dominated by overlapping
showers, which by definition, have small angles. Higher
HNL masses favor higher showers’ total energy, particu-
larly in the on-shell region, where more energy goes to the
eTe™ pair rather than to the outgoing invisible neutrino.

Figure 20 shows the same study for the 3+2 model. In
this case, we only show the off-shell region considered for
this model. The median angle of showers relative to the
neutrino incoming beam increases with higher values of

28

ms and A. Close to the off and on-shell decay limits of
HNLs, a resonance due to interactions with dirt produces
highly forward events. Conversely, the angle increases in
two directions: for lower ms and higher A. The higher
mg region is naturally explained by the high mass of the
decaying HNLs that produce the showers. The lower ms
region results from filtering highly boosted events due to
long decay, leaving showers with larger angles. The sep-
aration angle between showers mainly depends on the
mass of Nj, with higher masses leading to larger an-
gles. However, very high masses approaching the on-shell
region exhibit a reverting effect due to resonance and
boosted effect near the change of regimes on the on-shell
side. Apart from this effect, the region with the highest
separation angle is around ms ~ 700 MeV, where the
energy asymmetry is also larger due to misreconstructed
events being dominated by asymmetric showers. The to-
tal energy of showers is highly dependent on the regime,
with energies significantly higher very close to the on-
shell region. Additionally, higher A values lead to less
massive outgoing Ny, translating into more energy going
into the showers. Hence, regions with large ms exhibit a
maximum as they approach the on-shell mediator region.

Figure 21 shows an additional study on the 342 model
obtained by varying myz, and ms, while fixing my =
150 MeV and € = 0.01. There is a clear separation
between off and on-shell regimes In the on-shell region,
angles are less forward for lighter mediators and higher
ms, while in the off-shell region, events are less forward
for heavier mediators and higher ms. The angular sepa-
ration between pairs exhibits the opposite behavior: less
forward events result in more separated eTe™ pairs. This
region of high separation is also the most asymmetric
one. Moreover, heavier N5 mediators in the on-shell re-
gion lead to significantly higher shower energies, and a
similar trend can be observed for other cases with fixed
my.
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