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Heavy neutrinos with additional interactions have recently been proposed as an explanation to the
MiniBooNE excess. These scenarios often rely on marginally boosted particles to explain the excess
angular spectrum, thus predicting large rates at higher-energy neutrino-electron scattering experiments. We
place new constraints on this class of models based on neutrino-electron scattering sideband measurements
performed at MINERvA and CHARM-II. A simultaneous explanation of the angular and energy
distributions of the MiniBooNE excess in terms of heavy neutrinos with light mediators is severely
constrained by our analysis. In general, high-energy neutrino-electron scattering experiments provide
strong constraints on explanations of the MiniBooNE observation involving light mediators.
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Introduction.—Nonzero neutrino masses have been
established in the last twenty years by measurements of
neutrino flavor conversion in natural and human-made
sources, including long- and short-baseline experiments.
The overwhelming majority of the data supports the three-
neutrino framework. Within this framework, we have
measured the mixing angles that parametrize the relation-
ship between mass and flavor eigenstates to few-percent-
level precision [1]. The remaining unknowns are the
absolute scale of neutrino masses and their origin, the
CP-violating phase, and the mass ordering of the neutrinos.
Nevertheless, anomalies in short-baseline accelerator and
reactor experiments [2—5] challenge this framework and are
yet to receive satisfactory explanations. Minimal extensions
of the three-neutrino framework to explain the anomalies
introduce the so-called sterile neutrino states, which do not
participate in Standard Model (SM) interactions in order to
agree with measurements of the Z-boson invisible decay
width [6]. Unfortunately, these minimal scenarios are
disfavored, as they fail to explain all data [7-10]. This
has led the community to explore nonminimal scenarios.
Along this direction, it is interesting to study well-
motivated neutrino-mass models that can also explain
the short-baseline anomalies and are testable in the
laboratory. In this work, we will investigate a class of
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neutrino-mass-related models that have been proposed as
an explanation of the anomalous observation of v,-like
events in MiniBooNE [5].

MiniBooNE is a mineral oil Cherenkov detector located
in the Booster Neutrino Beam (BNB), at Fermilab [11,12].
Using data collected between 2002 and 2017, the experi-
ment has observed an excess of v,-like events that is
currently in tension with the standard three-neutrino pre-
diction and is beyond statistical doubt at the 4.7¢ level [5].
While it is possible that the excess is fully or partially due to
systematic uncertainties or SM backgrounds (see, e.g.,
Refs. [13-15]), many beyond-the-Standard-Model (BSM)
explanations have been put forth. These new physics (NP)
scenarios typically require the existence of new particles,
which can participate in short-baseline oscillations [16-37],
change the neutrino propagation in matter [38—41], or be
produced in the beam or in the detector and its surroundings
[42-49]. These models either increase the conversion of
muon- to electron-neutrinos or produce electron-neutrino-
like signatures in the detector, where in the latter category
one typically exploits the fact that the LSND and
MiniBooNE are Cherenkov detectors that cannot distin-
guish between electrons and photons. Although many
MiniBooNE explanations lack a connection to other open
problems in particle physics, recent models [50-54] are
motivated by neutrino-mass generation via hidden inter-
actions in the heavy-neutrino sector. In particular, a
common prediction of these models is the upscattering
of a light neutrino into a heavy neutrino, usually with
masses in the tens to hundreds of MeV, which subsequently
decays into a pair of electrons. To reproduce the
MiniBooNE excess angular distribution, either the heavy
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neutrino must have moderate boost factors and the pair of
electrons produced need to be collimated [51], or the heavy
neutrino two-body decays must be forbidden [52].

In this Letter, we introduce new techniques to probe
models that rely on the ambiguity between photons and
electrons to explain the MiniBooNE observation, using the
dark neutrino model from Refs. [50,51] as a benchmark
scenario. Our analysis extends to all models with new
marginally boosted particles produced in coherent-like
neutrino interactions, as they predict large number of events
at higher energies [42—49]. Thus, our analysis uses high-
energy neutrino-electron scattering measurements [55-64].
This process is currently used to normalize the neutrino
fluxes, due to its well-understood cross section, and has
been a fertile ground for light NP searches [65-67]. Here,
however, we expand the capability of these measurements to
probe BSM-produced photon-like signatures, by develop-
ing a new analysis using previously neglected sideband
data. Our technique is complementary to recent searches for
coherent single-photon topologies [68]. Since the upscatter-
ing process has a threshold of tens to hundreds of MeV, we
focus on two high-energy neutrino experiments: MINERvA
[58-61], a scintillator detector in the Neutrinos at the Main
Injector (NuMI) beamline at Fermilab, and CHARM-II
[62—-64], a segmented calorimeter detector at CERN along
the Super Proton Synchrotron (SPS) beam line. These
experiments are complementary in the range of neutrino
energies they cover and have different background compo-
sition. In all cases, a relevant sideband measurement exists,
allowing us to take advantage of the excellent particle
reconstruction capabilities of MINERvA and the precise
measurements at CHARM-II to constrain NP.

Model.—We consider a minimal realization of dark
neutrino models [50-54] that can explain MiniBooNE.
This comprises one Dirac heavy neutrino, v,, with its
associated flavor state, vp. (Models with the decay of
Majorana particles will lead to greater tension with the
angular distribution at MiniBooNE due to their isotropic
nature [69,70].) The dark neutrino vy, is charged under a
new local U(1)" gauge group, which is part of the particle
content and gauge structure needed for mass generation.
The dark sector is connected to the SM in two ways: kinetic
mixing between the new gauge boson and hypercharge, and
neutrino mass mixing. We start by specifying the kinetic
part of the NP Lagrangian,

. 2
Lin > 3 22+ 2 e " ()
where Z'* stands for the new gauge boson field, Z’** for its
field strength tensor, and B* for the hypercharge field
strength tensor. After usual field redefinitions [71], we
arrive at the physical states of the theory. Working at
leading order in y and assuming m%,/m% to be small, we

can specify the relevant interaction Lagrangian as

Line D gppywpZH + eeZ'MJEM, (2)

where is the SM electromagnetic current, gp is the
U(1)" gauge coupling assumed to be O(1), and &€ = ¢y,
with ¢, being the cosine of the weak angle. Additional
terms would be present at higher orders in y, and mass
mixing with the SM Z is also possible, though severely
constrained. After electroweak symmetry breaking, v, is a
superposition of neutrino mass states. The flavor and mass
eigenstates are related via

4
= E U,ivi,
i=1

where U is a 4 x 4 unitary matrix. It is expected that |U 4]
is small for a = e, p, 7, but |Up,| can be of O(1) [7,72].

MiniBooNE signature and region of interest.—The
heavy neutrino is produced from an active flavor state
upscattering on a nuclear target A, v,A — v4A. The upscat-
tering cross section is proportional t0 apagepe*|Uql?
dominated by |U
beams are composed mainly of muon neutrinos. This
production can happen off the whole nucleus in a coherent
way or off individual nucleons. For mz < 100 MeV, the
production will be mainly coherent, but for heavier masses,
such as the ones considered in Ref. [52], incoherent
upscattering dominates. In Fig. 1, we show the NP cross
section at the benchmark point of Ref. [51] and compare it
with the quasielastic cross section. By superimposing the
cross section on the neutrino fluxes of MINERvA and
MiniBooNE, we make it explicit that the larger energies at
MINERVA and CHARM-II are ideal to produce v4. Once
produced, v, predominantly decays into a neutrino and a
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FIG. 1. Upscattering cross section compared to the quasielastic.

The quasielastic cross section on carbon (6p™) is shown as a
function of the neutrino energy (solid black line). The coherent
(solid blue) and incoherent (dashed blue) scattering NP cross
sections are also shown for the benchmark point of Ref. [51]. In
the background, we show the BNB flux of v, at MiniBooNE
(light gray), and the NuMI beam neutrino flux at MINERvA for

the LE (light golden) and ME (light blue) runs in neutrino mode.
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dielectron pair, v, — v,e™ e, either via an on-shell [51] or
off-shell [52] Z’ depending on the choice of m, and m . In
this work, we restrict our discussion to the m, > m, case,
where the upscattering is mainly coherent and is followed by
a chain of prompt two-body decays v, — v,(Z' — eTe™).
The on-shell Z’ is required to decay into an overlapping
e" e pair, setting a lower bound on its mass of a few MeV.
Experimentally, however, mz > 10 MeV for ee ~ 107 to
avoid beam dump constraints [73]. Increasing m increases
the ratio of incoherent to coherent events and makes the
electron pair less overlapping. Even though we focus on
overlapping e™ e pairs, we note that a significant fraction of
events would appear as well-separated showers or as a pair of
showers with large energy asymmetry, similarly to neutral-
current (NC) z° events. The asymmetric events also con-
tribute to the MiniBooNE excess and offer a different target
for searches in v — e scattering data.

A fit to the neutrino energy spectrum at MiniBooNE was
performed in Ref. [51] and is reproduced in Fig. 3. We have
performed our own fit to the MiniBooNE energy spectrum
using the data release from Ref. [5], and our results agree
with Ref. [51] when we simulate the signal at MiniBooNE
and the analysis cuts in the same way. This fit leads to
preferred values of m, close to 100 MeV and |U 4| ~ 107,
Unfortunately, this energy-only fit neglects the distribution
of the excess events as a function of their angle 6 with
respect to the beam. This is important, as the total observed
excess contains only =50% of the events in the most
forward bin (0.8 < cos @ < 1.0), with a statistical uncorre-
lated uncertainty of 5% on this quantity.

As was recently pointed out in Ref. [74], few NP
scenarios can reproduce the angular distribution of the
MiniBooNE excess. Among these are models where new
unstable particles are produced in inelastic collisions in the
detector, such as the present case. Here, large 6 can be
achieved by tweaking the mass of the heavy neutrino; the
signal becomes less forward as v, becomes heavier. To show
this, we use our dedicated Monte Carlo (MC) simulation to
assess the values of my, preferred by MiniBooNE data.
(Since the released MiniBooNE data do not provide the
correlation between angle and energy, and their associated
systematics, an energy-angle fit is not possible.) For m, =
30 MeV and m, = 100, 200, and 400 MeV, we find that
98%, 87%, and 70% of the NP events would lie in the most
forward bin, respectively. We find the predicted angular
distribution to be more forward than Ref. [51] due to an
improved MiniBooNE simulation; see the Supplemental
Material for details [75]. This simulation discrepancy is
understood and only strengthens our conclusions. Thus, the
relevant region for the MiniBooNE angular distribution is
my 2, 400 MeV for m, = 30 MeV.

Our analysis.—Neutrino-electron scattering measure-
ments predicate their cuts in the following core ideas: no
hadronic activity near the interaction vertex, small opening
angle from the beam, E, 0> < 2m,, and the requirement that

the measured energy deposition, dE/dx, be consistent with
that of a single electron. For the NP events, when the
coherent process dominates and the mass of the Z’ is small,
the first two conditions are often satisfied. However, the
requirement of a single-electron-like energy deposition
removes a significant fraction of the new-physics-induced
events. This presents a challenge, as the NP events are
mostly overlapping electron pairs and will potentially be
removed by the dE/dx cut. In order to circumvent this
problem, we perform our analysis not at the final cut level,
but at an intermediate one. This is done differently for
CHARM-II and MINERvA: the CHARM-II experiment
provides data as a function of E,6? without the dE/dx cut,
and MINERVA provides data as a function of the measured
dE/dx after analysis cuts on E, 6.

We have developed our own MC simulation for candi-
date electron pair events in MiniBooNE, MINERvA, and
CHARM-II; see the Supplemental Material for more details
on detector resolutions, precise signal definition, and
resulting distributions [75]. We only consider the coherent
part of the cross section to avoid hadronic activity cuts,
which is conservative. We also select only events with
small energy asymmetries and small opening electron
angles. When required, we assume the mean dE/dx in
the plastic scintillator to follow the same shape as the NC z°
prediction. Our prediction for new physics events for the
BP point is shown in Fig. 2 on top of the MINERvA ME
and CHARM-II data and MC prediction.

The CHARM-II analysis is mostly based on Fig. 1 of
Ref. [64]. This sample is shown as a function of E§? and
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FIG. 2. New physics prediction at MINERvA ME and
CHARM-II. Neutrino-electron scattering data in dE/dx at
MINERVA (top) and in E6?> at CHARM-II (bottom). Error bars
are too small to be seen. For both experiments, we show the v — ¢
signal and the total background prediction quoted (after tuning at
MINERvA), as well as the NP prediction (divided by 10 at
CHARM-II). The cuts in our analysis are shown as vertical lines.
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does not have any cuts on dE/dx. It contains all events with
shower energies between 3 and 24 GeV, and our final cut on
E6? is fixed at 28 MeV. For MINERVA, the event selection
is identical for the low-energy (LE) and medium-energy
(ME) analyses [59,60]. The minimum shower energy
required is 0.8 GeV in order to remove the 7° background
and have reliable angular and energy reconstruction. Events
are kept only when they meet the following angular
separation criterion: E,0% < 3.2 x 107 GeV rad?. A final
cut is applied, ensuring dE/dx < 4.5 MeV/1.7 cm. The
MINERVA analyses use the data outside the previous
dE/dx cut to constrain backgrounds. This sideband is
defined by all events with E,6> > 5 x 10~ GeV rad® and
dE/dx < 20 MeV/1.7 cm. Using this sideband measure-
ment, the collaboration tunes their backgrounds by (0.76,
0.64, 1.0) for (v,CCQE, v,NC, v,CCQE) processes in the
LE mode. Our LE analysis uses the data shown in Fig. 3
of Ref. [60], where all the cuts are applied except for the
final dE/dx cut. In our final event selection, we require
that the sum of the energy deposited be more than
4.5 MeV/1.7 cm, compatible with an ete™ pair and
yielding an efficiency of 90%.

The recent MINERvA ME data contain an excess in the
region of large dE/dx [59], where the NP events would lie.
However, this excess is attributed to NC z° events, and
grows with the shower energy, undershooting the rate
required to explain the MiniBooNE anomaly. With nor-
malization factors as large as 1.7, the collaboration tunes
primarily the NC 7° prediction in an energy-dependent
way. After tuning, the total NC z° sample corresponds to
20% of the total number of events before the dE/dx cut.

To place our limits, we perform a rate-only analysis by
means of a Pearson’s y? as a test statistic; a detailed
definition is given in the Supplemental Material [75]. We
incorporate uncertainties in background size and flux
normalization as nuisance parameters with Gaussian con-
straint terms. For the neutrino-electron scattering and BSM
signal, we allow the normalization to scale proportionally
to the same flux uncertainty parameter. The background
term also scales with the flux-uncertainty parameter but has
an additional nuisance parameter to account for its
unknown size. We obtain our constraint as a function of
heavy neutrino mass m,, and mixing |U 4| assuming a y*
with 2 degrees of freedom [76].

In our nominal MINERvA LE (ME) analysis, we allow
for 10% uncertainty on the flux [77], and 30% (40%)
uncertainty on the background motivated by the amount of
tuning performed on the original backgrounds. Note that
the nominal background predictions in the MINERvA LE
(ME) analysis overpredict (underpredict) the data before
tuning, and that tuning parameters are measured at the 3%
(5%) level [58,59]. We also perform a background-ignorant
analysis in which we assume 100% uncertainty for the
background normalization, which changes our conclusions
by only less than a factor of 2. This emphasizes the

robustness of our MINERVA bound, since the NP typically
overshoots the low number of events in the sideband. For
the benchmark point of Ref. [51], we predict a total signal
of 232 (4240) events for MINERvA LE (ME).

For CHARM-II, the NP signal lies mostly in a region
with small E6>. Thus, we constrain backgrounds using the
data from 28 < E#? < 60 MeV rad?. This sideband meas-
urement constrains the normalization of the backgrounds in
the signal region at the level of 3%. The extrapolation of the
shape of the background to the signal region introduces the
largest uncertainty in our analysis. For this reason, we raise
the uncertainty of the background normalization from 3%
to a conservative 10% when setting the limits. Flux
uncertainties are assumed to be 4.7% and 5.2% for the
neutrino and antineutrino modes [78], respectively, and are
applicable to the new-physics signal, v —e scattering
prediction, and backgrounds. Uncertainties in the v —e
scattering cross sections are expected to be subdominant
and are neglected in the analysis [79]. For CHARM-II, the
NP also yields too many events in the signal region, namely
~2.2 x 10° events for the benchmark point of Ref. [51]
in antineutrino mode. If we lower |U,| =10 and
my = 100 MeV, CHARM-II would still have =3 x 10
new physics events.

Results and conclusions.—The resulting limits on dark
neutrinos using neutrino-electron scattering experiments
are shown in the |U,4| vs my plane at a 90% confidence
level (C.L.) in Fig. 3. The MiniBooNE fit from Ref. [51] is
shown, together with vertical lines indicating the percent-
age of events at MiniBooNE that populate the most forward
angular bin. We have chosen the same values of €, ap, and
my as used in Ref. [51], and shown their benchmark point
(my = 420 MeV and |U 4[> = 9 x 1077) as a dotted circle.
For these parameters, we can conclude that a good angular
distribution at MiniBooNE is in large tension with neu-
trino-electron scattering data. We note that the MiniBooNE
event rate scales identically to our signal rate in all the
couplings, and the dependence on m is subleading due to
the typical momentum transfer to the nucleus, provided
mz < 100 MeV. This implies that changing the values of
these parameters does not modify the overall conclusions of
our work. In addition, for this realization of the model,
larger m, implies larger values of my, increasing their
impact on neutrino-electron scattering data. Our MINERvA
and CHARM-II results are mutually reinforcing, given that
they impose similar constraints for m4 <200 MeV. For
larger masses, the kinematics of the signal becomes less
forward, and the production thresholds start being impor-
tant. This explains the upturns visible in our bounds, where
we observe it first in MINERvA and later in CHARM-II as
we increase my, since CHARM-II has higher beam energy.

We emphasize that our analysis is general, and can be
adapted to other models. In fact, any MiniBooNE explan-
ation with heavy new particles faces severe constraints
from high-energy neutrino-electron scattering data if the
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mz =30 MeV, ae® =2 x 107, ap = 1/4
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FIG. 3. New constraints on dark neutrinos as a MiniBooNE

explanation. The fit to the MiniBooNE energy distribution from
Ref. [51] is shown as the closed yellow (orange) region for a 1o
(30) C.L., together with the benchmark point (®). Our constraints
are shown at a 90% C.L. for MINERvA LE in blue (solid: 30%
background normalization uncertainty; dashed: conservative
100% case), for MINERvA ME in cyan (solid: 40% background
normalization uncertainty; dashed: conservative 100% case), and
for CHARM-II in red (solid: 3% background normalization from
the sideband constraint; dashed: conservative 10% case). Vertical
lines show the percentage of excess events at MiniBooNE that lie
in the most forward angular bin. Exclusion from heavy neutrino
searches is shown as a hatched background. Other relevant
assumed parameters are shown above the plot; changing them
does not alter our conclusion.

signal is free from hadronic activity. This is realized, for
instance, in scenarios with heavy neutrinos with dipole
interactions [42—49]. Our bounds can also be adapted to
other scenarios with dark neutrinos and heavy mediators
[52,54]. For those, however, we do not expect our bounds
to constrain the region of parameter space where the
MiniBooNE explanation is viable, since most of the signal
at MiniBooNE contains hadronic activity which would be
visible at MINERvA and CHARM-IIL.

In the near future, our new analysis strategy could be
used in the upcoming MINERvA ME results on antineu-
trino-electron scattering. The NP cross section, being the
same for neutrinos and antineutrinos, is thus more promi-
nent on top of backgrounds. This class of analyses will also
greatly benefit from improved calculations and measure-
ments of coherent z° production and single-photon-emit-
ting processes. This is particularly important given the
excess seen in the MINERvA ME analysis. A new result
can also be obtained by neutrino-electron scattering mea-
surements at NOvA, which will sample a different kin-
ematic regime as its off-axis beam peaks at lower energies
and expects fewer NC 7° events per ton. Beyond neutrino-
electron scattering, the BSM signatures we consider could

be lurking in current measurements of z° production, e.g.,
at MINOS [80] and MINERvA [81], and in analyses like
the single-photon search performed by T2K [68]. (The v,
CCQE measurement by MINERvA observes a significant
excess of single photon-like showers attributed to diffrac-
tive 7° events. These are abundant in similar realizations of
this NP model [52].) Thus, if dark neutrinos are indeed
present in current data, our technique will be crucial to
confirm it.

To summarize, a variety of measurements are underway
to further lay siege to this explanation of the MiniBooNE
observation and, simultaneously, start probing testable
neutrino mass generation models, as well as other similar
NP signatures.
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