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1 Introduction

Solar and atmospheric neutrino oscillations, recently confirmed by reactor
and accelerator-based experiments, are now well established. On the other
hand, the interpretation of the LSND 7, excess [1] as 7, — 7. oscillations at
the Am? ~ 1 eV? scale lacked for many years experimental confirmation or
refutation. The primary goal of the MiniBooNE experiment [2] is to address
this anomaly in an unambiguous and independent way.

The MiniBooNE flux is obtained via a high-intensity, conventional neu-
trino beam. Secondary hadrons, mostly pions and kaons, are produced via the
interactions of 8 GeV protons from the Fermilab Booster accelerator with a
thick beryllium target, and are focused by a horn. The switchable horn po-
larity allows for both neutrino and antineutrino running modes. The neutrino
beam is produced via the decay of secondary mesons and muons in a 50 m
long decay region. Overall, about 9.5- 1020 protons on target have been accu-
mulated over the five years of beamline operation, 5.6 - 102° of which are used
in this oscillation analysis, based on the neutrino running mode sample only.

The MiniBooNE detector is located 540 m away from the beryllium target.
The detector is a 12 m in diameter sphere filled with 800 t of undoped min-
eral oil, whose inner region is instrumented with 1280 photomultiplier tubes
(PMTSs). Neutrino interactions produce prompt, ring-distributed Cherenkov
light, and delayed, isotropic scintillation light. Light transmission is affected
by fluorescence, scattering, absorption and reflections. The outer detector re-
gion is used to reject cosmic ray activity or uncontained neutrino interactions.
About 7.7 - 10° neutrino interactions have been collected at MiniBooNE.

The goal of the first MiniBooNE electron appearance analysis is two-fold:
perform a model-independent search for a v. excess (or deficit), and interpret
the data within a two neutrino, appearance-only v, — v, oscillation context,
to test this interpretation of the LSND anomaly [2]. This was a blind analysis.
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2 The closed electron neutrino box era

Expectations for v, candidate events are formed by simulating neutrino fluxes,
neutrino interactions, and detector response. Parametrizations of pion [3] and
kaon [4] production data on beryllium are the most important external physics
input to the GEANT4 [5] beamline description. The v, flux is dominated by
7t — pty, decays, with a high-energy tail due to K™ — p*v,. The v, flux
is mostly due to u™ — v.etv, and K+ — 7T v,. The flux-averaged neutrino
energy and the v, /v, flux ratio are about 0.8 GeV and 0.5%, respectively. Neu-
trino interactions are simulated with the NUANCEv3 [6] code, describing all
relevant neutrino interaction processes and carbon target nuclear effects, with
modifications partly based on MiniBooNE neutrino data [2, 7, 8]. At Mini-
BooNE, 39%, 25% and 8% of all neutrino interactions are expected to proceed
via charged current quasi-elastic (CCQE) scattering, charged current 7+ pro-
duction and neutral current (NC) 7% production, respectively. The GEANT3
[9] detector response simulation includes a detailed modeling of light produc-
tion and transmission mechanisms [10], and of the PMT charge/time response.
The detector calibration makes use of tabletop measurements of mineral oil
optical properties, MiniBooNE laser calibration data, Michel electron tracks
from muon decays at rest, and NC neutrino interactions. The calibration is
validated using cosmic muons, v,, interactions, and v, interactions from the
NuMI beamline.

A detailed model of extended-track light production and propagation is
used to reconstruct neutrino interactions [2]. A first event selection for the
appearance analysis is performed via hit multiplicity, fiducial volume, and en-
ergy threshold requirements. A higher-level selection based on particle identi-
fication is applied next, to reject final state muons and 7%’s, and enhance the
CCQE fraction in the v, sample. For this purpose, each event is reconstructed
under four hypotheses: single muon track, single electron track, two track with
invariant mass fixed to the 7° mass, and unconstrained two track hypothesis,
returning L,, L., L, likelihood fit values and a m,, invariant mass value,
respectively. The cut values in L./L,,, Le/L, and m. are energy-dependent,
and chosen to optimize the v, — v, sensitivity.

About half of the backgrounds to the oscillation signal in the final sample
are expected to be due to the v, contamination in the v, beam, with roughly
the other half due to mis-identified v, interactions. One of the strengths
of the MiniBooNE appearance analysis is that all relevant backgrounds can
be directly constrained or cross-checked via MiniBooNE data samples other
than the v, candidate sample. The main mis-identification background, due
to v,N — v, N7¥ interactions where one of the two photons from the 7°
decay is not seen, is constrained using a high-purity sample of NCr inter-
actions. Neutrino beam interactions with material surrounding the detector,
creating 100-300 MeV photons that penetrate the detector unvetoed, can also
be mis-identified as v, events. Using a sample of high detector radius, inward-
pointing events, this background expectation is confirmed with data with an



Title Suppressed Due to Excessive Length 3

accuracy of about 15%. The most important intrinsic v, background is due to
pt — pyveet decays, and can be accurately constrained via v, CCQE events.
Finally, for what concerns the intrinsic v, background due to kaon decay, the
kaon-induced flux is directly measured at high energies, where no significant
oscillation events are expected, and then extrapolated to lower energies [2].
Systematic errors in predicting v. candidate events, due to uncertainties
in the modeling of the beam, neutrino interactions, and detector response,
have been thoroughly evaluated. A first estimate is obtained from “first prin-
ciples” uncertainties from simulation models and external measurements. Bet-
ter estimates are obtained via MiniBooNE calibration and neutrino data fits.
Extensive cross-checks on a variety of distributions and open data samples
insensitive to oscillations have been performed prior to box opening, to quan-
titatively verify the good level of agreement between data and predictions.

3 The open electron neutrino box era

Box opening proceeded as follows. First, a neutrino oscillation fit of the neu-
trino energy distribution for v.-like events in the 300 < E, < 3000 MeV
energy range is performed, retaining blindness to the best-fit oscillation sig-
nal component added to background predictions. Goodness-of-fit information
from the comparison of data with Monte Carlo (MC) predictions in several
diagnostic variables is disclosed. Second, data and MC histogram contents
for the same diagnostic variables is disclosed. Third, goodness-of-fit informa-
tion from the neutrino energy distribution data/MC comparison is disclosed.
Fourth, full information on v, candidate events and oscillation fit results is
disclosed. This scheme allowed to progress in a step-wise fashion, with ability
to iterate if necessary. All event selection and oscillation fit procedures were
determined before full box opening.

In a first iteration, comparisons between data and predictions were sat-
isfactory in all diagnostic variables except for the visible energy, which re-
turned a x? probability of 1%, indicating a poor data/MC agreement beyond
the ability of a two neutrino, appearance-only oscillation model to handle.
This triggered further investigations of background estimates and associated
uncertainties, but no evidence of a problem was found. However, given that
backgrounds rise at low energies, that studies focused suspicions in the low-
energy region, and that this choice has negligible impact on the oscillation
sensitivity, the MiniBooNE Collaboration decided to look for an oscillation
signal in the reduced 475 < E,, < 3000 MeV range, while reporting electron
candidate events over the full 300 < E, < 3000 MeV range. With the os-
cillation analysis energy threshold increased, a second box opening iteration
indicated good data/MC agreement in all diagnostic variables. No oddities in
any of the subsequent box opening steps were found, and electron candidate
events became fully unblinded.
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MiniBooNE observes 380 electron candidate events in the 475 < E,, < 1250
MeV energy range, to be compared with a no-oscillation background predic-
tion of 358 + 19 + 35. No evidence for neutrino oscillations is found. The
same conclusion is reached by performing a fit to the neutrino energy distri-
bution (see Fig.1) over the 475 < E, < 3000 MeV range: the no-oscillation
hypothesis describes the data well, with a goodness-of-fit x2/dof~1.8/8, and
no statistically significant differences in the description of the data are found
assuming oscillations. Given the null result, an upper limit on neutrino os-
cillations is obtained. As shown in Fig. 1, no overlap in the 90% confidence
level regions in oscillation parameter space allowed by MiniBooNE and LSND
exists. MiniBooNE excludes two neutrino appearance-only oscillations as the
explanation of the LSND anomaly at 98% confidence level. Very similar results
are obtained with a second, largely independent, analysis [2].
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Fig. 1. Left: v. candidate events versus reconstructed neutrino energy E, [2]. Points
indicate data with statistical-only error bars. The histogram shows the total back-
ground expectation, with systematic-only error rectangles. Right: allowed regions in
oscillation parameter space (|Am?|,sin?20). The filled regions indicate the region
allowed by LSND [1] at 90 and 99% confidence level. The solid, dashed, and dot-
ted curves indicate the 90% confidence level upper limits from the MiniBooNE [2],
KARMEN [11], and Bugey [12] experiments, respectively.

Upon investigation of electron candidate events over the full, 300 < E, <
3000 MeV, energy range (see Fig. 1), it is found that low-energy data do not
match expectations. A 3.7 o excess is seen in the data for 300 < E, < 475
MeV. This discrepancy is currently not understood and under investigation.
While this low-energy excess does not seem consistent with two neutrino
appearance-only oscillations, more studies are needed to clarify its causes.



Title Suppressed Due to Excessive Length 5
4 Conclusions and outlook

In conclusion, MiniBooNE finds excellent agreement between data and no-
oscillation predictions in the oscillation analysis energy range. As a conse-
quence, and if neutrino and antineutrino oscillations are the same, MiniBooNE
excludes at 98% confidence level the two neutrino, appearance-only v, — v,
oscillations interpretation of the LSND anomaly. For energies below the oscil-
lation analysis range, MiniBooNE finds an excess of electron candidate events
above expectations that is currently not understood and under investigation.

Apart from understanding this low-energy discrepancy, MiniBooNE’s near-
term goals include an improvement in oscillation sensitivity by combining the
merits of the two analyses developed for this first result, additional searches
addressing different models explaining the LSND anomaly, and neutrino cross
section measurements. Results from the MiniBooNE’s ongoing antineutrino
running are expected after that.
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