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The MiniBooNE Collaboration reports initial results from a search for v, — . oscillations. A
signal-blind analysis was performed using a data sample corresponding to 3.39 x 10%° protons on
target. The data are consistent with background prediction across the full range of reconstructed
neutrino energy, 200 < ESF < 3000 MeV: 144 electron-like events have been observed in this energy
range, compared to an expectation of 139.2 £+ 17.6 events. No significant excess of events has been
observed, both at low energy, 200-475 MeV, and at high energy, 475-1250 MeV, although the data

are inconclusive with respect to antineutrino oscillations at the LSND level.

Motivated by the LSND observation of an excess of 7,
events in a 7, beam ﬂ], the MiniBooNE collaboration has
previously performed a search for v, — v, oscillations,
the results of which showed no evidence of an excess of
Ve events for neutrino energies above 475 MeV [2,[3]. As-
suming no CPT or CP violation, the results exclude the
LSND excess interpreted as two-neutrino oscillations at
Am? ~ 0.1-100 eV? at 98% CL. Similarly, the KARMEN
experiment M] has performed a direct search for 7, ap-
pearance, and has placed a limit independent of any CPT
or CP violation assumption. However, a joint analysis
of KARMEN and LSND results shows high compatibil-
ity E, ] A corresponding v, — V. oscillation search
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has been performed at MiniBooNE and is presented in
this Letter. This search serves as another direct test of
LSND and provides complementary information to that
of KARMEN, having sensitivity to the lower Am? os-
(ﬁllations allowed by the joint KARMEN-LSND analysis

]

Despite having observed no evidence for oscillations
above 475 MeV, the MiniBooNE v, — v, search ob-
served a 3.00 excess of electron-like events at low energy,
between 200-475 MeV B] Although the excess is incom-
patible with LSND-type oscillations, several hypotheses,
including sterile neutrino oscillations with CP violation
B], anomaly-mediated neutrino-photon coupling [Q], and
others m, |Il|, @, @], have been proposed that provide
a possible explanation for the excess itself, and, in some
cases, offer the possibility of reconciling the MiniBooNE
v excess with the LSND 7, excess. These phenomenolog-
ical interpretations have provided additional motivation
for an antineutrino appearance search at MiniBooNE.

The analysis presented in this Letter mirrors the blind
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search performed in neutrino mode E] It employs a
two-neutrino oscillation model, where only 7, present in
the MiniBooNE beam are allowed to oscillate into 7., at
Am? ~ 0.1-100 eV?. The analysis further assumes no vy
disappearance and no v, oscillations M] In addition,
no contribution from the observed neutrino mode low
energy excess has been accounted for in the antineutrino
prediction.

The antineutrino flux ﬂﬁ} is produced by 8 GeV pro-
tons incident on a beryllium target. Negatively charged
mesons produced in p-Be interactions are focused in the
forward direction with the use of a toroidal magnetic
field, and subsequently decay primarily into 7,. In an-
tineutrino mode, a large neutrino contamination (v, and
ve) of 15.9% is expected in the predicted flux viewed by
the detector, compared to 5.9% in neutrino mode. The
intrinsic 7, and v, content is only 0.4% and 0.2%, respec-
tively, coming primarily from 7 — p and K decays. The
v, flux peaks at ~ 400 MeV and has a mean energy of
~ 600 MeV. Sce [15] for more details.

A detailed description of the MiniBooNE detector is
available in HE] The detector location was chosen to
satisfy L[m]/E[MeV] ~ 1, similar to that of LSND,
thus maximizing sensitivity to oscillations at Am? ~ 1
eV2. Neutrino interactions in the detector produce fi-
nal state electrons or muons, which produce scintillation
and Cherenkov light detected by photomultiplier tubes
(PMTs) that line the interior of the detector. The sim-
ulation of light incident on the PMTs takes into account
decays and strong and electromagnetic re-interactions in
the detector, and includes processes that were added in
the final v, appearance analysis B], such as photonuclear
interactions on carbon. The MEE appearing in the nu-
cleon axial vector form factor, and the Pauli blocking
parameter, x, used to parametrize neutrino quasi-elastic
scattering, were adjusted by fits to MiniBooNE data, as
were the coherent pion cross sectionsg]. The MgE and
K values extracted in neutrino mode [18] of 1.23 GeV and
1.019 respectively were verified by fits to antineutrino
data and were used in this analysis.

The detector cannot differentiate (on an event-by-
event basis) a v, from a 7, interaction, or a v, from a 7,
interaction. Therefore, the reconstruction and selection
requirements for v.-induced charged-current quasi-elastic
(CCQE) events, which is the characteristic signature of
any possible signal from v, — 7. oscillations, are identi-
cal to those of the final neutrino mode analysis B]

To provide a constraint on 7, candidate events, a v,
CCQE sample is also formed by looking for events with a
muon-like Cherenkov ring and a cluster of delayed PMT
hits from the decay of the muon into an electron. The
first cluster of PMT hits (muon subevent) is required to
have more than 200 tank PMT hits, and no more than
six veto PMT hits. A maximum of 200 tank and six veto
PMT hits are required for the second subevent (decay
electron), and a minimum time cut of 1000 ns between

the first and second subevents is required to ensure PMT
stability for proper charge response. After reconstruc-
tion, the first subevent vertex and the track end-point un-
der the muon hypothesis are required to occur within the
fiducial volume. The neutrino energy reconstructed from
the outgoing muon energy and angle, ES¥ . is required
to satisfy EZF > 150 MeV. A cut on the separation dis-
tance between the muon and decay electron vertices as
a function of reconstructed energy of the muon is also
applied to provide rejection against backgrounds, mostly
from CC 7t interactions. See HE] for more details.

The oscillation parameters are extracted from a com-
bined fit to 7. CCQE and v, CCQE event distributions,
following E] This fit method takes advantage of strong
flux and cross section correlations among the v, CCQE
and v, CCQE event samples, since any possible v, — v
signal, as well as some 7, backgrounds, interact through
the same process as v, CCQE events, and are related to
v, CCQE events through the same 7 or 7~ decay chain
at production. These correlations enter through the off-
diagonal elements of the covariance matrix used in the
x? calculation, relating the contents of the bins of the
v, CCQE and v, CCQE distributions. This procedure
maximizes the sensitivity to v, — 7, oscillations when
systematic uncertainties are included [20].

A sample of 14,107 data events passing v, CCQE se-
lection requirements is used in the analysis. This sample
is compared to a MonteCarlo prediction which has been
corrected to match the observed v, CCQE data through
a normalization factor of 1.22 applied to events from 7~
decays in the beam, and 0.93 applied to events from 7+
decays in the beam. The same normalization correction
is also applied to all possible signal events which share
the same parent (7~ ) as 7, CCQE events. After cor-
rection, the sample contains 95% 1, and v, produced in
pion decays and 2.4% 1, and v, produced in kaon de-
cays. The neutrino content of the sample is 22%. The
majority of events (71%) are true CCQE interactions,
with CCr® interactions being the dominant source of
background (20%). This sample is included in the 7,
appearance fits as a function of 8 bins of reconstructed
neutrino energy, ESF ranging from 0 to 1900 MeV.

Table[l] shows the number of predicted 7. CCQE back-
ground events for different ranges of E¥. The back-
ground estimates include both antineutrino and neu-
trino events, the latter representing ~ 44% of the to-
tal. The predicted backgrounds to the 7. CCQE sam-
ple are constrained by internal measurements at Mini-
BooNE. These measurements use event samples from re-
gions in reconstructed kinematic variables where any pos-
sible signal from 7, — 7, is negligible, in order to pre-
serve blindness. The constrained backgrounds include
NC 70 events, A — N~ radiative events, and events from
interactions outside the tank. The NC 7% background
events are adjusted in bins of 7° momentum according
to a direct 7° rate measurement in antineutrino mode,



TABLE I: The expected number of events for different EQF
ranges (in MeV) from all of the backgrounds in the U appear-
ance analysis and for the LSND central expectation (0.26%
oscillation probability) of U, — De oscillations, for 3.39 x 102°
POT.

Process 200 — 300 300 — 475 475 — 1250
V) ccqr 1.3 1.6 1.2
NC 7° 14.4 10.2 7.2
NC A — N~y 1.7 4.9 2.0
External Events 2.2 2.5 1.9
Other 1, 2.0 1.8 2.2
(I;e) from ui Decay 2.3 5.9 17.1
(I;e) from K+ Decay 1.4 3.8 11.7
(V;) from K? Decay 0.8 2.4 13.1
Other 7 0.5 0.6 1.21
Total Background 26.7 33.6 57.8
0.26% 7, — De 0.6 3.7 12.6

following ﬂﬁL which uses events reconstructed near the
7 mass peak. The size of the applied correction to the
total NC 7¥ rate is less than 10%. The A — N~ rate is
indirectly constrained, being related to the measured 7°
rate through a branching fraction and final state interac-
tion correction. The rate of backgrounds from external
interactions is constrained through a direct measurement
using a sample of events occurring at high radius, head-
ing inwards, and having low visible energy. Other back-
grounds from mis-identified v,, or v, receive the v, CCQE
normalization correction according to their parentage at
production (7 or 7). Intrinsic v, and . events from
the m — p decay chain also receive this normalization.

Systematic uncertainties are determined by consider-
ing the effects on the v, and v, CCQE rate prediction
of variations of fundamental parameters within their as-
sociated uncertainty. These include uncertainties on the
flux estimate, including beam modeling and hadron pro-
duction at the target, uncertainties on neutrino cross
sections, most of which are determined by in-situ cross-
section measurements at MiniBooNE or other experimen-
tal or theoretical sources, and uncertainties on detector
modeling and reconstruction. By considering the varia-
tion from each source of systematic uncertainty on the 7,
CCQE signal, background, and v, CCQE prediction as
a function of E?¥, a covariance matrix in bins of E9F
is constructed, which includes correlations between v,
CCQE (signal and background) and 7, CCQE. This co-
variance matrix is used in the x? calculation of the oscil-
lation fit.

Figure [0 (top) shows the E%F distribution for 7.
CCQE observed data and background. A total of 144
events pass the 7, event selection requirements with
200 < E9F < 3000 MeV. The data agree with the
background prediction within systematic and statistical
uncertainties. Fig. [ (bottom) shows the event excess
as a function of EYP. Also shown are expectations
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FIG. 1: Top: The ESF distribution for 7. CCQE data (points
with statistical errors) and background (histogram with un-
constrained systematic errors). Bottom: The event excess as
a function of EST. Also shown are the expectations from
the best oscillation fit and from neutrino oscillation parame-
ters in the LSND allowed region. The error bars include both
statistical and systematic errors.

from the best ©, — v, oscillation parameters returned
by the fit and from two other sets of neutrino oscilla-
tion parameters from the LSND allowed region @] The
best oscillation fit for 200 < E@F < 3000 MeV cor-
responds to (Am?, sin?260) = (4.42 eV?, 0.004), and
has a x? of 18.2 for 16 degrees of freedom (DF'), corre-
sponding to a x2-probability of 31%. The null fit yields
x2?/DF = 24.5/18, with a x2-probability of 14%. A fit to
475 < E9F < 3000 MeV returns similar best-fit oscilla-
tion parameters, (Am?, sin? 20) = (4.42 eV?, 0.005), with
x%/DF = 15.9/13 and a x?-probability of 25%. The null
fit to 475 < EQF < 3000 MeV yields x?/DF = 22.2/15,
with a y2-probability of 10%. The number of data, back-
ground, and excess events for different E9¥ ranges are
summarized in Table[[ll No significant event excess is ob-
served for E9® > 475 MeV. Furthermore, no significant
excess is observed for E9F < 475 MeV, to be compared
to a 3.00 excess observed for 200 < EQF < 475 MeV in

TABLE II: The number of data, background, and excess events
in the e analysis for different EQ? ranges. The correspond-
ing numbers from the ve analysis Ej are on the right. The
uncertainties include both statistical and constrained system-
atic errors.

Event Sample e Analysis Ve Analysis[3]
(3.39 x 10*° POT) (6.46 x 10*® POT)
200 — 475 MeV
Data 61 544
Background 61.5+11.7 4152 £ 434
Excess —0.5£11.7 (—0.040) 128.8 £43.4 (3.00)
475 — 1250 MeV
Data 61 408
Background 57.8 £10.0 385.9 £ 35.7
Excess 3.2+ 10.0 (0.30) 22.1 £35.7 (0.60)
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FIG. 2: The Q* (top panel) and cos(f) (bottom panel) dis-
tributions for data (points with statistical errors) and back-
grounds (histogram with constrained systematic errors) for
E@P > 200 MeV. Also shown are the expected distributions
from intrinsic 7. and v., and NC 7 and A — N~ back-
grounds.

the v, appearance analysis B]

The 7, data also exhibit reasonable agreement with
predicted background in other reconstructed kinematic
variables. Fig.[2shows the observed and predicted event
distributions as functions of reconstructed Q2 and cos(6)
for 200 < EYF < 3000 MeV. Q? is determined from the
energy of the outgoing lepton and its scattering angle
with respect to the incident neutrino direction () assum-
ing CCQE scattering. Also shown in the figures are the
predicted distributions from NC 7% and A — N~ back-
grounds, which are events with a photon in the final state.
The null x? values from these comparisons are both ac-
ceptable, at x?/DF = 10.6/11 and x?/DF = 8.4/11 for
Q? and cos(f), respectively.

The absence of a significant excess allows MiniBooNE
to place a limit on 7, — 7, oscillations as shown in Fig.[3l
The bottom panel of the figure shows the MiniBooNE
limits obtained from fits to events with ESE > 200 MeV
and EQF > 475 MeV. Each 90% CL limit on sin®26 is
obtained by a single-sided raster scan of the parameter
space, where a Ax? = X7, — Xbest pir < 1.64 cut is
applied for each slice in Am?. The two limits are in
agreement, with the one obtained for EYF > 200 MeV
placing a stronger bound for low Am? oscillations, due to
its slightly better sensitivity in that region (see top panel
of Fig. B). At higher Am? values, both limits approach
the corresponding sensitivities of the experiment, but at
lower Am? both limits are noticeably worse due to the
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FIG. 3: Top: MiniBooNE 90% CL limit (solid black) and
sensitivity (dashed black) for events with ESF > 200 MeV,
within a two neutrino 7, — v, oscillation model. Also shown
is the sensitivity for EQF > 475 MeV (dashed grey), and
the limit from the BDT analysis (solid blue) for ES¥ > 500
MeV. Bottom: Limits from MiniBooNE for ES¥ > 200 MeV
and ESF > 475 MeV, KARMEN [4], and Bugey [21]. The
MiniBooNE and Bugey curves are l-sided limits for sin® 26
corresponding to Ax? = 1.64, while the KARMEN curve is a
“unified approach” 2D contour. The shaded areas show the
90% and 99% CL LSND allowed regions.

observed data fluctuation between 475 < E%9F < 675
MeV. The significance of that fluctuation in the 475 <
EQF < 675 MeV range is 2.80.

Following E], a secondary analysis based on Boosted
Decision Trees (BDT) has been performed. This analy-
sis excludes events in the E9F < 500 MeV region from
the oscillation fit, hence having a weaker sensitivity at
lower Am? values. No significant excess of events is ob-
served with the BDT analysis, yielding the limit shown
in the top panel of Fig.[3l Although the limit from the
BDT analysis is not as stringent as the main result dis-
cussed above, the two analyses are complementary and
yield consistent results.

In summary, MiniBooNE observes no significant excess
of U, events in the energy region EQ¥ > 200 MeV, for
a data sample corresponding to 3.39 x 10%° POT. Thus,
with current statistics, MiniBooNE places a limit on two-
neutrino v, — v, oscillations shown by the black line in
Fig. Bl The result is inconclusive with respect to small
amplitude mixing at the LSND level, but more antineu-



trino data, which are currently being collected, will pro-
vide additional information. Interestingly, MiniBooNE
observes no significant excess of 7, events in the low en-
ergy region 200 < EQF < 475 MeV. The absence of an
excess at low energy in antineutrino mode should help
distinguish between several hypotheses suggested as ex-
planations for the low energy excess observed in neutrino
mode.
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