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Abstract. Reported here are results, which have been published irfir@8fh the MINOS experiment from its first year of
data-taking with neutrinos from Fermilab’s NuMI beam. Drthis period, 1.2% 1079 protons were delivered to the neutrino
target. MINOS consists of two detectors, located 1 km andki83rom the neutrino beam origin. A deficit @f, neutrinos

are observed in the far detector, with only 215 events olesebelow 30 GeV, compared to 38&4 events expected in the

absence of neutrino oscillations. The data are consisti#ghtneutrino oscillations withAms,| = 2.74f8:‘21é x 103 eVZ and
sir?(26,3) >0.87, at the 68% confidence level.
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INTRODUCTION

Over the past decade, compelling evidence for neutrinoffletvange has emerged. The flavor change is well described
by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrixctwvtescribes a rotation between the neutrino mass and
flavor eigenstates[1][2]. This matrix contains 3 angles@melphase. The probability of observing a neutrino in a given
flavor state depends on this matrix and on the differencesdsst the neutrino masses. In the limit of two-neutrino
flavors, the survival probability of a neutrino of flavey is

P(Vg — Vq) = 1—sin2(29)sin2(1.27Asz), 1)

where@ is the mixing angleAn? is the difference in the squares of the neutrino masses #i@\/L is the distance
the neutrino has travelled in km, afdis the neutrino energy in GeV.

MINOS (Main-Injector Neutrino Oscillation Search) was idgd to study changes in the flavor composition of
neutrinos over a long distance, using a beam of primarily moeutrinos produced at Fermilab. The experiment
uses two detectors, located at very different distances e neutrino production point. Unexpected differences
in the neutrino energy distributions recorded in the twcedetrs point to neutrino flavor changes. Muon neutrino
disappearance inla/E range comparable to that of MINOS has previously been obgénatmospheric neutrinos[3]
[4], and in accelerator-produced neutrinos[5]. The resdported here from MINOS on the disappearance of muon
neutrinos have been published in [6].

NEUTRINO BEAM

MINOS utilizes NuMI (Neutrinos at the Main Injector) beamRrmilab, which is initiated by 120 GeV protons
striking a graphite target. The resulting positively-ded secondary particles are focussed by two magnetic horns,
and are allowed to decay inside a 675 m long evacuated pigebdémline points down into the earth at approximately
3.3 degrees, towards the far underground site in Soudamedota. The neutrino energy of the beam peaks between
3 and 4 GeV and is initially composed of approximately 92.:9965.8%V,,;, 1.2%Ve, and 0.1%ve. Each beam spill

is 10 us in duration, and one spill occurs approximately every 2 $e@nds.
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DETECTORSAND BEAM TUNING

MINOS has two detectors: a 1 kton near detector at Fermilabsits 1 km from the target, and a far detector located
735 km from the target, in the Soudan Mine. Both detectordhissame media to detect neutrinos. Each detector is
composed of alternating layers of 2.54 cm thick steel and 1hark plastic scintillator. Current-carrying coils rumgj
through the detectors create a toroidal magnetic field irstbel plates, with an average magnetic field of 1.3 T. The
scintillator is divided into 4.1 cm wide strips. The lighijgluced when a charged particles passes through a scottillat
strip is collected by a wavelength-shifting fiber runningptigh a groove in the strip. The fibers are coupled to multi-
anode Hamamatsu PMTs. The far detector, composed of 48¢arahbsteel plates that are each 8 m wide, is 705 m
underground, and has a total mass of 5.4 ktons. The neataleteith its 282 “squashed-octagonal” steel plates, has
a total mass of 1 kton, and is located 103 m underground. Taledstector sees tens of neutrino interactions per beam
spill, and its 19 nsec timing resolution allows the indivédiavents to be separated.

The pattern of hit scintillator strips in the detector réisigl from a neutrino interaction are reconstructed intoksa
and showers. The total reconstructed energy is the sum dfdbk energy (obtained from the track length in the
detector or the track curvature) and the visible showergnér60-plane calibration test detector[7] was placed &t te
beams at the CERN PS to determine the energy scale for electraions, and hadrons. Stopping cosmic-ray muons
are used provide the strip-to-strip calibrations for thiatitator, as well as to determine the relative near/fagrgyy
scale. The hadronic shower resolution is approximately 28%4A/E, while the electromagnetic shower resolution is
approximately 4.1%/E + 21%/E. The muon energy resolution in the detectors is approximééé for the energy
determined from track range (for muons that stop in the deteand is approximately 13% for the energy determined
from the track curvature.

To constrain the hadron productionin the target, a serisp&dial runs were taken with the NuMI target moved from
its nominal position relative to the horns or with the magngeld in the focussing horns changed from the nominal
value. By comparing the predicted and observed near detestonstructed energy distributions, the pion and kaon
yields in the target were varied as a function of their transg and longitudinal momentum. The best fit values were
obtained from a simultaneous fit to the near detector data fh@ nominal and special beam configurations.

DATASET AND EVENT SELECTION

The results presented here are for data collected betweg2®&005 and March 3, 2006. During this period, the far
detector was live while 98.9% of the beam was delivered gsgting 1.2% 107° protons delivered to the target.

Charged-current,, interactions, in which a muon is produced, were selectedrbiyriéquiring the events to have
at least one reconstructed track. Then a likelihood-baseckdure was used to separate charged current (CC) and
neutral-current (NC) events. The a particle identificatp@mameter (PID) was constructed from probability density
functions for 3 event quantities: the event length (in p&nthe fraction of the event pulse height that was contained
in the reconstructed track, and the average track pulsétyesgy plane. Charged-current events were selected as those
with a PID > -0.2 in the far detector and >-0.1 in the near dete@he efficiency of these cuts is estimated to be 87%,
with a purity of 98% in the resulting selected sample.

A blind analysis was performed, with an unknown fractiontwé £vents removed in a way that would distort the
energy spectrum, until the analysis procedure was finaliredddition to the PID cut, the events in the far detector
were required to have an initial track direction within°s# the beam direction, to begin more than 50 cm from the
edges of the detector, and to fall within a -28 to +30us window around the expected beam time.

DATA ANALYSIS

A search forv, oscillations can be performed by comparing the expectedcitated event spectrum in the far
detector to the observed one. The energy spectrum in thedetsutor is not identical to the energy in the far detector
as the near detector sees the decay pipe as an extendeduioe,sghile the the far detector effectively sees a point
source. A wider range of pion decay angles will produce meogrthat reach the near detector than the far detector.
To account for these spectral differences, it is necessaextrapolate the near detector energy spectrum to the far
detector. The primary method that was used in MINOS for tkisapolation was a beam matrix method. At the core
of this method is a matrix that relates the probability thatwnderlying distribution of hadrons exiting the targetgi
neutrinos in an energy bin at the far detector for a givenggnbin the the near detector. The events observed in the
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FIGURE 1. This plot shows the observed far detector event energy pedithe points with error bars) and two predicted
far detector unoscillated energy sprectra (from the beamnixmaethod, described in this document, and from a nearctimtdit
method). The last energy bin contains events from 18 to 30 &&é shown, in the solid black line, is event spectrum oidli
with best fit values for the oscillation parameters.

near detector are first converted into a neutrino flux, byding by the cross section and applying a correction for
the acceptance. Then the matrix is applied to the near deteettrino flux to yield a far detector neutrino flux. The
predicted far detector event spectrum is obtained by miyiitig this predicted far detector flux by the cross section
and then applying the far detector predicted acceptance.

In the far detector data, 215 events were observed below 30 &ecompared to 33614.4 predicted events in
the absence of neutrino flavor changes. Below 10 GeV, théfisigmce increases as 122 events were observed while
238+11 events were expected. Figure 1 shows the energy specfriima observed events, as well as the predicted
reconstructed energy spectrum.

A fit was for An? and 8 was performed within the two-flavéroscillation hypothesis (following Equation 1) by
minimizing the difference between the expected and predievent spectra for a given setff? and . Included
in the x2 of the fit are 3 penalty terms corresponding to the largesteswf systematic uncertainty on the predicted
far spectrum. The largest uncertainty comes from the NC dpracind. Though the NC contamination in the CC
event sample is 2% of the total selected signal, the unogytain this contamination has been estimated at 1%.
The next largest systematic uncertainties arise from theud®ertainty on the near/far normalization (due to the
uncertainty on the detector fiducial masses and the relaéiection efficiencies), and from the uncertainty on the
energy scale (dominated by the hadronic energy scale @irtgrand the uncertainty on the effects of intranuclear
rescattering). The best fit values for the neutrino os@lfaparameters were found to g, = 2.74"35% x 1073

eV? and sirt(26,3) > 0.87 at the 68% confidence level. The event reconstructed gspegtrum expected for these

best fit values is included in Figure 1. Figure 2 shows theltiegucontours for the 68% and 90% confidence levels
for the values of the oscillation parameters resulting ftbenfit to the MINOS data. Also included on the plot are
the 90% confidence level contours from the Super-Kamiokandek2K experiments. The MINOS best fit values are

2 The mass difference required to explain the neutrino flahanges seen in solar neutrino experiments [8] and longibaseactor neutrino
experiments [9] is too small to have significant effects aténergies and distances of the MINOS experiment. So, thdlawor assumption is
adequate to describe this data.
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FIGURE 2. This figure shows the confidence intervals obtained for thrim® oscillation parameters after a fit to the oscillation
hypothesis. The far predicted spectrum used for this fit waaioed via the beam matrix method. Systematic errors heee b
included. Also shown are the contours from the Super-Kaamndk and K2K experiments.

in good agreement with the results from those experimentSIO% will continue to collect neutrino beam data for
several more years and should significantly improve on otrectiunderstanding of the value |aﬁrr§3|.
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