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The MINOS experiment (Main Injector Neutrino Oscillation Search) uses two detectors sep-
arated from 735 km to measure the oscillation parameters of the beam of muon neutrinos
produced by the NuMI facility. Neutrino oscillations are observed by comparing the observed
energy spectrum at the Far Detector, in Northern Minnesota, with the expectation extrapo-
lated from the measured spectrum at the Near Detector at Fermilab. This paper describes
four results from the first three years of operation. Firstly, the observation of muon neutrino
disappearance that gives the best measurement of Am3; to date. Secondly, the result from the
7% component of muon antineutrinos in the beam that allows us to study, for the first time
in a long-baseline accelerator experiment, antineutrino oscillations and set a limit on their
oscillation parameters. Thirdly, the search for electron neutrino appearance that sets a limit
on the mixing angle sin?(260;3). Finally, the analysis of the neutral current energy spectrum
that produces an upper limit on the fraction of sterile neutrinos mixing with muon neutrinos.

1 The MINOS Experiment

MINOS (Main Injector Neutrino Oscillation Search) is a long-baseline experiment running at
Fermilab since 2005 in the intense NuMI (Neutrinos at the Main Injector) beam. The beam
is produced from 120 GeV protons and is composed of 98.7% v, + v, and 1.3% v, + .. Both
detectors are magnetized (1.3 T) calorimeters made of alternated layers of 2.54-cm thick steel
and solid-scintillator planes. The latter are composed of scintillator strips with a rectangular
cross-section of 4.1 x 1 cm?!. The neutrino energy spectra are measured at the Near Detector,
1 km from the source, before oscillations have had time to occur. They are then measured again
at the Far Detector, 735 km from the source at the Soudan Underground Laboratory in northern
Minnesota. Comparing the energy spectra at the two detectors allows the relevant oscillation
parameters to be measured. Their similar design permits to reduce systematic uncertainties
due to neutrino interaction physics, beam flux and detector response. The integrated exposure
of the dataset analysed and presented here is over 3 x 102° protons on target ("pot”), with a
neutrino yield of about one neutrino per proton. The intrinsic divergence of the beam reduces
the neutrino flux at the Far Detector by a factor 10% compared to the Near Detector. All results
reported here were obtained using the methodology of blind analysis.

2 v, Disappearance Oscillations

The design goal of the MINOS experiment is to use quasi-elastic v, interactions to make a
precision measurement of the atmospheric oscillations parameters sin?(26) and Am?. In the
two-flavour approximation, the survival probability of a v, of energy E, [GeV ] observed after



traveling some distance L [km] is given by

P(v, — v,) =1 — sin*(20) sin2(1.27Am2%)

where Am? [eV?] is the square mass difference between vo and v3 and sin?(26) is the mixing
amplitude between these two mass eigenstates.

The events are characterised by a long muon track and a hadronic shower. The analysis
selected 848 events as v, with good purity?. The observed, unoscillated near detector signal is
used to calculate an expectation of 1065 + 60 events at the far detector. The best fit oscillation
parameters are Am? = (2.43 4+ 0.13) x 1073eV? (68% C.L.) and sin?(26) > 0.90 (90% C.L.).
The data set is now double and an updated and refined analysis will allow to improve this
measurement.
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Figure 1: The reconstructed energy spectrum of

charged current v, events at the Far Detector, along
with the best fit to oscillations and the prediction in

Figure 2: Region of oscillation parameter space al-
lowed by MINOS, compared with the results from

case of no oscillations. Super-Kamiokande and K2K.

3 7, Appearance Oscillations

The magnetized nature of the MINOS detectors allows the event-by-event determination of the
charge sign of muons, and thus the identication of the nature of the parent (neutrino or anti-
neutrino). Selection of wrong-sign muons in the v, beam tests if 7, oscillate in the same fashion
as v, and tests CPT conservation.

In the neutrino beam, only 6.4% of the events are due to anti-neutrinos, hence the back-
grounds are relatively higher and the statistics considerably lower. In addition, the peak of the
v, energy spectrum is around 8 GeV, away from the expected signal region (around 2 GeV).
The 7, result from the v, beam will have a lower precision.

64.6 £ 8.05¢0r & 3.95yst 7, events were expected in the case of no oscillation, 58.3 £ 7.644 &=
3.65yst in the case of CPT conserving oscillations, and 42 observed. This excludes the no oscil-
lation hypothesis at 99% C.L. The MINOS data also rules out a region of previously allowed
oscillation parameter space: at maximal mixing, MINOS disfavours Am? < 2.0 x 1073eV? and
5.0 x 1073 < Am? < 80 x 1073eV? at 90% C.L..The anti-neutrino oscillation parameters are
consistent with the neutrino ones given the low statistics. A dedicated run of the NuMI beam
optimized to produce anti-neutrinos has been taken between September 2009 and March 2010,
that will allow to improve this measurement and understand better anti-neutrino oscillations.
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Figure 3: The reconstructed energy spectrum of sin2(2€)
charged current 7, events at the Far Detector along
with the no oscillation and CPT conserving predic-

tions. The blue band encompasses the total system- Figure 4: Region of oscillation parameter space al-
atic uncertainty on the prediction. Also shown is the lowed by MINOS for 7, oscillations. The MINOS v,,
estimated background. contour and global fit are also shown.

4 v, Appearance

If 6;3 is non-zerd', this will cause oscillations through the subdominant channel vy — Ve. MINOS
was optimised to be a good muon calorimeter and does not have a good resolution of GeV
electromagnetic showers, but it retains sensitivity to a v, appearance signal close to the CHOOZ
limit (sin?(26013) < 0.15). These CC-v, events are selected by looking for events with compact
electromagnetic showers with a signal efficiency of 41%. Near Detector data with the NuMI
focusing horn switched off is used to correct the simulated backgrounds (CC-v, and Neutral
Current). The final uncertainty on the predicted Far Detector event rate is 7.3% and a statistical
uncertainty of 19%. 35 events were observed at the Far Detector, for a prediction of 27 45 g4

2syst, representing a 1.50 excess. The fit is consistent with no v, appearance and just below the
CHOOZ limit °.
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Figure 5: The MINOS allowed regions for sin2(2013) for the normal and inverted hierarchies. Also shown are the
MINOS best fit for each hierarchy and the CHOOZ limit.



5 Neutral Current Analysis

Another possible explanation for v, disappearance is the oscillation into a sterile neutrino flavour.
If this channel exists, it would suppress the Neutral Current (NC) event rate. NC events are
characterised by a hadronic shower without a muon track. The analysis is made under the
hypothesis of a single sterile flavour mixing with v, and v, at the same Am?. No deficit is seen
in the Far Detector data when compared to the prediction from the Near Detector: the fraction
of active neutrino that oscillate into a sterile species is constrained to be below 0.55 3.

6 The Future

The analyses presented above have used a dataset of over 3 x 1020 protons on target (POT).
As of the June 2009 shutdown, MINOS has accumulated 7 x 102° POT. Updated results using
this doubled dataset will be presented in the summer 2010. In September 2009, the current in
the NuMI focusing horns was reversed, producing a v, beam. This allowed MINOS to obtain a
greatly enhanced 7, sample concentrated around the expected oscillation maximum. With this,
MINOS is making the first precision measurement of the neutrino oscillation parameters in the
atmospheric regime, being able to precisely test CPT conservation in the neutrino sector.
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