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ABSTRACT

The MINOS experiment has recorded data from approximately 1 x 1020 protons
in the NuMI beam. This experiment has a baseline of 735 km, the longest
yet constructed. We report here on the status of the experimental program at
MINOS.

1. Introduction

Since it recorded its first neutrino events in January, 2005 the MINOS experiment
at Fermilab has utilized the recently completed NuMI beamline to record a large
sample of νµ data which is adequate for a first analysis of long-baseline neutrino
behaviour using the disappearance technique in the large MINOS detector located
in Soudan, Minnesota. This paper will report on the status of the datataking, the
performance of the detectors, its first results using atmospheric neutrinos, and its
approach to an early release of analysis of charged-current (CC) νµ interactions.

The primary goal of MINOS is a precision measurment of the atmospheric ∆m2,
using a well-understood source of artificially produced neutrinos. In addition, the
experiment expects to perform a search for νµ → νe oscillations for ∆m2 within a
factor of 2 of the CHOOZ [1] limit, to rule out non-oscillation hypotheses for νµ

disappearance, and to directly separate the contributions to atmospheric oscillations
of neutrinos and antineutrinos using a magnetic field.

2. Overview of the NuMI Beam and MINOS
Detectors

The NuMI beamline operates by extraction of 120 GeV protons from the Main
Injector onto a graphite target, forming a secondary beam which decays to neutrinos
in a 675 m evacuated beampipe. The beam enegy is adjustable by motion of the
target with respect to the focussing horns, providing valuable systematic checks of
the beam composition. The lowest energy beam configuration (peaking at 3 GeV) is
used to provide the strongest oscillation signal. However, a period of higher energy
running (9-10 GeV peak) was used in the spring of 2005 to increase the far detector
neutrino rate for checkout purposes. Figure 1 shows graphically the rate at which the
experiment accumulated data during 2005. With the exception of a period during
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Figure 1: History of beam delivered to the NuMI beamline during 2005. Here pHE refers to the
high-energy beam configuration, pME to the medium energy configuration, and LE to the low energy
configuration.

which one of the focusing horns was under repair, there is steady improvement in the
performance of the system.

Neutrino beamline performance is characterized with good accuracy by the power
delivered onto the target, over some suitable averaging time. In the Fermilab Main
Injector operating at 120 GeV, 1.0 x 1013 protons/sec corresponds roughly to 200 kW
of beam power. During the week of 21 December, 2005, the NuMI beamline delivered
an average of 2.2 x 1013 protons/pulse. The interval between pulses varied from 2.1s
to 3.4s, with a resulting average power of 165 kW, as displayed in Figure 2.

The long-baseline MINOS far detector is located at an underground depth of 715
m, at a baseline of 735 km from Fermilab. Detector construction consists of 5.4 kT
of toroidally magnetized steel planes equipped with scintillator strip (4.1cm width)
readout. The detector is divided into two supermodules of 242 active planes each.
Two orthogonal views of the interactions are provided by alternating the direction
of the scintillator strips. Light proceeds along optical fibers to Hamamatsu M16
multi-pixel photomultipliers, after which the signals are digitized and read out. The



Figure 2: Delivered beam power to the NuMI target during the period 25-28 December, 2005. The
secondary peak near 240 kW represents periods during which the Main Injector was not producing
antiprotons, allowing more protons to be sent to the neutrino program.

approximately 1 kT MINOS near detector is located in the NuMI neutrino beam at
Fermilab, approximately 300 m downstream of the decay pipe and hadron absorber.
A calorimeter region of 120 active planes is followed by a muon spectrometer of 161
planes in which only every 5th plane is instrumented. The near detector provides a
high-statistics sample of neutrino interactions in a detector which is highly similar
to the far detector, allowing an excellent measurement of the unoscillated spectrum.
The detctor utilizes Hamamatsu M64 multi-pixel photomultipliers Because of the
high neutrino occupancy of the near detector (up to 20 events per 10 µs spill) , the
near detector electronics differ somewhat from the far detector, employing timing to
separate events. Both MINOS detectors routinely achieved uptimes exceeding 95%,
and often as high as 98% during periods when the NuMI beam was on.
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Figure 3: (a) Distribution of event vertices for neutrino events occurring within the fiducial volume
of the MINOS far detector. (b) Timing distribution with respect to the expected timing of the NuMI
beam at the MINOS far detector for 159 neutrino events in the MINOS open sample.

3. Characteristics of Beam Neutrino Events

In the near detector, all detector activity was read out during a spill gate of
13µs around the extraction time of the beam, with no additional trigger requirement.
GPS time stamps were exported to the far detector, whose data was written out if it
fell within a 50 µs window of the expected arrival time of neutrinos from Fermilab.
In addition, data was written out by both detectors between spills (near) or anytime
(far) if a minimal activity threshold was satisfied. Cosmic ray events in both detectors
provided an ongoing monitor of calibration and performance.

Further cuts are placed on the data recorded from the spills to create a well-
understood subset of events for further analysis. The recorded data is used to search
for tracks associated with muons or showers. An event vertex is found which rep-
resents the point of interaction of the beam neutrino. Events are required to have
a vertex within 3.74 m of the center of the far detector and to begin within 0.5 m
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Figure 4: (a) Horizontal angle distribution for far detector events with more than 40 hit planes. (b)
Vertical angle distrbution for far detector events with more than 40 hit planes.

of the upstream end of the detector and within 2 m of the downstream end. These
tracking and fiducial cuts remove approximately 34% of the original triggered data.
Additional cuts on the track angle and the data and beam quality make the overall
event-finding efficiency 63% Similar cuts are placed on the near detector data, where
the fiducial region is restricted to a circle of radius 1 m around the beam centerline.

The MINOS experiment is utilizing a technique of blind analysis in which only an
unknown fraction of the far detector data is available for inspection. All near detector
data is unblinded. The blinding of the far detector data is done as a hidden function
of the reconstructed event energy. With these procedures, 159 events are found in the
far detector from a data sample of 9.3 x 1019 protons on the NuMI target. Figure 3
shows representative distributions of the vertex position and timing for these neutrino
events.

As the NuMI beam must cross a chord of the earth to reach the MINOS far detctor,
the beam descends at an angle of approximately 3o at the Fermilab site and ascends
at the same angle in Soudan. Neutrino event distributions showing the vertical and
horizontal angles indicated by tracks in the far detector neutrino events are shown in



Figure 4.

4. Towards a Charged-Current Oscillation Analysis

The event statistics described in the previous section are sufficient for a measure-
ment of the neutrino disappearance associated with neutrino oscillations. Such an
analysis is in progress. Here we will discuss the necessary steps to obtain a result.

The analysis begins with selection of a purified sample of CC events. A represen-
tative technique used by MINOS defines a likelihood function for an event to be either
NC or CC based on several variables which are expected to discriminate between the
two event types. Typical variables used are the length of the event, the fraction of
the pulse height associated with the track, and the average pulse height per plane.
Figure 5 shows the agreement of a related quantity, the track pulse height per plane,
compared to the MINOS simulation in both near and far detectors. A cut on the
likelihood function so created selects CC events with an efficiency of approximately
87% and a remaining NC background estimated at < 4%. Neural net techniques give
excellent agreement and an independent check of the selection.

Several methods are under investigation for the extrapolation of the near detector
spectrum (presumably unoscillated) to the far detector. These include comparing
reconstructed energy bins, performing a matrix unfold of the true neutrino spectrum
before extrapolation, and performing direct fits of the MC predictions to the near and
far observed spectra. The techniques have somewhat different systematics and are
complementary. Figure 6 shows the results of the direct fitting analysis performed
on the MINOS mock data challenge, a MC sample representing a typical experiment
with 7.4 x 1020 protons. The fitted values for ∆m2 and sin2(2θ) are 2.2 x 10−3

and 0.93 respectively, to be compared with the input MC values of 2.1 x 10−3 and
0.88. In all techniques, there will be systematic errors due to uncertainties in particle
production, neutrino cross-sections and relative calibrations. These will be dominated
by the statistical error.

5. Atmospheric Neutrino Results

In addition to long-baseline physics with the NuMI beam, the MINOS far detector
can be used to study atmospheric neutrinos. In this case, the unique feature of
the experiment is its magnetic field, which can investigate differences between the
oscillations of ν and ν̄ created in the decays of showers generated by primary cosmic
rays. This work is the subject of the first MINOS physics publication to be found in
[2]. Here we summarize the results contained in that paper.

The MINOS far detector has been taking atmospheric neutrino data since August
2003 and has accumulated a total exposure of 6.18 kT-years, of which 4.5 kT-years
are within the fiducial volume. All data above a loose hardware threshold is read out
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Figure 5: (a) Track pulse height per plane for MINOS near detector events compared to expectations
from simulation. (b) Similar distribution for MINOS far detector events.

and digitized. A software trigger requirement of is then applied, requiring activity in
at least 4 planes out of any contiguous group of 5. The detector has an overhead veto
shield of scintillator modules which helps reject background from down-going cosmic
rays.

Triggered events are divided into two samples, one containing fully-contained
(FC) and down-going partially contained (PC) events, and the other one contain-
ing upward-going PC events. The event class is determined using event topology
and the excellent timing resolution (1.6 ns precision) of the readout electronics. Dif-
ferent background rejections are applied to the two samples, since their principal
backgrounds differ. In the case of the first sample, the background is dominated
by cosmic-ray muons which enter the detector parallel to the detector planes, then
scatter into the fiducial volume. The background to the upward-going sample is stop-
ping cosmic-ray muons, reconstructed as upward-going. After all selection cuts, a
total of 107 events remain in all categories, with an estimated remaining cosmic ray
background of 4.4±0.5 events.

Figure 7 shows the distribution in reconstructed neutrino energy of the 107 se-
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Figure 6: Simulated MINOS far detector neutrino energy spectrum for 7.4 x 1020 protons to NuMI.
Results of fit technique for MINOS mock data challenge are shown. Note bin size change above 10
GeV visible energy.

lected events, compared to expectations with and without neutrino oscillations. To
compare our data with these hypotheses, we select events whose timing information
unambiguously separates the sense of their direction. This reduces the data sample
to 77 events, 49 of which are downward going. For this sample we find for the double
ratio Rdata

up/down/R
MC
up/down (where MC refers to the expected values in the case of no

oscillations) the value 0.62± 0.14(stat)± 0.02(sys), which is 2.6 standard deviations
from unity. A more complex likelihood analysis using events with good resolution in
the quantity L/E disfavors the null oscillation hypothesis at the 98% confidence level.

As a final analysis of this data, 52 events with well-measured charge are compared
with expectations. The result for the number of anti-neutrinos is fdata/fMC = 0.98±
0.19(stat)± 0.06(sys), consistent with the same oscillation parameters for neutrinos
and antineutrinos within the limited statistics currently available.



Figure 7: Visible neutrino energy distribution for MINOS atmospheric neutrinos, compared to ex-
pected distributions without neutrino oscillations and with oscillations for ∆m2 = 0.0025eV 2
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