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I will present the status of the long baseline neutrino oscillation experiment MINOS at Fermi National Accel-
erator Laboratory (Fermilab). I will summarize the status of the detector and beam construction, the expected
event rates and sensitivity to physics. I will also comment on possible future plans to improve the performance

of the experiment.

1. Introduction

The strongest evidence for neutrino oscillations
comes from astrophysical observations of atmo-

spheric neutrinos with Am2, = (1.6 — 4.0) x
1073 V2 and maximal mixing [f|,f], and from so-
lar neutrinos with Am?,, = (3—10) x 107° eV?

assuming the LMA solution [E, The obser-
vation by the LSND experiment [fj] will soon be
re-tested at Fermilab by the mini-Boone [ ex-
periment. Therefore we will not discuss it further
in this document. There is now a consensus that
there are four main goals in the field of neutrino
oscillations that should be addressed soon with
accelerator neutrino beams:

1. Precise determination of Am3, = Am?2,
and sin® 2655 and definitive observation of
oscillatory behavior.

2. Detection of v, — v, in the appearance
mode. If the measured Am? for this mea-
surement is near Am3, then this appear-
ance signal will show that |U,s3|” (= sin® 6;3)
from the neutrino mixing matrix in the
standard parameterization is non-zero.

3. Detection of the matter enhancement effect
in v, — v, in the appearance mode. This
effect will also allow us to measure the sign
of Am3,, i.e. which neutrino is heavier.

*Representing the MINOS collaboration which has ~ 200
collaborators from 30 institutions.

THO8

4. Detection of CP wviolation in neutrino
physics.  The neutrino CP-violation in
the standard neutrino mixing model comes
from the phase of U3 in the mixing matrix.
This phase causes an asymmetry in the os-
cillation rates v, — v, versus v, — V.

In this paper I will describe how the MINOS ex-

periment [E,E,E,,IE] will make the first impor-
tant contributions to this program of physics.

1.1. The neutrino beam

A new neutrino beamline, called NuMI, has
been constructed at Fermilab [@] High energy,
120 GeV, protons from the main injector with in-
tensity of 4 x 10'3 every 1.9 sec in 8.1us-long pulse
will strike a 1 m-long segmented graphite target.
The secondary mesons are collected by a two-horn
focusing system and directed towards the Soudan
Iron Mine in Minnesota, 735 km away, at an angle
of 58 mrad into the ground. The mesons, most of
which are charged pions, are sign selected to be
positive by the horn system and allowed to decay
in a 675 m long and 2 m diameter evacuated decay
tunnel. The two-horn wide band system allows
us to tune the mean energy of the v, from about
3 to 18 GeV. Since the latest oscillation param-
eters from the Super Kamiokande atmospheric
neutrino data are in the range of ~ 3 x 107 3eV?2,
the first run of MINOS will most likely be with
the lowest energy beam to get as large an oscil-
lation effect as possible for the 735 km baseline.
The expected v, flux from the NuMI beamline
is shown in Figure [ The contamination from
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Figure 1. The muon neutrino flux expected from
the NuMI beam. The flux is normalized for 0.4
MW of 120 GeV proton for 107 sec of running
time. The flux is scaled to be at 1 km distance
from the NuMI target, but the spectrum shape
was calculated for 735 km. The spectrum ex-
pected at several angles to the 0° axis is also
shown.

electron neutrinos will be less than 1% with ap-
proximately the same spectrum.

1.2. The MINOS detector

The MINOS experiment has two detectors, the
near detector and the far detector, to determine
the neutrino flux close to the source as well as
735 km away. The near detector, with a mass of
~ 1 kTon, will be placed 1040 m downstream of
the target, or about 300 m beyond the end of the
decay tunnel, and about 100 m underground. It
is designed to precisely measure neutrino beam
characteristics such as the energy spectrum and
the v, contamination. The near detector is con-
structed to be nearly identical to the far detector
in terms of segmentation so that the event recon-
struction, background levels, and energy resolu-

Figure 2. Schematic of the MINOS far detector.
The octagonal area is the mainly iron detector
mass; the central hole accomodates a coil to gen-
erate the toroidal magnetic field. The racks on
both sides of the detector house the multi-anode
photomultipliers and the front end electronics.

tion can be studied with the unoscillated neutrino
flux with high statistics. The neutrino interaction
rate in the near detector is sufficient to provide
nearly continuous beam monitoring. For the final
analysis we expect that interations in the central
region of 25 cm radius will be used. Beam mon-
itoring will also be provided by a set of ceramic
pad ionization chambers placed in 3 caves after
the end of the decay tunnel. These chambers were
designed to provide stable, precise monitoring of
the secondary muon flux as a function of time as
well as azimuthal position [[LF].

The far detector has a total mass of 5.4 kT. It
is placed in a new cavern dug 713 m underground
in the Soudan mine in northern Minnesota, about
735 km away from the primary target at Fermi-
lab. The far detector is made out of two super-
modules, each an 8m-diameter octagonal toroid
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composed of 243 layers. Each layer is made of
a 2.54 cm-thick steel plane and 1 cm-thick and
4.1 cm-wide scintillator strips grouped in 20- or
28-strip wide light-tight modules. The scintil-
lator strips are made in an industrial extrusion
process using Styron 663W polystryrene, manu-
factured by the DOW chemical company, doped
with 1% PPO and 0.03% POPOP. A 0.25 mm-
thick reflective layer, made by adding 12.5% TiO4
to polystyrene, is co-extruded with the scintilla-
tor strips. A 1.4 mm-wide and 2 mm-deep groove
in the center of the 4.1 cm-side is also made dur-
ing the extrusion process. A 1.2 mm diameter
wave length shifting (WLS) fiber is embedded in
the groove during the assembly of the scintillator
modules. The J-type Y11 multiclad PMMA, non-
S WLS fiber made by Kuraray and doped with
the K27 dye at 175 ppm (with maximum intensity
emission at 520 nm) is used. The fibers are opti-
cally coupled to the scintillator strips with epoxy.
The WLS fibers are read out from both ends.
They are grouped (multiplexed) inside a light-
tight box into sets of 8 fibers from strips spaced
more than 1 m apart in each plane. Each 8-fiber
bundle is coupled, using a “cookie”, to a single
pixel of a 16-pixel R5900-M16 Hamamatsu photo-
multiplier (PMT). Thus each PMT reads out 128
fibers; one end of each scintillator plane needs 24
pixels. This arrangement allows us to read out
the entire MINOS far detector using only 1452
PMTs. Since the event rate is small, unambigu-
ous event recontruction can be achieved in soft-
ware despite the multiplexing. An important de-
tector parameter is the photo-electron yield for a
minimum ionizing particle (MIP) incident at right
angle to the scintillator strip: the average yield,
measured using a radioactive source for each strip
during assembly, is about 6 photo-electrons per
MIP summed from both sides. The attenuation
over the 8 meter length of the strip is about a
factor of 3.

The near detector is a 3.8 m by 4.8 m
“squeezed” octagonal toroid made of solid 2.54
cm iron plates with scintillator strips of similar
design as the far detector between the iron plates.
The near detector has two longitudinal sections:
The first 96 planes are called the target or the
hadron/shower calorimeter. In these planes the
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area that will be exposed to the central part of the
beam (about half of the tranverse area) has scin-
tillator modules in every plane. Every 4th plane
in the hadron/shower calorimeter has full area
scintillator coverage. The second, muon tracking,
section has 164 planes with every 5th gap instru-
mented with full area scintillator coverage. The
fibers are read out individually (no multiplexing)
from one end only by 215 64-anode Hamamatsu
PMTs. The opposite ends of the fibers are reflec-
tively coated to increase the average light yield to
similar level as the far detector.

Both detectors are magnetized using a coil
through a hole in the center of the planes to an
average field of about 1.5 T (2 m away from the
coil). The front end electronics is different for
the two detectors because the event rate in the
8.1 p-sec neutrino pulse in the near detector is
far higher than the far detector. In the far detec-
tor the read out electronics is based on a VA chip
from IDE and in the near detector it is based
on the QIE chip designed at Fermilab. Simula-
tions show that these detectors have a resolution
of 60%/+E for hadronic showers and 25%/vE
for electromagnetic showers. Both detectors are
being calibrated by cosmic rays and a light in-
jection system. A test beam calibration module
is being used to perform relative calibration be-
tween the near and far detectors of about 2% and
absolute calibration of about 5%.

The MINOS experiment is currently under con-
struction. Approximately 2/3 of the detector has
been assembled in the Soudan mine and is tak-
ing cosmic ray data. The civil construction for
the NuMI beam line is finished and the technical
items are now being assembled. Data with the
neutrino beam is expected in December 2004.

2. The physics sensitivity

A summary of the important parameters of the
MINOS experiment is shown in Table [I.

2.1. Muon neutrino disappearance

MINOS plans to detect oscillations by observ-
ing the absolute event rate as well as the energy
distribution for charged current muon neutrino
events. We will also obtain a confirming oscil-
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Table 1
Parameters of the MINOS experiment

120 GeV
8.1 p s every 1.9 sec

Proton Energy

Time Structure

Intensity 4 x 10* protons/spill
Exposure 3.8 x 10%° protons/year
Beam 1 m graphite target 2-horn pion focusing
LE 1-6 GeV v, with tail to 50 GeV
Baseline 735.340 km
Detector 2.54 cm Iron, 1 cm scint.
Magnetized Average field 1.5 T
Resolution hadronic 60%/ VE
electromagnetic 25% /v E
Event rate Near det. 3 events/spill in target region

Far det. 300 v, CC events/kT/yr (no osc)

lation signature in the ratio of the number of
charged and neutral current events. The total
neutrino energy will be measured by measuring
the muon momentum and range as well as the to-
tal energy of the hadron shower. The resulting
distribution of reconstructed neutrino energy is
shown in Figures [| and [, for Am?2 = 0.002 eV2
and Am? = 0.0035 eV?, respectively; sin® 260 =
0.9 for these plots. To extract oscillation param-
eters it will be necessary to precisely predict the
spectrum without oscillations at the far detector
using the near detector data. Using known toler-
ances on the target/horn geometry as well as the
differences in the near and far reconstrution effi-
ciencies we expect to reduce the systematic error
on the far spectrum to about 2% in normalization
and 2% in bin-to-bin fluctuations. Using these
systematic uncertainties we predict that MINOS
will be able to measure the oscillation parameter
Am? to £10% at the best fit point of the Super-
Kamiokande allowed region. This is shown in Fig-
ure ﬂ The Super-Kamiokande best fit point is
now at 0.0025 eV2 [[J]. For this value, the mini-
mum in the oscillation probability for MINOS will
be at 1.5 GeV which is on the lower rising edge
of the charged current spectrum (See the unoscil-
lated histogram in Figure []). Therefore, one pos-
sibility under study for improved performance is

to increase the flux below 2 GeV by appropriate
modifications to the target/horn geometry.

2.2. Electron neutrino appearance

The main oscillation channel in the case of
atmospheric oscillations is now thought to be
v, — v7[P). Nevertheless, in the 3 neutrino for-
mulation of oscillations it is natural to expect a
small component of the disappearing v, to con-
vert to v, with the same oscillation length as the
atmospheric one. This will occur if the presently
unknown neutrino mixing matrix element U3 is
nonzero. The best limit on U3 currently comes
from the reactor experiment Chooz [@} in which a
search was made for disappearance of 7. At the
Super Kamiokande best fit Am? = 0.0025 eV?
the Chooz limit implies |U.s3|* < 0.03 at 90% con-
fidence level. The expected sensitivity of MINOS
for v, — v, appearance is shown in Figure E
With 10 kT-year of exposure we expect to im-
prove the Chooz limit by about a factor of 2. At
Am? = 0.0025 eV? and |Ug3|? = 0.03 we expect
an excess of 24 electron event over a background
of 40 events. For Figure || we assumed that the
background will be known to about 10% by using
the near detector data. The sensitivity is limited
by the neutral current background (28 events) out
of which approximately half will be from high en-
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Figure 3. Expected spectrum of reconstructed
muon neutrino energy for Am? = 0.002 eV? and
sin® 20 = 0.9. We assume 10kT-year of exposure
in the low energy beam for this result.

ergy (> 10 GeV) neutrinos. We are examining
the possibility of reducing the background and
improving the signal by 1) eliminating the high
energy tail of the beam by using a “beamplug”,
2) improving the flux at low energies. A more
sensitive approach to v, — v, has been proposed
to use the off-axis narrow band NuMI beam (See
Figure [])[l5] and a new detector placed on the
Earth’s surface near Soudan(ld]. With an up-
graded more intense main injector such an exper-
iment could also be sensitive to CP violation. Ul-
timately, for the best sensitivity to matter effects
and CP violation using a conventional neutrino
beam one may have to go to much longer base-

lines [E,@] .

3. Conclusion

The NuMI neutrino beamline and the MINOS
near and far detectors are being constructed. Ap-

THO8
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Figure 4. Expected spectrum of reconstructed
muon neutrino energy for Am? = 0.0035 eV? and
sin?20 = 0.9. We assume 10kT-year of exposure
in the low energy beam for this result.

proximately 2/3 of the 5.4 kT MINOS detector
has been assembled in the Soudan mine; it is now
gathering cosmic ray data. The NuMI beamline
will be finished in 2004 and data gathering with
the neutrino beam will commence in December
of 2004. With 10 kT-year of data with 3.8 x 102°
protons per year we expect to confirm the oscil-
latory behaviour of muon neutrinos and measure
Am? with 10% error. We will also improve the
limit on v, — v, beyond the limit of Chooz or
discover this appearance channel if the parame-
ter |Ues|? is sufficiently large. The sensitivity to
the appearance channel is limited by the neutral
current background, and we are examining vari-
ous possibilities to reduce this background.
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