
1The Status of MINOSP.G. Harris aaSchool of Chemistry, Physics and Environmental Science,University of Sussex,Falmer, Brighton BN1 9QJ, United KingdomThe MINOS long-baseline neutrino oscillation experiment is now entering its construction phase, and data-taking is anticipated to begin late in 2002. The experiment will cover large regions of the �e-�� and ��-��mixing parameter spaces, and will be extremely sensitive to the region favoured by the latest results from Super-Kamiokande.1. INTRODUCTIONIn the face of mounting evidence supportingthe hypothesis that neutrino oscillations [1] areresponsible for the solar [2] and atmospheric neu-trino anomalies [3], a de�nitive experiment isneeded to measure the mixing parameters withhigh precision. To this end, it is necessary touse a well-controlled neutrino source, preferablywith an energy above the �� production thresh-old; there should be a pair of detectors, withone being placed close to the source in order tocontrol systematics; a large reach in parameterspace requires considerable 
exibility in L/E; and,naturally, a precision measurement requires highstatistics. The MINOS (Main Injector NeutrinoOscillation Search) experiment, in which a beamof �� will be sent 731 km from Fermilab to a de-tector in Soudan, Minnesota, is the only candi-date that will ful�l all of these criteria within thetimescale of 2002-2005 [4].2. NEUTRINO BEAM2.1. Neutrino beamThe Fermilab Main Injector, which is nowin operation, will provide an extremely intensesource of neutrinos: there are expected to be3:7 � 1020 120 GeV protons on target per year.The beam will be almost exclusively ��; with asmall (' 0.5%) �e contamination expected.The latest results from SuperKamiokandefavour a �m2 as small as ' 3-5 �10�3 eV2 for��-�� mixing [3]. If this is the case, the transi-

tion probability for the MINOS baseline would bemaximised at a neutrino energy of ' 2-3 GeV,which is just above the � production thresh-old. The neutrino beam therefore incorporatesa moveable focussing horn, allowing the experi-ment to use any one of three possible con�gura-tions, corresponding to a high, medium or lowenergy beam. The expected �� charged-current(CC) event rates as a function of neutrino energyare shown in Figure 1.The neutrino beam is expected to become avail-able to MINOS in the autumn of 2002, and, dur-ing the following two years of data taking, ap-proximately 30,000 beam-related neutrino eventsare expected to be seen in the far detector.3. MINOS DETECTORS3.1. Far detectorThe MINOS cavern at the Soudan site is situ-ated 690 m below the surface. The detector willbe an 8 m wide octagonal tracking calorimeter,consisting of 480 inch-thick layers of steel inter-leaved with scintillator, giving a total mass of 5.4kilotons (see Figure 2). There will be a toroidalmagnetic �eld, of approximately 1 T strength;this will be the �rst large underground neutrinodetector to be magnetized.The scintillator strips will be 4 cm wide and1 cm thick, with a coextruded TiO2 cladding tomaximise internal re
ection, and will be read outby means of wavelength shifting �bres carryinglight to Hammamatsu M16 photomultiplier tubes
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Figure 1. �� CC event rates for the three possibleneutrino beam con�gurations. Perfect focussingrefers to the ideal situation in which all of thepions would be parallel.situated around the edge of the detector. Scin-tillator strips will be in orthogonal directions inalternate planes. Relative calibration will be car-ried out in the short term by injecting light frompulsed LEDs; absolute energies will be calculated(over longer timescales) by studying cosmic-raymuons. A study to compare the energy deposi-tion by muons with that from hadronic showerswill be carried out using a sample module in atest beam.At the time of writing, a four-plane prototypedetector is being assembled for testing at Fermi-lab. Three of the planes are to be fully instru-mented with scintillator and readout. Testing willbe carried out over several months, prior to thestartup of full-scale module production.3.2. Near detectorThe near detector is designed to be functionallyidentical to the far detector, although it will besomewhat di�erent in physical appearance due tothe di�erences in nature of the neutrino beam atthe two sites. In particular, the beam at the neardetector will be tightly collimated, and all inter-
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Figure 2. The MINOS far detector, consistingof 480 octagonal layers of magnetized steel inter-leaved with scintillator.
actions of interest are expected to occur within25 cm of the beam axis, whereas the \
at top" ofthe beam pro�le will be about a mile wide at thefar detector. In the 3 m long upstream sectionof the near detector, in which only one quadrantwill be instrumented, the �rst 0.5 m will be usedto veto external events; the next 1 m will be atarget region for events of interest; and the �nal1.5 m will be used as a hadron spectrometer. Thedownstream section will be a fully-instrumented11 m long muon spectrometer. The beam axis willbe o�set from the centre of the detector, in orderto minimize the number of interactions within theregion of the magnetic coil. A diagram of the neardetector is shown in Figure 3.The near detector has been designed so thatthe average magnetic �eld seen by a muon willbe almost identical in both near and far detec-tors. The nature of the beam in the near detectorwill be studied carefully (in particular to measure�e contamination), and a Monte Carlo projectionmay then be used with con�dence to provide anunderstanding of the beam at the far detector.
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enclosed inFigure 3. A cutaway diagram of the MINOS neardetector. The neutrino beam spot is shown to-wards the left, centred on the instrumented quad-rant of the upstream section.4. OSCILLATION MEASUREMENTS4.1. T-testThe most robust oscillation measurement thatMINOS will make will be a determination of anychange in the ratio of the numbers of neutral cur-rent vs. charged current events between the nearand far detectors. The parameterT = (NC=CC)near(NC=CC)far (1)will be reduced from its nominal value of unity inthe presence of neutrino oscillations, since therewill be fewer than expected muon-like chargedcurrent events, and a corresponding increase inshort, shower-like events. Using the ratio of ra-tios reduces systematic uncertainties arising fromMonte Carlo based acceptance calculations: theacceptances essentially cancel, as do uncertain-ties in the absolute neutrino 
ux. The expectedratio of neutral to charged current events in theabsence of oscillations is fairly constant over theentire range of neutrino energies, as shown in Fig-ure 4.
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Figure 4. The expected ratio of neutral tocharged current events in the MINOS far de-tector, as a function of neutrino energy, in theabsence of neutrino oscillations. The solid lineshows the expected neutrino 
ux.Figure 5 shows the limits that are expected tobe achieved with this test.A simple and powerful primary mechanismto discriminate between neutral- and charged-current �� events is a cut based upon eventlength. More sophisticated techniques includepattern recognition of the muon track, and theuse of arti�cial neutral networks to identify eventtypes.4.2. Charged-current energy testNeutrino oscillations will selectively deplete the�� 
ux at certain neutrino energies. The highestenergy at which maximal depletion occurs is de-pendent only upon �m2, and the extent of thedepletion is determined by sin2 2�. (Dips at lowerenergy tend to be smeared out by the energy res-olution.) A measurement of the �� energy spec-trum will therefore yield the mixing parametersdirectly. The total energy resolution is dominated



4

Figure 5. Expected 90% con�dence limits fromthe T-test in MINOS. The three lines correspondto the three di�erent neutrino beam energies.by the resolution on the total hadronic energy,which is expected to be 53%/pE: Measurementsof �m2 and sin2 2� down to 10�3 eV2 and 0.05respectively can be obtained in this way. If, asthe SuperKamiokande results seem to indicate,�m2 ' 5 � 10�3 eV2 and sin2 2� ' 1 for ��-��mixing, the MINOS charged-current energy testshould be able to determine these parameters towithin about 5%.The energy distribution of neutral currentevents will provide a less sensitive test, but mayhelp to determine the oscillation modes if �m2 issu�ciently large.4.3. �� disappearanceThe measurement that has the greatest statis-tical power, although potentially the most di�-cult systematics, is a straightforward �� disap-

pearance experiment based upon the ratio of thenumber of �� charged-current events seen in thetwo detectors. This relies heavily upon the MonteCarlo calculations of the 
ux as well as the exten-sive monitoring of the neutrino beam that will oc-cur both in the beam tunnel and the near detec-tor. It is expected that systematic errors on thebeam extrapolation can be controlled to within2%, and the expected limits on �m2 and sin2 2�if this can be achieved are shown in Figure 6.
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Figure 6. 90% con�dence limits obtainable fromthe CC disappearance test in MINOS.4.4. Appearance experimentsMINOS potentially has the capability to pro-vide a convincing demonstration of both �e and�� appearance, based upon the characteristic sig-natures of the di�erent types of event. Charged-



5current electron neutrino events, for example, aretypically compact in both longitudinal and lateraldimensions, and have a large deposit of energynear the vertex. Tau appearance is a little moreambiguous, and is probably best observed via thedecay � ! ��X�� for which the reach in �m2 ex-tends down to � 6� 10�3 eV2 at sin2 2� = 1; thesignature for the � is an isolated track that under-goes a secondary interaction producing a \star" ofseveral outgoing particles. The electron from � !e �� ��e is impossible to distinguish from that of acharged-current �e event on an event-by-event ba-sis, but the overall energy distribution is of courselower as the pair of neutrinos carry away some ofthe energy. Likewise, � ! � ����� events will bedistinguishable from �� charged-current events ona statistical basis if a narrow-band beam is usedso that the initial neutrino energy is well deter-mined. Overall, then, while the identities of �eand �� events will prove di�cult to establish onan individual basis, the statistical distributionsshould provide overwhelming and unambiguousevidence of the existence and nature of the oscil-lations.4.5. LimitsThe approximate 90% con�dence level limitsthat are expected to be obtained in MINOS bothfor �� ! �� and for �� ! �e are shown in Fig-ure 7. Also shown are the positions of currentlyfavoured areas and the best exclusion limits fromother experiments.5. EMULSION DETECTOR UPGRADEA proposal to extend the capabilities of the MI-NOS detector via the incorporation of an emul-sion detector to observe �� appearance directlyis currently being prepared, and is expected tobe considered by the U.S. Department of Energyduring spring 2000. The goal would be to pro-vide a total mass of 1 kton, consisting of stackedacrylic-backed emulsion layers interleaved withlead plates. Each 10 cm by 10 cm lead platewould be 1 mm thick, and the matching 0.8 mmthick acrylic plates would be coated on both sideswith 0.1 mm of emulsion. The entire assemblywould then be mounted at the upstream end of
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Figure 7. 90% con�dence limits of MINOS andother experiments. Regions that are currentlyfavoured as possible solutions are shown in black.the MINOS far detector. If approved, probablyno more than 100 tons of this detector would bein place by the time the neutrino beam turns onin 2002; the full mass would be attained gradu-ally over the following year or so. Based upon theSuperKamiokande best-�t estimates of the mix-ing parameters, such a detector might reasonablybe expected to observe about 40 � events duringthe lifetime of MINOS.6. CONCLUSIONMINOS will be the �rst major accelerator-based experiment to study in detail the excitingphenomenon of neutrino oscillations. The experi-ment has already passed (with 
ying colours) sev-eral important funding milestones. Large-scaleproduction will begin next year, and the beam isexpected to turn on in autumn 2002. Two full
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