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• Solar neutrinos, 1948 
37Cl (ν,e-) 37Ar

• Different ν flavors,1957 
Neutrino oscillations

• Accelerator produced ν 
beams, 1959                 
π→μ + ν,  Κ→μ + ν
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Bruno Pontecorvo (1913-1993)

The current neutrino program is very much based on 
Pontecorvo’s seminal ideas

Some Key Ideas
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Topics Covered
• Few Experimental Details

• History

• Results from Initial Analyses
★ νμ and νμ disappearance
★ νe appearance

• New Analyses
★ Neutral Currents (4ν, sterile ν)
★ Combined 3-flavor Analysis

• Other Physics Topics (briefly)

• Future Plans
3
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NuMI beam

Booster

MINOS Near Det. 
Surface Bld.
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Target
Horns

Decay Pipe
Absorber

Rock

µ+
π+

10 m 30 m
675 m

5 m 12 m
18 m

Hadron 
Monitor

νµ

Proton Source:
Fermilab Main Injector, 120 GeV p’s

2.2s rep rate
10μs pulse length

up to 320 kW delivered on target

Target to first horn separation is variable
Allows different ν spectra

Allows tuning of hadron production spectra 
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• Magnetized, average B field 1.3 T 
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980 t at 1.04 km
5.4 kt at 735 km

Measurements in ND are used to predict flux in FD
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Event Topologies
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• 1st Collaboration Meeting             August 12,13/1994
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• First Beam Delivered                   February/2005

Neutrino ’98, Takayama   June/1998

• Beneficial Occupancy of Cavern    July/2000

• 1st Half of Far Detector Finished  June/2002



         Stanley Wojcicki                                            16th Lomanosov Conference                               August 22, 2013                    

MINOS Milestones

• Approval for Construction           November/1998

8

• Early Discussions, EOI’s                 Spring 1994

• 1st Collaboration Meeting             August 12,13/1994

• Formal Proposal                           February/1995 

• Far Detector Finished                  July/2003 

• First Beam Delivered                   February/2005

• End of Data Taking                       June/2012

Neutrino ’98, Takayama   June/1998

• Beneficial Occupancy of Cavern    July/2000

• 1st Half of Far Detector Finished  June/2002
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In addition MINOS has obtained 37.88 kt yrs of atmospheric ν data 
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Detector performance, stability

10

Raw response Fully calibrated

Near
Detector 

Far
Detector 

−3%/year

Light yield

PMT gains
+2%/year

Use light injection, through-going muons and 
stopping muons for calibration and monitoring
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What can MINOS do?

11

Disappearance experiment: νμ→νx

Appearance experiment: νμ→νe

CPT,  Anomalous interactions: νμ→νx

Search for a 4th, sterile neutrino: νμ→νs

α = (e,µ,τ,s)

Discuss these 
first (2-flavor)⎬

And atmospheric ν’s give information on mass hierarchy

Δm32
2

Δm21
2

Δm32
2

Δm21
2

Normal

Inverted
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Clearly there is good agreement in oscillation parameters

ν oscillation parameters         ν oscillation parameters
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MINOS, SuperK and T2K 
contours superimposed

MINOS Final 2 flavor Results

Results from Combined 2-
flavor Analysis
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events

• Analysis is background dominated; Near Detector measurement is 
used to predict the background in the Far Detector
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 νe and νe combined
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NEW Analyses
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m4 >> m3

?

?

One possible 4ν 
model (3+1)
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Sterile Neutrinos
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Δm243 = 0.5eV2

Potential behavior of different 
channels for a 4ν model similar to 

the one on the left

m4 >> m3

?

?

One possible 4ν 
model (3+1)
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Sterile Neutrino Results

20

Results of 4 ν flavor fit (Δm243=0.5eV2)Comparison with standard 3-flavor prediction
(Model independent)

Further exploration of dependence 
on Δm243 is yet to come
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Compare with Current Status

21

Slide from J.L.B.Coelho

The full relevant phase space 
for Δm243 is currently being 

explored

(Within the framework of the 3+1model)
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★ 3.36 x 1021 POT νμ mode
★ 37.88 kt-yr atmospheric neutrinos
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• Data used
★ 10.71x1021 POT νμ mode
★ 3.36 x 1021 POT νμ mode
★ 37.88 kt-yr atmospheric neutrinos

• Method employed (4 parameters)
★ 3 free parameters (no constraint): sin2θ23, Δm232, δCP

★ External constraint on sin2θ13 = 0.0242±0.0025, from reactor 
experiments

★ Fogli et al. global analysis, arXiv:1205.5254, used for fixed Δm221 

= 7.54 x10-5 eV2 and sin2θ12 = 0.307
★ Maximum likelihood surface (4D) obtained for each mass 

hierarchy

Combined 3-flavor Analysis

22

(Disappearance and Appearance)
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Profiles as function of δCP
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Other Physics Topics
• Neutrino TOF

• Neutrino cross sections

• Quasielastic scattering

25

ND - FD Baseline for v=c : 2,449,316.3±2.3 ns 
MINOS Result: =(-2.4 ± 0.1stat ± 2.6syst) ns

• Cosmic ray muon charge ratio at ~1 TeV

• Multi-muons in cosmic rays

• Muon seasonal variation

• Searches for anomalous neutrino interactions

• Tests of Lorentz invariance
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What Next?
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MINOS+
• A natural followup to the MINOS experiment

• Uses same MINOS detector

• Modified NuMI beam

★ New target and first horn

★ Beam set up for medium energy

★ 1.33s rep rate

★ 500->700 kW beam power

• Runs concurrently with NOvA
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MINOS+ Physics Goals

• Parameters
★ 3 years of running
★ 3000 νμ CC events per year

• Physics Goals
★ Precision measurements
★ Emphasis on higher energy
★ Search for sterile neutrinos
★ Search for non-standard interactions
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Final Remarks
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Final Remarks
• After a productive 19-year long life MINOS is 

coming to an end
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Final Remarks
• After a productive 19-year long life MINOS is 

coming to an end

• It is being succeeded by its two progenies:
★ MINOS+ (MINOS detector, on-axis)

✦ emphasizes precision measurements in the 
atmospheric sector, 4-10 GeV

✦ has a high intensity neutrino flux

★ NOvA (new detector, off-axis)
✦ emphasizes mass hierarchy determination, ~2 GeV
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Final Remarks
• After a productive 19-year long life MINOS is 

coming to an end

• It is being succeeded by its two progenies:
★ MINOS+ (MINOS detector, on-axis)

✦ emphasizes precision measurements in the 
atmospheric sector, 4-10 GeV

✦ has a high intensity neutrino flux

★ NOvA (new detector, off-axis)
✦ emphasizes mass hierarchy determination, ~2 GeV

• Let us wish them luck
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With many thanks to all my MINOS collaborators 
This presentation is the result of their hard work

Argonne • Athens • Benedictine • Brookhaven • Caltech • Cambridge • Campinas • Fermilab
Goias • Harvard • Holy Cross • IIT • Indiana • Iowa State • Minnesota-Twin Cities

Minnesota-Duluth • Otterbein • Oxford • Pittsburgh • Rutherford • Sao Paulo • South Carolina • Stanford • Sussex • 
Texas A&M • Texas-Austin • Tufts • UCL • Warsaw • William & Mary

The MINOS Collaboration


