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NuMI / MINOS



Special high energy running

Anti-neutrino resultsNeutrino beam results

‣NuMI has delivered 15x1020 protons to the experiment (250 coulombs)
‣12 in neutrino beam focus
‣3 in anti-neutrino beam focus





A snapshot of MINOS neutrino physics

νμ disappearance
Phys.Rev.Lett. 106 (2011) 181801 
arXiv:1103.0340 [hep-ex]

νμ disappearance
Submitted to PRL
arXiv:1202.2772v1 [hep-ex]

νμ appearance < few percent Phys.Rev.Lett. 107 (2011) 181802 
arXiv:1108.0015 [hep-ex]

νe appearance
Phys.Rev.Lett. 107 (2011) 181802 
arXiv:1108.0015 [hep-ex]

Time of flight Phys.Rev. D76 (2007) 072005 
arXiv:0706.0437 [hep-ex]

Active-sterile mixing Phys.Rev.Lett. 107 (2011) 011802 
arXiv:1104.3922 [hep-ex]

CPT violation Phys.Rev.Lett. 105 (2010) 151601 
arXiv:1007.2791 [hep-ex]

Phys.Rev. D85 (2012) 031101
arXiv:1201.2631 [hep-ex]

Non-standard, flavor-
changing interactions

Preliminary

_

_



Reconstructed muon energy (GeV)
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Phys.Rev.Lett. 106 (2011) 181801
arXiv:1103.0340v1 [hep-ex] 2 Mar 2011
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Reconstructed Antineutrino Energy (GeV)
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-CC backgroundsNC & 
with oscillations
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_

Do neutrinos and anti-neutrinos oscillate the same way?

Submitted to PRL
arXiv:1202.2772 [hep-ex]
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Do neutrinos and anti-neutrinos oscillate the same way?

Submitted to PRL
arXiv:1202.2772 [hep-ex]
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Do muon neutrinos oscillate to electron neutrinos?
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Phys.Rev.Lett. 107 (2011) 181802 
arXiv:1108.0015 [hep-ex]
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Ideogram of recent θ13 results for normal hierarchy, δCP=0, and maximal θ23Ideogram of recent θ13 results for normal hierarchy, δCP=0, and maximal θ23



6 reactor cores, 2.9 GW each for 
total power of 17.4 GW. Compare to 
Chooz: 8.6 GW  



The Daya Bay Detectors

Los Alamos Science, Number 

e+ n2 μsec

1.8 - 8 MeV prompt

8 MeV delayed

Reines & Cowan 1956



10,400 neutrino 
events at far hall

Neutrino candidates



Daya Bay Rate 
Measurements
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MINOS+ will use the high 
statistics of the NuMI medium 
energy beam to explore 
oscillations at high energy.

MINOS+ 
Running MINOS in the NOvA Era

Machado, Nunohawa, Funchal arXiv:1101.003 [hep-ph]
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Mass hierarchy and the nature of the neutrino

Avignonee, Elliott, Engel, arXiv:0708.1033
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Resolution of the mass hierarchy and 
measurement of δCP

Combined results on θ13



Combining NOvA with 
T2K in worst case

As NOvA runs both neutrinos and 
antineutrinos its contours are 
relatively straight. T2K’s contours 
trace an “S” which intersects 
NOvA’s contours in the lower part 
of the plot.

contours assuming normal hierarchy /contours assuming inverted hierarchy



Combining NOvA with T2K

• In worst case hierarchy 
+ δCP combination, 
NOvA + T2K taken 
together can have 
hierarchy reach down to 
0.1 if they can double 
their planned 
exposures.

• In case of NOvA this 
could be achieved with 
a 5 kt liquid argon 
detector
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Jan 2013 
Apr 2013 

Apr 2014 
Feb 2014 

Nov 2013 
Aug 2013 

Beam off May 2012 – April 2013 Beam returns April 2013 

            
reaches 700 kW ~ Oct 2013 

NOvA construction schedule

~2.3 kt

for accelerator upgrades



LBNE

Homestake mine

Fermilab

E = 1.5 - 4 GeV 

34 kt liquid argon TPC at 
1480 meters depth

L = 1300 km



LBNE physics reach: Neutrino physics



LBNE physics reach: Proton decay



5  Chapter 1: Executive Summary

Mu2e

SeaQuest

Project X Accelerator Facilities  
and Experiments

MINERνA

MicroBooNE

Muons

Nuclear Physics

 Project X

Neutrino Factory

 Cosmic Frontier
Quantum Spacetime: Holometer

Cosmic Particles: Pierre Auger

Dark Energy: DES

Dark Energy: LSST

Dark Matter: CDMS, COUPP, DarkSide

Dark Matter: One-ton-scale experiments

 Opportunities 
for Discovery
 2011–2030

 Neutrinos

 Intensity Frontier

MINOS/MINOS+

MiniBooNE

Muon g-2

LBNE

NOνA

 ’11 ’20 ’30 

 Energy Frontier
Tevatron

International Linear Collider

Muon Collider

LHC/CMS (including upgrades)

10-kg-scale operating ’11; 100-kg-scale operating ’15

The timeline on this page shows experiments 
and major accelerators currently in the  
R&D, construction or operation phases. All 
experiments currently in the R&D phase 

require additional levels of approval from the 
Department of Energy before construction can 
begin. Construction of a Neutrino Factory or a 
lepton collider, at Fermilab or at any other 

worldwide site, would proceed only if 
discoveries at the LHC or elsewhere point  
to a need for such a machine.

 R&D
 Construction
 Operation

 Legend

The intensity frontier at Fermilab extracted from
www.fnal.gov/directorate/plan_for_discovery/

http://www.fnal.gov/directorate/plan_for_discovery/
http://www.fnal.gov/directorate/plan_for_discovery/


Backup Slides



Events in NOvA
Topologies of basic 
interaction channels shown 
at right. Each “pixel” is a 
single 4 cm x 6 cm x 15 m 
cell of liquid scintillator

Top:     νμ charged-current
Center: νe charged-current

 Bottom:       neutral-current
Need >100:1 rejection 
against background

Detector challenge: Achieve 
large target mass (10’s+ 
kilotons) while maintaining 
high granularity to avoid 
confusing the detection 
channels

NOvA achieves 35% 
efficiency for νe CC while 
limiting NC→νe CC fake rate 
to 0.1%

750 cm

24
0 

cm

weak second photon

gap

proton Bragg peak

νμ charged-current

νe charged-current

neutral-current



Time of flight improvement plan



Analysis Improvements In Latest Results

• Statistics

• Data set more than double the size of the previous report

• Added event samples

• Fit both positive and negative track charge signs. Important to reclaim 
events with short tracks in oscillation peak which previously were lost to 
incorrect charge assignment.

• Include events with vertices outside the detector fiducial volume 
(detector + rock) which produce entering muon tracks. So called 
“partially reconstructed events”. 

• Improved low energy particle identification. 77% efficient below 2 GeV 
with 6.5% NC background rate.

• Analysis improvements

• Analyze events separated energy resolution

• Improved hadronic energy estimator using multivariate technique

Phys.Rev.Lett. 106 (2011) 181801
arXiv:1103.0340v1 [hep-ex] 2 Mar 2011



kNN technique uses average properties of simulated events 
from neighborhood around event to characterize event
Variables:
• Number of hit planes in primary shower
• Energy of first two showers
• Shower energy within 1 m of track vertex
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