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Overview 

• Introduction 
– Measurement Principle 

• LBL Accelerator Experiments 
– MINOS 
– T2K 
– OPERA 
– NOvA 

• Summary & Outlook 
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Neutrino Mixing 
The PMNS Matrix 

•  Assume that neutrinos do have mass: 
–  mass eigenstates ≠ weak interaction eigenstates 
–  Analogue to CKM-Matrix in quark sector! 
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Neutrino Oscillations 

•  If mass and weak eigenstates are different: 
–  Neutrino is produced in weak eigenstate 
–  It travels a distance L as a mass eigenstate 
–  It will be detected in a (possibly) different weak 

eigenstate 

P(νµ →ν x ) = sin
2(2θ )sin2
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Muon Neutrino Disappearance 
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P(νµ →νµ ) =1− sin
2 2θ( )sin2(1.27Δm2L / E)

spectrum ratio

Monte Carlo
(Input parameters:  sin22θ = 1.0,  Δm2 = 3.35x10-3 eV2 , 735 km)

Unoscillated 

Oscillated 

  νμ spectrum
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Who is Who 
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735 km 

(12 km) 

MINOS Experiment 

MINOS: 
Main Injector Neutrino  
Oscillation Search 

•  A long-baseline neutrino 
oscillation experiment 

•  Near Detector at Fermilab 
to measure the beam 
composition 

•  Far Detector deep 
underground in the Soudan 
Underground Lab, 
Minnesota, to search for 
evidence of oscillations 
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Making Neutrinos 

•  Neutrinos from the Main Injector (NuMI) 
•  10 μs spill of 120 GeV protons every 2.2 s 
•  300 kW typical beam power 
•  3 Í1013 protons per pulse 
•  Neutrino spectrum changes  

with target position 
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Protons on Target 
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MINOS Detectors 
alternating layers of steel plates and scintillator strips in a ~1.3 T toroidal magnetic field 

NEAR FAR 

735 km from the target 
5.4 kilotons 
8 m tall planes 
486 planes (30 m) 
700 m underground 
Few neutrino interactions/day 

1 km from the target 
1 kiloton 
~4 m tall planes 
282 planes (15 m) 
100 m underground 
Few neutrino interactions/spill May 2015 A. Weber 
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Eν = Eshower + pμ Energy resolution 

• π±: 55%/√E(GeV)  

• μ±: 6% range, 10% curvature 

Event Topologies 

νμ CC Event νe CC Event 
UZ 

VZ 

long μ track & hadronic 
activity at vertex 

3.5m 

NC Event 

short event, often diffuse 

1.8m 

short, with typical EM 
shower profile 

2.3m 

Monte Carlo 
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(Anti)-Neutrino Mode 

€ 

νµ = 91.7%
ν µ = 7.0%

νe +ν e =1.3%

Neutrino mode 
Horns focus π+, K+ 

Monte Carlo

Antineutrino mode 
Horns focus π-, K- 

  Monte Carlo 

€ 
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Hadron Production Tuning 
•  Select events with muon and hadronic shower 

–  Use different beam configurations 
•  Hadron production of proton target has big uncertainties  

–   neutrino flux unknown 
•  Use Fluka2005 hadron production 

–  modify: re-weight as f(xF,pT) 
•  include in fit 

–  Horn focusing, beam misalignments, neutrino energy 
scale, cross section, NC background 

LE HE ME 

Weights 
applied  
vs pz & pT low energy 

beam 
region 
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Near to Far Extrapolation 

•  Pion/Kaon decay kinematics 
are encapsulated in matrix 

•  Measured ND spectrum is 
transported to FD 

•  Largely reduce systematics 
–  hadron production 
–  cross section 
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 Muon Neutrino Oscillation 

•  No Oscillations:  3564 
•  Observed:  2894 
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Muon Antineutrino 

•  No Oscillations:  313 
•  Observed:  226 
 

17 

 Energy (GeV)µνReconstructed 

Ev
en

ts
 / 

G
eV

0

20

40

60

0 5 10 20 30 40 50

MINOS Far Detector Data
Prediction, No Oscillations
Prediction, Best-Fit Parameters
Uncertainty (oscillated)
Backgrounds (oscillated)

-modeµνLow Energy Beam, 
 POT2010×3.36 

MINOS PRELIMINARY

Δm2 = 2.64−0.27
+0.28 ×10−3eV2

sin2(2θ ) > 0.78 (90% C.L. )

May 2015 A. Weber 



Systematics 

•  Largest sources of systematic uncertainty: 
–  Hadronic Energy Scale 
–  Track Energy Scale 
–  Neutral Current background 

•  Still statistics dominated in both modes 
18 

MINOS Preliminary
Monte Carlo Simulation
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Acc & Atmospheric ν 
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A Little Bit of Math 
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Electron Neutrino Appearance 
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¢  If θ13=0: 69.1 BG Events 
¢  If sin2(2θ13)=0.1: +26.0 Events 

¢ Observe: 88 Events 
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Appearance  
Contour 
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Combined Oscillation Fit 
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•  NC events would 
disappear, if muon 
neutrinos oscillation into 
sterile neutrinos 
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Sterile Neutrinos 
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T2K Experiment 
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Design Principle 
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Super-K detector 

•  Located in Mozumi mine 
–  2700 m.w.e. overburden 

•  water Cherenkov detector 
–  22.5 kt fiducial mass 

•  Inner detector   
–  11000 20-inch PMTs 

•  Outer veto  
–  1900 8-inch PMTs 

•  New DAQ system 
–  100% livetime  

•  Excellent μ/e separation 
–  Probability to 

reconstruct µ as e ~ 1% 
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Particle Identification 
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e-like

MC 

μ-like

MC 
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Data Sample 
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ND280 detector 
•  0.2 T magnet (recycled from UA1) 
•  Plastic scintillator detectors: 

–  Fine Grained Detector (FGD)  
•  1.6 ton fiducial mass for analysis 

–  π0 detector (P0D) 
–  ECals and SMRD 

•  Time projection chambers (TPC) 
–  better than 10% dE/dx resolution 
–  10% momentum resolution at 

1GeV/c 
 

30 

νμ
FGD2

TPC3TPC2TPC1

FGD1dE/dx (TPC: data)
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ND280 
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ND280 Data Constrains 
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NA61/SHINE 
•  Goal: measure hadron(π, K) 

yield distribution in 30 GeV p 
+ C inelastic interaction 

•  High-acceptance ToFs and 
spectrometers 

•  2cm thin target - 4%λI 

•  π+ analysis: 
–  dE/dx only analysis for low 

momenta 
–  dE/dx+ToF selection for high 

momenta 
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~13m

~10m
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Analysis Strategy 
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Muon Neutrino  
Energy Spectrum 
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Anti-Neutrinos 
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Results 
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Results II 
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OPERA Experiment 
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OPERA 
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NOvA Experiment 
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NOvA Physics 
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Detector 
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Far detector cosmic-ray data / 
simulation comparisons 

•  Results from cosmic-ray 
fitter. Require 20 or 
more hits in event 
(“slice”). 

•  Compare to CRY 
cosmic-ray simulation 



2014 - 2015 NuMI and NOvA 
Summary 

320 kW

14 kt

45

280 kW

4 kt

scheduled 
shutdownNuMI uptime 87-88%



Event Display 
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NOvA Sensitivity 
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Putting it all together 
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 JHEP 11 (2014) 052 [arXiv:1409.5439] 
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Global Fits 
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Summary 

•  Exciting time for Neutrino physicists 
–  MINOS exploring non-standard oscillations 
–  T2K looking for CPV 
–  NOvA soon starting to constrain mass hierarchy  

•  Precision measurements from 
–  Solar neutrino experiments 
–  Atmospheric neutrinos 
–  Reactor Experiments 
–  Accelerator based long baseline experiments 

•  Have an almost consistent picture 
–  Ignoring some SBL oddities 

•  Next generation of experiments (>2022) 
–  Steaming ahead 
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Backup 
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MINOS Technology 

Multi-anode PMT 

Extruded 
PS scint. 
4.1 x 1 cm 

WLS fiber 

Clear 
Fiber cables 

2.54 cm Fe 

U V planes 
+/- 450 

U V U V U V U V 

Steel thickness: 2.54 cm (~1.4 rad. lengths) 
 

Strip width:     4.1cm 
Moliere radius  ~3.7cm 
 

Strips in adjacent planes are oriented 
orthogonally enabling 3D reconstruction 
 

Each strip is read out by a wavelength 
shifting fiber connected to a multi-anode 
photomultiplier tube 

U/V strips 
oriented 
±45o  from 
vertical 

beam 
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MINOS Far Detector 
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Event Matching 
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Each input event is compared to the 
library events by calculating the 
likelihood that the photoelectrons in 
each event came from the same 
energy deposition. 

The library consists of: 
●  20 million signal events 
●  30 million background (NC) events 

Original Event 

Good Match 

Bad Match 

A. Weber 



Electron Neutrino Appearance 

• Selected ND data comprised of 
NC, νµ CC, and beam νe events 

• Each extrapolates to FD  
differently 

• Use ND data in different 
configurations to extract relative 
components of background 
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Data-Driven BG 

Use these 3 data sets to measure the 3 
background components in the standard sample... 

Using: 
- Total measured rate in each beam configuration 
- Relative interaction rates for each background component 
from   the MC simulation 
 

Can fit for the background components in the standard sample 
May 2015 A. Weber 



Selecting Events in SK 

•  Select events 
–  fully contained  
–  Consistent with expected 

arrival time  
–  1ring 
–  muon like 

•  Compare energy spectrum 
with expectation 
–  Beam simulation  
–  Near detector 

measurement 
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Electron Neutrino Selection 
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