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If neutrinos have mass then…           … where … 

Neutrino Oscilla0on 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Solar Interference Atmospheric 
Oscilla0on probability evolu0on from flavour α to β is dependent on mass difference 
squared Δm2

ij (eV/c2), energy of the neutrino, E (GeV), and distance it travels, L (km). 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Experimental Setup 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arxiv.org/1211.0469 

     Japan Proton Accelerator  
     Research Complex ν‐Beamline 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•  250 kA Focussing horns & 110m He filled decay volume 

•  Series of beam monitors, MuMon muon monitor and 
INGrid near detector monitors beam centre 

•  2.5o off‐axis configura0on 

–  Reduces peak energy to oscilla0on maximum 

–  Reduces spread of energies around peak.  

MuMon 

INGrid 



Near Detectors 
INGRID: InteracDve Neutrino Grid 
•  280m from target centred on beam axis 
•  16x iron/scin0llator tracking calorimeters 
•  1x all‐scin0llator proton module 
•  monitors beam centre, profile and CCinc rate 

ND280: Near Detector @ 280m 

•  280m from target 2.5° from beam axis 

•  Upstream π0 detector (P0D) 
•  2x 0.8ton Fine Grained scin0lla0on Detectors (FGD) 
with C and H20 target 

•  3x Time Projec0on Chambers (TPC) for accurate dE/
dx based PID 

•  Herme0c lead/scin0llator Electromagne0c 
Calorimeters (ECAL) 

•  Side Muon Range Detector scin0llator magnet yoke 

•  0.2T refurbished UA1/NOMAD magnet 

2.5° Beam 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Used in ND280 
analysis 

presented 
later 



T2K Far Detector: Super‐Kamiokande 

39.3m 

41
.4
m
 

Outer detector 

Inner detector 

1885   8” PMTs 

11,129  20” PMTs  µ- (603 MeV) 

low scajering ‐ sharply 
defined  ring 

e‐ (492 MeV) 

mul0ple scajering ‐ fuzzy ring 

π0 decay  (2γ) 

2 rings reconstructed 

●  50 kton (22.5 kton fiducial) 
water Cerenkov detector 

●  Good reconstruction for T2K 
energy range 

•  Par0cle Iden0fica0on (PID) based on shape of 

         Cerenkov rings  

νµ

µ

νe 
e 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Event displays show Monte Carlo 



A new Cherenkov Detector 
Reconstruc0on Package 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•  Based on MiniBooNE Likelihood 
Model [NIM A608, 206 (2009)] 

•  For given event hypothesis generate 
charge and 0me PDF  

•  Event hypothesis then dis0nguished 
by best fit likelihoods.  

•  New method uses mass of the π0 
hypothesis and best‐fit likelihood ra0o 
of e‐ and π0 

•  Cut removes 70% more π0 background 
than previous§ method for a 2% 
added loss of signal efficiency 

§ Previous approach forced the reconstruc3on to find two rings 
and then formed a π0 mass under the two‐photon hypothesis 

MC 
Single‐ring 
electron 
candidates 

2012 T2K 
νe Cut 

MC 
Single‐ring 
electron 
candidates 

New 

Old 

New 
Old 



Analysis Method 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ν Flux  ν Cross Sec0on 

Far Detector Super‐K 
Predic0on 

Flux and cross sec0on 
constrained by fit to 
ND280 measurements 

FLUKA + CERN NA61 
π, K produc0on data 

NEUT + uncertain0es 
from the external data 

T2K Neutrino Oscilla0on Analysis 
Flow 

External Data + Models 

Internal T2K Data 

ND280 
Measurement 

Near to far extrapola0on and SK 
detector response from non T2K 
control sample data 

MuMon, INGRID and beam monitors 
data; Near detector flux predic0on 

Neutrino 
Oscilla0on 
Results 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Far Detector 
Super‐K 

Observa0on 



Flux and Uncertain0es 

•  A priori predic0on of flux at Super‐K has 10‐15% 
uncertain0es from 0.1 to 5 GeV 

•  Off‐axis near (ND280) and Far (Super‐K) fluxes are not 
iden0cal, but highly correlated 

Far detector �
(Super-K) flux

Far detector  
νμ uncertainty  

overlaid plot

Near detector �
flux
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ND280 Flux Constraint 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Far Detector νµ and νe flux predic0ons constrained 
by 2013 ND280 analysis 

•  Right: central values and error bands for 
normaliza0on parameters before and a{er the 
near detector constraint – different from 2012 

•  Below: µ‐momentum for CCQE (CC‐0π) events 
in the ND280 before and a{er ND280 analysis  



ND280 Cross Sec0on Constraint 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CC0π

Sample  efficiency  purity 

CC 0π 50.1%  72.6% 

CC 1π+  29.5%  49.4% 

CCOther  35.2%  73.8% 

CC1π+

CCother 

2012 Single CCinc νµ selec0on → 2013 three CC subsamples  

‐ Improves data/MC agreement   ‐ Improves parameter errors 

Parameter  2012 Analysis  2013 Analysis 

MA
QE (GeV)  1.33 ± 0.20  1.17 ± 0.09 

MA
RES (GeV)  1.15 ± 0.10  0.97 ± 0.08 

CCQE Norm.  0.96 ± 0.09  0.99 ± 0.08 

CC1π Norm.  1.63 ± 0.29  1.18 ± 0.18 



Super‐K Far Detector Errors 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•  Evalua0on of Super‐K detector systema0c uncertain0es uses control 
samples from the data 

–  Atmospheric νe 

–  Hybrid π0 (electron from νe CC and MC photon) 

–  Cosmic ray muon samples 
•  Combine errors with Toy MC method  



Latest Results 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1.43x1020POT 

11th Mar 2011 
3.01x1020POT 
Jun 9th  2012 

6.63x1020POT  
May 8th 2013 

Mar.8, 2012 

RUN I  RUN II  RUN III  RUN IV 

50kW 

145kW 

190kW 

235kW 

• νμ→νµ analysis: Run 1‐3 data (3.01x1020 POT) 
• νμ→νe analysis: 96.3% Run 1‐4 data (up to April 12th 2013) 

• <1mrad (~16MeV [2%]) beam stability for total period 
• Achieved 1.2x1014 protons per pulse (WR) 
• Stable 220kW running 
• 8% of design goal POT so far 

Data Sets Used 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Neutrino Oscilla0on Parameter 
Likelihood Fits 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Lnorm is the probability to have Nobs 
when the predicted number of 
events is the Poisson distribu0on 
with mean = Npred. 

Lshape is the product of the probabili0es 
that each event has (pi, θi). 
φ: Predicted p‐θ distribu0on (PDF) . 

Systema0c parameter constraint 
term. Systema0c parameters may 
be naturally floated in fits. 

pred

Npred=20.4

(sin22θ13=0.1) 



νµ→νµ Analysis 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Fit method 
•  “sin22θ23 ‐ Δm32

2” space is scanned to find the best fit values which 
minimize the χ2. 

•  1st and the 2nd octants scanned separately 
•  3‐flavor formulae used, but with some 

fixed parameters 

Systema0c uncertain0es 

2 ANALYSIS METHOD

Table 3: Summary of oscillation parameter values [11] except for sin2 2θ23 and ∆m2
32 used in the

oscillation probability calculation by Prob3++. These parameters are fixed in the oscillation
analysis.

Parameter Value
∆m2

21 7.50×10−5eV2

sin2 2θ12 0.857
sin2 2θ13 0.098
δCP 0
Mass hierarchy Normal
Baseline length 295 km
Earth density 2.6 g/cm3
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Figure 1: The PDF of reconstructed neutrino spectrum. Black histogram shows the normalized
Erec spectrum. Blue line shows the linear function interpolated between neighboring bin centers.
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SystemaDc  
uncertainty

before   aXer 

ND constraint

Flux / ν x‐sec. 21.8 % 4.2 %

Uncorrelated ν x‐sec. 6.3 %

SK detector 10.1 %

FSI‐SI  3.5 %

Total 25.1 % 13.1 %
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νµ→νµ 2013 Result 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arXiv:1308.0465v1 
arXiv:1308.0465v1 

Analysis  2012  2013 

Nexp w/ No Osc.  104  204.75 ± 16.75sys 

NObs  31  58 

θ23 Octant  θ23<π/4  θ23<π/4  θ23>π/4 

sin22θ23  0.98  1.000  0.999 

|Δm2
32| (eV2)  2.65×10−3  2.44×10−3  2.44×10−3 

T2K has a world leading 
sensi0vity to sin22θ23! 
• Octant choice effects shape of 
confidence contour 
• Future results presented as 
sin2θ23 opposed to sin22θ23 



νµ→νe 2013 Event Selec0on 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Event selecDon: 

•  Fully contained in fiducial volume 

•  Only one reconstructed rings 
•  Ring is electron like 

•  Visible energy > 100MeV 

•  No Michel Electrons 

•  Reconstructed energy < 1.25 GeV 

•  (2013)2D π0 invariant mass : fiTQun 
likelihood cut 

e-like

single ring multi-ring

μ-like e-like π0-like

fiducial volume

2012   2013



νµ→νe 2013 Predicted Number of 
Events 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Reduc0on in errors 2012‐2013 
mainly due to near detector 
analysis improvement. 

Predicted # of events w/ 6.393×1020 POT 

Event Category  sin22θ13 = 0.0  sin22θ13 = 0.1 

νe signal  0.38  16.42 

νe background  3.17  2.93 

νµ background (mainly NCπ0)  0.89  0.89 

νµ + νe background  0.20  0.19 

Total (2013)  4.64  20.44 

Total (2012)  5.15  21.77 

Error Source  sin22θ13 = 0.0  sin22θ13 = 0.1 

Beam flux + ν int. T2K fit  4.9 %  3.0 % 

ν int. (other exp.)  6.7 %  7.5 % 

Far detector  7.3 %  3.5 % 

Total (2013)  11.1 %  8.8 % 

Total (2012)  13.0 %  9.9 % 

SystemaDc UncertainDes 



νµ→νe 2013 Predicted Number of 
Events 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 Was 0.8704  
    in 2012 analysis

Fixed neutrino oscilla0on parameters 
Electron momentum vs. angle distribu0on (MC) 

θ13=0.0 θ13=0.1
Npred=4.6 Npred=20.

4

The analysis method is not changed from 2012 analysis. 
• Scan over sin22θ13 space to find the maximum likelihood 
• Fix neutrino oscilla0on parameters other than sin22θ13. 



νµ→νe 2013 Analysis Results 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Observed 28 Events 

• Norm only 5.5σ excl of sin22θ13 = 0 

• p‐θ shape fit yields 
 Best fit w/ 68% C.L. errors 

 Was 0.8704  
    in 2012 analysis

normal hierarchy: 

inverted hierarchy: 

√(2ΔlnL) excl. sin22θ13 = 0 at 7.5σ 



δCP 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sin22θ23 = 1.0  sin2θ23 = 0.4, 0.5, 0.6 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NB: These are 1D contours for values of 
δCP, not 2D contours in  δCP‐θ13 space 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Summary 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•  Improvements in 2013 analyses 
–  significant improvement on parameter errors from near detector 

constraints 
–  70% reduc0on of π0 background with new far detector reconstruc0on 

algorithm. 
•  Achieved steady opera0on of JPARC beam at 220 kW  

–  6.39x1020 POT accumulated by April 12th 
•  World leading sensi0vity to sin22θ23 around maximal 

–  via observa0on of the νµ➝ νµ disappearance channel 
–  58 νµ observed vs unoscillated expecta0on of 204.75 
–  Contours for both octants of sin22θ23 are provided 
–  Future Will provide results in sin2θ23 

•  sin22θ13=0 is excluded with a significance of 7.5σ (δCP=0, sin22θ23=1) 
–  From observa0on of the νµ➝ νe appearance channel. 
–  First evidence (>5σ) of neutrino flavour change 



Future 

The future of T2K looks exci0ng: 
•  Only 8% of design POT on tape 
•  New far detector reconstruc0on to be fully 
implemented. 

•  Analysis improvements and increased stats 
will reduce systema0cs. 

•  Important to improve precision of sinθ23 en‐
route to understanding δCP – T2K current 
world leader. 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Back‐ups 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External Data and Models 
ν Flux 

Hadroproduc0on simulated with 
FLUKA2008.3d, weighted so that 
interac0ons match external data [Phys. 
Rev. D 87, 012001 (2013)] from 
•  NA61/SHINE (CERN) [Phys. Rev. C 84, 034604 

(2011)] & [Phys. Rev. C 85, 035210 (2012)] 

•  T. Eichten et al. [Nucl. Phys. B 44 (1972)] 
•  J. V. Allaby et al. [Tech. Rep. 70‐12 (CERN,1970)] 

9/17/13  30 Ben S0ll, Queen Mary, University of London 

ν  Cross SecDons 
ν interac0ons modeled with NEUT and 
weighted with fits to external data 

Effec0ve parameters MA
QE, MA

Res and 
normalisa0ons are fit to data (E.g. 
MiniBooNE [Phys. Rev. D81 092005, 
2010]) weight CCQE and π produc0on 
cross sec0ons respec0vely, and provide 
uncertain0es. 

Final state interac0ons constraints and 
uncertain0es from pion‐nuclei scajering 
data 
More in Kikawa‐san’s talk… 



fiTQun: A new Cherenkov Detector 
Reconstruc0on Package 

9/17/13  Ben S0ll, Queen Mary, University of London  31 

•  Based on MiniBooNE Likelihood 
Model [NIM A608, 206 (2009)] 

•  For given event hypothesis generate 
charge and 0me PDF  

•  Event hypothesis then dis0nguished 
by best fit likelihoods.  

•  fiTQun uses mass of the π0 hypothesis 
and best‐fit likelihood ra0o of e‐ and 
π0 

•  Cut removes 70% more π0 background 
than previous§ method for a 2% 
added loss of signal efficiency 

Background 
νμ π0+X 

Signal 
νe CCQE 

§ Previous approach (P0LFit) forced the reconstruc3on to find two 
rings and then formed a π0 mass under the two‐photon 
hypothesis 



Future Sensi0vity 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 32 



νµνe Oscila0on 
9/17/13  Ben S0ll, Queen Mary, University of London  33 



T2K Future Sensi0vity Study 

9/17/13  Ben S0ll, Queen Mary, University of London  34 



Reconstructed Eν @SK Full T2K Stats 
(7.8 x1021 POT)   

9/17/13  Ben S0ll, 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University of London  35 



Ul0mate T2K 90% C.L. 
True δCP= ‐90o, sin22θ13 = 0.1 

9/17/13  Ben S0ll, 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University 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 36 



Ul0mate T2K 90% C.L. 
True δCP= 0o, sin22θ13 = 0.1 

9/17/13 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University 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 37 



Super‐K νe Candidate Vertex 
Distribu0ons 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University of London  38 



Info from JPARC 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University of London  39 

List of all publicized informaDon in English July 26 : Message from Director Ikeda of the J‐PARC center 

hjp://j‐parc.jp/en/topics/20130726director_message.html 
 July   8 : J‐PARC News ‐ June 2013 (Issue #98) 

hjp://j‐parc.jp/en/news/2013/J‐PARC_News‐e1306.html 
 June 27 : A delay in suspending the opera0on of the accelerator complex and a delay in turning off the ven0la0on fans at the Hadron Experimental Facility  (HD Facility)  

hjp://j‐parc.jp/en/topics/HDAccident20130627.pdf 
 June 21 : Results of the individual does measurements from the radioac0ve material leak at the HD Facility 

hjp://j‐parc.jp/en/topics/HDAccident20130621.pdf 
 June 21 : Postponement of the 2nd Interna0onal Symposium of Science at J‐PARC  (J‐PARC 2013)  

hjp://j‐parc.jp/en/topics/20130621director_message.html 
 June 18 : 2nd Accelerator Facility Accident Report to Nuclear Regula0on Authority ‐ Full Version ‐ 

hjp://j‐parc.jp/en/topics/20130618Accident_Report.html 
 June 18 : Submission of the 2nd report on the radioac0ve material leak at the HD Facility of J‐PARC 

hjp://j‐parc.jp/en/topics/HDAccident20130618_02.pdf 
 June 18 : On the establishment of an External Expert Panel to review the leak accident of radioac0ve material at the J‐PARC HD Facility 

hjp://j‐parc.jp/en/topics/HDAccident20130618_01.pdf 
 June 13 : J‐PARC News Special Issue 

hjp://j‐parc.jp/en/news/2013/J‐PARC_News‐e_Special‐Issue1305.html 
 June 10 : No0fica0on of Cancela0on of Assigned Beam0me to the End of July 2013 due to the Accident at HD Facility 

hjp://j‐parc.jp/en/topics/20130610director_message.html 
 May 31 : Submission of the 1st report on the radioac0ve material leak at the HD Facility of J‐PARC  (Accelerator Facility Accident Report)  ‐ full version‐ 

hjp://j‐parc.jp/en/topics/HDAccident20130531.pdf 

 May 31 : A summary of the accident at HD Facility on May 23 2013  (based on the Japanese documents publicized at the J‐PARC website on May 25 and May 29)  
hjp://j‐parc.jp/en/topics/summary20130531.pdf 

 May 30 : Extension of the 2013B call for proposals deadline 
hjp://j‐parc.jp/researcher/MatLife/en/news/20130530.html 

 May 29 : Message from Director of J‐PARC Center 
hjp://j‐parc.jp/en/topics/20130529director_message.html 

 May 27 : Message from the Director of J‐PARC Center to Users 
hjp://j‐parc.jp/en/topics/20130527director_message.html 

 May 25 : Accident of J‐PARC Hadron Experimental Facility 
hjp://j‐parc.jp/en/topics/20130525presse.html  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νµ disappearance results using 3.01×1021 POT

Pulls of 48 systema0c errors @ best fit points
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νµ disappearance results using 3.01×1021 POT
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νµ disappearance results using 3.01×1021 POT

Comparison of best fit spectra between 1st/2nd octants 

9/17/13  43 Ben S0ll, Queen Mary, University of London 



νµ disappearance results using 3.01×1021 POT

“sin22θ23 fit result” is consistent with “sin2θ23 fit result”.
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Effect of Systema0cs on Disappearance 
Sensi0vity 

•  1st Octant expected 90% CL contours for true (sin22θ13, Δm2
23)=(1.0,2.4x10‐3) 

•  Effect of individual categories of systema0c uncertain0es and the total 
systema0c uncertainty 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Enumera0on of Disappearance 
Systema0c Uncertain0es 

•  Frac0onal change (in %) of the number of  candidate events under a 
change to each systema0c parameter by 1 error size of before or a{er 
ND280 constraint at true (sin22θ13, Δm2

23)=(1.0,2.4x10‐3) 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ELECTRON NEUTRINO APPEARANCE 
ANALYSIS 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2D Contour of  
δCP vs. sin22θ13  

with reactor result 

In these plots, the contours are calculated 
in 2D space.

Pink band represents PDG2012 reactor 
average value of sin22θ13. (0.098±0.013) 
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Changes from 2012 Analysis 

   ‐ 2012 analysis (Run1+2+3): 3.010×1020 POT, Nevents = 11 

   ‐ 2013 analysis (Run1+2+3+4(~Apr 12)): 6.393×1020 POT, Nevents = 11+17 = 28 

• More than double sta0s0cs! 

• The background rejec0on cut is improved by using a new SK 
reconstruc0on algorithm. BG events reduced from 6.4 to 4.6! 

• Near detector measurement is improved by having new event categories 
which can further constraint the neutrino beam flux and cross sec0on 
systema0c errors. 

(par0al data set un0l Apr 12) 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Current and Previous Results 
Normal hierarchy Inverted hierarchy

68% C.L.
90% C.L.

• Run 4 best fit value is higher than the others.
• Run1-3 (2012) looks different from Run1-3, because:

- Npred decreased by using new Super-K reconstruction, while Nobs did not 
change.
- Npred decreased with Run 1-4 near detector fit. 50 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Sensi0vity checks 
We fit the toy MC experiments (true sin22θ13=0.1) to check the sensi0vity. 
The averaged lnL curves ↓ are generated by averaging 4000 toy experiments. 

Norm only & Norm + Shape   w/ ND280 fit & w/o ND280 fit 

Effect of using shape informa0on is 
not significant but important. 

ND280 fit makes rela0vely large 
improvement. 

Significance(√ΔlnL@θ13=0): 
     Norm+Shape: 5.5σ 
     Norm only: 5.1σ 

Significance(√ΔlnL@θ13=0): 
     w/ ND280 fit: 5.5σ 
     w/o ND280 fit: 4.7σ 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Sensi0vity checks 
Run1‐4 POT & Run1‐3 POT  fiTQun π0 cut & POLfit π0 cut 

Significance becomes much 
larger by adding Run4. 

Effect of using fiTQun is not 
significantly large but 
important. 

Significance(√ΔlnL@θ13=0): 
     Run1‐4 POT: 5.5σ 
     Run1‐3 POT: 3.9σ 

Significance(√ΔlnL@θ13=0): 
     fiTQun: 5.5σ 
     POLfit: 5.0σ 

old & new BANFF 

Significance is not much different 
for toy MC, because the Nexp 
become smaller with new BANFF 
while the errors are improved. 

Significance(√ΔlnL@θ13=0): 
     new BANFF: 5.5σ 
     old BANFF: 5.4σ 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Likelihood curves for Run1‐4 data fit 

p‐θ 

Erec 

Normal hierarchy  Inverted hierarchy 

Inverted hierarchy Normal hierarchy 

(summary table will be shown later.) 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Best fit distribu0ons (Run1‐4, normal hierarchy) 
p‐θ  angle 

momentum  Erec 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Best fit distribu0ons (Run1‐4, inverted hierarchy) 
p‐θ  angle 

momentum 
Erec 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Fit summary table 
Run1-4 (p-

θ)  Run1-4 (Erec) Run4 only 
Run1-3 
(2013 

analysis)

Run1-3 
(2012 

analysis)

POT 6.39e20 6.39e20 3.38e20 3.01e20 3.01e20

Observed 
number of 
events

28 28 17 11 11

Normal 
hierarchy

Best fit
90% C.L.
68% C.L.

0.150
0.097 - 0.218
0.116 - 0.189

0.152
0.099 - 0.222
0.118 - 0.193

0.180
0.105 - 0.280
0.131 - 0.237

0.112
0.050 - 0.204
0.072 - 0.164

0.088
0.030 - 0.175
0.049 - 0.137

Inverted 
hierarchy

Best fit
90% C.L.
68% C.L.

0.182
0.119 - 0.261
0.142 - 0.228

0.184
0.120 - 0.264
0.143 - 0.230

0.216
0.129 - 0.332
0.160 - 0.283

0.136
0.062 - 0.244
0.088 - 0.198

0.108
0.038 - 0.212
0.062 - 0.167
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Oscilla0on analysis method 2 
Method 2: Rate + reconstructed Eν shape (1D) 

Fit data to the reconstructed  
energy distribuDon  Fit result 

assuming  
|Δm2

32|=2.4×10‐3 eV2 
δCP=0, sin22θ23=1, 
Normal hierarchy 

best fit w/ 68% C.L. error: 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Oscilla0on analysis method 2  
Method 2: Rate + reconstructed Eν shape (1D) 

assuming  
|Δm2

32|=2.4×10‐3 eV2 
δCP=0, sin22θ23=1, 
Normal hierarchy Allowed region of sin22θ13 for each value of δCP 

best fit w/ 68% C.L. error @ δCP=0 

normal hierarchy:  inverted hierarchy: 

9/17/13  58 Ben S0ll, Queen Mary, University of London 


