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 oscillations and mixing 

atmospheric 

solar 

link between atmospheric and solar 

  

U  parameterization:  

three mixing angles  12    23    13   
CP violating  phase   
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3 families 

 23~450   

Standard Model: neutrinos are massless particles 

??   13 ,     mass hierarchy ,        ?? 4 
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sin2213 <150   at 90% CL   

by June 2011 
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Hunt for 13  

Appearance:  

P(e)   sin2213sin223sin2(m2
31L/4E)  + CPV term + matter term + …  

Disappearance:  

P(ee)  1 – sin2213sin2(m2
31L/4E) – cos413sin2212sin2 (m2

21L/4E)  

Search for electron neutrinos in beam  

of muon neutrinos 

at L/E tuned to the  maximum  

of “atm” oscillations   

Measurement of deficit of  

reactor antineutrinos  

at L ~ 1-2 km 

sin2213 = 0.1 

Signal: (e+ne-+p)  

Backgrounds: 

beam e 

NC 0 

T
w

o
 m

e
th

o
d

s
 



        Tokai 

SuperKamiokande 

Long-Baseline Neutrino 
Oscillation Experiment 

JAPAN 

Токио 

~ 500 members  

   59 institutions 

   11 countries 



T2K layout  
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In June 2011  

T2K published first clear indication  

of electron neutrino appearance  (13 ≠ 0) 

Expected BG 

1.5±0.3evts 

6 e events 

First T2K result 

Then, 

1 - Confirmation from MINOS 

2 - Precise measurements by 

      Double Chooz 

      Daya Bay 

      RENO 

1.43x1020 POT 
January 2010 – 

 March 2011 
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changed  neutrino physics landscape 
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MINOS  Far detector 

• ~3GeV  beam from FNAL 120GeV MI 

– ~350kW operation achieved 

• (magnetized)Iron-scintillator tracker  at 735km 

(5.4kt) and near (980t) 

• Main physics goals 

– (anti-) disappearance 

   e appearance   

• Integral luminosity 

– 10.7x1020  POT for  

–   3.4x1020  POT for anti- 

5 E (GeV) 
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MINOS: 13 

disfavour 13=0 at 96% CL  

For normal mass  hierarchy and   =0 
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13 from reactor experiments 

3 reactor experiments: Double Chooz, Daya Bay, RENO 
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Double Chooz 

Combined: 

sin2213 = 0.109   0.035 
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Daya Bay 

Reactor  experiment  in China 

3.51021 neutrinos  per  second 
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Daya Bay result (I) 

sin2213 = 0.089  0.010 (stat)  0.005 (syst) 

March 2012, after 55 days of data taking 
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Daya Bay result (II) 

217 days of data taking 
Rate and spectral analysis 
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RENO 

Data taking since 1st  August 2011 

First result published in May 2012 

Reactor experiment in Korea 

Reactor power 

2.8 GW 
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significance 4.9 

RENO result (I) 
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 a new result on mixing angle 13. 

                                                                                  

    

     (systematic error will be further reduced) 

)(012.0)(010.0100.02sin 13

2 syststat  ( 402 days 

data taking) 

S.-B.Kim 

Erice/Sicily, Sep.  2013 

)(007.0)(006.0929.0
exp

syststatR
Far

ected

Far

observed 





 A clear deficit in rate        

( ~ 7 % reduction) 

 Consistent with neutrino 

oscillation in the spectral 

distortion 

RENO result (II) 
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History of 13 measurements 
S. Jetter, Nufact2013 Only 2 years of measurements! 

13  9o 



28  e candidates   

T2K: observation of e appearance  

20 

Summer 2013: integral luminosity 6.39x1020 pot    

Expected background        

      (sin22θ13=0.0) 

      4.64 ± 0.52 events 



Significance  significance is calculated as  √Δχ2 

p-θ 

Δ
χ2

 =
 -
2
Δ
ln
L

 

Best fit = 0.150 

2 = 56.27 
for sin22θ13=0 

Δχ2 distribution for 1x1015 toy MCs  

99/(11015)  

√-2ΔlnL=√ 56.27 

= 7.5σ 

p-value = 9.9×10-14  

p-value is calculated as follows: 

1. Generate 1e15 toy experiments  

     with sin22θ13=0.0. 

2. Fit each toy experiment  extract  

     -2ΔlnL (=Δχ2). 

3. p-value is the fraction of toy experiments  

    above Δχ2
data 

21 Discovery of e appearance 

28 e events detected 
expected background  

4.64 ± 0.52 events   
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allowed region of sin22θ13 

for each value of δCP 

Best  fit  for   δCP=0 

150.02sin
039.0

034.013

2 




NH 

182.02sin
046.0

040.013

2 




IH 

Result: 13  vs  

PDG(2012):  sin2213 :  0.098±0.013   

NH 

IH 
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23  uncertainties 

dominate in  

 - sin2213  plot 

PDG(2012) 

23 issue  

• Oscillation probability is  

dependent on sin2θ23 (octant) 

– PDG2012: sin2(2θ23) > 0.95 

• sin2θ23 = 0.50±0.11  

• θ23 = 45±6.5° 

– Reduction of sin2θ23  error is critical 

for further improvements 
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MINOS 

MINOS  Preferences:  

Low octant,  23 < 45o 

Non-max mixing 

Inverted Mass hierarchy 
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OPERA 

e 

 

Neutrino beam from CERN to Gran Sasso 

Expected bkg 

0.226   events 

3  events: 

significance 

     3.2 

 

p-value of  

background 

7.310-3 

Data 

2008-2009 



Next targets ? 

JCP = Im(Ue1U2U

e2U


1) = Im(Ue2U3U


e3U


2)  

 = cos12sin12cos213sin13cos23sin23sin 

all mixing angles  0   JCP  0  if    0 

Mass Hierarchy CP violation 

Quark sector   JCP  310-5 

 

Lepton sector   JCP  0.02sin 
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- 13 = (9  0.6)0 

- e appearance observed at 7.5   
     2011-2013 

Great milestones  

CKM PMNS 

precision measurement of  

    oscillation parameters 

  23:   45o   or    45o 

+  
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CP-even 

 

CP-odd 

 

Solar  

 

Matter  

ijijijij cs  cos       sin     GeVE
cm

g
EnGeVa eF  
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e  in matter 

change sign for NH   IH  
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Physics reach oscillation mode for accelerator LBL experiments is e  



CP measurements  

P(μ→e): e appearance probability 

 

• Comparison of P(μ→e) and P(μ→e) 

      Max. ~±25%  (L=295 km) change from δ=0 case 

• Measure 1st and 2nd oscillation maxima in P(μ→e) 

• Comparison of accelerator P(μ→e) and reactor P(anti-e → anti-e) 

     

Matter effect  fake CP violation, BUT  sensitive instrument to  

                           determine mass hierachy  

   

295km 295km Neutrino Anti-neutrino 

for 295km baseline, 

normal hierarchy 

28 
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Measurement of MH 

MSW effect  at 6.5 GeV    

only neutrino beam  

Matter effect: appearance – accelerator experiments NOvA, LBNE, LBNO 

                      disappearance – PINGU,ORCA, INO, HyperK 

Interference effect  between  

solar and atmospheric oscillations: reactor experiments JUNO, RENO50 

accelerator experiments 
reactor experiments 
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23 measurement   

 disappearance   
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Perspectives: 23  
7.81021 pot 

100%    running    90% CL 

sin2213 = 0.1 + reactor data 

solid: stat only; dashed: stat +current  sys 

7.81021 pot 

50%  - 50% anti-   running       90% CL 

sin2213 = 0.1 + reactor data 

solid: stat only; dashed: stat +current  sys 

Octant 

23 

stat only 

     stat   

       +  

current syst  

 estimation 

(23)  2 deg 

T2K 
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 T2K: sensitivity to CP  

7.81021 pot 

50%   - 50% anti-nu  running 

sin2213 = 0.1 + reactor data 

sin2223 = 0.5 

 = - 90 deg 

IH   7.81021 pot 

100%    running 

sin2213 = 0.1  

+ reactor data 

NH   7.81021 pot 

50%  -  50% anti- running 

sin2213 = 0.1 + reactor data 

Chance to find an indication for CP violation  

if  is about  /2 or -/2 

T2K 



Ash River, MN 

Main Injector 

Ring 

810 km long baseline. 

700 kW NuMI beam. 

2 GeV peak energy. 

Far detector in Ash River, MN.  

Near detector 1 km from target. 

14 mrad off-axis beam.  

Fermilab 

    Far  

Detector 

    Near  

Detector 

a 
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Nova 
LBL experiment  using neutrino off-axis   

narrow-band beam from FNAL  
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Beam schedule 

NOvA: first run in September 2013 with beam operating at 300 kW 

Far Detector mass will be added at a rate of about 1 kton/3 weeks.  

Full installation of NOvA detectors will be completed in 2014.  

Beam intensity will be increased up to 500 kW next year and to 700 kW in 2 years. 



Significance of the MH determination 

w/T2K at 5.5x1021 POT 

w/T2K 

     Mass Hierarchy 
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Significance with which NOvA (+T2K)  can establish CP violation. 

w/T2K 
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CP violation 

Best  case: CP violation at 1.6 (Nova only) and 2.0  (Nova + T2K) 
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Far Future Prospects  
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JUNO and RENO50 

JUNO can determine the mass hierarchy 

with a confidence level of 2 ∼ 19 (4.4 σ) 

after  6 years of data taking 

Two  reactor  experiments   

with L 50 km  proposed 

in China and Korea 



LBNE 

Neutrino beam from FNAL to Homestake 

L = 1300 km, Ep= 80-120 GeV, 0.7-2.3 kW NuMI beam,  

E = 0.5 – 5 GeV 

1st stage: far detector 10 kt LAr TPC, on  surface 

2nd stage: far detector 34 kt Lar TPC, underground 

The US based LBL project 

Sensitivity to MH and CP phase 

 e 

39 

M.Diwan, NeuTel 2013 



T2HK 

3 

The LBL project in Japan  e 
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- JPARC 1.66MW  

-  off-axis   beam 

-  L = 296 km 

-  far detector HyperKamiokande 

                       total mass 1 Mt 



MH is known ! 

T2HK: CPV discovery potential 

High sensitivity to CP phase for systematics  < 5% 

41 



42 

LAGUNA/LBNO 

Far detector 

R&D: LAr demonstrator at CERN 

European LBL project 
Wide band neutrino beam 

from CERN to Pyhasalmi (Finland) 

L = 2300 km 
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More than  5 determination of MH for all  values 

Sensitivity to  

LAGUNA/LBNO sensitivity 

1st 

2nd 

Measurement  in  1st and 2nd  oscillation maxima 

A.Rubbia, 

talk at Lomonosov  

Conference 2013 

 



Conclusion 

  

    

• 2011-2013  
    - 13  is measured and large  
     Open very exiting perspectives  in neutrino oscillations  
 

    - Observation of e  appearance   at  7.5  significance 
      A new type of transformation among neutrinos has  

      firmly established 
 
   Near future:  
 -   precision measurements of  neutrino mixing parameters 
  -  an initial  search for CP violation  in lepton sector  
 
   Far future:  
   -   measurement of  CP violation  in lepton sector 
   -   determination of neutrino mass hierarchy  
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