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 oscillations and mixing 

atmospheric 
solar 

link between atmospheric and solar 

  

U  parameterization: three mixing angles  12    23    13   and CP violating  phase   
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3 families 

12~340   23~450   

Standard Model: neutrinos are massless particles 

??   13 ,     mass hierarchy ,        ?? 
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Importance of 13 

- Zero  value of 13  would  be a hint on  

  a new symmetry (tri-bi-maximal) 

 

- Zero value of 13  would eliminate  a possibility  

  for  the CKM mechanism  in  neutrino mixing 

 

- A non-zero  value of 13 opens a door for  

  searching of  leptonic CP violation 

 

- A non-zero (and not small) value of 13  gives good chances  

  for measurement of  mass hierarchy and  

  CP violation in neutrino oscillations using present   

   neutrino beams and detectors   

The size of 13     Future Program of neutrino physics  
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Sensitivity to oscillation  
parameters of accelerator  
LBL experiments 



        Tokai 

SuperKamiokande 

Long-Baseline Neutrino 
Oscillation Experiment 

JAPAN 

Токио 
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T2K layout  



T2K off-axis  beam 
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 Target Horns Decay Pipe 

SuperK 

  

0 deg 

- 750 (now 235) kW 30 GeV proton beam at JPARC  

- Quasi-monochromatic  (95%) beam 

- Peak energy ~700 MeV tuned to oscillation maximum 

- ~0.4% e at peak energy  

- Reduced high energy tail  reduces background 

→ 

T2K can measure: 

- Appearance  

  (e)  

- Disappearance      

  ()  
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 beam 

Off-axis near detector  
(ND280)  

Completed in 2009 

SMRD 

SMRD 

INR contribution: SMRD detector 

Measurement of unoscillated   beam,  

Composition, 

Normalisation, 

Cross section measurements 
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FC events for 4.5x1020 POT 

KS p-value = 65.7% 

T2K  events at SK 

T2K neutrinos  detected by SK 

Timing structure (8 bunches)  

 of proton beam 
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/e misidentification  probability  1% 

Particle ID 
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    Signals and Backgrounds 

             muons  

Low Scattering 

  Ring has sharp edge 

          electrons 

EM shower 

Multiple Scattering 

   Ring has “fuzzy” edge 

electron is relativistic 

  Opening angle is maximal 

         

EM showers of ’s from 

 can fake an electron  

 e 
e   

 

x 0 
 

 

x 

SIGNALS 

CCQE CCQE 

NC 

p p 

           electrons 

Beam intrinsic e (<1%) 

    wider energy distrib. 

BKG 

 ’s  
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/e events in T2K 
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Expected BG 

1.5±0.3evts 

6 e events First T2K  
  result 

published in June 2011 

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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T2K statistics for 3.1x1020 POT 

e events  
 

Fully-contained events with: 

• 1 electron-like ring 

• No decay electron  

• No pi0-like invariant mass from 2nd ring 

• 100 MeV < Energy < 1250 MeV   

Selection of e events  
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Energy spectra of  e events 

KS = 47.5% 

Detected  11 evens 

Expected  3.3 0.4(syst)  events  

for 13=0, NH and  = 0 

      Run1  

      + 

      Run2 

        + 

    Run3 

e events  

p-value = 6% 

3.1  observation of  e 

3.01x1020 POT 
Statistics accumulated  

from  January  2010   

to July 2012 

T2K Collaboration, arXiv:1304.0841 
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13  and  

Daya Bay 
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 disappearance  
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Measurement: 58 events observed  

Monte Carlo: 196.2  events no oscillations 

Monte Carlo:  57.8 events with oscillations 
 

 Run 1+Run 2 

 Run 3 

 events  
3.1x1020 POT 
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Oscillation fit 



20 

“Atmospheric” parameters  

T2K  obtained   

best  sensitivity 

to mixing angle 23 
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Neutrino Mixing 

Atmospheric:  

CP sector: 

Solar: 

Super-K, MINOS 

Daya Bay, Reno, DChooz, 

T2K, MINOS 

SNO, KamLAND 

38o  <  23 < 52o 

13 = (9  0.6)o  

12 = (34  1)o  

23  = /4,   or > /4 ,  or  < /4  ?? 

T2K  best precision  for 23 



13  0 

Strength of CP violation in neutrino oscillations 

JCP = Im(Ue1U2U

e2U


1) = Im(Ue2U3U


e3U


2) = 

  

= cos12sin12cos213sin13cos23sin23sin 

Jarkslog invariant JCP 

Quark sector   JCP  310-5 

 

Lepton sector   JCP  0.02sin 

all mixing angles  0     JCP  0  if     0 

Real chance to test CP violation in neutrino oscillations 

JCP 

neutrinos quarks 
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Large 13   T2K next step? 
Next goal: 

High statistics with muon ’s, anti- run    Initial search for  CP violation 

Chance to find a hint  

on CP violation,   

in case: 

IH  and     /2 

NH    and     3/2 IH 

NH 
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T2K and Nova (I) 

G.Feldman, LBNE Workshop, 2012 

Possible measurement of mass hierarchy and CP violation 

Nova,  

neutrinos  

from FNAL  
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Example of   

NOVA result for: 

3 years of nu beam  

3 years of anti-nu beam 

T2K: 5.5x1021 POT 
Combined NOVA + T2K 

T2K and  Nova (II) 
NOVA  

MH significance of 2.5 

for  only ~30% of  

assumption  

sin2213 = 0.1 

sin2223 = 1.0 



Conclusion 
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   T2K:  
    -  Observation of e  appearance   at  3.1 significance 
    -   Precision  measurement  of   “atmospheric” parameters 
    -   Continue data taking. Expected to accumulate  
         7.51020 POT by August 2013   > 5  significance for e 
 

   Large 13 opens door   for  searching of      
     CP-violation  in lepton sector 
 
   Time to start   MH and  measurements 
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спасибо за внимание!  


