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OPERA: 
Oscillation Project with Emulsion tRacking Apparatus 

?  vv 

Neutrino beam (vμ) from CERN to Gran Sasso Underground Lab (Italy) 

732 km 
LNGS 

Goal: Observe vτ Appearance  

Physics runs: 2008, 2009, 2010, 2011, 2012 until 3rd Dec 
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OPERA: Detection of vτ 
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τ-decay: 

Lead 

   Emulsions 

nτ 

 

1 mm 

μ- 

v

v

Hadrons 

Typical topology of τ-decay: 

“Kink” within 1mm from vertex 
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Expected Signal 

Assume: Maximal mixing, 22.5x1019pot  (= 5years @ 4.5x1019pot/year) 

Expected events: 
~ 23600  vμ CC+NC  interactions 
~ 160 ve interactions 
~ 115 vτ CC interactions 
~ 10 identified vτ 
< 1 background 

 decay 

channel 
B.R. (%) 

      Signal  

m2 = 2.5 x 10-3 eV2 
Background 

   17.7 2.9 0.17 

  e 17.8 3.5 0.17 

  h 49.5 3.1 0.24 

  3h 15.0 0.9 0.17 

Total 10.4 0.75 
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1st vτ candidate  

Data sample: 2008-2009 as published in Phys. Lett. B 691 (2010) 138.  
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2nd vτ candidate  
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2nd vτ candidate  
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Status of Data Taking and Analysis  

Expected:  improvement in statistics (analysed events) by factor 3  
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Transition Matter-Vacuum Oscillations: BOREXINO 

Main features of oscillation in matter model confirmed 
More data points in transition region needed!  (BSM and/or solar physics) 
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Parametrisation of Neutrino Mixing 

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix:   
• 3 mixing angles: θ12, θ23, θ13 
• 1 Dirac-phase (CP violating): δ  
• (if Majorana: 2 additional phases)  
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θ23 ≈ 34o 
(accuracy 5%) 

θ13 ≈ 9o, δ? 
(accuracy 13%) 

θ12 ≈ 45o 
(accuracy 13%) 
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Comparison to Quark Mixing  

Quarks:: 

Leptons (PMNS): 

Goal: Measure PMNS matrix with same precision as CKM matrix 

Gonzalez-Garcia ICHEP2012 

Why is this so different? 
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The θ13 Revolution 

CBS comedy “The Big Bang Theory” 
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How to measure θ13   with reactor neutrinos 

Search for disappearance of anti electron neutrinos from nuclear reactors 
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Detect anti-neutrinos with  Gd loaded scintillator  

Several Experiments running: 
• Double Chooz (France) 
• Daya Bay (China) 
• RENO (South Korea) 

Compare Neutrino Rates 
at „Near“ Detector (100m)  
and „Far“ Detector (1km) 

Double Chooz 
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Double Chooz Result 

   syst025.0stat030.0109.02sin 13

2 Rate & Shape: 

Double Chooz Coll.,  
“Reactor anti ve Disappearance in the    
  Double Chooz experiment”, 
arXiv:1207.6632v2 (14 Aug 2012), 
accepted by PRD 

Improvement with 
Near Detector in 2014 
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Daya Bay Latest Update 

Xiaonan Li  at  NOW2012 (September) 
to be submitted to Chinese Physics C  
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Overview θ13 
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Open Questions for Neutrino Oscillations 

• What is the mass hierarchy? 

• What is the value of the CP phase? 

• Are there “sterile” neutrinos? 

• (Are there non-standard interactions?) 
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(Δm2
solar ≈ 8·10-5eV2,   Δm2

atm ≈ 2·10-3eV2)  

v3 

v1 

v2 

≳ 0.05 eV 

normal hierarchy 

Δmsolar 

Δmatm 
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Δmatm 
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≲ 2 eV 

 quasi - degenerate 

ve 
vμ 
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What is the Mass Hierarchy? 
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How to measure MH and δCP with Longbaseline     
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The Oscillation probability P(vμ→ ve) is approximately given by: 

with: 

Search for appearance of electron neutrinos in a beam of muon neutrinos 

for anti-ν 

_ 
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LAGUNA-LBNO Design Study FP7 (2011-2014) 

50kt Liquid Scintillator 

20kt Liquid Argon 
(up to 100kt) 

DESY - Pyhäsalmi  (1500km), Protvino – Pyhäsalmi (1100km) 
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LAGUNA-LBNO 

DiLudovico NNN2012 
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LAGUNA-LBNO 
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Longbaseline with Superbeams: δ, CPV, MH 

Timescale: 20 years from now 

from talk of P. Hernandez at ESPP2012 
systematics as in Coloma, Huber, Kopp, Winter (to appear) 

Potential to measure Mass Hierarchy with 5σ :  very high 
Potential to measure CPV with > 3σ: very challenging 
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Mass Hierarchy with Atmospheric Neutrinos 

slide from A. Kappes 
(Astroteilchen, Zeuthen, Sept2012) 

ORCA PINGU 

PINGU (example): 
add 20 lines with 60 optical modules each 
to IceCube and DeepCore 

Detailed studies ongoing 
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 Other alternative Method for Mass Hierarchy  
(with Reactor Experiments) 

S.T. Petcov et al. PLB533(2002)94  
S.Choubey et al., PRD68(2003)113006  
J. Learned et al., hep-ex/0612022  

Zhan, Y. Wang, J. Cao, L. Wen,  
PRD78:111103, 2008 PRD79:073007, 2009  

Daya Bay II 
20kt,  
baseline should be 45-60km 

Extremely challenging for 20kt: 
Energy resolution 3%/√E 
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Neutrino Anomalies 

LSND 
MiniBooNE 
Reactor Neutrino Anomaly 
Gallium Anomaly 

Sterile Neutrinos with mass scale 1eV ? 

Example of Global Fit  
in 3+1 Scheme 
(C.Giunti NOW2012) 

Need New Experiments ! 
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Many Shortbaseline ve Experiments proposed 

One Example: 

Signal without oscillation background 

A 

C 
B 

51Cr Source in Borexino 

(Δm2,sin22θSBL) = (2eV2,0.15), Source at A 

A. Ianni NOW2012 

e-capture (Eγ=0.32MeV 10%),  
T1/2 = 40 days, 
185 PBq 
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Proposal for vµ Shortbaseline at CERN 

Near Detector (330m): 
Liquid Argon (Icarus) 
150t  

Far Detector (1600m): 
Liquid Argon (Icarus) 
600t  

NESSIE: 
Magnetic Spectrometer 
 

CERN 
v-beam 
Ep=100GeV 

“Search for “anomalies” from neutrino and anti-neutrino oscillations at 
Δm2 ≈ 1eV2 with muon spectrometers and large LAr–TPC imaging detectors.” 
Technical proposal (CERN-SPSC-2012-010 and SPSC-P-347) by ICARUS & NESSIE Collaborations 
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Double Beta Decay 

GERDA is taking data, has acquired 10kg x years of data (Sept2012), 
expect completion phase I in spring 2013, → unblind data & analysis. 
Enough data to test Heidelberg/Moscow claim. 
 

blinded region 
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Summary 

• Standard picture of neutrino oscillations is confirmed 

• 2 mass differences and 3 angles measured 
θ13 = 9o! 

• Next: 
mass hierarchy and CP ciolation 
(longbaseline … or atmospheric/reactor) 
Neutrino Factory best for CP phase 

• 20-100kton detectors for Astrophysics/Geophysics/Proton-
Decay possible 

• Many experiments to clarify anomalies planned 

• Next Generation of Double Beta Experiments is taking data 
 


