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The CNGS beam along its five years of 
operation 2008 ÷ 2012 

Year Beam days P.O.T. 
(1019) 

2008 123 1.74 

2009 155 3.53 
2010 187 4.09 
2011 243 4.75 
2012 257 3.86 
Total 965 17.97 
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Last neutrino interaction recorded on December 3rd 2012 
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STATUS OF DATA ANALYSIS 

7103 located interactions  
6750 decay search 

2012 
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OSCILLATION PHYSICS 
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•  2008-2009 runs 
–  No kinematical selection: get confidence on the detector 

performances before applying any kinematical cut 
–  Slower analysis speed  (signal/noise not optimal) 
–  Kinematical selection applied for the candidate selection, 

coherently for all runs 
–  Good data/MC agreement shown 

•  2010-2012 runs  
–  Pµ < 15 GeV/c, to suppress charm background  
–  Prioritise the analysis of the most probable brick in the probability 

map: optimal ratio between efficiency and analysis time  
–  Analyse the other bricks in the probability map 
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νµ→ντ ANALYSIS STRATEGY 
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THE FIRST ντ CANDIDATE 
As seen by the electronic detectors …	
  

Physics Letters B691 (2010) 138  
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τ−→ρ− ντ
      ρ−→π0 π-
                       π0 → γ γ
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  Physics Letters B691 (2010) 138  

THE FIRST ντ CANDIDATE 
… and in the brick	
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  Journal of High Energy Physics 11 (2013) 036  

THE SECOND ντ CANDIDATE 
As seen by the electronic detectors …	
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  Journal of High Energy Physics 11 (2013) 036  

… and in the brick	
  
THE SECOND ντ CANDIDATE 
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THE THIRD ντ CANDIDATE 
As seen by the electronic detectors …	
  

Phys. Rev. D 89 (2014) 051102(R)  

2.8 GeV muon 
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THE THIRD ντ CANDIDATE 
… and in the brick	
  

Phys. Rev. D 89 (2014) 051102(R)  



THE FOURTH ντ CANDIDATE 
As seen by the electronic detectors …	
  

PTEP 10 (2014) 101C01  
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THE FORTH ντ CANDIDATE 
… and in the brick	
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OUTSTANDING PAPER AWARD BY THE 
PHYSICAL SOCIETY OF JAPAN 
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THE FIFTH ντ CANDIDATE 
As seen by the electronic detectors …	
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THE FIFTH ντ CANDIDATE 
… and  in the brick 	
  



VISIBLE ENERGY OF ALL THE CANDIDATES 
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Sum of the momenta of charged particles and γ’s measured in emulsion  



STATISTICAL CONSIDERATIONS 
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5 observed events with 0.25 background events expected 
         Fisher = 1.10 x 10-7  

           Profile likelihood = 1.07 x 10-7  
This corresponds to 5.1 σ significance of non-null observation  

Two statistical methods: 
-  Fisher combination of single channel p-values 
-  Profile likelihood ratio 

�m2 = 2.44 · 10�3 eV2

Probability to be explained by background  

P (n � 5 | µ = 2.9) = 16.6 %

P †
= 6.4%

P †
= probability to obtain a configuration less likely than (3, 1, 1, 0)

P (n � 5 | µ = 2.9) = 16.6 %

P †
= 6.4%

P †
= probability to obtain a configuration less likely than (3, 1, 1, 0)

{	
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PRL 115 (2015) 121802  
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IN THE SAME DATA SAMPLE…	
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AN EVENT WITH THREE VERTICES 
WITHOUT ANY MUON IN THE FINAL STATE	
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Interface emulsion films 
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Hint for  
electromagnetic shower  

2 γ’s detected in the brick 



KINK TOPOLOGY	
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Flight Length = 1160  µm 
With γ attached 

IP = 8±8 µm 

#kink = 90mrad ! P? = 240MeV
not passing the standard cuts to be a tau candidate 
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2 prong vertex 
Flight Length = 103  µm	
  

Track segments showing a double vertex topology 
in the same lead plate 

Invariant mass = 1.9±0.5 GeV	
  



Leading Feynman diagrams 
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Expected yield after topological selection 
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Multivariate Analysis based on several kinematical features 
•  1-prong vertex: Total momentum, transverse momentum, flight 

length 
•  2-prong vertex: Total momentum, invariant mass, flight length  
•  Global features: Total e.m. energy, total hadronic energy, φ 

angle between 2 parents in the transverse plane, missing 
transverse momentum at 1ry 

 

Sample Muon misidentified Expected events (10

�3
)

⌫⌧ CC + charm 45

⌫µ CC + charm + hint yes 21

⌫µ NC + cc̄ 13

⌫⌧ CC + hint 9

⌫µ CC + 2hint yes 4

⌫µ NC + 2hint 4

Total 100
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Multivariate analysis: 2-prong decay 
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Multivariate analysis: global event features  



Neutral network result	
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Significance  
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CL = (2.6± 0.2)⇥ 10�4 ! 3.47�

x PDF from ANN output 
ni = yield of i-th process  
Background only à µ = 0  



OTHER OSCILLATION ANALYSES	
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νµ→νe ANALYSIS  
one of the νe events with a π0 as seen in the brick 

events, where 17 events were found in the procedure described in the figure132

2, while the other 2 events were found in the scan-back procedure mentioned133

above. To illustrate the typical pattern of νe candidates, figure 5 shows134

the reconstructed image of a νe candidate events, with the track segments135

observed along the showering electron track.136

2 mm

10 mm CSECC

electron

γ showers

Figure 5: Display of the reconstructed emulsion tracks of one of the νe can-
didate events. The reconstructed neutrino energy is 32.5 GeV. Two tracks
are observed at the neutrino interaction vertex. One of the two generates
an electromagnetic shower and is identified as an electron. In addition, two
electromagnetic showers due to the conversion of two γ are observed (seen
as one shower in this projection), starting from 2 and 3 films downstream of
the vertex.

The νe detection efficiency as a function of the neutrino energy was com-137

puted with a GEANT3 based MC simulation. The simulated events were138

reconstructed with the same algorithms as used for the data. Slight differ-139

ences in the scanning strategy used along the years have been taken into140

account and enter in the evaluation of the systematic uncertainty. The re-141

sults of the simulation are shown in figure 6. The systematic uncertainty142

relative to its efficiency is calculated to be 10% for energies above 10 GeV143

7
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Interface  
films 

Analysis based on 2008-2009 run, 19 observed candidates (4 with E < 20 GeV) 
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Upper limit Sensitivity
C.L. F&C Bayes F&C Bayes

Number of oscillated 90% 3.1 4.5 6.1 6.5
νe events 95% 4.3 5.7 7.8 7.9

99% 6.7 8.2 10.7 10.9
sin2(2θnew) at 90% 5.0×10−3 7.2×10−3 9.7×10−3 10.4×10−3

large ∆m2 95% 6.9×10−3 9.1×10−3 12.4×10−3 12.7×10−3

99% 10.6×10−3 13.1×10−3 17.1×10−3 17.4×10−3

Table 2: Upper limits on the number of oscillated νe CC events and the
sin2(2θnew), by F&C and Bayesian method, for C.L. 90%, 95%, 99%. The
sensitivity is computed assuming we observed 9 events, which is a most closest
integer from the expected background 9.4.
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210 LSND 90% C.L.
LSND 99% C.L.
KARMEN 90% C.L.
NOMAD 90% C.L.
BUGEY 90% C.L.
CHOOZ 90% C.L.
MiniBooNE 90% C.L.
MiniBooNE 99% C.L.
ICARUS 90% C.L. (F&C)
OPERA 90% C.L. (Bayesian)

Figure 8: The upper limit set by this analysis using Bayesian method, to-
gether with the other limits from KARMEN(νµ → νe [19]), BUGEY (νe

disappearance [20]), CHOOZ (νe disappearance [21]), NOMAD (νµ → νe
[22]) and ICARUS (νµ → νe [7], using F&C method). Also shown are the
regions corresponding to the positive indications reported by LSND (νµ → νe

[5]) and MiniBooNE (νµ → νe and νµ → νe [6]).
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SEARCH FOR NON-STANDARD OSCILLATIONS  
AT LARGE Δm2 VALUES  
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Caveat: experiments 
at different L/E 
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OPERA limit at large Δm2:     sin2(2θnew) < 7.2 x 10-3 (Bayesian)   
ICARUS limit at large Δm2:   sin2(2θnew) < 6.8 x 10-3 (F&C) EPJ C73 (2013) 2599    	
  

JHEP 1307 (2013) 004 

Current sample extended with ~twice candidates: 
So far 53 observed candidates  
Further selection à 34 events 

7 with E < 20 GeV 
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  New paper in preparation 



COSMIC-RAY ANALYSIS	
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Cosmic-muon rate and temperature dependence 	
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•  Gran Sasso underground ~ 3800 m w.e. à Minimum muon 
energy ~ 1.8 TeV 

•  Atmospheric temperature increase à density decrease à increase 
the pion decay rate à muon rate increase 

Iµ(t) = I0µ +�Iµ = I0µ + �Iµ cos


2⇡

T
(t� t0)

�

Teff =

R1
0 T (x)W (x)dx
R1
0 W (x)dx

High W in high atmosphere à high energy muons 

�Iµ
I0µ

= ↵T
�Te↵

Te↵
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  Temperature data by the European Center for Medium-range Weather Forecasts (ECMWF)  

Annual modulation of cosmic-muon rate  

�Iµ
I0µ

= (1.32± 0.11)% t0 = 216± 16
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All data folded in one year 

t0 = 195± 5 Maximum on July 14th  



Narrow peak due to matching 
of short-scale (~ few day) 
rate-T correlations 

Cross-correlation of rate and Temperature series  
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Muon rate vs temperature variations 
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↵T = 0.93± 0.06

�Iµ
I0µ

= ↵T
�Te↵

Te↵

R = 0.42 



ONGOING EVENT ANALYSIS	
  
•  Widen selection cuts to increase the statistics 
•  Mostly topological identification and looser 

kinematical cuts (PT> 100 MeV)  
•  Statistical gain beneficial to reduce the 

uncertainty (e.g. Δm2 from tau appearance)  
•  Use likelihood approach, simulation fully 

validated with data in all kinematical corners 
•  Exploit unique feature of identifying all three 

flavours: use tau appearance, electron appearance 
and muon disappearance at the same time 
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•  First meeting with Jamie Shiers at CERN in Dec 2015 
•  OPERA data < 100 TB (~10 tapes) equivalent to one 

of the LEP experiments   
•  Willing to host OPERA data at CERN 
•  LEP support until 2030 à support OPERA for 30 

years 
•  Green light in January from new CERN management 

to the OPERA data preservation 
•  Launching the discussion with Jamie last February 
•  Getting started with a sub-sample of data 
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OPERA DATA PRESERVATION AT CERN	
  



•  Discussion with S. Mele at CERN, willing to 
include OPERA data among the open data  

•  Notable examples at CERN: CMS and LHCb 
•  Provide OPERA neutrino interactions: vertex + all 

attached tracks  
•  ~7000 neutrino interactions fully studied up to the 

decay search: data & event display (electronic + 
emulsion) useful for educational purposes 
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OPERA OPEN DATA AT CERN	
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