
Results of the OPERA experiment 
Giovanni De Lellis   

University “Federico II” and INFN Napoli 

On behalf of the OPERA Collaboration 

For the CXXVI SPSC Meeting 

On	  behalf	  of	  the	  OPERA	  Collabora2on	  

19/06/17	   Giovanni	  De	  Lellis,	  CXXVI	  SPSC	  Mee2ng	  	   1	  



Back to 1998: Neutrino98, Takayama, Japan 
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T. Kajita 
Nobel Laureate 2015 



Current status 
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By T. Kajita 

•  ντ not yet seen in 1998! 
•  First indication of ντ in 2001 
     at Fermilab (DONUT) 
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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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DATA ANALYSIS COMPLETED 

7132 located interactions  
6785 decay search 
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NON-OSCILLATION PHYSICS 
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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
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High W in high atmosphere à high energy muons 
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Temperature data by the European Center for Medium-range Weather Forecasts (ECMWF)  

Annual modulation of cosmic-muon rate  

�Iµ
I0µ

= (1.54± 0.07)% t0 = (176±4) days, June 26th   

Data from 2008 to 2012  



Muon rate vs temperature variations 
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�Iµ
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αT = 0.94±0.04  

34 G. collaboration et al. / Astroparticle Physics 84 (2016) 29–35 

Fig. 5. Dependence of the change in muon rate on the change in effective temperature, for both sets of temperature data. A linear fit ( χ 2 /ndf Ecmwf = 389/410, 
χ2 /ndf Airs = 359/350, ndf = N - 2) yields the respective values for αT . 

Fig. 6. χ2 distribution for the analysis with the Ecmwf/Airs data set. The inset 
displays the contours for the combined uncertainties of the two parameters a 0 and 
αT . 

Therefore, the change in temperature and muon flux can be 
written as: 
#I µ(t) 

I 0 µ = αT #T eff (t) 
T 0 

eff , (5) 
where αT is an “effective temperature coefficient”. 

Substituting Eqs. 2 and 4 , this coefficient becomes: 
αT = T 0 

eff 
I 0 µ

∫ ∞ 
0 dX W (X ) . (6) 

allowing model predictions to access αT . Like W ( X ), αT depends on 
the threshold energy of the respective depth and on the amount of 
muons from pion and kaon decay. 

This atmospheric model [10,11,19,20] containing both pion and 
kaon processes can be used to calculate a theoretical value that 
amounts to αT, Lngs = 0 . 92 ± 0 . 02 for Lngs and that agrees well 
with both experimentally derived values. The values derived from 
the present fit are summarized in Table 1 and are compared to the 
results of other experiments at Lngs and Soudan which are in good 
agreement even though in some analyses atmospheric models that 

Fig. 7. Correlation coefficient αT as a function of depth. Experiments with dif- 
ferent m.w.e. of rock overburden are listed. Gerda , Borexino and macro are lo- 
cated at the same depth but are drawn slightly apart for better visualization. The 
curves show muon generation models based on either purely pionic (dashed) or 
only kaonic (dotted) processes. The full red line notes αT , W calculated for the at- 
mospheric kaon/pion ratio of 0.149 [7,20] . The blue dashed curve is the result of 
a fit (see text). (For interpretation of the references [ 11,12,18,19,21–24 ] to colour in 
this figure legend, the reader is referred to the web version of this article.) 
only included muons produced by pion decay are used. Combining 
all four results from Lngs a value of αT, Lngs = 0.93 ± 0.03 is derived. 
6. Kaon to pion ratio 

If the amount of rock overburden, i.e. the depth of a labora- 
tory, is varied in the atmospheric model, a relation between depth 
and αT can be derived [11] . An additional factor in this calcula- 
tion is the ratio of kaons to pions produced in the atmosphere. 
Muons which originate from kaons have a higher average energy 
and are thus less affected by the shielding effect of the rock over- 
burden. A graph of αT as a function of depth of observation ( Fig. 7 ) 
allows for the extraction of the kaon to pion ratio or a com- 
parison of the measurements with the standard ratio. The dotted 
lines in Fig. 7 show the limits for pure kaon or pure pion decays, 
i.e. r K/π = 0 or ∞ . A model calculation with the literature value 
for r K/π = 0 . 149 [7] ± 0 . 06 [20] (red line) describes all experiments 
with depths in excess of 500 m.w.e. reasonably well. The devia- 
tions of the shallow sites most probably arise through the uncer- 
tainty of the energy threshold for the muons in relation to alti- 
tude and depth (in m.w.e.), and the “negative energy effect” as 
discussed already for the Minos near detector [19] . Ref. [11] dis- 
cusses in detail the parameters and their uncertainties concluding 
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MULTIPLICITY STUDIES 
IN NEUTRINO–LEAD 

SCATTERING 

19/06/17	   Giovanni	  De	  Lellis,	  CXXVI	  SPSC	  Mee2ng	  	  



Track multiplicity distributions 
reflecting the dynamics of interactions 
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Shower tracks Grey tracks 

Nuclear evaporation  
and break-up tracks 
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Multiplicity features 
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KNO Scaling 
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OSCILLATION PHYSICS 
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•  νµ→νe ANALYSIS 

•  νµ→ντ ANALYSIS 	  



Electron neutrinos 
one event 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 

35 candidates in the full data sample 
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Electron neutrino energy 
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 from 3-flavour oscillationseν, eν

 from the beam contaminationeν, eν

 -> e decay channel)τ from 3-flavour oscillations (τν 

 0 backgroundπ 

 candidates foundeν



sin2 2#µe = 4|Uµ4|2|Ue4|2

C = 2|Uµ3U
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e3|

�µe = Arg(Uµ3U
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⇤
µ4Ue4)

STERILE NEUTRINO SEARCH 
3+1 model: bounds from νe appearance with profile Likelihood method  
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Exotic oscillation 
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Sensitivity curves  
vs energy cut 

Energy distribution to constrain 
the parameter space: shape analysis  
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CONSTRAINING STERILE NEUTRINOS WITH A 
3+1 MODEL 
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sin2 2#µe = 4|Uµ4|2|Ue4|2

First sterile neutrino search in a long baseline 
with νµ à νe and a 3+1 model 

2 flavour approx. invalid at CNGS baselines  



νµ→ντ ANALYSIS 	  
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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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τ−→ρ− ντ
      ρ−→π0 π-
                       π0 → γ γ
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THE FIRST ντ CANDIDATE 
in the brick	  
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in the brick	  
THE SECOND ντ CANDIDATE 

τ−→π-π+π- ντ
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THE THIRD ντ CANDIDATE 
 in the brick	  

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

τ−→µ- νµ ντ



THE FORTH ντ CANDIDATE 
in the brick	  
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PTEP 2014 (2014) 101C01  

τ−→h- ντ
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THE FIFTH ντ CANDIDATE 
in the brick 	  

PRL 115 (2015) 121802 

τ−→h- ντ
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Tau neutrino discovery paper: PRL 115 (2015) 121802  
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NEW EVENT ANALYSIS	  
•  Widen selection cuts to increase the statistics 
•  Candidate identification mostly topological 

with looser kinematical cuts  
•  Statistical gain to reduce uncertainties 
•  Simulation fully validated with data in all 

kinematical corners à use likelihood approach 
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NEW SELECTION	  
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NEW TAU NEUTRINO CANDIDATES	  
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τ à 3h τ à 3h 

τ à h 

τ à h 

τ à h 

Ev 11213015792 Ev 10123059807 

Ev 11143018505 

Ev 9190097972 
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A CLOSER LOOK AT ONE OF THESE EVENTS	  
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AN EVENT WITH THREE VERTICES 
WITHOUT ANY MUON IN THE FINAL STATE	  
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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 = 1.8±0.5 GeV	  



Leading Feynman diagrams 
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Expected yield and multivariate analysis 
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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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Observation of a tau neutrino interaction with a 
charmed hadron production 
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x PDF from ANN output 
ni = yield of i-th process  
Background only à µ = 0  

Neural network output 

CL = 2.6⇥ 10�4 ! 3.4 �



ANALYSIS OF THE EXTENDED SAMPLE	  
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VISIBLE ENERGY OF ALL CANDIDATES 
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Sum of the momenta of charged particles and γ’s detected in emulsion  
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Δm2 measurement  
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�⌫⌧ = �0
⌫⌧
EK(E)

ντ  cross-section 

�0
⌫⌧

= 6.7⇥ 10�39 cm2 GeV�1SM value 

N⌫⌧ / P (⌫µ ! ⌫⌧ )�⌫⌧



Significance of the tau neutrino appearance	  
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Test statistic:  
Profile likelihood ratio one sided  

pvalue = 9.4⇥ 10�8

5.2� significance

using 8 channels 	  

90%CL interval on signal 
strength µ: [0.51, 2.6]  
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Input variables for BDT analysis 
the τ à h channel 
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BDT output 
the τ à h channel 
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Likelihood analysis with BDT discrimination	  
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pvalue = 2.95⇥ 10�7

5.0� significance

using 4 channels 	  



Publications being issued 

•  Cosmic-ray annual modulation  
•  Study of charged particle multiplicity in high-energy 

neutrino-lead interactions 
•  Search for sterile neutrinos in the muon to electron 

channel 
•  Observation of a tau neutrino candidate with charmed 

hadron production 
•  Extended νµ à ντ search and Δm2 measurement in 

appearance mode 
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Forthcoming publications	  

•  Search for sterile neutrinos in the muon to tau 
channel with the full data sample 

•  Combining electron and tau appearance to 
constraint oscillation parameters and search for 
sterile neutrinos 

•  … 

19/06/17	   Giovanni	  De	  Lellis,	  CXXVI	  SPSC	  Mee2ng	  	   44	  



Combining νµ à ντ and νµ à νe searches 
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Best fit: (θ23, θ13) = (0.79, 0.10) [rad] 

Δm2
31 = (2.54 ± 0.05) × 10-3 eV2  

Δm2
21 = 7.37 × 10-5 eV2  

10 ντ  candidates 
35 νe candidates 

 Standard 3 flavour scheme 



•  OPERA is the first non-LHC experiment joining the educational and 
research program of the Open Data Access group 

•  A sample of neutrino interactions reconstructed in the bricks now 
available at CERN: data & event display (effective for education) 
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OPERA OPEN DATA AT CERN	  
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2011-‐2015	  R&D	   2-‐3	  years	  

2004	   2012	   2014	   2015	  
Scanning speed: ~190  cm2/h  

~10 times faster 
with a much wider angular acceptance 

TECHNOLOGICAL DEVELOPMENTS 
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JINST 8 (2013) P01023 
JINST 10 (2015) P11006  
JINST 11 (2016) P06002 
… 
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THANKS FOR YOUR ATTENTION 
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Image taken using OPERA emulsion film with pinhole handmade camera  (Di Ferdinando)    
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