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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 
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Bin Eµ cosq ⇤ (Eµ cosq ⇤)MPV hqi Rµ dRµ (stat.) dRµ (syst.)
(GeV) (GeV) (deg) %

1 562 - 1122 1091 47.5 1.357 0.009 1.8
2 1122 - 2239 1563 42.8 1.388 0.008 0.1
3 2239 - 4467 2972 46.9 1.389 0.028 2.1
4 4467 - 8913 7586 60.0 1.40 0.16 7.1

Table 4 The charge ratio in bins of Eµ cosq ⇤. Here reported are the energy bin range, the most probable value of the energy distribution in the bin
(MPV, evaluated using the full Monte Carlo simulation described in [9]), the average zenith angle, the charge ratio and the statistical and systematic
uncertainties.
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Fig. 2 Our measurement of the muon charge ratio as a function
of the surface energy Eµ (black points). The two-dimensional fit in
(Eµ ,cosq ⇤) yields a measurement of the composition parameter d0 and
of the factor ZpK+ . The fit result is projected on the average OPERA
zenith hcosq ⇤i ' 0.7 and shown by the continuous line. Results from
other experiments, L3+C (only for 0.675 < cosq < 0.75) [15], MI-
NOS Near and Far Detectors [16, 17], CMS [18] and Utah [19], are
also shown for comparison.

A linear energy dependence in logarithmic scale of the
parameter d0 was assumed, d0 = a + b log10(EN /GeV/nu-
cleon), as suggested by direct measurements of the primary
composition and by the Polygonato model [23]. We fixed
the slope at b = �0.035 which was obtained fitting the val-
ues reported in [2].

We made a two-dimensional fit of OPERA and L3+C
data as a function of (Eµ ,cosq ⇤) to Eq. 2 with d0 and ZpK+

as free parameters. The fit yields the composition parameter
at the average energy measured by OPERA hEµi = 2 TeV
(corresponding to hENi⇡ 20 TeV/nucleon) d0(hEµi)= 0.61±
0.02 and the factor ZpK+ = 0.0086±0.0004.

The result of the fit in two variables (Eµ ,cosq ⇤) is pro-
jected on the average OPERA zenith hcosq ⇤i ' 0.7 and is
shown in Fig. 2 together with the measured charge ratio as
a function of the surface muon energy. The energy indepen-
dence of the charge ratio above the TeV supports the validity
of the Feynman scaling in the fragmentation region.

4 Conclusions

The atmospheric muon charge ratio Rµ was measured with
the complete statistics accumulated along the five years of
data taking. The combination of the two data sets collected
with opposite magnet polarities allows reaching the most ac-
curate measurement in the high energy region to date. The
underground charge ratio was evaluated separately for sin-
gle and for multiple muon events. For single muons, the in-
tegrated Rµ value is

Rµ(nµ = 1) = 1.377±0.006(stat.)+0.007
�0.001(syst.)

while for muon bundles

Rµ(nµ > 1) = 1.098±0.023(stat.)+0.015
�0.013(syst.)

The integral value and the energy dependence of the charge
ratio for single muons are compatible with the expectation
from a simple model [2, 14] which takes into account only
pion and kaon contributions to the atmospheric muon flux.
We extracted the fractions of charged pions and kaons de-
caying into positive muons, fp+ = 0.5512±0.0014 and fK+ =
0.705±0.014.

Considering the composition dependence embedded in
Eq. 2, we inferred a proton excess in the primary cosmic
rays d0 = 0.61±0.02 at the energy hENi ⇡ 20 TeV/nucleon
and a spectrum weighted moment ZpK+ = 0.0086±0.0004.

The observed behaviour of Rµ as a function of the sur-
face energy from ⇠ 1 TeV up to 20 TeV (about 200 TeV/nu-
cleon for the primary particle) shows no deviations from a
simple parametric model taking into account only pions and
kaons as muon parents, supporting the hypothesis of lim-
iting fragmentation up to primary energies/nucleon around
200 TeV.
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To the memory of Prof. G. Giacomelli

Abstract The OPERA detector, designed to search for nµ !
nt oscillations in the CNGS beam, is located in the under-
ground Gran Sasso laboratory, a privileged location to study
TeV-scale cosmic rays. For the analysis here presented, the
detector was used to measure the atmospheric muon charge
ratio in the TeV region. OPERA collected charge-separated
cosmic ray data between 2008 and 2012. More than 3 mil-
lion atmospheric muon events were detected and reconstruct-
ed, among which about 110000 multiple muon bundles. The
charge ratio Rµ ⌘ Nµ+/Nµ� was measured separately for
single and for multiple muon events. The analysis exploited
the inversion of the magnet polarity which was performed
on purpose during the 2012 Run. The combination of the
two data sets with opposite magnet polarities allowed min-
imizing systematic uncertainties and reaching an accurate
determination of the muon charge ratio. Data were fitted to
obtain relevant parameters on the composition of primary
cosmic rays and the associated kaon production in the for-
ward fragmentation region. In the surface energy range 1-20
TeV investigated by OPERA, Rµ is well described by a para-
metric model including only pion and kaon contributions to
the muon flux, showing no significant contribution of the
prompt component. The energy independence supports the
validity of Feynman scaling in the fragmentation region up
to 200 TeV/nucleon primary energy.

1 Introduction

Underground experiments detect the penetrating remnants
of primary cosmic ray interactions in the atmosphere, namely
muons and neutrinos. These are the decay products of charged
mesons contained in the particle cascade, mainly pions and
kaons. At very high energies also charmed particles are ex-
pected to contribute.

The muon charge ratio Rµ ⌘ Nµ+/Nµ� , defined as the
number of positive over negative charged muons, is stud-
ied since many decades. It provides an understanding of the
mechanism of multiparticle production in the atmosphere
in kinematic regions not accessible to accelerators, as well
as information on the primary cosmic ray composition. A
charge ratio larger than unity reflects the abundance of pro-
tons over heavier nuclei in the primary cosmic radiation. The
charge asymmetry is preserved in the secondary hadron pro-
duction, and consequently in the muon fluxes, due to the
steepness of the primary spectrum which enhances the for-
ward fragmentation region [1]. The kaon contribution to the
muon flux increases with the muon energy. Since the pro-

?Corresponding authors. E-mail: mauri@bo.infn.it, sioli@bo.infn.it
aNow at Kyungpook National University, Daegu, Korea.
bNow at Samsung Changwon Hospital, SKKU, Changwon, Korea.

duction of positive kaons is favoured by the associated pro-
duction LK+, the muon charge ratio is expected to rise with
energy. Assuming the hypothesis of complete scaling we ex-
pect an energy independent charge ratio above the TeV en-
ergy region at sea level [1] once the kaon contribution to the
muon flux reached its asymptotic value [2]. At higher ener-
gies, around O(100) TeV, the heavy flavor contribution, as
well as changes in the primary composition, may become
significant.

The OPERA experiment, described in detail in Ref. [3],
is a hybrid electronic detector/emulsion apparatus, located
in the underground Gran Sasso laboratory, at an average
depth of 3800 meters of water equivalent. The main physics
goal of the experiment is the first observation of neutrino
oscillations in direct appearance mode in the nµ ! nt chan-
nel [4–6]. OPERA already reported a first measurement of
the atmospheric muon charge ratio at TeV surface energies
using the 2008 Run data [7]. Here we present the final results
obtained with the complete statistics. OPERA continuously
accumulated cosmic ray data with the electronic detectors of
the target over the whole year from 2008 up to 2012. How-
ever the magnetic spectrometers were active only during the
CNGS Physics Runs, being switched off during the CNGS
winter shutdowns.

As it was done in Ref. [7], we used the momentum and
charge reconstruction obtained via the Precision Trackers
(PT) of the OPERA spectrometers [8]. Layers of vertical
drift tubes are arranged in PT stations instrumenting the two
identical dipole magnets. The momentum and charge infor-
mation is given by the angle Df in the bending plane, i.e.
the difference between the track directions reconstructed by
the two PT stations before and after each magnet arm. For
nearly horizontal muons up to four bending angles can be
measured in the two dipole magnets.

2 Data Analysis

The cosmic ray data used for this analysis were collected
during the five CNGS Physics Runs between 2008 and 2012.
In the first four years (2008-2011) the magnetic field was
directed upward in the first arm of both dipoles and in the
opposite direction in the second arm (standard polarity, SP).
In 2012 the coil currents were reversed and the spectrometer
operated in inverted polarity (IP) mode.

A pre-selection was applied in order to select only sta-
ble conditions of detector operation. Short periods with in-
creased electronic noise or with any subdetector under test
were removed, as well as periods in which the magnets were
not in nominal conditions. Details on atmospheric muon event
selection, reconstruction and analysis can be found in Refs.
[7, 9].

Measurement of TeV atmospheric  
muon charge ratio 

Surface energy 
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Fig. 1 The muon charge ratio measured by OPERA as a function of
the vertical surface energy Eµ cosq ⇤ (black points). Our data are fit-
ted together with the L3+C [15] data (open triangles). The fit result is
shown by the continuous line. The dashed, dotted and dash-dot lines
are, respectively, the fit results with the inclusion of the RQPM [21],
QGSM [21] and VFGS [22] models for prompt muon production in the
atmosphere. The vertical inner bars denote the statistical uncertainty,
the full bars show the total uncertainty. Results from other experiments,
MINOS Near and Far Detectors [16, 17], CMS [18] and Utah [19], are
shown for comparison.

is of the order of d(log10 Eµ/GeV) ' 0.15 in a logarith-
mic scale [9]. In each bin the two polarity data sets are
combined and the obtained value is corrected for the charge
misidentification. The two contributions to the systematic
uncertainty are computed and added in quadrature. The re-
sults are shown in Fig. 1, together with data from other ex-
periments (L3+C [15], MINOS Near and Far Detectors [16,
17], CMS [18] and Utah [19]). The information for each of
the four Eµ cosq ⇤ bins are presented in Table 4: the energy
range, the most probable value of the energy distribution in
the bin, the average zenith angle, the charge ratio Rµ , the
statistical and systematic uncertainties.

Following the procedure described in [7], we fitted our
data and those from [15] (for the high and low energy re-
gions) in order to infer the fractions fp+ and fK+ . In this ap-
proach, the atmospheric charged kaon/pion production ratio
RK/p had to be fixed. For this, we took the weighted average
of experimental values reviewed in [20], RK/p = 0.127. The
fit yields fp+ = 0.5512± 0.0014 and fK+ = 0.705± 0.014,
corresponding to a muon charge ratio from pion decay Rp =
1.2281± 0.0007 and a muon charge ratio from kaon decay
RK = 2.39±0.07.

Taking into account various models for charm produc-
tion, namely RQPM [21], QGSM [21] and VFGS [22], the
positive pion and kaon fractions obtained from the fit are
unchanged within statistical errors. The results are shown in
Fig. 1. The prompt muon component does not significantly
contribute to Rµ up to Eµ cosq ⇤ <⇠ 10 TeV.

Recently, an enlightening analytic description of the muon
charge ratio considering an explicit dependence on the rel-
ative proton excess in the primary cosmic rays, d0 = (p�
n)/(p+n), was presented in [2]:

Rµ =

"
fp+

1+BpEµ cosq ⇤/ep
+

1
2 (1+aKbd0)AK/Ap

1+B+
K Eµ cosq ⇤/eK

#
(2)

⇥


1� fp+

1+BpEµ cosq ⇤/ep
+

(ZNK�/ZNK)AK/Ap
1+BKEµ cosq ⇤/eK

��1

Here p and n fluxes are defined as

p = Â
i

Zi Fi(EN); n = Â
i
(Ai �Zi)Fi(EN) (3)

where the index i runs over the primary ions (H, He, CNO,
Mg-Si, Fe) and EN is the primary nucleon energy. The con-
tributions from decays of pions and kaons are included in
the kinematic factors Ai,Bi,ei (i= p,K) described in [2, 11].
An analogous contribution from charm decay is foreseen at
high energies but still not observed. The spectrum weighted
moments Zi j [2] are contained in b and aK :

b =
1�Zpp �Zpn

1�Zpp +Zpn
; aK =

ZpK+ �ZpK�

ZpK+ +ZpK�
(4)

Isospin symmetry allows expressing the pion contribution in
terms of fp+ , where

fp+ =
1+bd0ap

2
(5)

Here ap is obtained replacing the subscript K with the sub-
script p in aK .

We extracted from the data the composition parameter
d0 and the factor ZpK+ related to the associated production
L K+ in the forward region. The ZpK+ moment is still poorly
known and its predicted value considerably differs for differ-
ent Monte Carlo codes [12, 13].

In Eq. 2 the charge ratio does not exclusively depend on
the vertical surface energy. Since the spectra of primary nu-
clei have different spectral indices, the parameter d0 depends
on the primary nucleon energy EN . In the energy range of in-
terest the approximation EN ' 10⇥Eµ can be used [2].

The correct way of taking into account the different de-
pendencies is to simultaneously fit Eq. 2 as a function of
the two variables (Eµ ,cosq ⇤). In each (Eµ ,cosq ⇤) bin the
data sets with opposite polarities are combined and R̂µ is
corrected for the charge misidentification.

The pion moments Zpp+ and Zpp� were set to the values
reported in [2], since the fraction of positive pions in the
atmosphere fp+ = 0.5512± 0.0014 derived in this work is
robust and consistent with previous measurements [16, 17]
and with the ZNp values based on fixed target data [14]. The
moment ZpK� was also set to the value given in [2], since
for K� there is no counterpart of the associated production
L K+. On the other hand K� are equally produced in K+K�

pairs by protons and neutrons (ZpK� ' ZnK� ).

Vertical surface energy 

Eur. Phys. J. C74 (2014) 2933 



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

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



Muon rate vs temperature variations 

02/04/17	   8	  

�Iµ
I0µ

= ↵T
�Te↵

Te↵

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

Nuclear evaporation  
and break-up tracks 



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
⇤
e3|

�µe = Arg(Uµ3U
⇤
e3U

⇤
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  



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 	  

02/04/17	   Giovanni	  De	  Lellis,	  XLVII	  LNGSC	  Mee2ng	  	   17	  



•  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



02/04/17	   Giovanni	  De	  Lellis,	  XLVII	  LNGSC	  Mee2ng	  	   21	  

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



OUTSTANDING PAPER AWARD BY THE 
PHYSICAL SOCIETY OF JAPAN 
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THE FIFTH ντ CANDIDATE 
in the brick 	  

PRL 115 (2015) 121802 

τ−→h- ντ
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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 
•  Use likelihood approach, simulation fully 

validated with data in all kinematical corners 
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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 

Ev 11172035775 



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



Neutral network output	  
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Observation of a tau neutrino interaction 
with a charmed hadron production 
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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  



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 measured 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 

•  Combination of electron and tau appearance 
with muon disappearance to constraint the 
oscillation parameters  

•  … 
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•  CERN willing to host OPERA data for its preservation 
•  OPERA data sample < 100 TB (~10 tapes) equivalent 

to one of the LEP experiments   
•  LEP support granted until 2030  
•  Agreement with data preservation office at CERN a 

year ago 
•  First data sets transferred 
•  Contacts with LNGS Computing Service for a similar 

action 
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OPERA DATA PRESERVATION	  



•  CERN has a program of open data access mostly 
for educational purposes (CMS, LHCb, …) 

•  CERN willing to include OPERA data among the 
open data  

•  OPERA agreed to provide neutrino interactions 
reconstructed in the bricks: both data & event 
display (effective for educational purposes) 
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OPERA OPEN DATA AT CERN	  

Giovanni	  De	  Lellis,	  XLVII	  LNGSC	  Mee2ng	  	  



Giovanni	  De	  Lellis,	  XLVII	  LNGSC	  Mee2ng	  	  

0	  

200	  

400	  

600	  

800	  

1000	  

1200	  

1400	  

1600	  

1800	  

O
PE

R
A

 sy
st

em
 

Ru
nn

in
g	  

2011-‐2015	  R&D	   2-‐3	  years	  

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

~10 times faster 

TECHNOLOGICAL DEVELOPMENTS 
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JINST 8 (2013) P01023 
JINST 10 (2015) P11006  
JINST 11 (2016) P06002 
… 
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