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•  The OPERA experiment and its detector 
•  The analysis chain  
•  Oscillation physics 
•  Background studies 
•  Significance of the results  
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OUTLINE OF THE TALK 
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PHYSICS: FROM NEUTRINO MIXING TO OSCILLATIONS 

3x3 Unitary Mixing Matrix 

Amospheric ν, SuperK, 
K2K, MINOS, T2K 

Δm2
32

 = (2.44 ±0.06) 10-3 eV2      
θ32= (45.8 ± 3.2)°	
  

OPERA 

Chooz, Daya Bay, RENO, T2K, 
MINOS, NOvA. … 

 

θ13= (8.88 ± 0.39)°	
   Δm2
21

 = (7.53 ±0.18) 10-5 eV2      
θ12= (33.4 ± 0.85)°	
  

Solar ν, Borex, SuperK, 
SNO, KamLAND, … 

PDG 2014	
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THE OPERA EXPERIMENT 

Following the Super-Kamiokande (MACRO and 
Soudan-2) discovery of oscillations with 
atmospheric neutrinos and the confirmation with 
solar neutrinos and accelerator beams  

      An important, missing tile in the oscillation 
picture  

First direct detection of νµ à ντ oscillations in appearance mode 	
  

The PMNS 3-flavor oscillation formalism predicts: 

Requirements:	
   1) Long baseline 
2) High energy neutrinos 
3) High intensity beam 
4) Detect short lived τ leptons  

PRL 112 (2014) 181801 
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•･  Small neutrino cross-section and beam divergence: massive active target (~ 1.2 kton)  
•･  Detect τ-lepton production and decay: micrometric space resolution 
•･  Underground location (106 reduction of cosmic ray flux) 
•･  Electronic detectors to provide the“time stamp”, preselect the interaction brick and 

reconstruct µ charge/momentum 

τ DECAY 
CHANNEL BR (%) 

τ →µ 17.7 
τ →e 17.8 
τ →h 49.5 
τ →3h 15.0 
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THE PRINCIPLE:  
HYBRID DETECTOR WITH MODULAR STRUCTURE 
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OPERA-CNGS ROADMAP 

Gran Sasso 

CNGS RUN 

L = 732 km 

CNGS RUN 
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JULY 2003 AUGUST 2006 JULY 2008 
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CNGS BEAM AND LNGS SITE 
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CNGS BEAM 
Tuned for ντ-appearance at LNGS  
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LNGS OF INFN 
The world largest underground physics laboratory 
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OPERA 

•  ~180 000 m3 caverns’ volume 
•   ~3 100 m.w.e. overburden 
•   ~1 cosmic µ / (m2 x hour)  
•  experimental infrastructure suitable  
     to host detector and related facilities 
•  caverns oriented towards CERN 
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CNGS PERFORMANCES 
 Along five years (2008 ÷ 2012) of data taking  

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 

Record performances in 2011
Overall 20% less than the proposal value (22.5)
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p.o.t. (1018) 
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DETECTORS AND FACILITIES  
IN OPERATION: 

 
A VERY COMPLEX EXPERIMENT… 

18/06/15	
   Giovanni	
  De	
  Lellis,	
  LNGS	
  Seminar	
  



13	
  

Two target super-modules, each with an iron spectrometer for muon detection 
JINST 4 (2009) P04018 
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•  > 5 p.e. for a m.i.p.  
•  ~ 99% detection efficiency ⇒ trigger 
•  position accuracy: ~ 8 mm  
•  angular accuracy: ~ 15 mrad 

mechanical structure:  
brick trays, only 0.5% of target mass 
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σ = 8 mm 

SCINTILLATOR STRIPS TARGET TRACKER 
AND BRICK TRAYS 

NIM A577 (2007) 523 
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THE MAGNETIC SPECTROMETER 
•  1.55 T magnetic field bending particles 

in the horizontal plane 
•  24 slabs of magnetized iron interleaved 

with RPC planes 
•  6 drift tube stations for precision 

measurement of the angular deflection 
•  momentum resolution:  
     20% below 30 GeV 
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Figure 7. Muon charge comparison (momentum ⇥ charge): data (black dots with
error bars) and MC (solid line) are normalized to one.

at 45 GeV c�1, the wrong determination of the muon charge is smaller than 2%. The charge
reconstruction efficiency is also reduced at low momentum. In this case, the 3D track identified
as a muon may be a charged hadron and hence the measured charge is not that of the muon. This
was not observed in MC events with the final state including a muon and negligible hadronic
activity, as a confirmation of this hypothesis. Once again, if a lower limit on the absolute value
of the momentum is set at 2.5 GeV c�1, the wrong determination of the muon charge is smaller
than 2%. For muon momenta between 2.5 and 45 GeV c�1, the fraction of events with wrong
charge determination is 1.2%. The µ+ to µ� events ratio, within the selected momentum range,
obtained from data can be directly compared with predictions based on the full MC sample:
3.92 ± 0.37 (stat.)% for data, and 3.63 ± 0.13 (stat.)% for MC. Figure 7 shows the momentum
times charge distribution for data and MC, both normalized to one: the �2 value is 23.34 for
35 d.o.f.

5.3. Energy reconstruction

This section studies the energy reconstructed using the TT subdetector. A signal is measured
at each end of the scintillator strips in terms of ADC counts (see [18] for details), and then
converted into a number of photo-electrons (p.e.) according to the gain of the photomultiplier
(PMT) channel. The sum of the number of p.e. measured on both sides is converted into an
energy deposit (in MeV), according to the position of the hit along the strip and to a calibration
curve that accounts for the attenuation of the signal along the strip fibre. This calibration has
been performed using radioactive sources before detector assembly and cosmic ray data. First,
the dependence of the number of p.e. of a minimum ionizing particle (mip) on the crossing
position along the strip has been validated (see section 5.3.1) and used to compute the visible
energy. Then a calibration of the EDs has been performed in order to convert the visible energy
into total energy (see section 5.3.2). The reconstruction algorithms are used to study, in data and
MC, the distributions of the Bjorken-y variable (section 5.3.3).

New Journal of Physics 13 (2011) 053051 (http://www.njp.org/)

Momentum x charge for µ 

New Journal of Physics 13 (2011) 053051	
  
NIM A602 (2009) 631-634  



The heart of the experiment 
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THE ECC TARGET BRICKS 

Emulsion Cloud Chamber 
ECC 

- passive material            lead 
  (massive target) 
- tracking device             nuclear 
  (high resolution)             emulsions 20	
  μm	
  

mip	
  
	
  

electron	
  ～100	
  keV	
  

sensitivity 30 grains/100 µm 

high	
  dE/dx	
  tracks	
  from	
  nuclear	
  evapora2on	
  

18/06/15 

NIM A556 (2006) 80-86 

•  The OPERA target consists of 
150’000 ECC bricks 

•  Total lead surface: 105’000 m2 
•  Total film surface: 110’000 m2 
      (~ 9 million films) 
•  Total target mass ~ 1.2 kton 
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BRICK MANIPULATOR SYSTEM (BMS) 

Extraction of “hit” bricks in parallel with CNGS data taking (quasi-online): 
 
•  initially used to fill the brick target (two twin devices at each detector side)  
•  fully automatic extraction of up to 50 bricks/day (neutrino interactions) 
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26115 bricks manipulated for event analysis 

OPERA BRICK HANDLING 

Each platform run for more than 200 km vertically and 125 km horizontally 
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Average =  
1.18 kton 

TARGET MASS EVOLUTION DURING RUNS 
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•  6 automated lines running in       
   parallel in a dark room 
•  additional facility underground for  
   CS films 

FILM DEVELOPMENT FACILITY 

~12500 bricks developed 
~ 9300 m2  

21
/0

7/
20

08

17
/0

5/
20

09

13
/0

3/
20

10

24
/0

2/
20

11

09
/0

2/
20

12

17
/0

1/
20

13

18
/0

1/
20

14

05
/0

1/
20

15

0

2000

4000

6000

8000

10000

12000

14000

EC
C

 d
ev

el
op

ed



So far ~ 3’110’000 cm2 of CS surface analysed 
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Two interface (changeable, CS) films packed in a 
detachable box, glued downstream of each brick 
 
Alignment of CS films by Compton electrons: 2.5 µm 
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INTERFACE FILMS 
for the brick validation  

JINST 3 (2008) P07005  

Develop this brick	
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European Scanning System Super-Ultra Track Selector (Japan) 

SCANNING OF CHANGEABLE SHEETS 
Two large facilities	
  

LNGS: 12 microscopes, 
240 cm2/h  

Nagoya: 5 S-UTS, 
220 cm2/h 

Scanning speed per facility: 
Improvement during the runs 
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Scanning speed: ~180  cm2/h  

~10 times faster 

IMPROVEMENTS IN THE SCANNING SYSTEM 
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νµ
CC interaction: muon track reconstruction in interface films 

νµ 

18/06/15	
   Giovanni	
  De	
  Lellis,	
  LNGS	
  Seminar	
   24	
  

High signal/noise ratio for event trigger and scanning time reduction 
INTERFACE EMULSION FILMS 



νµ
NC interaction: convergence pattern in interface films 

νµ 
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Validation of events without a µ in the final state  
INTERFACE EMULSION FILMS 

12.5	
  cm	
  

10
	
  c
m
	
  

25	
  

CS tracks: arrows are  
proportional to the slopes 



Electron shower pre-selection 

Target tracker hits 
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INTERFACE EMULSION FILMS 

One of the electron neutrino  
events reconstructed  



TRACK FOLLOW-UP AND VERTEX FINDING 
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Track follow-up film by film:  
•  Brick exposure at the surface 

laboratory to cosmic-rays for 
alignment 

•  Definition of the stopping point  

Volume scan:  
•  ~2 cm3 around the stopping point 

σ	
  ~2	
  µm	
  



Emulsions	
  give	
  3D	
  vector	
  data,	
  with	
  micrometric	
  precision	
  of	
  the	
  vertexing	
  accuracy.	
  
	
  
The	
  frames	
  correspond	
  to	
  the	
  scanning	
  area.	
  Yellow	
  short	
  lines	
  à	
  measured	
  tracks.	
  	
  
Other	
  colored	
  lines	
  à	
  interpola2on	
  or	
  extrapola2on.	
  	
  

Volume (~2 cm3) around the stopping point 
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LOCATED NEUTRINO INTERACTION	


1	
  
cm
	




Film to film connection	
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1	
  
cm
	


LOCATED NEUTRINO INTERACTION	




1	
  
cm
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LOCATED NEUTRINO INTERACTION	
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JHEP 11 (2013) 036  
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• Primary vertex definition 
   - inspection of segments on the vertex plate 
    - impact parameter <10 (5+0.01 Δz) µm,  
         if Δz<(≥)500 µm    
• Extra-track search 
   - selection of tracks reconstructed in the volume but not   

 attached to primary vertex 
   - identification of e+e- pairs by visual inspection 
• In-track search 
   - search for small kinks along the tracks attached to the 

 primary vertex 
• Parent search 
   - search for a track connecting the selected extra-track 

 and the primary vertex 

DECAY SEARCH 
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• Primary vertex definition 
   - inspection of segments on the vertex plate 
    - impact parameter <10 (5+0.01 Δz) µm,  
         if Δz<(≥)500 µm    
• Extra-track search 
   - selection of tracks reconstructed in the volume                 

  but not attached to primary vertex 
   - identification of e+e- pairs by visual inspection 
• In-track search 
   - search for small kinks along the tracks attached to the 

 primary vertex 
• Parent search 
   - search for a track connecting the selected extra-track 

 and the primary vertex A close-up of an electron pair 	
  

1micron	
  

Gamma-ray	
  

DECAY SEARCH 
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• Primary vertex definition 
   - inspection of segments on the vertex plate 
    - impact parameter <10 (5+0.01 Δz) µm,  
         if Δz<(≥)500 µm    
• Extra-track search 
   - selection of tracks reconstructed in the volume                 

  but not attached to primary vertex 
   - identification of e+e- pairs by visual inspection 
• In-track search 
   - search for small kinks along the tracks attached to the 

 primary vertex 
• Parent search 
   - search for a track connecting the selected extra-track 

 and the primary vertex 

DECAY SEARCH 



CHARMED HADRON PRODUCTION  
 control sample for the τ search 

to check the efficiency à signal expectation 
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CHARMED HADRON PRODUCTION  
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•  Charm and τ decays have the same topology  
•  Similar lifetime and masses 
•  Charmed hadrons from νµ CC interactions  
•  Muon at the primary vertex 
•  Used as “control sample”  

Background from 
hadronic interactions  

(87%) and strange 
particle decays (13%) 

Eur. Phys. J. C74 (2014) 2986  

Good agreement between 
data and expectations 

~10%	
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KINEMATICAL VARIABLES 
Fair agreement between data and Monte Carlo 	
  

Φ	


µ 

D, Λc 

Eur. Phys. J. C74 (2014) 2986  
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STATUS OF DATA ANALYSIS 

6932 located interactions  
6612 decay search 

2012 

2011 

2010 

2009 

2008 
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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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COSMIC-RAY PHYSICS 

2

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 
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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 
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νµ→νe ANALYSIS WITH 2008/2009 DATA 
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
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Analysis based on 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.

)newθ(22sin
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)2
 (e

V
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w
2

m
Δ
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1

10

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]).

13

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 more than twice candidates: 
So far 49 observed candidates  

9 with E < 20 GeV 
New paper in preparation  



•  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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THE FIRST ντ CANDIDATE 
… and in the brick	
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  Physics Letters B691 (2010) 138  

THE FIRST ντ CANDIDATE 
… and in the brick	
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THE FIRST ντ CANDIDATE 
Kinematical selection	
  

Physics Letters B691 (2010) 138  

All cuts passed: τ àh  candidate	
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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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Figure 11. Event display of ⌫⌧ candidate event B: CNGS transverse plane momentum balancing.
The red (blue) line represents the sum of the transverse momentum of the secondary (primary)
vertex tracks. The dotted line marks the direction of the parent. The inset represents the transverse
momenta of daughter tracks along the parent flight length direction.

� was found. This track is then assumed to interact in the dead material in-between

two bricks. A muon with a momentum of the magnitude measured by MCS would

be expected to travel from 26 to 44 brick layers before stopping. This makes the

muon hypothesis very unlikely: D
TFD

is 0.05 for this track. Its projected slopes are

(0.155,�0.365), well inside the angular acceptance of the scanning. Even considering

the possibility of having missed a muon track crossing the downstream emulsion

detectors, the pattern in the scintillators does not allow the existence of such a track

for more than about 7-8 brick walls.

• track d

1

has slopes of (-0.056, 0.101) and a measured momentum pd1 = (6.6+2.0
�1.4)GeV/c.

A hadronic interaction is detected in the emulsions of the brick in wall W
4

(see fig-

ure 8) producing two charged tracks with slopes of (0.234, 0.489) and (0.034, -0.305).

The signature of the interaction is also indicated by the target tracker scintillators.

• track d

2

has a slope of (-0.041, 0.260) and a measured momentum pd2 = (1.3+0.2
�0.2)GeV/c.

It has not been found in W

2

or in the following walls corresponding to a range-

momentum correlation parameter D
TFD

= 0.25.

• track d

3

has a slope of (-0.134, 0.220) and a measured momentum pd3 = (2.0+0.9
�0.6)GeV/c.

This track interacts in the brick containing the neutrino vertex, after 11 lead plates

i.e. about 1.3 cm downstream (V
2

in figure 9). The interaction occurs inside the emul-

sion resulting in a very clear signature. The final state is composed of two charged

tracks (d
3�1

and d

3�2

) and four back-scattered nuclear fragments.

The scalar sum of the momenta of all the measured charged particles in the event is

12.7+2.3
�1.7GeV/c.

– 22 –
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… and in the brick	
  
THE SECOND ντ CANDIDATE 
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THE SECOND ντ CANDIDATE 
Kinematical selection	
  

All cuts passed: τ à3h  candidate	
  

Journal of High Energy Physics 11 (2013) 036  18/06/15	
   50	
  



18/06/15	
   Giovanni	
  De	
  Lellis,	
  LNGS	
  Seminar	
   51	
  

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)  
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THE THIRD ντ CANDIDATE 
… and in the brick	
  

Phys. Rev. D 89 (2014) 051102(R)  
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Momentum measurement  
- by range in the electronic detector  2.8±0.2 GeV/c 
- MCS in the brick consistent            3.1+0.9 GeV/c 

Cells  

ϑ 
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MUON CHARGE AND MOMENTUM 
Bending by 
magnetic field 

-0.5	
  

- Parabolic fit with p2 as quadratic term     
   coefficient in the magnetized region 
-  Linear fit in the non-magnetized region 

p2<0 à negative charge 
5.6 σ  significance 
R ~ 85 cm 
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THE THIRD ντ CANDIDATE 
Kinematical selection	
  

All cuts passed: τ àµ  candidate	
  

Phys. Rev. D 89 (2014) 051102(R)  
Evidence for the ντ appearance  18/06/15	
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THE FOURTH ντ CANDIDATE 
As seen by the electronic detectors …	
  

PTEP 10 (2014) 101C01  
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THE FOURTH ντ CANDIDATE 
… and in the brick	
  

γ1	


γ2	
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THE FORTH ντ CANDIDATE 
… and in the brick	
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PARTICLE ID: TRACK FOLLOW-DOWN 
A powerful tool to assess the muon-less nature of the event	
  

Track 2 from neutrino 
interaction vertex  
- p = 1.9 GeV/c 
- stopping in the first iron 
slab of the magnet 
- muon hypothesis rejected 

Hadronic decay 
channel	
  

Charm background 
hypothesis rejected	
  

Daughter track from τ	
  
decay 
- p = 6.0 GeV/c 
- stopping in the first arm 
of the spectrometer 
- Classified as hadron 
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THE FOURTH ντ CANDIDATE 
Kinematical variables	
  

All cuts passed: τ àh  candidate	
  

PTEP 10 (2014) 101C01: Observation of ντ appearance  18/06/15	
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BY PRODUCT ANALYSIS	
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STERILE NEUTRINOS	
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3+1 model: bounds from ντ appearance with profile Likelihood method  

JHEP_074P_0315 (2015) 
ArXiv:1503.01876 

�ij =
1.27�m2

ijL

E
,

�m2
41 > 1 eV 2

L̃(�µ⌧ , sin22✓µ⌧ )

After maximising over C2 



STERILE NEUTRINOS	
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Effective mixing:	
  

JHEP_074P_0315 (2015) 
ArXiv:1503.01876  



COMPLETING THE ANALYSIS OF THE 
TWO MOST PROBABLE BRICKS	
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THE FIFTH ντ CANDIDATE 
As seen by the electronic detectors …	
  



ANALYSIS OF INTERFACE EMULSION FILMS 
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Signal of e.m. shower 
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THE FIFTH ντ CANDIDATE 
… and  in the brick 	
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THE FIFTH ντ CANDIDATE 
… and  in the brick 	
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SEARCH FOR NUCLEAR FRAGMENTS 
Search for nuclear fragments in an extended 

angular range |tanθ|< 3 
Primary vertex	
   Secondary vertex	
  

None 6 nuclear fragments 
found 
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PARTICLE IDENTIFICATION 

Primary particle 
Followed in the downstream brick 
Hadronic re-interaction: 1 visible particle 	
  
	
  

Charm hypothesis 
discarded	
  

Daughter 
Hadronic re-interaction in the first brick	
  

Hadronic decay 
channel 
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MOMENTUM MEASUREMENT 
MCS method in the first brick	
  

Pdaughter = 11.0 [7.1, 24.9] GeV/c 
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Ncells 
Ncells 

Primary track	
  

βP1ry = 0.8 [0.6, 1.1] GeV/c 
	
  

Daughter track	
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PRIMARY PARTICLE IDENTIFICATION 
Grain counting method 
-  Count all grains along the track 
-  Grain density (GD) proportional to the 

energy deposition dE/dx 

 
 
	
  

βP1ry = 0.8 [0.6, 1.1] GeV/c 
	
  

MCS method in the first brick	
  

Consistent with proton hypothesis 	
  

GD1ry/GD

⇡

= 1.45± 0.06

(dE/dx)
proton

/(dE/dx)
⇡

= 1.38± 0.14

(dE/dx) proton/(dE/dx)pion	
  

(G
D

)  p
ro

to
n/(

G
D

) p
io

n	
  

p = (1.0±0.2) GeV/c	
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THE FIFTH ντ CANDIDATE 
Measurements performed in two different laboratories for 

independent cross-check	
  

Compatible results	
  

LAB 1	
 LAB 2	
 Mean	


ID	
 Slopes	
 p (GeV/c)	
 Slopes	
 p (GeV/c)	
 Slopes	
 p (GeV/c)	


1ry	
 τ	
 0.067, 0.056	
 -	
 0.075, 0.059	
 -	
 0.071, 0.058	
 -	


p1	
 -0.268,-0.086	
 pβ 0.74  
[0.67, 0.82]	


-0.270, -0.081	
 pβ 0.8  
[0.6, 1.1] 

-0.269, -0.084	
 1.0  
[0.8, 1.2]	


2ry daughter -0.018, 0.057	
 10.3  
[6.1, 33.5] 

-0.016, 0.062	
 11.0  
[7.1, 24.9] 

-0.017, 0.060	
 10.7  
[6.9, 24.4]	


Interaction 
of the  

daughter  
track 

d1 -0.096,-0.331	
 -0.079,-0.337	


d2 -0.140, 0.177	
 -0.125, 0.163	


d3 0.273, 0.300	
 0.278, 0.285	


fragment -0.600, 0.200	
 -0.651, 0.225	


γ -0.119,-0.024	
 -0.106,-0.034	
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THE FIFTH ντ CANDIDATE 
Kinematical variables	
  

Flight length   
960±30 µm 
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THE FIFTH ντ CANDIDATE 
Kinematical variables	
  

All cuts passed: τ àh  candidate	
  



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



BACKGROUND STUDIES 
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IMPROVEMENTS ON THE BACKGROUND REJECTION 
large angle track detection 
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Undetected soft and large angle muons are the source of charm background 
Detection of particles and nuclear fragments in hadronic interactions  

conven2onal	
  
angle	
  acceptance	
  

|tanθ|=1.0	
  

|tanθ|=2.0	
  

|tanθ|=3.0	
  

JINST 9 (2014) P12017 

extension	
  

72 degrees! 
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CHARMED PARTICLES PRODUCTION 
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•  Lifetimes and masses similar to the τ 
•  Background when the primary muon is not identified 

νµ
CC interactions with charm quark production 

derived from CHORUS measurements  
New J. Phys. 13 (2011) 093002 

Good agreement in normalization and shape for the relevant kinematical 
variables in the charm detection and muon identification 

Constrain the background within 20% 

Eur. Phys. J. C74 (2014) 2986  New J. Phys. 13 (2011) 053051 



BACKGROUND STUDIES: HADRONIC INTERACTIONS 
Comparison of large data sample (π- beam test at CERN) with Fluka simulation  
         check the agreement and estimate the systematic uncertainty 

Black : π- beam data 
Red : MC (FLUKA) simulation	
 

Track length analysed in the brick:    
-   2  GeV/c : 8.5 m 
-   4  GeV/c : 12.6 m 
-  10 GeV/c : 38.5 m  
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Interaction rate 

PTEP 9 (2014)  093C01 

Hadron  beam 



10 GeV/c 

SECONDARY TRACK EMISSION 
10GeV/c	
 4GeV/c	
 2GeV/c	
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  Good agreement within the statistical error: systematic error ~ 30%	
 

Multiplicity	
 

Kink angle (1-prong)	
 

Error bars : Experimental  data 
Histogram : Simulated data	
 



NUCLEAR FRAGMENTS EMISSION PROBABILITY	
 

Black : experimental data 
Red : simulated data (β= p/E = 0.7) 
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Additional background reduction 
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h	


   Nuclear  
Fragments 

ν	

NC	


h	


PTEP 9 (2014) 093C01 

Highly ionizing fragments 

150	
  μm	
  



4GeV/c	
 2GeV/c	
 10GeV/c	
 

NUCLEAR FRAGMENTS IN 1 AND 3 PRONG INTERACTIONS	
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  Agreement within the statistical error: systematic error is 10%	
 

Forward	
 Backward	
 Forward	
 Backward	
 Forward	
 Backward	
 

Emission angle(cos θ)	
 

Multiplicity	
 

Error bars : Experimental  data 
Histogram : Simulated data	
 

MC: β < 0.7	
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LARGE ANGLE µ SCATTERING 
New estimate based on GEANT4  
- Simulation modified by introducing 
form factors (FF) for Lead 
    (Saxon-Woods parameterization) 	
  

Nuclear FF	
  

Proton FF	
  

Combined FF	
  

MC predictions compared to available data	
  

NIM A243 (1986) 518	
  
Phys. Rev. 122 (1961) 937	
  

IEEE Transactions 
on Nuclear Science 

7.3 GeV/c muons on Copper 
2 GeV/c muons on Lead 
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LARGE ANGLE µ SCATTERING 
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Main background in the τ àµ decay channel 
when using upper limits in the past	
  

(1.2± 0.1)⇥ 10�7/⌫CC
µ

LAS background estimation 	
  

well below the values considered so far	
  
IEEE Transactions 
on Nuclear Science 

CNGS νµ CC muons on Lead 1< pµ <15 GeV/c 



FINAL RESULTS	
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∆m2
23 ESTIMATION 
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90% C.L. intervals on ∆m2
23 by Feldman & Cousins method                   

[2.0 – 4.7] x 10-3 eV2  
(assuming full mixing) 



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)

{	
  



DISCOVERY OF ντ APPEARANCE  
IN THE CNGS NEUTRINO BEAM 

•  Detector successfully measuring νe , νµ  and ντ  
•  Analysis of an extended data sample 
•  Improved background evaluation 
•  Five ντ candidates observed 
•  5.1 σ significance  
 

OUTLOOK  
•  Multi-brick analysis under completion 
•  Re-analysis of the full data sample with a likelihood 

approach and less tight (kinematical) selection criteria  
•  More to come! 
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