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Goals of the
OPERA experiment

The main goal of the OPERA experiment  (Oscillation Project with Emulsion 
tRacking Apparatus) was an observation of the νμ → ντ oscillations in appearance mode 
in a pure νμ beam through the detection of the short-lived τ leptons produced in ντ charged-
current (CC) interactions.

The tracking capabilities of the detector  allow to expand physics program:

➢oscillation physics: νμ → νe study, sterile neutrino analysis

➢non-oscillation physics: charged particle multiplicity analysis, cosmic-ray physics
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CNGS beam: CERN 
Neutrinos to Gran Sasso
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➢ Beam data taken during 2008-2012

➢ 1.8 *1020 p.o.t. were collected

➢ 19505 ontime events were recorded

➢ 6785 events were located and used for the 

analysis
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OPERA detector
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Target and Target Tracker
                   (6.7m × 6.7m)
~75000 bricks

Muon spectrometer
(8m×10m)

Target and Target Tracker
                   (6.7m × 6.7m)
~75000 bricks

Brick 
Manipulator 
System

ν

2 identical supermodules

0.63 kton 0.63 kton
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OPERA ECC (emulsion cloud 
chamber)
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➢ OPERA target consisted of ~150 000 
ECC bricks

➢ Total 111 000 m2 of film surface 
(about 9 million films)

➢ Total target mass is about 1.2 kt

30 grains per 100 microns

● 57 films of nuclear emulsion
● 56 lead plates (1 mm thick) - 10 X0

● 2 Changeable Sheets
● Fast fully automated optical 

microscopes
● 3D track reconstruction with 

micrometric resolution
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νμ→ντ: background sources

FLUKA simulation and test beam data

Reduced by nuclear fragment search and large angle 
scattering

PTEP9 (2014) 093C01
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1) νμ CC interactions with 

charm production 

2) Hadronic re-interactions

if the primary lepton was not identified and 
the daughter charge was not measured 

Monte Carlo simulation tuned on CHORUS data

Reduced by multi-brick tracking

Eur. Phys. J C74 (2014) 2986)

Estimate by implementing a proper form factor for Lead 
Simulation bench-marked on experimental data

IEEE Transactions on Nucl. Sci. Vol. 62,  5, 2015

3) Large angle μ scattering 
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νμ→ντ: kinematical selection

pmiss
T: vectorial sum of the transverse momenta 

of primaries (except the parent) and daughters 
with regard to the beam direction

p2ry
T: transverse momentum of the daughter 

with regard to the parent direction

7

Cuts fixed since the beginning of the experiment
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νμ→ντ: 5 ντ candidates observed 

Phys. Lett. B 691 (2010) 183
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JHEP 11 (2013) 036

Phys. Rev/  D 89 (2014) 051102 PTEP (2014) 10, 101C01

Phys. Rev. Lett. 115 
(2015) 12, 121802

τ→h τ→3h

τ→μ τ→h τ→h



9

νμ→ντ: discovery of ντ 
appearance in the CNGS beam
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Probability of the background 
fluctuation = 1.1 * 10-7

→ absence of the signal excluded with 
a significance of 5.1 
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νμ→ντ: new event analysis 
New selection strategy was defined in order to increase the 
number of 


 candidates to estimate m2

23
 (first measurement in 

appearance mode) and

cross section with less statistical error:

● Minimum bias kinematical cuts

● Multivariate analysis: Boosted Decision Tree 
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νμ→ντ: new 5 ντ candidates
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νμ→ντ:  an event with three 
vertiсes
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Views in electronic detectors and in the brick
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νμ→ντ:  an event with three 
vertiсes

The most likely 
configuration is 


 CC with 

charmed hadron with
significance of 3.5   

PRELIM
IN

ARY
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νμ→ντ: Δm2
23 measurement 
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PRELIM
IN

ARY

Agreement with PDG 
2016 value within 1 
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Untill now,  cross-section was measured only by DONuT

DONuT could not distinguish  from anti- 

νμ→ντ: ντ cross-section 
masurement 

σντ
=σντ

const EK (E)

σντ+ν τ

const =0.72±0.24±0.36×10−38 cm2GV−1

OPERA: first measurement with 

 only

Agreement with SM value 
within 1 0.67×10−38 cm2GV−1 PRELIM

IN
ARY
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νμ→νe: full data sample analysis

Expected background: 
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Number of observed events is in agreement with the 
expected background and 3 flavour oscillation signal

PRELIM
IN

ARY
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νμ→νe: sterile neutrinos in 
3+1 model 
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PRELIM
IN

ARY

Sensitivity

sin22θμ e=4|Uμ 4
2
||U e 4

2
|

e search results used to derive limits on the 
mixing parameters of a massive sterile neutrino in 
the 3+1 neutrino model 
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Study of charged particles 
multiplicity distribution in Pb
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The study is aimed in tuning the models used in MC 
generators.

Arxiv:1706.07930

● Linear dependence: <n
ch

> = a+ b lnW2

● Linear dependence <D
ch

 > = A + B <n
ch

>
● Aproximate KNO (Koba, Nielsen, Olesen) scaling is valid 

 for the charged hadrons multiplicity
● <n

ch
> - the average multiplicity

● <D
ch

> - dispersion of <n
ch

>
● W2 – invariant mass of the hadronic system

2.45±0.06
2.34±0.02
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Gran Sasso underground ~3800 m w.e. → Minimum muon energy ~ 1.8 TeV

Atmospheric temperature  increase → density decrease → the pion and kaon decay rate increase → 
muon rate increase

Annual modulations of 
atmospheric muons

muons

Tef

PRELIM
IN

ARY

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

αT=0.94±0.04

Δ Iμ

Iμ
0 =αT

ΔT eff

T eff

Iμ(t )=Iμ
0
+Δ Iμ=Iμ

0
+δ I μcos[

2π

T
(t−t0)]

T=365±2

t 0=176±4

Δ Iμ

Iμ
0

=(1.54±0.07)%
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Summary
❖ Discovery of νμ→ντ appearance in the CNGS beam with 5.1σ

❖ Minimum bias analysis to increase the number of ντ candidates:

–  Δm2
23 measurement (first measurement in appearance mode) and absolute 

measurement of ντ cross section (first measurement) with less statistical 
uncertainties

❖ νμ→νe oscillation search: number of observed candidates is in the agreement 

with the expected background and the standard oscillation signal

❖ Constraint on sterile neutrinos from νμ→νe analysis with the 3+1 flavour model

❖ Study of the charged particle multiplicity distribution in high-energy 

neutrino-lead interactions

❖ Study of cosmic-ray annual modulation

❖ Perspectives: a unique feature is anability of the detector to measure all 3 

neutrino flavours. Use of νμ disappearance and both ντ and νe appearance to 

constrain on the oscillation parameters with one single experiment
20
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Thank you for your attention!

21
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Backup slides

22



23

Data analysis chain

Target Tracker data is used for a prediction of the bricks which contain neutrino 
interactions

A large area of the corresponding changeable film is scanned
 (so far 2 500 000 cm2 of CS surface analysed)
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Data analysis chain

Brick exposure at the surface laboratory to collect 
cosmic-rays for alignment

Scan-back: CS-tracks are followed upstream 
from film to film to find the n-interaction vertex

Total-scan: scanning of the 1 cm2 around the 
vertex in 15 plates is performed

Scan-forth: improvement of the momentum 
measurement of the tracks
New J. of Phys. 4 (2012) 013026

Decay search: impact parameter, kink search, 
parent search
Eur. Phys. J. C (2014) 74:2986
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Data analys: event location
Scanning of CS: two large facilities

Nagoya: 5 S-UTS, 220 cm2/h 
LNGS: 10 microscopes, 200 cm2/h
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Data analysis chain: 
e
 search

Search for 
e
 candidates JHEP 1307 (2013) 004

The electron identification is based on the search of associated 
electromagnetic shower. Primary tracks extrapolated to the changeable 
emulsion doublets. The tracks with angles and positions similar to 
projection ones are searched (150 mrad, 2 mm)

If 3 or more tracks found, an additional volume along the candidates 
track is scanned 
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Charm decay control sample 
for the  decay search

Charm and decays have similar topologies.Good agreement between data and expectation 
Eur Phys. J. C (2014) 74:2986



 CC with the charm production



 → 3h  candidate JHEP 11 (2013) 036
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DataExample of the signal 
and background distribution 
for the most discriminating 
variables 

PRELIM
IN

ARY
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νμ→ντ:  an event with three 
vertiсes

PRELIM
IN

ARY
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νμ→ντ: visible energy of all 
candidates

Sum of the momenta of charged particles and 's measured in emulsion 
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νμ→νe: sterile neutrinos in 
3+1 model 

3+1 model: bounds from ne appearance with profile Likelyhood method

Energy distribution is used to constrain the parameter space: shape analysis
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νμ→νe: background


e
 events from intrinsic 

e
 beam components



 CC interactions with the decay of the → e

0 misidentified as an electron in neutrino interactions  
without a reconstructed m 

● e+e- can not be distinguished from a singe particle in the first 2 emulsion films after the vertex 
● one pair component undetected
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Cosmic ray physics
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Measurement of TeV  atmospheric muon 
charge ratio
Eur. Phys. J. C74 (2014) 2933
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