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o The OPERA experiment:  

     - CNGS beam 

     - 𝜈𝜏 detection technique 

     - the OPERA detector 

     - scanning strategy 

     - status of the data analysis 

o  Physics results: 

     - 𝜈𝜇  →  𝜈𝜏 results 

     -  significance of the results 

     - 𝜈𝜇  →  𝜈𝑒 results 

o Summary 
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The OPERA collaboration 
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OPERA: Oscillation Project with Emulsion tRacking Apparatus 

• Physics goal:      direct measurement of the 𝜈𝜇 → 𝜈𝜏 oscillations  

                                (appearance mode, detecting the τ lepton) 

• Basic principle:  use a long baseline 𝜈𝜇 beam and beam energy to match the  

                                physics goal for the atmospheric neutrino scale ∆𝑚2
23~ 10−3 eV 

• Requirements:  - high target mass (~ kt) 

                               - high spatial resolution (~ 1 μm) 

                               - low background rate (𝜈𝑒 ,  𝜈𝜏 contamination,  

                                 underground 106reduction of CR) 
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FIG. 16. Confidence limits on the parameters |∆ m2 | and
sin22θ, assuming equal oscillat ions for neut rinos and ant ineu-
t rinos. The solid line gives the 90% contour obtained from
this analysis, with the best fit parameters indicated by the
star. For comparison, the dashed line shows the 90% contour

given by the MINOS oscillat ion analysis of neut rinos from
the NuMI beam [12], with the best fit point indicated by the

t riangle. The dot ted line shows the 90% contour from the
Super-K amiokande atmospheric neut rino zenith angle analy-
sis (from [21]), with the best fit point indicated by the circle.

sin22θ > 0.86. The null oscillat ion hypothesis is disfa-
vored at the level of 9.2 standard deviat ions.

V I I I . F I T S T O N EU T R I N O A N D
A N T I N EU T R I N O OSC I L L AT I ON S

Since the data are separated into pure samples of neu-
t rinos and ant ineutrinos, they can be used to study os-
cillat ions separately in neutrinos and ant ineutrinos. The
analysis described above is extended to incorporate sep-
arate oscillat ion parameters for neutrinos (∆ m2, sin22θ)
and for ant ineutrinos (∆ m2, sin22θ). The log-likelihood
funct ion is then minimized with respect to these oscilla-
t ion parametersand the twelvenuisanceparameters. The
best fit occurs at (|∆ m2|, sin22θ) = (2.2× 10− 3 eV2, 0.99)
and (|∆ m2|, sin22θ) = (1.6 × 10− 3 eV2, 1.00), as given
in Table I I I . The neut rino and ant ineut rino oscillat ion
parameters are found to be approximately uncorrelated
around the best fit point . A set of two-parameter profiles
can be calculated from the four-parameter likelihood sur-
face by minimizing with respect to pairs of oscillat ion pa-
rameters. Figure17 showsthe result ing 90% contoursob-
tained for the (|∆ m2|, sin22θ) and (|∆ m2|, sin22θ) planes.
These results are compared with the 90% contours from
theMINOSanalysesof NuMI beam data acquired in neu-
t rino [12] and ant ineutrino [15] mode, and also the 90%

contours from the SK analysis of atmospheric neutrinos
and ant ineutrinos [21].

The four-parameter likelihood surface is used to calcu-
late single-parameter confidence intervals on each of the
four oscillat ion parameters. The result ing 90% C.L. are:
|∆ m2| = 2.2+ 2.4

− 0.6 × 10− 3 eV2 and sin22θ > 0.83 for neu-

t rinos; and |∆ m2| = 1.6+ 0.5
− 0.5 × 10− 3 eV2 and sin2θ > 0.76

for ant ineutrinos. The null oscillat ion hypothesis is disfa-
vored at the level of 7.8 standard deviat ions for neutrinos
and 5.4 standard deviat ions for ant ineut rinos.

As a measure of the quality of the fit , a set of 10,000
simulated experiments were generated at the best fit os-
cillat ion parameters. For each simulated experiment , in-
put systemat ic parameters were chosen from Gaussian
PDFs with widths set to the systemat ic uncertaint ies.
The best fit parameters were then found for each experi-
ment by minimizing the log-likelihood funct ion. For each
experiment , the minimum value of − ∆ ln L was recorded;
in 22% of experiments, the value exceeded that obtained
from the fit to the data.

Figure 18 compares the observed 90% C.L. from each
fit with the predict ions from the Monte Carlo simulat ion,
calculated by input t ing the best fit oscillat ion parameters
into the simulat ion. For the two-parameter oscillat ion fit ,
where neutrinos and ant ineutrinos take the same oscil-
lat ion parameters, there is good agreement between the
observed and predicted contours. For the four-parameter
oscillat ion fit , where neutrinos and ant ineutrinos take
separate oscillat ion parameters, there is a good match
between contours for the limits on the sin22θ and sin22θ
parameters and the lower limits on the |∆ m2| and |∆ m2|
parameters. However, the upper limits on these parame-
ters are found to be higher than predicted for neutrinos
and lower than predicted for ant ineutrinos.

As a check on the observed confidence limits, the full
likelihood surface was calculated for a set of 250 simu-
lated experiments, generated at the best fit oscillat ion
parameters from the two-parameter fit . The result ing
90% confidence intervals were then calculated for each
experiment . In 25% of these experiments, the confidence
intervals obtained for the∆ m2 parameter are broader for
neutrinos than ant ineut rinos, as is the case for the ob-
served data; in 10% of the experiments, the relat ive size
of these intervals is larger than for the observed data.
These results indicate that the confidence intervals cal-
culated from the observed data are reasonable.

Finally, a log-likelihood profile is calculated in the
(|∆ m2|, |∆ m2|) plane, by minimizing the log-likelihood
funct ion with respect to the sin22θ and sin22θ param-
eters. Figure 19 shows the result ing 68%, 90% and
99% confidence intervals. This log-likelihood profile is
used to place limits on the difference between the neu-
t rino and ant ineut rino mass split t ings |∆ m2| and |∆ m2|.
The single-parameter 90% confidence intervals, assuming
Gaussian errors, are |∆ m2|− |∆ m2| = 0.6+ 2.4

− 0.8× 10− 3 eV2.
This result is consistent with equal mass split t ings for
neutrinos and ant ineutrinos.
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Neutrino beam - CNGS 

proton beam 

(400 GeV/c) 
    target 

(graphite) 
magnetic 

focusing 
decay tunnel 

      (1 Km) 

hadron stopper 

        (C, Fe) 

muon detectors 

𝜇+ 

𝜈𝜇 𝜋+, 𝜅+ 

𝜋−, 𝜅− 

𝜋+  →  𝜇+ + 𝜈𝜇 

𝜅+  →  𝜇+ + 𝜈𝜇 

B.R. ~ 64 % 
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<𝐸𝜈𝜇>  17 GeV 

𝜈𝑒/𝜈𝜇 0.8 % 

𝜈𝜇/𝜈𝜇 2.0 % 

𝜈𝑒 /𝜈𝜇 0.05 %  

𝜈𝜏 negligible 

nominal intensity 22.5𝑥1019𝑝. 𝑜. 𝑡. 
expected events: 7.6 signal, 0.8 background 

 

[New Journal of Physics 14(2012)033017]  
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𝜈𝜏 detection technique 

Event-by-event direct observation of the τ lepton decay 

Topology       Decay mode             B.R. 

o Micrometric resolution achieved to detect the 

      τ decay kink  

o Target segmented in small units called «bricks».  

      Brick: 57 layers of  nuclear emulsion interleaved 

                 with 56 layers of lead1 mm thick.  

o Initial total target mass ~ 1.25 kt  

     (about 150000 bricks ~ 9 million films) 

10X0 

Emulsion Cloud Chamber 
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The OPERA detector  

brick walls  (2x31) + 

Target Trackers  

(scintillator strips  

Δt ~ ns, Δx ~ cm) 

Muon spectrometer 

(RPC + drift tubes) 

JINST 4, P0418 (2009) 

𝜈𝜇 
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The OPERA detector: ECC 

Each brick is a “stand alone” detector 

with a sub-micrometric resolution 

1mm Pb 

Primary 
vertex 

Decay point 

Long flight decay 

 
IP 

1mm Pb 

n 

Primary 
vertex 

Decay point 

Short flight decay 

 
IP 

n 

n events (MC)  
NC+CC nm events (MC) 
NC+CC nm events (Data) 

Impact Parameter distribution 
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Scanning strategy 

o Prediction scanning, driven by 
     the electronic detector tracks 
o Define the stopping point 
o Large area scan around the 
     stopping point 
o Interaction reconstruction  
     and decay search  

Status of the OPERA experiment Eduardo Medinaceli – WIN2013  



Status of the data analysis 

Overall 20% less then proposal  

value (22.5)   

Status of the OPERA experiment 10/23 

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 

Recorded ν interactions in the 

target 
~ 16700 

Located ν interactions   6067 

Fully analyzed events   4969 

𝜈𝜏 candidate events 3 

Eduardo Medinaceli – WIN2013  
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𝜈𝜇 → 𝜈𝜏 oscillation search control sample 

charm decay topologies are analogous to 𝜏: 
reference sample for the decay finding efficiencies 

Data sample 50 events, 

MC simulations 40 ± 3 expected events (green histogram) 

hadronic interactions and strange mesons decay 

14 ± 3 events (yellow histogram) 

Eduardo Medinaceli – WIN2013  
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charm candidate 

Charm dataset (2008, 2009, 2010*+2011*  

with kinematical selections): 
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𝜈𝜇 → 𝜈𝜏 oscillation search control sample 

Location eficiency: 

(control sample dataset 

2008 and 2009) 

Charm signal plus background  

Eduardo Medinaceli – WIN2013  
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Neutrino flux: FLUKA simulation  

of the CNGS 

Neutrino interactions: NEGN  

tunned on NOMAD data 

Energy dependence of neutrino 

cross secctions implemented in 

GENIE v2.6 

expectation 

background only 



Physics Results 
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𝜈𝜇 → 𝜈𝜏 analysis: First τ candidate: τ → h 

𝜏− → ℎ−𝜈𝜏 

Phys. Lett. B 691(2010)138 
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 First τ candidate: τ → h 

Decay vertex: -  h 0 n  
VARIABLE AVERAGE Selection criteria 

kink [mrad] 41 ± 2 >20 

decay length 

[mm] 
1335 ± 35 

within 2 lead 

plates 

P daughter 

[GeV/c] 
12 +6

-3 >2 

Pt [MeV/c] 470 +230
-120 >300  (g attached) 

missing Pt 

[MeV/c] 
570 +320

-170
 <1000 

 [deg] 173 ± 2 >90 

daughter 

Phys. Lett. B 691(2010)138 

𝝉− →  𝝆−𝝂𝝉 
                          𝝆−→ 𝝅−𝝅𝟎 

                                 𝝅𝟎 → 𝜸𝜸 

(B.R. ~ 25%) 
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2° tau candidate Second τ candidate: τ → 3h 

𝜏− → ℎ+ℎ−ℎ−𝜈𝜏 

arXiv:1308.2553 
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Second τ candidate: τ → 3h 

 

VARIABLE AVERAGE Selection criteria 

kink [mrad] 87.4 ± 1.5 < 500 

P at 2ry vtx [GeV/c] 8.4 ± 1.7 > 3.0 

Pt at 1ry vtx [GeV/c] 0.31 ± 0.11 < 1.0  

Min Invariant mass 

[GeV/𝒄𝟐] 
0.96 ± 0.13 0.5 < m < 2.0 

Invariant mass 

 [GeV/𝒄𝟐] 
0.8 ± 0.12  0.5 < m < 2.0 

 (𝝉 − 𝒉𝒂𝒅𝒓𝒐𝒏)[deg] 167.8 ± 1.1 >90 

𝝉− → 𝒉+𝒉−𝒉−𝝂𝝉 
        → 𝝅+𝝅−𝝅−𝝂𝝉 
 

Decay point In Plastic Base  

No Nuclear fragment 

Flight length 1.54mm 

• no muons at primary vertex 

     primary track incompatible with 

      muon hypotesis (p/range) 

• fulfit the kinematical selection 

arXiv:1308.2553 

 

side 

view 
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2° tau candidate Third τ candidate: τ → μ 

𝜏− → ℎ+ℎ−ℎ−𝜈𝜏 𝜏− → μ−𝜈𝜏 

LNGS 2013 

Eduardo Medinaceli – WIN2013  



Third τ candidate: τ → μ 

plate 38 plate 39 plate 40 plate 41 plate 42 

𝝉− → 𝝁𝝂𝝉 
TRACK ID PID  ΘX  ΘY P (GeV/c) 

1 

DAUGHTER 
MUON -0.223 -0.069 

2.8±0.2 

range (TT+RPC) 

2 
HADRON 

(range) 
0.205 -0.115 

0.96 

[0.76,1.22] 

3  PHOTON 0.029 -0.160 
3.24 

[2.52,4.55]  

4  

PARENT 
TAU -0.035 0.096 

Status of the OPERA experiment 19/23 

ΔZ[mm] IP±res[mm] ATTACHMENT 

1ry VTX 3.1 18.2 ± 13.6 OK 

2ry VTX 2.8 68.7 ± 12.2 EXCLUDED 

γ- attach 

LNGS 2013 
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τ→μ MC 

τ→μ candidate 

excluded region 

VARIABLE AVERAGE cut 

Kink angle 

(mrad) 
245 ± 5 > 20 

Pμ (GeV/c) 2.8±0.2 [1, 15] 

Pt (MeV/c) 690±50 > 250 

ϕ (degrees) 
154.5 ± 

1.5 
> 90 

Third τ candidate: kinematical cuts 

Status of the OPERA experiment 20/23 

LNGS 2013 
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𝜈𝜇 → 𝜈𝜏 oscillation search: summary status 

Channel Signal background  

𝝉 → 𝒉 0.66 0.045 

𝝉 → 𝟑𝒉 0.51 0.090 

𝝉 → μ 0.56 0.026 

𝝉 → 𝒆 

 
0.49 0.065 

Total 2.22 0.23 

• 3 observed events in the 𝝉 → 𝒉, 

     𝝉 → 𝟑𝒉,  and 𝝉 → 𝝁 channels 

• Probability to be explained as a  

    background = 7𝑥10−4 

• This correspond to a significance of 

    3.2 σ of non-null observation  

    (3.5 σ significance using a likelihood 

    approach)  
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Conclusions  

• OPERA  successfully ran since 2008 to december 2012 

• 17.97 × 1019integrated p.o.t collected (~ 80 % of nominal value) 

 

o 𝜈𝜇  →  𝜈𝜏 oscillation search: 

 3 𝜈𝜏 candidate events found up to now 

 3.2 σ significance with simple counting method 

 3.5 σ significance with a likelihood approach 

 Analysis on-going: more interesting events are under investigation 

Eduardo Medinaceli – WIN2013  



𝜈𝜇 → 𝜈𝑒 analysis 

En = 15.6 
GeV 

Energy cut 20 GeV 30 GeV No cut

BG common to BG (a) from π0 0.2 0.2 0.2

both analyses BG (b) from τ → e 0.2 0.3 0.3

νe beam contaminat ion 4.2 7.7 19.4

Total expected BG in 3-flavour oscillat ion analysis 4.6 8.2 19.8

BG to non-standard νe via 3-flavour oscillat ion 1.0 1.3 1.4

oscillat ion analysis only

Total expected BG in non-standard oscillat ion analysis 5.6 9.4 21.3

Data 4 6 19

Table 1. Expected and observed number of events for the different energy cuts.

Figure 6 shows the reconst ructed energy dist ribut ion of the 19 νe candidates, compared

with the expected reconstructed energy spectra from the νe beam contaminat ion, the os-

cillated νe from the three-flavour oscillat ion and the background (a) and (b), normalized

to the pot analysed for this paper. To increase the signal to background rat io a cut E < 20

GeV is applied on the reconstructed energy of the event , which provides the best figure of

merit on the sensit ivity to θ13. Within this cut , 4.2 events from νe beam contaminat ion

and 0.4 events from the backgrounds (a) and (b) are expected, while 4 events are observed.

The numbers are summarized in table 1. The number of observed events is compat ible

with the non-oscillat ion hypothesis and an upper limit sin2(2θ13)< 0.44 is derived at the

90% Confidence Level (C.L.).
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Figur e 6. Dist ribut ion of the reconstructed energy of the νe events, and the expected spect rum

from the different sources in a stack histogram, normalized to the number of pot analysed for this

paper.
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Upper limit Sensit ivity

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 sin2(2θn ew ), obtained by the

F&C and Bayesian methods, for C.L. 90%, 95%, 99%. The sensit ivity is computed assuming that

the number of observed events is 9, which is the closest integer to the 9.4 expected background

events.
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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.

OPERA 90% C.L. (Bayesian)

Figure 7. The exclusion plot for the parameters of the non-standard νµ → νe oscillat ion, ob-

tained from this analysis using the Bayesian method, is shown. The other limits shown, most ly

using frequent ist methods, are from KARMEN (νµ → νe [24]), BUGEY (νe disappearance [25]),

CHOOZ (νe disappearance [26]), NOMAD (νµ → νe [27]) and ICARUS (νµ → νe [9]). The regions

corresponding to the posit ive indicat ions reported by LSND (νµ → νe [7]) and MiniBooNE (νµ →

νe and νµ → νe [8]) are also shown.

appearance of νe in the CNGS neutrino beam using the data collected in 2008 and 2009,

corresponding to an integrated intensity of 5.25 × 1019 pot . The observat ion of 19 νe

candidate events is compat ible with the non-oscillat ion expectat ion of 19.8± 2.8 events.

The current result on the search for the three-flavour neutrino oscillat ion yields an

upper limit sin2(2θ13) < 0.44 (90% C.L.).

OPERA limits the parameter space available for a non-standard νe appearance sug-

gested by the results of the LSND and MiniBooNE experiments. It further const rains the

– 9 –

OPERA 2008-2009 data  

JHEP [arXiv:1303.3953]  

3 flavour analysis: E cut increase S/N  

4 observed events wrt 4.6 expected  

 sin2(2θ13) < 0.44  (90% C.L.)  

Search for non-standard oscillations 

at large Δ𝑚2 values   

2008-2009 sample: 

5255 interactions 

reconstructed, 2853 

localized, 505 without 

muon 

observation compatible with  

background-only hypothesis 

19.2 ± 2.8 (sys) events 

Eduardo Medinaceli – WIN2013  23/23 
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Conclusions  

• OPERA  successfully ran since 2008 to december 2012 

• 17.97 × 1019integrated p.o.t collected (~ 80 % of nominal value) 

 

o 𝜈𝜇  →  𝜈𝑒 oscillation search: 

 19 events observed (4 events with 𝐸𝑟𝑒𝑐 < 20 GeV) 

 19.8 ± 2.8 events expected (4.6 events with 𝐸𝑟𝑒𝑐 < 20 GeV) 

      allows to set bounds in the large Δ𝑚2 region 

 Large statistics expected  

 

o 𝜈𝜇  →  𝜈𝜏 oscillation search: 

 3 𝜈𝜏 candidate events found up to now 

 3.2 σ significance with simple counting method 

 3.5 σ significance with a likelihood approach 

 Analysis on-going: more interesting events are under investigation 
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Thanks for your attention 

pic credits: 

Donato di Ferdinando - INFN Bo 
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backup slides 
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Third τ candidate: μ momentum and charge reco 

Muon momentum:  

by range in the electronic detector: 2.8 ± 0.2 GeV/c 

MCS in the brick:                      3.1 [2.6,4.0]  GeV/c 

ϑ
 (

m
ra

d
) 

cells  

Muon charge: 
X(z) = p0 + p1 x (z-z0) + p2 x (z-z0)2 ,for z>z0, magnetized region 
X(z) = p0 + p1 x (z-z0)                       , for z<z0 

 

Target Tracker hits 

RPC hits 

⊗ B 

z0 

Fit results: 

p2 < 0  negative charge 

5.6 σ  significance 

R ~ 85 cm 

Status of the OPERA experiment 
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Third τ candidate: track 2 follow down 

Hadrons and muon 

stopping in the brick 

track 2 

cut value 

   

D =
L

Rlead (p)

rlead

raverage

L         = track length 

Rlead    = µ range 

ρaverage = average density  

ρlead     = lead density 

p         = momentum in               

              emulsion 

Momentum/range inconsistent  

with μ hypothesis 

0.9 GeV/cm in lead 

D 

n
u
m

b
e

r 
o

f 
e

n
tr

ie
s
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Performances of the electronic detector  
New G. of Phys. 13, 053051(2011) 

Status of the OPERA experiment 

μ pXcharge Y-Bjorken 

Energy Hit walls  

(contained events) 

points DATA 

histo   MC 
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