
Results of the OPERA experiment 

Giovanni De Lellis   

University “Federico II” and INFN Napoli 

On behalf of the OPERA Collaboration 

On	
  behalf	
  of	
  the	
  OPERA	
  Collabora2on	
  

16/04/13	
   Giovanni	
  De	
  Lellis,	
  LNGSC	
  	
   1	
  



Final performances of the CNGS beam after 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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22471 bricks extracted 
Power failure of March 28th at LNGS damaged 4 routers and 

stopped our network services 
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Performance plot 

5844 located interactions 
4725 decay search 
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Full revision of efficiencies and 
background 

 
 

Charmed hadron production: 
  an application of the decay search 

 a control sample for τ 
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  Charm sample:  
same topology but muon at interaction vertex 
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charm background expected data 

1 prong 20 ± 3 9 ± 3 29 ± 4 19 

2 prong 15 ± 2 3.8 ± 1.1 19 ± 2 22 

3 prong 5 ± 1 1.0 ± 0.3  6 ± 1 5 

4 prong 0.8 ± 0.2 - 0.8 ± 0.2 4 

All 41±4 14±3 55±5 50 

 
Charm yield from the analysis of 2008÷2010 data 
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Background, mostly from hadronic interactions  
(contribution from strange particle decay) 
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Kolmogorov test ≥ 0.99 
all plots 
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Impact parameter 

Angle in the transverse  
plane between µ and parent Track multiplicity 

 
Main characteristics of the charm candidate events 
 Muon momentum 
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Physics	
  results	
  

G. De Lellis - Fermilab - 4 June 2010 
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with 2008 and 2009 run 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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Interface  
films 

19 candidates found in a sample of 505 neutrino interactions without muon 
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Figure 6. Distribution of the reconstructed energy of the νe events, and the expected spectrum
from the different sources in a stack histogram, normalized to the number of pot analysed for
this paper. Binning for the experimental data energy distribution is done according to the energy
resolution.

As the energy spectrum of the oscillated νe with large ∆m2
new (>0.1 eV2) follows the260

spectrum of νµ, which is basically vanishing above 40 GeV (see figure 1), a cut on the261

reconstructed energy is introduced. The optimal cut on the reconstructed energy in terms262

of sensitivity is found to be 30 GeV. We observe 6 events below 30 GeV (69% of the263

oscillation signal at large ∆m2
new is estimated to remain in this region), while the expected264

number of events from background is estimated to be 9.4 ± 1.3 (syst) (see table 1). Note265

that we choose to include the three-flavour oscillation induced events into the background.266

In this case, the oscillation probability does not contain the θ13 driven term.267

The 90% C.L. upper limit on sin2(2θnew) is then computed by comparing the expec-268

tation from oscillation plus backgrounds, with the observed number of events. Since we269

observed a smaller number of events than the expected background, we provide both, the270

Feldman and Cousins (F&C) confidence intervals [22] and the Bayesian bounds, setting a271

prior to zero in the unphysical region and to a constant in the physical region [23]. Un-272

certainties of the background were incorporated using prescriptions provided in [15]. The273

results obtained from the two methods for the different C.L. are reported in table 2. We274

also quote our sensitivity calculated assuming 9 observed events (integer number closest to275

the expected background).276

Given the underfluctuation of the data, the curve with the Bayesian upper limit was277

chosen for the exclusion plot shown in figure 7. For convenience, results from the other278

experiments, working at different L/E regimes, are also reported in this figure. For large279

∆m2
new values the OPERA 90% upper limit on sin2(2θnew) reaches the value 7.2 × 10−3,280

while the sensitivity corresponding to the pot used for this analysis is 10.4× 10−3.281

– 8 –
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Energy distribution of the 19 νe candidates	



Observation compatible with 
background-only hypothesis: 
19.8±2.8 (syst) events 
 
3 flavour analysis 
 
Energy cut to increase the S/N 
 
4 observed events  
4.6 expected  
⇒ sin2(2θ13)<0.44 at 90% C.L. 

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 contamination 4.2 7.7 19.4

Total expected BG in 3-flavour oscillation analysis 4.6 8.2 19.8

BG to non-standard νe via 3-flavour oscillation 1.0 1.3 1.4
oscillation analysis only

Total expected BG in non-standard oscillation analysis 5.6 9.4 21.3

Data 4 6 19

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

4.2 Three-flavour mixing scenario232

A non-zero θ13 has recently been reported by several experiments [17–20]. Provided the233

following oscillation parameters [15] : sin2(2θ13) = 0.098, sin2(2θ23) = 1, ∆m2
32 = ∆m2

31 =234

2.32 × 10−3 eV2, δCP = 0 and neglecting matter effects, 1.4 oscillated νe CC events are235

expected to be detected in the whole energy range.236

Figure 6 shows the reconstructed energy distribution of the 19 νe candidates, compared237

with the expected reconstructed energy spectra from the νe beam contamination, the os-238

cillated νe from the three-flavour oscillation and the background (a) and (b), normalized239

to the pot analysed for this paper. To increase the signal to background ratio a cut E < 20240

GeV is applied on the reconstructed energy of the event, which provides the best figure of241

merit on the sensitivity to θ13. Within this cut, 4.2 events from νe beam contamination242

and 0.4 events from the backgrounds (a) and (b) are expected, while 4 events are observed.243

The numbers are summarized in table 1. The number of observed events is compatible244

with the non-oscillation hypothesis and an upper limit sin2(2θ13)< 0.44 is derived at the245

90% Confidence Level (C.L.).246

4.3 Non-standard oscillations247

Beyond the three-neutrino paradigm, some possible hints for non-standard effects have248

been reported, in particular by the LSND and MiniBooNE experiments. We have used249

OPERA data to set an upper limit on non-standard νµ → νe oscillations.250

We used the conventional approach of expressing the νµ → νe oscillation probability251

in the one mass scale dominance approximation, given by the following formula with new252

oscillation parameters θnew and ∆m2
new :253

Pνµ→νe = sin2(2θnew) · sin2(1.27∆m2
newL(km)/E(GeV))

Note however that this approach does not allow a direct comparison between experiments254

working in different L/E regimes [21].255

The νµ flux at the detector, normalized to the integrated statistics used in our anal-256

ysis, is weighted by the oscillation probability, by the CC cross-section and by the energy257

dependent detection efficiency, to obtain the number of νe CC events expected from this258

oscillation.259
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Search for non-standard oscillations at large Δm2 values: 
exclusion plot in the sin2(2θnew) - Δm2

new plane  

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.
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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]).
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•  2008-2009 run analysis 
•  Conservative approach: get confidence on the 

detector performances before applying any 
kinematical cut 

•  No kinematical cut 
•  Slower analysis speed  (signal/noise not 

optimal) 
•  Good data/MC agreement 
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Event reconstruction in the brick 
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τ−→ρ− ντ	


      ρ−→π0 π-	


                       π0 → γ γ	
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Kinema2cal	
  variables	
  
VARIABLE AVERAGE 

kink (mrad) 41 ± 2 

decay length (mm) 1335 ± 35 

P daughter (GeV/c) 12 +6
-3 

Pt (MeV/c) 470 +240
-120 

missing Pt (MeV/c) 570 +320
-170

 

ϕ (deg) 173 ± 2 
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Strategy for the 2010÷2012 runs	
  
•  Apply kinematical selection 
•  15 GeV µ momentum cut (upper bound)  
•  Anticipate the analysis of the most probable brick 

for all the events before moving to the second 
(and further ones): optimal ratio between 
efficiency and analysis time  

•  Anticipate the analysis of 0µ events (events 
without any µ in the final state)  

•  In view of 2012 Summer conferences: 1µ sample 
for 2010 run, for 2011 run stick to 0µ sample only, 
2012 not yet analysed  
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anima2on	
 Second　nt	
 Candidate	
  Event	
  	


2000 mm	
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candidate 
cut 

Satisfying the criteria for 
ντ à  à3hadron 

decay 

Kinematics of the second candidate event 
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After 2012 Summer conferences	
  

•  Extension of the analysed sample to events 
with one µ in the final state 
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Third tau neutrino event taken on May 2nd 2012  
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2.8 GeV µ   
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muon 

1ry track 

τ 
candidate 

376 µm 

e-pair 

plate 38 plate 39 plate 40 plate 41 plate 42 

τ→µ candidate 
brick analysis and decay search 
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Decay in the plastic base 

1	
  

3	
  

2	
  

4	
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τ→µ candidate 
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Third tau neutrino event 
τ àµ 	
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Third tau neutrino event 
τ àµ 	
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Event tracks’ features  
TRACK NUMBER PID MEASUREMENT 1 MEASUREMENT 2 

 ΘX  ΘY  P (GeV/c)  ΘX  ΘY P (GeV/c) 

1 
DAUGHTER MUON -0.217 -0.069 3.1 

 [2.6,4.0]MCS -0.223 -0.069 2.8±0.2 
Range (TT+RPC) 

2 HADRON 
Range 0.203 -0.125 0.85  

[0.70,1.10] 0.205 -0.115 0.96 
[0.76,1.22] 

3  PHOTON 0.024 -0.155 2.64 
[1.9,4.3]  0.029 -0.160 3.24 

[2.52,4.55]  

4  
PARENT TAU  -0.040 0.098 -0.035 0.096 
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Muon charge and momentum reconstruction 
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Bending by the  
magnetic field 

Muon momentum  
by range in the electronic detector: 2.8±0.2 GeV/c 
MCS in the brick consistent 3.1 [2.6,4.0] GeV/c 

Cells  
ϑ 

(m
ra

d)
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Charge determination of the muon 
 

Charge measurement based on TT and RPC hits 
Fit function: 

X(z) = p0 + p1 x (z-z0) + p2 x (z-z0)2     for z>z0, start of magnetized region 
X(z) = p0 + p1 x (z-z0)                           for z<z0 

X	
  
B	
  

Target	
  Tracker	
  hits	
  

RPC	
  hits	
  

P2<0 à negative charge 
5.6 σ  significance 
R ~ 85 cm 

P-­‐value	
  =	
  0.063%	
  (probability	
  to	
  reconstruct	
  a	
  m+	
  stopping	
  in	
  the	
  7th	
  iron	
  layer	
  with	
  p2	
  <	
  -­‐0.00389	
  cm-­‐1)	
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Track follow down to assess the nature of track 2 

16/04/13	
   Giovanni	
  De	
  Lellis,	
  LNGSC	
  	
  

Momentum/range inconsistent with µ hypothesis 
0.9 GeV/4 cm Lead 

Track 2 interacting in the 
downstream brick without 
visible charged particles 

€ 

D =
L

Rlead (p)
ρlead
ρaverage

n_momRangeHad5
Entries  10422
Mean   0.3659
RMS    0.3231

D
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Ar
bi

tra
ry

 u
ni

ts

0

0.02

0.04
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0.08

0.1
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0.14

0.16
n_momRangeHad5
Entries  10422
Mean   0.3659
RMS    0.3231

Hadrons
Muons

cut value 

D variable 

track value 

L = track length 
Rlead = µ range 
ρaverage = average density  
ρlead = lead density 
p = momentum in emulsion 

cm 

cm 
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Kinematical variables VARIABLE AVERAGE 

Kink angle (mrad) 245 ± 5 

decay length (µm) 376 ± 10 

Pµ (GeV/c) 2.8±0.2 

Pt (MeV/c) 690±50 

ϕ (degrees) 154.5 ± 1.5 
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 τ→µ MC 
 τ→µ candidate 
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τ→µ MC 
τ→µ candidate 
excluded region 

Kinematical variables. All cuts passed: τ àµ  candidate 
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Improvements on the background rejection: large angle track detection 

tg(theta)	
  

ε	
  

72	
  degrees!	
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Tracking efficiency 
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Two different approaches  
get comparable results 

90%	
  
80%	
  

|tanθ|=3.0	
  
|tanθ|=2.0	
  

|tanθ|=1.0	
  

Undetected soft and large angle muons are the source of charm background 
Detection of particles and nuclear fragments in hadronic interactions  



Background studies: hadronic interactions 
Comparison of large data sample (p- beam test at CERN) with Fluka simulation: 
check the agreement and estimate the systematic error of simulation 

Black : p- 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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Nuclear fragments are a clear proof of 
hadron interaction 

To reduce and quantify the hadron 
interaction kink B.G. 

  increase   sensitivity (hadron） 

hadron 

Backward fragment track 

B071713 

2 

Interaction rate 



10 GeV/c 

Secondary track emission 
10GeV/c	
 4GeV/c	
 2GeV/c	
 

Multiplicity	
 

Kink angle (1-prong)	
 
Error bars : Experimental  data 
Histogram : Simulated data	
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Good agreement within the statistical error: systematic error reduced to 30%	
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Nuclear fragments emission probability	
 

Black : experimental data 
Red : simulated data (b = p/E = 0.7) 
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It provides additional background reduction. 
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   Nuclear  
Fragments 

ν	

NC	


h	


Highly ionizing fragments 



4GeV/c	
 2GeV/c	
 

Multiplicity	
 

Emission angle(cos q)	
 

10GeV/c	
 

Nuclear fragments in 1 and 3 prong interactions	
 

MC: b < 0.7	


Forward	
 Backward	
 Forward	
 Backward	
 Forward	
 Backward	
 

Error bars : experiment 
Histogram : simulation	
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Agreement within the statistical error: systematic error is 10%.	
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Large angle muon scattering 
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Kink angle (mrad) Pt (MeV/c) 

Kink angle (>20 mrad) 
Pt (> 250 MeV/c) 

Rate in lead (10-6) and less in emulsion/base (10-8 to 10-7). No measurements except 
an upper limit: S.A. Akimenko et al., NIM A423 (1986) 518 (< 10-5 in lead). 10-5 rate used 

Plan to revise this estimate by an experimental measurement with emulsion 



Statistical considerations 
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3 observed events in the  τà h and  τà 3h and  τàµ channels 
Probability to be explained as a background = 7 x 10-4    
This corresponds to 3.2 σ significance of non-null observation 
 
  

Extended sample 
Signal Background Charm µ scattering had int 

 τà h 0.66 0.045 0.029 0.016 
 τ à 3h 0.61 0.090 0.087 0.003 
 τ à µ 0.56 0.026 0.0084 0.018 
 τ à e  0.49 0.065 0.065 
total 2.32 0.226 0.19 0.018 0.019 
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Likelihood analysis:  
one of the discriminating variables 
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(b) ⌧ ! 3h

Figure 59: �mod angle distribution for signal (white area) and charm background
(red shaded area). The straight line represents the selection cut.

The background in the ⌧ ! h and ⌧ ! 3h decay channels is made up
of charm events where the primary muon is not identified and that are,
consequently, classified as 0µ by the electronic detectors. The selection
criteria defined for 0µ events are therefore applied. The muon iden-
tification, amounting to 97% after the application of the track follow-
down, suppresses the background.
The background in this channels is mainly due to the decay of charged
charmed particles D

+,D+
S and ⇤

+
C in the (e,h,µ) channels. The back-

ground coming from the C

+ ! µ

+ decay channel is negligible given
the daughter muon identification from electronic detectors which pro-
vides a further reduction of a factor 10.
Since the muon at primary vertex is not identified, the decay of ⌧ and
charm in either one or three hadronic prongs share similar behavior.
The most discriminant kinematical variable between these two cate-
gories is the �mod angle, (see Section 2.11.1). In the charm case, the
not-identified primary muon track is often the particle with largest an-
gle with respect to the charm in the neutrino transverse plane. If this
track is not identified as hadron, it is excluded from the hadron jet for
the �mod evaluation. In the signal case, instead, the track farest to the
⌧ in the neutrino transverse plane is often identified as hadron (see Sec-
tion 2.12) and then not discarded from the hadron jet. The �mod angle
distribution for the ⌧ signal and charm background in either 1h and
3h decay channels are reported in Figure 59. The cut at �mod >90

�

selects 81% of the signal and 37% of the charm background.angle between the parent and the hadron jet in the transverse plan	
  

46 ��� ������

cut is justified by the relatively small hpT i(<100 MeV/c) in elastic or
inelastic pion interactions, while the average pT in hadronic ⌧ decays
is ⇠550 MeV/c. The daughter particle is required to have a momen-
tum larger than 2 GeV/c in order to suppress the low energy hadrons
which are produced in ⌫µNC interactions.
The kinematical analysis at the primary vertex uses the p

miss
T and

the �mod angle. The p

miss
T is defined as the missing transverse mo-

mentum at the primary vertex. The �mod angle is defined as the an-
gle in the transverse plane between the parent track and the primary
hadronic shower direction. The hadron with largest angle with respect
to the parent is discarded unless it is classified as a hadron (Figure 30).
In NC interactions p

miss
T is expected to be larger due to the unob-

served outgoing neutrino. Conversely, it is expected to be small in CC
interactions. For ⌧ candidates the measured p

miss
T is required to be

lower than 1 GeV/c. The �mod angle is expected to peak at ⇡, because
the ⌧ and the hadronic shower tend to be back-to-back in the trans-
verse plane. Conversely, in NC interactions, the hadron faking the ⌧

decay is produced inside the hadronic shower and �mod peaks near
zero. For ⌧ candidates the �mod angle is required to be larger than
⇡/2.
The �z variable is defined as the distance (z-axis) between the sec-
ondary vertex and the edge of the first lead plate immediately down-
stream of the primary vertex (Figure 31). According to this definition,
short decays have �z < 0. A cut on the �z smaller than 2600µm and
on the angle between the parent and the daughter track (✓kink) larger
than 20 mrad is also applied.
The distributions of the pT and the ✓kink are reported in Figure 32.
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Figure 30: Definition of the �mod variable. The primary track, farest to the ⌧ in
the neutrino transverse plane, is discarded from the hadron jet unless it is
classified as a hadron.
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Track emission angles, momentum, Φ angle 
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Track momentum 

Angle difference with µ  
in the transverse  plane 



Statistical considerations 
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3.6 σ significance 

3.5 σ significance 

Combining different channels: Likelihood based method, see e.g. 
G. Cowan et al., Eur. Phys. J. C71 (2011) 1554 
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Evidence for νµ à ντ in appearance 
mode 

•  Three events reported in an extended sample 
•  Conservative background evaluation 
•  Significance of 3.2σ with simple counting 

method  
•  With a likelihood approach, 3.5σ level 
•  4σ observation within reach  
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