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The OPERA experiment reached its main goal by proving the appearance of ντ in the

CNGS νµ beam. Five ντ candidates fulfilling the analysis defined in the proposal were

detected with a S/B ratio of about ten allowing to reject the null hypothesis at 5.1σ.
The search has been extended by loosening the selection criteria in order to obtain a

statistically enhanced, lower purity, signal sample. One such interesting neutrino inter-

action with a double vertex topology having a high probability of being a ντ interaction
with charm production is reported. Based on the enlarged data sample the estimation of

∆m2
23 in appearance mode is presented. The search for νe interactions has been extended

over the full data set with a more than twofold increase in statistics with respect to
published data. The analysis of the νµ → νe channel is updated and the implications of

the electron neutrino sample in the framework of the 3+1 neutrino model is discussed.
An analysis of νµ → ντ interactions in the framework of the sterile neutrino model has

also been performed. Finally, the results of the study of charged hadron multiplicity

distributions is presented.
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1. The OPERA experiment

The Oscillation Project with Emulsion tRacking Apparatus(OPERA) experiment

was designed to search for ντ appearance in an almost pure νµ beam. The OPERA

detector was located in the underground Gran Sasso Laboratory (LNGS), 730 km

away from the neutrino source, at CERN 1–2. The neutrino beam, produced by

400 GeV-protons accelerated in the SPS, had an average energy of about 17 GeV,

optimized for the observation of ντ charged current (CC) interactions in the OPERA

detector. In terms of interactions, the νµ contamination was 2.1%, the νe and ν̄e
contaminations were together below 1%, while the number of prompt ντ negligible.
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A CC ντ interaction in the lead-emulsion target can be identified by detecting the

decay of the short-lived τ lepton in the high space-resolution nuclear emulsions.

The OPERA detector was composed of two identical super modules, each con-

sisting of a target region followed by a muon spectrometer. The target had an overall

mass of ≈ 1.25 kt and a modular structure with approximately 150000 units, called

bricks. A brick was made of 56 1 mm-thick lead plates, acting as target, interleaved

with 57 nuclear emulsion films, used as a micro-metric tracking device. Each film was

composed of two 44µm-thick emulsion layers on both sides of a 205µm-thick plas-

tic base. Bricks were arranged in walls interleaved with planes of scintillator strips

forming the Target Tracker (TT). Each brick was a stand-alone device allowing

momentum measurement through Multiple Coulomb Scattering (MCS) 3 in the lead

plates, and electromagnetic shower energy reconstruction. For each event the infor-

mation provided by the electronic detectors allows identifying the brick containing

the neutrino interaction, the muon charge and the momentum determination.

2. Discovery of νµ → ντ in the CNGS neutrino beam

During the physics runs from year 2008 to 2012, OPERA collected data correspond-

ing to 1.8x1020 protons on target. The electronic detectors recorded 19505 neutrino

interactions in the target. Decay channels of observed ντ events are given in Tab. 1
4–6. Expected background events amounted to 0.25 ± 0.05. Main sources of back-

ground are misidentified charmed events, hadronic re-interactions and large-angle

muon scattering. Given the low background and observed candidate events, the

discovery of ντ appearance was reported with a significance of 5.1σ 6.

Table 1. Decay channels of

observed ντ events.

Decay Channel Observed

τ → 1h 3

τ → 3h 1

τ → µ 1

3. ∆m2
23 and ντ cross-section measurements

In order to increase the number of ντ candidates and to reduce the statistical error,

a new search strategy was implemented based on looser kinematical cuts and mul-

tivariate analysis. Five additional ντ candidates were collected, with a signal to

background ratio reduced from 10 to 3. The ∆m2
23 has been evaluated using the

Feldman-Cousins method. Given 10 observed events with 6.8 ± 1.4 expected signal

and 2.0 ± 0.5 expected background events, the result is:

∆m2
23 = (2.7± 0.6)× 10−3eV 2 at 68% C.L. (1)
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The ∆m2
23 value is in agreement with the PDG 2016 value8 within 1σ. The ντ

cross-section determined assuming ∆m2
23 = 2.5× 10−3 eV 2 and maximal mixing is:

σ0
ντ = (8+4

−3)× 10−39cm2GeV −1 at 68% C.L. (2)

4. νµ → νe oscillations

Thirty-five νe events were observed. Most of them are CC interactions of the νe and

ν̄e beam components, other contributions are ντ CC interactions with τ decaying

into electron and νµ event with π0 misidentified as electron.

Using the values θ13, θ23, ∆m2
atm and the standard parameterization of the

mixing matrix U, taken from 8, the total number of expected νe candidates is

34.6±3.2. No matter effects were taken into account. The number of observed events

is compatible with the 3-flavour oscillation model.

OPERA νe data sample has been used to set limits on the oscillation parameters

of a massive sterile neutrino in the 3+1 neutrino hypothesis. ∆m2
41 and sin2(2θµe) =

4|Ue4|2|Uµ4|2 are the parameters of interest. Preliminary 90% C.L. exclusion plot

obtained by OPERA experiment is shown in Fig. 1.

5. Event with two secondary vertices

OPERA detected a neutral current like interaction with two secondary vertices. The

total hadronic energy is about 20 GeV. The primary vertex (VI), in Fig. 2, is 581.8

µm upstream of the top emulsion layer of plate 32, while the secondary vertex (VII)

is just 102.6µm downstream of VI . The primary vertex is composed by tracks 2, 4

and 5, while VII is composed by tracks 1 and 3. Track 4 (parent) exhibits a kink

with track 6 (daughter). The kink point is labelled as VIII .

Fig. 1. Preliminary 90% C.L. exclusion plot in the ∆m2
41 and sin2(2θµe) plane. Allowed regions

obtained by LSND, MiniBooNE and Karmen experiments are also shown.
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Fig. 2. Projection of the event with two secondary vertices in xz plane. The parent (track 4) is

not visible since it is behind track 5. For photons, only the first electron-positron pair is shown.

Dedicated simulations and Artificial Neural Networks analysis was performed to

distinguish between possible interpretations. The most likely one is the vertex II is

originated by a charm decay and vertex III by a tau decaying into a hadron. The

event is classified as a ντ CC interaction with charm production with a significance

of 3.5σ.

6. Study of charged hadron multiplicity distributions

The multiplicity distribution of charged hadrons is an important characteristic since

it reflects the dynamics of the interaction. An unbiased sub-sample of νµ CC interac-

tions occurring in the lead was selected. Only events with the square of the invariant

mass of the hadronic system (W 2) larger than 1GeV 2/c4 were used in order to

eliminate the quasi-elastic contribution.

Selected νµ CC events were inspected carefully and tracks were classified depend-

ing on their ionization features: minimum ionization particle (mip), grey and black.

The mip tracks are highly relativistic charged particles generated by neutrino-

nucleon interaction. Black tracks are produced by low energy fragments. Grey tracks

are produced by slow particles interpreted as recoil nucleons emitted during the

nuclear cascade. The charged hadron multiplicity (〈nch〉) is defined as the number

of mip tracks (〈nmip〉) excluding the muon track, so 〈nch〉 = 〈nmip〉−1. Multiplicity

distribution of mip tracks is shown in Fig 3.

The average charged hadron multiplicity(〈nch〉) is well described by a linear

function in lnW 2 shown in Fig. 4 (left). The dispersion (Dch) is defined as Dch =

1860042-4
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Fig. 3. Multiplicity distribution of mip tracks.

Fig. 4. (Left panel) average charged hadron multiplicity distributions as a function of lnW 2.

(Right panel) Average charged hadron multiplicity dispersion as a function of 〈nch〉.

√
〈nch2〉 − 〈nch〉2. The dispersion as a function of 〈nch〉 is presented in Fig. 4 (right).

The dependence is approximately linear.

7. Conclusions

After the discovery of the ντ appearance in the CNGS neutrino beam, an extended

analysis has been performed to increase number of ντ candidate events. Based on

the enlarged data sample the values of ∆m2
23 in appearance mode and the ντ cross-

section determined.

The νµ → νe oscillation search results are updated: the number of observed

events is in agreement with the expected background in the 3-flavour oscillation

model. An upper limit to the mixing with a fourth sterile neutrino is set.
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Moreover OPERA detected an event classified as a ντ CC interaction with charm

production. The study of the multiplicity distribution of charged hadron particles

in neutrino-lead interactions is presented.
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