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Abstract: The OPERA experiment was designed to observe v, — v oscillations through T appearance
on the CERN Neutrino to Gran Sasso (CNGS) beam over a baseline of 730 km. OPERA was a hybrid
experiment composed of lead plates and emulsion layers acting as a target for neutrino interactions.
The experiment was complemented with electronic detectors: scintillator strips used as Target
Trackers and muon spectrometers. A review of the OPERA final results is presented in this paper.
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1. Introduction

After more than 60 years since the first direct observation of anti-v, from reactors, neutrinos are
still the least known particles of the Standard Model, which foresees the existence of three neutrinos,
one for each charged lepton. As a consequence of the fact that mass eigenstates (v1, 12, v3) are not
eigenstates of the weak interactions mediated by W bosons (ve, v, vz), neutrino flavor oscillations may
happen, depending on the difference of the squared masses, Am?, and on the 3 x 3 mixing matrix, U,
parametrized with three rotation angles and one CP-violating phase. Even if the absolute mass scale
has not yet been measured, the two Am? values are well known from neutrino oscillation experiments,
as well as the mixing matrix, all except for the phase. Nowadays there are many experiments that
have observed neutrino oscillations, both from natural (solar and atmospheric) and artificial (nuclear
reactors and neutrino beams) sources. A complete list is beyond the aim of this paper; the interested
reader is referred to Reference [1].

This paper is a review of the latest results from the OPERA experiment, designed to observe,
on a muon neutrino beam, oscillations in tau neutrinos induced by Am?,, and 6,3, the parameters

Universe 2018, 4, 143; d0i:10.3390 /universe4120143 www.mdpi.com/journal/universe


http://www.mdpi.com/journal/universe
http://www.mdpi.com
https://orcid.org/0000-0002-4141-7799
http://www.mdpi.com/2218-1997/4/12/143?type=check_update&version=1
http://dx.doi.org/10.3390/universe4120143
http://www.mdpi.com/journal/universe

Universe 2018, 4, 143 2 0of 10

measured for the first time by Super-Kamiokande from the observation of oscillations in atmospheric
neutrinos, produced by primary cosmic ray interactions in the atmosphere [2].

The design of the experiment, including the choice of the 730 km baseline (the distance between
CERN and Gran Sasso) and the energy of the beam (17 GeV on average), was optimized to observe
V¢ appearance in a pure v, beam. For a baseline L = 730 km, the oscillation probability, proportional
to sin?(1.27Am?(eV?)L(km)/E(GeV)), is indeed maximum for neutrino energies E ~ 1 GeV, below
the energy threshold for T production in v; Charged Current (CC) interactions (around 3.5 GeV).
In addition, since the T identification is based on its mean free path in the laboratory frame, the selection
efficiency increases with the energy.

A complete description of the beam and of the experiment can be found in Reference [3]. It is
worth noticing that, thanks to the use of nuclear emulsions, OPERA is a unique experiment, able to
identify the CC interactions of all the three neutrino flavors (v, v, and v7).

2. Materials and Methods

In this section a brief description of the experiment and of the emulsion scanning procedures
(a real part of the data taking) is given. Other details, specific to each single analysis, are given in the
respective sections.

2.1. The OPERA Experiment

The OPERA experiment, located in the underground Gran Sasso laboratories, took data from
2008 to 2012 on the CNGS (CERN Neutrino to Gran Sasso) beam. The neutrino interactions and the T
decay vertices were reconstructed by means of the Emulsion Cloud Chamber (ECC) technique, with
1 mm thick lead plates being alternated with nuclear emulsion layers, combining the high mass density
of the lead with the spatial precision (~um) of the emulsions. One ECC brick, 12 x 10 cm? wide,
was composed of 56 lead plates and 57 emulsion layers. The ECC bricks also provided momentum
measurements through multiple Coulomb scattering, electromagnetic showers energy measurements,
and particle identification. The bricks arranged into walls were alternated with Target Tracker (TT)
modules made from crossed scintillator strips, with the light collected by WLS fibers and read by
multi-anode photomultipliers. The experiment was divided into two supermodules, each made from
31 ECC walls alternated with TT layers and followed by a muon spectrometer in order to reduce the
charm background. The muon spectrometers were composed of an iron-core dipole magnet with drift
tubes used as precision trackers and 22 layers of resistive plate chambers (RPC) inside the magnetized
iron. The experiment has already been decommissioned.

2.2. Events Classification and Scanning

For 1.8 x 10%0 protons on target collected at CERN, about 19,000 neutrino interactions were
recorded by the electronic detectors, and, out of them, more than 7000 events located in the ECC
bricks. Neutrino interaction events were selected in coincidence with the CNGS spill time. Electronics
detector data were also used for the classification of the events (internal or external to the target, with
or without muons) and for finding the bricks containing the neutrino vertex (brick finding). ECC
bricks were endowed downstream with an external pair of emulsion layers, the so-called Changeable
Sheets (CS), used for confirmation of the TT-based brick finding predictions. The emulsions of the
bricks with confirmed predictions were developed and scanned: tracks were followed back from the
CS (scan back) until a stopping point was found. Neutrino vertexes were fully reconstructed inside
a scanning area of about 1 cm? in five emulsion layers upstream and 10 downstream (volume scan)
and a decay search procedure, described in Reference [4], was used to identify T candidates. Tracks
and showers were then followed inside the considered brick and, for T candidates, in the downstream
bricks (scan forth).
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3. Results

3.1. vy — vr Oscillations

The main OPERA target was the research of v, — v oscillations, performed at the beginning
by means of a v; CC event selection based on stringent kinematic cuts. The full analysis chain was
carefully described in Reference [5] and its results, on the full data sample, published in Reference [6],
where 5.1¢ significance on v; appearance was reported, based on the observation of five candidates
with an estimated background of 0.25 + 0.05 events (and 2.64 + 0.53 expected v; events from v,
oscillations). An example of T candidate is shown in Figure 1.

10mm M as

P
- Ll B
8 daughter |

Figure 1. The first T candidate observed by OPERA. The candidate, visible as a small cyan-colored
track connected to the interaction vertex and labeled with 4, undergoes a decay, within 1 mm, into a
charged pion, colored in red and labeled with 8, and two <, whose invariant mass is compatible with
that of a 71°. The charged particles in the event, are composed by aligned track segments reconstructed
in consecutive emulsion layers.

In order to increase the statistics of T candidates, the previous selection has been replaced by
a new one, based on looser cuts and reported on Table 1, resulting in ten candidates (including the
previous five “golden” events) with an increased background of 2.0 & 0.4 events for 6.8 £ 1.4 expected
7. A Boosted Decision Tree (BDT) classifier was used to build a likelihood, and finally a significance
of 6.1¢ on tau appearance [7] was obtained. The BDT response for the ten T candidates is displayed
in Figure 2, together with the MonteCarlo (MC) predictions for signal and background. In Figure 3,
the visible energy distribution of the events is instead shown. One of the additional five selected 7 is
noticeably produced by a v CC interaction in association with a charmed particle.
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Figure 2. Boosted Decision Tree (BDT) response for the ten T candidates. The expected distributions
are shown for signal and background. All the four considered T decay channels, muonic, electronic,
single prong hadronic, and three prongs hadronic, have been considered.
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Figure 3. Visible energy distribution of the 10 T candidates. MonteCarlo predictions for signal and
background are also shown.
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Table 1. Selection cuts for the different T decay topologies. z, is defined as the distance between the
decay vertex and the downstream face of the lead plate containing the primary vertex. 6y, is the angle
between the T candidate and its daughters. py;, is the total momentum of the visible tracks coming out
from the decay vertex. For one prong decays, PzTry is the daughter transverse momentum with respect
to the T candidate direction. For muonic decays, also the charge of the daughter muon, Charges,,
is considered.

Variable T—1h 7—3h T T e
Zgec(Mm) <2.6 <2.6 <2.6 <2.6
Okink(rad) <0.02 <0.02 <0.02 <0.02
Pary (GeV/c) >1 >1 [1,15] >1
p;ry (GeV/c)  >0.15 >0.1 >0.1
Chargesry Negative

or unknown

The background is due mainly to charm production in v, Charged Current interactions, when the
muon at the primary vertex is not identified. This background is estimated by means of MC simulations
tuned on CHORUS data and validated with OPERA events containing charmed particles [4]. The charm
background is also used to control the 7T selection efficiency, given the similar life-times. Other
background sources are hadron re-interactions in muon-less events and large angle scattering of
muons in v, CC interactions. Both are estimated by MC simulations (based on Fluka and Geant4,
respectively) validated on OPERA data and pion test beams, for hadron re-interactions, and on
previous experimental results for large angle muon scattering [8].

Fixing the v; cross section to the one provided in the default configuration of GENIE v2.6
neutrino MonteCarlo generator [9], a value of [Am3,| = (2.7707) x 1073 eV? at 68% CL was
estimated at a full mixing angle, compatible with the values measured with greater precision by
disappearance experiments. Fixing instead the |Am3,| value to 2.5 x 1072 eV? and assuming a
full mixing angle, the vy CC interaction cross section on lead was measured, averaging over the
CNGS neutrino flux: < ¢y, >= (5.13:3) x 10736 cm?, compatible within the errors with the default
implementation in GENIE v2.6 (< 0g >= (4.29 £ 0.04) x 1073 ¢cm?), derived assuming the Standard
Model. This measurement is the first one performed on a neutrino beam with a small contamination of
anti-neutrinos (2% in terms of interactions on target).

The observed v; events can be used to constrain theories beyond the Standard Model. Anomalies
observed in LSND , MiniBoone, and reactor experiments suggest the possible existence of one or
more sterile neutrinos with a mass splitting value much larger than the atmospheric one. In the
following, we will refer to the simplest case, in which there is only one additional sterile neutrino.
Consistency with solar and atmospheric neutrino oscillation results requires the mass of this neutrino
to be separated from those of the three standard ones (3 + 1 model). The mixing matrix is composed
of six rotation angles and three CP-violating phases, while the additional squared mass difference,
Am?,, causes oscillations at L/ E ratios much shorter than the OPERA one. We already published our
results in the plane Amﬁl vs. Sin2(29],,’l') (defined as 4 |UP,4|2 |U4|?, U4 and Uy being mixing matrix
elements), based on the number of T observed on a data sub-sample with the previous cut-based
selection [10]; with the same selection, using the full data sample, an upper limit on sin?(26,, ) of 0.119
is derived at 90% CL for Am3, > 0.5 eV2.

3.2. vy — v, Oscillations

Though the CNGS beam energy and baseline were optimized for v appearance detection,
the v, appearance was also measured by OPERA, exploiting the ECC micro-metric resolution in
electro-magnetic shower reconstruction. The discrimination power between showers originated by
electrons and photons also allowed an excellent rejection of the background due to Neutral Current
(NC) neutrino interaction events. The OPERA final results were recently published in Reference [11].
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In Figure 4-left, the visible energy distribution is shown for the 35 v, CC events observed in OPERA,
which are compatible with the 34.3 £ 3.4 expected events. The main source of the background is the v,
contamination of the CNGS beam (1% in terms of neutrino interactions in the target, accounting for
30.7 4 3.1 expected events). Other backgrounds are neutral current interactions with mis-identified 7z
or T electronic decays amounting to a total of 1.2 & 0.5 expected events. No evidence for v, appearance
is found and an upper limit of 0.43 at 90% CL is obtained for sin?(2613). An analysis based on the 3 + 1
model was performed and the results are displayed in Figure 4-right in the plane Am?2; vs. sin? (20,¢)
(defined as 4 |U,4 % | U4 |?, where U4 and U,y are the mixing matrix elements). The eventual existence
of a sterile neutrino would enhance the v, — v, oscillation probability for which we have no evidence;
therefore, an exclusion region is derived for the above quoted parameters.
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Figure 4. Left plot: reconstructed energy distribution for the observed v, Charged Current (CC) events.
The MonteCarlo expectations for signal and background are also shown. Right plot: 90% excluded
region for the 3 + 1 model by OPERA results on v;, — v, oscillations. Exclusion regions obtained
by NOMAD, KARMEN as well as the MINOS and DayaBay/Bugey-3 joint analysis are also shown,
together with the allowed regions obtained by LSND and MiniBooNE.

Both the v, and the v; appearance analyses, in the 3 + 1 model, were performed by means of
GLOoBES simulator [12,13], which also takes into account the matter effect in neutrino propagation.
A likelihood is constructed using the correct parametrization of the mixing matrix (with six angles
and three phases) and its maximization in the Am3; vs. sinz(ZGHg) plane is performed over the full
parameter space of mixing angles and phases. Am3, is fixed at its PDG value, while for Am3, a
Gaussian distribution is used, also derived from the PDG [1]. Inverted and normal hierarchies of the
three active neutrino masses are treated separately.

3.3. Charged Hadron Multiplicities in Charged-Current Neutrino—Lead Interactions

The multiplicity distribution of charged hadrons is characteristic of hadronic final states in hard
scattering interactions. OPERA results can be helpful in improving models of particle production
used in MonteCarlo generators. The analysis was based on a sub-sample of about 800 events with a
muon in the final state identified by the muon spectrometers. A cut on W2, the square of the invariant
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mass of hadronic system, required to be greater than 1 GeV?/c*, was then performed in order to reject
quasi-elastic interactions. Fragments from the target nuclei and recoil nuclei are excluded from the
hadron shower multiplicity calculation thanks to their high ionizing power measured with emulsions.
OPERA results were published in Reference [14]. The dependence of the average multiplicity < ng, >
on InW?, shown in Figure 5-left, is approximately linear. The same is true for the dependence of the

dispersion D, = \/ < n%h > — < 1y, >2 on < ng, >, as known from empirical observations; the plot
of the dispersion is shown in Figure 5-right.
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Figure 5. Left plot: average hadron multiplicity as a function of InW?2. The linear fit < ny, >=
a+bxInW?is over-imposed. Right plot: dispersion as a function of the average hadron multiplicity.
The linear fit D, = A + Bx < ng, > is over-imposed. See text for definitions.

The Koba-Nielsen-Olesen (KNO) [15] scaling, with the low energy corrections suggested in
Reference [16], is also verified, i.e., the multiplicity distribution is independent of the primary energy,
as reported in Figure 6, showing our results.
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Figure 6. Koba-Nielsen-Olesen (KNO) scaling distribution. The parameter « = —A/B is derived from the
results of the fit on D,.

3.4. Cosmic Ray Physics

OPERA electronic detectors, i.e., the target trackers and the muon spectrometers, were used
to detect muons produced by interactions of primary cosmic rays in the upper atmosphere.
The overburden of the Gran Sasso underground laboratory, 3800 m water equivalent, selects muons
of TeV energy, higher than other underground experimental sites. In addition, among all the Gran
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Sasso experiments, OPERA was the only one endowed with precision muon spectrometers, allowing
the charge measurement. Using single cosmic muon events, we have measured both the charge ratio
(R = N,+/N,-) [17] and the annual modulation of the flux [18]. In Figure 7, the measured charge ratio
is shown, together with the values measured by other experiments with different overburdens.
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Figure 7. Muon charge ratio measured by OPERA and by other experiments as a function of the vertical
surface energy €.

The flux of single cosmic ray muons in underground laboratories shows an annual modulation
as a consequence of the atmospheric temperature variation, which changing the air density, modifies
the proportion between 71/K mesons decays (into muons) and interactions. The amplitude of the
muon flux modulation amounts to (1.55 £ 0.08)% of the average value. The relative variations of the
muon flux and of the effective atmospheric temperature (defined as the temperature averaged over
the altitude according to the muon production rate) are correlated with a constant a1, depending on
the average energy of the muons reaching the underground detectors. With the muons reconstructed
by the OPERA electronic detectors, a value ar = (0.95 & 0.04) has been measured for 1.1 TeV muons,
consistent with all the other LNGS experiments.

4. Discussion

The OPERA experiment was designed to observe v, — v oscillations through 7 appearance
in a pure v, beam. The use of the nuclear emulsion technique allowed the reconstruction and the
identification on an event-by-event basis of the CC interactions of all three neutrino flavors. OPERA
accomplished its main task at 6.1c significance on T appearance, to be compared with 4.60 obtained by
Super-Kamiokande with a statistical analysis of atmospheric neutrinos [19].

The high average CNGS beam energy, 17 GeV, optimized for T production and identification,
is does not match the oscillation maximum at the baseline of 730 km, and therefore OPERA results
are not competitive with the precise measurements of 63, Am3, and 6,3 performed in disappearance
mode by Super-Kamiokande [20], MINOS [21], T2K [22], NOvA [23], Daya Bay [24], RENO [25], and
Double Chooz [26]. Nonetheless the higher neutrino energy can be useful to further constrain theories
beyond the Standard Model. OPERA analysis in the 3 + 1 neutrino model has already been published
for v, — v, oscillations, excluding a large part of the region allowed by the recent MiniBoone results
published in Reference [27]. It is worth noticing, however, that a more stringent exclusion limit has
been obtained by MINOS and Daya Bay/Bugey-3 combining the analyses of their disappearance
results on a v, beam and on reactors anti-v, fluxes, respectively [28]. A similar analysis for v, — v is
in progress.

Using the precise measurements on neutrino oscillations performed by the experiments quoted
above, the estimation of v; flux impinging on the OPERA target, given by the product between the
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vy energy spectrum and the oscillation probability, has been used to measure the v CC cross section
on lead, exploiting the ten observed events. Given the low statistics, the cross section reported in
Section 3.1 is averaged over the expected v; flux. The OPERA result, consistent with the Standard
Model prediction as provided by GENIE neutrino MonteCarlo generator [9], can be compared to
the measurement by DONuT Collaboration [29] in a beam dump experiment at Fermilab, based
on the observation of 9 v; CC events. The DONuT experiment was using experimental techniques
similar to the OPERA ones, with lead sheets as targets, alternated with nuclear emulsions. The
anti-neutrino contamination was however much higher than OPERA, whose v sample is composed
of neutrinos with an expected anti-neutrino contamination of 2% in terms of interactions with the
lead target. A better measurement will eventually be performed in the future by the proposed SHiP
experiment [30], based on samples of more than one thousand v, and few hundreds anti-v; CC
interactions. The experiment is designed to separate neutrinos from anti-neutrinos by measuring the 7
charge. The high amount of statistics will, for the first time, allow for the measurement of the Deep
Inelastic Scattering (DIS) structure functions.
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