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ABSTRACT
The topological criteria applied to select events with possible short-lived particle

decays in the OPERA lead - emulsion target are presented.

1 Introduction

The OPERA experiment [1], searching from νμ → ντ oscillations in the
atmospheric sector using the CNGS beam, has published the first ντ CC
interaction candidate [2], identified in a sample of 1088 events, corresponding
to an integrated intensisty of about 1.9× 1019 protons on target.

Thanks to the excellent spatial resolution of nuclear emulsions, interleaved
with lead plates to form a compact modular target characterised by high
granularity, event topology and kinematics can be fully reconstructed [3].

The present document describes the method applied to search for short-
lived particles’ decays in OPERA.

The detection of νμ → ντ oscillation is based on the distinctive signature
of ντ CC interactions with the tau particle decaying in one (muon, electron
or hadron) or three prongs.
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An alike topology charachterises νμ CC events with a charmed particle
produced in the final state. Since charmed hadrons have masses and lifetimes
similar to those of the τ , charm production constitutes one of the main
background sources for OPERA and is, at the same time, the most powerful
tool to directly test the experiment capability of detecting decays.

The procedure described in the following has been developed in order to
detect tau as well as charmed particles’ decays.

The location of neutrino interactions in the OPERA target units (bricks)
has been described in details in [3]. For the sake of clarity, the main features
will be briefly summarised here.

Starting from the analysis of the Changeable Sheets, acting as an interface
between the brick and the scintillator-strip tracker, one or more tracks,
compatible with the hits in the electronic detector, are followed upstream
(scan-back) film by film until they are not found in a certain number
of consecutive films (3 ÷ 5) accounting for possibile inefficiencies. Track
disappearance is thus a signal of a potential interaction or decay.

In order to confirm the presence of a vertex, a surface of 1 cm2 in at least
2 films upstream and 6 downstream of the candidate interaction or decay
point is measured (volume-scan) and all tracks with incident angles smaller
than 0.6 rad with respect to the perpendicular to the films are reconstructed
and associated to form vertices. Using the position and angular information
of the scan-back track(s), the candidate neutrino interaction vertex can be
identified.

The procedure described in the next section is then applied to validate
the event topology and search for possible decays.

2 Decay search method

Depending on whether a multi-prong vertex has been reconstructed or an
isolated muon or hadron has been found in the volume-scan data, a different
procedure is applied.

2.1 Events with a reconstucted vertex

2.1.1 Vertex definition and analysis

The use of the track information in the film immediately downstream of the
neutrino interaction point (hereafter referred to as vertex film) is a crucial
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Figure 1: Impact parameter distribution after the analysis of the vertex film
(left). Low momentum particles populate the tail of this distribution as can
be seen in the right plot, where these tracks are discarded.

step in order to improve the resolution in the determination of its position.
Track segments in the vertex film could be missing in the reconstruction

because of tracking inefficiency. Moreover, electron-positron pairs coming
from the conversion of γ’s produced in π0 decays and pointing to the vertex
can spoil its accuracy.

By visually inspecting the vertex film, the parameters of the track
segments recognised by eye can be measured by connecting the points closest
to the plastic base1 and can be used to re-compute the vertex position.
Furthermore, e+e− pairs can be identified as couples of very-close converging
segments and can be thus tagged and removed in the determination of the
vertex.

The left plot in Fig. 1 shows the impact parameter distribution after
the recovery of missing segments in the vertex film and the identification of
e+e− pairs for a sample of reconstructed neutrino interactions. More than
95% of the tracks have impact parameters smaller than 10μm with a mild
dependence on the vertex depth in lead (VD). The tails of the distribution,
which has an average value of about 3.5μm, are mainly due to low-energy
particles, as shown in the right plot where these tracks are discarded.

If a track is found to have an impact parameter larger than 10 μm for
V D ≤ 500μm or larger than (5 + 0.01 × V D)μm for V D > 500μm, it has

1OPERA emulsion films are made of two 44µm-thick sensitive layers glued on a
205µm-thick plastic base.

3



to be further studied in order to investigate whether the reason for such an
anomaly can be the scattering of the particle in the traversed lead thickness.
An estimation of its momentum is thus performed.

If enough measurements (e.g. scan-back data) are available for the track,
the multiple Coulomb scattering (MCS) algorithm described in [4] is applied
and a cut p < 1GeV/c defines low momentum particles to be disconnected
from the vertex for a more accurate determination of its position, if the
multiplicity is larger than 2. If the multiplicity equals 2, the track is not
disconnetected and the vertex position is determined using both particles
atttached to it.

If the MCS algorithm cannot be used, a check of the track angles has to be
performed. By using at least 8 measured segments (further measurements are
foreseen if data are not available), the RMS of the angular differences between
consecutive segments is computed in the transverse (T) and longitudinal (L)
planes according to the following formula:

ΔθRMS
T, L =

√∑N
i=1 (ΔθT,L)2i /Npl,i

N
(1)

where (ΔθT, L)i are the i-th angular differences in the transverse and
longitudinal plane, respectively; Npl,i is the number of lead plates between
the two segments; N is the total number of angular differences.

If both components have ΔθRMS larger than 0.015 rad, the track is
classified as a low momentum particle. Otherwise, the track is followed
downstream film by film until a reliable estimation of the momentum by
the MCS method is obtained.

The rigth plot in Fig. 1 shows the impact parameter distribution after
the disconnection of low-energy particles according to the prescriptions on
particle momentum given above. The average value is of about 2.7μm.

Once the primary vertex has been defined, any track with an anomalous
impact parameter that cannot be explained in terms of scattering has to
be carefully investigated to check for the presence of a possible short decay,
occurring in the same lead plate as the neutrino interaction.

2.1.2 Extra-track decay search

The decay of a short-lived particle can be also detected by searching
for possible daughter tracks, hereafter called extra-tracks, among those
reconstructed in the measured volume and stopping therein.
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An extra-track is selected if the following criteria are satisfied:

• the longitudinal distance between the vertex and the most upstream
segment of the track (Δz) is smaller than 3.6mm;

• the impact parameter with respect to the vertex is smaller than 300μm
if Δz ≤ 1mm, or smaller than 500μm otherwise;

• the track has at least three segments in the reconstruction.

Additional criteria apply for NC-like events, where an ambiguity exists on
the primary vertex definition. A multi-prong vertex with multiplicity 3, for
example, could be the secondary vertex generated by a τ → 3 h decay, unlike
for events with a reconstructed μ−, where the neutrino interaction point is
clearly identified through the muon track. If the multiplicity is lower than 3,
extra-tracks satisfying the following criteria are selected as well:

• the most upstream segment is in any of the two emulsion films upstream
of the vertex;

• the impact parameter with respect to the reconstructed vertex is
smaller than 500μm;

• the track has at least three segments in the reconstruction.

Extra-tracks are then inspected to filter out e+e− pairs from γ conversion,
particles not originating in the measured volume (typically, low momentum
particles reconstructed as shorter tracks due to multiple Coulomb scattering)
and fake tracks due to the failure of the reconstruction program (especially
for bricks charachterised by a high density of random grains produced in the
emulsion film development process and not belonging to particle tracks).

Surviving extra-tracks originating in the vertex film are analysed as
described in Section 2.1.1.

A dedicated parent search procedure is applied to extra-tracks starting
downstream of the vertex film to detect long decays. It consists in searching
for a track connecting the selected extra-track to the reconstructed vertex
with an impact parameter with respect to the vertex smaller than 10μm
and a minimum distance from the daughter track smaller than 20 μm. Any
candidate parent track selected according to these criteria is validated by
visual inspection. The same procedure applies to extra-tracks originating
upstream of the vertex for NC-like events.
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A search for converging tracks is also performed. The presence of possible
heavy ionising particles produced at the secondary vertex deserves a careful
check for the discrimination between hadronic interactions and particle
decays.

2.1.3 In-track decay search

A search for possible small kinks along the tracks attached to the neutrino
interaction, not automatically detected in the reconstruction of total-scan
data, is performed in a fiducial volume of 4 films downstream with respect
to the vertex, interesting for short-lived particles. The procedure is applied
to all tracks for NC-like events. As for interactions with a reconstructed μ−

in the electronic detectors, the method is applied only to the track attached
to the vertex matching the muon prediction.

Track by track, the largest angular difference, ΔθMAX
T,L , in either projection

is computed in the 4 most upstream films. Similarly to Eq. 1, the
(ΔθRMS

T, L )kink is then evaluated excluding such difference. If the ratio
RT,L = ΔθMAX

T,L /(ΔθRMS
T, L )kink is larger than 5 in either projection and the

kink angle, confirmed by direct check in emulsion, is larger than 0.015 rad, the
momentum of the particle is measured according to the same prescriptions
reported in Section 2.1.1.

2.2 Events with an isolated muon or hadron

If the scan-back track is not associated to any reconstructed vertex, extra-
tracks satisfying the following criteria are selected:

• the most upstream segment is in any of the three emulsion films
upstream of the scan-back track stopping point or in any of the three
films downstream of it;

• the impact parameter, computed with respect to the extrapolation of
the scan-back track to the centre of the upstream lead plate, is smaller
than 500μm;

• the track has at least three segments in the reconstruction.

In the case a vertex formed by one or more extra-tracks is found, the
parent search procedure described in Section 2.1.2 applies.
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If an isolated extra-track is selected, a parent particle connecting the two
tracks with a minimum distance smaller than 20μm is searched for.

If no extra-tracks are found, a search for a single parent segment with a
minimum distance with respect to the scan-back track smaller than 20μm
is performed in order to recover events such as quasi-elastic ντ interactions
with the tau particle decaying in one prong.

3 Validation of decay topologies

As a result of the procedure illustrated above, events showing a topology
compatible with the production and decay of a short-lived particle are
identified. In order to further classify them in candidate ντ signal events,
νμ interactions with charmed particle production and decay or hadron re-
interaction, a full kinematical analysis is required. Details on measurements
and typical discriminating variables used in the analysis can be found in [2].
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