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Abstract—The OPERA experiment is designed for the direct observation of the appearance of v, from v, > Vo
oscillation in a Vu beam. A description of the procedure of neutrino interaction vertex localization (Brick
Finding) by electronic detectors of a hybrid OPERA setup is presented. The procedure includes muon track
and hadronic shower axis reconstruction and a determination of the target bricks with the highest probability

to contain the vertex.
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INTRODUCTION

The OPERA experiment [1, 2] is designed to
detect v, — v_ oscillations in direct v, appearance
mode in an initially pure muon neutrino beam pro-
duced at CERN. The OPERA detector [3] is located
at the Gran Sasso underground laboratory in Italy,
730 km away from the accelerator in Geneva (Swit-
zerland), making it possible to detect tau neutrino
interactions with high signal-to-background ratio.
The v, — v, oscillations are considered responsible
for the deficit of muon neutrinos in atmospheric
showers [4], and the experimental verification of this
transition is a requisite for the mixing model of three-
component neutrinos. The OPERA experiment reg-
isters T neutrinos via a charged current channel
through direct observation of a short-lived t lepton
appearing in the a primary neutron interaction ver-
tex. Therefore, the requirements imposed on the
detector are hardly compatible: it should have large
mass to increase the neutrino events statistics and, at
the same time, good spatial resolution for tau-lepton
recognition. To solve this problem, the OPERA
experiment uses a hybrid detector (see Fig. 1), which
includes electronic detectors (target tracker (TT),
magnetic spectrometers) and a target area having a
modular structure and consisting of 150000 bricks
arranged into walls with total mass of 1250 t. Each
brick of size 12 x 10 x 7.5 cm is a set of 56 lead plates
1 mm thick (target) alternating with 57 plates of
nuclear photoemulsion, which permits one to get the
micron spatial resolution necessary for tau-lepton
observation.

Data analysis in the experiment is performed in
two stages: the target brick where neutrino interac-
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tion occurred is located based on information from
the electronic detectors, and then this brick is
extracted to search for the tracks and vertex of the
event, as well as for the elaborate study of the interac-
tion characteristics. The great majority of the
detected neutrino events result from the interaction
of muon neutrinos with the detector material
through the charged (v, + N - pu~ + X) and neutral
(vy + N > v, + X) current channels (CC and NC).
The target brick where such an event occurred is
located using the electronic detectors, following
which a comprehensive analysis of the topology of
the event in the emulsion allows us to identify tau-
neutrino interactions appearing as a small admixture
as a result of oscillations in the beam. The search for
a vertex, i.e., identification of the target brick con-
taining the neutrino interaction vertex, through an
analysis of data from the electronic detectors, is an
important task of experimental data processing [5—10].
More accurate and efficient localization permits one
to reduce the amount of information in the photo-
emulsion to be analysed (the most time-consuming
part of experimental data processing) and slow down
the reduction of the target mass in the detector with
time (the target bricks are not replaced after extrac-
tion and analysis).

In the present paper we consider in more detail the
methods used for event analysis using the OPERA
electronic detectors, show the results of evaluating the
efficiency of finding the vertex, and describe the
EventViewer graphical shell used for the display of
electronic-detector data and for the visual control of
event processing.
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Fig. 1. General view of the OPERA detector: two identical supermodules (SM1 and SM2), each including the target area, mag-
net, and a system of resistive plane chambers (RPC) and drift tubes (PT). The target area contains ~75000 bricks located between
the planes of the TT. The VETO system is used for selecting neutrino events with origins inside the target area. The extraction of

the bricks from the detector is done with a BMS robot.

1. ANALYSIS OF ELECTRONIC-DETECTOR
DATA FOR LOCATING THE NEUTRINO
INTERACTION VERTEX

The major task of analysis of electronic-detector data in
the OPERA experiment is locating the neutrino interaction
vertex. Taking into account the modular structure of the
OPERA target area, consisting of lead-emulsion bricks, as
well as the relatively low spatial resolution of the electronic
track detectors, the initial goal of the vertex search is to
identify a brick where a neutrino interaction occurred.
After the successful selection of the brick, the interaction
vertex search is futher performed making use of emulsion
analysis techniques. Electronic-detector data processing
for vertex localization includes the following stages:

(1) Primary processing electronic-detector signals
received when registering a neutrino event, which
includes the suppression of background hits and a cal-
culation of energy released from detector calibration
(see 1.1 and 1.2);

(2) Reconstruction of muon track and hadronic
shower axis (see 1.3 and 1.4);

(3) Determination of the target walls with the highest
probability of containing the interaction vertex (see 1.5);

(4) Calculation of probability for finding the vertex
in bricks from the selected walls (see 1.6).

1. 1. Calculation of Energy Depositin TT

The TT [11] consists of 62 planes and has a modu-
lar structure. Each plane consists of eight modules
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which measure X and Y coordinates. Each TT module
is constituted of 64 scintillator strips of size 26 x 10 x
6860 mm. Before assembly, all TT strips were cali-
brated by 2 MeV electrons from a *Sr B radioactive
source, imitating the passage of a minimum ionizing
particle (MIP), which loses on average an energy of
Eyp=2.15 MeV when crossing a 1-cm plastic scintil-
lator. Nine points evenly distributed along each strip
were under irradiation; the amplitude of a signal
(Eleprs Eigne) Was registered from both sides of the wave
length-shifting fiber by which the scintillation light is
captured and carried over to the multichannel photo-
multipliers placed on both sides of the module. The
light propagating along the fiber is partially absorbed;
therefore, the amplitude at the right and at the left
depend on the source location along the strip. The
dependences derived in this way for every strip were
approximated by a following signal attenuation func-
tion (see Fig. 2):

Ei = E{ae g (1-a)e k},

Ly—x Ly—x

Eright = BE0|:ae K +(1—(X)€ & :|9

where x is the distance from the irradiation point to the
left photomultiplier, where the origin is, £ is the num-
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Fig. 2. Amplitude of a signal in the TT strip in relation to
the distance from the location of a passing particle to
PMTs placed at both ends.

ber of PMT photoelectrons at x = 0, A, is the “short”
attenuation length, A, is the “long” attenuation length,
a € (0, 1) is the coefficient characterizing the contri-
bution of each exponent to signal attenuation, 3 is the
quality coefficient that takes into account a possible
difference between the optical contacts on the left and
right PMT, and L, is the strip length.

Using this calibration, the energy deposited in the
strip when a minimum ionizing particle passes
through it can be estimated as

Ee = Eyp( l:;r + E:th)
2E,

b

ec

and right =

where E;, =

E

right

Ly—x

{oce & +(l-a)e x’}

The reconstructed energy deposit is used later on in
the procedures of hadron shower axis reconstruction
and determination of a target wall containing the
interaction vertex (see 1.5).

1.2. Event Filtering

Track information is most essential for searching
for the interaction vertex. However, the event may
contain isolated signals (or isolated signal groups)
resulting from the interaction of neutral particles
(neutrons and gamma quanta) with the material in the
detector, noise, and cross talks in the neighboring
channels of the photomultiplier. To facilitate the track
reconstruction, some preliminary event filtering based
on the cellular automaton approach [12] is performed
to suppress the isolated TT fits. For this purpose, two
rectangles nested into each other, forming the internal
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Fig. 3. Principle of filtering isolated fits (or groups of fits)
inthe TT.

(control) and external (surrounding) regions where
the number of fits is counted up, move step by step in
every projection throughout the event (see Fig. 3). If at
a certain iteration there was no hit in the external
region and at the same time the number of hits in the
internal region turned out to be under the critical
value, then such a group of fits is considered isolated
and is removed (provided that this group does not
make the most of the event). A smooth variation of the
sizes of the rectangles and their respective critical val-
ues allows one to reduce the number of isolated hits (or
small groups of hits), which may distort the topology
of events. One example of an OPERA event before and
after filtering is shown in Fig. 4. Monte Carlo studies
using Geant3 [13], which took into account the factors
leading to the appearance of single hits (including
cross talks in PMT channels), have shown that the
application of the described filtering procedure leaves
the efficiency of finding the muon track unchanged,
accelerating the process of their reconstruction. In
addition, the filtering helps us better locate the target
wall containing the neutrino interaction vertex
(see 1.5).

1.3. Muon-Track Reconstruction

Reconstruction of the muon track in neutrino
events, occurring via the CC and t — p channel, is an
important step in looking for the target brick where the
neutrino interaction occurred, since the muon usually
travels a long distance in the detector; its track shows up
clearly and indicates the direction to the event vertex.

The reconstruction of other particle tracks in the
event is almost always difficult, especially in the area of
hadron-shower development, as the spatial resolution
of TT in the OPERA detector (about 7.5 mm) in the
general case does not allow us to distinguish individual
tracks near the interaction vertex.

Tracks in the electronic detectors are reconstructed
using several algorithms.

2015
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Fig. 4. View of an OPERA event before (top) and after (bottom) filtering.

(1) Hough transform for reconstructing straight
tracks

Hough transform [14] is an efficient pattern-recog-
nition method which is widely used in experimental
physics for track reconstruction. The Hough linear
transform uses a representation of a straight line on a
plane in the form xcos6 + ysin0 = p.

This equation determines the line passing through
the point (x, y) and perpendicular to the straight-line
segment drawn from the point (0, 0) to the point (p, 0)
in polar coordinates (see Fig. 5).

For every existing point (x;, ;), values of the angle
0, are exhausted with a given step in the interval from 0
to 2 and the respective p;; values are calculated by the
formula. The points (p;, 0,) are stored into a two-
dimensional histogram. If there are straight-line tracks

0 ’\\x

Fig. 5. Straight line xcos0 + ysin0 = p.
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in the event, then this histogram will contain distinct
peaks because, for the points lying on the same straight
line, p and O are constants. The parameters of the kth
track lying on the straight line y = A,x + B, are deter-
mined from the center of gravity of the corresponding
peak (py, 0y) like

A, = -——1 B = P
tan 0, sin6,

An example of using the Hough transform for
muon-track reconstruction in the CC v, event is given
in Fig. 6. The track parameters were determined
according to the main peak in the two-dimensional
histogram shown in Fig. 7.

(2) Track-tracing method

Not all muon tracks are straight because of multiple
scattering. The presence of a strong hadron shower in
the vicinity of the interaction vertex may significantly
complicate the observation of distinct peaks in the
space of the parameters (p, 6). In these cases it is more
efficient to begin muon-track recognition at the end of
the event (where there are no signals from the shower
particles). For this purpose, a tracing method is used
which works according to the following iterative
scheme:

(a) the choice of search direction in a given step.

This is usually a linear approximation of the last seven
hits found on the track;

No. 1 2015
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Fig. 6. Muon track found with the help of the Hough transform.

(b) the search for fits in the subsequent planes of
the detector in a predetermined angular range. The
angular range for the search is chosen according to the
spatial resolution of the electronic detectors (TT, resis-
tive plane chambers, or drift tubes). The operation
efficiency of a particular detector and the relative posi-
tions of different types of detectors (setup geometry)
are also taken into account. When several hits are
within the selected angular range, the one nearest to
the predicted particle trajectory is chosen;

(c) Inclusion of the found fit in the track and contin-
uation of the iterative search procedure from step (a), or
the cessation of further searching if no fit was found in
a succession of planes of the detector.

Note that, as a permissible track variation from a
straight line in consistent coordinate planes, the
described track recognition procedure based on the
tracing method uses not a multiple scattering estimate,
but a coordinate measuring step, being of a larger
magnitude.

After track recognition and the selection of its hits,
the direction of the track is refined in the vicinity of the
event vertex. To do this, the straight-line approxima-
tion of 14 points is performed on the track in the TT
planes where the density of hits near the track is small
enough, since, upon the operation of a succession of
TT strips (for instance, in the region where a hadron
shower is registered), these hits cannot be used for
track approximation. If the event occurred at the end
of a supermodule, then the approximation also
includes signals from the detectors belonging to mag-
netic spectrometers.

All bricks of the target in OPERA are equipped
with an external interface: two emulsion plates in an
independent cassette which serve to verify predictions
of the electronic detectors. A complete analysis of
each extracted brick is performed only if converging
tracks are observed in its external layers, or at least one
of the tracks has a continuation in the electronic
detectors. The relative position of the target walls and
TT planes is taken into account as well.
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Figure 8 shows results of a comparison of the
parameters (location and slope) of the muon tracks
reconstructed in the electronic detectors with those of
the tracks observed in the external interface emulsion.

The root-mean-square deviation of track position
from the predicted value is close to the theoretical
limit of the TT resolution (~7.5 mm), suggesting a
good geometrical calibration of the detectors and
high-quality track reconstruction.

1.4. Hadron Shower Axis Reconstruction

Muon-track reconstruction most effectively helps
find the vertex of an event, but in many cases, e.g., HT
channel interaction, there may not be distinct tracks in
the event at all. In these cases one performs a recon-
struction of the hadron shower axis, which should
point to the vertex on the assumption that the shower
develops symmetrically relative to the axis.

A robust line-fitting method is used to reconstruct
the hadron shower axis [15]. The idea of this method
consists of the modification of a functional, which is
minimized in the least-square method (LSM) so that

o 40" g0 90 100 110

70
60 Theta

Fig. 7. Histogram of an event in the space of the parame-
ters p and 6.
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Fig. 8. Comparison of the parameters of the tracks reconstructed in the electronic detectors and observed in the external interface

emulsion.

the minimization gives a robust (efficient) estimate in
terms of non-Gaussian errors and in the presence of
points away from the fitting line:

Lisu(p) = D6 = Ly (p) = Y p(e)).

Here, p is the vector of free parameters, ¢; is the dis-
tance from the ith point to the fitting line, and p(g) is
a rapidly converging function.

2D robust weight function

yof‘? A 40 : ”
f om a ﬁtted 1ine, cM

Fig. 9. View of the weight function used for reconstructing
the hadron-shower axis.
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The values of the free parameters are determined
from the equation

aL(p) Z w(e )—8 =0,

which is similar to the conventional LSM equation,
but instead of numeric multiplier it contains a weight
function

I —_

op(e)

€ Ot

w(e) =

Therefore, every measured point acquires its own
weight. At first, the weights of all points are taken equal
to unity, and then they are recalculated before every
subsequent iteration, until the values of the free
parameters cease to change (i.e., the procedure con-
verges due to the fact that the points whose weights
become negligibly small are ignored).

In our case, after testing on a sampling of simulated
events, we chose the following as a weight function:

2
W(Ea &, G) = ﬁexp(_%) s
(&)

which depends on the hit energy £ and the hit distance
to the current position of the axis. Figure 9 shows a
typical example of this function. The parameter ¢

No. 1 2015



LOCATING THE NEUTRINO INTERACTION VERTEX 95

| Event: 9261003132, 17 Sep 2009, 22:40 (UTC), XZ projection I

100 5 .
—~ = $
S ST
9 et
e S0
S N 0
: SN
E 0or i‘E'
o) e,
@) H
|
1 1 1 1
—600 —500 —400 —300 —200

Fig. 10. Example of reconstruction of the hadron-shower axis.

gradually decreases in the course of the iteration pro-
cedure.

To locate the hadron shower axis, we used fits in the
first five planes of the event, except for those belonging
to the muon track. A straight line parallel to the Z axis
and passing through the center of gravity of the event
was chosen as an initial approximation.

An example of reconstruction of a hadron-shower
is shown in Fig. 10.

We have tested other methods of shower axis recon-
struction as well, in particular, the method of line-fit-
ting over the centers of gravity of the energy released in
every plane of TT, but all these techniques showed
smaller reconstruction efficiency of the direction to
the interaction vertex when compared with the
described method of robust fitting. Distributions of
deviations of the reconstructed shower axis from the
event vertex for three options of reconstruction are
given in Fig. 11 for comparison: (1) with the use of
LSM, (2) with center-of-gravity approximation in the
TT planes, and (3) with robust approximation.

1.5. Determination of the Interaction Vertex Wall

The difficulty of determining the target wall con-
taining a brick in which a neutrino interaction
occurred is mainly due to the presence of particles
escaping to the backward hemisphere (against the
direction of the beam). These particles produce signals
in the TT planes located upstream the vertex brick,
significantly blurring the search area. Simulated distri-
butions of probability of vertex location in the kth wall
relative to the first (in beam) TT planes having hits
belonging to the given event are shown as an example
in Table 1.

In the analysis of OPERA experimental data, the
wall determination is performed in two steps:

(1) preliminary selection of TT planes.

Along with the event-filtering procedure described
above, three TT planes, beginning with the number s,
are selected at this step for further analysis (here, as
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above, the event is considered to begin in the wall with
the number 1 and the vertex is located in the wall with
the number k starting from the following conditions:

(i) The planes with the numbers s and s + 1 contain
fits in both projections;
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Fig. 11. Deviation of the reconstructed hadron-shower
axis from the event vertex for (top) LSM, (middle) energy-
release centers approximation in the TT planes, and (bot-
tom) robust approximation.
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Input layer
Hidden layer

Fig. 12. Structure of an MLP with one hidden layer.

(ii) The total energy release registered in each of
the planes with the numbers s and s + 1 exceeds two
photoelectrons.

In Table 2 it is shown that after this step the number
k of the wall with vertex in most events (99.0% for CC
and 94.6% for NC channel) falls within the interval
[s; s + 2]. Therefore, three TT planes with these num-
bers are selected for the second step.

(2) Estimation of probabilities for a vertex to be
found in all three target walls.

The data from three preselected TT planes is ana-
lyzed with the help of an artificial neural network
(ANN), namely, a multilayer perceptron (MLP) [16]. In
high-energy physics, an MLP is often useful in multi-
parameter problems of classification due to the possi-
bility of teaching these ANNs on bulks of Monte Carlo
simulated events.

The point structure of the MLP presented in
Fig. 12 includes three layers of unit computational
cells (artificial neurons): input, hidden, and output.
Each subsequent layer interacts with the previous one

Table 1. Position of the wall with vertex relative to the initial
wall of the event (for the simulated data)

k<l | k=1 |k=2|k=3]| k>3
For CC channel:| 0.0% [40.7% |27.5% | 12.3% | 19.4%
For NC channel:| 1.0% |38.7% |27.6% |12.7% | 20.0%

by means of weight links between the neurons. The
MLP input vector of the characteristics of the studied
object passes through the network and transforms into
a vector characterizing the extent to which the given
object belongs to one or another class. The MLP is
tuned by the backward propagation of error for a large
sample of training data where the class of each object
is known in advance from the model or defined in any
other way.

Nineteen variables describing the geometrical dis-
tribution and amplitudes of signals from the electronic
detectors in the given event (their total number, the
distance to the hadron shower axis, and the scatter rel-
ative to the energy-weighted average value), as well as
the ratio energy released in the first three selected TT
planes, are used as input parameters for ANN.

MLP training was done on a sample of
~100000 simulated v, CC and NC events (ratio
CC/NC = 3/1). The energy functional was minimized
by the conjugate gradient method [17]. At the output,
the neural network yields three probabilities for target
walls selected at step 1 to contain the neutrino interac-
tion vertex.

For a quality check of the ANN used in the prob-
lem of the vertex localization problem, its efficiency
was compared with that of two other classifiers,
namely, the ANN of a similar structure from the Stut-
tgart neural network simulator (SNNS) [18] and an
algorithm based on the boosted decision tree (BDT)
[19]. The results of comparison [9] showed that the
employed neural network is more suitable for solving
the selected task than the BDT algorithm and its effi-
ciency is almost the same as that of the MLP of the
SNNS package.

1.6. Prediction of Brick with Interaction Vertex

After the reconstruction of the muon track or the
hadron-shower axis, their parameters are used to
determine the target bricks with highest probability to
contain the event vertex. In this case the results of
ANN application are also useful for determining the
relative probability of vertex location in the target wall.
The relative probability of vertex location in the target

Table 2. Position of the wall with vertex relative to the selected wall (for the simulated data)

k<s k=s k=s+1 k=s+2 k>s+2
For CC channel: 0.6% 80.5% 17.3% 1.2% 0.4%
For NC channel: 5.0% 76.0% 17.5% 1.0% 0.4%
PHYSICS OF PARTICLES AND NUCLEI LETTERS Vol. 12 No. 1 2015
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Fig. 13. Muon-momentum- and shower-energy-averaged distributions of the distance from the neutrino event vertex to the muon
track (top) and to the hadron-shower axis (bottom) in the XZ (left) and YZ (right) projection.

brick is calculated by the formula P, = P,,;,P.P,,
where

P, = ]j[pt(tv )(dndz (t=x,y).

hz

Here, the coordinates x,, y;, z, and x,, 5, z, define
the volume occupied by the brick in space; p, is the
density of probability of the track passing through the
point (x, z) determined from the error in the measure-
ment of the track parameters and the distance to this
point. The p,, as well as probability density p,, was
derived by simulating the registration of neutrino
events in the detector for different muon momenta
and hadron shower energy (see Fig. 13).

The interaction vertex localization efficiency €zrin
relation to the maximum number of extracted target
bricks was estimated by simulation. Table 3 presents
the results of this estimation for different samples:
5000 CC v, events and 5000 NC v, events, as well as
for a mixed sample of 13800 CC, NC and quasi-elastic

and analyzing both real and simulated events. The
main program window with an image of one of the
OPERA events detected in 2010 is shown in Fig. 14.

The useful features of the program include the
graphical representation of a specified event, wide-
ranging scaling of the event area (from a few cm? to the
size of the entire detector), and saving an image of the
event in a selected file format. EventViewer also allows
one to turn on and off various options of event recon-
struction in the interactive mode (filtering, recon-
struction of muon track or shower axis, setting the TT
initial plane to be presented to ANN, etc.), perform
the straight-line approximation of tracks by the fits
selected by the user, project the tracks found in the
emulsion into the area of electronic detectors (see
Fig. 15), etc.

Table 3. Efficiency of vertex location for the simulated
events

(QE) interaction (v, + n — U~ + p) events. Number €5
g ofextr. bricks| ¢87 CC | €nNC 1 co/NC/QE
2. EVENTVIEWER GRAPHICAL SHELL 1 brick 77.5% 58.5% 74.1%
For visual control of data processing, the Event- 2 bricks 91.3% 75.4% 88.0%
Viewer graphical shell ha}s been c}eveloped, yvhich isa 3 bricks 94.8% 82.3% 92.2%
convenient and easily adjustable interface with a set of )
necessary functions, settings, and tools for viewing 4 bricks 96.7% 86.1% 94.4%
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OPERA Event Viewer
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Fig. 14. View of an OPERA event in the EventViewer main window.
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Fig. 15. Projection of tracks found in photoemulsion into the TT area.
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CONCLUSIONS

A procedure for determining the target brick con-
taining the interaction vertex from the data of OPERA
electronic detectors has been described in the present
work. Modern data-analysis methods used for pro-
cessing neutrino events allow a 65% efficiency of
interaction vertex location in the most probable brick.
A further gain in efficiency is reached by searching for
the vertex in the next probable bricks. All the algo-
rithms are implemented in C++ with OpBrickFinder
open-source code, which is integrated into the
OPERA software. In 2009 this program was used to
analyze 40% of the OPERA events and demonstrated
highly efficient and fast data processing. OpBrick-
Finder has been used to analyze all experimental data
since 2010. The program consists of several autono-
mous modules which, upon appropriate adaptation
and tuning, can be applied to the data processing of
other experiments.
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