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ABSTRACT

The determination of the sign of the muon charge using the Precision Tracker
drift tubes of the OPERA detector is described.
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1. Introduction

OPERAb 1) is a long baseline neutrino oscillation experiment at the LNGSc us-
ing the CNGSd neutrino beam from CERN. OPERA is searching for ντ appearance
originating from νµ → ντ oscillations. The OPERA detector has two almost identical
muon spectrometers consisting of iron core dipole magnets instrumented with RPC
and the Precision Tracker, which measures the muon track coordinates. The Preci-
sion Tracker consists of drift tubes and is described in detail by 2). The spectrometers
are used for muon identification, the determination of the muon momentum and the
sign of the muon charge. The task of the muon spectrometer is to clarify the signa-
ture of a muonic decay and to remove background originating from charmed particle
produced in νµ interactions. In addition the quality of CNGS neutrino beam is mon-
itored by the spectrometer. The present note describes the algorithm GetCharge,
which has been developed in order to obtain the sign of the muon charge from the
reconstructed muon tracks and has been implemented in the OPERA software. The
Precision Tracker has been designed to determine the sign of the muon charge with
a significance above 4 standard deviations up to a momentum of 25 GeV/c with an
efficiency of more than 99%. To check the performance, especially the efficiency and
the impurity reached by the algorithm, MC simulations were used and the results are
presented. The momentum measurement and the charge determination are performed
by the Precision Tacker using the deflection of charged particles in a magnetic field
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Figure 1: Schematic view of charge and momentum measurement using the deflection of charged
particles. The track angle φ in the deflection plane xz is defined between the track and the x axis.

(figure 1).
The muon track reconstruction uses only the drift tube hits, which lie in a corridor

defined by a Kalman filter, based on information provided by other OPERA detector
components. A detailed description of the muon track reconstruction programme can
be found in 3). As the result of the muon track reconstruction, each straight track
segment in the xz plane outside the magnetic field is represented by the Hesse form((
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)
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Here x and z stand for the track coordinates. The angle φ containing the information
from the magnetic deflection is defined as the angle between the track and the x axis
(also see 4)). The value d0 is the closest distance of the track to the origin of the
coordinate system. Once the track parameters are known, C++ routines calculate
the muon momentum (see 3) for more information) and charge, which are subsequently
used as initialization for the Kalman algorithm, now following the track backward
to the interaction vertex.

2. The charge determination

To get the sign of the muon charge two methods are used as shown in figure 2.
The basic method is to calculate the angle difference ∆φ of a particle track for two
adjacent straight tracks in the deflection plane xz (figure 1). Two adjacent straight
tracks are denoted by a charge measurement station cms. The detector has four cms,
cms1 to cms4. This method only works if there are two adjacent angles available after
the track reconstruction. This is true for most of the cases (in MC data > 99.9%).
For particles moving in the beam direction, if the track angle of the first segment
φ1 is larger than the track angle of the second segment φ2, the sign is negative. A
negative sign also results, if φ2 is smaller than the track angle of the third segment φ3.
This definition applies for both super modules. If the particle moves opposite to the
beam direction or if the polarity of the magnetic field is changed, the sign changes.



Figure 2: Methods of charge determination shown in the top view of the OPERA detector. The
charge measure stations cms1 to cms4 use the angle difference ∆φ in two adjacent doublets. The
stations cms5 and cms6 use the track deflection method described in the text. Here the value ∆x is
used. The magnetic field definition is equal for both super modules.

To have some information about the quality of the charge determination, each sign
measurement yields a pseudo weight w calculated by

w =
φ1 − φ2√

V11φ1 + V11φ2
(2)

where φ1 and φ2 are the two angles and V11 the corresponding angle variances from
the covariance matrix. Multiple scattering is not yet included. In most cases, the
muon momentum and the sign of its charge are measured by more than one cms. The
various measurements are checked for consistency. Detailed MC studies have been
performed in order to decide in case of inconsistency, which one of the measurements
is most likely incorrect and has to be rejected. If the two muon momenta measured
by a spectrometer differ by more than 3 standard deviations and the momentum
apparently increases along the flight path, the cms measuring the larger momentum
is rejected, assuming that the observed larger momentum results from scattering.
If all signs thus obtained are equal, this sign represents the result. The weights of
each measurement are added in quadrature to form a global pseudo weight for the
output. If the signs differ, the sign measured by the majority of the cms is used.
Only the weights of the stations belonging to the majority are used and added up for
the output. If no majority exists, because an equal number of positive and negative
signs is obtained, it is assumed, that the measurement is disturbed by the presence
of additional hits due to showers. Since showers are absorbed by the the magnet,
the sign from the cms closest to the main event vertex is rejected. A second method
for the determination of the sign of the charge is applied, if no adjacent angles φ
exist. This happens if the middle straight track segment is missing. In this case the



Figure 3: Distribution of angle differences for the charge determination for real beam events. The
sign defines the charge of particles.

displacement ∆x of two track segments of the particle at the position in the middle
between the first and the last straight track segment of one super module is used
(cms5 and cms6 in figure 2). For MC data this case occurs in less than 0.1%. For a
particle moving in beam direction the sign is negative, if the difference ∆x of the x
coordinates of the tracks in the first and the third doublet at the shown z position (see
figure 2) is negative. Here the pseudo weight is calculated by the spatial uncertainty
at this position

w =
∆x√
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with V01 = V10. V stands for the variance matrix and zi is the position of the dis-
placement in the beam direction. Multiple scattering is also not yet included. Since
the displacement method is less accurate, it is only used, if the deflection method
cannot be applied due to missing track segments. For both methods the sign changes
if the particle is moving opposite to the beam direction or if the polarity the mag-
netic field is changed. In any case, as soon as two reconstructed track segments are
available from one of the spectrometers, the algorithm GetCharge delivers a unique
assignment for the sign of the muon charge.

In figure 3 the distribution of angle differences for muons coming from real neutrino
beam interactions is plotted. For comparison figure 4 shows the same distribution for
14 GeV/c negative MC muons and figure 5 for 50 GeV/c negative MC muons.



Figure 4: Distribution of angle differences for negative muons with a momentum of 14 GeV/c
produced in MC simulations.

Figure 5: Distribution of angle differences for negative muons with a momentum of 50 GeV/c
produced in MC simulations.



Figure 6: Charge reconstruction efficiency for negative muons versus muon momentum (in GeV/c).
φ is the muon track angle in the xz plane, θ in the yz plane. The upper plot shows the dependence
on φ, the lower one on θ.



Figure 7: Charge reconstruction efficiency for positive muons versus muon momentum (in GeV/c).
The upper plot shows the dependence on φ, the lower one on θ.



Figure 8: Charge reconstruction impurity for negative muons versus muon momentum (in GeV/c).
The upper plot shows the dependence on φ, the lower one on θ.



Figure 9: Charge reconstruction impurity for positive muons versus muon energy. The upper plot
shows the dependency on φ, the lower one on θ.



Figure 10: Impurity for charge determination using the Kalman algorithm for negative muons
versus muon energy. The upper plot shows the dependency on φ, the lower one on θ.



Figure 11: Impurity for charge determination using the Kalman algorithm for positive muons versus
muon energy. The upper plot shows the dependency on φ, the lower one on θ.



Figure 12: Charge reconstruction efficiency for negative cosmic muons versus muon energy. The
upper plot uses negative muons, the lower one positive muons.



Figure 13: Charge reconstruction impurity for cosmic muons versus muon momentum. The upper
plot uses negative muons, the lower one positive muons.



3. Results

To present the charge determination performance, we have to define cuts and
the meaning of efficiency and impurity. Although for a charge determination a two
dimensional track in the xz plane is sufficient, for this study only three dimensional
Kalman tracks are used to be comparable for other studies requiring a 3D track.
Of these tracks only the first track is used (the particle with the largest path length,
that means the muon, is saved here). Furthermore two angles in one spectrometer
are required. Thus the charge reconstruction efficiency is defined as the number of
events with charge assignment divided by the number of events with at least one three
dimensional Kalman track and at least four hits in at least two straight sections of at
least one cms (figure 2). The charge reconstruction impurity is defined as the number
of events with wrong sign assignment divided by the number of events with charge
assignment. With these definitions the following results were obtained.

3.1. PT muon tracks

3.1.1. The GetCharge routine

To study the performance of the charge reconstruction with the drift tubes only,
muon tracks were produced directly in front of the first PT wall of each super module.
Thus many scattering effects by the target are avoided. Data with three different
angles φ in the xz plane and three different angles θ in the yz plane at the nominal
beam angle of φbeam = 0.0 mrad and at θbeam = 58.5 mrad are used. The charge
reconstruction efficiency and the charge reconstruction impurity were checked with
µ− and µ+ tracks. Figure 6 shows the charge reconstruction efficiency for µ− tracks.
Independent of the angles the efficiency is above 99.9% for muon MC energies of more
then 3 GeV/c. The same result is obtained for µ+ tracks shown in figure 7. Figure 8
shows the charge reconstruction impurity for µ− tracks. Here a small dependence on
higher energies can be seen for different angles φ. However, the impurity is below
0.4% for muon MC energies between 3 GeV/c and 25 GeV/c. For µ+ tracks the
impurity has the same behavior (figure 9).

3.2. The Kalman algorithm

The same performance checks were done for the Kalman algorithm. Since the
Kalman procedure gives a charge sign by construction for a three dimensional track,
only the impurity is interesting. Figures 10 and 11 show the impurities dependent on
the muon energy for muon and antimuons respectively. Comparing with the results
of GetCharge no noticeable differences are seen. That means, the initialized sign



will in general not be changed by the Kalman algorithm.

3.3. Cosmic events

In addition to beam tracks, the same study was made for cosmic tracks. Since it
happens very often that the Kalman algorithm can not match the two dimensional
track parameters with a three dimensional track, this requirement is not used for
cosmic MC study. Thus only the results of GetCharge are used. Figure 12 shows
that the charge reconstruction efficiency for cosmic tracks is not larger than 92%.
The reason for this behavior is the missing of matched tracks at the one side. On
the other side the efficiency has to be smaller, since less straight track segments are
included (steeper track angles). The impurity (figure 13) is as expected. For energies
up to 25 GeV/c it is the same than for beam muons. With increasing cosmic muon
energy the impurity converges to 50% and the charges can no longer be distinguished.

4. Summary

In this note the determination of the sign of the muon charge was studied and
the results were presented. Using the algorithm described, the charge reconstruction
efficiency for beam muons is higher than 99.9% in an energy range from 3 to 25 GeV/c.
In the same energy range the charge reconstruction impurity of GetCharge and the
Kalman algorithm is below 0.4%. The charge reconstruction efficiency for cosmic
muons is only around 90% due to the steeper track, and decreases for momenta above
50 GeV/c. The impurity starts from comparable values for the energy range of beam
muons and increases to 50% for higher muon momenta.
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