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Track reconstruction in the BESII muon counter”
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Abstract The reconstruction algorithm for BESIII Muon Counter, MucRecAlg, is developed with the object-
oriented language C++ in BESIII offline software environment. MucRecAlg consists of the following functions:
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to find track seeds either from extrapolation of tracks in the main drift chamber or from the fired strips in

muon counter, to select fired strips associated to the candidate tracks, to fit the candidate tracks with a linear

or quadratic function and to calculate other parameters of the tracks for muon identification. Monte Carlo

samples are generated to check the performance of the reconstruction package, such as reconstruction efficiency,

muon remaining rate and pion rejection rate, etc. The preliminary results show that the pion rejection rate

is around 3%—4% while the muon remaining rate is better than 90% in 0.4—1.6 GeV/c momentum region,

which meets the requirement as shown in the design report.

Key words BESIII, MUC, reconstruction
PACS 24.10.Lx, 29.40.Cs, 29.40.Gx

1 Introduction

The Beijing Spectrometer III (BESII™M) is a gen-
eral purpose detector, which will be running at the
Beijing Electron-Positron Collider Il (BEPCII), for
many important tau-charm physics targets.

The BESIII consists of four sub-detectors: Main
Drift Chamber (MDC), Time-Of-Flight (TOF),
Electro-Magnetic Calorimeter (EMC), and Muon
Counter (MUC). The MUC is a gaseous detector us-
ing Resistive Plate Chambers (RPCs). It’s designed
to measure the position and penetrating depth of
charged particles (particularly muons), and then to
identify muons from hadrons. So track reconstruc-
tion in the MUC plays an important role in BESIII
offline data processing and analysis.

This paper introduces the process of the MUC re-
construction algorithm, MucRecAlg, which has been
developed in the framework of BESIII Offline Soft-
ware System (BOSS)[Q]. Firstly, it gives a short in-
troduction to the MUC detector, then enters into de-

tails of the track finding in MUC, such as searching
for seed, attaching strips and track fitting, etc. Fi-
nally, the performance for both MUC reconstruction
and particle identification is presented.

2 Structure of MUC

The muon detector has one barrel part and two
endcaps (east endcap and west endcap). There are
9 layers in the barrel and 8 layers in each endcap.
For each layer, two RPC layers and one pickup strip
layer are compacted as a sandwich. The total amount
of RPC units is 978, and the yielding area is up to
1272 m?. Tts coverage of the solid angle is about 0.83
(cosd), and the width of the readout strip varies from
20 mm to 39 mm with 12 mm intrinsic spatial resolu-
tion for all 9152 electronics channels. The gas mixture
of Argon (50%), F134a (42%) and iso-butane (8%)
is chosen. The schematic view of MUC is shown in
Fig. 1.
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Fig. 1. A schematic view of MUC.
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3 MUC reconstruction algorithm

Energetic particles entering the RPC will produce
electrons from the gas molecules through ionization.
These electrons will be accelerated by the electric field
provided by high voltage source and as a result they
will liberate more electrons. Enough gas molecules
are eventually ionized to allow the liberated electrons
to form a spark. The formed spark induces a vol-
tage in an adjoining readout module. This voltage is
then sent as a signal to the electronic end. These sig-
nals are recorded by the DAQ system and stored in
raw data. The MUC reconstruction algorithm han-
dles the raw data and reconstructs MUC tracks. The
following is a detailed description of the reconstruc-
tion procedure.

The main processes of the reconstruction algo-
rithm are to find seed, search and attach fired strips
into the track, do track fitting, and calculate track
parameters.

3.1 Track finding

TrkExtAlg®® is an algorithm developed for ex-
trapolating the BESIII MDC track into outer sub-
detectors. It considers the magnetic deflection and
ionization loss of the particle in the BESIII detector.
For a charged particle with high transverse momen-
tum, the reconstruction efficiency in MDC is close to
100%. It’s suitable to use MDC track as seed. Fired
strips in the muon counter could also be used as seed,
which is mainly used in the reconstruction of cosmic-
ray events.
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Fig. 2. Track finding in the MUC.

With the seed, track finding in MUC can start.
The search from track candidates in MUC will start
firstly in the barrel and then in the endcaps. Using
the extrapolated track from MDC as a seed (Fig. 2),
it’s easy to find the interaction point and direction of
this track in the first layer of MUC. Then, the algo-
rithm calculates the distance between the interaction
point and the fired strip in this layer and attaches the
strip within a predefined window. Maybe more than
one strip attached in a layer. With this new strip, the
interaction point and direction of the track candidate
will be recalculated. With the new parameters, the
search for MUC track will be repeated in the next
layer. The iteration procedure will be stopped when
the last MUC layer is met.

The window size varies from 6 to 10 strips for dif-
ferent layers. We have studied the distribution of the
above window size in each layer for both barrel and
endcaps, and have found that the RMS value in each
layer is between 30 to 50 mm. So the predefined win-
dow size (240 to 320 mm) is about 6c of the distance
distribution. This means very few hits will be lost
but maybe some noise hits included. The number of
RPC noise hit for an event, N, is given by (1):

N=nxAxT=1 (hit/event), (1)

where the RPC background level (n) is less than
0.1 Hz/cm?, the yielding area (A) is up to 1272 m?,
and the time gating (7") of an event is about 800 ns.
Due to the low noise level, the window size is rea-
sonably big to include more hits in track finding.

3.2 Track fitting

The BESIII global coordinate (z, y, z) and the
local coordinate (a’, y’, 2’) for each segment of the
barrel are shown in Fig. 3. In the global coordinate,
the z axis is parallel to the pipe, and the y axis is
perpendicular to the ground. In the local coordinate,
the 2’ axis is parallel to the pipe, the 3’ axis is per-
pendicular to the layer of the segment. So, the local
coordinate for each segment is rotated around z axis
with an angle. For the endcaps, the local coordinate
in each segment also exists, but z’, ¢/, and 2’ axes are
always parallel to z, y, and z axes, respectively.

The MUC strip is designed to have one dimen-
sional readout. In barrel, strips in even layers are
called ¢-strips because they are parallel to the z axis
and each one has a fixed ¢ value. Strips in odd
layers, perpendicular to the z axis, are named z-
strips. In the endcaps, strips with fixed z value in
odd layers are called x-strips and those with fixed y
value in even layers are called y-strips.
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In the phase of track finding, the hits, fired strips,
lying in a track are put into a different collection ac-
cording to their orientation. After track finding we
have two hit collections for ¢-strips and z-strips in
the barrel, and another two hit collections for x-strips
and y-strips in the endcaps.

Fig. 3.  Global coordinate and local coordinate systems.

Assuming the effect of magnetic field is ne-
glectable in MUC, the path of charged particle is close
to a straight line. The linear fit can be applied to ¢-
strips in z-y plane and to z-strips in the y’-z’ plane,
respectively. In the endcaps, the linear fit is applied
in the y-z plane and the z-z plane for y-strips and z-
strips, respectively. There must be 2 hits in different
layers for each fit.

The x? of the fit is defined as:

(dz/wz)z
X2 = ZT (2)

in which d; is the distance from the center of each
strip to the interaction point of the track with this
layer, w; is the width of this strip and Ng. is the
number of degree of freedom of the track. If the x? is
too big, which means track fitting is bad, this track
will not be used in further studies.

In this case, we get two-dimensional straight line
in each readout orientation which is in local coordi-
nate. One three-dimensional line in BESIII coordi-
nate is needed in the further calculation.

For the barrel, the slopes of 3D line could be cal-
culated with the following equation.

v, — Vyrpr X Sign(vg,) 7 3)
cos(8¢) /(1 +v2,)

Vy = Upy XV, (4)

in which vy, (vs,) is the slope of 2D line in z-y (y'-
z') coordinate, and v, (v,) is the slope of projection

of 3D line in z-z (z-y) coordinate. d¢ is the angle
between the 2D line and y’ axis.

For the endcaps, the local coordinates are subsets
of the BESIII coordinate. The 3D line could be de-
rived directly with two 2D straight lines.

In fact, the magnetic field in MUC is about 1
Tesla. Estimating a muon with momentum 1 GeV/c,
will bend about 2 strips when passing through MUC
vertically with magnetic field. Considering the effect
of magnetic field, we implemented the quadratic fit-
ting method. There must be 3 layers at least in each
readout dimension.

In linear fitting, a three-dimensional line is com-
bined. The direction and initial position of this track
are updated with this three-dimensional line. While
quadratic fitting is used to calculate the penetrating
depth and x? of the MUC track but not the direction
or position. So, we need not combine two readout
dimensions.

After the track fitting, we will calculate some
reconstruction quantities, such as the penetrating
depth, the maximum number of hits per layer, the
match distance, etc.

4 Performance

The performance of MUC reconstruction has been
studied with the Monte Carlo data sample. In the MC
simulation, the detection efficiency for MUC strips is
obtained from the cosmic-ray experiment, and noise
is not added. We have produced 50000 single muon
events in the momentum range from 0.4 GeV/c up to
1.6 GeV/c with —0.93 < cosf < 0.93, where 6 is the
incident polar angle. Muons could not reach MUC
when the momentum is below 0.4 GeV/c. We have
also produced 20000 muon pair events from J/1 de-
cay.

4.1 Reconstruction efficiency

In single muon events, the reconstruction effi-
ciency could be simply defined as the number of re-
constructed tracks divided by the number of events
with MUC hits. In this definition, the effect of detec-
tor acceptance has been taken into account.

The reconstruction efficiency as a function of
transverse momentum is shown in Fig. 4. The efli-
ciency reaches 99% when the transverse momentum
reaches up to 0.7 GeV/e. To study the quality of
the reconstructed track, we compared it with Monte
Carlo and calculated the missing hits number. The
triangular points and quadrate points in Fig. 4 are
the reconstruction efficiency with 0 or 1 missing hits.
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So, most of the reconstructed tracks have no missing
hits.

The reconstruction efficiency in low transverse
momentum is low because Mdc track extrapolation
is imprecise in low transverse momentum. For pion
with momentum less 0.6 GeV/¢, the difference be-
tween the extrapolated position and MC is about
78.2 cm (0.46 rad®).
not so big as pion, but there are still 11% muons
exceeding the window size (72 cm in first layer) with
transverse momentum less than 0.6 GeV/c.

For muon, the difference is

The reconstruction efficiency for the muon track
in muon pair events has also been checked. It is 99.8%
consistent with the results in Fig. 4.
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Fig. 4. Reconstruction efficiency as a function
of transverse momentum for muons with and
without missing hits.

4.2 Penetrating depth

Penetrating depth is the length of path along
which particles penetrate a number of absorber layers
in MUC. It is one of the most important quantities
for muon identification. It can be used to distinguish
muons from pions because the interaction of the muon
as a lepton with material is weaker than the pion as
a hadron.

We have implemented two methods to calculate
the penetrating depth. One method is to accumulate
the thickness of absorbers in a track, then project it
to the direction of the track. The other is to find the
intersection points of the track with two surfaces of
absorber, then calculate the distance between them.
The first implementation is fast, but can only be ap-
plied to linear trajectory when the bending power of
the magnetic field is neglectable. The second method
is suitable for both straight line and parabola trajec-
tory.

After obtaining the penetrating depth from re-
construction, we compare it with the MC truth in-
formation to check our program. In the simulation,

the Geant4 kernel divides the simulation process into
many steps. For each step, we could retrieve all
information about particles in the detector, among
which the length of each step is one of them. It’s
easy to accumulate the step length which is much
smaller than the size of the absorber in MUC. So, we
could get the expected penetrating depth from Monte
Carlo. Fig. 5 shows the comparison between the re-
constructed depth and the expected depth. We can
see from Fig. 5 that the reconstructed depth (dash
line) is very close to the expected depth (solid line),
which proves that the algorithm for calculation of
penetrating depth works well.

350

300

250

200

150

100

50

0 1 2 3 4 5 6 7
depth/mm (x10%)

Fig. 5. Comparison of penetrating depth be-
tween simulation and reconstruction.

When the effect of magnetic field in MUC is con-
sidered, we compare the depth from linear fit with
the one from quadratic fit. The mean value of differ-
ence between depth from linear fit and quadratic fit
with the expected depth is 0.335 cm and 0.297 cm.
The RMS value is 1.14 cm and 1.09 cm, respectively.
So, the depth from quadratic fit is closer to the ex-
pected depth than that from the linear fitting. But,
the difference between linear fit and quadratic fit is
very small. So the penetrating depth calculated with
the linear fit results is used for the performance study
in this paper.

4.3 Direction and position

When one MUC track is initialized with a seed,
the direction and position are set to be those of the
extrapolated track in the first layer of MUC. After the
MUC track is reconstructed, if a 3D line is formed,
the direction and position of this 3D line in the first
layer of MUC could be calculated. So two sets of di-
rection and position are obtained, one from the MUC
track and the other from the extrapolated track. We
compare these two sets of direction and position with
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MC in order to decide which one is to be used in
further calculation.

In Monte Carlo simulation, we recorded the di-
rection and position about a particle when it passed
through the first RPC gas chamber. After reconstruc-
tion, we calculated the angle between MUC track (ex-
trapolated track) and Monte Carlo, the distance be-
tween the position of MUC track (extrapolated track)
and Monte Carlo. Fig. 6 shows the angle versus
the distance between MUC track and MC. For most
events, the distance is less than 30 mm and the angle
less than 10°.

30 —
25 —
~ 20 —
3
on
g
[
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distance/mm
Fig. 6. Comparison of direction and position of

MUC track with MC.

The mean value of the distance between MUC
track and MC is about 33.4 mm, while the value from
the extrapolated track is about 65.1 mm. The mean
value of the angle between MUC track and MC is
about 6.0°, and the value from the extrapolated track
and MC is about 6.1°. There is no big difference in
the direction between MUC track and extrapolated
track. But the position of MUC track is obviously
better than that of the extrapolated track. So, when
a 3D line is constructed, the position and direction of
MUC track are reserved instead of the initial values.

5 Muon identification

The main goal for the BESIII muon counter is
to effectively separate muons from hadrons, namely
to reject hadrons as many as possible while keeping
muons with high efficiency. This could be achieved
by measuring the specific hit pattern produced by a
muon or a pion when they pass through BESIII muon
counter. In principle, a muon could go deeper in the
muon counter and trigger less hits in detecting layers.
In contrast, a pion, for its strong interaction with ab-
sorbers, goes shallow if the interaction occur. The key
to separate muons from pions is to find suit variables
related to the shape of hit cluster.

In recent years, many particle identification (PID)
algorithms have been developed, such as the likeli-
hood method™, the Fisher discriminator!®, the H-
Matrix estimator'®, the Artificial Neural Network!”,
the Boosted Decision Tree!® | and so on.

An artificial neural network is a computational
structure inspired by the study of biological neural
processing. We do muon identification with the Arti-
ficial Neural Networks (ANN) method using the fol-
lowing reconstruction variables: penetrating depth,
maximum number of hits per layer, match distance,
delta phi, and momentum from drift chamber.

The maximum number of hits per layer is defined
as the maximum number of fired strips in a layer for a
track. This is an effective quantity to separate muons
from hadrons. The muon has quite a strong punch-
ing ability, and usually it will produce only one hit in
each layer. However, the hadron may produce more
hits in a certain layer if a hadronic interaction occurs.

The match distance is defined as the distance be-
tween the position of muon hit and the extrapolated
position by the inner track. This variable will be help-
ful to reduce the hadron contamination to a lower
level because the hits generated by the secondary
muon from the decay of pion/kaon cannot match with
the inner track very well.

With MC data, we find the distribution of match
distance for pion is wider than that of muon.

In magnetic field, muon and pion will bend the
same angle if they have the same momentum. But
considering the interaction of particles with material,
the angle will be different for different particles. So,
delta phi, which is the difference of phi between MUC
track and MDC track, can be one of ANN variables.

In this paper, a C++ class of MultiLayer Percep-
trons (MLP) in ROOT™ library is re-used. We pro-
duce 50000 single muons and pions with momentum
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Fig. 7. Efficiency of muon identified as muon

and ratio of pion misidentified as muon.
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ranging from 0.4 GeV/c to 1.6 GeV/c and —0.93 <
cosf < 0.93, where 6 is the incident polar angle. The
data sample is subjected to network, and the output
values are constrained to be 0,1 for pion and muon,
respectively. Fig. 7 is the result of identification. We
could suppress pion contamination to 4% and keep
muon identification efficiency to about 90%.
Efficiency of muon identification is the ratio of the
number of muons which have been identified as muon
to the number of total muons. The ratio of pion con-
tamination is the ratio of the number of pions which
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