
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Identification of muons in ATLAS

van Kesteren, Z.

Publication date
2010

Link to publication

Citation for published version (APA):
van Kesteren, Z. (2010). Identification of muons in ATLAS. [Thesis, fully internal, Universiteit
van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/identification-of-muons-in-atlas(3611dd2b-f9b8-4a11-be04-8aeeb01cbc2a).html


Chapter 6

Muon tagging performance on

cosmic muons

6.1 Introduction

This chapter presents the performance of muon tagging with the MuTagIMO algorithm
on cosmics muons. The algorithm itself is described in Chapter 4. In this chapter we
study both simulated and real data. In order to efficienctly tag cosmic muon events,
we have to adapt the reconstruction software, which is optimized for collision events.
In section 6.2, these adaptations are discussed. Section 6.3 describes the configuration
of the MuTagIMO algorithm optimized for cosmic muons. Section 6.4 discusses the data
samples used for the performance studies. Section 6.5 presents the MuTagIMO tagging
performance on cosmic muons.

6.2 Cosmic muon reconstruction

Reconstruction of cosmic muons differs in many ways from reconstruction of muons
that originate from proton collisions in the beam pipe, and therefore adaptations to
the pattern recognition and track reconstruction algorithms are needed. The ATLAS
detector is designed to observe particles that originate from the Interaction Point (IP).
It is constructed such that particles traverse the Inner Detector, the calorimeters and
three layers of the Muon Spectrometer respectively. In contrast, cosmic muons do not
point towards the interaction point as they arrive from all directions. The following
issues have to be considered:

� Detector module orientation. For tracks that originate from the IP, the measure-
ment planes are close to orthogonal to the track direction. In cosmic events this
is no longer true, as the angle between the measurement plane and track may
become small as well.

� Time of flight corrections. Since cosmic muons do not come from the IP, the se-
quence with which the cosmic muon traverses the various detector parts is different
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from particles that originate from the IP. The time of flight of a particle from the
IP is the time it takes, traveling with the speed of light, to reach the measurement
plane. The reconstruction takes this time into account. For cosmic muons, the
time of flight should be accounted for in an other way than for muons from the IP.

� Trigger time uncertainty Events from proton collisions are well timed with the
LHC clock. Cosmic muons are not synchronized with the LHC clock. This causes
a random displacement with the LHC clock of between 0 and 25 ns, the time
between two bunch-crossings.

To address these issues, several modifications are made to the reconstruction software for
tracks in the Inner Detector and Muon Spectrometer. We then present the configuration
of the MuTagIMO muon tagging algorithm.

6.2.1 Reconstruction of cosmic tracks in the Inner Detector

Track reconstruction in the Inner Detector starts by creating SpacePoints from the
raw hits, then using the Pixel measurements and the IP constraint to create seeds for
track building, as described in section 3.2. For track reconstruction in cosmic events,
all interaction point constraints are removed. Furthermore, the following modifications
were made to the software [64]:

� Data preparation: The TRT measures the drift time of the signal at the anode
wire. For collision events, the drift radius is calculated via the rt-relation obtained
from calibration. For cosmic ray events, which are not synchronized to the LHC
clock, the drift time is corrected by a component called the phase time tp. The
phase time lies within 0 and 25 ns, i.e. it is a flat distribution within one bunch
crossing. TRT SpacePoints are made by running track reconstruction in two
steps. First TRT tracks from hits with zero drift radius with an error of 4/

√
12

mm are made. The phase time is then calculated by comparing the fitted track
radius to the measured drift radii [65].

� Track finding: Two different track reconstruction algorithms are used. A special
version of NewTracking [41] with an adjusted pattern recognition is implemented.
The second algorithm is the dedicated Cosmic and Test-beam Tracking [66]. Both
algorithms are run in parallel.

� Merging of tracks: Hits from the upper and lower part of the detector are merged
to a large, single track traversing both upper and lower part of the Inner Detector.
By convention, the direction of the track points downwards, in the direction of the
muon.

� Adjusted post-processing: In contrast to normal track reconstruction, no attempt
is made to reconstruct primary vertices or detect converted converted photons in
the post-processing step.
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6.2 Cosmic muon reconstruction

The modifications result in a stable and efficienct reconstruction of downward pointing
cosmic muon tracks in the Inner Detector. Studies with simulated cosmic events show
that a reconstruction efficiency of 98 % [67] within the Inner Detector acceptance is
achieved.

6.2.2 Reconstruction of cosmic tracks in the Muon Spectrom-

eter

In order to tag muons we do not need to reconstruct the full track in the Muon Spec-
trometer. An efficient reconstruction of segments inside the MDT stations, which is
part of the track reconstruction as well, is sufficient. In order to optimize the segment
reconstruction, a number of modifications are made to the reconstruction software:

� Cosmic pattern recognition: The pattern recognition in the Muon Spectrometer
is based on a Hough transform of the hits in the spectrometer, as described in
section 3.3. For events with tracks coming from the IP, a transform is used which
takes the curvature of the track into account. For cosmic muon reconstruction
however, the Hough transform is restricted to a straight line in the Rθ-plane.

� Cosmic segment reconstruction: For segment reconstruction in proton collision
events, the direction of the pattern is used as a contraint for the segment recon-
struction, as discussed in section 3.3.3. For reconstructing cosmic segments, this
is only used as a loose contstraint.

� Non-perfect detector: At this stage, the detector systems are not fully aligned and
uncertainties in the MDT calibration are present. These effects are taken into
account by enlarging the errors on the MDT driftcircles to a value of 2 mm. When
the detector is aligned and calibrated, the errors calculated from the rt-relation
will be used.

� Time reference t0: As the cosmic muons are not synchronized with the LHC clock
and the time of flight cannot be deduced, the reference time t0 is left as a free
parameter in the segment fit. Hence each segment acquires an independent t0
time.

� Track splitting: Tracks traversing the ATLAS detector from the top to the bottom,
crossing the calorimeter volume, are split and are treated as two separate muon
tracks. Cosmic muons crossing the Muon Spectrometer end-cap in general do not
cross the calorimeter volume and are not split.

The segment reconstruction efficiency for cosmic muons can be obtained from cosmic
data by selecting events with reconstructed tracks in the spectrometer which cross three
station layers. These tracks are required to have hits in at least two out of the three
station layers. The track is then extrapolated to each of the station layers and the
presence of a reconstructed segment is checked. The segment efficiency is obtained by
the fraction of segments found in the stations over the number of crossed stations. On
average, the segment reconstruction efficiency is measured to be 99.5 % [68].
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6.3 Muon tagging optimization

To optimize the identication of cosmic muons, the MuTagIMO algorithm is configured in
a special way. Most salient is the relaxed treatment of matching requirements. These
were implemented to reduce non-muon background in very busy events, i.e. events with
a high track multiplicity and for cosmic muons this is not needed.

� Track filter: The requirements on the track filter step, as discussed in section 4.3
are relaxed. First, only the momentum requirement of at least 2 GeV is imposed
on the Inner Detector tracks, no requirements on the transverse momentum is set.
Secondly, the requirement of having at least four hits in the silicon detectors of
the Inner Detector, i.e. Pixel and SCT hits, is dropped. The reason that this
requirement can safely be dropped is that the reconstruction of photon-conversion
tracks is not a source of non-muon background for cosmic muons. By dropping
this constraint, muons crossing the Inner Detector without traversing the SCT
volume are passed to the tagging algorithm.

� Segment selection: The requirements on the filtering of segments, discussed in
section 4.3 is relaxed. No requirement on the number of MDT multi layers is
imposed, and no requirement on the maximum number of holes per segment is
applied. Segments from cosmic muons may have large angles with respect to the
muon stations and may traverse only one multilayer.

� Relaxed segment preselection and matching: The matching of the ID track to
segments is done in two steps. First, the segments are preselected by performing
a rough search on segments in the vincinity of the station layers the ID track is
crossing as discussed in section 4.4. For cosmic events, the preselection of segments
that are considered to be matched to an ID track is relaxed from 0.1 rad to 0.5
rad in the Rz-coordinate and from 0.5 rad to 1 rad in the xy-coordinate.

Secondly, the ID track is extrapolated to the measurement surface of the prese-
lected segment, as discussed in section 4.5. Matching of the segments to the ID
track is relaxed to accomodate for the misalignment of the Muon Spectrometer
with respect to the Inner Detector and the enlarged uncertainty of the Muon Spec-
trometer segments. Hence, the matching variables clocY and cαY Z

are required to
be within 30 σ as opposed to 5 σ for tagging tracks pointing to the IP. Further-
more, as the cosmic tracks are rather isolated we can relax the requirements that
were developed to decrease the mis-identification rate. The pT dependent pull
requirement described by Eq. 4.11 is dropped for cosmic muon tagging, as well as
the requirements on the matching distance defined in Eq. 4.15.

� Bidirectional extrapolation: Most cosmic muons traversing the Inner Detector
volume pass the Muon Spectrometer volume twice, in the upper and the lower
hemisphere. In order to scan both hemispheres for segments, the ID track is ex-
trapolated in two directions. The track extrapolator algorithm is called with the
direction argument alongMomentum and oppositeMomentum to extrapolate to the
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6.4 Cosmic data samples

variable default value cosmic value description
cφ 0.5 rad 1.0 rad segment preselection xy-plane
cθ 0.1 rad 0.5 rad segment preselection Rz-plane barrel
cR 2/15 2/15 segment preselection Rz-plane endcap
clocY 5 30 position matching in Rz-plane
cαyz

5 30 direction matching in Rz-plane
clocX 5 30 position matching in xy-plane
cαxz

5 30 direction matching in Rz-plane
c∆locY

500 mm - position matching in Rz-plane
c∆αyz

0.3 rad - direction matching in Rz-plane

Table 6.1: The properties of the MuTagMatchingTool, shown with the optimized set-
tings for tagging cosmic muons with the MuTagIMO algorithm.

lower and upper hemisphere respectively. This feature of the ATLAS extrapolator
is described in section 3.4.2.

� ID tracks without silicon hits: The majority of the tracks traversing the Inner
Detector volume do not traverse the SCT detector volume. These tracks are built
from TRT hits only and will not have precision measurements in the Rz-plane.
With the above mentioned modifications, these tracks do now actually pass the
track filter and will only be matched in the xy-plane.

The configuration of the MuTagIMO matching tool for cosmic muon tagging is summarized
in Table 6.1. The performance of MuTagIMO muon tagging on cosmic muons will be
discussed in the following sections.

6.4 Cosmic data samples

To study the MuTagIMO tagging performance on cosmic muons both simulated events
and real data from the October 2008 cosmic run were used.

In the previous chapter we studied run 91060 for the hardware commissioning. This
run was taken without magnetic field on. Now, for the performance of the tagger, run
91890 with the solenoid and toroid magnets on is selected. From the curvature of the
track, the momentum of the muon can be measured. The full ATLAS detector was
operational, except for the staged muon stations in the barrel-endcap transition region
which were installed in spring 2009. The RPC chambers from the middle muon stations
were used for the LVL-1 trigger of the event, like with run 91060 used in section 5.4.1.
The same RPC trigger issues as discussed in section 5.4 were present during this run.
In order to study only events with activity in the Inner Detector, we used the IDCosmic
data stream. Besides ’real’ cosmic data, we studied Monte Carlo simulated cosmic
data, as discribed in section 2.3.2. Simulated cosmic event samples are available for
various geometrical acceptances: muons traversing the Muon Spectrometer volume, the
calorimeter volume and the Inner Detector volume. For our muon tagging studies, the
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last one is of most interest. Samples simulating the 91890 data run conditions were
used1. The magnetic fields were switched on in the simulation as well. However, at the
time of writing of this thesis, the trigger was not simulated for this sample.

We applied a selection requirement to ensure the simulation sample coincides with
the 91890 detector sample:

� At least three RPC φ hits in the Muon Spectrometer [69] are required to model the
RPC trigger conditions of the 91890 sample. This requirement was not imposed
on the run 91890 events.

� Cosmic ray shower events are removed from the 91890 data events, since these are
not simulated by the Monte Carlo. Moreover, cosmic showers events have multiple
Inner Detector tracks and have a high muon segment multiplicity. These kind of
events are not used in the muon identification performance studies. Events with
more than 20 segments are rejected.

6.4.1 Inner Detector tracks

To evaluate the muon tagging performance, a selection of events is made to identify
well reconstructed Inner Detector tracks. Inner Detector tracks that pass the following
requirements are referred to as good ID tracks:

� At least 8 hits are from the silicon detectors are present (both the SCT and the
Pixel detectors).

� At least 20 hits from the TRT detector are present.

� The transverse impact parameter d0 of the Inner Detector track should be smaller
than 250 mm.

� The Inner Detector track momentum is at least 2 GeV.

From the 91890 data events, around 10 % of the events have a good ID track. From
the simulated events this rate is 3 %. These selection efficiencies are very different in
data and simulation because the conditions in data and simulation were different. We
believe however, that after these requirements, the samples describe the same phase
space and can be mapped on each other.

Figure 6.1-a) shows the polar angle θ distribution of the reconstructed cosmic tracks.
The polar angle is defined with respect to the z-axis of the track, without requirement
that the track passes the origin. A polar angle of θ = π/2 corresponds to a straight
downward going track. The distributions shows two peaks at θ = 1.2 rad and θ = 1.9
rad, they correspond to the access shafts of the ATLAS pit. Most cosmic muons are
absorbed by the rock above the cavern and the muons reaching the detector have a

1The samples of the set valid2.108867.CosSimIDVolSolOnTorOn.digit.RDO.s540_d167_-

tid065777. Both simulated and real data samples are reconstruction with software release 15.2.0.11.
The distributions shown in this chapter consist of 30,000 events per sample.
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Figure 6.1: The a) polar direction θ and b) azimuthal φ direction of the track. Both
91890 data (black markers) and simulated cosmics (gray line) are shown. The simulated
data is normalized to the 91890 data.

higher probability to have passed through the shafts. The access shaft at the positive
z-axis side of ATLAS is larger than the shaft at the negative z-axis. Therefore the peak
at θ = 1.9 rad is higher than the peak at θ = 1.2 rad.

The discrepancies between the simulated events (gray) and 91890 data events (black)
come from non-read out sectors in the data [69] and the inhomogeneous RPC trigger
efficiency [70]. The different timing of the RPC trigger towers causes a (θ, φ)-dependent
Inner Detector track reconstruction efficiency. Figure 6.1-b) shows the azimuthal angle
distribution of the reconstructed cosmic track. As described in section 6.2, the Inner
Detector tracks is merged from an upper and lower hemishpere of the detector. The good
ID tracks have a negative φ-angle which means that the muons are pointing downwards
as is expected from cosmic ray events.

In Figure 6.2 the reconstructed track momentum of the cosmic muons from simulated
events (gray) and 91890 data (black) is shown. The figure shows that the momentum
of cosmic muons may reach a hundred GeV and distributions are compatible with each
other.

6.4.2 Muon Spectrometer segments

We now investigate the reconstructed Muon Spectrometer segments in the data and
simulation. Figure 6.3-a) shows the number of segments in the Muon Spectrometer per
event. For both simulation (gray) and 91890 data (black), the events have a large seg-
ment multiplicity. Note that we require that events have less than 20 segments in order
to remove cosmic shower events. A muon traversing through the full ATLAS detector
typically traverses six stations. More than six stations can be traversed if the track
is inclined and large and additional small muon chambers are crossed. Combinatorics
of segment building from MDT hits may cause multiple segments in a station to be
reconstructed.

Good ID tracks are tagged as muon tracks by associating segments to the track.
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Figure 6.2: The momentum of the track in GeV. Both 91890 data (black markers) and
simulated cosmics (gray line) are shown. The simulated data is normalized to the 91890
data.

Figure 6.3-b) shows the distribution of associated segments per good ID track. Most
of the tracks are tagged by associating six segments to the track. Overlaps in stations
give rise to more associated segments to the track. Only one segment per station is
associated to the track. When multiple segments per station are reconstructed due to
combinatorics, the best matching segment is associated. Hence the peak at six segments
consists of good ID tracks tagged by associating three segments in the upper hemisphere
and three segments in the lower hemisphere.

6.5 MuTagIMO tagging performance

When a cosmic muon traverses the Inner Detector of the ATLAS detector, it has crossed
the upper part of the Muon Spectrometer. When the muon has an energy of more than
approximately 6 GeV, it will cross the lower part of the spectrometer as well since it
then has enough energy to cross the calorimeters. We make use of these energetic muons
to evaluate the performance of the MuTagIMO tagging algorithm.

The Muon Spectrometer segments are divided in two categories, upper hemisphere
segments and lower hemisphere segments. The segments are separated according to
their position relative to the perigee of the good ID track :

rseg = (x0,trk − xseg) cos(φtrk) + (y0,trk − yseg) sin(φtrk), (6.1)
{

rseg > 0 upper hemisphere segment

rseg < 0 lower hemisphere segment
(6.2)

Where x0,trk, y0,trk is the point of closest approach of the track to the IP in the transverse
plane, φtrk the polar angle of the track and xseg, yseg the x and y coordinate of the
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Figure 6.3: a) Number of segments per event and b) number of segments associated
to a good track. Both 91890 data (black markers) and simulated cosmics (gray line) are
shown. The simulated data is normalized to the 91890 data.

segment.

Figure 6.4 shows the distribution of the number of segments associated to the track
versus the momentum of the track, for the 91890 data sample. The black open boxes
show the upper hemisphere segments, the gray boxes the lower hemisphere segments.
Tracks have typically three segments associated in the upper hemisphere. This is ex-
pected from the geometry of the ATLAS Muon Spectrometer. Low momentum cosmic
muons are likely to be stopped in the calorimeters, which is visible by the smaller num-
ber of associated segments in the lower hemisphere for tracks below 6 GeV. Cosmic
muons with sufficient energy to penetrate the calorimeters have associated segments in
the lower hemisphere of the spectrometer. For such tracks, the distribution of associated
segments in the lower and upper hemisphere become similar.

In order to cross-check the MuTagIMO efficiency in the upper and lower hemisphere,
cosmic muons with a momentum of at least 6 GeV were selected. For these tracks,
the upper and lower hemisphere act as two separate tagging systems. Figure 6.5 shows
the number of associated segments to the track in the upper and lower hemisphere.
No correlations were observed and in both hemispheres three segments were typically
associated to the track.

The MuTagIMO tagging efficiency is defined here as the number of good ID tracks
tagged by the MuTagIMO algorithm divided by the number of good ID tracks. Equiva-
lently, the tagging efficiency of the upper (lower) hemisphere is defined as the number
of good ID tracks tagged by associating one or more segments from the upper (lower)
hemisphere divided by the number of good ID tracks. Note, that no conditions are im-
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Figure 6.4: The number of associated segments versus the Inner Detector track momen-
tum. The segments from the upper and lower hemisphere are shown in black and gray
respectively. Tracks with a momentum of more than 6 GeV traverse both hemispheres
and hit three stations on average.
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Figure 6.5: The number of associated segments of both hemispheres, demonstrating
that the Muon Spectrometer acts as two separate systems. Segments associated to tracks
with a momentum higher than 6 GeV are shown.
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6.5 MuTagIMO tagging performance

data simulation
Upper and lower good ID track good ID track good ID track good ID track
hemispheres combined > 2 GeV > 6 GeV > 2 GeV > 6 GeV
events 4416 3666 1605 1336
tagged 4395 3656 1601 1336
efficiency (%) 99.5 ± 0.1 99.7 ± 0.1 99.8 ± 0.1 100 ± 0.1
Upper hemisphere
tagged 4331 3604 1571 1308
efficiency (%) 98.1 ± 0.2 98.3 ± 0.2 97.9 ± 0.4 97.9 ± 0.4
Lower hemisphere
tagged 4178 3606 1506 1309
efficiency (%) 94.6 ± 0.3 98.4 ± 0.2 93.8 ± 0.6 98.0 ± 0.4

Table 6.2: MuTagIMO performance on 91890 data and simulated cosmic events.

posed on the presence of an upper hemisphere tag when evaluating the tagging efficiency
in the lower hemisphere.The presence of a good ID track in the cosmic runs appears to
be a strong enough tag to probe the hemispheres separately and independently. One
expects that for cosmic ray muons with a momentum higher than 6 GeV the efficiencies
of upper and lower hemisphere are similar.

Table 6.2 shows the tagging efficiency of the MuTagIMO algorithm for the 91890 cosmic
data set. The first column shows the performance of the tagging of good ID tracks with
a momentum of 2 GeV and higher. The second column shows the results for tracks with
a momentum of more than 6 GeV. From the good ID tracks, 99.8 ± 0.1 % were identified
as muon tracks by the tagging algorithm. The identification is done by segments from
either one of both hemispheres. For good ID tracks, with a minimum momentum of
2 GeV, the MuTagIMO efficiency is higher for the upper hemisphere than for the lower
hemisphere, 98.4 ± 0.2 % versus 94.7 ± 0.4 % respectively. This difference can be
explained by the absorption of the low momentum muons in the calorimeters.

From the 2840 good ID tracks, 2363 have a momentum larger than 6 GeV. The Mu-

TagIMO efficiency for this sub-sample of tracks is 99.8 ± 0.1 % using segments from both
hemispheres. For these high momentum tracks, the tagging efficiency per hemisphere
is 98.3 ± 0.2 % for the upper hemisphere and 98.2 ± 0.2 % for the lower part of the
spectrometer. These values are of interest since for collision events, muon tagging is
done with one hemisphere.

In about 1.6 % of the cases, a good ID track with momentum above 6 GeV was not
tagged in one of the hemispheres. These “lost tracks” are studied in more detail. In
three quarters of these cases, not a single segment was reconstructed in that particular
hemisphere. This is due to the fact that the Muon Spectrometer has a hole around
η = 0, corresponding to θ = π/2, as described in section 1.2.3. Figure 6.6-a) shows
the MuTagIMO efficiency versus the polar angle θ of the upper hemisphere, Figure 6.6-b)
of the lower hemisphere. The gray distribution shows the efficiency of the simulated
sample, the black distribution for data. For both hemispheres, the polar angle of the
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Figure 6.6: Polar distribution of the MuTagIMO tagging efficiency for tracks tagged
with segments from a) the upper hemisphere of the Muon Spectrometer and b) the
lower hemisphere. Results from the simulated data sample is shown in gray, the run
91890 data sample is shown in black.

“lost” track is centered around θ = π/2. These tracks are pointing in the direction of
the Muon Spectrometer where the Muon Spectrometer has a hole.

Figure 6.7-a) and b) shows the MuTagIMO tagging efficiency versus the azimuthal
angle φ of the upper and lower hemispheres respectively. For these plots, good ID
tracks around the gap around θ = π/2 are rejected in order to detect structures in
the efficiency profile of the azimuthal angle without convoluting the (very localized)
ineffiencies around the Muon Spectrometer hole. No significant azimuthal dependence
of the tagging efficiency is observed.

Table 6.2 summarizes the MuTagIMO performance for simulated events as well. The
tagging efficiency of good tracks is 99.9 ± 0.1 % when using segments from both hemi-
spheres. The reduced tagging efficiency for low momentum good tracks with segments
from the lower hemisphere is observed in the simulated sample as well. The tagging
of good ID tracks with a momentum higher than 6 GeV show efficiencies which are
compatible within the statistical errors with the results of the data2. The inefficiency
of the tagging algorithm appears in the same θ region for both simulation and data
indicating that the performance of the muon identification is understood to be limited
by the ATLAS Muon Spectrometer geometry.

2When comparing results for the simulated and real data samples, one should correct for the absence
of the η and φ dependent trigger in the simulated data. When taking the η distribution into account, the
corrected MuTagIMO tagging efficiency for simulated data for the upper and lower hemisphere becomes
98.0 ± 0.6 % and 98.2 ± 0.5 % respectively.
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Figure 6.7: Azimuthal distribution of the MuTagIMO tagging efficiency for tracks tagged
with segments from a) the upper hemisphere of the Muon Spectrometer and b) the lower
hemisphere. Results from the simulated data sample is shown in gray, the run 91890
data sample is shown in black. Tracks with a polar angle θ between 1.4 and 1.7 are
excluded from this plot.

6.6 Conclusion on cosmic muon tagging

In this chapter the reconstruction of cosmic ray muons for the Inner Detector and the
Muon Spectrometer has been described. The adjustments to the MuTagIMO algorithm
were discussed in detail. The several modifications to the reconstruction software re-
sulted in an efficient cosmic muon identification performance.

Cosmic muon events, both simulated and real data have been studied. For good
tracks, the distributions of simulated and real data are compatible, giving confidence in
our level of understanding the detector, the data and reconstruction.

For the data, as defined by run 91890, the MuTagIMO tagging efficiency for good
ID tracks with a momentum above 6 GeV is demonstrated to be 99.8 ± 0.1 % when
associating segments from both the upper and lower hemisphere of the spectrometer.
For muon tagging using only one of the spectrometer hemispheres, as will be the case
for muon tagging in collision events, the MuTagIMO tagging efficiency is 98.3 ± 0.2 %
The loss of 1.7 ± 0.2 % is due to the absence of muon stations in the region around
θ = π/2. Efficiencies obtained from the simulated sample are compatible with the data
sample, within the statistical errors.
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