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Chapter 7

Muon tagging performance on

physics events

7.1 Introduction

The previous chapter discussed the performance of the muon tagging on cosmic muon
data. As no collision data is available at the moment of writing of this thesis, we
study the performance of the muon tagging algorithm on collision events with simulated
physics events. This chapter will discuss the tagging efficiency and mis-identification
rates of the various muon reconstruction algorithms, focusing on the MuTagIMO muon
tagging algorithm. Throughout this chapter, we refer to the MuTagIMO algorithm as the
tagging algorithm.

As discussed in section 3.5, the ATLAS muon reconstruction software consists of
a set of algorithms reconstructing different types of muons, Standalone, combined and
tagged muons. Combined muons, built from tracks from both the Inner Detector and
the Muon Spectrometer are of high quality since it uses information from the different
detector subsystems to reconstruct the muon. The geometry of the Inner Detector,
limits the reconstruction acceptance of the combined algorithms going to |η| < 2.5.

Standalone muons are reconstructed in the Muon Spectrometer up to |η| < 2.7.
Muons reconstructed in the Muon Spectrometer are extrapolated to the beam-line where
the track parameters are evaluated. Furthermore, the Muon Spectrometer has no cov-
erage at |η| = 0 and limited coverage between |η| ∼ 1.1 and |η| ∼ 1.4, as is discussed
in section 1.2.3. This causes losses of muons in these regions. An implicit requirement
on standalone muon reconstruction is that at least two muon stations should be tra-
versed by the muon to build a muon track, as discussed in section 3.3.4. Muons that
have very low momentum, less than 5 GeV, traverse less stations and are less efficiently
reconstructed by the standalone algorithms.

The limited coverage of the Muon Spectrometer in the region of |η| = 0 was clearly
visible in the muon tagging efficiency on cosmic ray muon data. For the evaluation of
muon tagging on simulated physics events, the default (collision) configuration of the
tagging algorithm is used. This is in contrast to the previous chapter where a setting
was used which was optimized for cosmic muon tagging.
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Muon tagging performance on physics events

Combined and standalone muon reconstruction algorithms rely on an optimal un-
derstanding of the ATLAS detector. In other words, the hardware inefficiencies, as
discussed in chapter 5 should be fully understood as well as the detector alignment and
calibration and taken into account in the offline reconstruction. At LHC startup, it is
foreseen that this level of understanding is not yet achieved and the muon reconstruction
is expected to be less performing1. An algorithm that is very robust and reliable can
therefore provide an alternative to the combined and standalone muon reconstruction.

In this chapter, we will show that the tagging algorithm proves to be a valuable
addition to the combined and standalone reconstruction algorithms. Summarizing, the
tagging algorithm improves muon reconstruction in the following ways:

� The tagging algorithm recovers muons in the regions where the Muon Spectrometer
has weak coverage, e.g. η = 0 and 1.1 < |η| < 1.4, hereafter referred to as |η| ∼ 1.2.

� The tagging algorithm recovers muons at very low transverse momenta, e.g. 2 <
pT < 5 GeV.

� The tagging algorithm provides a robust alternative for the combined and stand-
alone reconstruction algorithms.

First, the definitions of performance used in this chapter will be defined in section 7.2.
Section 7.3 will show the results of how the tagging algorithm improves the efficiency
of muon reconstruction. Section 7.4 discusses the mis-identification rate of the muon
reconstruction. Section 7.5 presents the results from a study of the robustness of the
muon reconstruction. Section 7.6 summarizes the performance results of the tagging
algorithm and discusses the need of the tagging algorithm when reconstructing first
data at the LHC.

7.2 Performance definitions

The muon identification efficiency ε is defined as the number of reconstructed muons
which are truth-matched to a generated muon, divided by the number of generated
muons:

ε =
Nµ

reconstructed

Nµ
generated

(7.1)

A reconstructed muon is truth-matched to a generated muon when angular difference
∆R =

√

∆η2 − ∆φ2 is smaller than 0.07, where ∆η is the difference in pseudorapidity
between the reconstructed muon and generated muon, ∆φ the difference in azimuthal
angle. All stable final-state muons which are generated in the range of |η| < 2.5 and
with a transverse momentum above 2 GeV are considered in the truth-matching. This
means that the muon in the physics samples may have various origins. For example,
in events with tt̄ quark production in the semi- and di-lepton decay mode, the muon

1Typically, track fitting techniques require a detailed understanding of the detector. Rejecting muons
on χ2 requirements will cause losses of muons when the detector is not properly modeled.
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7.3 Muon reconstruction efficiency

may originate from the hard decay of the W -boson as well as from the somewhat softer
decay of the B-mesons in jets.

Note, that this definition of the efficiency gives the physics performance of the muon
reconstruction, i.e. how many of the generated muons will be reconstructed and available
for physics studies. An other definition of efficiency, requiring in addition that simulated
hits are present in the Muon Spectrometer, gives the algorithmic performance of the
muon reconstruction, i.e. how well the algorithms are performing. Throughout this
thesis, the physics performance definition of efficiency is used, since it is of most interest
for physics analysis. To evaluate the performance of the reconstruction however, the
algorithmic performance takes into account the Muon Spectrometer acceptance and
gives a measure for how well the algorithms perform.

The mis-identification rate, or fake rate Rfake, is defined as the number of recon-
structed muons which are not truth-matched to a generated muon per event:

Rfake =
Nnon−µ

reconstructed

Nevents
(7.2)

The combination of efficiency and mis-identification rate tells the user if an algorithm
is performing properly or not. A highest possible efficiency and a lowest possible fake
rate is of course pursued, but in practice not feasible. Moreover, the performance of
the algorithms are dependent on the transverse momentum of the reconstructed muon.
It therefore depends on the physics analysis whether an efficiency is sufficient or a fake
rate is acceptable. In the following sections the algorithm is assumed to be performant
when the efficiency is close to the geometrical acceptance of the Muon Spectrometer and
when the fake rate of the tagging algorithm is of the same order as the fake rate of the
combined and standalone algorithms together.

7.3 Muon reconstruction efficiency

In order to evaluate the muon identification efficiency, we chose physics samples with
muon final states with various topologies. A Z0 → µ+µ− sample provides high energy
muons in a relative quiet environment and serves as a benchmark for the muon iden-
tification performance studies, as discussed in section 2.3.4. A J/ψ → µ+µ− sample
provides muons with low transverse momentum and serves to investigate the muon tag-
ging performance for very low momentum muons. A tt̄ sample provides muons from a
wide range of transverse momenta. These events have many tracks from charged parti-
cles, making muon tagging challenging. Figure 7.1 shows the track multiplicities for the
three samples. It is clear that the Z0 → µ+µ− and the J/ψ → µ+µ− samples have less
reconstructed tracks than the busy tt̄ events.

In this section we show the impact on the efficiency and mis-identification rate of
adding tagged muons to the collection of combined and standalone muons.

The muons reconstructed are written to the AOD, as discussed in 2.2. The muon
can be reconstructed by various algorithms, as discussed in section 3.5. For example, a
muon from the Muid collection can be reconstructed by both the standalone algorithm
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Muon tagging performance on physics events
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Figure 7.1: The number of reconstructed tracks, or track multiplicity, for three types
of events.

(MOORE) and tagging algorithm (MuTagIMO). Muons stored on the AOD are removed from
such overlaps and thus stored only once. The set of algorithms which reconstructed the
muon are stored in an author list. The muon is assigned a main author, favoring the
combined algorithm over the standalone algorithm and the standalone algorithm over
the tagging algorithm.

The study is done on the Muid muon collection, see section 3.5. As discussed in
section 3.5.1, the standalone muons are extrapolated to the beam line in order to evaluate
the track parameters close to the IP. In the rest of this chapter, these muons are referred
to as standalone (SA) muons. The refitted combined (CB) muons and the standalone
muons together are compared to the set of standalone, combined and tagged muons, in
order to evaluate the added value of the muon tagging algorithm.

Figure 7.2 shows the muon identification efficiency of the two sets of algorithms.
The gray markers show the performance of the combined and standalone algorithms,
the black markers add the tagged muons to the collection. Three different samples are
studied: the top row shows results from the Z0 → µ+µ− sample, the middle row of the
J/ψ → µ+µ− sample and the tt̄ sample in the lower row. The column a) presents the
efficiency versus pseudorapidity η and column b) versus transverse momentum pT . A
minimal transverse momentum requirement of 2 GeV is imposed for these plots.

The efficiency for the Z0 → µ+µ− sample is shown in the upper left plot of Figure 7.2.
The efficiency for the combined and standalone muons is close to 95 % over the full
pseudorapidity range. The distinguished dips in the distribution at η = 0 and around
|η| ∼ 1.2 are inefficiencies due to the gaps in the coverage of the Muon Spectrometer.
Adding tagged muons to the collection recovers the muons in the |η| ∼ 1.2 region,
since the algorithm does not require a muon track to be reconstructed in the Muon
Spectrometer, but muon segments. In this region with partial coverage, the muon is
likely to traverse only one muon station layer while at least two segments are required
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7.3 Muon reconstruction efficiency
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Figure 7.2: Efficiencies versus a) η and b) transverse momentum of the Inner Detector
track. The upper figures show the results of the Z0 → µ+µ− sample, the middle figures
show the J/ψ sample and the lower figures the top sample.
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Muon tagging performance on physics events

Z0 → µ+µ− pT > 2 GeV pT > 5 GeV pT > 20 GeV
CB and SA muons 95.1 ± 0.2% 95.8 ± 0.2 % 95.8 ± 0.2%
tagged muons 97.6 ± 0.1% 98.2 ± 0.1 % 98.2 ± 0.1%
CB, SA and tagged muons 97.9 ± 0.1% 98.4 ± 0.1 % 98.5 ± 0.1%
J/ψ → µ+µ−

CB and SA muons 88.7 ± 0.2% 91.3 ± 0.2 %
tagged muons 94.9 ± 0.1% 97.1 ± 0.1 %
CB, SA and tagged muons 96.1 ± 0.1% 97.1 ± 0.1 %
tt̄
CB and SA muons 78.6 ± 0.3% 91.5 ± 0.2 % 94.2 ± 0.2%
tagged muons 81.6 ± 0.3% 92.8 ± 0.1 % 96.0 ± 0.2%
CB, SA and tagged muons 83.9 ± 0.3% 94.8 ± 0.2 % 97.2 ± 0.2%

Table 7.1: Combined, standalone and tagged muon identification efficiencies on various
simulated samples, for different pT requirements.

to build a track. Some muons are recovered in the η = 0 region, where muons traverse
e.g. one station close to the gap in the Muon Spectrometer. Muon segments from these
stations are used to tag tracks in the η = 0 region which would otherwise be lost.

In the J/ψ → µ+µ− sample, shown in the middle plot of Figure 7.2-b), the tagging
algorithm recovers as expected muons in the same η regions as the Z0 → µ+µ− sample.
Besides that, an increase over the full pseudorapidity range is observed when adding
tagged muons to the collection. Muons from J/ψ decays have relatively low transverse
momentum, as is shown in Figure 2.5. These muons may not traverse the three station
layers of the Muon Spectrometer, resulting in a lower efficiency for the combined and
standalone algorithms. Segments, however, are reconstructed and used by the muon
tagging algorithm to identify muon tracks. Thus tagged muons are recovered in the low
transverse momentum region.

The lower row of Figure 7.2-a) shows the recovery of muons in the η regions as
discussed above for the tt̄ sample. Muons from B-meson decays cause low momentum
muons which are subject to the same reconstruction inefficiencies as low momentum
muons from J/ψ decays. In the lower plot of Figure 7.2-b), the increase in efficiency by
adding tagged muons to the collection is most apparent for low transverse momentum
muons.

Table 7.1 summarizes the integrated efficiencies for the two sets of muons and for
tagged muons only, for the three benchmark physics samples. Furthermore, results for
three pT cuts are presented in the table. The 2 GeV requirement represents the minimal
transverse momentum a muon needs to have in order to traverse the Calorimeters.
This requirement is set in the configuration of the muon tagging algorithm, as shown
in Table 4.1. The 5 GeV requirement is a standard requirement used in the muon
reconstruction community to evaluate performances. Most high-pT physics analyses
such as tt̄, Z0 and W [71] impose a 20 GeV cut on muon transverse momentum.

The muon tagging efficiency without considering combined and standalone algo-
rithms is above 98.2 ± 0.1 % for muons from Z0 boson decays with a transverse mo-
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7.4 Mis-identification rate

mentum higher than 5 GeV. For muons from J/ψ decays above 2 GeV the efficiency is
94.0 ± 0.1 %. For muons coming from top quark decays, the muon tagging efficiency is
96.0 ± 0.2 % for muons above 20 GeV. In general, the tagging efficiency is higher than
the efficiency of the combined and standalone reconstruction combined. In the ATLAS
muon reconstruction, tagged muons are added to the collection of combined and stan-
dalone muons. It is more sensible to look at the results of what the tagging algorithm
adds to the combined and standalone algorithms.

Tagged muons adds around 2.7 % efficiency for all three momentum cuts for the
Z0 → µ+µ− sample. Since the gains are due to recovery of muons in the pseudorapidity
range where the Muon Spectrometer has lower coverage, the gains are not momentum
dependent. For the J/ψ → µ+µ− sample however, the muon tagging algorithm improves
the muon reconstruction efficiency with 7.4 % for muons above 2 GeV and 5.8 % for
muons above 5 GeV transverse momentum. For the tt̄ sample, gains in efficiency of
around 5.3 % are shown for muons above 2 GeV, going to a value of 3.0 % for muons
with transverse momentum above 20 GeV.

As can be observed in Table 7.1, some muons are reconstructed by the combined and
standalone algorithms and not tagged. Two types of processes cause this behaviour. For
standalone muons, which are built from a Muon Spectrometer track which is extrap-
olated to the beam line, no Inner Detector track is available. This results in a track
which is not picked up by the combined or tagged algorithm. Secondly, some tracks
reconstructed by the combined algorithm are not tagged. The tagging algorithm has
assigned the wrong track to the Muon Spectrometer segments in the ambiguity solving
step.

7.4 Mis-identification rate

It is clear that adding the muon tagging algorithm to the set of muon reconstruction
algorithms improves the efficiency significantly. The muon tagging algorithm performs
matching, as described in section 4.5, and applies loose requirements to the match-
ing criteria. It is therefore expected that adding tagged muons will increase the mis-
identification rate. In chapter 4 we presented techniques applied by the MuTagIMO tag-
ging algorithm to reduce the mis-identification rate whilst still being efficient. The
algorithm is tuned to balance the gain in muon reconstruction and keeping the fake rate
at an acceptable level.

Figure 7.3 shows the number of fake muons per event, e.g. tracks which were tagged
as a muon but which were not truth matched to a muon. Column a) shows the distri-
bution of fake muons per event versus pseudorapidity η, column b) versus transverse
momentum pT . The upper row shows results from the Z0 → µ+µ− sample, the middle
row from the J/ψ → µ+µ− sample and the lower row of a tt̄ sample. Two sets of recon-
structed muons are presented, combined and standalone muons in gray and combined,
standalone and tagged muons in black. The minimal transverse momentum of the tracks
in these figures was required to be 5 GeV.

For the Z0 → µ+µ− and J/ψ → µ+µ− sample, the fake rate increases when adding
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Figure 7.3: Fake muons versus a) η and b) transverse momentum of the Inner Detector
track. The upper figures show the results of the Z0 → µ+µ− sample, the middle figures
show the J/ψ sample and the lower figures the top sample.

114



7.4 Mis-identification rate

Z0 → µ+µ− pT > 2 GeV pT > 5 GeV pT > 20 GeV
CB and SA muons 1.2 ± 0.1% 0.5 ± 0.1 % 0.14 ± 0.04%
tagged muons 2.7 ± 0.2% 0.7 ± 0.1 % 0.12 ± 0.03%
CB, SA and tagged muons 3.4 ± 0.2% 0.8 ± 0.1 % 0.16 ± 0.04%
J/ψ → µ+µ−

CB and SA muons 3.4 ± 0.1% 1.5 ± 0.1 %
tagged muons 4.9 ± 0.2% 1.3 ± 0.1 %
CB, SA and tagged muons 5.8 ± 0.2% 1.6 ± 0.1 %
tt̄
CB and SA muons 17.0 ± 0.2% 3.7 ± 0.1 % 0.4 ± 0.1%
tagged muons 33.3 ± 0.3% 12.9 ± 0.2 % 1.0 ± 0.1%
CB, SA and tagged muons 44.5 ± 0.4% 13.7 ± 0.2 % 1.1 ± 0.1%

Table 7.2: Combined, standalone and tagging fake rates on various simulated samples,
for different pT requirements.

tagged muons to the collection. Most of the mis-identified tracks come from low trans-
verse momentum tracks, as is observed in column b). For these tracks, material effects
such as multiple scattering and energy loss, as described in section 3.4.4, worsen the
muon tagging algorithms matching performance. In busy events with high track multi-
plicities, as is the case for tt̄ events in the lower plots of Figure 7.3, the fake rate increases
significantly when adding tagged muons to the collection.

Table 7.2 summarizes the fake rates for the three samples, integrated over the full
pseudorapidity range, for the two sets of reconstruction algorithms. The results for
three different cuts on the transverse momentum are presented. As expected, the mis-
identification rate can be significantly reduced by applying a transverse momentum cut.
For selecting a Z0 → µ+µ− sample a transverse momentum requirement of 20 GeV is
applied and the fake rate of 0.16 ± 0.04 % is achieved for the combined, standalone
and tagged muon collection. For selecting a tt̄ sample a 20 GeV cut on the transverse
momentum is applied, in this case a fake rate is 1.1 ± 0.1 % when MuTagIMO muons are
added to the collection. For selecting J/ψ → µ+µ− a lower transverse momentum cut is
applied. The mis-identification rate is 5.8 ± 0.2 % when selecting muons above 2 GeV
and 1.6 ± 0.1 % when selecting muons above 5 GeV. For reference, the mis-identification
rate for the tagging algorithm alone is shown in the table as well.

Figure 7.4 shows the efficiency and fake rates of the tagging algorithm versus the
number of reconstructed tracks in the Inner Detector, e.g. track multiplicity. For these
plots, the transverse momentum is required to be above 5 GeV. The grey markers show
the J/ψ → µ+µ− sample, the black dots the Z0 → µ+µ− sample and the tt̄ sample is
shown by black triangles. Figure 7.4-a) shows that the tagging efficiency decreases for
events with increasing track multiplicity. Figure 7.4-b) shows that the mis-identification
rate increases significantly for busier events. The numerous Inner Detector tracks make
it more likely that a wrong track is matched to a Muon Spectrometer segment. This
results in an increase of the mis-identification rate and a decrease in tagging efficiency.
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Figure 7.4: a) Efficiencies and b) the number of fake muons per event, plotted versus
the number of reconstructed tracks per event.

7.5 Robustness

The muon tagging algorithm is designed to be a robust alternative for the standalone and
combined algorithms. A study has been performed [72] to estimate the reconstruction
efficiency robustness for the various algorithms when severe detector failure occurs.
This section summarizes the results for two sets of muons, one with the combined and
standalone muons, the other with the MuTagIMO tagged muons added to the collection.

Detector failure is simulated by removing raw hits (PrepRawData hits, see section 2.2)
from MDT and CSC chambers before running the muon reconstruction. As a worst-case
scenario test, entire station layers (inner and middle station layers) are disabled in the
reconstruction. This situation is very severe and unlikely. More realistic are failures at
the level of chambers or multi layers as is discussed in section 5.5.

Events from a Z0 → µ+µ− sample valid1.005145.PythiaZmumu.digit.RDO.e322

_s405 were used. This sample was simulated and digitized with software release 13.0.40.
Reconstruction is done in software release 14.5.0. The truth-matching between recon-
structed tracks and simulated particles is done at hit-level. A muon track is associated
to a generated particle when simulated hits match hits associated to the track. The
efficiencies quoted below are physics efficiencies, as discussed in section 7.2, in which
no presence of generated hits in the Muon Spectrometer is required. An algorithmic
efficiency is calculated by requiring at least one truth hit in the Muon Spectrometer.
For the quoted efficiencies, a transverse momentum of more than 5 GeV was required.

Figure 7.5 shows the reconstruction efficiency of the two sets of algorithms versus
pseudorapidity η for three cases of detector failure. The upper plot shows the nominal
reconstruction efficiency, where no chambers were removed from reconstruction. For the
middle plot, the Inner (I) station layer is removed and for the lower plot, the Middle
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7.5 Robustness

Physics efficiency nominal Inner stations Middle stations
removed removed

CB and SA muons 95.1 ± 0.2% 78.8 ± 0.5 % 81.9 ± 0.4%
CB, SA and tagged muons 97.4 ± 0.1% 94.4 ± 0.2 % 95.0 ± 0.2%
Algorithmic efficiency
CB and SA muons 95.9 ± 0.2% 79.3 ± 0.5 % 82.8 ± 0.4%
CB, SA and tagged muons 98.3 ± 0.1% 95.2 ± 0.2 % 96.8 ± 0.2%

Table 7.3: Muon reconstruction efficiency evaluating a Z0 → µ+µ− sample. Results
are shown for the nominal detector geometry and when removing the Inner station layer
and the Middle station layer respectively.

(M) station layer is removed2. The gray markers show the efficiency for the combined
and standalone muons, the black markers adds tagged muons to the collection.

The nominal efficiency distribution shows an efficiency close to 100 % over the full
pseudorapidity range for the combined and standalone muons, with the familiar gaps at
η = 0 and around |η| ∼ 1.2 due to the Muon Spectrometer coverage. The muon tagging
algorithm recovers muons in these regions.

When Inner stations are removed from the reconstruction, the efficiency of the com-
bined and standalone reconstruction decreases. Periodic losses in the barrel region are
observed due to gaps in the middle station layer where the toroid ribs intersects the
station layer. Losses are severe in the barrel-endcap transition region where muons only
traverse the Inner and Middle station layers from which one is now removed. Adding
tagged muons to the collection recovers most of the muon losses over the full pseudora-
pidity range.

Removing the Middle station layer results in similar losses for the combined and
stand alone muons, as is shown in the lower plot in Figure 7.5. The recovery in the
barrel-endcap region is not as complete as in the case that inner stations were removed.
At a pseudorapidity |η| = 1.2 the muon traverses the only the Middle station layer in
the endcap and removing this layer causes muons to be lost.

Table 7.3 summarizes the η-integrated physics efficiencies for the two sets of re-
construction algorithms for no station layer removed, Inner station layer removed and
Middle station layer removed. The efficiency for the combined and standalone algo-
rithms drops from 96.2± 0.2 % to 84.1± 0.4 % (79.8± 0.5 %) when the Inner (Middle)
station layer is removed. When the muon tagging algorithm is added to the set of
muon reconstruction algorithms, the efficiency losses are less. The efficiency drops from
98.6± 0.1 % to 97.5± 0.2 % (95.7± 0.2 %) when the Inner (Middle) station layer is re-
moved. The algorithmic efficiencies are presented in the lower two columns of Table 7.3.
Overall, the efficiencies are around a percent higher compared to the physics efficiency.
In column b) of Figure 7.5 it can be seen that for the nominal geometry, the difference
in physics and algorithmic efficiency is almost exclusively due to the gap in the Muon
Spectrometer at η = 0.

2For this analysis, the BEE stations are considered Inner stations.
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Figure 7.5: Muon reconstruction efficiency versus pseudorapidity η for Z0 → µ+µ−

events when parts of the ATLAS Muon Spectrometer are switched off. For the upper
plot, no stations were switched off. For the middle plot, the Inner station layer was
switched off. For the lower plot, the Middle station layer was switched off. Both a)
Physics efficiency and b) Algorithmic efficiency are shown.
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The MuTagIMO tagging algorithm will prove invaluable for analysis with the first collision
data of the LHC, when the detector is not yet fully understood. In the beginning, the
ATLAS detector is not fully calibrated nor aligned, and the momentum and energy
scales need to be measured. In this chapter we have presented performances of the muon
reconstruction based on simulated physics data, though at LHC startup these quantities
need to be measured from real data. The benchmark muon final state processes used in
this chapter will be used for these measurements when LHC will have first collisions.

The measurement of J/ψ and Z0 events will be one of the first physics processes to
be analyzed at ATLAS. Figure 7.6 shows the invariant mass of the di-muon events of
the J/ψ sample, Figure 7.7 of the Z0 sample. Events reconstructed from combined and
standalone muons are shown in grey, events from muons which were either combined,
standalone or tagged are shown in black. In both plots, muons with a transverse momen-
tum above 2 GeV are used to reconstruct the invariant mass with. Using tagged muons
in the analysis in addition to the combined and standalone muons adds 15.3 ± 0.3%
entries to the plot for the J/ψ sample and 5.8 ± 0.3% entries for the Z0 sample. The
increase is most pronounced for the J/ψ sample since low momentum muons are used to
reconstruct the invariant mass. As dicussed in section 7.3, the tagging algorithm adds
predominantly low momentum muons.

The relative increase in entries of the invariant mass plots of the two samples are
directly related to the increase of the muon reconstruction efficiency when adding tagged
muons to the combined and standalone muons. For the muons from Z0 boson decays
the muon reconstruction efficiency increases from 95.1 % to 97.9 % when adding tagged
muons. As expected, the difference of the squared efficiencies is 5.4 % and compatible
with the value observed in the invariant mass plot. For the muons coming from J/ψ
decays the reconstruction efficiency increases from 88.7 % to 96.1 % when adding tagged
muons. This in turn corresponds to a squared efficiency difference of 13.7 %, also
compatible with the value observed in the invariant mass plot.

Figure 7.8 shows the invariant mass of four muons from a Higgs boson decaying to
four leptons. The generated Higgs mass is 130 GeV. First combinations of two muons are
made. One combination is required to lie within 20 GeV from the Z0 boson mass. From
the dimuon combinations of the other muons, the combination with the highest invariant
mass is chosen. Both muons combinations are then combined to one state from which the
invariant mass is shown in the figure. Again, two sets of muon reconstruction algorithms
are shown: combined and standalone muons in gray, and combined, standalone and
tagged muons in black. Adding tagged muons to this analysis adds 2.1 ± 0.3 % to the
number of entries in the plot.

We have shown that the tagging algorithm provides a very efficient addition to the
combined and standalone muon reconstruction algorithms. The efficiency gain is due
to the recovery of muons in regions where the Muon Spectrometer has poor coverage,
namely the hole at η = 0 and in the barrel-endcap transition region at 1.1 < |η| <
1.4. Moreover, gains in efficiency are observed for muons down to 2 GeV transverse
momentum. The increase of efficiency comes with an increase of the mis-identification
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Figure 7.6: Invariant mass of the two reconstructed muons in the J/ψ → µ+µ− sample.

mass (MeV)
70 80 90 100 110

310×

ev
en

ts

0

100

200

300 -µ+µ→0Z

CB and SA

CB, SA and tag

70 80 90 100 110
310×0

100

200

300

Figure 7.7: Invariant mass of the two reconstructed muons in the Z0 → µ+µ− sample.

Z0 → µ+µ− J/ψ → µ+µ− H0 → µ+µ−µ+µ−

CB and SA muons 4660 12762 3044
CB, SA and tagged muons 4948 15071 3109
increase (%) 5.8 ± 0.3 15.3 ± 0.3 2.1 ± 0.3

Table 7.4: The number of entries in the invariant mass plots of the various physics
processes.
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Figure 7.8: Invariant mass of four reconstructed muons in the H0 → µ+µ−µ+µ−

sample.

rate. This origin of this increase is well understood and application of cuts at transverse
momentum keeps the fake rate at an acceptable level. The tagging algorithm has proven
to be very robust as well, keeping an excellent efficiency in severe scenarios where parts
of the Muon Spectrometer are not operational.

The muon identification efficiency for the the decay of the Z0 boson into two muons
with a transverse momentum above 5 GeV is demonstrated to be 98.4 ± 0.1 %, for
muons which are combined, standalone or tagged. This value is compatible with the
muon identification efficiency measured in real data from cosmic ray muons, which is
98.3 ± 0.2 %. The muon tagging efficiency in both cases is close to the geometrical
acceptance of the Muon Spectrometer.
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