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Chapter 3

Particle detection in the ATLAS detector

3.1 Introduction

The ATLAS detector is a general purpose detector that aims at the detection of a wide
range of possible event signatures. This implies an optimized implementation of several
particle detection technologies discussed in this chapter. ATLAS has a layered structure
in which each layer is aimed at the detection of a specific type of particle. Figure 3.1 is
an illustration of the ATLAS detector showing its size and components.

Figure 3.1: Illustration of the ATLAS detector with size and components indicated.

Before discussing the applied detector technologies we will address the ATLAS trigger
system in Section 3.2 and the magnet systems in Section 3.3. From the interaction
point outwards various detector technologies are applied. They are discussed in Section
3.4 where subsequently the Inner Detector, Calorimeter and Muon Spectrometer are
described. A more thorough discussion of the ATLAS sub detector components can
be found in [30]. The reconstruction of muon tracks is addressed in Section 3.5. The
precision of the Muon Spectrometer is important for many physics studies, including
Z → µ−µ+ decay studies, and is discussed in Section 3.6.
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Particle detection in the ATLAS detector

3.1.1 Coordinate system

The ATLAS experiment uses a right-handed coordinate system with the origin at the
nominal proton-proton interaction point. The positive x-axis points towards the center
of the LHC ring and the positive y-axis points upwards. The positive z-axis points in the
beam direction that forms a right-handed coordinate system. Transverse momentum,

pT , and transverse energy, ET , are defined in the x-y plane, e.g. pT =
√
p2
x + p2

y.

Two angles are defined: the azimuthal angle φ is measured around the beam axis and
the polar angle θ is measured with respect to the beam axis. The polar angle is used to
define the pseudorapidity η = − ln tan(θ/2). The separation between two reconstructed
physics objects is expressed in terms of the azimuthal and polar angular differences as
∆R =

√
(∆φ)2 + (∆η)2.

3.2 Trigger

In a high luminosity environment such as at the LHC, it is important to select interesting
events at an early stage and bring down the data flow to a rate that can be handled
by offline computing power and storage capacity. The ATLAS trigger system selects
interesting events from the design bunch crossing rate of 40 MHz. The data are written
to tape with a design rate of 200 Hz. In 2010 and 2011 proton-proton (pp) collision data
taking this rate was measured to be 300 Hz [31,32]. The event rate reduction is achieved
in three consecutive stages:

• Level 1 (L1) - the first stage is a hardware-based selection using calorimeter
and muon trigger detector information to define regions of interest (RoI). The
L1 trigger is the fastest trigger (decisions take on average 2.5 µs per event) and
reduces the design (measured) rate to about 75 kHz (40 kHz);

• Level 2 (L2) - the second stage takes the RoI information provided by the L1
trigger and continues the selection of events by using a finer detector granularity
and some tailored (i.e. fast) reconstruction algorithms. These additions make
the L2 trigger slower than the first stage (about 40 ms per event). The design
(measured) output rate is about 3.5 kHz (4 kHz);

• Event Filter (EF) - the last stage of the trigger system uses all available data
for events selected by the L2 trigger. The EF uses object reconstruction algorithms
as available in offline reconstruction. It is the slowest trigger stage (about 4 s per
event) and brings down the design (measured) rate to about 200 Hz (300 Hz).

Each stage of the trigger system allows for selections of low-pT or high-pT particles.
When the LHC moves from startup settings to higher instantaneous luminosity the
low-pT triggers are prescaled to reduce their output to a manageable rate.

Triggering on events biases the output dataset to events where you expect something
interesting. Of course, the rest of the dataset could also be containing interesting un-
expected events. For this reason ATLAS stores, at a rate of 5 Hz, a random sample of
events that do not pass trigger requirements.
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3.3 Magnet systems

3.3 Magnet systems

The design of the ATLAS detector was driven by a choice for the magnet systems. The
magnet layout consist of one solenoid magnet and three toroid magnets: one in the
barrel and one for each of the two endcaps. Figure 3.2 shows an illustration of the
magnet layout as implemented in ATLAS.

The solenoid provides a 2 T axial magnetic field for the Inner Detector. It is located
before the calorimeter and its layout is optimized to keep the material thickness in front
of the calorimeter as low as possible.

The toroid magnets are located after the calorimeter and provide bending power for
the Muon Spectrometer. The air-core magnet concept minimizes the amount of material
traversed by the muons after exiting the calorimeters. This design however implies a
large diameter for the toroid magnet system (≈ 20 m), and thus also for the ATLAS
detector1. Barrel and endcap toroids each consist of eight coils, indicated in Figure 3.2.
They provide a magnetic field of approximately 0.5 T and 1 T for the muon detectors
in the barrel and endcap regions, respectively.

Figure 3.2: Illustration of the magnet layout used in ATLAS.

3.4 Detector technologies

Several detection principles are applied in ATLAS. Tracking detectors are used for pre-
cision measurements of the particle momentum of charged particles and calorimeters are
used for precision measurements of the energy of charged and neutral particles. From
the interaction point outwards the ATLAS detector can be divided in three components
where tracking, calorimetry and again tracking are used:

1It is this characteristic design feature that gives ATLAS its name: A Toroidal Lhc ApparatuS.
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Particle detection in the ATLAS detector

• The Inner Detector measures the position, direction and momentum of charged
particles close to the interaction point;

• the electromagnetic (EM) and hadronic calorimeters measure energy deposits of
charged and neutral particles, respectively. The calorimeters are situated outside
the Inner Detector;

• the Muon Spectrometer measures the position, direction and momentum of muons.
It is situated outside the calorimeters.

During the design of ATLAS several performance goals were formulated to achieve
the necessary precision for the physics program. Table 3.1 shows the required resolution
for the various detector components in ATLAS. Units of pT and E in this table are GeV.

Detector component Required resolution η coverage

Inner Detector σpT /pT = 0.05% pT
⊕

1% ±2.5

EM calorimetry σE/E = 10%/
√
E
⊕

0.7% ±3.2

Hadronic calorimetry

barrel and endcap σE/E = 50%/
√
E
⊕

3% ±3.2

forward σE/E = 100%/
√
E
⊕

10% 3.1 < |η| < 4.9

Muon Spectrometer σpT /pT = 10% at pT = 1 TeV ±2.7

Table 3.1: General performance goals for the ATLAS detector [30].

3.4.1 Inner Detector

The Inner Detector (ID) measures the position, direction and momentum of charged
particles close to the interaction point. It is the detector closest to the interaction point
and has to deal with approximately 1,000 tracks per pp-collision [30]. The ID consists of
three complementary sub-detectors: a silicon pixel detector, a silicon strip detector and
a straw tube detector. The latter is a transition radiation tracker (TRT) and forms the
outer part of the ID. The silicon pixel detector (Pixel) is closest to the beampipe and
thus has to deal with the highest particle fluxes in ATLAS. The silicon strip detector is
a semiconductor tracker (SCT) and is located between Pixel and TRT.

The ID is contained within a concentric cylindrical envelope of length ±3512 mm and
radius 1150 mm. It is immersed in the 2 T solenoidal magnetic field which is aligned to
the beam axis. Figure 3.3 shows the Inner Detector components and size.

3
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3.4 Detector technologies

Figure 3.3: Illustration of the Inner Detector with size and components indicated.

Pixel

The pixel detector design needed to meet very stringent specifications on radiation hard-
ness, resolution and occupancy in the innermost layers. The layout consists of silicon
pixel sensors in three cylindrical layers around the beam pipe and three endcap disks on
each side of the interaction point. A pixel sensor has a nominal size of 50 × 400 µm2

and provides a discrete space-point measurement. There are about 80 million sensors
in total in the pixel detector. The hermetic design ensures that at least three pixel hits
are generated by charged particles within the acceptance of |η| < 2.5. The intrinsic
measurement accuracy in the barrel (endcap) region is 10 µm in R − φ and 115 µm in

z (115 µm in R), with R the radial distance
√
x2 + y2.

SCT

The SCT uses silicon strips that are assembled in modules, with two strips placed at
40 mrad stereo angle between them. Each module provides a two-dimensional measure-
ment in the precision plane, i.e. R − φ for the barrel and R − z for the endcap. The
modules are placed in four concentric cylinders around the beam pipe and one endcap
on each side of the interaction point. On both sides, each endcap consists of nine disks
of SCT modules. A total of 4088 SCT modules is implemented in ATLAS providing at
least four precision measurements within the acceptance of |η| < 2.5. The intrinsic mea-
surement accuracy is 17 µm and 580 µm for the precision plane and the non-precision
coordinate, respectively.
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Particle detection in the ATLAS detector

TRT

The TRT is a drift tube detector that has the possibility to measure transition radiation.
Its most important design goals are to improve the transverse momentum resolution and
to enhance separation between electrons and pions by using emitted transition radiation.

Straw tubes with a diameter of 4 mm are used. They contain a 3 µm tungsten anode
wire and a Xe:CO2:O2 (70:27:3) gas mixture. A passing charged particle ionizes the gas
and a signal is read out at the tube ends. The drift radius accuracy of a single straw is
130 µm in R − φ. The drift tube detection principle is also applied in the Muon Drift
Chambers and will be adressed in more detail in Section 3.4.3.

The straws are interleaved with polypropylene fibers or foil for barrel and endcap
regions, respectively. When a charged particle crosses the boundary between straw tube
and fiber/foil it passes between two material layers with different dielectric constants.
It can then emit transition radiation with a probability proportional to γ = E/m. The
mass of the pion is more than 250 times larger than the mass of the electron, resulting in a
significantly larger γ for electrons. Transition radiation will result in an increase in signal
amplitude of about one order of magnitude and is detected by readout voltages passing
a high threshold. Figure 3.4 shows the probability for an electron/pion to produce a
high-threshold hit in the barrel TRT region as a function of γ.
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Figure 3.4: Probability of a high-threshold TRT hit as a function of γ = E/m [33].

3.4.2 Calorimeter

Calorimeters are used for precision measurements of the energy of charged and neu-
tral particles. In ATLAS both electromagnetic (EM) and hadronic calorimeters are
used. EM calorimeters measure electrons and photons through their EM interactions.
Hadronic calorimeters measure hadrons through their strong and EM interactions. EM
calorimeters form the inner layer of the ATLAS calorimeter. The outer layer contains
hadronic calorimeters. Figure 3.5 shows the components of the ATLAS calorimeter.

3
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3.4 Detector technologies

Figure 3.5: Illustration of the ATLAS Calorimeter with components indicated.

The ATLAS calorimeters are sampling calorimeters, consisting of alternating layers
of an absorber material and an active medium. The absorber degrades the energy of the
incident particle, the active medium provides the detectable signal. In the electromag-
netic calorimeters liquid argon and lead are used as the active medium and absorber,
respectively. In the electromagnetic part of the forward calorimeter (FCal) liquid-argon
and copper are applied.

The hadronic calorimeter uses various sampling materials. In the tile calorimeter at
|η| < 1.7 steel and scintillator are used as the absorber and active medium, respectively.
The hadronic endcap calorimeter is a copper/liquid-argon sampling calorimeter which
covers 1.5 < |η| < 3.2. The hadronic forward calorimeters (3.1 < |η| < 4.9) use copper
and tungsten as absorbers and again liquid-argon as active medium.

The cumulative material at the exit of the electromagnetic calorimeter corresponds
to more than 22 and more than 24 radiation lengths, X0, in the barrel and endcap,
respectively. This is enough to stop (almost) all electrons and photons. At the exit of
the hadronic calorimeter the cumulative material corresponds to about 11 interaction
lenghts, λ. This has been shown to be sufficient to reduce hadron punch-through, e.g.
π/K, well below the irreducible level of prompt or decay muons [30]. The good stoppage
power, together with the large η coverage, ensures a good measurement of missing energy,
EmissT . Particles that escape the detectors undetected, e.g. neutrinos, will result in net
missing transverse energy when summing the contributions from all detected particles.
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Particle detection in the ATLAS detector

3.4.3 Muon Spectrometer

The outermost part of the ATLAS detector is the Muon Spectrometer. Tracking cham-
bers measure the position, direction and momentum of muons. Monitored Drift Tube
chambers (MDTs) are precision tracking chambers in the barrel and endcap region. In
both regions the MDTs are placed in three measurement layers. At large pseudorapidity,
2.0 < |η| < 2.7, Cathode Strip Chambers (CSCs) replace the first layer of MDTs. CSCs
are designed to withstand the high counting rates in this η region.

In addition to these precision measurements the spectrometer provides muon trigger
information for η < 2.4. Resistive Plate Chambers (RPCs) and Thin Gap Chambers
(TGCs) are used for triggering in the barrel and endcap region, respectively. Figure 3.6
shows the different components of the Muon Spectrometer.

Figure 3.6: Illustration of the ATLAS Muon Spectrometer with components indicated.

MDT

The MDTs in the barrel region, |η| < 1.05, are placed in three cylindrical layers around
the beampipe. Figure 3.7(a) shows an x-y cross section of the detector. Sixteen φ-sectors
are defined, with alternating large and small MDTs. MDTs from the three layers are
named inner, middle and outer chambers according to their distance from the interaction
point2. Abbreviations are used to indicate the type of chamber. For example, a BOL
chamber indicates a large chamber in the outer layer of the barrel.

2The Inner layer is obviously located closest to the interaction point.

3
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3.4 Detector technologies

In the endcap region there are three MDT wheels, with the same sixteen φ-sectors
and alternating large and small chambers configuration as in the barrel. The naming
of inner, middle and outer chambers again follows the orientation with respect to the
interaction point. An EMS chamber is a small chamber in the middle layer of the endcap.

Additional MDTs are placed between barrel and endcap, in the region around the
endcap toroid. The magnetic field integral for this region is very low. The BEE and
EEL/EES chambers should improve the muon measurements in this challenging region.
Figure 3.7(b) shows a y-z cross section of the spectrometer.

(a) (b)

Figure 3.7: (a) Transverse and (b) longitudinal cross sections of the spectrometer.

Each MDT chamber consists of two multilayers of monitored drift tubes. The drift
tubes are aluminum tubes with a diameter of about 30 mm. Each tube contains an
anode wire of 50 µm and an Ar:CO2 gas mixture (93:7). A positive high voltage of
3080 V is applied to the wire. Figure 3.8(a) shows the operation principle of an MDT.

A muon passing a tube ionizes the gas, resulting in a flow of electrons towards the
wire and ions towards the tube wall. Close to the wire the kinetic energy of the electrons
is sufficient to free new electrons, creating an avalanche of electrons. The drifting charges
induce a changing potential which causes an electric signal in the readout of the wire.
The signal pulse shape has a steep rising edge, due to the fast electrons, but a long tail,
due to the slow ions. Readout electronics measure both the time at which the signal
pulse passes a predefined threshold value and the accumulated charge in the next 20 ns.

The measured drift time consists of several contributions, which need to be corrected
for. These contributions include, for example, delays due to cabling and front-end elec-
tronics, t0, and time slewing, tslew. The latter can be corrected for by using the measured
accumulated charge. The value of t0 is obtained from a calibration procedure. For cos-
mic data taking a special procedure was developed, which will be discussed in Section
3.5.5. During reconstruction the corrected drift time is converted into the closest radial
position of the muon to the anode wire, Rmin, using an rt-relation. A dedicated ca-
libration procedure determines the rt-relation from data. A detailed discussion on the
operation of the MDTs can be found in ref. [34].
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Particle detection in the ATLAS detector

µ

29.970 mm

Anode wire

Cathode tube

Rmin

(a)

Longitudinal beam
In-plane alignment

Multilayer
Cross plate

(b)

Figure 3.8: Illustration of (a) the operation principle of an MDT and (b) the layout of
an MDT chamber.

Each multilayer has three (four) layers of tubes for the Middle and Outer (Inner)
chambers, resulting in an average of six (eight) measurements, or hits, per chamber per
muon. Figure 3.8(b) shows the layout of an MDT chamber. The tubes are oriented
perpendicular to the beam axis, aligned with the toroidal magnetic field. This way
the precision measurement of Rmin is in the yz-plane, i.e. in θ. The MDT chambers in
general have no sensitivity in the xy-plane, i.e. in φ, and use information from the trigger
chambers for this. Some special twin tube chambers, which do provide information on
the xy-position for the muon track, are designed and installed in the Muon Spectrometer.
A proof of principle for operation of these chambers with cosmic data is given in ref. [35].

CSC

The CSCs are located in the first layer of the endcap at 2.0 < |η| < 2.7, as shown
in Figure 3.7(b). They are precision tracking chambers like the MDTs but the CSCs
are designed to withstand the high counting rates at large pseudorapity. There is one
CSC endcap disk on each side of the interaction point. As for the MDTs the CSCs are
segmented in large and small chambers. Figure 3.9 shows the eight large and eight small
chambers in one CSC endcap disk.

CSCs are multiwire proportional chambers. Instead of one cathode tube and one
anode wire, as was the case for MDTs, CSCs have two cathode strip planes and multiple
anode wires in a single CSC plane. The wire to anode distance is equal to the wire-
to-wire distance of 2.5 mm. The cathode strips are segmented perpendicular to each
other, where one strip is parallel to the wires. This way each CSC plane provides a
measurement on η and φ of the muon. There are four CSC planes in a chamber. A
typical muon passing the CSCs acceptance will thus have four measurements of the η
and φ coordinates of the muon.

3
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3.4 Detector technologies

Figure 3.9: Schematic view of the layout of a CSC disk.

RPC

RPCs are used in the barrel region (|η| < 1.05) to trigger on muons and to measure the
φ coordinate of the muon. As for the MDTs there are three layers of RPCs. Two are
mounted on both sides of the barrel middle MDTs. One is located on the barrel outer
MDT chamber. Figure 3.10 shows this configuration in an x-y cross section.

Figure 3.10: RPC positioning on MDT chambers.
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Particle detection in the ATLAS detector

An RPC is a gaseous parallel electrode-plate detector operated in avalanche mode.
When a charged particle passes through the gas it creates an avalanche of secondary
charges particles. The two plates are at 2 mm distance and are connected to two read-
out strips. One strip reads out the φ coordinate, the other the η coordinate. A φ-strip
length and time jitter is on average half that of a η-strip, giving it a more precise timing.
The φ-strip information is also needed for the pattern recognition.

Low-pT muons (4−10 GeV) are triggered by coincidences in the two innermost RPC
layers, i.e. RPC1 and RPC2 in Figures 3.10 and 3.11 . For high-pT muons (> 10 GeV)
an additional coincidence is required in the RPC3 layer.

Figure 3.11: Schematic view of low-pT and high-pT triggers in RPC and TGC.

TGC

Triggering in the endcap (1.05 < |η| < 2.4) is performed by the TGCs. These are located
as indicated in Figure 3.11: one layer before the inner MDT endcap wheel and three
layers around the middle MDT wheel. No measurement is needed at the outer MDT
wheel since accurate extrapolations are possible from middle to outer wheels, due to the
absence of a magnetic field in that region.

TGCs are multi-wire proportional chambers, like the CSCs. The wire to anode
distance of 1.4 mm is smaller than the wire-to-wire distance of 1.8 mm. Figure 3.12
shows the structure of a TGC chamber. The smaller wire-to-wire distance in TGCs lead
to very good time resolution properties, sufficient for triggering in ATLAS.

3
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3.5 Muon reconstruction algorithms
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Figure 3.12: TGC structure.

3.5 Muon reconstruction algorithms

For physics measurements we are interested in the properties of the muon, in particular
its (transverse) momentum. These can be derived from the trajectory, or track, of the
muon in the detector. The curvature, or sagitta, of the track is a measure of the muon
momentum. Reconstruction of the muon track in the Muon Spectrometer is performed
in three steps:

1. pattern finding - all hits in each other’s vicinity are grouped together in a pattern
to obtain a first crude estimate of the muon properties. The pattern recognition
uses Hough transforms, a robust technique for identifying multidimensional shapes
and patterns and estimating their parameters3 (cf. refs. [36,37]);

2. segment making - the hits from the pattern recognition are grouped per MDT
chamber layer. Straight track fits are performed per layer to obtain segments;

3. track fitting - segments are recombined while adding φ measurements. A track is
fitted to these combinations, giving the best possible information on the properties
of the muon.

Selections are applied at each step to ensure reconstructed muons of good quality for
physics analyses. At the time of writing this thesis, two main reconstruction chains exist
in ATLAS4: MUID [38] and STACO [39]. We will address MUID reconstruction strategies
below. More information on the pattern recognition can be found in refs. [34, 37].

In addition to measurements in the Muon Spectrometer also measurements from
the Inner Detector and Calorimeters can be used to reconstruct muon tracks. Different
strategies to combine information from the various detector components are implemented
in ATLAS and will be discussed below.

3It was originally developed in 1962 by Paul Hough to analyze bubble chamber pictures at CERN.
4They are currently being merged into one chain by a dedicated task force.
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3.5.1 Standalone muons

The standalone reconstruction of a muon track is based on information from the Muon
Spectrometer only. The track resulting from the three steps described above is the out-
put muon track. Muon properties can be expressed at two locations: the entrance to
the Muon Spectrometer (i.e. the inner MDT chamber layer) or the interaction point.
The latter requires an extrapolation of the muon trajectory through the Calorimeter
and Inner Detector material. Depending on whether or not such an extrapolation was
performed these muons are referred to as standalone muons or extrapolated standalone
muons. Most physics analyses are interested in the muon properties close to the inter-
action point and thus use the extrapolated standalone muons.

3.5.2 Combined muons

Combined reconstruction uses tracks from the Muon Spectrometer (MS) and Inner De-
tector (ID) to perform a refit. A muon track from the MS is matched to a track from the
ID. A full refit of the track is performed, resulting in so-called combined muons. These
combined muons are the highest quality muons in ATLAS. They have the best momen-
tum measurement as they combine the track parameters from the ID and MS in an
optimal way. For low-pT muons the ID resolution dominates the combined momentum
measurement. The MS resolution dominates for high-pT muons.

3.5.3 Segment tagged muons

The combined reconstruction algorithm requires a reconstructed track in both the Inner
Detector and the Muon Spectrometer. In some cases no standalone muon track is found
and only segments are available. This can for example be the case for low-pT muons or
muons in regions where the Muon Spectrometer has little or no coverage, e.g. η ≈ 0.

Dedicated segment tagger algorithms were developed to recover these muons. These
algorithms start from the Inner Detector track and match it to Muon Spectrometer
segments. Kinematic cuts as well as quality cuts are applied to ID tracks and MS
segments to reduce computing time. When a match is found, the ID track is tagged as
a muon. The ID track parameters are stored as the muon properties. More information
on the procedure for segment tagged muons can be found in ref. [40].

3.5.4 Calorimeter tagged muons

This algorithm is similar to the segment tagged algorithm since it also aims at tagging
an ID track as a muon track. The tagging is performed by looking at energy deposits
in the calorimeter. Calorimeter tagged muons can e.g. be used to recover muons in
the Muon Spectrometer gap region at η < 0.1. They can also be used to reject fake
muons, for example from pions passing through the calorimeter. Because the calorimeter
measurements are independent of the Muon Spectrometer they can be used to measure
precisely the muon reconstruction efficiency. More information on the calorimeter muon
reconstruction can be found in ref. [41].

3
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3.5 Muon reconstruction algorithms

Table 3.2 gives an overview of the different reconstruction algorithms and their input
sources of information.

Information used from

Algorithm Inner Detector Calorimeter Muon Spectrometer

Standalone - - tracks

Combined tracks - tracks

Segment tagged tracks - segments

Calorimeter tagged tracks energy deposits -

Table 3.2: Muon reconstruction algorithms.

3.5.5 Reconstruction of cosmic-ray muons

Chapter 4 shows results for Muon Spectrometer performance studies with cosmic-ray
muons. These studies were performed in the barrel region (|η| < 1.05) of the detector. In
this region muons are triggered and detected by RPCs and MDTs. Several adjustments
in the reconstruction algorithms were needed to allow for an efficient reconstruction of
cosmic-ray muons.

Muon reconstruction algorithms are optimized to reconstruct muons that originate
from the Interaction Point (IP) and with trigger signals that are synchronized with LHC
bunch crossings. Cosmic-ray muons do not originate from the IP and are asynchronous
with the detector clock. The latter results in a 25 ns time jitter with respect to the clock
used by the trigger chambers. In addition to this, the trigger chambers were not timed
with sufficient precision during the cosmic-data taking because of ongoing commissioning
efforts. At the moment of cosmic data taking a precise alignment of the MDTs was not
available5. Some requirements for track reconstruction had to be relaxed to allow for
efficient measurements of these out of time and non-pointing cosmic-ray muons.

Reconstruction adjustments

As discussed above the muon reconstruction consists of three steps: pattern recognition,
segment making and track fitting. In all of these steps several adjustments were made
to obtain a high reconstruction efficiency in cosmic-ray data.

In the pattern recognition the straight line Hough transform was adjusted to allow
for non-pointing tracks. In addition the cuts on the distance between obtained pattern
and segment candidates were relaxed.

5In fact, the cosmic-ray muons were used to align the MDTs, see e.g. ref. [42].
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In the segment finding no cuts on missing MDT hits were applied. A missing MDT
hit is a tube where a hit was expected but not measured. During the segment fitting a
t0 refit procedure was applied which will be discussed in detail below. If this segment
fit failed the MDT errors were enlarged to 1 mm and the fit was performed again. Hits
with a distance to segment of more than 7σ were removed from the segment.

The track fit was performed with enlarged MDT errors. The error was set to 2 mm
to account for uncertainties in the alignment of the MDT chambers.

The performance of the muon reconstruction algorithms was optimized for collision
data using simulation samples. The optimization is always a matter of trying to obtain
a high efficiency while keeping the number of fake muons acceptable. Relaxing the
optimized cuts in collision data would lead to an increase of efficiency at the cost of
an increase of fake muons. However, for cosmic-ray data the number of fake muons is
negligible and the cuts can be relaxed.

t0 refit

Figure 3.8(a) illustrates the operation principle of an MDT for a passing muon: the
muon ionizes the gas and the drifting electrons and ions create a signal at the read-out
electronics of the wire. The electronics registers the time at which the wire signal passes
a predefined threshold value. The measured time is delayed with respect to the actual
time of passing the tube. Per MDT the distribution of measured drift times can be used
to extract the minimum and maximum drift times t0 and tmax, respectively. Figure 3.13
shows a typical drift time spectrum where a fit of a Fermi function is overlaid on the
rising edge. The t0 is determined from this fit.

Figure 3.13: Typical drift time spectrum for an MDT chamber in cosmic-ray data [42].
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3.6 Precision of the Muon Spectrometer

After commissioning of the Muon Spectrometer the t0 values for each tube will be
known and monitored. However, during the period of cosmic-data taking the MS was not
yet fully commissioned and a procedure called Global t0 refit was implemented to improve
the quality of track reconstruction [43]. This is an iterative procedure which determines
a single t0 value for all hits on a reconstructed segment in the Muon Spectrometer. It
contains the following steps:

1) vary t0 for all hits on a segment;

2) calculate drift times using the new t0;

3) calculate drift radii using the drift times and the rt-relation (cf. Section 3.6);

4) calculate hit residuals, i.e. distance from hit to segment;

5) calculate χ2 = Σ
residuals2i

σ2
i

, where σ is the uncertainty on the residual6;

6) repeat steps 1 to 5 until minimum value for χ2 is obtained.

The value for t0 which minimizes the χ2 is used for all hits on the segment. A typical
t0 resolution of 2 to 4 ns is obtained using this procedure.

3.6 Precision of the Muon Spectrometer

The design of the Muon Spectrometer was driven by the momentum resolution require-
ment listed in Table 3.1: σpT /pT = 10% at pT = 1 TeV. Various sources contribute
to the momentum resolution of the spectrometer. Figure 3.14 shows their expected
relative contributions. Three different momentum regions can be identified: low-pT
(pT < 20 GeV), intermediate-pT (20 < pT < 100 GeV) and high-pT (pT > 100 GeV).

In the low-pT region the resolution is dominated by energy loss fluctuations in the
calorimeter. For low-pT muons the use of combined muons will prevent this resolution
degradation as the Inner Detector is designed to provide good momentum resolution at
low-pT . At intermediate-pT the multiple scattering is the largest contribution. In this
region the Muon Spectrometer and Inner Detector have a similar momentum resolution.
For high-pT muons the Muon Spectrometer has a better momentum resolution. The in-
trinsic resolution of the MDTs and the chamber alignment give the largest contributions
to the momentum resolution at high-pT . The main contributions at intermediate and
high-pT are discussed below.

6The MDT uncertainties were set to twice the value obtained from test beam results.
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Particle detection in the ATLAS detector
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|η| < 1.5

Figure 3.14: Expected Muon Spectrometer momentum resolution for |η| < 1.5 [44].

Multiple Scattering

Multiple scattering refers to the repeated scattering of the muon when it passes through
detector material. The probability that a particle is deflected by an angle θ after traveling
a distance L in the material is given by a Gaussian distribution with a sigma of

θ0 =
0.0136

βcp[GeV/c]
Z1

√
L

X0
, (3.1)

where X0 is the radiation length of the material, Z1 is the charge of the particle and p
is the momentum of the particle.

The track curvature, or sagitta s, is inversely proportional to the muon momentum,
i.e. s ∝ 1/p. The uncertainty on the sagitta measurement that comes from multiple
scattering effects is ∆s(MS) ' θ0L, with θ0 ∝ 1/p. When evaluating the relative
contribution ∆s(MS)/s we find that the momentum cancels out to first approximation.
Figure 3.14 indeed shows a fairly constant contribution to the momentum resolution.

Tube resolution and autocalibration

The precision tracking chambers of the Muon Spectrometer are MDTs and CSCs. The
average intrinsic resolution for a single MDT is 80 µm. A segment in a middle or outer
(inner) MDT chamber has on average 6 (8) MDT hits, resulting in a contribution to
the segment resolution of 35 (30) µm. For a single CSC plane the average intrinsic
resolution is 60 µm. With four CSC planes per chamber this results in a contribution
to the segment resolution of 35 µm.
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3.7 Summary

The calibration of the tubes is an important ingredient to the tube resolution. The
measured drift time t is converted to a drift radius r via a calibrated rt-relation. This
rt-curve is determined daily by an autocalibration procedure which compensates for
variations of external parameters such as pressure, temperature, impurities, magnetic
field and count rate. The required rt accuracy of 20 µm can be achieved with about
2,000 segments per chamber [45].

Chamber alignment

To achieve the performance goals for momentum resolution the relative positioning of
the MDTs and CSCs should be known to 30 µm accuracy. An optical alignment system
is implemented in the detector to monitor the relative positioning of the detector com-
ponents. No attempt is made at physical chamber repositioning. The optical alignment
systems are accurate to several micrometers.

Chambers that are not optically linked to other chambers can be aligned using tracks
crossing an overlap between two φ-sectors. The alignment of the two endcaps with
respect to the barrel should be done by tracks overlapping chambers in barrel and endcap.
Toroid off runs are foreseen to provide straight muon tracks that can be used for this
alignment with overlap tracks. About 15,000 tracks with pT > 10 GeV per chamber
triplet would provide the necessary accuracy of 30 µm. This corresponds to about a day
of data taking at a luminosity of 1033 cm−2s−1.

3.7 Summary

In this chapter the ATLAS detector was discussed in some detail. We addressed the
trigger system needed to keep data taking at a rate manageable by offline computing
power and storage capacity. The ATLAS magnet system was covered, showing the
huge toroidal magnet structures that dictate the dimensions of the ATLAS detector.
All the detector technologies were discussed, ranging from the tracking detectors in the
innermost and outermost regions of ATLAS to the calorimeters in between.

The expected precision of the Muon Spectrometer and its main contributions at
intermediate and high-pT were discussed. These are the momentum regions of interest
for the Z → µ−µ+ studies covered in Chapter 5. The muon reconstruction algorithms
were discussed in some detail as these will be of particular interest in the following
chapters. Some adjustments in the reconstruction algorithms are needed to cope with
cosmic-ray muons, which are used for the Muon Spectrometer performance analyses
described in the next chapter.
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