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Properties and
performance of
the ATLAS detector

Top quarks are produced abundantly in collisions in the Large Hadron Collider (LHC). In
the first inverse femtobarn (1 fb−1 ) of data obtained in 2011, approximately corresponding
to the amount of data we use in the analysis, according to the Standard Model already
over 1.6 · 105 top quark pairs are expected. But, top quarks decay immediately to lighter
particles and it is only the set of final decay products that actually can be measured in the
detectors. The top quark analyses that are performed in this thesis are based on collision
data collected with the ATLAS detector, one of the four large detectors at the LHC.
In this chapter we introduce the LHC and the characteristics of the particle collisions.
After that, we discuss the ATLAS detector and the details and performance of its subdetectors. Besides the hardware components of the detector itself, this includes the trigger
system and the subsequent system of data acquisition and distribution to sites around the
world.

2.1

The Large Hadron Collider

The LHC at CERN is at the moment the largest and most energetic particle collider in
the world. It is a hadron collider which produces proton-proton collisions, most of the
time. In 2010 and 2011, protons were collided with a CM-energy of 7 TeV. In 2012 this
is 8 TeV, and the CM-energy will increase to maximally 14 TeV in the following years.
Besides proton-proton collisions, lead ions are collided during a short period of the year,
using the same accelerator infrastructure. This type of collisions is used to study the
so-called ‘quark-gluon plasma’, and will not be considered in this thesis. Some of the
aspects of the proton-proton collisions have already been discussed in Chapter 1.
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The LHC is located in the Geneva area, in the tunnel formerly used for the LEP collider. The circular tunnel lies between 45 m and 170 m below the surface; a large section
is located below the French and Swiss countryside, but it partly runs underneath the
mountains of the Jura. The structure of the LHC that is located in the tunnel contains
two rings and is able to accelerate proton beams in opposite directions. These two rings
are built in in a superconducting dipole magnet system that creates a field of up to 8 T
to keep the protons on the circular path. Besides the dipoles, the magnet system contains quadrupoles and other multipoles to focus the proton beams. The superconducting
magnets operate at a temperature of 2 K.
Before protons collide in the main LHC ring, they are accelerated in a system of preaccelerators. Figure 2.1 shows the layout of the accelerator system. First, electrons are
stripped off of a hydrogen source. The remaining protons are introduced in the linear
accelerator (LINAC2) and accelerated to 50 MeV. The LINAC2 then inserts the protons
into the Proton Synchrotron Booster (PSB), the first circular pre-accelerator. Together
with the Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS) it forms a
system where the protons are accelerated to 1.4 GeV, 26 GeV and finally to 450 GeV1 .
In the SPS, the protons are contained in distinct bunches, clouds of up to 1011 protons.
When the proton bunches reach the required energy of 450 GeV, they are inserted into the
main ring of the LHC. Finally, when the beam energy of the proton bunches in the LHC
amounts to the chosen beam energy (3.5, 4, or 7 TeV), the opposing beams are focused
at their collision points. Particle detectors are built around these interaction points to
observe the products resulting from collision events.
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Figure 2.1 – Schematic view of the LHC accelerator complex and particle detectors.
1

What we now call pre-accelerators are actually genuine accelerators formerly responsible for many
physics discoveries, including that of the neutral current (PS) and W and Z bosons (SPS).
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The LHC started operations in 2008, but a technical malfunction after ten days caused
major damage to the machine. Only a year later, in November 2009, the first proton
collisions were recorded, at the injection energy of 450 GeV. From then on, the beam
energy has been ramped up gradually to 1.18 TeV, and finally 3.5 TeV in 2010. Since
then, the LHC has been running steadily at these conditions, corresponding to a CMenergy of 7 TeV, delivering over 5 fb−1 of data to ATLAS and CMS, at the end of 2011.
The total integrated luminosity per day delivered (dark area), and the fraction recorded
by ATLAS (light area) are depicted in Figure 2.2, for 2010 and 2011. We use data of 2010
(cross section measurement) and a fraction of 2011 data (charge asymmetry measurement).
More detailed information on the luminosity conditions during data taking are discussed
in Section 4.1.
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Figure 2.2 – Integrated luminosity in 2010 and 2011. The order of magnitude of the scales
on the y-axis differs between the plots.

The four main detectors, positioned at the four interaction points of the LHC, are ATLAS,
CMS, ALICE and LHCb. ATLAS and CMS, located at opposite sides of the ring, are
two detectors that aim to measure a large spectrum of physics processes in order to be
able to test various aspects of the Standard Model. To do so, the entire set of outgoing
particles has to be detected. Both detectors therefore have active material covering the
majority of the space surrounding the collision point, to prevent particles from escaping
unnoticed. The physics goals of CMS and ATLAS are equivalent, yet the performance
of subcomponents can differ from one to the other. ALICE is an experiment dedicated
to measure lead ion collisions. It aims to answer a number of specific questions on the
substructure of nuclei, quark confinement and the quark-gluon plasma. The amount of
outgoing particles that are the product of lead-lead collisions in ALICE is huge and the
detector is optimized to identify particles in this dense environment. LHCb is constructed
at the fourth collision point of the LHC ring and measures the decay of mesons containing
b-quarks. Decays that involve such mesons contain information on Standard Model parameters, like the CKM matrix values, and can measure the amount of CP violation, all
to a large precision. LHCb measures particles produced in the forward direction. The na-
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ture of the physics analyses at ALICE and LHCb does not require them to have hermetic
coverage around the point of interaction.

2.2

The ATLAS detector

The ATLAS detector (A large Toroidal LHC ApparatuS) is the largest detector of the
LHC. Figure 2.3 shows a schematic view of ATLAS. It is 25 m in height, 44 m in length and
constructed in a cavern about 100 m below surface level, in the LHC ring. The detector is
composed of several layers of subdetectors built around the collision point of the protons
(or lead ions). First of all, this assures that outgoing particles always traverse multiple
layers of detection material (unless the particles do not possess enough transverse momentum to leave the beam pipe). Besides the coverage, the concentric subdetector layers
each possess complementary properties to support particle identification and momentum
reconstruction for a large spectrum of particles. The innermost detector part is the inner
detector, specialized in tracking and momentum determination. After the tracking system follow calorimeters, that absorb and measure the energy of electrons, photons and
hadrons. Finally, the muon spectrometer detects muons, the only measurable particles
that are expected to traverse the calorimeters.

Figure 2.3 – Cutaway view of the ATLAS detector.

The design goals of ATLAS and its subdetectors are based on a large set of benchmark
studies of physics at the TeV scale. The balance between affordability and desired perfor-
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mance in terms of tracking, energy determination and identification of particles resulted
in the list summarized in Table 2.1.
Table 2.1 – Summary of ATLAS performance goals. Listed are the design resolution and
well as the η-range in which particles can be measured of the main subdetector parts (E
and pT are given in units of GeV). The last column shows a subset of this range that can
be used for triggering events.
Subdetector
Tracking
EM Calorimetry
Hadr. Calorimetry
(barrel & endcap)
(forward)
Muon spectrometer

Required resolution

η measurement

σpT /pT = 0.05%pT ⊕ 1%
√
σE /E = 10%/ E ⊕ 0.7%

±2.5

√
σE /E = 50%/ E ⊕ 3%
√
σE /E = 100%/ E ⊕ 10%

σpT /pT = 10% (at pT = 1 TeV)

η trigger

±3.2

±2.5

±3.2

±3.2

3.1 < |η| < 4.9
±2.7

3.1 < |η| < 4.9
±2.4

We will discuss the properties of all active subdetector components and the magnet systems in the following sections. Before doing so, we briefly introduce the coordinate system.

2.2.1

Coordinates in ATLAS

ATLAS uses Cartesian and angular systems of coordinates. The center of the detector,
where the expected nominal interaction point lies, defines the origin. In the Cartesian
system the x-axis points inwards, in the direction of the center of the LHC. The y-axis is
directed upwards. The z-axis runs parallel to the beam axis, perpendicular to x and y. It
points towards the counter clockwise direction of the LHC, when viewed from above.
In most cases it is more practical to use a pseudo-spherical system. The azimuthal angle
φ ([−π, π]) is the direction of the projection of a vector on the x − y plane (the angle with
respect to the positive x-axis in the x−y plane). The polar angle θ ([0,π]) is the inclination
with respect to the z-axis, but we usually use η ≡ − ln(tan θ/2), the pseudorapidity. In
this definition η = 0, θ = 90◦ and z = 0 are equivalent. The advantage of using the
pseudorapidity over the polar angle itself is that the particle flux is approximately constant
over equal distances in η. Moreover, ∆η, the difference between the pseudorapidity of two
vectors is invariant under Lorentz boosts along the z-axis, in case of massless particles.
The opening angle between two vectors can be expressed as
p
∆R = (∆η)2 + (∆φ)2 .
This quantity is used throughout the analyses, for example in isolation criteria of reconstructed objects.
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Figure 2.4 – ATLAS coordinates with respect to the LHC (left) and conversion of polar
angle θ to pseudorapidity η (right).

2.2.2

Magnet system

ATLAS takes its name from the large magnet system that is incorporated in the detector.
Magnetic fields allow momentum determination of high energy particles. Electrically
charged particles are curved by the Lorentz force when they traverse a magnetic field.
This curvature makes it possible to measure momentum and charge of the particles in
the tracker system: the amount of curvature of the track of a charged particle inside the
magnetic field is inversely proportional to the momentum. Charged particles with infinite
momentum would travel in a straight line, whereas very low momentum particles can even
spiral back.
There are two superconducting magnet systems in ATLAS. The first is a solenoid, located
around the inner detector. The solenoidal field of 2 T is directed along the beam line,
which means charged particles coming from the interaction point are bent in the x − y
plane in the inner detector. The amount of material in the solenoidal magnet is kept low:
it has a thickness less than 1 radiation length. This is important, as the magnet is located
inside both the calorimeter and muon spectrometer.
The second magnet system consists of three toroids: a barrel toroid and two endcap toroids
that surround most of the detector. The toroids are made of coils encased in vacuum
vessels. The toroids generate a field between 0.5 and 1 T in the muon spectrometer. The
field is circular (runs in the φ-direction), so that it bends muons in the z-direction of
the detector. The uniformity of the field is lower than that of the solenoidal field. The
resulting curvature of the track in the y − z plane allows momentum determination of the
muons. This effect is equivalent to what happens in the inner detector, but in a different
bending plane.

2.2.3

The inner detector

The ATLAS detector is designed such that the first layers around the point of interaction
perform track reconstruction of charged particles in a region of |η| < 2.5. The purpose of
40
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Figure 2.5 – (a) Schematic view of ATLAS magnet system, total size is ca. 20 × 25 m. (b)
Simulation of the field induced by toroidal magnets.

the inner detector is to precisely measure the direction and momentum of the tracks and
identify primary and secondary vertices within the collisions. Secondary vertex identification is important identification of b-quarks, so-called ‘b-tagging’. In addition, the inner
detector performs electron identification. The inner detector can be subdivided into the
pixel detector, the semi-conductor detector (SCT) and the transition radiation tracker
(TRT), see Figure 2.6. The solenoidal magnet system surrounds these three subcomponents to induces a magnetic field inside the tracker layers to accommodate the momentum
measurement in the inner detector.
The pixel detector
Closest to the interaction point, a system of highly granular silicon detectors forms the
pixel detector. The configuration consists of three barrel layers, and three endcap layers
on each side. The first layer is placed 50.5 mm from the center of the beam pipe. Each
layer is formed from modules of 2 × 6 cm2 that in turn are made up of silicon pixels of
50 × 400 µm2 (a small fraction of the pixels has a length of 600 µm). In each layer the
modules overlap slightly, to keep a hermetic active detection surface. A charged particle
traversing the sensor creates electron-hole pairs that are separated under the influence
of the applied potential. When the resulting pulse signal exceeds a set threshold, the
signal is read out. Usually, depending on the incident angle, one particle excites clusters
of pixels, rather than only one. Therefore, it is useful to use the time the signal was
above threshold (time-over-threshold, ToT, instead of just the binary signal, to increase
the spacial resolution of a hit. Due to the ToT method, for the long side of the pixels
(parallel to the z-axis) a design resolution of 115 µm is expected. The resolution in the
transverse direction is 10 µm. In Figure 2.7 the efficiency of the pixel detector is plotted
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Figure 2.6 – Components of the inner detector

against the individual layers and disks. It is the percentage of hits in that disk or layer
that can be associated to a track. Dead pixel modules are excluded from this efficiency,
but dead regions in modules do contribute. It shows that for the majority of the layers
and disks the efficiency reaches 99%. The outermost disks, however, have an efficiency of
97% and 98%. Furthermore, the first layer reaches almost to 100%, this is a result of the
way the tracks are selected in the analysis. The probability of recording a random hit is
below 10−10 hits per pixel per bunch crossing [48].
The semi-conductor tracker
The semi-conductor tracker (SCT) is a silicon strip detector built around the pixel detector. It contributes to the efficient identification of charged particles, and to the momentum
resolution of their tracks. Like the pixel detector it contains silicon sensors, but subdivided in long narrow microstrips. The strips are on average 80 µm wide, but the width
can vary between 54 and 94 µm. The length is typically 126 mm. An SCT sensor is made
of 768 strips, and two sensors, glued back to back, form an SCT module. The sensors
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Figure 2.7 – Hit efficiency of tracks in the pixel detector [49], obtained in 2010 data.

are glued together with a small rotation angle to obtain a two-dimensional measurement.
This angle recovers some of the resolution in the longitudinal direction. The modules form
four concentric layers around the pixel detector, from 30 to 51 cm distance of the beam
pipe center. Nine disks on each side make up the endcaps of the SCT. With this setup
each particle leaves at least eight hits in the SCT detector. The longitudinal resolution is
580 µm, the polar resolution (Rφ) is only 10 µm, comparable to the pixels.
Figure 2.8 shows the hit efficiency for the SCT, for the individual barrel
√ layers and for
the endcaps. The values are obtained from a 2010 run (155112), at s = 7 TeV. This
efficiency is defined as the number of hits per possible hit of a track. The possible hits
are obtained from SCT only tracks or inner detector combined tracks. Dead modules
are excluded from the efficiency, dead regions in the modules do affect the number. In
the barrel the efficiency is, on average, 99.9%; the individual numbers do not drop below
99.8%. The average efficiency in the endcap reaches to 99.8%, with only sporadic lower
values. The inner and outer layers and disks have a biased value, due to the track selection
criteria.
The transition radiation tracker
The transition radiation tracker (TRT) is the outermost component of the inner detector,
spanning the distance to the beam pipe center of 0.5 m to 1.1 m. It provides a separate
contribution to the momentum measurements of charged particles, but in addition the
hybrid nature of the subdetector makes it particularly useful in electron identification.
It contains drift tubes with a thickness of 4 mm, filled with gas. A charged particle
traversing the tube ionizes the gas. A potential is applied between the tube and an anode
wire drawn through the center of the tube. The potential causes the electrons that are
liberated by the particle traversing the gas to drift towards the wire. And vice versa, the
ions are drawn towards the cathode tube. This induces a small current that is read out
at one end of the tube. The length of the tubes is 144 cm in the barrel where it forms
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(a)

(b)

Figure 2.8 – Hit efficiency of tracks in the SCT detector [50] in the barrel (a) and endcap
C (b).

three 32 straw thick layers. The endcap wheels (nine on each side) are made of 37 cm
long straws. Each endcap contains 160 layers of tubes. The name of the subdetector
comes from the feature that the tubes are interleaved with material of different refractive
indices. A high energetic particle that crosses material of different dielectric properties
will radiate off photons with an approximate energy of order keV, so-called ‘transition
radiation photons’. The xenon in the gas mixture in the tubes absorbs these transition
radiation photons. The amount of radiation severely depends on the mass of the particle:
an electron, due to its relatively small mass, travels faster than a charged pion of the
same energy and therefore emits more of such transition radiation. Effectively this can
be used for particle identification, as signal pulses with large amplitudes in the tubes
indicate the presence of electrons, whilst charged pions leave behind a different signature.
The resolution of the drift radius is 130 µm. There is no longitudinal coordinate to the
hit produced by the straw.
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Figure 2.9 shows the hit efficiency for the TRT barrel, as a function of the distance-ofclosest-approach of the track to the tube center. Here, the hit efficiency is defined as the
fraction of straw tubes with a hit and the total number of straws traversed by the track
(excluding known dead straws). A mean of 94% is reached with collision data of 2010,
for both the barrel and endcap (not shown). The plot on the right-hand side shows the
probability of obtaining a hit above a high threshold (6 keV), as a function of the γ-factor
of the particle (γ = E/m). In the low end of the spectrum the dependence is flat, but for
values above 1000 the probability of reaching the threshold increases linearly. An electron
with a momentum of 10 GeV will be distinguishable from a charged pion with the same
momentum, due to this effect. The separation is expected to work well in the range from
1 to 150 GeV.
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Figure 2.9 – (a) Hit efficiency of tracks in the TRT detector in the barrel. (b) Probability
of obtaining a hit above 6 keV, as a function of the γ factor of the particle [51].

2.2.4

Calorimetry

A system of calorimeters surrounds the inner detector and solenoid magnet. Its purpose
is to measure the energy of the outgoing particles by means of absorption, but several
different techniques are used. Figure 2.10 shows a cutaway view of the calorimetry system. The two main components are the electromagnetic and hadronic calorimeters. The
electromagnetic calorimeter is dedicated to measure the energy of photons and electrons.
Hadronic showers that are induced by for example quarks, gluons and tau leptons are best
measured in the hadronic calorimeter.
Electromagnetic calorimeter
The electromagnetic calorimeter consist of a barrel in |η| < 1.475 and two endcaps in the
region 1.375 < |η| < 3.2. They are sampling detectors, built up from layers of alternating
active and passive material. The passive material is lead, where incident particles interact
and start a shower of particles. These showers are formed by electrons and photons
producing bremsstrahlung and electron-positron pairs. The resulting secondary particles

45

Chapter 2. Properties and performance of the ATLAS detector

Figure 2.10 – System of electromagnetic and hadronic calorimeters in ATLAS.

are observed in the layer of sampling material, which is liquid argon (LAr) in this case.
The charged particles ionize the argon and due to an applied potential, a pulse signal is
read out when this happens. Electrodes are installed in the middle of the liquid argon
layer for this purpose, at a distance of 2.1 mm from each side.
The plate layer structure is configured in a zigzag method (see Figure 2.11(a)), first of
all to ensure that there are enough radiation lengths of material present to absorb the
electromagnetic showers. The thickness of the detector is minimally 22 radiation lengths.
One radiation length is the distance at which an electron looses a fraction of (e − 1)/e of
the energy due to radiation. Secondly, the zigzag setup allows for a complete hermetic
coverage in the φ direction, without discontinuities. The typical granularity is 0.025 ×
0.025 in η − φ plane, although at the first stage strip cells of ∆η = 0.003 are installed
for particle identification reasons. The disks in the endcaps (EMEC in the figure) have a
larger thickness, up to 38 radiation lengths. Supporting material in large pseudorapidity
region decreases the resolution on the energy in this range. In the overlap region (crack
region) between the barrel and endcap (1.37 < |ηcluster | < 1.52), the resolution is limited.
For this reason we flag electrons found in this region as ‘bad’ and ignore them in analyses
in this thesis.
The momentum of the track that belongs to a candidate electron (p) is compared to
the cluster energy as measured by the calorimeter√(E), in Figure 2.12 [52]. It shows
the ratio E/p on the x-axis, for collision data of s = 7 TeV and simulation, after a
number of selection cuts. The electrons in this plot are required to have a momentum
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Figure 2.11 – Schematic views of the electromagnetic calorimeter (a) and hadronic tile
calorimeter (b).

above 7 GeV. The simulation contains hadrons, secondary electrons (conversions), and
prompt electrons from semi-leptonic decays of charm and beauty hadrons. The electron
contribution in simulation peaks almost at unity, as expected, with a tail towards the
high end of the distribution. The tail arises from bremsstrahlung and an overestimation
of cluster energy in some specific cases. Hadrons dominate this distribution at first, but
when tighter cuts are applied they are largely removed. The data matches the simulation
reasonably well, showing that the calorimeter performance is as expected.
Hadronic calorimeter
The hadronic calorimeter (HCAL) is meant to measure hadronic particle jets that originate
from quarks and gluons. They have the property of penetrating the electromagnetic
calorimeter. The HCAL consists of a barrel of almost 6 m (|η| < 1.0), two extended
barrels (0.8 < |η| < 1.7), and two endcaps (1.5 < |η| < 3.2). They all are sampling
detectors as well, but the differences between them are the active and passive materials
used. The barrel parts are built from tiles of steel and scintillators. The steel acts as the
absorber and the shower it induces in the active material, scintillator tiles, is detected
by photomultiplier tubes. The granularity is 0.1 × 0.1 in η-φ space, which is an order of
magnitude larger than in the electromagnetic calorimeter, but suitable for the hadronic
showers that are wider than electromagnetic showers. The depth in terms of interaction
length varies from 7.4 to 9.7. The interaction length is the mean distance a hadron travels
before interacting with a certain material. The endcap (HEC) uses copper as passive
material and liquid argon as the active readout layer.
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Figure 2.12 – Distribution of E/p for candidate electrons.

The calorimeter response for hadrons is assessed by the E/p distribution of energy clusters
that can be matched to good tracks. In this ratio, E is the sum of the energy deposited in
all longitudinal layers, evaluated before corrections for non-compensation or dead material
losses, and p is the associated track momentum. Figure 2.13 shows the mean E/p as a
function of the track momentum, for two η-regions. The background that is formed by
neutral hadrons is subtracted. The data set is obtained in 2010 with a CM-energy of
7 TeV. The agreement between data (dots) and simulation (squares) is within 2% for
particles below 10 GeV and within 5% for particles above this value.
Forward calorimeter
Finally, the region between 3.1 < |η| < 4.9 is covered with the forward calorimeter (FCAL)
to include even the most forward particles. The hermetic design ensures that the computation of the sum of all energy deposits and subsequent energy imbalances (missing
transverse energy) can be measured precisely. The FCAL is made from three modules
made with copper/liquid argon plates. The first module aims at measuring electromagnetic deposits. The other two are optimized for a high absorption length to absorb all
hadronic energy deposits. Finally, by inserting a shielding plug after the three detection
layers, the FCAL prevents possible background in the forward muon spectrometer.

2.2.5

The muon spectrometer

The muon spectrometer forming the outer part of ATLAS surrounds the calorimeters and
is designed to measure the tracks of all outgoing muons. Its inner radius is 5 m, but the
outer parts run up to 10 m. Muons are the only detectable collision products that are
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Figure 2.13 – Mean E/p after background subtraction as a function of track momentum
for (a) |η| < 0.6 and (b) 0.6 < |η| < 1.1.

expected to traverse all previously described subdetectors.
In the processes of interest in LHC physics, muons with large momenta (> 10 GeV)
appear frequently. Some Higgs boson decays, supersymmetric decays and, of particular
interest for this thesis, top quark decays, produce such energetic muons. One of the goals
of the muon spectrometer is to efficiently trigger the recording of events that contain
high-momentum muons. The other is to measure their tracks precisely and reconstruct
the muon momentum from the bending radius of the track due to the applied magnetic
field. The design goal is to measure muons over a wide range of momenta to a resolution
of 3%, and a muon with a momentum of 1 TeV with a resolution of at most 10%. The
curvature of such a high-pT muon, expressed in the sagitta, is about 500 µm, hence a
resolution better than 50µm is demanded. To achieve the resolution and trigger goals,
three concentric layers of detection material are placed in the barrel, and endcaps (also
consisting of three layers) fill the forward areas on each side. The layers consist of different
subcomponents, each with a dedicated role in the observation of the muons.
The high-precision track coordinates in the z-direction (and R-direction, by construction)
are provided by the monitored drift tubes (MDTs). The drift tubes in MDTs are 1-6
m long gas-filled tubes of radius 1.5 cm, with a central tungsten-rhenium anode wire.
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Figure 2.14 – Muon spectrometer of ATLAS.

A potential of 3000 V is applied between the tubes and the wire. A traversing charged
particle ionizes the gas (Ar/CO2 ) and causes electrons to drift to the wire. Readout
channels at the end of the tubes measure a pulse when the charges induce a current over
threshold. The timing is important, because it yields the information on the distance
between the track of the particle and the center of the tube and determines the resolution
in this coordinate. The drift tubes are stacked in multilayers of three or four tubes
thickness, of 1-2 m width. Two multilayers mounted on each side of a frame form an
MDT chamber. MDT chambers, of which more than 1000 are installed, form the main
component of the three layers of the muon spectrometer. In this way they contribute to
the track information in the region |η| < 2.7. The resolution on a track is 35 µm per
chamber. In the endcap region of 2.0 > η > 2.7 the MDTs in the inner layer are replaced
with cathode strip chambers (CSCs). They are multiwire proportional chambers, capable
of processing higher particle rates and have better time resolution as well. CSCs are
segmented into strips that are placed perpendicularly on top of each other and in this
way improve the resolution in the φ-direction.
The resistive plate chambers (RPCs) and thin gap chambers (TGCs) form the trigger
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component of the muon spectrometer. The RPCs are gaseous detectors, but contain
parallel plates instead of wires. A potential of 9800 V is applied between two plates at
a distance of 2 mm. The free charges liberated by the traversing charged particle form
an avalanche that is detected by readout strips mounted on the anode plate. The time
resolution of the RPCs is 1.5 ns. The TGCs are endcap trigger chambers, also based on
the principle of multiwire proportional chambers. But, the distance between the wires
and the cathodes is optimized to make sure the drift time is faster than the time between
two consecutive bunch crossings (25 ns). Besides the time properties of RPCs and TGCs
their setup also adds value by the extra coordinate (φ) they provide for the track.
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Figure 2.15 shows the different areas of the muon spectrometer in η-φ space. The CSCs
and barrel and endcap regions are introduced already. The BEE are the sectors containing
barrel extended endcap chambers, the transition region is the region between the barrel
and the endcap, and the feet are the support structure in which detection chambers are
missing. The right plot shows the variation of the efficiency of reconstructing a muon as
function of the different regions. This efficiency is obtained with a tag-and-probe method
in Z → µµ events. It includes information of the inner detector tracks as well and is
plotted relative to the inner detector efficiency. The efficiency is always above 90% and
in good agreement with the simulation.

(b)

Figure 2.15 – (a) Map of coverage of the muon detector, divided in detector subregions.
(b) Reconstruction efficiency of muons as a function of detector subregion [53].

The resolution of muons is studied via the width of the Z boson resonance in muon pairs,
in data obtained in 2010. Figure 2.16 shows the invariant mass distribution for oppositely
charged muons with a transverse momentum larger than 20 GeV, in the region |η| < 1.05
(barrel). The muons are reconstructed using both inner detector information as well as
the muon spectrometer. The resolution on the mass is 2 GeV, which is comparable, but
slightly worse than the Z → µµ events that are simulated with Pythia. Additional
alignment and calibration corrections should solve this.

51

Events / 1 GeV

Chapter 2. Properties and performance of the ATLAS detector

500
400

Data 2010

∫ Ldt ≈ 42 pb

-1

s = 7 TeV

|η|<1.05

MC
Fit

Combined

σ = (2.06 ± 0.07) GeV

300
200

ATLAS Preliminary

100
0
60

70

80

90

100

110

120

Mµµ (GeV)

Figure 2.16 – Invariant mass distribution for combined muons with 42 pb−1 .

2.2.6

The ATLAS trigger system

Under optimal conditions, the amount of collisions produced per second by the LHC
approaches one billion. This is too much to record for analysis. The storage space required
for an average event is in the order of megabytes, which means that about one petabyte
of data would have to be processed and stored, per second. On the other hand, the
vast majority of collisions are uninteresting for high-momentum event studies. This is
the case when partons in the two protons collide without exchanging some minimum
of transverse momenta, so-called ‘soft collisions’. For these reasons a system of online
selection is designed that instantly decides, per event, whether or not to record it. The
trigger system is built to have three stages of decision, Level 1 (L1), Level 2 (L2) and
Event Filter (EF), with a design output rate of 200 events per second.
Level 1 trigger
The L1 trigger is a hardware trigger that uses information from the muon trigger components and the calorimeters. The muon triggers (RPCs and TGCs) and calorimeters are
read out in sets of multiple modules, to reduce processing time. In the muon element of
L1, the algorithm searches patterns of hits in the RPC and TGC that are consistent with
muons that stem from the interaction point. The number of muons above a certain pT
threshold is input to the final decision made in L1. From the calorimeter element of L1,
large energy depositions that indicate photons, electrons or hadrons are identified. Areas
in η − φ around the clusters are labeled as regions of interest. Global quantities like the
total transverse energy and the energy imbalance are also used as flags for interesting
events. When the information of the muon and calorimeter is combined and matches any
of the proposed signatures, the information is passed on to L2. For instance, a signature
can be one isolated electromagnetic cluster above 20 GeV in combination with two jets of
20 GeV.
To maintain a sustainable output rate, it is possible to prescale a trigger. This means that
for example only one in five events that fulfill the requirements is saved. The entire process
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of L1 deciding whether proceed takes maximally 2.5 µs. The output rate is reduced from
40 MHz to 75 kHz in the design.
Level 2 trigger
The L2 trigger is software based. It returns to the regions of interest as they were defined
by the L1 and acquires the complete, fully granular detector data within these regions.
That means that the inner detector data is included in the decision. The algorithm then
attempts to reconstruct objects and perform an improved selection with respect to L1.
The resulting design output rate of L2 is 2 KHz.
Event filter trigger
When an event successfully passes the previous steps, the event filter performs a complete
analysis on it. At this point it makes use of the full detector information and all reconstruction and analysis algorithms that are available. An event is accepted if it passes L1,
L2 and the event filter based on the same objects, passing the complete trigger chain.
The event filter assigns the events to different streams, depending on its characteristics.
For example, an event with a high-pT muon and three high-pT jets will be stored both in
the muon stream and the jet-tau-6E T stream. This grouping makes it easier to select a set
of events for a particular offline analysis. In our analysis we look at the e/gamma stream
for tt̄ → e+jets events and in the muon stream for tt̄ → µ+jets.
The output rate of the event filter is designed to be about 200 Hz, a number that is limited
mostly by the anticipated storage space availability.
Trigger chains
Offline, we select events based on the ‘trigger chain’ they passed. The trigger chain is
the sequence of algorithms a candidate object is subject to. This can for example be an
electron passing the quality and energy thresholds of the subsequent L1, L2 and event filter
algorithms. The naming of the trigger chain is characterized by the final requirements,
e.g., we select events that fulfill EF_mu13_tight, meaning that the online momentum
threshold for this muon was 13 GeV, and the quality indication is ‘tight’ (corresponding
the to the quality definitions of the purest set of muons).
The ATLAS detector runs with numerous trigger chains simultaneously, and the menu of
trigger chains varies over time, depending on the LHC luminosity conditions.
Performance
Figure 2.17(a) shows the output rate of the different trigger levels for run 167607, recorded
in 2010. This was the run with the highest peak luminosity in that year. Level 1 reaches
about 30 kHz, L2 4 kHz and event filter finally reduces the rate to 500 Hz. That means
that the output rates of L2 and the event filter top the design values quoted before.
An output rate this high cannot be maintained for a longer period of time, because the
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data distribution will clog and the storage space will fill up too fast as well. However,
for shorter time periods these figures are reachable. The small dip halfway is due to a
hardware synchronization that was performed at this time. Figure 2.17(b) subdivides the
output rate of the event filter for the same run into the four main trigger streams. The
e/gamma stream, containing photons and electrons, forms the largest contribution and
takes up to 100 Hz. The other streams produce output of order 20-40 Hz. Not all streams
are included in this figure.
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Figure 2.17 – (a) Trigger rates of ATLAS, per trigger stage, for a run in 2010. (b) Event
filter trigger rates divided into the important physics streams, for the same run in 2010.

Data distribution
The different trigger streams contain events with the complete reconstructed information.
They are stored on tape at CERN. Slimmed event information, containing the information
relevant to most physics analyses is extracted from the raw output. This information is
sent from CERN, the Tier-0 center, to a number of Tier-1 centers, around the world. In
turn, these Tier-1 sites distribute the data to a finer web of Tier-2 centers. All of this
happens within hours after reconstructing the events, making all data quickly available
to collaborators around the world. The analysts, finally, run their analysis on a version of
the event files that is stored on a Tier-2 site, using the computing power of that computer
center.

2.3

Summary

The ATLAS detector operates according to expectations, the different subdetectors achieve
high efficiencies. Table 2.2 shows the fraction of operational channels per subdetector at
the end of 2011, and in brackets at a moment before data start-up in 2009. Most percentages are well above 95%, with some exceptions. The fractions tend to decrease slightly
over time, due to failure of equipment or other reasons.
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Table 2.2 – Fraction of operating time for subdetectors in ATLAS, at the end of 2011 and
in parentheses in 2009.
Subdetector

Number of channels

Appr. operational fraction

Pixels

80 M

95.9% (98.5%)

SCT

6.3 M

99.3% (99.5%)

TRT

350 k

97.5% (98.2%)

LAr EM Calorimeter

170 k

99.9% (99.1%)

Tile Calorimeter

9800

99.5% (99.5%)

Hadronic endcap

5600

99.6% (99.9%)

Forward Calorimeter

3500

99.8% (100%)

LVL1 Calo trigger

7160

100% (N.A.)

LVL1 Muon RPC trigger

370 k

98.4% (N.A.)

LVL1 Muon TGC trigger

320 k

100% (N.A.)

MDT

350 k

99.7% (99.3%)

CSC

31 k

97.7% (N.A.)

RPC

370 k

93.8% (95.5%)

TGC

320 k

99.7% (99.5%)

The Large Hadron Collider is running smoothly since 2009 and produced a substantial
number of collision events in 2009, 2010 and 2011. The CM-energy is ramped up to 7
TeV, and the milestone of 1 fb−1 of data recorded by ATLAS was already achieved before
summer of 2011. At the moment of writing, over 5 fb−1 of data is recorded. The amount of
data that has been recorded in the first years of the LHC and the good detector conditions
make it possible to investigate top quarks very precisely.
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