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

UvA-DARE (Digital Academic Repository)

Track and vertex reconstruction in the ATLAS inner detector

Limper, M.

Publication date
2009

Link to publication

Citation for published version (APA):
Limper, M. (2009). Track and vertex reconstruction in the ATLAS inner detector. [Thesis, fully
internal, Universiteit van Amsterdam].

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

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

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/track-and-vertex-reconstruction-in-the-atlas-inner-detector(7f3b892a-629d-4b9d-ad65-4a534cfb9d8d).html


Chapter 2

LHC and the ATLAS
experiment

The Large Hadron Collider is a proton-proton collider designed to operate with
a center of mass energy up to 14 TeV. ATLAS is one of four detectors designed
to observe the proton-proton collisions. This chapter gives a brief description
of the LHC followed by a description of the ATLAS experiment explaining the
different detector systems, the magnetic field and the trigger system.

2.1 Large Hadron Collider

The Large Hadron Collider (LHC) [18] is a proton-proton collider built at
the European center for high-energy physics (CERN). The LHC is a circular
proton-proton (pp) collider with a circumference of 26.7 km designed to ac-
celerate two counter-rotating proton beams to an energy of 7 TeV. The LHC
design parameters are summarized in table 2.1.

Parameter Value Unit

LHC circumference 26.66 km

Beam energy 7 TeV

Dipole field 8.3 T

Protons per bunch 1.15×1011

Bunches per beam 2808

Bunch crossing frequency 40 MHz

Nominal luminosity 1×1034 cm−2s−1

Table 2.1: The design parameters of the LHC accelerator.
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Figure 2.1 shows the geographical location of the LHC and the position
of four experiments that have been built around the points where the beams
collide. At the LHC design luminosity of 1034cm−2s−1, on average about 27
interactions will occur per bunch crossing, leaving the experiments to disen-
tangle the pile-up of different hard interaction processes. A high luminosity
is needed since many interesting processes at the LHC energy have very small
cross sections of the order of 1 pb or less (1 pb=10−36cm2).

Figure 2.1: Geographical location of the 26.7 km long LHC tunnel indicating the
four particle detector experiments placed along the accelerator ring.

On 10 September 2008, proton beams were successfully circulated in the
LHC ring for the first time. On 19 September 2008, the operations were halted
due to a serious fault between two superconducting bending magnets [19]. At
the time of writing, the LHC is scheduled to be operational again in October
2009.

2.2 The ATLAS experiment

The ATLAS experiment [16] is a detector designed to exploit the full physics
potential of LHC. The ATLAS detector has an approximate cylindrical symme-
try, composed of a central barrel where the detection elements form cylindrical
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layers around the beam pipe, and two endcaps where the detector elements
are organized in wheels. Figure 2.2 gives an overview of the ATLAS detector.

The main design criteria of the ATLAS detector are:

� Very good electromagnetic calorimetry for electron and photon identifica-
tion and measurement, complemented by full-coverage hadronic calorime-
try for accurate jet and missing transverse energy measurements;

� High-precision muon momentum measurements, with the capability to
guarantee accurate measurements at the highest luminosity using the
external muon spectrometer alone;

� Efficient tracking at high-luminosity for momentum measurement of high
pT leptons, electron and photon identification, τ -lepton and heavy-flavor
identification;

� Large acceptance in pseudo-rapidity with almost full azimuthal angle
coverage everywhere;

� Triggering and measurements of particles at low-pT thresholds, providing
high efficiencies for most physics processes at LHC.

2.2.1 The ATLAS coordinate system

The origin of the coordinate system is defined as the center of the ATLAS detec-
tor, which coincides with the nominal interaction point. The z-axis is oriented
parallel to the beam line in anti-clockwise direction, the x-axis is pointing in
the direction of the center of the LHC ring and the y-axis is perpendicular to
the x-axis and z-axis and points upwards.

The symmetry of the detector makes cylindrical coordinates useful. The
azimuthal angle φ is the angle in the XY-plane originating from the x-axis and
it increases clockwise when looking down the positive z-direction. The polar
angle θ is defined as the angle with the positive z-axis. Instead of polar angle θ,
the pseudo-rapidity η = − log tan θ/2 is often used, as the particle multiplicity
is approximately constant as function of η.

2.2.2 Inner Detector

The lay-out of the ATLAS inner detector is illustrated in figure 2.3. The
inner detector consists of three sub-detectors: the pixel detector, the Semi-
Conductor Tracker (SCT) and the Transition Radiation Tracker (TRT). The
acceptance of the inner detector is limited to |η| < 2.5 due the increasing
amount of radiation damage induced in the detector at higher values of |η|.

Since the inner detector uses a solenoid magnet, in which charged particles
are mostly deflected in theXY -plane, the inner detector is designed to have the
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Figure 2.2: Cut-away view of the ATLAS detector with indications to its various
subsystems.
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Figure 2.3: Cut-away view of the ATLAS inner detector.

highest precision in the transverse plane. The momentum resolution typically
achieved with the inner detector is ∆pT/pT = 0.04%×pT⊕2% (pT in GeV) and
the impact parameter resolution is 15 µm in the transverse plane. The detector
requires excellent tracking software and a precise knowledge of the detector
positions in the order of a few µm to achieve the required resolution. To
prevent a decrease in efficiency due to energy loss of the tracks in the detector,
the total detector material had to be as low as possible while maintaining
sufficient rigidity. The inner detector design is such that a particle originating
from the interaction point crosses at least three pixel layers, four SCT strip
layers and typically 30 TRT straws, giving on average 37 measurements in
total to reconstruct the trajectory of a charged particle.

The solenoid magnet

The inner detector is housed in a superconducting solenoid magnet that gen-
erates a field of around 2 Tesla. The magnet has a diameter of 2.5 meters and
is 5.3 meters long. It is shorter than the inner detector itself, which makes
the field inhomogeneous in the forward region. Figure 2.4 shows the z- and
R-components of the magnetic field (Bz and BR) as a function of z and R.
The z-component of the field drops from 2 T to 1 T, while the R-component
reaches up to 0.6 T in the forward region. The inhomogeneity of the magnetic
field in the end-caps enforces the use of a field map based on measurements of
the field at various positions in the inner detector.
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Figure 2.4: z-and R-components of the magnetic field in the solenoid, as a function
of the position in the magnetic field.

The pixel detector

The pixel detector is closest to the interaction point, where the particle den-
sity is highest and therefore a highly granular detector is required. The pixel
detector is made up of three cylindrical layers in the barrel, and three disks
in each of the forward regions. The distances of the three barrel layers to the
beam-line are 5.05, 8.85 and 12.25 cm respectively. The layers and disks are
equipped with silicon sensors that are segmented into small rectangles, the pix-
els. The size of most pixels is 50×400µm2 and a total of 80 million pixels are
used. The pixel detector uses a charge depleted layer of silicon to measure the
charge deposition caused by the ionization of a charged particle transversing
the pixel. The principle of detecting charged particles using silicon detectors
will be explained in detail in section 3.2. The pixel detector records the time-
over-threshold of the signal, which gives a measure of the amount of charge
deposited in a single pixel. The charge distribution over adjacent pixels deter-
mines the hit position. The pixel modules have a resolution of 12 µm in the
R-φ coordinate, and 110 µm in the z coordinate.

The Semi-Conductor Tracker

The SCT is situated around the pixel detector. Here the particle density is
low enough to use silicon strips, instead of pixels, to help reduce the number
of readout-channels. The SCT detector modules are equipped with two silicon
strip layers with a strip pitch of 80 µm. A small stereo angle between the strips
in different layers is used to obtain a position measurement along the strip
length. The barrel part of the SCT consists of four layers of detector modules
at |η| <1.4, while the SCT end-caps are each composed of nine disks equipped
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with detector modules in the region 1.4< |η| <2.5. A detailed explanation of
the SCT end-cap and the design of the SCT modules is given in chapter 3.
Unlike the pixel modules, the readout of the SCT modules is binary, i.e. it
registers only if a strip was hit or not, limiting the single strip resolution of
the SCT to about 23 µm.

The Transition Radiation Tracker

The TRT is situated around the SCT and was designed to provide a relatively
large number of measurements (∼30). The TRT is composed of straws with a
diameter of 4 mm that have a wire in the center and are filled with a gas mix-
ture containing Xenon. The gas becomes ionized by the passage of a charged
particle and the time that is takes the charge clusters to drift to the wire is
measured. This drift time is converted into the distance at which the track
passed from the wire, the drift radius. The resolution on the measured TRT
drift radii is about 170 µm. In the barrel the TRT straws are oriented parallel,
while in the end-cap the TRT straws are pointing to the beam axis. The space
between the straws is filled up by a radiator material where transition radiation
photons (X-rays) are produced when an electron crosses the boundary between
two media. X-rays can be absorbed by the TRT gas, leading to the produc-
tion of a large amount of charge. The TRT read-out discriminates against two
thresholds, a low one for ionization and high one for X-ray absorption, thus
making electron identification with the TRT possible. For energies larger than
1 GeV, the TRT has an electron identification efficiency of 90%.

Material budget

Particles that traverse the inner detector will interact with the material (sen-
sors, cables, support structures etc.) causing them to lose energy and deviate
from their trajectory. Since the inner detector is required to make precise
reconstruction of the trajectories of particles as they are produced at the in-
teraction point, material in the inner detector had to be minimized. Figure 2.5
shows the amount of material expressed in number of radiation lengths1 as
function of |η| contributed by the different sub-detectors and the various ser-
vices required to operate the detector. A more detailed discussion of the ma-
terial budget of the forward SCT detector is given in chapter 3.

2.2.3 Calorimeter

The ATLAS calorimeter system consists of an electromagnetic calorimeter to
measure and identify electrons and photons, and a hadronic calorimeter to

1One radiation length X0 is defined as the distance over which a high-energy
electron on average loses all but 1/e of its energy by Bremsstrahlung.
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Figure 2.5: Material in the inner detectors in term of radiation lengthX0 (averaged
over φ) as function of |η| [16].

measure the energy of both charged and neutral hadrons. The very forward
region is covered by a radiation hard calorimeter with a courser granularity.
This high η-coverage helps to improve the detection of missing transverse en-
ergy in the event, which is an important signature of the production of high
energy neutrinos or possibly super-symmetric particles. The lay-out of the
ATLAS calorimeter system is illustrated in figure 2.6.

The electromagnetic calorimeter

The electromagnetic calorimeter is a sampling calorimeter that uses lead as
absorber material and liquid argon as sampling material. The absorber plates
are placed in an accordion geometry providing complete φ-coverage without
azimuthal cracks. The most inner section has a fine granularity in the η-
direction, which enhances the γ/π0 and e/π separation and also provides a
precision η-measurement.

The electromagnetic calorimeter is composed of a barrel and two end-caps
to cover the rapidity range up to |η| < 3.2. The total thickness of the electro-
magnetic calorimeter is more than 24 radiation lengths in the barrel and more
than 26 radiation lengths in the end-caps. The liquid-argon electromagnetic
calorimeter has an energy resolution of ∆E/E = 11.5%/

√
E⊕0.5%, and a res-

olution of the polar direction of a particle shower of ∆θ =50 mrad/
√
E (E in

GeV).
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Figure 2.6: Illustration of the ATLAS calorimeters surrounding the inner detector.

The hadronic calorimeter

The hadronic calorimeter surrounds the electromagnetic calorimeter. The bar-
rel hadronic calorimeter, |η| <1.6, uses iron absorber tiles interleaved with
scintillators to measure the passage of charged particles from the induced flu-
orescence light. The tiles are placed perpendicular to the colliding beams
and are staggered in depth. The average jet energy resolution is ∆E/E =
50%/

√
E⊕3% (E in GeV), with a segmentation of ∆η ×∆φ = 0.1× 0.1.

The end-cap hadronic calorimeter receives a much higher radiation-dose
than the barrel and therefore uses the intrinsically radiation-hard liquid argon
technology. The hadronic end-cap uses copper absorbers in a parallel-plate
geometry.

The thickness of the hadronic calorimeters is more than 10λ, where λ is the
hadron interaction length (the mean free path of a hadron between two inter-
actions). This thickness is sufficient to reduce the number of punch-through
hadrons to be smaller than the number of muons produced in the proton col-
lisions.

The forward calorimeter

The forward calorimeter uses liquid argon technology with copper and tungsten
as absorber materials to cover the region, 3.1 < |η| <4.9, where radiation levels
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are especially high. The forward calorimeter is split longitudinally into an
electromagnetic compartment, and two hadronic compartments. To avoid that
neutrons are backscattered into inner detector volume, the forward calorimeter
is placed 1.2 meter further away from the interaction point, compared to the
electromagnetic end-cap calorimeter.

2.2.4 Muon Spectrometer

Figure 2.7: Illustration of the ATLAS muon spectrometer. The entire system is
approximately 44 meters long and 22 meters high.

The muon spectrometer (see figure 2.7) covers the outer most layers of the
ATLAS detector. The large lever arm over which the sagitta of the tracks can
be measured makes the muon spectrometer especially suited for measuring
muons with high momenta of O(100 GeV). High-pT muons are a signature of
many interesting physics events, therefore the muon trigger and reconstruction
is very important. The driving performance goal is a stand-alone transverse
momentum resolution of approximately 10% for 1 TeV tracks, which translates
into a sagitta along the z-axis of about 500 µm, to be measured with a resolu-
tion of ≈ 50 µm. Muon momenta down to a few GeV (≈ 4 GeV, due to energy
loss in the calorimeters) may be measured by the spectrometer alone. Fig-
ure 2.8 shows the expected pT resolution of track reconstruction in the muon
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spectrometer and in the inner detector as a function of pT as obtained using
simulated muon events in ATLAS. It can be seen that for muons with pT >40
GeV the momentum resolution obtained with the muon spectrometer is better
than the resolution obtained by the inner detector. For lower pT muons the
inner detector measurements will determine the momentum resolution, but
measurements from the muon spectrometer are still required to identify the
inner detector tracks as muons.

Figure 2.8: pT resolution of track reconstruction in the muon spectrometer and in
the inner detector as a function of pT as obtained using simulated muon events in
ATLAS [20].

The magnet system in the muon spectrometer of ATLAS provides an ap-
proximately toroidal field and is completely independent from the inner detec-
tor. The magnet system has an average field strength of 0.5 T, and a bending
power that varies from 3 Tm in the barrel to more than 6 Tm in the end-caps.
During ATLAS running a large number of Hall sensors will measure the local
field ensuring a knowledge of the bending power with a precision better than
0.3%.

The muon system uses Monitored Drift Tube (MDT) chambers and Cath-
ode Strip Chambers (CSCs) to make precision measurement in η (to measure
the bending in the toroidal field). For triggering purposes, fast (but lower
resolution) η-measurements are provided by the Thin Gap Chambers (TGCs)
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and Resistive Plate Chambers (RPCs). The TGCs and RPCs also provide a
second coordinate measurement.

The MDT chambers

The MDT chambers consist of aluminum tubes of 30 mm diameter and a
central wire. A muon that crosses a tube frees electrons by ionization, which
will drift to the wire. The distance between the muon track and the wire is
determined by measuring the drift time of the first cluster that reaches the
wire. The resolution on the drift distance is around 80 µm. MDT chambers
are used both in the barrel and end-caps of the muon system. In the barrel
region, 0.< |η| <1.05, MDT chambers are situated in three layers at radii of
5, 7.5 and 10 m from the beam axis. In the end-cap region the chambers are
divided over three wheels located a Z-positions of 7.5, 13 and ∼20 m. The
MDT endcap wheels cover the region 1.05< |η| <2.7, except in the innermost
layer, where the MDT chambers are only used up to |η| <2.0.

The Cathode Strip Chambers

The CSCs are used in the inner-most endcap ring, closest to the beam-pipe,
in the region 2 < |η| <2.7. They have a high spatial resolution and a very
small electron drift time of less than 30 ns (compared to the MDT drift time
of up to 700 ns) which allows them to operate in the high background of
the forward region. The CSC chambers are multi-wire proportional chambers
with a cathode strip readout. The precision coordinate is determined from the
charge distribution measured on the cathode strips. The second coordinate is
read out using strips which are parallel to the anode wires (orthogonal to the
cathode strips). The spatial resolution on the precision coordinate is around
60 µm and for the second coordinate the resolution is around 5 mm.

The Resistive Plate Chambers

RPC detectors are placed in every MDT barrel layer. The basic detector
unit employs a thin gap formed by two plates filled with a gas mixture in
which ionization charge is produced by the passage of a charged particle. The
chambers are operated with a electric field so that the ionization charge is
collected at the plates. The plates are covered with two orthogonal read-out
strips. The η strips are parallel to the MDT wires (and help provide a fast
pT estimate used in the trigger) and the φ strips are orthogonal to the MDT
wires and provide a position measurement along the MDT wire. The spatial
resolution of the RPC is around 10 mm for both strips.
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The thin-gap chambers

The TGCs provide the trigger signal and second coordinate measurement in
the end-cap region. The TGCs are designed in a way similar to multi-wire
proportional chambers, using an array of wire anodes and cathode strips. The
thin gap in combination with the gas choice guarantees a short drift time
(typically less than 25 ns). Signals from the anode wires, arranged parallel
to the MDT wires, provide measurements for a fast pT estimate used in the
trigger. The cathode strips are arranged orthogonal to the wires and provide
the position measurement along the MDT wire. The spatial resolution of the
TGC is around 2-7 mm for both measurements.

2.3 ATLAS trigger system

The bunch crossing rate in LHC is 40 MHz, and each bunch crossing several
MB of data is stored in the on-detector pipelines. This means the amount of
data measured in ATLAS is far too large to allow every event to be written
to storage. To reduce the total data flow without losing interesting physics
events ATLAS uses a trigger system organized in three levels, as is illustrated
in figure 2.9. Each step refines the previous decision by using a larger fraction
of the data and more advanced algorithms. The level-2 trigger and the event
filter use fast software algorithms to produce trigger information, while the
level-1 trigger is implemented in the form of dedicated electronics.

Level 1 trigger

The level 1 trigger is a hardware based trigger that is designed to reduce the
40 MHz bunch crossing rate to an event rate of about 75 kHz. The level 1
trigger uses information from the calorimeter (with reduced granularity) and
the RPC and TGCs in the muon system. The trigger electronics are designed
to look for high-pT muons, electrons, photons, jets and τ -leptons decaying into
hadrons, as well as large missing transverse energies. The level 1 trigger has
a latency of 2 µs. During this time the information of all detector channels is
buffered to await the trigger decision.

Level 2 trigger

The level 2 trigger is a software trigger which uses the output of the level
1 and the full event information to further reduce the data rate to 1 kHz.
The level 2 trigger uses information from the precision chambers to improve
the momentum estimate. At this stage there is also the possibility to use
information from tracks reconstructed in the inner detector. The LVL2 trigger
has an event dependent latency varying from 1 ms up to 10 ms for events with
high track multiplicity.
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Figure 2.9: The ATLAS trigger scheme, indicating the various stages in which the
data is processed and the event rates at the different trigger levels.

Event filter

The event filter further reduces the data stream by using information of more
complex reconstruction algorithms such as Bremsstrahlung recovery for elec-
trons and vertex finding. The event filter runs on a computer farm situated at
CERN. The maximum output of the event filter is 100 Hz which corresponds
to a data rate of 100 MB/s. All events that pass the event filter are written
to mass storage and are available for further analysis with the ATLAS offline
software.

Trigger menu and data streams

A flexible trigger menu is used in ATLAS to allow different types of data to
be selected for further analysis. For example, a possible item on the trigger
menu could be to require 1 muon with a pT greater than 6 GeV (in the level
1 trigger) and a second muon with pT >4 GeV (in the level 2 trigger). The
possible trigger items are limited by the maximum output of the event filter.
For example, at the design luminosity of the LHC a single muon trigger of
pT >4 GeV would take up the full output of the event filter. Items on the
trigger menu thus have to be optimized based on the expected rates of the
physics events that one wants to record.
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It is planned to have five to ten physics streams. The ATLAS experiment
has adopted the inclusive streaming model, i.e. an event passing the criteria
of multiple trigger items may be directed to several streams. This makes the
system simpler at the analysis stage since all events passing the same trigger
are contained in the same stream. However, this results in duplicating event
data, so the overlap between streams must be kept as low as possible. In
addition to physics streams, there are two special types of streams. One is
the express stream which will be used for prompt reconstruction with a short
delay after the data-taking. The primary purpose of the express stream is
monitoring and debugging before the bulk reconstruction, therefore events in
the express stream consist of a sample of high-purity signal events from the
physics streams. The other type of stream is the calibration stream which
contains events triggered by calibration triggers used to collect a large data
sample for detector calibrations. Events which caused errors during on-line
running, e.g. time-outs, crashes etc. are sent to the debug stream to be
investigated further.




