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Chapter 2

LHC and the ATLAS detector

CERN is a particle physics laboratory located on the border of Switzerland and France, near
Geneva. From 1989 to 2000 it operated LEP, the most powerful lepton accelerator ever built,
and from now on CERN’s main facility is the LHC, the Large Hadron Collider. Built in the
same tunnel as LEP was, 27 km long and between 50 to 100 m under ground, the LHC is now
the largest and most energetic hadron collider ever constructed.

2.1 The Large Hadron Collider

The LHC accelerates bunches of protons or heavy ions in both directions along its ring. At four
different points the bunches cross and the particles can collide. The LHC will collide protons
on protons at a maximum center-of-mass energy of 14 TeV. To reach such energies the particle
beams are accelerated in different steps: injected in the Proton Synchrotron Booster (PSB) by
the LINAC the beams are accelerated to 1.4 GeV. The Proton Synchrotron (PS) and Super
Proton Synchrotron (SPS) increase this energy up to 26 and 450 GeV respectively and inject
the particles in the LHC, where each beam is accelerated to 7 TeV.

In Fig. 2.1 we see an overview of the CERN accelerators and the experiments at the four
collision points. The ALICE experiment (A Large Ion Collider Experiment) is dedicated to
study heavy ion collisions. LHCb is an experiment dedicated to study CP-violation, while CMS
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Figure 2.1: Overview of the CERN accelerators and four experiments.
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34 Chapter 2. LHC and the ATLAS detector

(Compact Muon Solenoid) and ATLAS (A Toroidal LHC ApparatuS) are two general purpose
detectors.

To reach 7 TeV, the beams are accelerated in the LHC by RF-cavities and their path is bent
along the ring by super-conducting dipole magnets providing a 8.36 Tesla magnetic field. The
two beam-pipes in the dipole magnets, necessary to circulate the protons in opposite directions,
are embedded in one single iron yoke. The super-conducting coils around both beam-pipes are
made of copper-clad niobium-titanium cables and carry currents up to 15 kA. The dipoles are
cooled by super-fluid Helium, keeping the temperature at 1.9 K. For more technical details on
the LHC machine we refer to [64].

The two beams each consist of multiple bunches of protons which cross each other inside
the four experiments along the ring. The rate at which hard scatterings take place depends,
among other things, on the luminosity L = f nN2/A; f is the revolution frequency, n is the
number of bunches in each beam, N is the number of particles in each bunch and A is the
cross section of the beam. In the LHC the luminosity will be ramped up to a design level of
1034 s−1cm−2. To reach this level, the bunches in LHC will consist of 1011 protons and almost
3000 bunches will circulate in each ring. A normal beam life-time is around 10 hours, this is
limited by beam losses due to collisions and imperfections. With the high density of particles
per bunch each crossing can result in multiple scatterings, resulting in so-called pile-up events.
We come back to this shortly.

In the early phase the luminosity will be two or three orders of magnitude lower. On the 10 th

of September 2008 the first beams were circulated in the LHC. Unfortunately a bad soldering
between two superconducting magnets caused the breakdown of the LHC on September 19 th.
The commissioning was halted and repairs were made in the winter of 2008/2009. The new
turn on of the LHC is now planned for the end of 2009.

During the commissioning phase the number of bunches will be increased in steps to reach
the design level; in Table 2.1 we list the first steps as they are planned at the moment with
collisions of 10 TeV center-of-mass energy. We see in the table that the number of events per
crossing rises. Once the LHC is at design luminosity this will have increased to an average of
23, while the bunch spacing will have decreased to 25 nsec.

Machine parameters Step 1 Step 2 Step 3 Step 4 . . . Design Level

Bunch intensity 1.0 ·1010 1.0 ·1010 4.0 ·1010 9.0 ·1010 . . . 1011

Number of bunches 1 4 43 156 . . . 2808
Luminosity [s−1cm−2] 1.1 ·1027 4.5 ·1027 2.9 ·1030 5.4 ·1031 . . . 1034

Events/crossing << 1 << 1 0.36 1.8 . . . 23

Table 2.1: The machine parameters for the commissioning phase for the first collisions of 10
TeV center-of-mass energy. Also shown are the parameters at the LHC design level.

2.1.1 Minimum bias, pile-up and underlying events

Not all collisions at the LHC will be stored for further analysis. With approximately ∼ 109

events per second at design luminosity the amount of data produced if all events were to be
stored would simply be too large. A choice has to be made which events might be interesting
and worth keeping the data for. In a particle detector this choice is made by a trigger system
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which looks for signs of interesting collisions. When searching for interesting hard scatterings
there are different types of background we can identify:

� The minimum bias: Most interactions between two protons are soft scatterings, i.e.
the amount of momentum being exchanged between the protons is small. Not only can
perturbative QCD not be applied to soft interactions, see Section 1.1.2, but the physics
behind these events is also not what the LHC is designed for to analyze. All in all, the
ratio of interesting to non-interesting scatterings, including hard interactions, is small.
An average, minimum bias, trigger will thus typically be an uninteresting soft event.
Such events can affect the analysis when they form pile-up events to hard scattering.

� Pile-up events: A higher density of particles in a bunch increases the chance of multiple
scatterings per bunch crossing. When an event is triggered it may happen that in the
read-out of that event also the scattering products of other collisions are seen. At the
same time, the frequency of scatterings will be so high at the design luminosity of the
LHC that events from different bunch-crossings can be read-out simultaneously. The
background this creates to the interesting decay channel is defined as pile-up events.

� The underlying event: Protons are not elementary particles and the hard scattering
is the interaction of the gluon and quark constituents of the two protons. The remnants
of the two protons fragment and hadronize resulting in more scattering products in the
detector. These form the underlying event.

� Another type of background consists of events not originating from bunch-bunch in-
teractions. Cosmics for example, are muons created high in the atmosphere by cosmic
radiation. One muon crossing the entire ATLAS detector through its interaction point
can thus mimic a back-to-back di-muon event. Another example is beam-gas events; these
are interactions of the beam with the residual gas molecules present in the vacuum of
the beam-pipe.

� The last kind of background we mention is “physics background”: any interesting hard
scattering which has the same signature as the signal we are looking for, but in fact
originating from a different process. This background is different from the others, as
it can resemble the signal at the hard scattering level, making it more difficult to find
observables to distinguish the signal from the background.

2.2 ATLAS

ATLAS is one of the two general purpose experiments at the LHC and is designed to explore
the physics in the TeV region. Although the protons are accelerated to 7 TeV, the center-of-
mass energy of the hard scattering will be lower than 14 TeV. The energy available in the
collision is

√x1x2s, where x1 and x2 are the momentum fractions carried by the two partons
participating in the hard scattering. Thus with the ATLAS detector, particles with masses
up to several TeV can be searched for, such as possible supersymmetric partners of Standard
Model particles, see Section 1.3.

ATLAS consists of several layers of detectors, each with the purpose of measuring specific
observables. Figure 2.2 shows a cut-away view of ATLAS. Starting from the inside of ATLAS
the detector closest to the interaction point is the Inner Detector (ID), a tracking detector
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with the purpose of measuring the direction and momenta of charged particles. The momenta
can be determined as the particles are deflected by the solenoidal magnet which surrounds the
ID; this super-conducting coil generates a field of 2 Tesla oriented along the beam axis. Next in
ATLAS are two calorimeters, one to measure the energy from electro-magnetic showers, i.e. the
energy from electrons and photons, and second a calorimeter to measure all hadronic energy
deposit. The outer layer of ATLAS is the muon spectrometer which measures the momenta of
the muons deflected by a toroidal magnetic field. These are, in the Standard Model, the only
charged particles able to reach the muon chambers.

The whole detector is built in a cavern along the ring called UX15. On both sides two extra
caverns have been built for service tasks, see Fig. 2.3. There is one large area named USA15,
located on the outside of the ring, and a smaller area on the inside called US15. The ATLAS
control room is located on the surface in building SCX1. We now first define the coordinate
system as used in the ATLAS collaboration and then go through all the sub-detectors one by
one. We note that a more detailed description of the ATLAS detector is given in [65].

2.2.1 Coordinate system

The coordinates are defined to form a right-handed Cartesian coordinate-system. The z-axis
lies parallel to the beam direction at the interaction point and viewed from that point the
positive direction for the axis is in the direction towards the LHCb experiment, see Fig. 2.1.
The side of ATLAS on the positive z-axis is also referred to as side A, while the opposite side
is called side C, and the barrel is B. The positive x-axis points towards the center of the LHC
ring and the positive y-axis points upwards. To be correct, the y-axis has a small angle with

Figure 2.3: Layout of surface buildings and of access shafts to the ATLAS cavern. The main
areas of underground activity are the main cavern (UX15) and the main counting room and
service cavern (USA15). The ATLAS control room is in building SCX1 on the surface.
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the vertical (0.704◦). Due to geological conditions near Geneva the tunnel was not built in an
exactly horizontal plain.

In the ATLAS collaboration an adapted polar coordinate system is used. With the z-axis
as described before, a polar coordinate system is defined with an azimuthal angle φ with φ = 0
towards the LHC center, in combination with a radial coordinate R and the polar angle θ .
This last angle is however replaced by the rapidity

y =
1
2 ln E + pz

E − pz

m=0−−→ y = − ln
[

tan θ
2

]
≡ η . (2.1)

The pseudorapidity η is equal to the rapidity y of a particle if its mass is zero. With the masses
of most particles being much smaller than their energies, the pseudorapidity is often used even
for massive particles. In this thesis we will be using the pseudorapidity as standard. In other
words, whenever the rapidity η is mentioned, the definition of pseudorapidity is used.

The reason for using this transformation of a polar coordinate is the fact that the particle
multiplicity distribution in rapidity (dN/dη) is basically flat, and the difference in the rapidity
of two particles is invariant under Lorentz boosts along the beam axis.

2.3 The Inner Detector

The Inner Detector (ID) is designed to determine to high precision particle momenta and re-
construct the primary and secondary vertices. It covers the track reconstruction up to |η |< 2.5
and provides electron identification in a momentum region from 0.5 GeV up to 150 GeV, with
|η |< 2.0. The ID is to measure this without interacting too much with the particles themselves,
as this complicates their track reconstruction in the ID and their energy measurement in the
calorimeters.

The ID itself is composed of three sub-detectors: the silicon pixel detector, the semi con-
ductor tracker (SCT) and the Transition Radiation Tracker (TRT). The first two are both
based on semi conductor technology and have a very high spatial resolution, in the order of
10 µm. For the third sub-detector the choice was made for a relatively more lightweight de-
vice. The TRT consists of gaseous straw tube elements interleaved with transition radiation
material. Although it has a lower spatial resolution than the silicon detectors, it provides many
space points enhancing the track reconstruction in the busy environments with up to ∼ 1000
particles expected. The TRT is also suitable for electron identification.

2.3.1 Pixel Detector

The pixel detector consists of silicon sensors mounted on a barrel with three cylindrical layers
and on six disks. The first barrel layer is located at 50.5 mm of the beam axis, the next two at
88.5 and 122.5 mm. Especially the first layer is of great importance for a good vertex resolution
and the performance of the b-quark identification algorithms (b-tagging algorithms); it will
however also endure the highest radiation damage rate and its performance will deteriorate
after a few years1). On both sides of the barrel the pixel modules are mounted on three disks,
these are located at z = 495, 580 and 650 mm, see Fig. 2.4. To compensate for the Lorentz
angle the modules on the pixel barrel layers are mounted with an angle of 20◦ with respect to

1)The current plan is to insert a layer even closer to the beam axis (before the current inner layer is too much
damaged). For this, the beam pipe is partly removed and replaced by a pipe with pixel modules mounted on
its exterior. This could be achieved in a long shut-down of the LHC planned in a winter (not before 2014).
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Figure 2.4: Drawing showing the ID end-caps traversed by two charged tracks, at η = 1.4 and
η = 2.2. The track at η = 1.4 traverses successively the beam-pipe, the three barrel pixel layers,
four of the SCT disks and approximately 40 straws in the end-cap TRT wheels. In contrast,
the end-cap track at η = 2.2 traverses the beam-pipe, only the first barrel pixel layer, two
end-cap pixel disks and the last four disks of the end-cap SCT. The coverage of the end-cap
TRT does not extend beyond |η | = 2.0. For the SCT disks only the inner and outer modules
can be seen, the middle modules are mounted on the other side of the disks.

the barrel’s tangent. In Section 3.1.1 we go into more detail on the working of silicon detectors
and we explain the Lorentz angle.

Figure 2.5 shows a schematic view of a barrel module. There are 16 front-end (FE) chips
with 2880 electronic channels each, which are bump bonded to the pixel sensor elements. Most
pixel sensors have a size of 50×400 µm2, 10% are 50×600 µm2. These larger pixel sensors are
to bridge the small gaps between the FE chips. For each pixel sensor which has a charge deposit
passing a certain threshold the chip sends the time-over-threshold signal to the Module Control
Chip (MCC). With the time-over-threshold signal a more accurate measurement is possible
than with a ‘hit-or-no-hit’ signal: the duration of the signal is proportional to the charge
deposited at the pixel sensor. As each traversing ionising particle will deposit some charge on
a cluster of pixel sensors, the time-over-threshold signals of the multiple sensors hit enables to
locate the center of the cluster.

Each module has one MCC. This communicates with higher levels of the ATLAS Data
Acquisition system by optical links. At the same time it controls the power over the individual
pixel sensors and is itself powered through the copper on a polyimide flex hybrid circuit. The
TMT, that is the Thermal Management Tile, conducts the produced heat to the cooling pipe.
To reduce distortions of the material when heating up or cooling down the TMT is decoupled
from the module by flexible glue. Each module is also equipped with a temperature sensor,
the NTC2), as shown in Fig. 2.5.

2)Negative Temperature Coefficient
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Figure 2.5: Schematic view of a barrel pixel module. In the plan view we also see the bump
bonding of the pixel sensors to the FE chips and the TMT. See text for more details.

2.3.2 Semi Conductor Tracker

The SCT contributes to the tracking of charged particles by providing four space points in
a range of |η | < 2.5. It consists itself of three sub-parts, one barrel and two end-caps. The
barrel consists of four cylindrical layers with its silicon modules mounted such that the strips
run parallel to the beam axis. The modules in the barrel have an angle of 11◦ with respect to
the barrel’s tangent to compensate for the Lorentz angle and to provide full coverage in the
φ -direction.

The two end-caps each have nine disks with the modules orientated such that the strips run
radially. Each disk can have an inner and outer layer, mounted on the side of the disk facing
the interaction point, plus a middle layer on the other side of the disk. This setup ensures
there are no gaps between the layers. The exact location of the disks and their occupation
in modules are chosen such that any charged particle always hits at least four modules. An
impression of this can be seen in Fig. 2.4; to go into more details a separate section is devoted
to the SCT, see Section 3.1.

2.3.3 Transition Radiation Tracker

The TRT is the outermost sub-detector in the ID. Its straws (drift tubes) provide many extra
space points for the track reconstruction, but with a lower spatial resolution than the SCT or
pixel detector. By detecting transition radiation in the TRT, electrons can be identified in the
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large amount of charged particles produced in the hard scattering.

The TRT consists of cathode straws with radius of four millimeters and length up to 144
cm. They are operated at -1530 V and filled with a gas mixture of 70% Xe, 27% CO2 and 3%
O2 with 5-10 mbar overpressure. The anodes are 31 µm diameter tungsten wires plated with
0.5-0.7 µm gold and are kept at ground potential. The wires are supported at the straw ends
by end-plugs and are directly connected to the front-end electronics. For the barrel straws
(with length of 144 cm) the wire is supported near the center by a plastic insert glued to the
inside of the wall, isolating both parts and thus reducing the occupancy of each straw. For
this, each barrel straw is read out from both ends. However, each long barrel straw is therefore
inefficient near its centre over a length of 2 cm. For some straws the wire is even divided in
three segments, leaving the middle segment inactive. See [65] for more details.

The straws are bundled in modules: the barrel consists of three layers, each with 32 modules.
Figure 2.6 is a schematic view of a part of the ID barrel and depicts how the TRT straws are
bundled in triangular shaped modules. This provides a φ -coverage without any gaps. The end-
cap straws are mounted radially, starting at 63 cm and ending at 103 cm from the beam axis.

Figure 2.6: Drawing showing the sensors and structural elements traversed by a charged track
in the barrel ID. The track traverses successively the beam-pipe, the three barrel pixel layers,
the four SCT layers and approximately 36 axial TRT straws within their triangular support
structure.
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The end-caps cover the range of 0.7 < |η | < 2.0, see Fig. 2.4.

A charged particle crossing the TRT will ionize the gas inside the straws. The released
electrons drift to the anode wires; the drift time of these released charges in the straw is used
to determine the point of closest approach of the charged particle to the wire with a spatial
resolution of 170 µm. The TRT will provide typically 30 hits per track, with a maximum of
36, see [66].

The straws are embedded in polypropylene fibers with different indices of refraction. A
charged particle will emit transition radiation in the X-ray regime with energy proportional
to the Lorentz factor γ = E/m. The X-rays are efficiently absorbed by the Xenon in the gas
in the straws and their energy deposits of several keV can easily be distinguished from the
energy deposits from the ionized gas, which are of order 200 eV. The electronics discriminate
the signal against two thresholds and can handle both energy deposits simultaneously. As the
electron has a small mass, the amount of radiation it emits is clearly larger than that of a
heavier particle with the same energy; hence the TRT serves as electron identifier.

To avoid pollution from permeation through the straw walls or through leaks, the straws
are operated in a CO2 envelope. See also Section 3.3 for more information on the environmental
conditions of the ID.

2.3.4 Inner Detector material distribution

The material distribution in a detector partly determines its performance. The distribution
can be expressed with two important properties, see [23]:

� The radiation length X0 is the mean distance over which a high-energy electron loses
all but 1/e of its energy by bremsstrahlung. It is also 7

9 of the mean free path for pair
production by a high-energy photon.

� The nuclear interaction length λ is the mean free path between inelastic collisions.
For a (hypothetical) homogeneous material λ = A/Nρσ , where A is the atomic weight,
N is the Avogadro number, ρ is the density of the material and σ is the cross section of
the incoming particle on the nucleus with weight A.

The need for cooling of the pixel detector and the SCT (see Section 3.3), the readout
devices and the silicon substrate itself constitute material with significant thickness in terms
of radiation length. Figures 2.7(a) and 2.7(c) show the integrated radiation length X0 traversed
by a straight track as a function of |η | at the exit of the ID.

In Fig. 2.7(b) and 2.7(d) the material distribution in terms of interaction lengths λ is shown.
We see that for the ID it does not exceed 0.7 λ . In Section 2.4 we discuss the calorimeters and
we show how their depth amounts up to 10 λ .

A striking feature in Fig. 2.7 is the amount of non-active service and structural material
from |η | ∼ 0.7 up to the interface of the barrel and end-cap regions around |η | ∼ 1.7. This in-
cludes cooling connections at the end of the SCT and TRT barrels, TRT electrical connections,
and SCT and TRT barrel services extending radially out of ATLAS. A large fraction of the
service and structural material is external to the active ID envelope, therefore deteriorating
the calorimeter resolution but not the tracking performance. Another service contribution is
from the pixel services at 2.7 < |η | < 3.2, which leave the detector along the beampipe. Their
extended range in |η | can clearly be seen: for |η | > 2.8 the pixel contribution in Fig. 2.7(a)
and 2.7(b) can be seen to be almost only cooling and cables in 2.7(c) and 2.7(d).
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Figure 2.7: Material distribution (X0, λ ) at the exit of the ID envelope, including the services
and thermal enclosures. The distribution is shown as a function of |η | and averaged over φ .
In (a) and (b) the breakdown indicates the contributions of external services and of individual
sub-detectors, including services in their active volume. In (c) and (d) the breakdown shows
the contributions of different ID components, independent of the sub-detector.

2.4 The Calorimeters

For the measurement of the particles’ energy two different types of calorimeter are used: the
electro-magnetic (EM) calorimeter for electrons and photons and the hadronic calorimeter for
all strongly interacting particles. In Fig. 2.8 we see that both fully envelop the Inner Detector.
Figure 2.9 shows the interaction lengths of all calorimeters. An EM calorimeter must have a

high enough X0 to stop the electrons and photons, yet a low λ to not interfere too much with
the hadrons; the EM energy measurement does not depend on λ . In contrast, the hadronic
calorimeter’s depth must be large enough to stop all hadronic showers and prevent punch-
throughs in the muon spectrometer. The EM calorimeter material amounts to a maximum of
about 1.5 λ , compared to ∼ 7.5 λ for the hadronic tile calorimeter, 10 λ for the Hadronic
end-cap (HEC), and 10 λ for the forward calorimeter (FCal).
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Figure 2.8: Overview of the Calorimeters. From inside out in we first see an electromagnetic
and second a hadronic calorimeter. Services for the Inner Detector and for the cryostat needed
to keep the liquid argon in the EM calorimeter cold make that a gap is needed between the
middle Tile barrel and the Tile extended barrels.
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Figure 2.9: Cumulative amount of material, in units of interaction length, as a function of |η |.
The breakdown starts with the material in front of the electromagnetic calorimeters. We then
see the electromagnetic calorimeters themselves, each hadronic compartment, and the total
amount at the end of the active calorimetry. Also shown for completeness is the total amount
of material in front of the first active layer of the muon spectrometer (up to |η | < 3.0).
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The calorimeters have been designed to cover the geometrical acceptance as hermetically
as possible. The only particle, known so far, to go undetected in the whole of ATLAS is the
neutrino. Its presence can however be deduced by ‘missing energy’ in a certain direction. The
longitudinal momentum of the colliding partons is not known, but their transverse momentum
is minimal. An unbalanced sum of transverse energy in the event, called E miss

T , can thus be
seen as the sum of the pT of all neutrino’s in the event.

The principle of a calorimeter is simple: in a dense absorber the incoming particle interacts
with the material, creating a shower of charged and neutral particles. The charged particles
are measured in the active medium. The number of particles counted is ideally proportional
to the energy of the original incoming particle. The sampling fraction of a calorimeter is the
fraction of the energy measured in the active medium to the total energy deposited in the
module.3)

In the EM calorimeter the showers are a cascade of mostly photons and electron-positron
pairs: photons interact with the nuclei in the absorber resulting in the pair production of
an electron and a positron4). The charged particles lose energy by ionizing the atoms or by
emitting bremsstrahlung, that is radiation as a consequence of acceleration in the EM field
of the nuclei or the electrons. The hadrons scatter by strong interactions with the nuclei into
showers of lower energy hadrons. We note that in the hadronic calorimeter a shower can be
partially electromagnetic. This is mostly due to the many pions produced in the shower, of
which the π0 decays to two photons.

2.4.1 Electromagnetic Calorimeter

The EM calorimeter is a liquid argon based detector and uses lead plus stainless steel as
absorber. The charged particles in the shower ionize the argon; the freed charges subsequently
drift to electrodes under influence of an electric field applied by high voltage electrodes. The
calorimeters are housed in three different cryostat environments cooling the argon down to a
liquid state. There is one cryostat for the barrel keeping it at 88 K. To minimize the amount
of material the same cryostat is used to cool the solenoidal magnet surrounding the ID to a
temperature of 4.5 K. Each end-cap has its own cryostat at a temperature of 88 K containing
the entire end-cap and the entire forward calorimeter.

The EM calorimeter is made out of modules all built in a similar way, be it for the barrel
or the end-cap calorimeter. Only in the Forward Calorimeter (FCal) the modules are different,
see Section 2.4.4. Figure 2.10(a) shows the schematics of one barrel module: 1.1-2.2 mm thick
lead plates covered with stainless steel are folded in an accordion shape. These are stacked
together with a honeycomb structure between the plates, creating gaps of 2-6 mm between the
absorbers. Along with the accordion plates, electrodes made out of copper and Kapton in the
same shape are installed. These electrodes are used for power supply and for read-out. The
space in between the honeycomb structure is filled with the liquid argon.

The accordion shape makes it possible to have a full φ coverage without cracks and a fast
extraction of the signal at the outside of the detector. The orientation of the modules is not
always the same: in the barrel the wave runs in the radial direction, in the end-cap it runs
parallel to the beam axis. In both cases the ‘amplitude’ of the wave is in the φ direction. The
barrel covers the range of 0 < |η | < 1.475, the two end-caps the range of 1.375 < |η | < 3.2.

3)Another definition, which is just the inverse quantity, is used in TileCal MC data reconstruction [67].
4)If the photon energy is high enough it can also split in a µ+µ− pair. However σγ→µ+µ− � σγ→e+e− as

mµ � me.
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Figure 2.10: Schematic view of a liquid argon EM calorimeter module (left) and of a Tile
calorimeter module (right). See text for more details.

Between the barrel and each end-cap some space is reserved for cryostat services; electrons
reconstructed at |η | ∼ 1.4 are therefore treated with special care, see Section 4.6.1. In the FCal
the EM calorimeter is also a liquid argon detector, but differently shaped. It covers the range
of 3.1 < |η | < 4.9.

The read-out of the EM calorimeter is segmented with a decreasing granularity at larger
radius. The read-out channels of inner segments are thus routed through the outer layers.
First, even before the modules described above, the so-called presampler measures the energy
loss in the material in front of the EM calorimeter, which can reach up to ∼ 2.5 X0, see Fig.
2.7(a). The presampler covers the range of 0 < |η | < 1.8 and is a single layer of liquid argon
with a granularity of δη × δφ = 0.025× 0.1. The modules, as seen in Fig. 2.10(a), consist of
three layers with granularities of δη × δφ = 0.003× 0.1, 0.025× 0.025 and 0.05× 0.025. The
first layer with a thickness of 4.3 X0 is used for γ/π0 and e/γ separation. The second layer with
a thickness of 16 X0 receives the largest part of the energy deposit, while the third layer (2
X0) has as purpose to measure the tail of high energy showers and to consequently distinguish
electromagnetic from hadronic showers; the hadronic shower has a larger fraction of its energy
further ‘downstream’.

2.4.2 Hadronic Tile Calorimeter

For the hadronic calorimeter several techniques are used. The barrel parts have scintillator as
active medium, while the hadronic end-cap and hadronic FCal are again liquid argon detectors.
The barrel hadronic calorimeter uses steel as absorber and consists of three parts, see Fig. 2.8:
the ‘tile barrel’ covers the range of |η | < 1.0 and the two ‘tile extended barrels’ on both sides
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Figure 2.11: Schematic of the transition region between the barrel and extended barrel tile
calorimeter. Additional scintillator elements are installed to provide corrections for energy lost
in inactive material (not shown), such as the liquid-argon cryostats and the inner-detector
services. The plug tile calorimeter is fully integrated into the extended barrel. The gap and
cryostat scintillators are read out together with the other tile-calorimeter channels.

cover 0.8 < |η |< 1.7. It had to be divided to provide space for cables and services for the inner
detector as well as power supplies and services for the barrel liquid argon calorimeter. This
‘gap’, which is at most 60.0 cm wide, is equipped with a plug tile calorimeter and additional
scintillator elements, see Fig. 2.11. This design prevents a pointing gap and results in a full η
coverage up to 1.7 by the Tile Calorimeter.

The scintillator in the detector is produced in tiles, hence its name. The unique feature
of this hadron calorimeter is the orientation of the tiles; these point radially to the beam line
resulting in an excellent φ -coverage. The tiles are 3 mm thick and come in different sizes: their
radial length varies from 97 to 187 mm, their azimuthal length from 200 to 400 mm. The
polystyrene tile produces scintillating light when a charged particle crosses. The material is
doped with wavelength-shifting fluors converting the UV to visible light, which is captured in
fibers routing it to photomultipliers.

In Fig. 2.10(b) we see the schematics of one module; it is wedge shaped covering 5.625
degrees in azimuth and 64 of these are needed to go round the EM calorimeter. The modules are
mounted with a small gap between them of 1.5 mm at the inner radius. The space is needed to
route the fibers radially outwards to the top of the module where the photomultipliers (PMTs)
are kept inside the steel girder. This girder also provides space for the readout electronics and
the flux return for the solenoid field. The fundamental element of the absorber structure
consists of a 5 mm thick steel master plate, onto which 4 mm thick steel spacer plates are
glued in a staggered fashion to form the pockets in which the scintillator tiles are located. We
emphasize that the master plates are placed radially and span the full height of the module as
seen in Fig. 2.10(b).
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Figure 2.12: Segmentation in depth and η of the tile calorimeter modules in the central (left)
and extended (right) barrels. The bottom of the picture corresponds to the inner radius of the
tile calorimeter.

The light produced in the scintillating material is collected using a wavelength-shifting
fiber on each side of the tile. The fibers, which are coupled radially to the tiles along their
edges as illustrated in Fig. 2.10(b), are grouped together and coupled to the PMTs. The fiber
grouping is used to define a three-dimensional cell structure in such a way as to form three
radial sampling depths, approximately 1.5, 4.1 and 1.8 λ thick at η = 0, see also Fig. 2.9.
These cells have dimensions ∆η ×∆φ = 0.1×0.1 in the first two layers and 0.2×0.1 in the last
layer. The depth and η-segmentation of the barrel and extended barrel modules are shown in
Fig. 2.12. The fibers coupled to each edge of the scintillating tiles are read out by two different
PMTs; this gives the possibility to average the signal from one tile which might otherwise
depend on the impact position of the particle entering the tile. This setup also serves as to
provide a redundant read-out link.

2.4.3 End-cap Calorimeter

As mentioned, the EM end-cap calorimeter is similar to the EM barrel. The hadronic end-cap
calorimeter (HEC) is also liquid argon based, with copper as absorber and covers the range
of 1.5 < |η | < 3.2. It consists of two wheels, the front wheel and the rear wheel, cylindrically
shaped with an outer radius of 2030 mm. Each of the four wheels is constructed of 32 identical
wedge-shaped modules.

The modules of the front wheels are made of 24 copper plates, each 25 mm thick, plus
a 12.5 mm thick front plate. In the rear wheels, the sampling fraction is lower with modules
made of 16 copper plates, each 50 mm thick, plus a 25 mm thick front plate. The flat plates
are stacked with a honeycomb structure between them. The gaps created this way all have a
thickness of 8.5 mm and are filled with the liquid argon and the electrodes. The readout is
organized in cells with sizes of ∆η×∆φ = 0.1×0.1 in the region |η |< 2.5 and 0.2×0.2 for larger
values of |η |. Longitudinally each wheel has two read-out sections. The read-out is segmented
in 8 and 16 gaps for the front, and 8 and 8 gaps for the rear wheel. These four segments are
named HEC0 up to HEC3 and their contribution in material is shown in Fig. 2.9.5)

5)A confusing fact in the literature is that HEC1 and HEC2 can also refer to the entire hadronic end-cap
wheels. HEC2 can thus be the first read-out segment of the rear wheel, but also the entire rear wheel.
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2.4.4 Forward Calorimeter

Each of the two forward calorimeters consists of three wheels. The first is the electromagnetic
part (FCal1), the next two together form the hadronic part (FCal2 and FCal3). The FCal,
covering the range of 3.1 < |η | < 4.9, is located at approximately 4.7 m from the interaction
point and is thus exposed to high particle fluxes. This has resulted in a design with very small
liquid argon gaps, which have been obtained by using an electrode structure of small-diameter
rods, centered in tubes which are oriented parallel to the beam direction.

The EM wheel of the FCal uses copper as absorber and comprises a total radiation length
of 27.6 X0. The Hadronic part uses Tungsten as absorber and consists of two wheels with
radiation lengths of 91.3 and 89.2 X0. The interaction lengths are respectively 2.7, 3.7 and 3.6
λ , see also Fig. 2.9. The absorbers have longitudinal holes to accommodate the electrodes with
the liquid argon in them.

2.5 The Muon Spectrometer

The muon spectrometer in ATLAS is the outermost sub-detector. It consists of precision cham-
bers as well as trigger chambers in a barrel part and in four wheels on each side, of which one
wheel is a ‘ring’ radially positioned outside the end-cap toroid. 6) Figures 2.2 and 2.13 show
how the spectrometer is built up out of the chambers, taking a large space volume. Its momen-
tum determination performance depends on the toroidal magnetic field which is created by the
eight coils of the superconducting barrel toroid magnet and the two end-cap toroid magnets.
The magnetic field is on average 0.5 T in the barrel region and 1.0 T in both end-cap regions.
Together with the size of the system the magnetic field results in a large bending power. It

6)The two rings on both sides of ATLAS are not completely installed yet.

Figure 2.13: Cross section of the muon system in a (z,r) plane. Infinite-momentum muons would
propagate along straight trajectories which are illustrated by the dashed lines and typically
traverse three muon stations. We see the three barrel layers, the four wheels and the trigger
chambers.
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Figure 2.14: Cross section through the upper part of the barrel, with RPCs marked: they are
located on both sides of the middle chambers and on one side of the outer chambers. The barrel
consists in total of 16 sectors, alternately with large and small chambers. All dimensions are
in mm.

is however an inhomogeneous field: in the barrel region it varies from 0.15 to 2.5 T and in
the end-cap region from 0.2 to 3.5 T. An accurate B-field mapping is necessary to correctly
reconstruct the muons’ momenta.

The layout of the detector is optimized to provide the best acceptance and resolution,
taking into account the inhomogeneous magnetic field and the large size of the apparatus. The
spectrometer covers the range of |η | < 2.7 measuring each muon in three layers of chambers
and is designed to reconstruct accurately the momentum and charge of traversing muons with
momentum of ∼ 3 GeV up to ∼ 3 TeV. Fig. 2.14 depicts a cross section through a part of
the barrel spectrometer. Two magnet coils can be seen together with nine chambers between
and on the coils. The sixteen sectors in the cylindrical barrel have alternately small and large
chambers, which results in a small overlap at their edges. This ensures a full coverage in φ -
space and can be used for relative alignment of the chambers. The precision measurements on
the muon’s track are performed by the Monitored Drift Tubes (MDTs). The spectrometer also
serves as trigger on muons: in the range of |η | < 1.05 Resistive Plate Chambers (RPCs) are
installed, also indicated in Fig. 2.13 and 2.14, and in the range of 1.04 < |η | < 2.4 Thin Gap
Chambers (TGCs) are located, see Fig. 2.13.

The barrel has an inner layer at approximately 5.0 m from the beam axis, a middle at 7.5 m
and an outer layer at 10 m. The exact radial distance of the chambers varies per sector: the
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large chambers are closer to the beam axis than the small chambers, see Fig. 2.14. The muon
wheels are located at |z| = 7.4 m between end-cap calorimeter and end-cap magnet, at |z| =
10.8 m forming the ring around the magnet end-cap, and at |z| = 14 and 21.5 m, beyond the
magnet end-cap. In Fig. 2.13 the wheels are indicated as EIL, EEL, EML and EOL: the end-cap
inner large, -extra large, -middle large and -outer large. In the barrel there is a gap between
the chambers at |η | ∼ 0 to leave space for cables and services for all the sub-detectors deeper
in ATLAS. This gap is at most 2 m between certain chambers: highly energetic muons with
straight tracks can go undetected in the spectrometer in a region of |η | < 0.08 if between large
chambers, or in a region of |η | < 0.04 if between small chambers. These muons can however
be measured in the ID and calorimeter.

(a) A barrel MDT chamber.

µ
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Anode wire

Cathode tube

Rmin

(b) Cross section of a MDT
tube

Figure 2.15: Left: structure of a MDT chamber. An aluminum frame carries two multi-layers of
three or four drift tube layers. Four optical alignment rays, two parallel and two diagonal, allow
for monitoring of the internal geometry of the chamber. RO and HV designate the location
of the readout electronics and high voltage supplies, respectively. Right: cross section of one
MDT tube, see text for more information.

Figure 2.15(a) shows the schematics of one barrel MDT chamber, Fig. 2.15(b) depicts the
cross section of one drift tube. It is a 30 mm diameter aluminum tube filled with a gas mixture
of Ar (7%) and CO2 (93%) at an absolute pressure of 3 bar. This gas is ionised when a muon,
or any charged particle, passes by. An anode wire operated at 3080 V runs through the tube
and collects the charge: the time of arrival of the signal pulse is a measure for the radius of
the point of closest approach of the muon’s track compared to the wire. The chambers are
installed such that the tubes run orthogonal to the beam axis. Within the chamber a hit does
not result in a φ coordinate.

In the two inner wheels the innermost layer consists of Cathode-Strip Chambers (CSCs).
Covering the forward range of 2.0 < |η | < 2.7, see Fig. 2.13, these chambers are more suitable
with their higher rate capability and time resolution. The CSCs are multi-wire proportional
chambers with cathode planes segmented into strips in orthogonal directions. This allows both
coordinates to be measured from the induced charge distribution.
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In the track reconstruction, hits in three chambers form a curved path. The sagitta of such
a curve is defined as s = l2/8r, where l is the path length in the magnetic field and r the bending
radius. The spectrometer momentum resolution design is 10% for a 1 TeV muon. For a muon
with no longitudinal momentum this corresponds to a track with sagitta of about 500 µm, to
be measured with a resolution of 50 µm, implying that the locations of MDT wires and CSC
strips along a muon trajectory must be known to < 30 µm. For this purpose a high-precision
optical alignment system monitoring the relative positions among the chambers, and their
internal deformations is installed. An impression is given in Fig. 2.15(a) for the monitoring of
the internal geometry. Together with a track-based alignment with data the position of the
chambers can thus accurately be measured.

2.6 The Trigger and Data Acquisition system

At the design luminosity of the LHC in the order of ∼ 109 interactions per second will occur
inside the ATLAS detector, generating 1 PB/s of data. As explained in Section 2.1.1 not only
is this amount unsustainable for mass storage, many of these events are also not worth storing.
The Trigger and Data Acquisition (T/DAQ) system reduces this to ∼ 200 events per second,
or equivalently to an amount of ∼ 300 MB/s for data storage. To achieve this a three-level
trigger system is designed for the ATLAS detector.

Figure 2.16 shows an overview of the T/DAQ system. It can roughly be divided in the
hardware readout chain and the trigger system. The readout chain starts at the Front-End
(FE) electronics on the detector modules which send the data for each bunch crossing to the
pipeline memories; we emphasize that at design luminosity each crossing will contain several
interactions, which at this point in the data chain are seen as one event. When passing the
level 1 (L1) trigger, which only uses reduced-granularity information from the calorimeter and
the muon spectrometer, the event data are sent to the Readout Drivers. These RODs align
the data in time and forward them to the Readout Buffers (ROBs). The level 2 (L2) trigger
requests the data from these large memory buffers. To reduce the amount of data transfer only
the information from the Regions Of Interests (RoIs) identified by the L1 trigger is analyzed;
the L2 trigger does have access to the full granularity data of these RoIs. If the event passes
the L2 trigger, the Event Builder requests the data from the ROBs and forwards the fully
assembled event to the Event Filter (EF), the third and last trigger level.

The Data Acquisition system (DAQ) controls the movement of the data down the trigger
chain; in addition it also provides for the configuration, control and monitoring of the ATLAS
detector during data-taking. We note that the monitoring of the detector hardware (such as
gas systems, cooling systems, etc. . . ) is taken care of by the Detector Control System, the
DCS. We will now describe the three trigger levels in more details. For a complete description
we refer to [65, 68].

2.6.1 Level 1 Trigger

The L1 trigger is a hardware trigger implemented in custom-built electronics. It reduces the
event rate from an initial 40 MHz7) to about 75 kHz. The flow of the L1 trigger is shown in
Fig. 2.17. The trigger decision is taken by the Central Trigger Processor (CTP) and is based
on reduced-granularity information from the RPCs and TGCs for a muon trigger and from

7)A bunch crossing of 40 MHz with 23 events per crossing result in the ∼ 109 events/sec mentioned earlier.
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Figure 2.16: Overview of the Trigger and Data Acquisition system. The right side shows the
data collection infrastructure and the left side the different trigger levels. The trigger decision
lines show at what level in the data transfer chain the event data are accepted or rejected. At
the bottom of the figure different streams are depicted, see text for more details.

the calorimeters for a trigger on electrons or photons, jets, or τ ’s decaying into hadrons. With
the information from the calorimeter an event can also be triggered on large total transverse
energy or large missing transverse energy. The event selection uses inclusive criteria, which in
this case means that the objects’ pT or the global energy quantities have to pass a certain
threshold. For the electron/photon and τ triggers isolation can also be required: the particle
must have a minimum angular separation from any significant energy deposit in the same
event.

The L1 muon trigger is implemented in electronics placed on the muon chambers as well
as in the USA15 cavern. It receives information from the trigger chambers and searches for
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Figure 2.17: Block diagram of the L1 trigger. The Central Trigger Processor accepts or rejects
the event based on information from the calorimeter and muon trigger. If it is accepted the
signal is sent to the FE electronics along with a timing stamp, the L2 receives the RoIs and
the DAQ handles the data transfer further down the trigger chain.

patterns of hits consistent with high pT -muons originating from the interaction point. The
only information sent to the CTP is the multiplicities of muons above certain pT thresholds.
The logic provides six independently programmable thresholds.

The L1 calorimeter trigger is also located in the service cavern USA15 and has two sub-
systems working in parallel: the Cluster Processor (CP) and the Jet/Energy sum Processor
(JEP). With no tracking information at this level any electromagnetic energy deposit is simply
classified as electron/photon. The CP identifies electron/photon or τ candidates with certain
ET thresholds. The JEP receives jet trigger elements, which are 0.2× 0.2 sums in ∆η ×∆φ ,
to identify jets and to produce global sums of scalar and missing transverse energy. Only the
multiplicities of each of the different triggered objects and the global energy sums are sent to
the CTP.

The Central Trigger Processor receives the multiplicities of all trigger objects and the
global energy quantities. This information is compared to a list of items, where a maximum
of 256 items can be on the list. Each item can be a combination of conditions: for example,
the condition L1 2EM15I demanding two electromagnetic isolated clusters of 15 GeV can be
combined in one item with the condition L1 2J45 demanding two jets of 45 GeV. An event
is accepted if one or more items are passed. Apart from the trigger conditions the item also
has a pre-scaling factor between 1 and 224. With this factor the amount of events labeled as
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triggered can be scaled down by randomly choosing among the events that fulfilled the trigger
selection.

The trigger decision, together with the 40.08 MHz clock and other signals, is distributed
to the detector front-end and readout systems via the Timing, Trigger and Control (TTC)
system, using an optical-broadcast network. If the event is accepted by the L1 trigger, the
geometric location of trigger objects is sent as RoIs to the L2 trigger. The L1 trigger also
identifies the bunch crossing of interest; with a bunch interval of 25 ns this is not a trivial task.
For the muon spectrometer, the physical size of the system implies times-of-flight exceeding
the bunch-crossing interval. For the calorimeter trigger, a complication is that the width of
the calorimeter signals extends over many (typically four) bunch-crossings. While the trigger
decision is being formed the data for all detector channels is retained in pipeline memories
placed on or near the detector. The L1 latency, which is the time from the proton-proton
collision until the L1 trigger decision, is required to be less than 2.5 µs, with a target latency
of 2.0 µs, leaving 0.5 µs in case of necessity. About 1 µs of this time is accounted for by
cable-propagation delays alone.

2.6.2 High Level Trigger

The High Level Trigger is a software based trigger, running on a PC farm located in USA15.
It is subdivided in the L2 trigger and EF, which both have access to the full granularity
information of all sub-detectors, but for the L2 only in the RoIs. Better information on energy
deposition thus improves the threshold cuts, while track reconstruction in the inner detector
significantly enhances the particle identification (for example distinguishing between electrons
and photons).

Level 2 Trigger

The L1 trigger sends the RoIs to the L2, which retrieves the full data for those regions from
the ROBs; this amounts to about 1−2% of the full data of an event. It has a nominal average
processing time of 40 ms and reduces the output rate to around 3 kHz.

The execution of the L2 trigger is organized by the HLT Steering algorithm based on the
static configuration information and on the dynamic event data. In simpler words, the Steering
algorithm decides which trigger decision step should be run on which of the RoIs that are being
reconstructed. At each step in the reconstruction, physics signatures are analyzed and tested
against the trigger demands. At each step the event can be rejected, which also stops the data
retrieving of other RoIs. This way only for selected events the full data of the RoIs is transfered
and the transfer is minimized for rejected events.

The L2 trigger mostly uses inclusive criteria, comparable to the L1 trigger. One exception
is the L2 selection for events containing the decay of a B-hadron, which requires the recon-
struction of exclusive decays into particles with low momentum.8) For this particular trigger
decision the L2 algorithm can also access information on the muons in an area larger than the
original RoI.

8)By exclusive decays we mean the specific decays of the B-hadron with two muons.
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The Event Filter

After passing the L2 trigger, the event builder requests all data from the ROBs and sends
the fully assembled event to the EF, which rebuilds the full event using standard ATLAS
event reconstruction and analysis applications. On average, one event is processed in four
seconds; with a farm of ∼ 1500 PCs this reduces the event output to 200 Hz. A full event is
approximately 1.5 MB in size. An important part of the event selection is its classification to
the ATLAS physics streams, see next section.

At the start-up luminosity of 1031 s−1cm−2 the event rate is still modest, about 3 orders of
magnitude lower than the design level. At this luminosity, low thresholds and loose selections
can thus be used for the L1 trigger without running the risk of triggering too many events,
while the HLT can be run in pass-through mode.

2.6.3 Trigger menu and data streams

The complete configuration of the ATLAS trigger is called a menu, where a menu consists of
different chains. One chain, also called a slice, can for example be the sequence of the L1, L2
and EF trigger selecting two jets. An event is thus accepted if at least one chain is satisfied;
the benefit of such a modular setup is that chains can be easily adjusted or replaced. With the
luminosity increasing over time, the trigger menu will be continuously adapted as to keep the
output rate maintainable.

At the end of the trigger chain the EF classifies the event into one or more physics streams.
Events with the same signatures are thus grouped together, simplifying further analysis. It also
makes it possible to reprocess events separately for each stream. An event can however also
end up in several streams, resulting in duplicate events. The different streams are therefore
defined such to have a minimal amount of overlap. A possible configuration at low luminosity
is four physics streams: electrons and photons (Egamma-), muons, jet/τ/E miss

T and minimum
bias triggers. With such definition the overlap would be less than 10%, see [69]. The minimum
bias trigger ensures that some minimum bias events are saved; although we defined these as
non-interesting scatterings, we do not yet completely understand them. Their expected rate
for example at the LHC energy levels has a large uncertainty. Some of these events will be
investigated to better understand the background they form.

In addition to the physics streams, there will be three special streams. The so-called express
stream is a sub-sample of high-purity signal events from the physics streams used to monitor
the quality of the data and the detector. The calibration stream contains events triggered by
special calibration triggers. The debug stream is for all the events which caused errors during
online running, such as time-outs, crashes, etc. . . These can then be investigated further.




