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1 Introduction

Since decays particle physicists search for new particles in or-
der to explain the structure of the universe. This has lead to
the Standard Model theory, concerning the fundamental in-
teractions such as electromagnetic, weak and strong nuclear
interaction. In order to extend the Standard Model or to find
physics beyond the Standard Model, particle colliders have
been constructed over the course of time with increasing beam
energies and luminosities for the purpose of finding new par-
ticles.
To date the researches have lead to the biggest particle collider
worldwide, the LHC (Large Hadron Collider) which was built
to search for the Higgs-boson and supersymmetry.
Two main experiments operate at the LHC to search for ”new
physics”, the ATLAS (A Toroidal LHC ApparatuS) and CMS
(Compact Muon Solenoid))
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2 LHC

2.1 General informations

The LHC is a two-ring-superconducting-hadron accelerator
and collider. It is installed in the former LEP (Large Elec-
tron Positron Collider) tunnel, which has an circumference of
27.6km and is between 45m and 170m below earth’s surface
(see figure 2.1). The LHC is able to collide protons or Pb-ions.
In the proton mode it operates with center-of-mass energies up
to Ecms = 14TeV and a luminosity L = 1034cm−2s−1.
Superconducting magnets deliver the needed 8.33T dipole field.

Figure 2.1: Sketch of the LHC below Geneva from [4]
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2.2 LHC and Tevatron

2.2 LHC and Tevatron

Over the course of time the center-of-mass energies of the con-
structed particle colliders have been exponentially rising in
order to find new particles. Before the LHC was built, Teva-
tron was the biggest hadron collider. The following figure (2.2)
shows the development of the center-of-mass energy in differ-
ent colliders over time.

Figure 2.2: The graph shows the exponentially growth of the
energy of different colliders (both hadron and
e+e−) with time. Graph from [9]

The main difference between LHC and Tevatron is that
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2 LHC

Tevatron is a proton-antiproton collider. The advantage of
a pp̄- collider is that the cross sections are higher than pp-
colliders at low energies. However at high energies the cross
sections are nearly similar because of confinement many new
particle-antiparticle pairs are generated which leads to nearly
equal collision conditions.
Besides the center-of-mass energy it is important to achieve
sufficient large event rates. The event rate is given by:

dN

dt
= L · σ (2.1)

with the luminosity L and any cross section σ.
For the higgs-boson cross sections between 10 and 104fb
(1fb=10−39cm2) are expected (see figure 2.3). In order to grant
sufficient large event rates for higgs discovery, a high luminos-
ity is needed. Due to this the LHC was designed as a pp-
collider because it is much easier to collect and collide protons
than antiprotons.
Since high energies are needed to generate new particles hadron
colliders are more suited for discoveries than e+e−-colliders like
LEP(2). Because of synchrotron radiation is it hardly possi-
ble to built high energy e+e− ring-colliders. But these colliders
provide a higher precision than hadron colliders. Data from
hadron colliders and e+e−-colliders are used to complement
each other. Table 2.1 compares the above-mentioned collid-
ers LHC, LEP2 and Tevatron. Although the beam energies of
LEP2 is magnitudes lower than LHC and Tevatron, the energy
loss through synchroton radiation is magnitudes higher. LHC
provides a luminosity of 1034cm−2s−1 and grants a sufficient
large event rate for the Higgs search.
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2.2 LHC and Tevatron

Table 2.1: Comparison between LHC, LEP2 and Tevatron. [9]

Figure 2.3: Cross section for different Higgs productions from
[3]
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3 Detectors

For measurements of the collisions at the LHC, several huge
detectors have been built with different priorities. Two among
them are dedicated to the search for new physics like Higgs or
supersymmetry. The are called ATLAS and CMS.
This chapter will cover the structure of both detectors.

Figure 3.1: Structure of the ATLAS detector. [5]
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3.1 Requirement

Figure 3.2: Structure of the CMS detector. [5]

3.1 Requirement

ATLAS and CMS are both designed to measure the collisions
at the LHC as efficient and as precise as possible. With proton-
proton collisions the strong interaction is involved, which will
cause very complex final states and a very high backround be-
cause of confinement. In addition have the detectors to handle
the high collision rate of 400MHz provided from the LHC and
harsh radiation conditions near the interaction point, forcing
the collaborations to work with radiation-hard materials.
Besides the collaborations had a finite budget to fund the stud-
ies, development and construction of their detectors, which
made the whole project even more challenging. Superconduct-
ing technology was used for the detector magnets to limit the
size and to lower the overall costs.
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3 Detectors

3.2 Structure

The structure of both ATLAS and CMS can be described as
a cylinder with three different layers. The innermost layer is
surrounded by a solendial magnetic field. The task of this
layer is to measure the direction and momenta of all charged
particles. This layer is called the tracker.
The second layer absorbs and measures the energy of electrons,
photons and hadrons which is called the calorimetry system.
It is partitioned in the EM (=electromagnetic) calorimeter for
electrons and photons and in the hadron calorimeter.
The third and outer layer is the muon spectrometer. It mea-
sures the momenta and direction of high-energy muons.
The decisions which lead to this structures are driven by the
methods used for the measurements and the elements of the
detectors.
With a length of 46m and a diameter of 22m is ATLAS much
larger than CMS which is just 20m long with a 15m diameter.
Although CMS is smaller than ATLAS, it is with 12500 tons
much heavier than ATLAS which just has a wheigt of 7000
tons.
Figures 3.1 and 3.2 show a sketch of ATLAS and CMS detec-
tors. Illustrations about different particles crossing the differ-
ent layers of the detectors are listed in the appendix (figures
5.1 and 5.2).

3.3 Magnet system

The magnet systems of both detectors provide the uniform
magnetic field which is needed in the tracker and the muon
spectrometer. The choice for the magnet system was mostly
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3.3 Magnet system

driven by the measurement method of the muon system. CMS
uses one single solenoid to create a high magnetic field (4T)
in the tracker for all precision measurements, also muons. A
high enough return flux in the iron yokes (see figure 3.2 yel-
low marked) outside the magnet provides a muon trigger and
a second muon momentum measurement. The length of the
solenoid was choosen to cover the required η coverage and the
diameter to place tracker and most of the calorimetry inside
the coil.
In contrast to CMS uses ATLAS more than one magnet. In
the center we have a solenoid providing a 2T magnetic field
for the tracker. Three large air-core toroids surrounding the
calorimeter system provide the magnetic field for muon mea-
surements. These are the two end-cap toroids situated at the
front and the back of the calorimeters and the barrel toroid
covering the calorimeters. The choice for this setup was driven
by the requirement to perform high-precision stand-alone mea-
surements of muons over an as large as possible momentum
and η range. Having the calorimeter outside the coil leads to
an impact on the EM calorimeter performance, so materials
and diameters of the coil have been choosen to minimize per-
formace losses. The length of the solenoid was choosen by the
length of the calorimeter system and inner tracker system, re-
sulting in a significant nonuniformity at the end of the tracker.
The impact of the magnet system on the performance of the
other detector elements will be discussed in the following sec-
tions.
Figure 3.3 shows a sketch of the ATLAS magnet system and
table 3.1 shows the main parameters of the CMS and ATLAS
magnet systems.
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3 Detectors

Figure 3.3: Structure of the ATLAS detector [8] (colors have
been changed).

Table 3.1: Main parameters of the CMS and ATLAS magnet
system [5].
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3.4 Inner tracker

3.4 Inner tracker

The inner tracking system of ATLAS and CMS are designed
to measure as precise and as efficient as possible the direction
and momenta of all charged particles which emerge from the
primary interaction with transverse momentum above about
1GeV and over a pseudorapitity range of |η| < 2.5.
Although there are harsh radiation conditions near the inter-
action point, the inner tracker needs to operate stable and
robust over many years.
For ATLAS the inner tracker is situated into a fairly uniform
2T field while CMS provids a uniform 4T field, resulting in a
better resolution for the inner tracker of CMS. Both detectors
rely on silicon pixel and strip detectors for the inner tracker.
Differences between the ATLAS and CMS silicon detectors are
listed in table 3.2.
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3 Detectors

The interaction point is covered by three layers of pixel de-
tectors for both ATLAS and CMS providing a set of three
measurements per primary track. Details about the pixel de-
tectors are found in the appendix (table 5.1)
At intermediate radii thin silicon strip detectors (≈ 300µm)
are used by both experiments. For ATLAS this is called the
SCT (Semiconductor Tracker) and is located between 30 and
60cm away from the interaction point. Between 20 and 55cm
from the interaction point CMS has his TIB (Tracker Inner
Barrel), TID (Tracker Inner Disk) and the first layer of the
TEC (Tracker End Cap).
Between 55 and 107cm, CMS still uses silicon detectors in the
TOB (Tracker Outer Barrel) and the TEC, making the in-
ner tracker of CMS a full silicon tracker. These detectors are
thicker (≈ 500µm and coarser pitches (120 to 180 µ). The
whole tracker is cooled down to -10◦C operation temperature
to reduce the impact of radiation damage of the silicon detec-
tors.
The pixel detectors and the SCT of the ATLAS are insulated
and cooled down to operate at -7◦C. Behind the SCT, be-
tween 56 and 107cm ATLAS uses the TRT (Transition Radi-
ation Tracker) consisting of a set of 4 straw-tubes with 4mm
in diameter which operate at room temperature using a Xe-
CO2-O2 (79/27/3%) gas mixture. Due to finacial resons the
TRT is limited to |η| < 2. In figure 3.4 and 3.5 are the inner
tracker of ATLAS and CMS illustrated.
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3.4 Inner tracker

Table 3.2: Parameters of the CMS and ATLAS inner tracker
elements [5]
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3 Detectors

Figure 3.4: Sketch of the inner tracker of the ATLAS detector.
It contains the pixel detector, the SCT and the
TRT (barrel only) [6].

Figure 3.5: Profile of the CMS inner tracker [2].
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3.5 Calorimeter system

3.5 Calorimeter system

For the calorimeter systems it is essentiel to have an excel-
lent position and energy resolution over a wide pseudorapidety
(|η| < 2.5) and energy range (few GeV to several TeV).

3.5.1 Electromagnetic calorimetry

The EM calorimeter of ATLAS and CMS consist of two parts.
The barrel which covers approx. |η| < 1.5 and and two end-
caps covering 1.4 < |η| < 3.2 (3.0 for CMS). ATLAS relies on
Lead/LAr (LAr=liquid Argon) accordion technology, which
grants excellent lateral and longitudinal granularity. In con-
trast, CMS uses tungsten crystals (PbWO4). These have no
longitudinal segmentation but grant a fine lateral granularity
and have a much better intinsic resolution then ATLAS EM
calorimeter. Because the EM calorimeter of ATLAS is situ-
ated behind the solenoid, the photons and electrons already
lose some energy in the solenoid which reduces the accuracy
of the EM calorimeter measurements. The whole calorimeter
system of ATLAS and CMS is shown in figure 3.6 and 3.7.
Further information about the EM calorimeters are in table
5.2 (appendix).

3.5.2 Hadronic calorimetry

Between the hadronic calorimeters of ATLAS and CMS are
serveral significant differences. In ATLAS we have the tile
barrel and extended tile barrel using iron scintillating technol-
ogy. These cover a range of |η| <1.5. Higher pseudorapidities
are covered by the hadronic end-caps (HEC) and the forward
calorimeter (FCAL). The end-caps are using copper and LAr
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3 Detectors

and cover a pseudorapidity of about 1.5 < |η| < 3. The FCAL
is installed inside the HEC and covers 3 < |η| < 5 and is built
of copper (front)/ tungesten(back) and LAr.
The CMS hadron calorimeter is seperated into barrel, end caps
and forward calorimeter. These cover about the same pseu-
dorapidity like the ATLAS hadron calorimeter parts. Both
barrel and end-caps use brass/scintillator technology. For the
forward calorimeter steel is used.
One important difference between ATLAS and CMS is, that
the CMS calorimeters are situated inside the solenoid, caus-
ing spatial limitations for the calorimeters. Because of these
spatial limitations has the hadronic calorimeter of CMS in-
sufficient absorbtion of hadrons. To protect the muon cham-
bers from punch-through, a tail-catcher was added which stops
but not measures hadrons, making it through the calorimeter.
This results in a reduced resolution.
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3.5 Calorimeter system

Figure 3.6: Sketch of the ATLAS calorimeter system [5].

Figure 3.7: Profile of the CMS calorimeter system [5].
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3 Detectors

3.6 Muon spectrometer system

Both ATLAS and CMS were mostly shaped by the decision
made for the muon systems. This is because muons are very
robust and deliver a clean and unambiguous signatures for the
higgs search (like H → ZZ → 4µ).
ATLAS decided on a high-resolution, stand-alone measure-
ment which is independent of the other detector parts. This
resulted in a detector with large volume and low density. In
contrast, CMS uses the concept of a compact detector. To
reach enough bending power for the muon measurement a high
magnetic field is necessary.
ATLAS uses 4 kind of muon detectors. Monitored drift tubes
(MDTs) and cathode strip chambers (CSCs) for precision mea-
surement, resistive plate chambers (RPCs) and thin gap cham-
bers (TGCs) for triggering. In the barrel region the MDTs and
RPCs are used and cover a pseudorapidety of |η| <1.05. The
MDTs are also used in the end-cap region enhancing the range
to |η| <2 and. For larger |η| is the neutron-induced backround
and muon hit rate much higher. In this region CSCs are used
covering 2.0 < |η| < 2.7. TGCs are assuming the triggering
in the end-cap region and cover therefore a pseudorapidity of
1.05 < |η| < 2.4. A profile of the ATLAS and CMS muon
system with the different layers is shown in figure 3.8.
CMS decided to use only 3 different elements for their muon
spectrometer. Drift tubes, CSCs and RPCs. Their tasks is
both precision measurement and triggering, expect the RPCs
which are used for triggering alone. Like ATLAS uses CMS
both drift tubes and RPCs in the barrel region covering |η| <1.2.
However CMS extendend the RPCs to the end-cap region en-
hancing their range to |η| <2.1. The CSCs are also used in
regions with harsher backround and muon hit rate conditions,
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3.6 Muon spectrometer system

covering 1.2 < |η| < 2.4. Table 5.3 shows a detailed compari-
son between the ATLAS and CMS muon chambers.

Figure 3.8: Sketch of the different layers of the ATLAS (above
[7]) and CMS (below [5]) muon spectrometer.
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4 Performance

To obtain results from the data obtained from ATLAS and
CMS, excellent knowledge of the detector performance is es-
sential. Extensive test-beam measurements and simulations
had been done over years to obtain knowledge about the res-
olution and efficiency of the detector components.

4.1 Inner tracker

Table 4.1: [5].
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4.2 Calorimeter system

Table 4.1 shows the main performance characteristics of
both ATLAS and CMS inner trackers.
Regarding the momentum resolution the CMS tracker is su-
perior to the ATLAS tracker. This is not surprising since the
CMS detector provides a more uniform magnetic field for the
inner tracker. However ATLAS has a slightly better recon-
struction efficieny, which is due to the lower magnetic field
in the tracker because high magnetic fields enhance effects of
interactions in the detector material. The resolution of the im-
pact parameter is similar in the transverse plane but slightly
different in favor of CMS in the longitudinal plane. In the
longitudinal plane the small CMS pixel size leads to a bet-
ter resolution. However in transversal plane the pixel size of
ATLAS is smaller but gets countered by charge-sharing pixels
next to each other and the analog readout of the CMS pixel
system.

4.2 Calorimeter system

EM calorimeter
For photons with an energy of 100Gev the expected ATLAS
energy resolution is about 1.19% for unconverted photons and
1.44% for converted photons. For CMS there is an overall
expected resolution of just 0.75% which is due to the high in-
trinsic resolution of the used tungsten crystals. Also the AT-
LAS EM calorimeter is situated outside of the solenoid which
causes some reduced resolution.
For electrons with 50GeV the resolution varies between 1.3%
(|η| = 0.3) and 1.8% (|η| = 1.1) for the ATLAS EM calorime-
ter independent of the tracker. CMS just has an estimated
resolution of 2%. Because ATLAS has both a good lateral
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4 Performance

and longitudinal granularity and CMS has just a good lateral
granularity, the resolution independent of tracker informations
is lower for CMS than for ATLAS. The dependency of the res-
olution for photons and electrons with their energy is shown
in figure 4.1.

Figure 4.1: Top is the expected relative precision of the energy
measurement of photons. On the bottom there is
the same for electrons. [5]
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4.2 Calorimeter system

Hadronic calorimeter
Regarding the performance, the main difference of the hadronic
calorimeters of ATLAS and CMS is that the CMS has insuffi-
cient absorption and was forced to use a tail-catcher.. Figure
4.2 shows the expected energy resolution of QCD jets.

Figure 4.2: Energy resolution of jets reconstructed in the cen-
tral region. For ATLAS as a function of 1/

√
E

with E as the jet energy and for CMS as a func-
tion of EMC

T (=transverse energy of jet)[5]

For jets with 1TeV atals reaches about 2% resolution whereas
CMS just has an expected resoltution of 5%. ATLAS is also
superior in the measurement of the missing transverse resoltu-
ion. Figure 4.3 shows the precision of the missing transverse
energy (σ)as a function of the total missing transversal energy
(ΣE). For a total missing transversal energy of 2TeV ATLAS
has a precision of σ ≈ 20 and CMS nearly double as much
with σ ≈ 40.
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4 Performance

Figure 4.3: The expected missing transersal resolution as a
function of the total missing transversal energy [5]
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4.3 Muon spectrometer system

4.3 Muon spectrometer system

The following table 4.2 shows the performance of the ATLAS
and CMS myon system.

Table 4.2: Main parameters of the ATLAS and CMS muon
spectrometers. Also the stand-alone and combined
momentum resolution is shown for different mo-
menta [5].

We see that ATLAS covers a larger pseudorapidety than
CMS. Regarding the resolution of the muon momentum CMS
has a better combined performance whereas ATLAS has ex-
cellent stand-alone measurements, which it was designed for.
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5 Appendix

Figure 5.1: Sketch of the different layers the ATLAS.
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Figure 5.2: Sketch of the different layers the CMS detector [1].
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5 Appendix

Table 5.1: Main parameters of the CMS and ATLAS magnet
system [5].
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Table 5.2: Table from [5].
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5 Appendix

Table 5.3: Main parameters of the CMS and ATLAS muon
system [5].
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