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

UvA-DARE (Digital Academic Repository)

Precision of the ATLAS muon spectrometer

Woudstra, M.J.

Publication date
2002

Link to publication

Citation for published version (APA):
Woudstra, M. J. (2002). Precision of the ATLAS muon spectrometer. [Thesis, externally
prepared, 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:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/precision-of-the-atlas-muon-spectrometer(5ae25187-575f-46d2-ab65-1a967e7eb25d).html


PrecisionPrecision of the ATLAS muon spectrometer 

Chapte rr  1 The Large Hadron Collide r 
andd the ATLAS experimen t 

WhatWhat has been will  be again, 

whatwhat has been done, will  be done again. 

Ecclesiastess 1:9 

Thee Large Hadron Collider (LHC, [15]) is currently under construction at CERN (Geneva) and 
wil ll  become operational in 2007. The LHC allows the Particle Physics community to search for 
neww and exciting physics in proton-proton collisions at the unprecedented centre-of-mass energy 
off  14 TeV. 

Largee experimental halls located at LHC interaction points accommodate the four LHC experi-
ments:: two multi-purpose experiments (ATLAS [12] and CMS [16]), an experiment dedicated to 
thee study of CP violation in the B-system using low intensity proton-proton collisions (LHCb, 
[17])) and an experiment aimed at the first unambiguous observation of the quark-gluon plasma, a 
neww state of matter predicted to exist by the theory of strong interactions, using heavy-ion colli-
sionss (ALICE, [18]). 

Inn this chapter, first the LHC machine and the LHC physics program are outlined. Subsequently 
thee main features of the ATLAS detector (figure 1-1) are presented. The design of almost all AT-
LASS sub-detector systems has been completed. Construction of notably the magnets, the calorim-
eterss and the detectors comprising the muon spectrometer are well advanced. In particular, about 
40%% of the precision drift chambers for the ATLAS muon spectrometer, the focal point of this the-
sis,, have been produced. Installation of these drift chambers in the ATLAS cavern is foreseen to 
startt already in 2004 to allow ample time for integration and commissioning before the occurrence 
off  the first proton-proton interactions early 2007. 

1.11 The Large Hadron Collide r 

Figuree 1 -2 shows a schematic view of the accelerator complex at CERN, the European Organisa-
tionn for Nuclear Research in Geneva. The old LEP accelerator has recently been removed from its 
277 km circumference tunnel to allow the installation of the new LHC. Shown in the same figure 
aree the circular Proton Synchrotron (PS) and Super Proton Synchrotron (SPS) accelerators, which 
servedd many experiments at CERN over the past decades and which will serve the LHC for the 
decadess to come. The 630 m circumference PS, the oldest accelerator of CERN, was commis-
sionedd in 1959 and has been in use to (pre-) accelerate (and-) protons, electrons, positrons and 
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ALIC E E 
LHCb b 

heavyy ions. After these particles are produced, 
theirr energy is boosted by dedicated linear ac-
celeratorss (Linacs) and a small circular acceler-
atorr (PSB), before they are injected into the PS. 
Thee PS further increases the energy of the parti-
cless and injects them into the next element of 
thee CERN acceleration chain: the 7 km circum-
ferencee SPS. In the 1980s, this SPS was used as 
aa pp colliding beam machine, the Spp S, which 
ledd to the first observation of the Z° and W  par-
ticles.. For the forthcoming LHC operation, the 
SPSS will accelerate the protons up to an energy 
off  450 GeV before injecting them into the LHC. 
Oncee in the LHC, the protons are accelerated up 
too the full LHC beam energy of 7 TeV. Before 
thee LHC, high centre-of-mass energy colliders 
alwayss used collisions between particles and 
theirr anti-particles. The LHC opted for a 
schemee with proton-proton collisions, because 
highh intensity proton beams are easier to realize 
thann high intensity anti-proton beams. As a con-
sequence,, the LHC requires separate vacuum 
pipess for each proton beam, which demands a 
novell  design of the superconducting dipole 
bendingg magnets: the 'twin' aperture dipoles. 
Thesee dipoles share a common yoke and cryo-
statt to realize the opposite 8 T magnetic fields to keep the two proton beams rotating on orbit in 
oppositee directions. The twin dipole concept saves both space and cost.The LHC proton beams 
havee 2808 bunches of 1011 particles each, resulting in a beam current of typically 0.56 A and a 
collisionn frequency of 40 MHz. With this beam intensity the LHC is expected to achieve a lumi-
nosityy of L= 1034cm-2 s_1 (or 0.01 pb_1 s-1)- This luminosity surpasses the highest luminosity 
reachedd ever before in a hadron collider by almost two orders of magnitude. The corresponding 
yearlyy integrated luminosity for the LHC is expected to reach 100 fir1. 

PP  ' 3 Pb ions 
AA schematic view of the accelera-Figur ee 1-2 

torr complex at CERN (not to scale 

1.22 The LHC physic s progra m in a nutshel l 

Figuree 1-3 shows the cross-sections for many interesting (and less interesting) physics processes 
ass a function of the centre-of-mass energy of the colliding proton beams. At the 14 TeV LHC cen-
tre-of-masss energy, the cross-sections for 'standard' QCD processes are extremely large, exceed-
ingg by many orders of magnitude the cross-sections for interesting channels like W , ZP, f-quark 
andd Higgs boson production. All these curves are within the context of the Standard Model. 

Thee search for the Standard Model Higgs particle is the key element of the LHC physics program, 
sincee its discovery would validate one of the corner stones of the Standard Model: the mechanism 
off  electro-weak symmetry breaking. The high luminosity of the LHC should allow the discovery 
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andd mass measurement of the Standard Model Higgs particle after one year of data taking. In the 
yearss following its discovery, various Higgs partial decay widths could be determined, thereby al-
lowingg stringent tests of the Standard Model predictions. Indirectly, the internal consistency of the 
Standardd Model can be probed by improving the W  boson mass and the f-quark mass measure-
mentss performed by the LEP and/or Tevatron experiments. 
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Figur ee 1-3 The proton-proton cross-sections as a function of the centre-of-mass energy. The 
curvess represent, as indicated, the cross-sections for various physics channels. 

Thee Standard Model Higgs sector may be the most elegant solution to explain electro-weak sym-
metryy breaking, it is, however, by no means the only possible scenario. Every year, the scientific 
literaturee is flooded by theoretical speculations of physics beyond the Standard Model: supersym-
metric,, left-right symmetric, technicolour, and superstring theories, theories of gravitation with ex-
traa dimensions, etc. etc. Many of these theories lead to distinct predictions and occasionally 
spectacularr experimental signatures, which can be tested by the ATLAS experiment. These, to-
getherr with completely unexpected phenomena, are certainly the real justification for the LHC/ 
ATLASS endeavour, at least from an experimentalist's point of view. For an exhaustive overview of 
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thee prospects of the ATLAS experiment on many of these issues and for the ATLAS opportunities 
onn the study of CP violation effects in the B-system, the reader is referred to the ATLAS Detector 
andd Physics Performance Technical Design Report [19]. 

1.33 The ATLAS experimen t 

Figuree 1-1 shows a three dimensional cut-away view of the ATLAS1 detector. The inner detector 
surroundss the beam line and measures the trajectories (and thereby the momenta) of charged parti-
cles.. A super-conducting solenoid, which generates a homogeneous 2 T magnetic field in the inner 
detectorr volume, closes the inner detector. Directly outside this solenoid the electromagnetic and 
hadronicc calorimeters are located. These calorimeters measure the energy of all particles, except 
muonss and neutrinos. The outermost shell of the ATLAS detector is formed by the muon spectro-
meter,, which measures the trajectories (and thereby the momenta) of muons, the only charged par-
ticless that are not stopped in the calorimeters. The magnetic field is this region of the ATLAS 
detectorr is realized by three huge super-conducting air-core toroids. The average magnetic field 
strengthh is about 0.5 T. 

1.3.11 The inne r detecto r 

Thee inner detector [20] (shown in figure 1-4) has to cope with the enormous event rate inherent to 
thee LHC running environment. To keep the single channel occupancy at a modest level, a very 
highh granularity is required: about 140 million silicon pixels for the detector nearest to the beam 
line,, about 6 million silicon strips for the detector at intermediate distance from the beam line, and 
closee to 370.000 straw tubes for the exterior detector. Together these three sub-detector systems 
fulfi ll  the physics specification, which is, apart from the need to measure charged particle momen-
ta,, notably driven by the requirement to be able to tag long lived particles; a distinct feature of b-
quarkk production, b-quarks are important in view of the large H -> bb branching ratio, in view of 
thee study of CP violation in the fi-system and in view of the dominant t -> bW decay of /-quarks. 
Thee 2 T solenoidal magnetic field together with the configuration chosen for the ATLAS detector 
typicallyy achieves a momentum resolution of ApT/pT = 0.04% xpT@ 2% (pT in GeV/c) and an 
impactt parameter resolution of 15 (im. 

Thee straw tubes occupy the 7 m long shell with inner radius 0.6 m and outer radius 1.1m. The ba-
sicc detector element is a gas-filled 4 mm diameter straw tube operated as a standard drift tube. The 
strawss are mounted together to form disks in the forward regions (with radial straws) and to form 
barrelss in the central region (with longitudinal straws). The large number of straws traversed by a 
singlee particle (typically 36) is crucial for the pattern recognition in the inner detector. The straw 
layerss are interleaved with a radiator material to produce transition-radiation photons when very 
relativisticc particles pass through. The straw tracker is therefore usually referred to as the Transi-
tionn Radiation Tracker (TRT). The transition-radiation photons allows separation of ultra-relativis-
ticc particles (typically electrons) from the enormous TT* background. 

1.. ATLAS is an acronym for A Toroidal Lhc Apparatus. 
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Solenoidd strips 
Figur ee 1-4 View of the ATLAS inner detector surrounded by the calorimeters. The various sub-
systemss are indicated. 

Thee silicon strip detectors are stacked in a similar fashion as the straw tubes: disks in the forward 
regionss and barrels in the central region. The strip pitch is 80 um, and on average a track hits four 
stripp layers. Despite the small number of silicon strips hit by a single particle, compared to the 
largee number of TRT hits, the momentum resolution is significantly improved after the inclusion 
off  the silicon strip hits. This is the result of the high spatial resolution of the individual silicon de-
tectorr elements. 

Thee silicon pixel detectors, with a 50 x 300 u.m2 pixel size, are again organised in disk and barrel 
structures.. Even though on average a track traverses only three silicon pixel layers, the impact pa-
rameterr resolution is mainly determined by this sub-detector system because it is mounted nearest 
too the beam line. 
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1.3.22 The calorimeter s 

Thee calorimeters [21] (shown in figure 1-4) are pivotal for the discovery of a low mass Standard 
Modell  Higgs particle via the H -» jT'decay. They are also well suited to discover physics beyond 
thee Standard Model using missing (transverse) energy as a signature. ATLAS has, like most collid-
ing-beamm high-energy physics experiments, two types of calorimeters: an electromagnetic calo-
rimeterrimeter situated directly outside of the solenoid magnet of the inner detector, and a hadronic 
calorimeterr is surrounding the electromagnetic one. Good photon identification capabilities call 
forr a finely segmented electromagnetic calorimeter. Accurate jet energy measurement and excel-
lentt missing energy reconstruction requirements demand a large rapidity coverage. The ATLAS 
calorimeterss therefore extend up to jr|| = 4.9. 

Thee electromagnetic calorimeter [22] is of the sampling type with accordion shaped lead absorber 
platess as passive medium interleaved with liquid argon as active medium. The ionisation charge 
createdd in the liquid argon gaps is collected on copper clad Kapton electrodes longitudinally seg-
mentedd into three sections. The rapidity segmentation AT) varies from 0.003 to 0.1, and the azi-
muthall  segmentation A<|) varies from 0.025 to 0.1. The total number of read-out channels is about 
170,000.. The thickness exceeds 24 radiation lengths in the barrel region and 26 radiation lengths 
inn the end cap region. This includes the few radiation lengths of the pre-sampler. The pre-sampler 
improvess the energy resolution and the e  identification. The energy resolution is 
AE/EAE/E = 11.5%/JÊ® 0.5% (E in GeV). Due to the tight space constraints in the forward regions, a 
differentt layout is used with tungsten or copper instead of lead as passive absorber material. 

Thee hadronic calorimeter [23] is of the sampling type, with iron absorber plates as passive medium 
andd scintillating tiles as active medium. A novel feature of this calorimeter is the non-standard ori-
entationn of the scintillating tiles: placed in the radial direction and staggered in depth. This partic-
ularr layout allows routing of the read-out fibres of the scintillators while maintaining the 
hermeticityy of the calorimeter. The hermeticity is important in view of the missing energy recon-
structionn performance. The granularity in An. x A(J) equals 0.1 x 0.1. The total number of read-out 
channelss is about 10,000. The total thickness exceeds 10 interaction lengths. Jets are reconstructed 
withh an energy resolution of AE/E = 50%/JË®3% (Em GeV). 

1.3.33 The muon spectromete r 

Thee ATLAS muon spectrometer [24] has the unique capability of an accurate muon momentum 
measurementt completely independent of the inner detector. This is achieved by integrating three 
largee sub-systems as shown in figures 1-1 and 1-5: 

•• The toroidal magnetic field is generated by a large air-core barrel toroid and two air-core 
end-capp toroids. Each toroid consists of eight super-conducting coils, producing an average 
magneticc field of 0.5 T. During ATLAS operation, the magnetic field is measured by a large 
numberr of three dimensional Hall probes mounted throughout the muon spectrometer vol
ume. . 

•• The muon first level trigger is extracted from the fast signals of dedicated trigger chambers: 
Resistivee Plate Chambers (RPCs) with about 355,000 channels in the barrel region and Thin 
Gapp Chambers (TGCs) with about 440,000 channels in the end-cap regions. These trigger 
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chamberss also determine the global reference time (bunch crossing identification) and the 
muonn track coordinate in the non-bending direction. 

•• The muon momentum is measured with high precision by the Monitored Drift Tube (MDT) 
chambers.. The 1200 chambers amount to a total of about 370,000 MDT channels. A single 
MDTT measures a point on the trajectory of a muon with a precision of about 80 |i.m in the 
bendingg direction. The relative positions of the MDT chambers are monitored by several 
thousandd three-point alignment systems. 

Togetherr these systems allow a muon momentum measurement with a precision ranging from 2 -
3%% for 10-200 GeV muons to about 10% for 1 TeV muons. This precision is more than adequate 
forr the discovery of the Higgs particle using the 'golden' H —> u+u-u+u- decay channel discussed 
inn the introduction. The muon spectrometer is also well suited to explore physics beyond the 
Standardd Model whenever energetic muons are involved. Examples are a heavy supersymmetric 
Higgss A0 in the A0 —> u+u~ decay and the Z' -> u+u- decay of a heavy Z' boson. 

Figur ee 1-5 Three dimensional view of the ATLAS muon spectrometer. The various detector tech-
nologiess are indicated. The three concentric barrel stations (inner, middle, outer) are denoted. 
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Thee MDT, RPC and TGC detectors are positioned at three locations along a muon track. In the 
barrel,, the three detector stations (see figure 1 -5) are mounted concentrically around the beam line 
att 5 m (inner), 7 m (middle) and 10 m (outer) radial distance. In the end-cap, the disks are mount
edd perpendicular to the beam line at 9 m (inner), 14 m (middle) and 20 m (outer) from the interac
tionn point. With the barrel geometry the muon momentum can be determined accurately from the 
measuredd sagitta, defined as the distance from the point measured in the middle station to the 
straightt line connecting the points in the inner and outer stations. With the end-cap geometry, with 
onlyy a magnetic field in between the inner and middle stations, the momentum is determined with 
aa 'point-angle' measurement: a point in the inner station and an angle in the combined middle-out
err stations. In the azimuthal (non-bending) direction, the assembly follows the eight-fold symme
tryy of the toroids, with in each octant small chambers (centred at the magnet coils) and large 
chamberss (in between adjacent magnet coils). 

1.3.44 The trigger system 

Thee ATLAS trigger system [25] is designed to 
selectt a manageable number of events out of the 
overwhelmingg number of primary interactions. 
Att high-luminosity LHC running, the total pro
ton-protonn interaction rate reaches 1 GHz (see 
figuree 1-3), and the ATLAS experiment must 
makee it possible to pick out the 'discovery' 
events,, like evidence for Higgs production, 
hintss of physics beyond the Standard Model, 
etc.. To make this possible the usual strategy is a 
two-stepp procedure. The first step is the 'online' 
(i.e.. in real time) pre-selection of interesting 
eventss ('triggering') to reduce the huge 40 MHz 
bunchh crossing rate to a manageable event rate 
off about 100 Hz, which are written to mass stor
agee devices. In the second step, the stored data 
iss reconstructed 'offline' to yield quantities like 
tracks,, energy clusters, jets, missing transverse 
energy,, secondary decay vertices, etc. These 
quantitiess are subject to various physics selec
tionn criteria in offline analyses, for example to 
maximisee the discovery potential for the Higgs 
particle.. This paragraph outlines the online data 
reductionn (trigger) scheme shown schematically 
inn figure 1 -6. 

Thee first level trigger (LVL1) is designed to op
eratee at a maximum pass rate of 75 kHz. The 
LVL11 decision time (called latency) is 2 |j.s. 
Thee information of all detector channels must 
bee stored in 'pipeline' memories, because the 
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Figur ee 1-6 Schematic view of the ATLAS trig-
gerr system. The three trigger levels (LVL1, 
LVL2,, LVL3) are indicated, including the laten-
ciess (on the left side) for the first two. The fre-
quenciess on the right side give the input LHC 
bunchh crossing frequency (40 MHz) and the 
maximumm allowed output frequencies of the 
respectivee trigger levels (75, 1, 0.1 kHz). 
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LVL11 latency extends over many of the 25 ns spaced LHC bunch crossings. The LVL1 decision is 
basedd on information with a coarse granularity of two sub-detector systems: the muon trigger 
chamberss and the calorimeters. Quantities used in the LVL1 decision are typically: the estimated 
transversee momentum of muon candidates, the total energy deposited in the calorimeters, the 
missingg (transverse) energy in the calorimeters and the occurrence of isolated energy depositions 
inn the calorimeters. For events accepted by the LVL1, the information of all sub-detector systems 
iss pre-processed and stored in the so-called Read-Out Buffers (ROBs). 

Thee second level trigger (LVL2) uses both the LVL1 output and the data stored in the ROBs to fur
therr reduce the data rate to a maximum of 1 kHz. Even though the LVL2 has access to the full da
ta,, the selection is generally restricted to so-called Regions of Interest as flagged by the output of 
thee LVL1. For a LVL1 muon trigger, the LVL2 will use the information from the precision MDT 
chamberss to improve the muon momentum estimate, which allows a tighter cut on this quantity. 
Forr a LVL1 calorimeter trigger, the LVL2 has access to the full detector granularity, and has in ad
ditionn the possibility to require a match with a track reconstructed in the inner detector. The LVL2 
hass an event dependent latency, which varies from 1 ms for simple events to about 10 ms for com
plicatedd events. For events accepted by the LVL2, the data fragments stored in the ROBs are col
lectedd by the so-called Event Builder and written into the Full Event Buffers. 

Thee third trigger stage is called LVL3 and uses the information stored in the Full Event Buffers to 
keepp the event rate sent to mass storage below 100 Hz. The LVL3 can use complex offline algo
rithmss like track reconstruction, vertex finding, etc., because it has access to the complete event. 

Forr the maximum trigger rate of 100 Hz, the data rate written to mass storage corresponds to 
1000 MB/s. One nominal LHC running year counts 107 s and therefore amounts to a total data vol
umee of 1 PB (109 MB) annually. 
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Figur ee 2-1 Transverse view of the barrel of the ATLAS muon spectrometer. 
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Figur ee 2-2 Longitudinal view of one quadrant of the ATLAS muon spectrometer. 
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