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1.1 STRUCTURE OF THE TECHNICAL DESIGN REPORT

Muons are an unmistakable signature of most of the physics LHC is designed to explore.
The ability to trigger orand reconstruct muons tite highest luminosities is central to the
concept ofCMS, the Compact Muon @enoid. CMS is characterized by simplicity aésign,
with one magnet whose solenoidal field facilitates precision tracking in the central barrel region
and triggering ormuons throughheir bending in théransverse plane. perspective view of
CMS is provided in Fig. 1.1.1(color), while transverse and gies, Figs. 1.1.2and1.1.3
(color) show the muon chambers in relation to the rest of the detector. (The color figures will be
found at the end of the Report.)

The barrelmuon chambergare drift tubes which provide a precise measurement in the
bending plane, out t9=1.3. Since most of the return flux of the 4 T magnetic fielcbigtained
in the iron yoke, chambers with standard rectangular drift cells perform adequately.

At LHC energies, most events of interest will have one or mmrens at higher rapidity,
so the muon endcaps are of equal importance. Endcap chambers employ cathobansiép
technology to provide high precision the presence of a large and varyimggneticfield,
while their faster response time and finer segmentation allow them to function in theraigher
environment. A sophisticated alignmesytstemrelates thepositions ofthe muon detectors to
those of the central tracker elements to provide maximum momentum resolution.

The CMS muon system has a redundant and complementary trigger capabilityearly
the entire rapidity range. A dedicated trigger element, the regtiteschamberwill guarantee
a fast, highly segmented trigger with a sharphpeshold and make it possible tdiave a very
good understanding of trigger systematics.

Thefirst two chaptersonstitute an “executiveummary"” ofthe Muon Technical Design
Report and provide aynopsis ofthe remainingchapters. Chapters 3 through 7 describe in
detail the principahardware elements dfie muon system Irthe first chapter of theTDR we
summarize thephysics goals of CMS andtate the design requirements andpecial
considerationsparticularly background rates, whiclead to specific choicefor the detector
parameters of the muon system. Short descriptions of the main detector elements follow.

Chapter 2, System Performance, presents in sdetal theresults of background
studies, with particular emphasis on the impact of the various background souticesraron
detector elements. Studies of the momentum resolution of thedolh system ovethe entire
rapidity range are given, and the salient aspects of the trigger performasteware Wethen
put all the elements together in the simulation ghow the muon system performance for
representativghysics processes, ttemonstrate that the detectordesignedcan achieve the
physics goals if the signals are there to be found.

Chapters 3 and 4 respectively desctibe designs ofthe barrel Drift Tubes and the
endcap Cathode Strip Chambers, givoagticular emphasis tihe R & Defforts that have led
to these designs and describing test beam results that bear out the meritshofc® System
services and installation are also discussatiesechapters, asvell as production plans, with
emphasis on the tooling that has been developed for production runs.

Chapter 5, Resistive Plate Chambers, presthdsstatus of the dedicated trigger
elements, showinthe substantigbrogresshathasbeen made in adaptirthis technology to
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the demands of theadroncollider ervironment. Preliminary results fromiie summetbeam
tests indicate that the baseline RPC design will function with an adequate safety margin in all the
rapidity ranges of the detector.

Chapters 3 through 5 also descrihe way in whicheach of theséardwareelements
generates trigger primitivesge., the lowest level pieces of informatidnom each detector
station containing position and/or angle informatitgt must be assembled into a coherent
trigger. Chapter 6, Trigger anbata Acquisition, continues thiprocess, showing how the
primitives from each station are combined to indicateptiesence of a potential trackth the
requisite qualities,p isolation, etc., sthat it can beconsidered a track candidate. Combining
of information fromthe drift tukes, cathode stripchambers, and resistiylate chambers to
form a global muon trigger is also described. Finally, a brief explanation is givae mfocess
of identifying pieces of pipelined information from each detector element and reasseimzing
into a coherent event when the global trigger, either from the muon system or from padther
of the CMS detector, requests that the event be read out.

Chapter 7, Alignment, presentstechnological solution téhe problem of aligning the
barrel and endcap detectors among themselves, and the more complex problem of aligning these
elements with respect to the inner trackerihed thehigh momentum resolutiocapabilities of
CMS can be realized. The alignmeystem must bable to copewvith the deformation of the
iron structure produced by the enormous magnetic forces. The physics solttieraignment
problem, alignment with muon tracks, is discussed as well.

Chapter 8, Control and Monitoring, gives a brief descriptiothef organization of a
system to monitor and contrall relevant parameters of thmuon system. Thishapter is
purposelygeneric since the objective is to achiex@mmonality, not only across detor
subsystemsbut indeedacrossthe differentexperiments, to reduce costs ammnplications of
this necessary but straightforward function. Atempt toshow here that we have made a
complete itemization of the quantities that must be monitored and controlled fausystem.
Chapter 9,Safety, proceeds witthe samephilosophy,applying a common viewpoint to the
various subsystems, again seeking an exhaustive enumeration of the areas of concern.

Chapterl0, Radiation Environmenpresentshree different approaches to the modeling
of backgrounds, at different levels of sophistication, tredesultsare compared to give some
idea of the level of uncertaintynvolved in backgroundliscussions.More detailed radts
regarding thebackground studieare also presented in this chapter. Chapidr, Project
Organization, listshe groupsinvolved in themuon project and their areas i@sponsibility.
Costs and schedules are presented in tabular form.

1.2 PHYSICS GOALS

As the Large Hadron Collider (LHC) pushes both energy and luminosity frontiers to open
up discovery potentialsquality muon detection becomes a vital experimentsign
consideration. From itearliest conceptualtages, robusand precise muodetectionhasbeen
the central theme (and the middle name) of the Compact Muon Solenoid experiment.

In the tremendously successful Standard Model of elementary particles, the interactions of
the fundamental fermions — leptons and quarks — are mediated by gauge bosonsSibE3)ing
x SU(2) x U(1) symmetryMore specifically, the electroweak interaction is described by
spontaneously broken SU(2) x U(@augesymmetry. Thideads to the emergence of massive
vector bosons,the W and Z,which mediate theweak interaction, whileéhe photon of the
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electromagnetic force remainsassless. lalso leads tdhe existence of a scaléliggs field

with a non-zero expectatioralue. The Higgs Boson isvirtually the only missing link in the
theory, and the currently expected value for its mass ighassabout half a TeV. Ahe LHC
center-of-mass energy of 14 TeV, experiments will pithieeentire allowedanassrangefor the
SM Higgs boson and either discover it or be able to exclude it.

As experiments probe deeper into matter, exploring esremller distances, the
corresponding cross-sections become smaller. GheehHC energy of/s=14 TeV, collider
luminosity becomes a very important factor tive discovery potential. Unfortunately, high
luminosity also means high rates lifickground. Athe LHC luminosity of 16%cm?s?, there
are an average of about fifteen hadronic interactions per bunch crossing

Muon detection is the most natural and powetdol to detect interestingvents over the
background. A “gold plated" signal of the Higgs Bosofitssdecay into Z-Z or Z-Z*which in
turn decays intdour chargedleptons. Ifthe leptons arenuons, the best 4-particlemass
resolution can be achieved, and muons are less affected than electrons by tedsss/én the
tracker material. For example, in a 150 GeV Higgs event, Fig. 1.2.1, the muons staftdrout
the high magnetic field and absorbers filter out the large backgroumadodns or non-isolated
muons. Such aaxampleunderscoreshe discovery power of muofinal states as well as the
needfor wide angular coveragér muon detectionThe four-lepton channel is criat for the
discovery of the SM Higgs boson in the mass range from ~130 GeV up to ~750 GeV.

H (150 GeV) — 2°7°" — 4

Fig. 1.2.1: A 150 GeV Higgs event decaying into four muons in the CMS detector.
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Possible extensions of the Standard Model lead to the existence of othefiglalsgd he
LHC allowsthe discovery or exclusion of newauge bosons witmasses below ~ZeV —
more than an order of magnitubleavier than the W and Zor the highestdiscovery reach,
precision measurements of high enemyons p, > 1 TeV) in Z' - u*u~ are important.
Furthermore, sigrdeterminationfor high energy muons is amssential tool to discriminate
among various heavy gauge boson models giving different forward-backward asymmetries.

Lepton and photon isolatiatriteria are essential to extranbst of the signals searched
for at theLHC. Sincemuonscan be measured withjats, which isgenerally not the case for
electrons anghotons, muonsnake itpossible todetermine directly the lepton anghoton
isolation rejection factors. The possibility of measuring muons in jets is also a powelfidr
b-jet tagging, exploitinghe b- p decay, which igssential in a number éfiggs studies, top
studies, and SUSY searches.

An appealing extension of the Standard Model is Supersymmetry: it dhewsmification
of the three couplings of the gauge interactions at a very high energy scale. Superpartners for all
the presentlyobservedparticles are expected at thieV mass scaleThere arealso multiple
Higgs bosons. In the Minimal Supersymmetric Model for example, these are desidhat#éd h
A° and H. At the LHC, Supersymmetry will be probed ovéiie entire theoretically plausible
mass range. Muonsire again an essential tool nontly for the discovery of these
supersymmetric particlessquarks, gluinos, sleptons, etdut also in determiningheir
properties. Arexample is the cascade decay of neutralinodi-tdnuon pairs which yields an
extremely well-determined mass difference betweeriviloelowestlying neutralinos, which in
turn allows the determination of the lowest supersymmetric pantiakess andhe reconstruction
of §/§ masses.

The four-lepton channel is essential ime searctfor the MSSMHiggs bosons in the
reactions H-ZZ*, ZZ - 4F (4u*) at low tafd (~2). The search for h, H, A"y is the best
way toexplore thehigh tap (~30) region of MSSM parametspace.All these arenarrow
states [[<2 GeV) with expectedhasses irthe ~100-500GeV range,and detectoacceptance
and theexcellent 1* and 41* mass resolution is of wrial importance. Larggortions of the
MSSM parameter space (f&nM,) canalso be explored with leptons using h, H, Att or
H* - T*'v modes. The - 4 decays provide the most appropriate trigger for these channels.

The LHC is a copious source of t-quarks, with ~ffproduced per year (3b'). Top
events will largely be triggered through muon triggersW - p) and effectively selected with
b-jets tagged again witmuons in jets, which igractically impossible with electrons. B
hadrons are produced very abundantly as wellhéninitial operation period of about years,
the integrated luminosity may not exceed %3, and B-physicsnay beour main subject of
study. Using B,-» W K% - u'w K% or B, - Wo -y K* K™ with 1 tag events significant
measurements of CP violation will be possible. Investigation®of. B"'u” with sensitivities up
to BR=10° will probe significantly FCNC scenariosMost of the possible B, oscillation
measurements, for example usifg-BWY K* - 'y Krtwith p tag, rely either o - 'y or
more generally on some muon tagging technique.

The capability of the CMS detector to detant trigger onow momentummuonswill
allow reconstruction ofY,Y'Y"- ' in heavy iron collisions andnake it possible to
compare their relativproduction rategor variousnuclei and in ppcollisions. Theserelative
suppressiormeasurements are among tm®st promising tools to investigate quark-gluon
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plasma formation. Detection of-Zu'u, even in the most crowded environment, opens up new
possibilities in the field of heavy ion collisions.

1.3 PERFORMANCE REQUIREMENTS

The muon system hathree purposes: muondentification, muontrigger, and muon
(signed) momentum measurement. Performance requiremesilswf the physics goals,
including the maximum readior unexpectedliscoveries, anthe background environment of
LHC at its highest luminosity. A robust 4 T solenoid-based systetimeikey to the CMS
design. Comprehensive simulation studies have indicated that the physics goals caevbd ach
if the muon detector has the following functionality and performance:

- MUON IDENTIFICATION: at least 16\ of material ispresent up t@=2.4 with no

acceptance losses.

- MUON TRIGGER: the combination of precisenuon chambers and fadedicated
trigger detectors provide unambiguobsam crossingidentification and trigger on
single and multimuon events with well defined thresholds from a fewzeV to
100 GeV up tm=2.1.

- STANDALONE MOMENTUM RESOLUTIONfrom 8 to 15%dp,/p, at 10 GeV and
2010 40% at 1 TeV.

- GLOBAL MOMENTUM RESOLUTION after matching witlthe Central Tracker:
from 1.0 to 1.5% at 10 GeVand from 6 to 17% at 1 Te\WWlomentum-dependent
spatial position matching atTeV lessthan 1 mm in the bending plane dedsthan
10 mm in the non-bending plane.

- CHARGE ASSIGNMENT caect to 99%confidence up to the kinematlonit of
7 TeV.

- CAPABILITY OF WITHSTANDING the high radiation and ietractionbackground
expected at the LHC.

1.4 DESIGN CONSIDERATIONS

1.4.1. Backgrounds

As Fig. 1.4.1 showsthe majorbackgrounds occur érgen. Thusthe chambers most
affected by backgrounds are in the endcaps. Analysis of background sources has shown that the
most critical regions inthe background-generatingocessare the CMS beam pipand the
forward region, i.e., HF and the collimator witkeir shielding.The first three layers oCSCs
see mostly beam-pipe generated background and punchthrougthé@alorimeters. The last
layer of chambers, ME4gcatches particles created inside tbeward calorimeter, HE(for
ME4/1) and the collimator region (for ME4/2).

Background fluences on the chambers can be classified as follows:

- Low energy radiative electrons following slow neutron capture near or inside the muon
chambers. These neutrons originate from hadronic cascades starting somewhere in the
detector or in accelerator components.

- Charged hadrons from hadrontascades: backsplash from HF aaidbedo, and
leakage from HE and the collimator shielding.

- Decay muons coming mostly from thi&K decay inside the central cavity.

- Muons and other particles created in the accelerator tunnel after beam losses.
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Various shielding configurations have been simuldtadtheir effect on the baseline
chamberdesign. Backgroundates of chargethadrons, muonsnd electrons on the muon
chambers arshown in Figurel.4.1. This figure was calculatedusing the current baseline
design for the shielding at small angles. Furthygimization of the locashielding arounaach
muon station and af~2.4 is in progresand is described in Chapt®0. It may decrease the
local background rate of the soft electron component produceeuiyons by a factor dfvo.
The total background rate at the highest pseudorapidity reaches WgHmcht at ME1/1 and
ME4/1 and 0.4 kHz/cfat ME2/1 and ME3/1.

Rates on other endcap and all barrel chambers are much less, in the range of a few tens of
Hz/cn?. High energy background (charged hadrons and mumisgides intime with the
bunch crossing; low energy background (electrons) is uncorrelated. Theseareslifsussed
in greater detail in th&llowing chapter, while specifics dhe simulations are the subject of
Chapter 10.
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Fig. 1.4.1: Background fluences as a function of pseudorapidityefmhmuon station.
Solid points are the total fluence, open points are for the charged particle background.

1.4.2 Rates and trigger

With the design LHCluminosity of 16‘cm?s?, a bunch crossing frequency of 40 MHz
and inelastic pgrosssection at/s=14 TeV of 55mb, one can expect on average ~15 pp
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collisions per bunclerossing.The initial rate of 40 MHzAas to beeduced by thé&irst Level
Trigger down to 30 kHz by looking fopbjects likemuons, electrons/photons, jets, missing
transverse energy and total transverse energy. One can roughly assegpelgharing of this
bandwidth between muon and calorimeter triggers.

Higher level triggers formed by a farm aommercialprocessorsalled the Event Filter
have to reduce the raterther down toabout100 Hz, inorder tomatch thebandwidth of a
mass storage device (e.g. tape). The Event Filter input is designed to beaaiokeptb00 kHz
of events to ensure a safety margin with respettidexpected 3@Hz delivered by thd-irst
Level Trigger.

On average, one per several hundred eweritscontain a muorwhich can enter the
muon system (p2-4 GeV, 1j|<2.4). The resulting rate of 181z is far too high fothe Second
Level Trigger. Therefore the First Level needs not only to recognize a muon but also to apply a
momentum cut on single muon candidates. Traupof 20 GeV is enough to reduce thg to
about 1kHz. However,having in mind the presence background and uncertainty on the
cross sectiongyne should providéhe possibility of raisinghis threshold to 50-10GeV in
order tomaintain the rate at an acceptabddue. Onthe otherhand, forthe two-muon trigger
and in low luminosity runs, onean allow mucHower p. thresholds, down tthe ranging-out
limit of p;~4 GeV. Physics considerations discussed above and techrecal limitations lead
to the following list of guidelines for the muon trigger design:

1.4.2.1 Flexibility

In order to accesall the nteresting physics channels andtduoe the rate to the level
acceptable for the Event Filter, thetpreshold must be adjustable. In the present design the full
range from 2-4 to 100 GeV is covered.

1.4.2.2 Time resolution

The First Level Triggermust beable toassign arevent to theproper bunchcrossing.
Thus the time resolution should be smaller than the bunch crossing interval, i.e. 25 s.

1.4.2.3 Speed

The trigger decisiormust beavailable about 3us after thecollision. This includes
propagation time of the signals from the detector to the Control Room (~120 m) and back.

1.4.2.4 High acceptance

Searches forare events require aacceptanceclose to 100%. Therefore the muon
stationsare arranged isuch a waythat most trackscross 4triggering planes but everyack
crosses at least 3 triggering planes.

1.4.2.5 Redundancy

The triggersystem has tdealproperly withall possible inefficiencies, noiseccidental
pileup and background from muon radiatidius it has tchave substantialedundancy. In
CMS this is ensured by having tveomplementansubsystemspne based on fastedicated
trigger detectors, namely Resistive Plate Chambers, and the other using precise multilayer muon
chambers: DriftTubes and Cathode Strip Chambers. Tdomplementary isdiscussed in
Chapter 6. For the specific needs of low(¥8-5 GeV) muorphysics, such as B physics and
heavy ion collisions, a double system of RPCmdhided in thewo innermost muon stations
at the barrel.
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1.4.3 Detector elements

Before describing the detectelements, we listhe principal factorsvhich arguefor the
choice of technology that has been made for the barrel and endcap muon measuring systems and
the dedicated trigger devices.

1.4.3.1 Barrel

The choice of a drift chamber as tracking detector in the baaeldictated by the low
expected rate and by the relativédyv intensity of the local magnetiteld. A tube as the basic
unit was preferred in order to have natural protection against damage from a broken wire and to
partially decouple contiguoulls in the presence of electromagnétbris accompanying the
muon itself. Just as the iron thickness decouples two consecutive stations, so the rietkvely
walls of the drift tubes, 2 mm, gives effective decoupling among the several layersubes
inside the same station. The simplest solution was to assemble together all the éalobslot
of the barrel iron yoke to form a single rigid structure called a drift tube chamber.

Since thefirst studies ofthe drift tubedesign, it wasrealized that sgroup of three
consecutive layers of thin tab, staggered by half &aube, had anexcellent time-tagging
capability. Atime resolution of a few nanosecondan be obtainedising signal processing
based on simpleneantimercircuits, which inthe case ofLHC makes it possible thave
efficient local standalone bunch crossing identification.

The celldesign makesise of fourelectrodes to shape affective drift field:two on the
side walls ofthe tube,and twoabove and belowhe wires onthe ground planedetween the
layers. With this arrangementhe requirement o250 micron resolution per layefwhich
guarantees 100 microns per chamber) can be obtained while operatingeth@t atmospheric
pressure with a binary Ar/C@as mixture. The multielectrode design ensurespirformance
even in the presence of the unavoidable stray magnetic fields present in the chamber region.

1.4.3.2 Endcaps

The cathode strip chambéias been choserfor the endcaps since it is @dge of
providing precise space and time information in the presencdighanagnetic fieldand high
particle rate. CSC modules containing six layers provide robust pattern recofmitiejection
of non-muon backgrounds ardficient matching of externamnuon tracks to internarack
segments.

A strip width wider than the conventional width '86C was chosen tonit the number
of channels. Tests showdahat if such strips were properly staggeredheamodule, aspatial
resolution consistent witthe multiple scatteringimit could be obtained. Similarlythe wire
spacing is somewhat larger than what beenused heretofore, buwgain testshowedthat
timing resolution was still adequate for bunch crossing identification.

The configuration of &£SC alsoeasily allows chambers to be built to fit into ttisk
structure of theendcaps.Since the precision of the chambers derifresn the strip pattern
milled on their surfaces, an external reference can easpydv&ed tofacilitate surveying and
alignment.

1.4.3.3 RPCs

Resistive plate chambers have a very fasime response,comparable in fact to
scintillators. Consequently they can provide an unambiguous assignment of the tmasohg.
However since they do not demand a costly readeutesuch as a photomultipliethey can
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be sufficiently highly segmented to make it possible not only to measure transverse momentum,
but to do it at trigger timeThus RPCsconstitute a fastledicated triggewhich can identify
candidate muon tracks and assign the bunch crossing with high efficiency.

While drift tubes and CSCs protect themselves against backgrounds by requiring coherent
track stubs in multilayered modules, RPCs countheir fastresponse andegmentation to do
so. Thus they have different sensitivity tdbackground.The higherrate capability of the new
generation of detectors operating in avalanche mode makes their use at LHC feasible.

1.5 DETECTOR DESCRIPTION

1.5.1 Detector layout

The muon system uses three different technologies to detect and measuu®nise drift
tubes(DT) in the barrelregion, cathode strip chambe®SC) inthe endcapregion, and
resistive plate chambergRPC) in boththe barrel andendcap. A muoritrigger in the barrel
region is generated using a mean-timer to identify patterns. In the endcap the trigger is generated
from the cathode readout patterns andwire timing. For bothbarrel and endcap tHePCs
provide an additional trigger signalhich has adifferent sensitivity tobackgroundsAll the
muon chamberare alignedoughly perpendicular tthe muon trajectories and distributed to
provide hermetic coverage over tpeange from 0 to 2.4. The barrel DTs cover roughly frpm
= 0 ton = 1.3 while the endcafcSCscover fromn = 0.9 ton = 2.4. The RPCscover the
region fromn = 0 ton = 2.1. Some of the salient facts about these chamabersummarized in
Table 1.5.1.

1.5.2 Barrel region

The barreimuon system othe CMS detectoconsists of four stationsitegrated in the
return yoke ofthe magnet. Two stationare mounted on the inner and outare of the yoke;
the remainingtwo are located irslots insidethe iron. The segmentation of each station is
dictated by the longitudinal segmentation of the iron in fings, each2.5 m long,and by the
presence of the azimuthal ribs needed to support the coil cryostat and the barrel calorimeter, and
to create theslots insidetheiron. In total, 60chambers composeachone of the innethree
stations, while 70 chambers are used in the outer station due to the presence of the yoke feet.

The basic sensitivelement of thechambers is a drift cell of approximate00 ns
maximum drift time. This choice reduces the total numbewioés to lesshan200,000,while
still keeping the occupancy negligible.

The twelve planes of driftubes present in every chambare organized in three
independent subunits called Super Layers (SL) made up of four planes with paralielTwo
SLs measure the coordinate in the bending plai$t ], the third measurdbe track coordinate
along the beam (z SL). The twSLs have a separation of about@8, in order toobtain the
best angular resolution. This is the maximum allowed by the space available. Bteraere
the z SL and a thick honeycomb plate used as a spacer.

Within a SL, the four layersare staggered by half @ell, making itpossible to use the
correlation of the drift times in the different planes to compute the coordinate and the angle of
the crossing tracks without amxternaltime tag. The mean timer i§ast enough to be used in
the first-level trigger.
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The obvious redundancy dahe system, four stations dfvelve planesach,makes it
possible tocope with inefficiencies due tihe deadzones whichare caused by th&upporting
iron ribs, bythe longitudinal space allowddr servicesand by the non-negligible probability
for a high energy muon to produce electromagnetic showers when exiting the iron slab.

1.5.3 Endcap cathode strip chambers

Each endcap region of CMS has four muon stations (ME1, ME2, ME3) of Cathode
Strip Chambers (CSCs). These chambers have trapezoidal shape and are arranged in a series of
concentricrings centered on the bealine. The stationsare separated by then disks of the
flux return yoke, which are thick enough to isolate the electrons in showers. Both YE1 and YE2
are 600 mm thick whil&E3 is 250 mm thick.The last station i$ollowed by a 100 mnthick
iron disk whoseprimary purpose is shieldinghe ME4 station from backsplash backgrounds
induced by particles scattered at small angle and interactingthétforward calorimeter,
quadrupoles, beam pipe etc.

The MEZ1 stationhasthreerings of chambers (ME1/1, ME1/2, ME1/3), iacreasing
radius, while the other threstationsare composed of two rings of chambefl§lEn/1 and
MEN/2). All but the ME1/3 chambers overlapfirand therefore form rings with no deacka in
azimuth. In each of rings 2—4 thease 36 chambers covering°lid ¢ at the outeradius, and
18 chambers covering 2@t the inneradius. The radial cracks between the chamtiegs are
not projective, and thus coveragkefined as at least 3 chambers on a mpath, isclose to
100% down t®d=10° or n=2.4.The ME234/2chambers, athe outerradius, ardhe largest
about 3.4nlong and 1.5nwide.

MEZ1/1 chambers have to operate in axial magnetic field irexcess of 3 teslayhile
ME1/2 chambers are in a highlgon-uniform magnetic field of up to Xesla. The other
chambers are generally in muidwer magneticfields. Most muonsinitially bend through the
magnetic field and reach their maximum sagitta slightly in front of the first stafit@n.this the
muons are moving through the return flux and the sign of the bending isreversed.
Consequently the sagitta measurement in the succeeding stations smilalber. Therefore, the
sagitta measurement at the first station is crucial and leads to more stringent requirements on the
resolution and alignment in this station than in the other stations.

Each CSC has silayers of wires sandwicheoetween cathodg@anels.Wires run at
approximately constargpacing,while cathode panels arailled to makesix planes of strips
running radially, oneplane of strips per gagap. Thereforeeach chambeprovides six
measurements of thgecoordinate(strips) and sixmeasurements of the r-coordingtres).
Strip width varies from 3 to 16 mm falifferentchambers, or fronabout 2 to 5 mrad i-
coordinates. Irthe endcageometry,measurement of track coordinates in thie coordinate
system is best suited for evaluating muon momentilime. precisep-coordinate comes from
interpolating charges induced by an avalanche orstities. These charges are digitized and
stored by the DAQ. The precision requirement for the endcap chambeyssf@G6ME1/1 and
MEZ1/2 chambers, and 15@m for the rest (numbersre per six-planehamber). Wires are
grouped in 16-50 mm wide bunches and provide coarser radial information.

For trigger purposes, the position of hitspigan be defined with a precision tre order
of a tenth of a strip. First, the position of hits @arch plane is determined wathin a half-strip
uncertainty, and then wase a look-upgable to extract themost probable track coordinate
corresponding to an observed six-plgvegtern of thehalf-strips. The radial coordinate is
availablewith an accuracyorresponding to a wire group widtkVire signals also provide

10
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high-efficiency bunch crossing identification, the formal requirement being 92% per station. By
picking the most frequent bunch crossing identification (BXID) out of four track segments from
the four muon stations linked to one track, one can obtain bette®3&aefficiency for correct
bunch-crossing identification.

Overall, the Endcap Muo8ystem consists of 540 six-platrapezoidalchambers, with
about2.5 million wires, 210,816anode channels ar2¥3,024precision cathodehannels. A
typical chamber has about 1000 readout channels.

1.5.4 Resistive plate chambers (RPC)

CMS has added planes of resistive plate chambers (RPCs) ithbdtarrel and endcaps
to provide an additional, complementary trigger.

RPCs are gaseousparallel-plate chamberthat combine a reasonablevel of spatial
resolution with excellent timeresolution,comparable to that o$cintillators. Inthe muon
system, these chambers will cover roughly the same area as the DIS@sdut will provide
a faster timing signal and have a different sensitivitypaekground.Trigger signalscoming
from the drift tubes, cathode strighambers, andhe RPCs will proceed in parallel until
reaching the level of the global trigglrgic. This will provide redundancyfor evaluating
efficiencies, and result in a higher efficiency and greater rate capability.

A resistive plate chamber is constructed of two parallel plates of material made of phenolic
resin, with good surface flatness and a high bulk resistivity. Typittadl\plateseparation is on
the order of a fewnillimeters. Theresin material is coatewith a conductive graphite paint to
form electrodes, and readoutrisade by means of aluminustrips outsidethe resin plates,
insulated fromthe electrodes bygome plastic material. In normabonstruction, two such
assemblies are placed back to back, with the readout strips ¢eriter.The entiresandwich is
gas tight.

In their originalconcept, fordata taking in cosmicay applicationsRPCs were run in
streamer mode, in which the resulting pulses were large ertbagho amplification stage was
required.These largepulses howeveprevented higltrate operation, sinceahe electrodecell
involved in the dischargprocessemained inefficientor the rechargeirhe, which waslong
enough to limitoperation t0100 Hz/cm. To usethese devices in a high-rate environment,
experimenters have begun toin their chambers in avalancheode, with lower gas
amplification and smallgpulses.The consequent drastic reduction of ékementary discharge
cell has led to high rate capability, although now a robust signal amplification stage is needed.

Used in thisway, RPCsconstitute a fastledicated triggewhich can identify candidate
muon tracks and assigihe bunch crossing with high efficiencysince they ardow-cost
devices, they can be sufficiently highly segmented to make it possible to measuamgtierse
momentum at trigger time. All these functions are ideal for the CMS application, and the higher
rate capability of the new generation of detectors makes them feasible at LHC.

A total of six layers oRPCswill be mounted withthe barrelchambers, two layers with
each of stations MB1 anidB2, and oneeach in the outer statis. Inthe endcapegion, each
of thefour layers ofCSCswill have a layer oRPCs in conjaoction withit, with their shape
and method of mounting determined by theegmentation. The RPCs will extendhte.1,

Prototype chambers representitigg three technologies describatdove, drift tubes,
cathodestrip chambers, and resistiygate chambers,have recently been tested in a high
radiation flux environment ahe GIF facility at CERN. All three tubes of chambehave
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performed according to design specifications in fluseseeding thosexpected at HC. A
photograph of the chambers in the test area is presented in Fig. 1.5.1 (color).

Table 1.5.1

Chamber properties and statistics

Detector Drift Tubes Cathode Strip Chamberg Resistive Platp
Function Tracking Tracking BXID
p; trigger p, trigger p, trigger
BXID BXID Resolve tracking
ambiguities
n region 0.0-1.3 09-24 0.0-2.1
Stations 4 4 Barrel ¢ Endcap|4
Layers Rb8,Z4 6 2
Chambers 250 540 360 252
Channels 195000 Strips 273024 80640 80642
Wire groups 210816
Spatial per wire 25Qum R® (6 pts) 75um
resolution | R® (6/8 pts) 10Qum (outer CSCs) 150m Cell size
(0) Z (3/4 pts) 15um | R(6pts) (15-50)4/72 pm
Time resolution 5ns 6 ns 3ns
Within 20 ns > 98% (station) > 92% (station) 98%
window no parallel B field

1.5.5 Trigger

The CMS Muon Trigger ibased orthree kind of detectordrift Tubes inthe barrel,
Cathode Strip Chambers in the endcaps, and Resistive Plate Chalabedboth inthe barrel
and theendcapsThey are arranged in tieur muon stations in such a wéyat everymuon
with enough energy tpenetratehroughthe detector materiadhould cross deast three of
them. The muon statiorese interleavedvith iron which serves as a return yoke foe CMS
solenoid.Most of theiron is saturated at1.8 T, whereashe field inside thecoil is 4 T.
Bending in the field is used to measure the muon transverse momentum p

RPCsare dedicated triggetetectors. Thanks tineir excellenttime resolution ¢~3 ns)
they ensure precise timing. Thaye segmented istrips of AnxA@ = ~0.1x 5/16 = 20-
100 cmx 1-4 cm, which makes possible arpeasurement up to ~%BeV. The measurement
is done by théattern Comparator TriggefPACT) which compares each pattern ofgtrips to
predefined patterns corresponding to variougatues.

In the barrel there are 12 Drift Tulsyers ineachmuon station.They are arranged in
three quartets, two of them measuringnd one measurirthe Zcoordinate DTs can measure
muon position (and thus)omore precisely than RPC4.:25 mm athe triggerlevel. The drift
time islong (~400 nshut thebunch crossingan be identifiedising ageneralized meantimer
technique. Th&unch and Track IdentifiglBTI) circuit collects the driftime informationfrom
four layers of DTs and calculates the track position, angle and time by solving a sybiesar of
equations. Results from twglayers are combined by @orrelator. Together withthe Z-layer
information they are sent through th& Trigger Serveto theTrack Finder
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Each endcap muon station is equipped with a 6-I&®€. Each layercontainsradial
cathodestrips and wiregperpendicular tahem. Atthe trigger level themuon position is
measured in each layeith half-strip precision (2-8nm). A Local Charged Tracks formed
when acoincidence o4 hit strips indifferent layersoccurs. The strips must belong to a
predefinedroad. Acoincidence o4 layers is also required favires. It was foundhat the
bunch crossing is bedefined by thesecondhit in time. This is accountedior by the large
spread of drifttimes with amaximum of 40-50 ns, byfluctuations in hit times and by
accidental overlap with random background hits. As in the case of the drift tubes, a vector from
each station is delivered to theack Finder

The Track Findel(TF) combines vectorseceived fromthe DT andCSC stations and
forms full tracks with a defined p Then the TF and PACT information tisansferred to the
Global Level-1 Trigger. Comparing TF and PACT data, the Global Trigger rejects some ghosts
and background. Finally, once a track is identified, it appliess to the muon candidates.

1.5.6 Alignment

The muon detector spectrometease instrumentedvith optical alignmentsystems to
constantly monitor theosition and deformations ahe muon chambers during detector
operation. The aim is to provide position informatiorthe detector elementgith anaccuracy
comparable to the intrinsic chamhb@solution, to be used as an off-linerrectionfor track
reconstruction.

The muon alignment scheme consistwb local stand-alonesubsystems fothe internal
monitoring of the barrel and endcapion detectors. Tbenefit fromthe highestmomentum
resolution capabilities of CMS, these subsystamslinked to the inner tracker alignmesnich
that theposition in space dthe tracker detector amduon stationgan be related any time.
The main design parameters are given in Table 1.5.2.

Following the specific detector configuratiomwo different technicalapproaches have
been chosen for the position monitoring of the barrel and endcap detectors.

The schemdor the barrel alignmensystem is based othe monitoring of the muon
chambers position with respect to a networkraifial referencestructures,mechanically and
thermally stable,fixed to the barrelyoke. They are optically connected betwettremselves,
forming a closed referenagetwork. The structuresare equippedvith video cameras which
observe light sources mounted on the muon chamber fiducials.

Table 1.5.2
Alignment design parameters and component statistics.

Intrinsic sensor accuracy 4b6n

Accuracy of barrel chamber positioning | <150-350um

Accuracy of endcap chamber positioning <75-200pum

Number of Rasnik systems 12
Number of MPA sensors 546
Number of video-camera detectors 612
Number of proximity measurements 1404
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The alignmentsystem ofthe endcap detectorsses straight-line monitors —Rasnik
systems —tamonitor the relativgoosition ofthe four muon stationsThe deformations of the
CSC chambers are measured as welbjycal straightnesmonitors definedacrosseach layer
of chambers.

Opto-mechanical angular and distance measurements and siraiginteess monitors as
for the endcap alignment anesed torelate theinner tracker and muon detectalignment
systems.

1.5.7 Magnetic field

The CMS Collaboratiomas chosen solenoidal superconductirgpil to generate a 4 T
magnetic field over the entire tracking region. The inner diameter of the éo4dsm,the coil
is 13.48 m longThe tracking and calorimetigubsystemsre completely enclosed within the
field. The flux ofthe solenoid is returned by a set of irdisks inthe endcaps and concentric
twelve-sided cylinders in thbarrel. The muon subsystem has foureasurement stations in
both barrel and endcaps, interleaved in the flux return region with the iron plates. This geometry
serves to isolate background showers within one station as well as to proefiectve flux
return. Details othe magnet construction gpeovided inthe Magnet Technical DesigReport
[1.1].

Fig. 1.5.1(color) showsthe CMS magnetic field as calculateith the ANSYS finite
elementprogram using amxisymmetricmodel. This figureshows aquadrant of the CMS
detector with a constant 4 tesla field insite solenoidalcoil. An important advantage of
ANSYS is itsability to usethe magnetic field as calculated to computeftitrees onthe iron
plates and the resultadéflection.Details of the magnetic modelirand the specifiegnputs to
the calculation are given in a CMS Technidalte [12]. Fig. 1.5.2(color) showsthe radial
component of the field, and weamediatelysee the effect of thgapsbetween the barrelngs
as well as the large and rapidly changing radial field at the end ofoilee As a result,
chambers in this area (ME1/2 and MB2/1) experience a large field variation.

Large forces orthe endcaplisks appear asrasult of theseanagneticfields. The overall
magnetic force on thirst endcapdisk is roughly 7000netrictons for anobject thatweighs
about 900 metric tons, so the magnetic forces dwarf the gravitational forces even for such heavy
disks. The result of the action of the&arces is shown in Figl.5.3 (color) wherethe center
region of each endcaplisk (including the nose) deflects towardthe interaction region by
roughly 14 mm.

The high field ofthe solenoid isthe key to thevery goodmomentum resolution of the
detector, and at the same time the field confines some fraction of the low momentum particles to
the beam pipe region so that they do not confuse the inner tracking. Buh&gint of view
of the muonsubsystemthe field setsthe environment invhich the detector®perate, and the
large forces produced byhe field mean that th&on structure in whichthe chambers are
mounted cannot be regarded as fixed, so that alignment is an ongoing process.

The full field is present in the region which the innermost endca@SCs, the ME1/1
chambers, must operate. However, the field at this position is uniform and almost entirely axial,
so that relatively simpleneasuregan compensat®r the effect of the field on the drift of the
electrons. This is discussed in detail in Sections 4.3 and 4.8.

At the next endcap statiogoing out radially, ME1/2the field has fallen off to a
considerable degree, but it is no longer uniform and no longer axial as shown in Fig. 1.5.4.
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ME1 magnetic fields
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Fig. 1.5.4: Axial and radial components of tineagnetic field in the vicinity of the endcap
chambers MEL1.

The radial component is the same as or greater thaaxiflecomponent. Due tthe large
variation across the chamber, simple compensation schemes wilbriat However,since the
drift space in theCSC is small,the deterioration of resolutiofrom the changingfield
components is also small, aride resolution of uncompensated chambers is within the
requirements of the system.

Ideally the barrel driftubes should be in a field-free regiosince the returrflux is
largely contained within the iron. However, at the endhefcoiland in theiron gapsthere are
large stray fields in the chamber area, as shown in Fig. 1.5.5. Near the B@/tfthe radial
component reaches 0.8 tesla. This requires a rather complicateshigithg scheme ithe DT
cells, and inthe worst regions results in a loss of resolutemd bunch tagging efficiency.
Fortunately, these regions are small with respect to the overall area covered by the DTs.

While most of the magnetic flux is returned via the ipbates,the fringe field outside the
detector remains uncomfortaldgrge. InFig 1.5.6 weshow the calculated fieldbutside the
solenoid in the z = 0 plane out taadius of 50 m. Irthe region of R -7 metersthe three
cylindrical rings of ironplates are clearlyisible, with a Bfield near saturatiorf~1.6 tesla).
Outside the detector, at a radius of 8-9 m, where electronics will be lotaeikld isroughly
0.05 tesla(500 gauss). Alarger distances of 35 fnoughly the location of theunderground
control room)the field is still0.0005tesla (5gauss).Consequently we will requireareful
shielding of the electronics throughout the CMS underground hall.
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MB1 magnetic fields
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Fig. 1.5.5: Axial and
chamber MB1.
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1.6 PROJECT ORGANIZATION, SCHEDULE, AND COSTS

The CMS MuonGroup comprises over 400 physicistsd engineers from nearly 50
institutes in 13countries. Its task is to design, construand utilize detectorsfor the
identification and measurement wiuons inthe barrel and endcaegions,and to link those
devices to the central tracking instrumentation to form a coherent whole.

1.6.1 Organization

The MuonGroup followsthe organizational scheme of CMS as a whole. It operates
under a constitution whickets up an Institution Board #se highestievel decision-making
body for the group. This board, headed bghairman and a deputghairman,each elected for
two-year terms, has as its charge to ratify decisions made Gythaical Boardand to see to
it that the resources available to the group are best matched to the demands of the project.

The Technical Board is headed by Project Managers appointed by the&Sgdk8sman.
Because the barrel and endcsgctors ofthe detector are irvery different regimes of
background and operational environmehg TechnicaBoard is divided intawo functional
units, one for the barrel and one fbe endcap. As a consequencetlodé formationprocess of
CMS, these two units correspond also teagraphicadivision, the barrel part being largely
the responsibility of institutes from CERN member states, and the endcap part the responsibility
of US and RDMS institutes. The twRroject Managers are members of the OMEhagement
Board.

Each Project Manager &ssisted in his task byTaechnicalCoordinator in directing the
work of subgroups responsible for chamber construcebtegtronics developmentrigger,
alignment, integration, software and simulation, and testing. Subsystem Coordmakersip
the balance of the Techniddbard. The two technicalcoordinatorsare members of the CMS
Technical Board. Because of the rather independent nature of the barrel and endcap projects, the
Technical Boards of each subproject function separately for the most part; they provide a forum
for technical discussions andormulate proposals andrecommendationdor the Muon
Institution Board.

1.6.2 Responsibilities

Detailed breakdowns othe responsibilities of the institutiorfer each subproject are
provided in Chapterll. Because of their global characteguestions of software and
simulation, alignment, integration, and trigger are to a large degree common, andgheups
in charge of these areas are formed by individuals from both parts of the overall group.

Detailed planning and scheduling is carried out by the CM8nagementBoard in
consultation withthe Muon Technical Bard. However, ingeneralterms, the construction
phase begins in early 1999 and reaches completion in 2003. Since one endcap must be lowered
into the experimental halbefore theother, half of the endcapchambers,complete with
electronics, must be ready for above-ground installation b&f@®8. Chapters 3 and discuss
in detail theprogress of prototypes. Bothe barrel and endcapoupsare now beginning the
construction of "pre-production prototypes" which will foe all practicalpurposegart of the
production sequence.

17



1. Introduction

1.6.3 Costing

Detailedcost estimates have been presented in succeSssteBooks,and the current
state of these estimates is summarized in Chapter 11. Consistetttenaverallcost ceiling on
CMS of 475 MCHFthe Muon Project is capped &t.3 MCHF. Cosestimates developed to
this point are consistent with thimimber,and theavailableresourcesare adequate, within the
uncertainties, taomplete theproject. Forthe endcapsector,the manpower costsire either
included in thescope ofthe project or are counted against ll@se programs dahe institutes
involved. Forthe barrelsector, manpower costemeunderthe scope ofthe Memoranda of
Understanding. Ineither case,the Muon Group considersthe financial and manpower
resources to be sufficient to bring the project to completion.

1.7 ASSUMPTIONS REGARDING OTHER CMS DETECTOR ELEMENTS

Although many assumptions are madetlms TDR regarding the performance or
characteristics of otheslement of theCMS detectorge.g., the inner tracker resolution in the
calculation of the combined tracking resolutiéig. 2.3.2), wewish toexplicity mention the
assumptions made in tldgscussion of ajhe background levels arourtde CSCs,and b) the
link system of the alignment.

All calculations of background levels and occupancies o€B€s, inparticular ofME4,
assume that a 10 cm iralisk, of roughlythe sameshape ashe flux returndisks, isinstalled
betweenME4 and theforward hadrorcalorimeter HFand the low-beta quadrupoteagnets.
The exact location of this disk is shown in Fig. 2.1.1.

The current schemior the link between tracker anduon detectors, as described in
Section7.3, assumes &ntative baselinelesign forthe innertracker. Neverthelesthe final
implementation will follow the design optimization of the tracker detector and will be described
in the CMS Tracker Technical Design Report, to be published in early 1998.
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