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1.1.1.1. Basics: Muons and their interactions with matterBasics: Muons and their interactions with matterBasics: Muons and their interactions with matterBasics: Muons and their interactions with matter

2.2.2.2. Principles  of gasPrinciples  of gasPrinciples  of gasPrinciples  of gas----filled detectorsfilled detectorsfilled detectorsfilled detectors

3.3.3.3. Types of gas detectorsTypes of gas detectorsTypes of gas detectorsTypes of gas detectors

4.4.4.4. Implementations at the LHCImplementations at the LHCImplementations at the LHCImplementations at the LHC



THE THE THE THE 
BASICSBASICSBASICSBASICS
Muon propertiesMuon propertiesMuon propertiesMuon properties
Why do muons have their own detection system?Why do muons have their own detection system?Why do muons have their own detection system?Why do muons have their own detection system?
Interactions of muons with detector materialInteractions of muons with detector materialInteractions of muons with detector materialInteractions of muons with detector material
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A A A A LeptonLeptonLeptonLepton NamedNamedNamedNamed MuonMuonMuonMuon
MuonMuonMuonMuon propertiespropertiespropertiesproperties

Lepton of 2. family
Mass 105,6 MeV
Muon charge: -1 or anti-muon charge: +1 
Spin: ½
Discovered  in cosmic rays 1937 by 
Anderson with a cloud chamber

Muon is a heavy copy of electron, 
interacts electromagnetically, but not 
strongly
Energy loss mainly due to ionization �
can pass through a lot of material 
Mean life = 2.197 × 10 6 s � does not 
decay in the detector

3

Anderson’s cloud chamber to 
study cosmic rays (1937)
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Particle DetectionParticle DetectionParticle DetectionParticle Detection
Detection of particles through their interaction with matter  Detection of particles through their interaction with matter  Detection of particles through their interaction with matter  Detection of particles through their interaction with matter  ���� deposition                 deposition                 deposition                 deposition                 
of energy  of energy  of energy  of energy  ���� electrical signalelectrical signalelectrical signalelectrical signal

IonizationIonizationIonizationIonization
Bremsstrahlung (up to LHC energies mainly for electrons…Bremsstrahlung (up to LHC energies mainly for electrons…Bremsstrahlung (up to LHC energies mainly for electrons…Bremsstrahlung (up to LHC energies mainly for electrons…
Shower (electromagnetic for e/Shower (electromagnetic for e/Shower (electromagnetic for e/Shower (electromagnetic for e/γγγγ, strong for hadrons…, strong for hadrons…, strong for hadrons…, strong for hadrons…

Neutrinos ���� Missing transverse energy
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Important Discoveries with Important Discoveries with Important Discoveries with Important Discoveries with MuonsMuonsMuonsMuons
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Tau Lepton:Tau Lepton:Tau Lepton:Tau Lepton:
SLAC 1975

Martin Perl et al.

bbbb----quark:quark:quark:quark:
Fermilab 1977

Leon Lederman 
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Basic Basic Basic Basic MuonMuonMuonMuon DetectorDetectorDetectorDetector
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Material to absorb everything other than 
muons (thickness energy dependent) Today’s design (very generic)

Because muons traverse the detector, signatures with muons in final states 
are relatively easy to detect � most golden channels are the ones with 
muons in the final state

Punch through

Historic 
design, often 

without B-field
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EM and 
hadronic 
calorimeters 

(heavy)
Act also as 
absorber  

B-field

Potential punch 
through from 
calorimeter



Detectors for Muon SystemsDetectors for Muon SystemsDetectors for Muon SystemsDetectors for Muon Systems
RequirementsRequirementsRequirementsRequirements forforforfor muonmuonmuonmuon systemssystemssystemssystems::::
• VeryVeryVeryVery large large large large areasareasareasareas totototo covercovercovercover O(100 m2… O(100 m2… O(100 m2… O(100 m2… 
• Low Low Low Low occupancyoccupancyoccupancyoccupancy allowsallowsallowsallows relativelyrelativelyrelativelyrelatively large large large large cellcellcellcell sizessizessizessizes O(mm…O(mm…O(mm…O(mm…
• Low Low Low Low radiationradiationradiationradiation levelslevelslevelslevels

Main Main Main Main technologiestechnologiestechnologiestechnologies::::
• Planes Planes Planes Planes ofofofof scintillatorscintillatorscintillatorscintillator betweenbetweenbetweenbetween absorberabsorberabsorberabsorber
• GasGasGasGas----filledfilledfilledfilled detectorsdetectorsdetectorsdetectors in in in in manymanymanymany different implementationsdifferent implementationsdifferent implementationsdifferent implementations

Advantages Advantages Advantages Advantages ofofofof gas gas gas gas detectorsdetectorsdetectorsdetectors::::
Large Large Large Large radiationradiationradiationradiation lengthlengthlengthlength XXXX0000, multiple , multiple , multiple , multiple scatteringscatteringscatteringscattering proportional proportional proportional proportional totototo 1/1/1/1/sqrtsqrtsqrtsqrt(X(X(X(X0000…………
Large volumes / areas possible, momentum resolution Large volumes / areas possible, momentum resolution Large volumes / areas possible, momentum resolution Large volumes / areas possible, momentum resolution ∆∆∆∆p/p ~ 1/Lp/p ~ 1/Lp/p ~ 1/Lp/p ~ 1/L2222

Can Can Can Can bebebebe segmentedsegmentedsegmentedsegmented, multiple , multiple , multiple , multiple layerslayerslayerslayers in a in a in a in a stationstationstationstation
RRRRelativelyelativelyelativelyelatively inexpensiveinexpensiveinexpensiveinexpensive, , , , mostlymostlymostlymostly gasgasgasgas

Main 
technology
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HistoricHistoricHistoricHistoric DevelopmentDevelopmentDevelopmentDevelopment
In In In In thethethethe pastpastpastpast muonmuonmuonmuon systemsystemsystemsystem concentratedconcentratedconcentratedconcentrated on on on on muonmuonmuonmuon IDIDIDID
Today, Today, Today, Today, atatatat LHC, LHC, LHC, LHC, muonmuonmuonmuon systemssystemssystemssystems areareareare fullfullfullfull sizedsizedsizedsized trackerstrackerstrackerstrackers

Hits in Mark-I 
detector at SPEAR 

Muon detection in 
CDF at Tevatron

Muon track made up of
O(40) hits at the LHC

Muon system alone measures 
momentum and charge in addition 
to muon ID



Upsilon Signal at Discovery & TodayUpsilon Signal at Discovery & TodayUpsilon Signal at Discovery & TodayUpsilon Signal at Discovery & Today
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2010

1977

Discovery of the Upsilon 1977 at FNAL
Observation of the 

Upsilon resonances 
Y(1,2,3S) in CMS 2010

http://history.fnal.gov/botqrk.html



Example of Golden LHC Signature Example of Golden LHC Signature Example of Golden LHC Signature Example of Golden LHC Signature 
Because Because Because Because muonsmuonsmuonsmuons fly so fly so fly so fly so far, signatures with far, signatures with far, signatures with far, signatures with muonsmuonsmuonsmuons in final states are in final states are in final states are in final states are 
relatively easy to detect relatively easy to detect relatively easy to detect relatively easy to detect ���� most golden channels are the ones with most golden channels are the ones with most golden channels are the ones with most golden channels are the ones with muonsmuonsmuonsmuons
in the final in the final in the final in the final statestatestatestate
Simulated Higgs eventSimulated Higgs eventSimulated Higgs eventSimulated Higgs event
Guiding physics channel for the design of ATLAS & CMS Guiding physics channel for the design of ATLAS & CMS Guiding physics channel for the design of ATLAS & CMS Guiding physics channel for the design of ATLAS & CMS muonmuonmuonmuon systemssystemssystemssystems
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−+−+→→ µµµµZZH

At high interactions rates of 
the LHC, high resolution 
measurements needed �

muon SA track segments 
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HowHowHowHow totototo DetectDetectDetectDetect MuonsMuonsMuonsMuons????

MuonMuonMuonMuon----IDIDIDID ByByByBy Absorption Absorption Absorption Absorption andandandand Tracking in Tracking in Tracking in Tracking in thethethethe MuonMuonMuonMuon SystemSystemSystemSystem
ChargeChargeChargeCharge CurvatureCurvatureCurvatureCurvature in Bin Bin Bin B----FieldFieldFieldField
MuonMuonMuonMuon ppppTTTT BendingBendingBendingBending ofofofof thethethethe tracktracktracktrack , , , , totototo combinecombinecombinecombine withwithwithwith trackertrackertrackertracker needsneedsneedsneeds alignmentalignmentalignmentalignment
AcceptanceAcceptanceAcceptanceAcceptance TrackerTrackerTrackerTracker andandandand MuonMuonMuonMuon SystemSystemSystemSystem
EfficiencyEfficiencyEfficiencyEfficiency εεεεHiggsHiggsHiggsHiggs = = = = εεεεµµµµ

4444

µµµµ

µµµµ

µµµµ

±

−+−+→→ µµµµZZH

pT ?

pT ?
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PrecisePrecisePrecisePrecise MomentumMomentumMomentumMomentum MeasurementMeasurementMeasurementMeasurement
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Sagitta s of a 1 TeV track = 180 µm
� Resolution 10% ~20 µm 
Track length ~2m

p

CMS muon system 
with tracker

B
r

Precision is a function of p
Increases with 1/BL2 and 1/sqrt(N)

See also 
Tracker lecture 
by Pippa Wells
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Bremsstrahlung Bremsstrahlung Bremsstrahlung Bremsstrahlung ofofofof MuonsMuonsMuonsMuons
Main Main Main Main energyenergyenergyenergy losslosslossloss due due due due totototo ionizationionizationionizationionization (Bethe(Bethe(Bethe(Bethe----Bloch Bloch Bloch Bloch dEdEdEdE/dx…/dx…/dx…/dx…
Additional Additional Additional Additional energyenergyenergyenergy losslosslossloss throughthroughthroughthrough electromagneticelectromagneticelectromagneticelectromagnetic interactioninteractioninteractioninteraction in in in in thethethethe coulombcoulombcoulombcoulomb
fieldfieldfieldfield ofofofof thethethethe nucleusnucleusnucleusnucleus

UpUpUpUp totototo LHC LHC LHC LHC energiesenergiesenergiesenergies, , , , affectedaffectedaffectedaffected mainlymainlymainlymainly
electronselectronselectronselectrons ((((Synch.radiationSynch.radiationSynch.radiationSynch.radiation…………
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Multiple Multiple Multiple Multiple ScatteringScatteringScatteringScattering

x

X0Thickness 
x

y

θ

Richtungsänderung θ (α)

Ortsversatz ∆x

Annähernd Gauss-verteilt 

Multiple scattering limits resolution

Example 100 GeV Myon:

1 m Iron = 4 mrad ~ 4 mm

1 m Air = 0.02 mrad ~ 20 µm

Multiple Rutherford scattering with the nuclei of the detector materialMultiple Rutherford scattering with the nuclei of the detector materialMultiple Rutherford scattering with the nuclei of the detector materialMultiple Rutherford scattering with the nuclei of the detector material
Small changes per collisionsSmall changes per collisionsSmall changes per collisionsSmall changes per collisions
Many collisions Many collisions Many collisions Many collisions ���� in the sum measurable deviation from trajectoryin the sum measurable deviation from trajectoryin the sum measurable deviation from trajectoryin the sum measurable deviation from trajectory

Independent on particle’s momentum
At large momenta detector resolution 
dominating
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Operational Operational Operational Operational 
Principles              Principles              Principles              Principles              
of Gasof Gasof Gasof Gas----Filled Filled Filled Filled 
DetectorsDetectorsDetectorsDetectors
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Main Main Main Main ProcessesProcessesProcessesProcesses in Gasin Gasin Gasin Gas

Potential 
difference

∆E

ParticleParticleParticleParticle detectiondetectiondetectiondetection basedbasedbasedbased on on on on ionizationionizationionizationionization ofofofof gas gas gas gas 
1.1.1.1. EnergyEnergyEnergyEnergy losslosslossloss ofofofof chargedchargedchargedcharged particlesparticlesparticlesparticles, , , , mainlymainlymainlymainly

throughthroughthroughthrough ionizationionizationionizationionization
2.2.2.2. EnergyEnergyEnergyEnergy losslosslossloss transferedtransferedtransferedtransfered totototo gas gas gas gas andandandand creationcreationcreationcreation

ofofofof electronelectronelectronelectron----ionionionion pairspairspairspairs, , , , ionizationionizationionizationionization thresholdthresholdthresholdthreshold
(Silicon (Silicon (Silicon (Silicon ~3.6 eV, ~3.6 eV, ~3.6 eV, ~3.6 eV, Gas Gas Gas Gas ~20~20~20~20----100 eV…, 100 eV…, 100 eV…, 100 eV…, 
StatisticsStatisticsStatisticsStatistics

3.3.3.3. Drift Drift Drift Drift in in in in electricelectricelectricelectric fieldfieldfieldfield
4.4.4.4. Gas Gas Gas Gas amplificationamplificationamplificationamplification ((((secondarysecondarysecondarysecondary processprocessprocessprocess… in … in … in … in 

high  Ehigh  Ehigh  Ehigh  E----fieldfieldfieldfield nearnearnearnear thethethethe wirewirewirewire. . . . AmplificationAmplificationAmplificationAmplification
strengthstrengthstrengthstrength ���� detectordetectordetectordetector type. type. type. type. NumberNumberNumberNumber ofofofof
primaryprimaryprimaryprimary electronselectronselectronselectrons tootootootoo smallsmallsmallsmall forforforfor directdirectdirectdirect
detectiondetectiondetectiondetection

5.5.5.5. Signal Signal Signal Signal creationcreationcreationcreation

For gas detectors 
with an anode wire
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ElectronElectronElectronElectron----Ion Ion Ion Ion pairspairspairspairs createdcreatedcreatedcreated directlydirectlydirectlydirectly bybybyby thethethethe chargedchargedchargedcharged particleparticleparticleparticle, , , , alongalongalongalong itsitsitsits trajectorytrajectorytrajectorytrajectory
ofofofof lengthlengthlengthlength L L L L . Statistical . Statistical . Statistical . Statistical processprocessprocessprocess, , , , dependsdependsdependsdepends on on on on meanmeanmeanmean freefreefreefree pathpathpathpath λλλλ betweenbetweenbetweenbetween collisionscollisionscollisionscollisions ::::

CollisionCollisionCollisionCollision frequencyfrequencyfrequencyfrequency ifififif PoissonPoissonPoissonPoisson distributeddistributeddistributeddistributed::::

Primary IonizationPrimary IonizationPrimary IonizationPrimary Ionization
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Gas σi (10-20 cm2… W (eV/e-Ion Pair… dE/dx (keV/cm… # collisions per cm  
(1 cm/λ…  @ γ=4

He 18.6 41 0.32 ~5
Ne 43.3 36 1.41 12.4
Ar 90.3 26 2.44 27.8
Xe 172 22 6.76 44

CO2 132 33 3.01 n.n.

α = 1.Townsend-coefficient

σi = ionisation cross section per electron

N = number of electrons

Typical values: N=10…100 e/Ion-Pairs per 
MIP (2 MeV/g cm-2)  in 1 cm gas.
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Ionization & Charge SeparationIonization & Charge SeparationIonization & Charge SeparationIonization & Charge Separation
Charges are distributed along the trajectoryCharges are distributed along the trajectoryCharges are distributed along the trajectoryCharges are distributed along the trajectory

Electronic signal requires charge separation!Electronic signal requires charge separation!Electronic signal requires charge separation!Electronic signal requires charge separation!

Charge separation using electric fields, electrons and ions drift in opposite Charge separation using electric fields, electrons and ions drift in opposite Charge separation using electric fields, electrons and ions drift in opposite Charge separation using electric fields, electrons and ions drift in opposite 
direction.direction.direction.direction.

Charge collection time  Charge collection time  Charge collection time  Charge collection time  ���� time resolution (separation of events…time resolution (separation of events…time resolution (separation of events…time resolution (separation of events…
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DriftDriftDriftDrift
Applying an electric field:Applying an electric field:Applying an electric field:Applying an electric field:

Between the accidental collisions of the thermal movement (no particular Between the accidental collisions of the thermal movement (no particular Between the accidental collisions of the thermal movement (no particular Between the accidental collisions of the thermal movement (no particular 
direction… now directional acceleration due to the field direction… now directional acceleration due to the field direction… now directional acceleration due to the field direction… now directional acceleration due to the field 
Results in a macroscopic drift with velocity  Results in a macroscopic drift with velocity  Results in a macroscopic drift with velocity  Results in a macroscopic drift with velocity  vvvvDDDD

p

E
E

p

p
vD

r
r

⋅=⋅⋅= µµ 0
P0 = Standard pressure

P = gas pressure

µ = mobility

Mikroskopische (thermische)  Bewegung der Moleküle + makrokopische Drift 
durch Beschleunigung im E-Feld
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Drift Electrons and IonsDrift Electrons and IonsDrift Electrons and IonsDrift Electrons and Ions
Drift of electronsDrift of electronsDrift of electronsDrift of electrons Drift of ions: ions are much heavier, Drift of ions: ions are much heavier, Drift of ions: ions are much heavier, Drift of ions: ions are much heavier, 

slower drift, less diffusionslower drift, less diffusionslower drift, less diffusionslower drift, less diffusion
E

p

p
v GasD

r
⋅⋅= 0µ

E
p

p
vD

r
⋅⋅= ++ 0µ

+⋅≈ DD vv
310
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Gas Gas Gas Gas AmplificationAmplificationAmplificationAmplification
Primary Primary Primary Primary ionisationionisationionisationionisation: : : : typicallytypicallytypicallytypically ~100 e/Ion ~100 e/Ion ~100 e/Ion ~100 e/Ion pairspairspairspairs per cmper cmper cmper cm
Electronics Electronics Electronics Electronics noisenoisenoisenoise: ENC ~1000 e: ENC ~1000 e: ENC ~1000 e: ENC ~1000 e----

���� Signal Signal Signal Signal needsneedsneedsneeds totototo bebebebe amplifiedamplifiedamplifiedamplified. . . . UseUseUseUse high high high high fieldfieldfieldfield strengthstrengthstrengthstrength nearnearnearnear thethethethe anodeanodeanodeanode wirewirewirewire
(10(10(10(104444----101010105555 V/cm… V/cm… V/cm… V/cm… ���� AvalancheAvalancheAvalancheAvalanche

AmplifiedAmplifiedAmplifiedAmplified pulse pulse pulse pulse cancancancan bebebebe electronicallyelectronicallyelectronicallyelectronically processedprocessedprocessedprocessed....
AmplificationAmplificationAmplificationAmplification A A A A dependsdependsdependsdepends on on on on fieldfieldfieldfield strengthstrengthstrengthstrength E E E E andandandand pressurepressurepressurepressure p. Region p. Region p. Region p. Region wherewherewherewhere

∆∆∆∆V~QV~QV~QV~Qprimprimprimprim (A=(A=(A=(A=constconstconstconst… … … … ���� Proportional Proportional Proportional Proportional regionregionregionregion
.

Simulation der 
Elektronenvervielfachu
ng (Lawine)

Drift

C

Q
A

C

eN
AV

AfactorbypulsetheofionAmplificat

prim
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⋅
=∆ max
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Modes Modes Modes Modes ofofofof OperationOperationOperationOperation
Gas Gas Gas Gas amplificationamplificationamplificationamplification dependsdependsdependsdepends
on on on on fieldfieldfieldfield strengthstrengthstrengthstrength ((((appliedappliedappliedapplied
voltagevoltagevoltagevoltage…………

I   I   I   I   RecombinationRecombinationRecombinationRecombination
II  II  II  II  IonizationIonizationIonizationIonization chamberchamberchamberchamber
III Proportional III Proportional III Proportional III Proportional countercountercountercounter
IV GeigerIV GeigerIV GeigerIV Geiger----MüllerMüllerMüllerMüller----countercountercountercounter
V  V  V  V  DischargeDischargeDischargeDischarge regionregionregionregion

proportional proportional proportional proportional regionregionregionregion
preferedpreferedpreferedprefered forforforfor mostmostmostmost detectorsdetectorsdetectorsdetectors
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Amplification through Secondary IonizationAmplification through Secondary IonizationAmplification through Secondary IonizationAmplification through Secondary Ionization
1.1.1.1. CollisionsCollisionsCollisionsCollisions ofofofof primaryprimaryprimaryprimary electronselectronselectronselectrons withwithwithwith furtherfurtherfurtherfurther atomsatomsatomsatoms ((((ifififif sufficientsufficientsufficientsufficient energyenergyenergyenergy… … … … 

SecondarySecondarySecondarySecondary amplificationamplificationamplificationamplification dependsdependsdependsdepends on Gas on Gas on Gas on Gas ((((αααα… … … … andandandand fieldfieldfieldfield strengthstrengthstrengthstrength
TechnicallyTechnicallyTechnicallyTechnically implementedimplementedimplementedimplemented withwithwithwith a a a a thinthinthinthin wirewirewirewire (~50 (~50 (~50 (~50 µµµµm… m… m… m… ���� E~rE~rE~rE~r ----1 1 1 1 

���� primaryprimaryprimaryprimary electronselectronselectronselectrons gaingaingaingain sufficientsufficientsufficientsufficient energyenergyenergyenergy forforforfor multiple multiple multiple multiple secondarysecondarysecondarysecondary ionizationsionizationsionizationsionizations

2.2.2.2. EnergyEnergyEnergyEnergy releasedreleasedreleasedreleased bybybyby atomsatomsatomsatoms excitedexcitedexcitedexcited bybybyby collisionscollisionscollisionscollisions
CreationCreationCreationCreation ofofofof UVUVUVUV----γ  γ  γ  γ  whichwhichwhichwhich cancancancan causecausecausecause furtherfurtherfurtherfurther ionizationionizationionizationionization shouldshouldshouldshould bebebebe
suppressedsuppressedsuppressedsuppressed ���� rrrreducededucededucededuced bybybyby additionadditionadditionaddition ofofofof quenchersquenchersquenchersquenchers     whichwhichwhichwhich absorbabsorbabsorbabsorb photonsphotonsphotonsphotons
TypicalTypicalTypicalTypical quenchquenchquenchquench gasesgasesgasesgases: : : : organicorganicorganicorganic moleculesmoleculesmoleculesmolecules likelikelikelike CHCHCHCH4444, Isobutan C, Isobutan C, Isobutan C, Isobutan C3333HHHH8888, CO, CO, CO, CO2222

Note: Note: Note: Note: additionadditionadditionaddition ofofofof thesethesethesethese gasesgasesgasesgases modifiesmodifiesmodifiesmodifies gas gas gas gas propertiespropertiespropertiesproperties, , , , likelikelikelike driftdriftdriftdrift velocityvelocityvelocityvelocity (e.g. CO(e.g. CO(e.g. CO(e.g. CO2222… … … … 
andandandand ageingageingageingageing (e.g.  (e.g.  (e.g.  (e.g.  CFCFCFCF4444…………



Types of Types of Types of Types of 
Gas DetectorsGas DetectorsGas DetectorsGas Detectors
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Drift Tubes (DT)
Typical parameters:

U0 ~ 2 kV ;  ra/ri ~ cm/µm ~ 10
-5

Constant drift

Amplification 
near the wire

Operational principle:

• Ionization along the particle’s track

• Electrons drift to anode wire

• Gas amplification near the wire, G~103…105

• Charge collection, signal creation

Resolution can be improved by:

Recording the drift time, Operation at overpressure

Applet
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Improving the ResolutionImproving the ResolutionImproving the ResolutionImproving the Resolution
1…1…1…1… Measurement of drift time Measurement of drift time Measurement of drift time Measurement of drift time ∆∆∆∆tttt of of of of 
electrons from location x  (where electrons from location x  (where electrons from location x  (where electrons from location x  (where 
particle passed… to the anode wire particle passed… to the anode wire particle passed… to the anode wire particle passed… to the anode wire 
Constant drift velocity vD wanted
(typically ~50 mum/ns, gas dependent…

x= x= x= x= vvvvDDDD ∆∆∆∆tttt

D
ri

ft
 d

is
ta

n
c
e
 x

 [
m

m
]

Drift time ∆t [ns]

2… Application of 2… Application of 2… Application of 2… Application of overpressureoverpressureoverpressureoverpressure

< 100 µm
Resolution per cell (R-dependent)

~ 100 µm

ArC2H6 (70/30)%, d=3 cm, DDraht=100 µm      

ArCO2CH4 (45/45/10)%, d=2 cm, DDraht= 50 µm

ATLAS

Resolution as a function of pressure

pDDiffusion /1~

Only implemented 
by ATLAS

Used by all 
exeriments 
these days
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Coordinate ReconstructionCoordinate ReconstructionCoordinate ReconstructionCoordinate Reconstruction

ContributionsContributionsContributionsContributions totototo precisionprecisionprecisionprecision::::
TolerancesTolerancesTolerancesTolerances ofofofof driftdriftdriftdrift distancedistancedistancedistance: : : : 

mechanicalmechanicalmechanicalmechanical precisionprecisionprecisionprecision, , , , 
wirewirewirewire positioningpositioningpositioningpositioning (~50 (~50 (~50 (~50 mummummummum…, …, …, …, 
wirewirewirewire sag due sag due sag due sag due totototo gravitationgravitationgravitationgravitation

InhomogeneitiesInhomogeneitiesInhomogeneitiesInhomogeneities ofofofof electricelectricelectricelectric fieldfieldfieldfield, , , , 
variationsvariationsvariationsvariations ofofofof driftdriftdriftdrift velocityvelocityvelocityvelocity

EEEE----fieldfieldfieldfield, , , , 
gas gas gas gas purificationpurificationpurificationpurification

Diffusion Diffusion Diffusion Diffusion ofofofof driftingdriftingdriftingdrifting electronselectronselectronselectrons ((((especiallyespeciallyespeciallyespecially
atatatat large large large large driftdriftdriftdrift distancesdistancesdistancesdistances…………
FluctuationsFluctuationsFluctuationsFluctuations in in in in primaryprimaryprimaryprimary ionisationionisationionisationionisation

Coordinate reconstruction: x = vD ∆∆∆∆t with vD=const., t0 known (trigger)

x

Drift time ∆t

Anode 
wire

Ambiguities resolved 
by staggering cells



(Some… Implementations of DTs(Some… Implementations of DTs(Some… Implementations of DTs(Some… Implementations of DTs
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D0 mini drift tubes
+ many, many more 

implementations
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CMS Drift CellCMS Drift CellCMS Drift CellCMS Drift Cell

Constant Drift

E ~ 2 kV/cm

v = 55 µµµµm/ns

Muon

ArCO2 85%-15%

Anode Wire 

+3.7kV
Field shaping 

Electrode +1.8 kV

Constant Drift

E ~ 2 kV/cm ~ const

v = 55 µm / ns ~ const

Amplification

E ~ 1/r  -> 150 kV /cm
510~A

Rectangular 
drift cells also 
used in UA1 

experiment, 
of larger size
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MMMMulti ulti ulti ulti WWWWire ire ire ire PPPProportional roportional roportional roportional CCCChamber (MWPC…hamber (MWPC…hamber (MWPC…hamber (MWPC…
Operational principle

Several wires between planar cathodes Several wires between planar cathodes Several wires between planar cathodes Several wires between planar cathodes 
((((CharpakCharpakCharpakCharpak Nobel prize…Nobel prize…Nobel prize…Nobel prize…
Operated in proportional modeOperated in proportional modeOperated in proportional modeOperated in proportional mode
Gas amplification G~10Gas amplification G~10Gas amplification G~10Gas amplification G~103333 101010105555

Resolution determined by wire spacingResolution determined by wire spacingResolution determined by wire spacingResolution determined by wire spacing

Wire planes rotated by 90Wire planes rotated by 90Wire planes rotated by 90Wire planes rotated by 90oooo allows allows allows allows 
reconstruction of 3Dreconstruction of 3Dreconstruction of 3Dreconstruction of 3D----coordinatecoordinatecoordinatecoordinate
Possible to measure Possible to measure Possible to measure Possible to measure dEdEdEdE/dx /dx /dx /dx 
New, New, New, New, miniaturizedminiaturizedminiaturizedminiaturized version: Micro Strip Gas version: Micro Strip Gas version: Micro Strip Gas version: Micro Strip Gas 
Chamber (MSGC…Chamber (MSGC…Chamber (MSGC…Chamber (MSGC…

E-Field



Implementation in LHCbImplementation in LHCbImplementation in LHCbImplementation in LHCb
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5 5 5 5 stations M1stations M1stations M1stations M1----M5 M5 M5 M5 (total (total (total (total active surface of 435 mactive surface of 435 mactive surface of 435 mactive surface of 435 m2222… … … … 
separated by iron separated by iron separated by iron separated by iron filtersfiltersfiltersfilters
1368 MWPC 1368 MWPC 1368 MWPC 1368 MWPC and and and and 24 triple GEM detectors 24 triple GEM detectors 24 triple GEM detectors 24 triple GEM detectors 
((((in in in in M1 close M1 close M1 close M1 close to to to to beambeambeambeam… … … … with with with with spatial Xspatial Xspatial Xspatial X----Y Y Y Y readoutreadoutreadoutreadout
Most MWPCs Most MWPCs Most MWPCs Most MWPCs (960… (960… (960… (960… with with with with anodeanodeanodeanode----wire readoutwire readoutwire readoutwire readout, , , , 
others with others with others with others with cathodecathodecathodecathode----pad or mixed pad or mixed pad or mixed pad or mixed (anode(anode(anode(anode----wire wire wire wire 
+ + + + cathodecathodecathodecathode----pad… pad… pad… pad… readout readout readout readout 
To To To To ensure efficiency and redundancy, all ensure efficiency and redundancy, all ensure efficiency and redundancy, all ensure efficiency and redundancy, all M1 M1 M1 M1 
detectors with detectors with detectors with detectors with two two two two sensitive layers sensitive layers sensitive layers sensitive layers in OR, in OR, in OR, in OR, 
M2M2M2M2----M5 M5 M5 M5 have four have four have four have four layerslayerslayerslayers



MMMMicro icro icro icro SSSStrip trip trip trip GGGGas as as as CCCCounters (MSGC…ounters (MSGC…ounters (MSGC…ounters (MSGC…
Minimized version of a MWPC without Minimized version of a MWPC without Minimized version of a MWPC without Minimized version of a MWPC without 
real wiresreal wiresreal wiresreal wires
Better resolution than MWPCBetter resolution than MWPCBetter resolution than MWPCBetter resolution than MWPC
Finer granularity to resolve high Finer granularity to resolve high Finer granularity to resolve high Finer granularity to resolve high 
occupancies  and provide faster occupancies  and provide faster occupancies  and provide faster occupancies  and provide faster 
signals (high rate environment…signals (high rate environment…signals (high rate environment…signals (high rate environment…
Amplification Amplification Amplification Amplification ~10~10~10~103333, , , , less than MWPCless than MWPCless than MWPCless than MWPC. . . . 
High  anode voltages  High  anode voltages  High  anode voltages  High  anode voltages  ���� discharges discharges discharges discharges 
can occur can occur can occur can occur ���� structural damagestructural damagestructural damagestructural damage
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MSGC structure 
after several 
discharges �

useless

K.Hoepfner, RWTH Aachen

Best operated 
in conjunction 
with GEMs to 

reduce voltage



CCCCathode athode athode athode SSSStrip trip trip trip CCCChambers (CSC…hambers (CSC…hambers (CSC…hambers (CSC…
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ANODE WIRES

Spatial resolution ~mm, 

Time resolution (~4 ns)

Segmented 
cathode with 
strips

Wires

Cathode

Cathode

Wires

Cathode

3.12 mm

Avalanche

Charge 
interpolation

3 - 16 mm

CATHODE STIPS

Spatial resolution <100 µµµµm  

Timing resolution (tD~100 ns)
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Large CSC System Large CSC System Large CSC System Large CSC System (CMS & ATLAS…(CMS & ATLAS…(CMS & ATLAS…(CMS & ATLAS…

Gas:  Ar/CO2/CF4   
(30/50/20)%

Instrumented up to |η|<2.4

CMS all of forward CMS all of forward CMS all of forward CMS all of forward muonmuonmuonmuon system, system, system, system, 
ATLAS at high etaATLAS at high etaATLAS at high etaATLAS at high eta

Detectors with short drift distances Detectors with short drift distances Detectors with short drift distances Detectors with short drift distances 
or no drift at all needed for or no drift at all needed for or no drift at all needed for or no drift at all needed for 
environment with high rates or environment with high rates or environment with high rates or environment with high rates or 
inhomogeneous Binhomogeneous Binhomogeneous Binhomogeneous B----fieldfieldfieldfield
Also possible: TGC as used by Also possible: TGC as used by Also possible: TGC as used by Also possible: TGC as used by 
ATLASATLASATLASATLAS

CSC + RPCCMS conditions:

Gas: Ar/CO2/CF4 =  (30/50/20)%  
6 layers per station  

Four stations per end-cap                    
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RRRResistive esistive esistive esistive PPPPlate late late late CCCCounter (RPC…ounter (RPC…ounter (RPC…ounter (RPC…

Signal in pick-up electrodes

High resistivity         
ρ ~1010 Ω cm 

Gap needs to be 
constant

E
r

E
r

Avalanche-Mode (Proportional) Streamer-Mode

Amplification ~107 e-

High rates ~10 kHz/ cm2

(ATLAS, CMS, LHCb)

Higher amplification 

Medium rates ~10 Hz/cm2

(ALICE, BaBar)



RPCs are EverywhereRPCs are EverywhereRPCs are EverywhereRPCs are Everywhere
Implemented in Implemented in Implemented in Implemented in all LHC experimentsall LHC experimentsall LHC experimentsall LHC experiments, mainly for triggering , mainly for triggering , mainly for triggering , mainly for triggering (fast time (fast time (fast time (fast time 
response… but response… but response… but response… but also also also also provide provide provide provide spatial spatial spatial spatial information (example: third coordinate  information (example: third coordinate  information (example: third coordinate  information (example: third coordinate  
in ATLAS barrel…in ATLAS barrel…in ATLAS barrel…in ATLAS barrel…
Need rather Need rather Need rather Need rather high voltage high voltage high voltage high voltage O(10 kV…. Dark current increases with HV           O(10 kV…. Dark current increases with HV           O(10 kV…. Dark current increases with HV           O(10 kV…. Dark current increases with HV           
���� careful tuning of parameterscareful tuning of parameterscareful tuning of parameterscareful tuning of parameters
NoiseNoiseNoiseNoise needs to be controlled (HV, temperature, gas mixture…needs to be controlled (HV, temperature, gas mixture…needs to be controlled (HV, temperature, gas mixture…needs to be controlled (HV, temperature, gas mixture…
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Single gap                                         Double gap

Double gap: OR 
of both detectors 
� increases 

efficiency
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CMS RPC SystemCMS RPC SystemCMS RPC SystemCMS RPC System
• 912 912 912 912 chamberschamberschamberschambers withwithwithwith ~160 k ~160 k ~160 k ~160 k channelschannelschannelschannels

Barrel Barrel Barrel Barrel withwithwithwith 6 6 6 6 stationsstationsstationsstations ((((forforforfor softer softer softer softer muonsmuonsmuonsmuons…, …, …, …, 
endcapendcapendcapendcap withwithwithwith 3 3 3 3 stationsstationsstationsstations upupupup totototo ||||ηηηη|<1.6|<1.6|<1.6|<1.6

Double Double Double Double gapgapgapgap withwithwithwith singlesinglesinglesingle readoutreadoutreadoutreadout stripstripstripstrip in ORin ORin ORin OR

Avalanche mode to copeopeopeope withwithwithwith hithithithit rate rate rate rate upupupup
totototo 1 kHz/cm1 kHz/cm1 kHz/cm1 kHz/cm2222

Gas: Gas: Gas: Gas: 96.2% C2H2F4, 3.5% 96.2% C2H2F4, 3.5% 96.2% C2H2F4, 3.5% 96.2% C2H2F4, 3.5% IsoIsoIsoIso----Butane, Butane, Butane, Butane, 
0.3% SF0.3% SF0.3% SF0.3% SF6666

1500 m2 Forward RPCs

4000 m2 Barrel RPCs

Strips: Strips: Strips: Strips: measuremeasuremeasuremeasure bendingbendingbendingbending
coordinatecoordinatecoordinatecoordinate, , , , resolutionresolutionresolutionresolution ~1cm~1cm~1cm~1cm

Fast Fast Fast Fast responseresponseresponseresponse (~2 (~2 (~2 (~2 nsnsnsns… … … … forforforfor
unambiguousunambiguousunambiguousunambiguous BX ID BX ID BX ID BX ID 

Note: DTs Note: DTs Note: DTs Note: DTs integrateintegrateintegrateintegrate overoveroverover
severalseveralseveralseveral BXs (CMS & ATLAS…BXs (CMS & ATLAS…BXs (CMS & ATLAS…BXs (CMS & ATLAS… Gas gap needs constant width. Signal in pick up electrodes



GGGGas as as as EEEElectron lectron lectron lectron MMMMultiplier (GEM…ultiplier (GEM…ultiplier (GEM…ultiplier (GEM…
Recent development (Recent development (Recent development (Recent development (F.SauliF.SauliF.SauliF.Sauli et al, CERN…et al, CERN…et al, CERN…et al, CERN…
Aim: separation of amplification and readoutAim: separation of amplification and readoutAim: separation of amplification and readoutAim: separation of amplification and readout

Operational principle:Operational principle:Operational principle:Operational principle:
Thin Thin Thin Thin kaptonkaptonkaptonkapton foil with metalized surface and                 foil with metalized surface and                 foil with metalized surface and                 foil with metalized surface and                 
~50~50~50~50----70 70 70 70 µµµµm holes. ~140 m holes. ~140 m holes. ~140 m holes. ~140 µµµµm separationm separationm separationm separation
In the holes high field strength, leads to In the holes high field strength, leads to In the holes high field strength, leads to In the holes high field strength, leads to 
amplification of the electron signalamplification of the electron signalamplification of the electron signalamplification of the electron signal
Amplification ~10Amplification ~10Amplification ~10Amplification ~103 3 3 3 per GEM per GEM per GEM per GEM foilfoilfoilfoil. Often several . Often several . Often several . Often several 
consecutive foils in a chambers (triple GEM…consecutive foils in a chambers (triple GEM…consecutive foils in a chambers (triple GEM…consecutive foils in a chambers (triple GEM…
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70 
µm

55 
µm

5 µm

K.Hoepfner, RWTH Aachen

Implemented in LHCb
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Implementations       Implementations       Implementations       Implementations       
atatatat thethethethe LHCLHCLHCLHC



Overall Design Choices Overall Design Choices Overall Design Choices Overall Design Choices (Multipurpose Detectors…(Multipurpose Detectors…(Multipurpose Detectors…(Multipurpose Detectors…

ATLAS and CMS: multipurpose experiments, need to detect ATLAS and CMS: multipurpose experiments, need to detect ATLAS and CMS: multipurpose experiments, need to detect ATLAS and CMS: multipurpose experiments, need to detect muonsmuonsmuonsmuons over a over a over a over a 
large large large large ppppTTTT range 3 range 3 range 3 range 3 GeVGeVGeVGeV < < < < ppppTTTT <3 <3 <3 <3 TeVTeVTeVTeV, , , , muonmuonmuonmuon systems are standsystems are standsystems are standsystems are stand----alone trackersalone trackersalone trackersalone trackers

ATLASATLASATLASATLAS
Air core toroid Air core toroid Air core toroid Air core toroid ���� no multiple scattering, good resolutionno multiple scattering, good resolutionno multiple scattering, good resolutionno multiple scattering, good resolution
ToroidalToroidalToroidalToroidal BBBB----field of 0.7 T                              field of 0.7 T                              field of 0.7 T                              field of 0.7 T                              ���� next slide for Bnext slide for Bnext slide for Bnext slide for B----fieldfieldfieldfield
Three stations (min. number needed…, very large area to be coveredThree stations (min. number needed…, very large area to be coveredThree stations (min. number needed…, very large area to be coveredThree stations (min. number needed…, very large area to be covered
PPPPunch through from calorimeters to be treatedunch through from calorimeters to be treatedunch through from calorimeters to be treatedunch through from calorimeters to be treated
Technology choices: pressured DT, RPC, CSC, TGCTechnology choices: pressured DT, RPC, CSC, TGCTechnology choices: pressured DT, RPC, CSC, TGCTechnology choices: pressured DT, RPC, CSC, TGC

CMSCMSCMSCMS
Iron return yoke Iron return yoke Iron return yoke Iron return yoke ���� resolution limited by multiple scatteringresolution limited by multiple scatteringresolution limited by multiple scatteringresolution limited by multiple scattering
Less problemsLess problemsLess problemsLess problems with punch throughwith punch throughwith punch throughwith punch through
Complementary technologies, high redundancyComplementary technologies, high redundancyComplementary technologies, high redundancyComplementary technologies, high redundancy
4 stations on 4 stations on 4 stations on 4 stations on muonmuonmuonmuon tracktracktracktrack
Technology choice: DT, RPC, CSCTechnology choice: DT, RPC, CSCTechnology choice: DT, RPC, CSCTechnology choice: DT, RPC, CSC
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Impact of Magnet DesignImpact of Magnet DesignImpact of Magnet DesignImpact of Magnet Design
ATLASATLASATLASATLAS AAAA TTTToroidaloroidaloroidaloroidal LLLLHC HC HC HC AAAApparatupparatupparatupparatuSSSS

Main Main Main Main magnetmagnetmagnetmagnet = = = = ToroidToroidToroidToroid, B = 0.7 T, B = 0.7 T, B = 0.7 T, B = 0.7 T
BendingBendingBendingBending in (in (in (in (r,zr,zr,zr,z…………
Straight Straight Straight Straight tracktracktracktrack in (in (in (in (r,r,r,r,φφφφ… … … … ���� Extrapolation Extrapolation Extrapolation Extrapolation totototo

zzzz----coordcoordcoordcoord. . . . ofofofof thethethethe beam (~cm…beam (~cm…beam (~cm…beam (~cm…
In In In In trackertrackertrackertracker additional additional additional additional solenoidsolenoidsolenoidsolenoid, B = 2 T,  , B = 2 T,  , B = 2 T,  , B = 2 T,  

herehereherehere bendingbendingbendingbending in transversal plane (in transversal plane (in transversal plane (in transversal plane (r,r,r,r,φφφφ…………

NoNoNoNo ironironironiron in in in in muonmuonmuonmuon systemsystemsystemsystem
HomogeneousHomogeneousHomogeneousHomogeneous BBBB----fieldfieldfieldfield

CMSCMSCMSCMS CCCCompact ompact ompact ompact MMMMuonuonuonuon SSSSolenoidolenoidolenoidolenoid

Just Just Just Just oneoneoneone magnetmagnetmagnetmagnet, Solenoid B = , Solenoid B = , Solenoid B = , Solenoid B = 3.8 3.8 3.8 3.8 TTTT

BendingBendingBendingBending in transversal plane (in transversal plane (in transversal plane (in transversal plane (r,r,r,r,φφφφ… … … … 
In (In (In (In (r,zr,zr,zr,z… … … … straightstraightstraightstraight tracktracktracktrack ���� Extrapolation Extrapolation Extrapolation Extrapolation totototo

beam (beam (beam (beam (focusedfocusedfocusedfocused dimensiondimensiondimensiondimension…   …   …   …   ����
Trigger on Trigger on Trigger on Trigger on impactimpactimpactimpact parameterparameterparameterparameter

RequiresRequiresRequiresRequires returnreturnreturnreturn yokeyokeyokeyoke in in in in muonmuonmuonmuon systemsystemsystemsystem
InhomogeneousInhomogeneousInhomogeneousInhomogeneous fieldfieldfieldfield atatatat large large large large ηηηη
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ATLAS
B = B = B = B = 0.7 0.7 0.7 0.7 TTTT
L ~ 5 mL ~ 5 mL ~ 5 mL ~ 5 m
N = 3 N = 3 N = 3 N = 3 StationsStationsStationsStations − 8 Points− 8 Points− 8 Points− 8 Points

s = 750 s = 750 s = 750 s = 750 µµµµm m m m forforforfor 1 1 1 1 TeVTeVTeVTeV TrackTrackTrackTrack
10% 10% 10% 10% ���� σσσσ = 75 = 75 = 75 = 75 µµµµmmmm

∆p/p ~ 6%

CMS
B ~ B ~ B ~ B ~ 2 2 2 2 T (BT (BT (BT (B----Field in Field in Field in Field in FeFeFeFe…………
L ~ 3.5 m                                                        L ~ 3.5 m                                                        L ~ 3.5 m                                                        L ~ 3.5 m                                                        
N = 4 N = 4 N = 4 N = 4 StationsStationsStationsStations − 8 Points in (− 8 Points in (− 8 Points in (− 8 Points in (rrrrφφφφ…………

s = 900 s = 900 s = 900 s = 900 µµµµm m m m forforforfor 1 1 1 1 TeVTeVTeVTeV TrackTrackTrackTrack
10% 10% 10% 10% ���� σσσσ = 90 = 90 = 90 = 90 µµµµmmmm

∆p/p ~ 12 % (Multiple (Multiple (Multiple (Multiple scatteringscatteringscatteringscattering in in in in 
FeFeFeFe ~100 ~100 ~100 ~100 µµµµm…m…m…m…

Combine Combine Combine Combine withwithwithwith TrackerTrackerTrackerTracker ∆∆∆∆pppp/p ~ 2 %/p ~ 2 %/p ~ 2 %/p ~ 2 %

Momentum ResolutionMomentum ResolutionMomentum ResolutionMomentum Resolution

Stat

spatial

T

T

Nsp

p

GeVp

mLTB
s

7201

][8

][][3.0 2

⋅⋅∝
∆

⋅

⋅⋅
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δ



Combined ResolutionCombined ResolutionCombined ResolutionCombined Resolution
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ATLAS                                                               CMS



ATLASATLASATLASATLAS
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3 3 3 3 MuonMuonMuonMuon StationsStationsStationsStations
~1200 Chambers~1200 Chambers~1200 Chambers~1200 Chambers
Outer diameter Outer diameter Outer diameter Outer diameter ~20m ~20m ~20m ~20m 
In barrel + In barrel + In barrel + In barrel + endcapendcapendcapendcap

1 Coordinate 1 Coordinate 1 Coordinate 1 Coordinate measured measured measured measured 
with precision drift tubes, with precision drift tubes, with precision drift tubes, with precision drift tubes, 
((((r,r,r,r,φφφφ… Coordinate … Coordinate … Coordinate … Coordinate provided   provided   provided   provided   
by RPCsby RPCsby RPCsby RPCs

RPCs for triggeringRPCs for triggeringRPCs for triggeringRPCs for triggering

Alignment very importantAlignment very importantAlignment very importantAlignment very important

ATLAS Monitored DT SystemATLAS Monitored DT SystemATLAS Monitored DT SystemATLAS Monitored DT System
3 Bar
� Little multiple scattering � high precision

� Less track bending � higher precision for measurement + alignment  
pT=1 TeV/c has ~700 µm Sagitta → 10% ∆p/p needs O(70 µm) precision

� Larger coverage in  η
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ATLAS Drift Cell and Resolution ATLAS Drift Cell and Resolution ATLAS Drift Cell and Resolution ATLAS Drift Cell and Resolution 
with Overpressurewith Overpressurewith Overpressurewith Overpressure

A
T

L
A

S
 M

y
o
n
, 

M
P

I 
+

 U
n
i 
M

ü
n
c
h
e
n

Resolution per cell (r-dependent)        
< 100 µm

Radius = 1.5 cm
Gas mixture: Ar/CO2 93/7
3 bar pressure

Ionization: 100 cluster/cm with 100 cluster/cm with 100 cluster/cm with 100 cluster/cm with 
2222----3 3 3 3 eeee---- (3 bars (3 bars (3 bars (3 bars ArArArAr/CO/CO/CO/CO2222 93/7… 93/7… 93/7… 93/7… 
Electron drift: maximum Drift time maximum Drift time maximum Drift time maximum Drift time 
~800 ns for ~800 ns for ~800 ns for ~800 ns for ArArArAr/CO/CO/CO/CO2222 93/793/793/793/7

r
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CMS Muon SystemCMS Muon SystemCMS Muon SystemCMS Muon System

Forward Muon 0.9 < |ηηηη| < 2.4 

• Arranged in 2 x 3 disks

• 4 muon stations in 2/3 rings

• Inhomogenous field with B<1.2 T

• 250 Cathode Strip Chambers (CSC)

• 483 Resistive Plate Chambers (RPC)

Muon Barrel 0 < |ηηηη| < 1.2

• 5 barrel wheels, iron return yoke for 
the solenoid magnet

• Almost no B-field at chamber 
positions

• 250 Drift Tube (DT) Chambers

• 480 Resistive Plate Chambers (RPC)

~0.5 M channels

~10,000 m2 instrumented

All detectors used for triggering and reconstruction

M
E

4
/2

 s
ta

g
e
d
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Barrel Drift Tube Chambers (DT…Barrel Drift Tube Chambers (DT…Barrel Drift Tube Chambers (DT…Barrel Drift Tube Chambers (DT…
250 250 250 250 chamberschamberschamberschambers arrangedarrangedarrangedarranged in 5 in 5 in 5 in 5 wheelswheelswheelswheels, , , , eacheacheacheach
withwithwithwith 4 4 4 4 stationsstationsstationsstations formingformingformingforming concentricconcentricconcentricconcentric cylinderscylinderscylinderscylinders, , , , 
172 k 172 k 172 k 172 k readoutreadoutreadoutreadout channelschannelschannelschannels
CMS CMS CMS CMS chamberschamberschamberschambers interleavedinterleavedinterleavedinterleaved withwithwithwith ironironironiron yokeyokeyokeyoke
B-field contained in the iron (B~1.9 T… except
MB1 of outermost wheels
B-field in iron for pT measurement, track
curvature flips in MB3
Punch-through only in first station
Cell resolution ~250 µm, station resolution
~100 µm (limited by multiple scattering…

Station of type MB1,2,3
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49

Operating Conditions of CMS Operating Conditions of CMS Operating Conditions of CMS Operating Conditions of CMS MuonMuonMuonMuon SystemSystemSystemSystem

Magnetic Field Magnetic Field Magnetic Field Magnetic Field 
Uniform BUniform BUniform BUniform B----Field in central area. Field in central area. Field in central area. Field in central area. 
Varying BVarying BVarying BVarying B----Field strength 1.5 T Field strength 1.5 T Field strength 1.5 T Field strength 1.5 T 
3.5 T in the end caps.3.5 T in the end caps.3.5 T in the end caps.3.5 T in the end caps.

High Particle FluxHigh Particle FluxHigh Particle FluxHigh Particle Flux
In the end caps  20 kHz/channel,    In the end caps  20 kHz/channel,    In the end caps  20 kHz/channel,    In the end caps  20 kHz/channel,    
4x larger than MIP signal. 4x larger than MIP signal. 4x larger than MIP signal. 4x larger than MIP signal. 
Maximum of 1 kHz/cmMaximum of 1 kHz/cmMaximum of 1 kHz/cmMaximum of 1 kHz/cm2222

Flux [Hz/cm2)

0        0.5        1        1.5        2     η

103

102

101

1

0.1
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50
Drift and BDrift and BDrift and BDrift and B----FieldFieldFieldField

Magnetic field lines (simulation)

Radial component for 
different barrel stations

• Residual B-field changes drift velocity

• Has been measured, correction factors are 
calculated � database for reconstruction

• Monitoring of the effect with calibration runs 
and gas mixture monitoring system

CMS

Influence of B-field on drift behavior 
appears as change of drift velocity
In reality, drift distance changed

� Correct for it with fixed drift velocity 
(external measurement)



Overall Design Choices Overall Design Choices Overall Design Choices Overall Design Choices (Dedicated exp…(Dedicated exp…(Dedicated exp…(Dedicated exp…

ALICEALICEALICEALICE
Heavy ion experiment, very large track densities, medium Heavy ion experiment, very large track densities, medium Heavy ion experiment, very large track densities, medium Heavy ion experiment, very large track densities, medium pTpTpTpT
OneOneOneOne----arm spectrometer with dipole magnetarm spectrometer with dipole magnetarm spectrometer with dipole magnetarm spectrometer with dipole magnet
Technology choice: RPC, cathode padTechnology choice: RPC, cathode padTechnology choice: RPC, cathode padTechnology choice: RPC, cathode pad

LHCbLHCbLHCbLHCb
Forward spectrometer, fixed target geometryForward spectrometer, fixed target geometryForward spectrometer, fixed target geometryForward spectrometer, fixed target geometry
MuonsMuonsMuonsMuons very important for bvery important for bvery important for bvery important for b----physicsphysicsphysicsphysics
Four Four Four Four sssstations with high resolution chambers behind absorber, one tations with high resolution chambers behind absorber, one tations with high resolution chambers behind absorber, one tations with high resolution chambers behind absorber, one 
additional station before absorberadditional station before absorberadditional station before absorberadditional station before absorber
Technology choice: MWPC, GEMTechnology choice: MWPC, GEMTechnology choice: MWPC, GEMTechnology choice: MWPC, GEM
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LHCbLHCbLHCbLHCb
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Fixed target geometry
One arm spectrometer

Several key measurements rely Several key measurements rely Several key measurements rely Several key measurements rely 
on on on on ----ID: e.g. ID: e.g. ID: e.g. ID: e.g. BBBBssss     ++++ ---- and   and   and   and   
BBBBdddd     KKKK−−−−0000 ++++ ----

MuonMuonMuonMuon systems provides systems provides systems provides systems provides ----ID ID ID ID 
to very high purityto very high purityto very high purityto very high purity
5 tracking stations, each 5 tracking stations, each 5 tracking stations, each 5 tracking stations, each 
subdivided in 4 regions with subdivided in 4 regions with subdivided in 4 regions with subdivided in 4 regions with 
different granularitiesdifferent granularitiesdifferent granularitiesdifferent granularities
Equipped with Multi Wire Equipped with Multi Wire Equipped with Multi Wire Equipped with Multi Wire 
Proportional Chambers Proportional Chambers Proportional Chambers Proportional Chambers 
(MWPCs… and Gas Electron (MWPCs… and Gas Electron (MWPCs… and Gas Electron (MWPCs… and Gas Electron 
Multipliers (GEMs….Multipliers (GEMs….Multipliers (GEMs….Multipliers (GEMs….
Total thickness of Total thickness of Total thickness of Total thickness of LHCbLHCbLHCbLHCb
hadron absorber (hadron absorber (hadron absorber (hadron absorber (muonmuonmuonmuon
shield…: ~ 23shield…: ~ 23shield…: ~ 23shield…: ~ 23λλλλ



LHCbLHCbLHCbLHCb
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MWPC
GEM detectors

Muon filter

GEM

MWPC



Front Absorber

Dipole Magnet Trigger

Tracking Stations

ALICE Muon SystemALICE Muon SystemALICE Muon SystemALICE Muon System
High track density in heavy ion 
collisions
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- 5 stations of high granularity 
cathode pad tracking chambers 
(CPCs),  over 1.1 M channels
- 2 chambers per station

Dipole Magnet:  bending power 3 Tm

Complex 
absorber/small 
angle shield system to 
minimize background
(90 cm from vertex)

RPC Trigger 
Chambers

Components
• Tracking Chambers
• Trigger Chambers

• Absorber
• Dipole Magnet
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ALICE Muon SystemALICE Muon SystemALICE Muon SystemALICE Muon System
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SummarySummarySummarySummary
TheirTheirTheirTheir longlonglonglong lifetimelifetimelifetimelifetime andandandand capabilitycapabilitycapabilitycapability totototo pass material pass material pass material pass material withwithwithwith minorminorminorminor energyenergyenergyenergy losslosslossloss
(due (due (due (due totototo ionizationionizationionizationionization… … … … makesmakesmakesmakes muonsmuonsmuonsmuons distinctdistinctdistinctdistinct forforforfor detectiondetectiondetectiondetection

New New New New physicsphysicsphysicsphysics was was was was foundfoundfoundfound in in in in thethethethe pastpastpastpast withwithwithwith muonsmuonsmuonsmuons. . . . AtAtAtAt thethethethe LHC, LHC, LHC, LHC, efficientefficientefficientefficient
detectiondetectiondetectiondetection ofofofof muonsmuonsmuonsmuons importantimportantimportantimportant forforforfor golden golden golden golden channelschannelschannelschannels  in  in  in  in searchessearchessearchessearches forforforfor newnewnewnew
physicsphysicsphysicsphysics

MuonMuonMuonMuon detectorsdetectorsdetectorsdetectors areareareare basedbasedbasedbased on on on on gas gas gas gas detectorsdetectorsdetectorsdetectors. Large . Large . Large . Large varietyvarietyvarietyvariety ofofofof
implementations. Most implementations. Most implementations. Most implementations. Most commoncommoncommoncommon areareareare DTs, RPCs, CSCs DTs, RPCs, CSCs DTs, RPCs, CSCs DTs, RPCs, CSCs andandandand MWPCs.MWPCs.MWPCs.MWPCs.


