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2)2) CMS subCMS sub--detectorsdetectors
3)3) CMS Trigger SystemCMS Trigger System



First School on LHC Physics, 12First School on LHC Physics, 12--30 October 200930 October 2009

ContentsContents

•• Introduction of LHCIntroduction of LHC
•• Background (PileBackground (Pile--up & minup & min--bias)bias)
•• What is CMS detectorWhat is CMS detector
•• Experimental challengesExperimental challenges
•• RequirementsRequirements
•• Design criteriaDesign criteria
•• CMS subCMS sub--detectorsdetectors



First School on LHC Physics, 12First School on LHC Physics, 12--30 October 200930 October 2009

BackgroundBackground

•• LEP closure in 2000LEP closure in 2000

•• TevatronTevatron still runningstill running

•• Questions remain unanswerableQuestions remain unanswerable

•• Lack of evidence of Higgs bosonLack of evidence of Higgs boson
–– Dark matterDark matter

–– Anti matterAnti matter

The Large The Large HadronHadron Collider and the associated experiments are Collider and the associated experiments are 

designed to address a number of these questions.designed to address a number of these questions.

CMSCMS…………....
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Introduction of LHCIntroduction of LHC
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LuminosityLuminosity

Event RateEvent Rate

Large distance collisionsLarge distance collisions

oo Soft scatteringSoft scattering

Short distance collisionsShort distance collisions

oo Hard scattering (rare events)Hard scattering (rare events)
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PP collisionsPP collisions

PDFsPDFs

FragmentationFragmentation
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MinimumMinimum--bias Eventsbias Events
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Pile up of minPile up of min--bias Events (1/2)bias Events (1/2)
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Pile up of minPile up of min--bias Events (2/2)bias Events (2/2)

To confront with PileTo confront with Pile--up: detector up: detector 
demandsdemands

Fast response timeFast response time

High granularityHigh granularity

Radiation resistantRadiation resistant
The pileThe pile--up is one of the most serious difficulties for the up is one of the most serious difficulties for the 
experimental operation at the LHCexperimental operation at the LHC
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Triggering at LHCTriggering at LHC
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Physics GoalsPhysics Goals

•• To explore physics at the To explore physics at the TeVTeV scale scale 

•• To discover the To discover the Higgs bosonHiggs boson

•• To look for evidence of physics beyond the To look for evidence of physics beyond the 
standard model, such as standard model, such as supersymmetrysupersymmetry, or , or extra extra 
dimensionsdimensions

•• To study aspects of heavy ion collisions To study aspects of heavy ion collisions 

http://en.wikipedia.org/wiki/TeV
http://en.wikipedia.org/wiki/Higgs_boson
http://en.wikipedia.org/wiki/Supersymmetry
http://en.wikipedia.org/wiki/Extra_dimensions
http://en.wikipedia.org/wiki/Extra_dimensions


First School on LHC Physics, 12First School on LHC Physics, 12--30 October 200930 October 2009

LHC experimentsLHC experiments

LHCLHC--bb CMSCMS

ALICEALICEATLASATLAS
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What is CMSWhat is CMS
CMSCMS--stands for Compact stands for Compact MuonMuon SolenoidSolenoid

General purpose detectorGeneral purpose detector

Onion shapeOnion shape
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How was CMS designHow was CMS design

Lessons learnt from LEPLessons learnt from LEP

Fifteen separate sections lowered into cavernFifteen separate sections lowered into cavern
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Typical SignaturesTypical Signatures

Stable particlesStable particles

QuasiQuasi--stable particlestable particle

Vertex tagged particlesVertex tagged particles

Short livedShort lived

Missing particlesMissing particles
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What we will see in CMSWhat we will see in CMS
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Detector RequirementsDetector Requirements……

The signatures we look for ...
● Leptons and photons at high pT
● missing Energy --> Et

miss

● b quarks, tau leptons
● Jets
with high backgrounds and low pT pile up

Detector requirements ...
● radiation hardness
● timing 25 ns
● identify and measure leptons, photons at high pT

lepton ID over huge background e/jet ~ 10-5

● good measurement of missing transverse Energy energy
measurement in forward region (|η|<5)

● b and τ tag (silicon detectors)
● highly selective and fast trigger

signal xs ~ 10-14 of total xs



First School on LHC Physics, 12First School on LHC Physics, 12--30 October 200930 October 2009

Specific DesignSpecific Design

•• A high performance system to detect and measure A high performance system to detect and measure muonsmuons, , 
•• A high resolution method to detect and measure electrons A high resolution method to detect and measure electrons 

and photons (an and photons (an electromagnetic calorimeter),electromagnetic calorimeter),
•• A high quality central A high quality central tracking systemtracking system to give accurate to give accurate 

momentum measurements, and momentum measurements, and 
•• A A ““hermetichermetic”” hadronhadron calorimetercalorimeter, designed to entirely , designed to entirely 

surround the collision and prevent particles from escaping surround the collision and prevent particles from escaping 

http://cms.web.cern.ch/cms/Detector/Muons/index.html
http://cms.web.cern.ch/cms/Detector/ECAL/index.html
http://cms.web.cern.ch/cms/Detector/Tracker/index.html
http://cms.web.cern.ch/cms/Detector/HCAL/index.html
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Working PrincipleWorking Principle
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Why is it so BigWhy is it so Big

•• Record the UniverseRecord the Universe’’s tiniest s tiniest 
•• Possibility of obtaining more accurate measurements Possibility of obtaining more accurate measurements 
•• Need a strong magnetic field to bend the particles Need a strong magnetic field to bend the particles 

trajectoriestrajectories
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Coordinate conventionsCoordinate conventions

θθ (degrees)(degrees) ηη

00 infiniteinfinite

55 3.133.13

1010 2.442.44

2020 1.741.74

3030 1.311.31

4545 0.880.88

6060 0.550.55

8080 0.1750.175

9090 00
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The CMS CollaborationThe CMS Collaboration

2310 Scientific Authors
38 Countries

175 Institutions

CERN

France

Italy

UK

Switzerland

USA

Austria

Finland

Greece

Hungary

Belgium

Poland

Portugal

Spain
Pakistan

Georgia

Armenia

Ukraine

Uzbekistan

Cyprus
Croatia

China, PR

Turkey

Belarus

Estonia
India

Germany

Korea

Russia

Bulgaria

China (Taiwan)

Iran

Serbia

New-Zealand

Brazil

Ireland

1084

503

723
2310

Member States

Non-Member States

Total
USA

# Scientific 
Authors

59

49
175

Member States

Total
USA

67Non-Member States

Number of
Laboratories

Associated Institutes
Number of Scientists
Number of Laboratories

62
9

Oct. 3rd 2007/gm

Mexico Colombia
Lithuania
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CMS Design CriteriaCMS Design Criteria

•• Very good Very good muonmuon identification and momentum identification and momentum 
measurementmeasurement
Trigger efficiently and measure sign of Trigger efficiently and measure sign of TeVTeV muonsmuons dp/pdp/p < 10%< 10%

•• High energy resolution electromagnetic High energy resolution electromagnetic calorimetrycalorimetry
~ 0.5% @ E~ 0.5% @ ET T ~ 50 ~ 50 GeVGeV

•• Powerful inner tracking systemsPowerful inner tracking systems
Momentum resolution a factor 10 better than at LEPMomentum resolution a factor 10 better than at LEP

•• Hermetic Hermetic calorimetrycalorimetry
Good missing EGood missing ETT resolutionresolution

•• (Affordable detector)(Affordable detector)
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HH→→ZZ ZZ →→ μμμμee event with Mee event with MHH= 300 GeV for different luminosities = 300 GeV for different luminosities 

1032 cm-2s-1 1033 cm-2s-1

1034 cm-2s-1 1035 cm-2s-1

Luminosity EffectsLuminosity Effects
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Detector ThicknessDetector Thickness

Material thickness in terms of radiation length and Material thickness in terms of radiation length and 
interaction lengthinteraction length
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The CMS SolenoidThe CMS Solenoid

The CMS magnetThe CMS magnet……
is the largest superconducting magnet ever built is the largest superconducting magnet ever built 
weighs 12,000 weighs 12,000 tonnestonnes
is cooled to is cooled to --268.5268.5ººC, a degree warmer than outer spaceC, a degree warmer than outer space
is 100,000 times stronger than the Earthis 100,000 times stronger than the Earth’’s magnetic field  s magnetic field  
stores enough energy to melt 18 stores enough energy to melt 18 tonnestonnes of gold of gold 
uses almost twice much iron as the Eiffel Tower uses almost twice much iron as the Eiffel Tower 

A stronger field provides A stronger field provides 

You more precise You more precise 

momentum and energymomentum and energy

resolutionresolution
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The return yokeThe return yoke--parametersparameters
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MuonMuon SystemSystem

η = 2.4

η = 0.8
Cathode Strip Chambers
o Endcap

Drift Tubes
o Barrel

Resistive Plate Chambers
o Endcap+ Barrel

Endcap
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The The MuonMuon ChambersChambers

RPC

CSC

DT

Barrel region:Barrel region:

DTs and DTs and RPCsRPCs

Low almost uniform B fieldLow almost uniform B field

Low Low muonmuon rate ~ 1 Hz/cmrate ~ 1 Hz/cm22

Negligible neutron induced Negligible neutron induced 
backgroundbackground

EndcapEndcap region:region:

CSCsCSCs and and RPCsRPCs

Strong nonStrong non--uniform Buniform B--filed (~ 3.5 filed (~ 3.5 
Tesla)Tesla)

High High muonmuon rate ~ 1000 Hz/cmrate ~ 1000 Hz/cm22

γγ and neutron induced and neutron induced 
background are comparablebackground are comparable
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MuonMuon System: RequirementsSystem: Requirements

•• MuonMuon IdentificationIdentification
•• MuonMuon TriggerTrigger
•• Standalone Momentum Resolution: from 8 to 15% Standalone Momentum Resolution: from 8 to 15% pT/pTpT/pT at 10                   at 10                   
GeVGeV and 20 to 40% at 1 and 20 to 40% at 1 TeVTeV..
•• Global Momentum Resolution.Global Momentum Resolution.
•• CHARGE Assignment.CHARGE Assignment.
•• Capability of Withstanding.Capability of Withstanding.
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MuonMuon System: DTSystem: DT

Maximum drift time ~ 400 ns
# of wires ~ 200,000

12 planes of drift tubes in each chamber are organized in three
independent subunits called Super Layers (SL) made up of four planes 
with parallel wires
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MuonMuon System: CSCSystem: CSC

EMU Cathode Strip Chamber

cathode plane with strips

wire plane (a few wires shown)

7 trapezoidal panels form 6 gas gaps

• 468 CSCs of 7 different types/sizes
• > 2,000,000 wires (50 mm)
• 6,000 m2 sensitive area
• 1 kHz/cm2 rates
• 2 mm and 4 ns resolution/CSC (L1-trigger)
• 100 μm resolution/CSC (offline)

6 planes/chamber 6 planes/chamber ––540 540 
chambers in totalchambers in total
φφ measured from fit to the measured from fit to the 

induced charger r and BX id induced charger r and BX id 
from the signal on the wire f from the signal on the wire f 
resolution ~ 100 mmresolution ~ 100 mm



First School on LHC Physics, 12First School on LHC Physics, 12--30 October 200930 October 2009
First School on LHC Physics

MuonMuon System: RPCSystem: RPC
•• Intrinsically fast response ~ 3 ns Intrinsically fast response ~ 3 ns 
•• Rate handling depends on electrode resistivityRate handling depends on electrode resistivity

• Bakelite resistivity  ~10 10 Ωcm
• Gap width: 2 mm
• Surface resistivity: 200-300 KW/sq
• HV electrodes : 100 μm graphite layer 
• PVC Spacers (tolerance  ± 200 μm)
• Gas pressure : ~ 1 Atm
• Gas mixture:  96% Freon, 3.5% Iso-

butane, 0.5% SF6
• CMS RPC-trapezoidal in shape, 3 eta segments
• Inter-strip spacing  ~ 1.5 mm
• Strip length ~  1 m,     # of strips/chamber = 96
• Strip Width ~ 20-30 mm

Pakistan
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MuonMuon System: RPC modeSystem: RPC mode
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MuonMuon System: RPCSystem: RPC
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MuonMuon System: RPC PerformanceSystem: RPC Performance
EfficiencyEfficiency Time ResolutionTime Resolution

Rate CapabilityRate Capability Cluster SizeCluster Size
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Tracker: OverviewTracker: Overview

5.4 

m

Endcaps
(TEC)

2
.4

 
m

Inner Barrel & 
Disks

(TIB & TID)

Pixels
Outer Barrel 

(TOB)

• 198 m2 of Si strip sensors
• 1 m2 of pixel sensors
• volume: 24.4 m3

• running temperature: –10oC
• dry atmosphere for years
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Tracker: layersTracker: layers

blue = double sided (ds)
red = single sided (ss)

Endcap
9 disks, 7 rings (1..4 thin)

Inner disk
3 disks, 3 rings (thin)

Outer barrel
6 layers of 500 µm 
sensors
high resistivity, p-on-n

Inner barrel
●4 layers of 320 µm 
sensors
●low resistivity, p-on-n
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Tracker: Tracker: FluenceFluence

Fluence over 
10 years of 

LHC 
Operation

Need factor 10 better momentum resolution than at LEPNeed factor 10 better momentum resolution than at LEP
1000 particles emerging every crossing (25ns)1000 particles emerging every crossing (25ns)
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Tracker: Vertex IdentificationTracker: Vertex Identification

•• δδpT/pTpT/pT≈≈(15pT+0.5)%, with (15pT+0.5)%, with pTpT in in TeVTeV, in the central region , in the central region 
||ηη||≤≤1.6, gradually degrading to 1.6, gradually degrading to δδpT/pTpT/pT≈≈(60pT+0.5)% as |(60pT+0.5)% as |ηη| | 
approaches 2.5.approaches 2.5.
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Tracker: bTracker: b--taggingtagging

•• bb--taggingtagging
–– impact parameter, secondary vertex finding, soft lepton tagimpact parameter, secondary vertex finding, soft lepton tag
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ECAL: Shower DevelopmentECAL: Shower Development
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•• Radiation length Radiation length X0 ≈ 180 A / Z2 g.cm-2

•• Mean free path Mean free path Lpair = (9 / 7) X0
•• Critical energy Critical energy εC ≈ 560 / Z (MeV)
•• Moliere radius Moliere radius RM = 21X0 /eC ≈ 7A / Z g.cm-2
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ECAL: Shower DevelopmentECAL: Shower Development
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Statistic fluctuations Constant term (calibration, 
non-linearity, etc

Noise, etc
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Electromagnetic Shower DevelopmentElectromagnetic Shower Development

Some considerations on energy resolution
Energy leakage

Longitudinal leakage

More X0 needed to contain γ initiate shower

Lateral leakage

~ No energy dependence
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ECAL: General PurposeECAL: General Purpose

•• Need for a highNeed for a high--resolution electromagnetic calorimeter comes resolution electromagnetic calorimeter comes 
from the Higgs decay channel H from the Higgs decay channel H 22γγ, for Higgs mass 100 < , for Higgs mass 100 < mmHH < < 
140 140 GeVGeV

ECAL ECAL just outside the tracker, in the magnetic fieldjust outside the tracker, in the magnetic field
ECALECAL will operate in a challenging environment of B = 4 T,will operate in a challenging environment of B = 4 T,

25nsec bunch crossings and radiation flux of a few 25nsec bunch crossings and radiation flux of a few 
kGykGy/year/year
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High Resolution High Resolution calorimetrycalorimetry::

Stochastic term 2.7%, Constant term 0.5%, Noise term 150 Stochastic term 2.7%, Constant term 0.5%, Noise term 150 –– 220 220 MeVMeV..

Large volume:Large volume:

75,848 crystals covering |75,848 crystals covering |hh| < 2.6.| < 2.6.

90.8 tons of crystals or 10.9 m90.8 tons of crystals or 10.9 m33..

Operated inside a 4T magnetic field. Operated inside a 4T magnetic field. 

In a radiation environment with an integrated dose of:In a radiation environment with an integrated dose of:

101013 13 neutrons/cmneutrons/cm2 2 and  1 and  1 kGykGy at at h h = 0 = 0 
to 2to 2××101014 14 neutrons/cmneutrons/cm2 2 and 50 and 50 kGykGy for for h = h = 2.6. 2.6. 

40 MHz bunch crossing rate.40 MHz bunch crossing rate.

First School on LHC Physics

ECAL: GoalsECAL: Goals
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Dee138 Supercrystals36 Supermodules

4 Dees Approximately 80,000 Crystals (22X22 mmApproximately 80,000 Crystals (22X22 mm22) ) 



First School on LHC Physics, 12First School on LHC Physics, 12--30 October 200930 October 2009

ECAL: Lead ECAL: Lead TungstateTungstate CrystalsCrystals

Operate at 18Operate at 18o o C C –– Temp Temp 
dependence = dependence = --2.2%/2.2%/OOC.C.

• Radiation length – 0.83 cm
• Molière radius  – 2.2 cm.
• Fast light output – 80% in 25 nsec.
• Relative Light Yield – 1.3% NaI
• Large radiation hardness

No longNo long--lived radiation damage.lived radiation damage.

But shortBut short--lived lived metastablemetastable color centers color centers 
created by radiation created by radiation –– careful monitoringcareful monitoring

TransmissionTransmission

Emission

350 nm
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Results from Test beam with final electronicsResults from Test beam with final electronics
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ECAL: ECAL: PreshowerPreshower
TwoTwo--layer silicon layer silicon preshowerpreshower detector placed in front of the detector placed in front of the endcapendcap calorimeterscalorimeters

2 X2 Xo o absorberabsorber 1 X1 Xo o absorberabsorber

2mm silicon strips to separate 2mm silicon strips to separate γγ’’ss from from πποο’’ss and for vertex identification.and for vertex identification.
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ECAL: ECAL: PreshowerPreshower

•• PurposePurpose
–– Neutral Neutral pionpion rejection from rejection from higgshiggs decaying into 2 photonsdecaying into 2 photons

•• Neural Network TechniqueNeural Network Technique

Single photonΠ γγ
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Development of Development of HadronicHadronic ShowersShowers

HadronicHadronic showershower
Process similar to EM shower:

Secondary particles interact and produces:
tertiary particles 
tertiary particles interact and produces
…… (and so forth)

However, processes involved are 
much more complex

Many  more particles produced

(E = energy of the primary hadron) 

Shower ceases when hadron energies are small enough for energy loss by 
ionization or to be absorbed in a nuclear process.

The longitudinal development of the shower 
scales with the nuclear interaction length, λI:

The secondary particles are produced with large transverse momentum
Consequently, hadronic showers spread more laterally than EM showers.absA

I N
A
σ

λ =

( )Eln ty Multiplici ∝

GeV/c  35.0>Tp
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Development of Development of HadronicHadronic ShowersShowers

HadronicHadronic showershower

At energies > 1 GeV, cross-section 
depends little on energy:

For Z > 6 λI > X0

0.1

1

10

100

0 10 20 30 40 50 60 70 80 90 100

X0

λI

X
0, 
λ I

  [
cm

]

Z

Comparing X0 and λI , 
we understand why
Hadronic calorimeters 
are in general larger 
than EM calorimeters

⇒≈≈ mbAabs 35, 0
7.0

0 σσσ
31AI ∝λ

Material Z A ρ [g/cm3] X0 [g/cm2] λI [g/cm2]

Hydrogen (gas) 1 1.01 0.0899 (g/l) 63 50.8
Helium (gas) 2 4.00 0.1786 (g/l) 94 65.1
Beryllium 4 9.01 1.848 65.19 75.2
Carbon 6 12.01 2.265 43 86.3
Nitrogen (gas) 7 14.01 1.25 (g/l) 38 87.8
Oxygen (gas) 8 16.00 1.428 (g/l) 34 91.0
Aluminium 13 26.98 2.7 24 106.4
Silicon 14 28.09 2.33 22 106.0
Iron 26 55.85 7.87 13.9 131.9
Copper 29 63.55 8.96 12.9 134.9
Tungsten 74 183.85 19.3 6.8 185.0
Lead 82 207.19 11.35 6.4 194.0
Uranium 92 238.03 18.95 6.0 199.0
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Development of Development of HadronicHadronic ShowersShowers

Shower profileShower profile

Longitudinal distribution scales with λI

Transverse distribution depends on the longitudinal depth
Initially the shower is narrow, and spreads laterally with the shower depth

As in electromagnetic showers, defines a shower maximum at a position x ( in units 
of λI ) which also depends logarithmically on energy E of the primary hadron:

95% of the shower is contained within a R < λI cone around the axis of the shower
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Development of Development of HadronicHadronic ShowersShowers

Shower profileShower profile C. Fabjan, T. Ludlam, CERN-EP/82-37

- Hadronic showers much  
longer than EM shower

- Also broader

Allows e/h separation

Note: λI(Al) = 39.4 cm > X0(Al) = 68.9 cm

Usually, hadronic calorimeters are longer than EM calorimeters
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Development of Development of HadronicHadronic ShowersShowers

Energy measurementEnergy measurement

Energy measurement
Based on the same principle as for the 
electromagnetic shower

Shower develops until a Emin

Energy deposition by ionization (π0 γγ and 
charged hadrons) and low-energy hadronic
activity (fission, neutron elastic scattering off proton, etc)

There are two components in the mechanism of 
energy deposition

Electromagnetic component, due to π0 γγ with
subsequent EM photon interactions
Hadronic

The end product is sampled and converted into signal.

The ratio between the efficiency in energy deposition due to EM interaction is and 
hadronic interaction is given by e/h

EM component
Hadronic component
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HadronicHadronic CalorimeterCalorimeter

HadronicHadronic Calorimeter (HCAL)Calorimeter (HCAL)
Hadronic calorimeters are usually 
sampling calorimeters

The active medium made of similar 
material as in EM calorimeters: 

Scintillator (light), gas (ionization 
chambers, wired chambers), silicon 
(solid state detectors), etc 

The passive medium is made of materials with longer interaction length λI
Iron, uranium, etc

Resolution is worse than in EM calorimeters (discussion in the next slides), usually in the
range:

EE
E %)80%35()( −

∝
σ

particles

Can be even worse depending on the 
goals of an experiment and 
compromise with other detector 
parameters
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Forward Detector: VCALForward Detector: VCAL

Performance Performance RequirmentsRequirments

Missing transverse energy Missing transverse energy 

Tagging jet for vector boson fusionTagging jet for vector boson fusion

High pt neutrinos or lightest SUSY High pt neutrinos or lightest SUSY 
particles particles 

Design ConsiderationDesign Consideration

VF energy resolution are more or less VF energy resolution are more or less 
loose loose 

Operate reliably at the high LHC Operate reliably at the high LHC 
luminosity during many years luminosity during many years 

Fast response to minimize pileup of Fast response to minimize pileup of 
soft soft hadronichadronic eventsevents

DescriptionDescription

Sampling calorimeter based on Sampling calorimeter based on 
PPCPPC

Cherenkov lightCherenkov light
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Forward Detector: CastorForward Detector: Castor

•• Cerenkov detectorCerenkov detector
•• Electromagnetic and Electromagnetic and hadronichadronic sectionssections
•• StrangeletsStrangelets in AA collisionsin AA collisions
•• Low x QCDLow x QCD
•• MultiMulti--partonparton interactionsinteractions
•• QGPQGP
•• LuminosityLuminosity

•• Excellent energy linearityExcellent energy linearity

•• Excellent spatial resolutionExcellent spatial resolution
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Forward Detector: ZDCForward Detector: ZDC

•• Cerenkov detectorCerenkov detector
•• Centrality in AA collisionsCentrality in AA collisions
•• HadronicHadronic and electromagnetic sectionsand electromagnetic sections

•• Width < 9.6 cm, length < 100 cm;Width < 9.6 cm, length < 100 cm;
•• Energy resolution sufficient to resolve the 1 neutron peakEnergy resolution sufficient to resolve the 1 neutron peak
•• Very high radiation toleranceVery high radiation tolerance
•• Low sensitivity to induced radioactivityLow sensitivity to induced radioactivity
•• Rate capability above 50 kHz (for Rate capability above 50 kHz (for ArAr--ArAr))
•• Vertex resolution through timing of few cm, i.e. t  100 ps.Vertex resolution through timing of few cm, i.e. t  100 ps.

Design RequirementsDesign Requirements
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The Trigger and Data Acquisition SystemThe Trigger and Data Acquisition System
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BackupBackup
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The Tracking SystemThe Tracking System
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The Electromagnetic CalorimeterThe Electromagnetic Calorimeter-- ECALECAL
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The The HadronHadron CalorimeterCalorimeter--HCALHCAL
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