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LHC Layout and LHC Layout and 
ParametersParameters

Magnetic Field
p (TeV) = 0.3 B(T) R(km)
For p= 7 TeV, R= 4.3 km
! B = 8.4 T

Energy at collision E 7 TeV
Dipole field at 7 TeV B 8.33 T
Luminosity L 1034 cm-²s-¹
Beam beam parameter ξ 3.6 10-3

DC beam current Ibeam 0.56 A
Bunch separation 24.95 ns
No. of bunches kb 2835
No. particles per bunch Np 1.1 1011

Normalized transverse εn 3.75 µm
emittance (r.m.s.)

Collisions
β-value at IP β* 0.5 m
r.m.s. beam radius at IP σ* 16 µm
Total crossing angle φ 300 µrad
Luminosity lifetime τL 10 h
Number of evts/crossing nc 17
Energy loss per turn 7 keV
Total radiated power/beam 3.8 kW
Stored energy per beam 350 MJ

F
Nkf

L
n

pb
*

2

4 βπε
γ

=

f revolution frequency
kb no. of bunches
Np no. of protons/bunch
εn norm transverse emittance
β* betatron function
F reduction factor xing angle
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Civil Engineering ATLASCivil Engineering ATLAS

ATLAS took 
delivery of 
Experimental
Cavern in 
June-03
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Civil Engineering: CMSCivil Engineering: CMS

Ready July 04 CMS will take 
delivery of 
Experimental
Cavern in 
July-04
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Radiation Levels: DoseRadiation Levels: Dose

Dose (Gy) in CMS for an integrated luminosity of 5.105 pb-1 (~ 10 years) 
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Challenges: FrontChallenges: Front--end end 
ElectronicsElectronics
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Challenges: Event SelectionChallenges: Event Selection

LEVEL-1 Trigger 
Hardwired processors  (ASIC, FPGA)  
  Pipelined massive parallel 

HIGH LEVEL Triggers 
  Farms of 

processors

10-9 10-6 10-3 10-0 103

25ns 3µs hour yearms

Reconstruction&ANALYSIS 
TIER0/1/2 

Centers

ON-line OFF-line

sec

Giga Tera Petabit
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Challenges Data AcquisitionChallenges Data Acquisition
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103

104

105

Level-1
Rate (Hz)
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High Level-1 Trigger
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High No. Channels
High Bandwidth
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High Data Archives
(PetaByte)
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A Slice through CMSA Slice through CMS
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The ATLAS DetectorThe ATLAS Detector

Diameter 25 m
Barrel toroid length 26 m
End-cap end-wall chamber span 46 m
Overall weight 7000 Tons
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The CMS DetectorThe CMS Detector
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ATLAS SC TOROIDATLAS SC TOROID

● Ampere’s theorem: 

2πRB=µ0nI→ nI=2x107 At
● With 8 coils, 2x2x30 turns: I=20kA 
(superconducting)
● Challenges: 
Design of structure capable of holding 
the magnetic forces
High stored energy 1.5GJ, 
Spatial & alignment precision over 
large surface area

Design goal: measure 1 TeV muons with 10% resolution
ATLAS: <B>~0.6T over 4.5 m → s=0.5mm → need σs=50µm
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ATLAS: Assembly of ATLAS: Assembly of 
ToroidToroid CoilsCoils
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CMS SolenoidCMS Solenoid

● B=µ0nI; 

2168 turns/m→ I=20kA 
(Superconducting)
● Challenges: 
4-layer winding to carry enough 
current, 
Design of reinforced 
superconducting cable

CMS: B=4T (E=2.7 GJ!)
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CMS Solenoid AssemblyCMS Solenoid Assembly
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CMS Solenoid CoilCMS Solenoid Coil



Gigi Rolandi : 3rd Workshop on Particle Physics – Islamabad Pakistan -March 2004

CMS Installation in Surface CMS Installation in Surface 
BuildingBuilding
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CMS Installation in Surface CMS Installation in Surface 
BuildingBuilding
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Transfer of Magnet Sections Transfer of Magnet Sections 
by Heavy Liftingby Heavy Lifting
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Tracking at LHCTracking at LHC

Factors that determine performance
Track finding efficiency – occupancy/crossing

Momentum resolution
Secondary vertex reconstruction

Dose & Fluence 
over 10 years
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ATLAS Tracker LayoutATLAS Tracker Layout

ATLAS

Hybrid Pixels: ~ 2.3 m2 of silicon sensors, 140 M pixels, 50x300 µm2, r = 5, 10, 13 cm
Si µ-strips : 60 m2 of silicon sensors, 6 M strips, 4 pts, r = 30 - 50 cm
Straws TRT: 36 straws/track, Xe-CO2-CF4 φ=4mm, r = 56 - 107 cm
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CMS Tracker LayoutCMS Tracker Layout

z view
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Low resistivity, p-on-n
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Pixels
High resistivity, n-on-n

Hybrid Pixels: ~ 1 m2 of silicon sensors, 67 M pixels, 100x150 µm2 , 3 pts, r = 4, 7, 11 cm
Si µ-strips : 223 m2 of silicon sensors (15 k modules) , 10 M strips, 10 pts, r = 20 – 120 cm
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CMS Tracker: Some CMS Tracker: Some 
ComponentsComponents

Barrel Endcap

Si Strip Module
sensor

Pitch adaptor

Hybrid

APV25
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CMS Tracker PerformanceCMS Tracker Performance

W"µν

W"µν

misalignment
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ATLAS Tracker: Some ATLAS Tracker: Some 
ComponentsComponents

SCT barrel system test

Silicon detector sensor production: 
almost complete, more than 90% 
delivered and accepted

Two of the SCT barrel 
support structures
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ATLAS Tracker ATLAS Tracker 
PerformancePerformance

σ(pT)/pT ~ 0.6+18pT
(pT in TeV)
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CMS: Crystal CalorimeterCMS: Crystal Calorimeter

Advantages:
• Fast
• Dense
• Radiation hard
• Emission in visible

Density [g/cm3] 8.28

Rad length,X0 [mm] 8.9

Int length [mm] 224

Molière rad [mm] 21.9

Decay time [ns] 5(39%)
15(60%)
100 (1%)

Refractive index 2.30

Max emiss [nm] 420

Light yield [ph/MeV] ~50

Temp coeff [%/ºC] -2

Disadvantages:
• Temperature dependence
• Low light yield
! Photodetector with gain
(in a strong magnetic field)

  Parameter Barrel End caps

Xtal size (mm3)
Depth in X0

21.8 × 21.8 × 230
25.8

30.0 × 30.0 × 220
24.7

No. crystals
Volume (m3)
Xtal mass (t)

61200
8.14
67.4

14664
2.77
22.9

CMS Parameters
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CMS: Crystals & CMS: Crystals & APDsAPDs

20

Si Avalanche Photodiodes

E SiSi33NN44, SiO, SiO22, contact, contact

pp++++ photon conversionphoton conversion
p ep e-- accelerationacceleration

n en e-- multiplicationmultiplication

nn-- ee-- driftdrift

nn++++ ee-- collectioncollection

contactcontact

γγ
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CMS: ECAL ComponentsCMS: ECAL Components
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CMS ECAL: PerformanceCMS ECAL: Performance

E
cb

E
a

E ⊕⊕=σ

High Lumi

(ECAL TDR)

σ/E total
a = stochastic, 2.7%
b = calib, LY non-unif., 5 ‰
c = noise,   < 200 MeV

Low Lumi

σ
E

=
2.7%

E
⊕ 0.5% ⊕

200MeV
EGoal

3 x 3 Crystals
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CMS HCALCMS HCAL

WLS fibres
Embedded in 
plastic scint. 
plates

Routing of clear 
fibres to optical 
disconnects

Central Region (|η|<3) : Brass/Scintillator with WLS fibre readout, projective 
geometry, granularity   ∆η x ∆φ = 0.0875 x 0.0875
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CMS: Very Forward CMS: Very Forward 
CalorimeterCalorimeter

Fibres insertion in 
HF wedges 

Forward Region (3<|η|<5): Fe/Quartz Fibre, Cerenkov light



Gigi Rolandi : 3rd Workshop on Particle Physics – Islamabad Pakistan -March 2004

ATLAS CalorimetersATLAS Calorimeters

Tile CalorimetersTile Calorimeters

Electromagnetic Liquid Argon
Calorimeters

Electromagnetic Liquid Argon
Calorimeters

Hadronic Liquid Argon EndCap
Calorimeters

Hadronic Liquid Argon EndCap
Calorimeters

Forward Liquid Argon 
Calorimeters

Forward Liquid Argon 
Calorimeters

η=1.475 

η=1.8 

η=3.2 

ECAL
Accordion Pb/LAr
|η|<3.2, 3 samplings
S1: ∆ηx∆φ = 0.025x0.1
S2: ∆ηx∆φ = 0.025x0.025
S3: ∆ηx∆φ = 0.05x0.025

HCAL
Barrel: Fe/Scintillator with 
WLS fibre readout
3 samplings - ∆ηx∆φ = 0.1x0.1
Endcap: Fe/LAr
Forward: W/LAr
3.1<|η|<4.9
∆ηx∆φ = 0.2x0.2
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ATLAS: ATLAS: LArLAr CalorimeterCalorimeter

Accordion geometry benefits :
No cracks in ϕ
Small ϕ modulation (few per mille)
Cabling on front and back only
Low inductance

Fine strips for γ/π0

Presampler for 
dead matter
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ATLAS: ATLAS: LArLAr CalorimeterCalorimeter

LAr EM half barrel after insertion
into the cryostat 

Assembly of the first HEC wheel 
(horizontal)
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ATLAS: ATLAS: LArLAr CalorimeterCalorimeter

Lateral shower 
containment correction

ϕ Modulation correction
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ATLAS: ATLAS: TilecalTilecal

Fe absorber with scintillator tile readout with
∆η x ∆φ = 0.1 x 0.1, 3 longitudinal samplings, |η| < 1.7
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ATLAS: ATLAS: TilecalTilecal AssemblyAssembly
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ATLAS: Calorimeter Performance
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ATLAS Muon DetectorsATLAS Muon Detectors

MDT
MDT

TGC

RPC

CSC

Monitored Drift Tubes (|η| < 2) 
with a single wire resolution of 80 μm
1194 chambers, 5500m2

Cathode Strip Chambers (2 < |η| < 2.7)
at higher  particle fluxes
32 chambers, 27 m2

Each detector has 3 stations.
Each station consists of 2-4 layers.

Resistive Plate Chambers (|η| < 1.05)
with a good time resolution of 1 ns
1136 chambers, 3650 m2

Thin Gap Chambers (1.05 < |η| < 2.4)
at higher particle fluxes
1584 chambers, 2900 m2

Precision chambers Trigger chambers
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Reconstructed Reconstructed 
tracktrack

ATLAS Muon System: ATLAS Muon System: 
Monitored Drift TubesMonitored Drift Tubes

End-cap MDT chamber

φwire = 50µm (W-Re)
3 bar, 3270V, 
td = 500ns
Gas gain = 2.104
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ATLAS Muon System: ATLAS Muon System: 
PerformancePerformance

Resolution limited by :
m.m. and Energy Loss Fluct. @ 3% 

for 10 < pT < 250 GeV/c
Chamber Resolution and Alignment

for pT > 250 GeV/c

Energy loss fluctuations
Multiple scattering

Chamber resol and align.

Muon spectrom.
standalone

Inner tracker
stand alone

The muon spectrometer resolution 
dominates for pT > 100 GeV/c
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CMS Muon DetectorsCMS Muon Detectors
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CMS Muon System: Drift CMS Muon System: Drift 
TubesTubes

MylarMylar

Electrode Electrode 
StripStrip

Wire

42mm

13 mm
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CMS Muon System: CMS Muon System: 
PerformancePerformance

p resolution worsens at |η| > 1.5
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From LEP to LHCFrom LEP to LHC

Trigger&DAQ at LEP
- Event Size ~ 105 Bytes
- Event Rate ~ Hz
- Event Selection ~ 10-1

Trigger&DAQ at LEP
- Event Size ~ 105 Bytes
- Event Rate ~ Hz
- Event Selection ~ 10-1

0.1% 
Rejected

99.9 % 
Accepted

100 % Level-1

Trigger&DAQ at LHC
- Event Size ~ 106 Bytes
- Event Rate ~ 105 Hz
- Event Selection ~ 10-4

Trigger&DAQ at LHC
- Event Size ~ 106 Bytes
- Event Rate ~ 105 Hz
- Event Selection ~ 10-4

100 % Level-1

99.9% 
Rejected

0.1 % 
Accepted

10
104

10-3
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Trigger ArchitecturesTrigger Architectures

- 30 Collisions/25ns  
( 10 9 event/sec ) 
 
107 channels 
(10 16 bit/sec)

Multilevel trigger and readout systems

Luminosity = 1034 cm-2 sec-1 25 ns

25ns
40 MHz

105 Hz

103 Hz

102 Hz

Trigger Rate

Lvl-1

Lvl-2

Lvl-3

Front end pipelines

Readout buffers

Processor farms

Switching network

Detectors

µsec

ms

sec

25ns
40 MHz

105 Hz

 

102 Hz

Trigger Rate

Lvl-1

HLT

Front end pipelines

Readout buffers

Processor farms

Switching network

Detectors

µsec

sec

ATLAS
CMS
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LevelLevel--1 Trigger1 Trigger

µ

e

n

p

ν

γ

Use prompt data (calorimetry 
and muons) to identify: 
High pt electron, muon, jets,  
missing ET

CALORIMETERs 
Cluster finding and energy 
deposition evaluation

MUON System 
Segment and track finding

φ η

New data every 25 ns 
Decision latency ~ µs
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LevelLevel--1 Trigger Rates1 Trigger Rates

Physics 
efficiencies
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Data AcquisitionData Acquisition

16 Million channels

100 kHz
LEVEL-1 TRIGGER

1 Megabyte EVENT DATA

200 Gigabyte BUFFERS
500 Readout memories

3 Gigacell buffers

500 Gigabit/s

Gigabit/s SERVICE LAN Petabyte  ARCHIVE

Energy Tracks

Networks

1 Terabit/s
(50000 DATA CHANNELS)

5 TeraIPS

EVENT BUILDER.A large switching
network (512+512 ports) with a total throughput of
approximately 500 Gbit/s forms the interconnection
between the sources (Readout Dual Port Memory)
and the destinations (switch to Farm Interface). The
Event Manager collects the status and request of
event filters and distributes event building commands
(read/clear) to RDPMs

EVENT FILTER. It consists of a set of high
performance commercial processors organized into many
farms convenient for on-line and off-line applications.
The farm architecture is such that a single CPU
processes one event

40 MHz
COLLISION RATE

Charge Time Pattern

Detectors

Computing services
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CMS Event BuilderCMS Event Builder

Mainframe Mini- 
Computer

vector Supercomputer

HLT designed to output 
O(102)Hz 
– rejection of 1000

~1000 processor units

DAQ designed to accept 
Level-1 rate of 100kHz
Modular DAQ: 8 x 12.5kHz units

Event size: 1MB from ~700 front-end 
electronics modules
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CMS HLT Summary

●Today: need ~300 ms on a 1GHz Pentium-III CPU
◆ For 50 kHz, need 15,000 CPUs

◆ Moore’s Law: 2x2x2 times less time (fewer CPUs) in 2007

➨ Central estimate: 40 ms in 2007, i.e. 2,000 CPUs

➨ Thus, basic estimate of 1,000 dual-CPU boxes 

1500.5300b-jets
1320.8165Electron + jet
1703.450Jets and ET

miss

3903.0130Taus
25563.6710Muons

6884.3160Electrons/photons

Total CPU time
(s)

Level-1 rate
(kHz)

CPU time
(ms/Level-1)

Physics object




