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1) Charged leptons, photons and 
hadrons: e, m,g,p,K,p,n… 
(maybe new long-lived 
particles, i.e. particles which 
enter detector) 

2) B (and D) mesons and t leptons 
have ct ~ 0.09 ..0. x 10-3m large 
enough for additional vertex 
reconstruction 

3) Neutrinos (maybe also new 
particles) are reconstructed as 
mising transverse momentum 

4) All other particles which decay 
or hadronise in primary vertex 
(top quark decays before 
hadronises) 
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Which particles are detected? 

Only e, m, g  of the fundamental Standard Model  
Particles are directly detected 

Heavy particles W, Z decay immediatelly 
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Sketch of particles interaction with 
detector 



1) Photon makes photo-efect, Compton 
scattering and pair production. It has no 
track but an electromagnetic cascade in 
the calorimeter. 

2) Charged particles makes scattering, 
ionisation, excitation and bremsstrahlung, 
transition and cherenkov radiation. They 
produce tracks. 

3) Electrons make electromagnetic cascades 
(clusters) in the calorimeter 

4) Hadrons also interact strongly via inelastic 
interactions, e.g. neutron capture, induced 
fission, etc. They make hadronic cascades 
(clusters) int he hadronic calorimeter. 

5) Only weakly interacting particles 
(neutrinos) are reconstructed as missing 
transverse momentum („missing energy”).    4 

The  observables? 



Typical 4p cylindrical onion structure 
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The  ATLAS example 



From the hits, tracks, clusters, missing transverse 
momentum and vertices we reconstruct the particles 
properties: 
1) Momentum from curved tracks 
2) Charge from track curvature 
3) Energy from full absorption in calorimeters and 

curved tracks 
4) Spin from angular distributions 
5) Mass from invariant mass from decay products 
6) Lifetime from time of flight measurement  
7) Identity from dE/dx, lifetime or special behaviour (like 

transition ratiation) 
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Reconstructed properties 



• Constraints from physics: 
1) High detection efficiency demands minimal 

cracks and holes, high coverage 

2) High resolution demands little material like 
support structures, cables, cooling pipes, 
electronics etc. (avoid multiple scattering) 

3) Irradiation hard active materials to avoid 
degradation and changes during operation 

4) Low noise 

5) Easy maintenance (materials get radioactive) 

6) … 
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Detector design constraints (I) 
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Example for resolution requirement 

good resolution 
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Example for particle ID requirement 



• Enviromental contraints, 
i.e. from LHC design 
parameters: 
1) Collision events every ~ 

25ns 
2) Muons from previous event 

still in detector when 
current enters tracker 

3) High occupancy in the inner 
detector 

4) Pile up (more proton proton 
collisions in each bunch 
crosing) 

5) High irradiation 
6) … 
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Detector design constraints (II) 



• Use Lorentz force to curve tracks 
 
 
 
 
 

• Max E is about 50MV/m in high vacum, just 
B field used (5T gives ~103 stronger force)  

• Curvature or radius: q v B = m v2/T => p = q 
B R 

• At least three hits needed to reconstruct a 
unique R of a track 

• Remember solenoid resolution:  
     (DpT/pT)solenoid ~(Ds/L2B)pT 

(in GeV with s in mm, L in cm and B in T.  Large B is good against high 
occupancy. 
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Magnet system 

s = sagitta 
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Charged particle in magnetic field 
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Charged particle in magnetic field 

Reconstruction can be complicated 



Solenoid (A) 

 

 

Toroid (B) 

 

 

Dipole (C) 

 

14 

Frequent magnet designs 
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Charged particle in magnetic field 
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Charged particle in magnetic field 



ATLAS barrel toroid 
    20.5 kA, 3.9 T 
 
 
 
 
 
 
 
 
 
 
 
 
 
The magnet layout is a major constraint for the rest  of the detector! 
See A. Gadi, A magnet system for HEP experiments, NIMA 666 (2012) 10-24  
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Size and field examples 



• Exploit physical processes of moving 
charged particles in the magnetic field: 

1) Ionisation (Bethe-Boch) is the main 
detection process for heavy particles (m 
> me) 
 Collect the charges with an electric field 

=> hits 
 Reconstruct hits to tracks in B field => pT, 

vertices, isolation 

2) Bremsstrahlung is the main process for 
e+- above some 100 MeV 

3) Multiple scattering (unwanted, degrades 
the resolution) 

4) Irradiation damage (unwanted, degrades 
efficiency) 
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Tracking principles 



Describes stopping power of heavy charged (heavier 
than electron) particle in matter [MeV g-1 cm2] 
 
 
 
 
 
 
 
 
• The energy loss depends only on charge z and velocity b of the 

particle 
• Rest is material dependent: I = mean ionisation/excitation energy 

[MeV], d density effect correction, Tmax is maximum energy transfer 
in one collision. 
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Bethe-Bloch formula 



At low b : dE/dx ~ 1/b2 

Minimum at bg ~ 3..4 (minimal ionasing 
particle) 
At high b : dE/dx slowly increasing due 
to relativistic enhancement of 
transversal E field.  
At very high b: saturation due to 
shielding/polarisation  
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Muon energy loss 
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Total energy loss of electrons 



Energy loss used for particle identification 

 
22 

Identifying particles by dE/dx 
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Silicon detectors 



ATLAS Inner Detector 
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ATLAS Inner Detector 

• 3 layers of pixel 
modules in barrel 

• 2x5 disks of forward 
pixel disks 

• 4 layers of strip (SCT) 
modules in barrel 

• 2x9 disks of forward 
strip modules 



ATLAS Inner Detector 
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ATLAS Inner Detector 



Combine tracking with 
particle identification (PID) 
• Charged particles radiate 

photons when crossing 
material borders. 

• E+- radiate x-rays more 
than heavier particles. 

• Use this particle PID, i.e. 
distinguis e+- from 
hadrons. 

• ATLAS has a TR detector in 
the inner detector. It uses 
gas for detection. 
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Transition Radiation Tracker 
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Muon  
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Muon  
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Muon  



Muon has electrical charge, mm ~106 MeV ~ 200me, no strong 
charge, life time t = 2.2 ms, LHC pm ~ 5 … 1000 GeV.  
• Curves in magnetic field (charge and momentum) 
• Makes track in inner detector/silicon 
• Penetrates the full detector, „stable” wrt detector size 
• Energy loss described by Bethe-Bloch formulae 
Assume (curved) tracks outside the calorimeters to be muons. 
That means: 
• Large detectors, i.e. usually gas  
• Match with tracks from inner detector  

– Negligible processes: 
• sBrems ~ E/m2 for low E 
• Multiple scattering mm >> me  

• Watch out for non muon punch through from calorimeter  
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Muon detection in tracking detector 



• Design LHC bunch spacing is 25ns, i.e. need for 
fast detectors: 
– Resistive Plate Chambers (RPC) 

– Thin Gap Chambers (TGC) 

– Large surface chanmbers with thin (mm) gas layers for 
fast detection (ps to ns) 
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Triggering muons 



For high precision position 
measaurements: 
• Drift tubes with gas, position drift time 

(ATLAS, CMS)  
– Array of 104-5 tubes, 1-10cm2, up to 

10m long  
– 50-100 mm and ns resolution  
– Deadtime 20-100 ns 

• Cathode Strip Chambers (ATLAS, CMS, 
LHCb) 
– Multiwire gas chamber with strip read-

out 

• Micro Pattern Gas Detector (LHCb) 
• Time Projection Chamber (ALICE) 

32 

Measuring muons 
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Muon system in ATLAS 

12 m 
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Calorimeter: principle of the measurement? 
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Why calorimeters? 
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EM and hadron calorimeters 
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A typical HEP calorimetry system 
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Electromagnetic showers 



39 

Radiation length 
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Total energy loss of electrons 



 

Which process contribute for electrons 
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Total energy loss for photons 
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EM and hadron calorimeters 



• Absorber (passive) and detector (active) layers 

• Fluctuations in visible energy: „sampling 
fluctuations” due to variations of number of 
charged particles in the detector 
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Sampling calorimeters 



• Statistical fluctuations 
– In the number of particles in the shower 
– In the number of escaping or undetected particles 

• Noise 
– Electronic noise 
– Pile up 

• Constant 
– Dead material 
– Calibration errors 
– Mechanical imperfections 

• Higher energy -> better resolution  
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Energy resolution 
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Linearity 
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Position and time resolution 
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Particle identification 
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ATLAS EM Calorimeter 
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ATLAS EM Calorimeter 
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The segmentation 
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Position resolution 
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Particle identification with tracker and calo 
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Position, momentum, energy 
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Cluster energy reconstruction 

ATLAS 



• Hadron Calorimeters, as EM calorimeters measure the 
energy of the incident particle(s) by fully absorbing the 
energy and prividing measurement of absorbed energy 

• Hadronic showers are more complicated that EM ones. 
The longitudinal development is characterised by the 
nuclear interaction length (mean free path before 
interaction) 
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Hadron calorimetry 

EM shower Hadronic shower 



• Nuclear interaction length: mean free path 
before interaction 

• Nuclear interaction length is longer than 
radiation lenght 
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Hadronic showers 



• Hadronic showers are 
– Broader and more penetrating 
– Subject to large fluctuations 
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Hadronic showers 
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Hadronic showers: resolution 
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Hadronic showers: resolution 
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ATLAS Hadronic Calorimeter (Tile) 



EM calorimeters 

• Very well understood 
theoretically 

• Technology continue to 
advance 

• Have good energy 
resolution (2-10%/E1/2) 

• EM showers develop 
through brems and pair 
production 

• Characteristic length is 
radiation length X0 

Hadronic calorimeters 

• Hadronic showers are more 
complex 

 

• Hadronic calorimeters have 
worse energy resolution than 
EM ones (40-100%/E1/2) 

• Hadronic showers develop 
through nuclear interaction 

• Characteristic length is 
interaction length l 

61 

Hadronic  and EM calorimeters 
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Not always measure individual particles 



 

63 

The ATLAS detector 
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Which process contribute for electrons 
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Which processes contribute for electrons 



 

Ionisation 
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Ionisation 

Boethe-Bloch formula 
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Bremsstrahlung 
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Bremsstrahlung 
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Radiation length 

 



 

Which process contribute for electrons 
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Which processes contribute for photons 
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Pair production 
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Photo-electric effect 
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Compton effect 


