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2.    The ATLAS and CMS detectors   
 
2.1   LHC detector requirements  
 
2.2   Tracking detectors 
 
2.3   Energy measurements in   
        calorimeters 
 
2.4   Muon detectors   
 
2.5  Important differences between 
       ATLAS and CMS 
 



Erwartete Produktionsraten am LHC 

• Inelastische Proton-Proton Reaktionen:         1  Milliarde / sec 
•  Quark -Quark/Gluon Streuungen mit        ~100  Millionen/ sec 
   großen transversalen Impulsen   
 
• b-Quark Paare                                                5  Millionen / sec  
• Top-Quark Paare                                            8                 / sec 

•  W   e                                                             150                / sec 
•  Z   e e                                                         15                / sec 

•  Higgs (150 GeV)                                           0.2               / sec 
•  Gluino, Squarks (1 TeV)                               0.03              / sec 

Dominante harte Streuprozesse:  Quark - Quark 
                                                      Quark - Gluon  
                                                      Gluon - Gluon 
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Proton-Proton Kollisionen am LHC 

Proton –  Proton:   
 
2808  x 2808  Pakete (bunches)  
Separation:   7.5 m    ( 25 ns)  
 
 
1011 Protonen / bunch  
Kreuzungsrate der p-Pakete:   40 Mio / s  
Luminosität:   L = 1034 cm-2 s-1 

 
 ~109  pp Kollisionen / s 
 (Überlagerung von 23 pp-Wechselwirkungen  
  per Strahlkreuzung:  pile-up)  
 
 ~1600 geladene Teilchen im Detektor  
 

 Hohe Teilchendichten, 
     hohe Anforderungen an die Detektoren  
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Simulation of a pp collision at the LHC:   

s = 14 TeV,    L = 1034 cm-2 s-1 

Reconstructed tracks 
with pt > 25 GeV

Reconstruction of particles with high transverse momentum reduces the  
number of particles drastically  
(interesting object largely kept, background from soft inelastic pp collisions rejected)  



What experimental signatures can be used ?  

If leptons with large transverse momentum are observed:       
    interesting  physics ! 

 

Example:   Higgs boson production and decay  

   Important  signatures:  

•  Leptons und photons  

•  Missing transverse energy 
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No leptons / photons in the  
initial  and final state 

Quark-quark scattering: 
q
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Detector requirements from physics 

• Good measurement of missing transverse   
   energy  (ET

miss  ) 
                                        and    
   energy measurements in the forward regions  
      calorimeter coverage down to about 1 deg. 
          to the beam pipe 
 
 
 
•  Efficient b-tagging and  identification  (silicon strip and pixel detectors)  

• Good measurement of  leptons (e,μ) and  
   photons with large transverse momentum pT      
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Detector requirements from the experimental environment 

(pile-up) 
 

• LHC detectors must have fast response,  
  otherwise integrate over many bunch 
  crossings           too large pile-up 
 
  Typical response time : 20-50 ns       
    integrate over 1-2 bunch crossings  
    pile-up of  25-50 minimum bias events 
     very challenging readout electronics  
 
• High granularity to minimize probability that  
   pile-up particles be in the same detector  
   element as interesting object         
   large number of electronic channels,  high cost 
 
• LHC detectors must be radiation resistant:  high flux of particles from pp  
   collisions       high radiation environment      
   e.g. in forward calorimeters:   up to 1017 n / cm2                  in 10 years of  LHC operation 

                                                  



-      New aspect of detector R&D (from 1989 onwards) 
        for once make use of military applications! 
  
- The ionizing radiation doses and the slow neutron fluences are almost entirely due 
       to the beam-beam interactions and can therefore be predicted 

 was not and is not the case in recent and current machines 

-     Use complex computer code developed over the past 30 years or more for nuclear 
applications (in particular for reactors) 

Experimental environment   (radiation resistance of detectors)  

ATLAS neutron fluences 
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   What parameters should be measured?  

• Identification of leptons  (e,μ) and photons ( ) 

• Precise measurement of the lepton / photon four-vector  
     (momentum and energy)  
 
     Momentum measurement in a magnetic field  (works for e, μ)  
 
     Energy measurement in so-called electromagnetic calorimeters  (e, )  

• Identification and energy measurement of jets (quarks and gluons)  
     (  energy measurement of hadrons) 
 
     Energy measurement in so-called hadron calorimeters  
     (charged and neutral hadrons)  
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• Measurement of the vector sum of the transverse energy  (  Ex,  Ey); 
     modulus = total transverse energy 
 
      electromagnetic and hadronic calorimeter   
      (energy sum over all calorimeter units / cells, both electromagnetic and     
      hadronic calorimeter)   
 
 
• Missing transverse energy:    =    - (  Ex,  Ey)  

   



  

How do W and Z events look like ? 

As explained, leptons, photons and missing transverse energy are key  
signatures at hadron colliders  
 

  Search for leptonic decays:   W         (large PT (  ), large ET
miss)  

                                                    Z           

A bit of history: one of the first W events seen; 
UA2 experiment 
 
W/Z discovery by the UA1 and UA2 experiments at CERN  
(1983/84)  

Transverse momentum of  
the electrons 
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• Identification of the third generation particles (b-quarks and leptons) 
 
     3rd generation particles are very important in many physics scenarios 
 
        * they are heavy  strong Higgs couplings 
 
        * appear in top-quark decays:   t  W b  l  b   
 
        * appear in decays of SUSY particles  
            (the supersymmetric partners of the b- and t-quark might be the  
             lightest squarks) 
 
     Characteristic signatures:   lifetime in the order of picoseconds  
      (B-hadrons)  ~1.5  ps         c   ~  2-3 mm  
      (  lepton)      ~ 0.3 ps 
                        
     Reconstruction of the decay vertices (secondary vertices) in the vicinity  
     of the primary vertex (interaction point)  



Produktion der ersten Top-Quarks in Europa 

tt  Wb  Wb  e b μ b 

Die Fragmentationsprodukte 
von b-quarks (B-Hadronen)  
haben eine Lebensdauer  
von 1.5 ps 
= Flugstrecke von ~2.5 mm 



Layers of the ATLAS detector 



The ATLAS experiment 

Diameter         25 m 
Barrel toroid length                          26 m 
End-cap end-wall chamber span                         46 m 
Overall weight                 7000 Tons 

• Solenoidal magnetic field  
  (2T)  in the central region   
  (momentum measurement)  
 
   High resolution silicon 
   detectors:  
    -        6 Mio. channels   
             (80 μm x 12 cm)  
    -    100 Mio. channels   
             (50 μm x 400 μm) 
     space resolution:   ~ 15 μm 

• Energy measurement down 
  to  1o to the beam line 
    
•  Independent muon  
   spectrometer 
   (supercond.  toroid system) 
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2.2     Tracking (or momentum measurement)  

                of charged particles in the inner detector      

•  ATLAS: magnetic field of 2 T (solenoid) 

•  Silicon detectors with high spatial resolution to measure the coordinates  
      of charged particles with high precision 
 
     Basic interaction: ionization energy loss of charged particles  
 
•  Pattern recognition (hits / coordinates  track candidates )  

•  Fit of curvature (3 dimensional helix model in a homogeneous  
                                magnetic field)     momentum   



2.2.1 Momentum measurement 

• In general the track of a charged particle is measured    
     using several (N) position-sensitive detectors in the  
     magnetic field volume  

•  Assume that each detector measures the coordinates 
     of the track with a precision of (x)  
 
•  The obtainable momentum resolution depends on:  
      L (length of the measurement volume)  
      B (magnetic field strength)  
        (position resolution)  
 
      For N equidistant measurements, the momentum resolution is described by  
      the Gluckstern formula (1963):  
 
 
 
 
 
     note:   (pT) / pT   ~ pT       (relative resolution degrades with higher transverse 
                                              momentum) 



Momentum measurement (cont.)  

• Degradation of the resolution due to Coulomb multiple scattering 
     (no ionization, elastic scattering on nuclei, change of direction)  

where X0 = radiation length of the material  
                   (characteristic parameter, see 
                    calorimeter section)  



2.2.2 Ionization energy loss, Bethe-Bloch formula  
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Ionisation energy loss  
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Ionisation energy loss  
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Ionisation energy loss  
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Energy loss distributions 
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2.2.3  Semiconductor detectors (silicon)  

• In all modern particle physics experiments semiconductor detectors are used 
     as tracking devices with a high spatial resolution (15-20 μm)   
 
• Nearly an order of magnitude more precise than detectors based on ionisation  
     in gas (which was standard up to LEP experiments)  
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How to obtain a signal 
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Schematic Si-Detector  
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Signal, Noise and S/N Cut 

noise distribution
Landau distribution

with noise
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Example: ATLAS Si-Tracker SCT 



Example: ATLAS SCT Module 



ATLAS Barrel detector 



K. Jakobs                                                                          Vorlesung Physik an Hadron-Collidern,  Freiburg, SS 2011 

Example: ATLAS Module 



Module fabrication in Freiburg 

SemiConductor Tracker  



Ulrich Parzefall 34 

SCT Endcap 
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The ATLAS Inner Detector 

R-  

accuracy 

R or z 
accuracy 

# 
channels 

Pixel 10 μm  115 μm  80.4M 

SCT 17 μm 580 μm  6.3M 

TRT 130 μm 351k 

/pT ~ 0.05% pT  1% 



Layers of the ATLAS detector 


