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Introduction: Detector Systems

Identification and precise measurement  of all (sufficiently) stable partilces:
                                      e±, g, p, n,  m±, p±, K0,±, L

Combination of detector components needed 
   - to identify particles 
   - and precisely measure their momenta and / or energies
  - vertex- and tracking detectors
  - strong magnetic field for momentum measurement
  - electromagnetic calorimeters
  - hadron calorimeters
  - myon detectors 
  - possibly spcial systems for particle identification 



Introduction: Detector Systems (2)

Detector system design is driven by research goal and experimental  
   environment and constraints

Examples of experiments with particle beams

Multipurpose collider experiments, e. g. ATLAS and CMS at the LHC

Asymmetric collider experiments, e. g. LHCb, experiments at B factories, 
 electron – proton collider HERA

Fixed-target experiments, e. g. neutrino experiments, early experiments

Examples of experiments without accelerators

Multipurpose experiments in neutrino physics

Specialised experiments, e. g. to measure neutrino mass, search for

dark matter

More details than can be given here: 
                    Spezialvorlesung Detektoren



Principle of Particle Detection 

relies on principles described in last lecture:

     interaction of particles with matter leads to 

  –  ionization  → free charges in material
–  photons (near visible spectrum)  → light   

Detection principle:

      collect charge and/or light and transform to electrical signal

     basic measured quantity:     “mV in detector cell”

After digitization and data collection from all detector cells:

  →  data structure consisting of cell idenitifiers and measured signal heights 

Data stucture is processed by complex software stacks to produce:

   → graphical displays: data visualisation

   → reconstructed physics objects (tracks,electrons, myons, photons, hadrons, jets …)

 These high-level physics objects form the basis of the subsequent data analysis



Fixed-Target and Collider Layout



Particle detection and identification



Concrete example: the CMS detector



Prof. Dr. G. Quast,  KIT   8.12.2012 Heidlberg  

Funktionsprinzip eines Detektors: CMS

Quelle:  Dissertation
  Joram Berger, 
  Karlsruhe, Juli 2014



concrete example 2: the ATLAS Detector

same goals as CMS with

   (slightly ) different approach:

-  solenoid surrounding tracker

-  toroidal magnet systems
     for myon measurements



LHCb: optimized for B physics 

precision measuremnts in forward direction



ALICE: optimized for high-multiplicity events

exotic states of matter and quark-gluon plasma



Event reconstruction 

 Optimal combination of different  information needed: 
 - momentum measurement in tracking system, energy in calorimeters

      

  - for muos: combine track parameters from central detector and from myon system 

  -  recognise converted photons, use tracks for better direction measurement

  -  assign (possibly) all tracks to clusters of energy deposits in calorimeters
        (reconstruction of „Particle Flow“)

  - particle detection from range, shower parameters, dE/dx, secondary vertices, ...
         for known particle types (=mass) momentum and energy are related:  

  - instable particles are reconstructed from stable decay products
        (invariant relativistic mass)

  - combine all particles to Jets 

  - detect non-interacting particles (neutrinos, particles from “new physics”)   via
     „missing transvers momentum“ or „missing transverse energy“ 

        This only works if interaction point is 
 hermetically surrounded by  detector components !



 
Selected detector components



Tracking detector

Purpose: registration of all energy deposits from charged particles, 
  precise determination of their position, possibly measure dE/dx



Exasmples of Tracking Detectors



Track and vertex reconstrucion



Gaseous Detectors: principle



Gaseous Detectors: amplification



Multi-wire proportional chamber
Gorges Charpak 1968, Nobel Prize 1992 



Drift Chamber

drift time of charges used determine 
  distance of track from anode wire 

  precise shaping and knowledge of 
    electrical field and properties of gas

 spacial resolution limited by drift-time
   variations (diffusion!)

→ spatial resolutions of ~50 µm possible

 Improvement of field quality by additional 
field wires 



Types of Drift Chambers
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  limits diffusion along long drift path
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View into ALEPH TPC



Semiconductor Detectors



Principle of Semiconductor Detectors



Depletion Zone in pn Junction



Biased pn Junction



Principle of Semiconductor Detectors (2)



Example: CMS Pixel Module



Example: CMS Silicon Tracker



Example: CMS Silicon Tracker

CMS Barrel Strip Detector



Comparison



Momentum Measurement
Many layers of tracking detectors in homogeneous magnitic field  
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tracks from charged particles with
 transverse momentum pt form arcs
  with bending radius R:

Lorentz force:

centripetal
   force:

Rem.:   1.) due to  z component of
             momentum, tracks have form of a
             thre-dimensional spiral („helix“)

      2.) practile form of avove equation 
              for  q = e :

            

note: this is also valid relativistically 

´

´

´

´

´

´

B

´  Smeasured points on track



Momentum Measurement: sources of uncertainty
Uncertainties on points of track (sxy resp. srj ) lead to  
    uncertainty on transverse momentum:   
   two main contributions:
    - spacial resolution of detector  – depends on track momentum
    - multiple scatterig  – almost constant
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bending radius determined by measuremet of  
  sagitta s given a track lengh  ~L in the detector

contribution of detector resolution (simple, analytical consideration) : 

 measured quantity is the  curvature  ρ = 1/R  of the track
     with an approximately  gaussian uncertainty: 

Θ



Momentum Resolution 

uncertainty on sagitta  (Glückstern, NIM 24 (1963) ) for >10 track points N:

, statistical factor A = 720

leads to: 
Precision increases with square 
 root of the number of measurements,

 but quadratically with track length

in more detail:

Large  detector with high magnetic field more important than many points !
           
                BL² is an important property of a tracking system

       ALEPH: R=2 m, B = 1,5 T  → BL² = 4,5 Tm², 
                                  21 points/track         →  Δpt/pt= ~10-3 pt [GeV/c]
       CMS:     R= 1,2 m, B=1,8 T → BL²=5.5
                                 10-14 points/track     →   Δpt/pt= ~10-3 pt [GeV/c]



Momentum Resolution 

there is a ~constant contribution from multiple scattering  to momentum resolution

multiple scattering in decector leads to pt - independent contribution to uncertainty

Remark.: 
  track parameters of modern detectors are
   determined by fit to all points including
   material effects (energy loss, deflection)



Material budget of tracking detectors 

Material in or in front of tracking detectors leads to :
  - multiple scattering
 - photon conversions
  - early start of em showers



B-Tagging

Identification (“tagging”) of hadrons with b-   und c- quarks
  or of  t±  leptons leptons with high-resolution tracking detectors:
 
  

 – measurement of flight distance Lxy in xy plane 

 – measurement of impact parameter d0 of tracks

( – leptons from semileptonic b decays 
     are also important signature, as well 
     as invariant jet mass or jet shape)

 use multivariate methods for simultaneous
  analyis of all sensitive variables

    Lxy  and d0 have a very high impact !          
          → motivation for high-precision vertex detectors



Calorimeters

Number of secondary particles in
  shower proportional to particle energy 
  → statistical fluctuations  ~√N , i.e. ~√E

Energy resolution of calorimeters
    parameterized as

Simulated
 shower with
 Geant4



Example: CMS PbWO4 Crystal Calorimeter
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Example: ATLAS Liquid Argon Calorimeter



Design Goals of Calorimeters



Comparison: ATLAS and CMS



Energy resolution: ATLAS vs. CMS



Reconstruction of “Particle Flow”

Relevant in particular for jet reconstruction and missing energy  



Opportunities @ KIT

KIT is strongly involved
in the upgrade of the
CMS detector for the
LHC high-luminosity phase

Groups of 
 -  Prof. U. Husemann
 -  Prof. M. Weber

see lecture

”Detektoren für Teilchen- 
 und Astroteilchenphysik”

by Frank Hartmann
   (CMS upgrade coordinator) 
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