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• Introduction 
• Particle ID 
• Particle momenta measurement 
• Particle Energy measurement 



NOBEL PRIZES FOR 
INSTRUMENTATION

1927: C.T.R. 
Wilson, Cloud 
Chamber 

1939: E. O. Lawrence, 
Cyclotron 

1948: P.M.S. Blacket, 
Cloud Chamber 

1950: C. Powell, 
Photographic Method

1954: Walter Bothe, 
Coincidence method

1960: Donald Glaser, 
Bubble Chamber 

1968: L. Alvarez, 
Hydrogen Bubble 
Chamber

1992: Georges Charpak, Multi 
Wire Proportional Chamber 

http://www.lhc-closer.es/php/
index.php?
i=1&s=9&p=2&e=0
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D. Bortoletto     Lecture 1

Particle discoveries
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Instrumentation in HEP
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Over three lectures, I propose to review the techniques used in High Energy Physics 
experiments for Particle Identification and their kinematic parameter measurement.

Caution : These topics are very wide so it would be a non sense to believe that they can be fully 
covered in 3 lectures. So a choice has been made. 
OF COURSE, I (might) have some personal bias, so I apologize in advance if your expectations 
are not full field.

Prof. Kerem Cankoçak

• Introduction 
• Particle ID 
• Particle energy measurement

Lecture 1

Lecture 2

• Particle momentum measurement Lecture 3

http://www.kip.uni-heidelberg.de/~coulon/Lectures/Detectors/ 

http://www.kip.uni-heidelberg.de/~coulon/Lectures/JCDet/

For a more complete set of lectures go for instance  to:



Murray Gell-Mary 
and	
  a	
  cafeteria
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Start of a HEP experiment, one needs
A	
  theory:

Clear	
  and	
  easy	
  
understandable	
  
drawings

and	
  a	
  tunnel	
  for	
  the	
  
accelerator	
  and	
  magnets	
  and	
  
stuff



In	
  my	
  lectures	
  will	
  just	
  concentrate	
  on	
  	
  
the	
  detectors

and	
  a	
  
Nobel	
  
prize

Physicists	
  to	
  	
  operate	
  detector/analyze	
  data

Easy	
  access	
  to	
  
the	
  experiment



E=mc2
The  collision  energy  of  protons  was  used    

to  create  new  particles  (“the  dinosaurs”),  that    
*did*  exist  in  the  early  days  of  Universe 

but  does  not  exist  any  more!

The  interesting  things  (“the  dinosaurs”  –  HIGGS  and  New  Particles)  disappear  almost  
instantly.    

We  “see”  the  resulting  particles  –  so  we  have  to  be  like  detectives  –  precisely  reconstruct  
particle  tracks  in  the  detector  to  understand  what  happened  !

HEP Experiment: Simplified View

Proton  
(quarks  &  gluons)

Proton  
(quarks  &  gluons)



History of Gaseous Detector Developments
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The	
  detectors	
  together	
  have	
  140	
  million	
  data	
  channels	
  observing	
  at	
  40	
  million	
  times	
  a	
  second.

the	
  largest	
  and	
  most	
  complex	
  “microscopes”	
  we’ve	
  
ever	
  built

The LHC Spectrometers: Triumph of Instrumentation



Collider experiment : a simplified event
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10Instrumentation - 1

p, e, …

collision : 
unknown process

(particle or phenomena)?
projectiles : known Decay products :

known

P

W

S
e

Q

n
p, e, …

Time development

Collider experiment : simplified event

(detectors !!)



What can be measured
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Some constraints

12

    SB  14 Instrumentation - 1 Petnica, 13-20.07.12 

� Inelastic: 109 Hz 
� Higgs (100 GeV/c2): 0.1 Hz 
� Higgs (600 GeV/c2): 10–2 Hz 
� Selection : 1:1010–11 

� Operate in high radiation 
environment  

� Resolve 20-25 superimposed 
events per BX 

� High granularity detectors 
� Fast electronics/detectors 

(25 ns) 

 Energy scale crucial ! 

… or to discover      boson    
          with ATLAS and CMS …  

Ch
al

le
ng

es



(1)



(2)



Particle detector concept (1)
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• All detector concept are based on basic knowledge of particle interactions 
with matter. Most involved processes are implying : electromagnetic 
interaction, ionisation, excitation, photo-electric effects, pair creation, 
bremsstrahlung, Cerenkov effect, transition radiation….!

• The detector construction !
– result from a detailed study of all types of particles propagation through the 

detector!
– and the confirmation of the prediction by the results obtained in a test beam!

• The detector should be as radiation hard as possible : !
– it’s a strong constraint on the detector material and on the electronics



Particle Detector concept (2)

• What determines the Size, Material and Geometry of the Detector?!
– Impact Parameter Measurement!
– Momentum Measurement!
– Energy Measurement!
– Muon Measurement!
!
!
!
!

• Constraints!
– Multiple scattering which has to be reduced  

as much as possible!
– Impact Parameter resolution  

                                         (Secondary Vertex)!
– Lever arm and Magnetic Field for 

                              Momentum Measurement!
– Material budget

16



Hadron Colliders
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• Number of particles 
• Event topologie 
• momentum / Energie 
• Particle identity 
• Transverse Missing energy/momentun

• Protons are composite  
Partons (valence+sea quarks, gluons) carry longitudinal momentum fraction of the proton (x)  
                    Longitudinal parton momenta are unknown 

• Parton distribution functions (PDFs): estimate the momentum fraction carried by a parton 
inside the proton

What do we want to measure

Can’t be achieved  
with a single detector

Integrate detectors  
to a detector system

Hadron Colliders: Collisions 

!! Protons are composite 

!! Partons (valence+sea quarks, gluons) carry longitudinal momentum fraction of 

the proton (x) 

!! Longitudinal parton momenta are unknown  

!! Parton distribution functions (PDFs): estimate of the momentum fraction carried 

by a parton inside the proton 

14 

u



Particle detection

18



What can we access?
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What can we measure/register ? 

Measure stable and quasi-stable particles  (e, γ, μ, π, K, p, n, ν) :  
Kinematics (momentum and/or energy) 

The way particle interacts with / passes through detectors 

All other particles reconstructed via their decays to (quasi-) stable particles :  
Invariant mass of the system of daughter particles  

+ Decay vertex separated from production vertex for some particles decaying 
via weak interaction 

Main goal of instrumentation for HEP :  
Precisely/fast measure kinematics of (quasi-) stable particles 

Unambiguously/fast identify them 

For that :  
We study how particles interact with the matter 

and  
We choose the detector technologies that match the physics tasks 



!
•  How to achieve this : 

• Use of a magnetic field  
Obvious now but UA2 (SPS) and D0 (run I) had no magnetic field !!! 
!

!
• Use of position detectors :  

• gazeous : multi wires chambers, Time Projection chambers, drift 
tube .... 

• Solid  : Silicium detectors 
• Try to do if possible a non destructive measurement  

so try to minimize the amount of material in the detector itself 
!

• Use calorimetry for the Energy measurement

How perform the measurements

20



• For momenta above a few GeV,  
• pions, kaons, and protons cannot be separated.  
• However electrons, muons, hadrons, and neutrinos interact 

differently with the matter. The measurement of their energies 
and/or momenta depend  from their different modes of 
interaction.

Basics: Particle Detection/Identification

21

•For low-momentum– typically up to a few GeV 
• charged particles can be identified by processes that depend on                                          

their velocity (β). 
•  A simultaneous measurement of p = βγm and β allows extracting 

the mass.

Interaction with matter : 
Interaction of photons  :  (for details clic  

Nuclear Interactions :      (for details clic



• A coverage of full solid angle (no cracks, fine segmentation...) 
•  A measurement of momentum and/or energy 
•  Detect, track and identify the particles (mass, charge, decay length) 
• Fast, no dead time and no dead regions 
• Such an ideal detector does not exist ! Conception of a detector is a 

compromise between  
•  Detectors technologies (advantage/disadvantage)  
•  Space allocated  
•  Cost 

• An optimized detector should provide all characteristics of the end 
products of a collision. Therefore it needs : 

• Monte Carlo simulation (Geant4) and  
• test of prototypes in beam lines are keys elements of the 

conception of a detector

Detector requirements

22



LHC experimental challenge

23
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The ATLAS Detector

Muon
Spectrometer

Hadron
Calorimeter

Electromagnetic
Calorimeter

Inner Detector

Solenoid

Vertex

[Toroid]

Typical subdetector arrangement

Atlas and CMS 
require high 
precision tracking 
for high energetic 
muons what imply 
large muons systems 
with high spacial 
resolution behind 
the calorimeters
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Particle ID : Experimental Challenge 

¡  Top quark decays via the electroweak interactions 
¡  Final state characterized by the decay of the W boson 
¡  Dilepton (lepton = e or µ) (7%): 2 leptons, 2 b quarks, 2 neutrinos  
¡  Lepton+Jets (lepton = e or µ) (34%): 2 b quarks, 2 light quarks, 1 lepton, 1 neutrino  
¡  All-Jets (44%): 2 b quarks, 4 light quarks

Objects: Top Quark 

!! Mainly produced in pairs via strong interactions: ttbar 

!! Top quark decays via the electroweak interactions 

!! Final state characterized by the decay of the W boson 

!! Dilepton (lepton = e or µ) (7%): 2 leptons, 2 b quarks, 2 neutrinos  

!! Lepton+Jets (lepton = e or µ) (34%): 2 b quarks, 2 light quarks, 1 lepton, 1 neutrino 

!! All-Jets (44%): 2 b quarks, 4 light quarks  

37 

Objects: Top Quark 

!! Mainly produced in pairs via strong interactions: ttbar 

!! Top quark decays via the electroweak interactions 

!! Final state characterized by the decay of the W boson 

!! Dilepton (lepton = e or µ) (7%): 2 leptons, 2 b quarks, 2 neutrinos  

!! Lepton+Jets (lepton = e or µ) (34%): 2 b quarks, 2 light quarks, 1 lepton, 1 neutrino 

!! All-Jets (44%): 2 b quarks, 4 light quarks  

37 

¡  Mainly produced in pairs via strong interactions: ttbar 

Objects: Top Quark
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Vertex detectors
Requirements based on b-jets parameters 
 -B hadrons lifetime : average of ~1.6 ps 
          -semi-leptonic fraction ~10%e, and 10%µ!
 -cτ =470 microns →impact parameter d  ~100 microns 
 -need accuracy : < 20 microns on d

primary vertex
secondary vertex

impact parameter

Accuracy limited by   
 -lever arm, 
 -granularity,  
 - number of layers 
Solution: 
 -3 layer pixel detector 
 -first layer as close as possible to beam pipe 
 -single hit accuracy < 15 microns in rφ	


 -equipped with fast electronics 
Beware -of radiation damage 
 -multiple scattering in material 
 -power dissipation
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• Signature  
•   Energy deposited in EM Calorimeter 
•   Track pointing at the energy deposition and with momentum 

consistent with calorimeter energy 
•   Little or no energy in hadronic calorimeter 

•  Backgrounds  
•   Jets 
•   Early showering charged pions  
•   Conversions: π0→γγ→ee+X  
•   Semileptonic b-decays 
•   Photon conversions  
•   Photons similar to electrons

Objects: Electrons

Objects: Charged Leptons 

!! Must extract lepton signal from much larger jet background 

!! Requires correlation of information among detectors 

!! Selected based on properties of each lepton species 

26 More in Roger Forty’s talk 



28

•   Signature 
•   Track passes through all the detectors and is reconstructed in muon spectrometer 
•   Minimum ionizing energy deposits in EM ad HAD calorimeter 
•   Track match between inner tracker and muon spectrometer 

•   Backgrounds 
•    Decays in flight: π and K decays inside jets  
•   Punchthrough  
•   Cavern background (LHC)

•  Identifying muons  
•   Matching of track parameters between inner detector and muon system powerful at high pT  
•   Verification of minimum ionizing energy in calorimeter 

•   Performance  
•   Measured using Z’s  
•   60-100% depending on |η|

Objects: Muons

Objects: Charged Leptons 

!! Must extract lepton signal from much larger jet background 

!! Requires correlation of information among detectors 

!! Selected based on properties of each lepton species 

26 More in Roger Forty’s talk 
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¡  Reconstruction:  
One needs : best matching to hard 
parton and jet identification. Many 
algorithms available: Cone, midpoint, 
KT 
¡  Scale:  
calibration of the energy response, 
minimizing the measurement error 
¡  Resolution:  
different reconstruction algorithms 
provide varied performance in the 
precision of the energy measurement 
!
¡  Reconstruction and Scale  
are fundamental for precision 
measurements. Resolution is critical for 
the successful identification of low S/B 
signal

Objects: Jets 

¡  Measurement of the kinematics of a hard parton emission requiresObjects: Jets 

!! Measurement of the 

kinematics of a hard parton 

emission requires 

!! Reconstruction: best matching 

to hard parton and the 
identified jets is necessary. 

Many algorithms available: 

!! Cone, midpoint, KT 

!! Scale: calibration of the energy 
response, minimizing the 

measurement error 

!! Resolution: different 

reconstruction algorithms 

provide varied performance in 
the precision of the energy 

measurement 

!! Reconstruction and Scale are 

fundamental for precision 

measurements. Resolution is 
critical for the successful 

identification of low S/B signal  

21 

2/3 charged hadrons, 

1/3 neutral hadrons 
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¡  Signature  

¡  No interaction in the detector 

¡  Reconstruction  

¡  Look for momentum imbalance and assign the missing 

momentum to the ν 

¡  But in hadron colliders, limited to using only the 2 

transverse components of the momentum 

¡  Similar to jet reconstruction 

¡  Resolution depends on calorimeter deposition 

¡  Degrades with detector imperfection (cracks) and pile 

up

Objects: Neutrino



Object reconstruction

• Object reconstruction!
– Tracking !

• finding path of charged particles through the detector!
– Calorimeter reconstruction !

• finding energy deposits in calorimeters from charged and neutral particles !
• Combined reconstruction : tracker + calorimeter informations!

– Electron/Photon identification!
– Muon identification!
– Jet finding!

• Calibrations and alignments applied at nearly every step (see 
lectures 2 and 3)

31



Important figures of merit for reconstructed objects

• Efficiency !
–  how often do we reconstruct  

the object – e.g. tracking efficiency

Efficiency	
  =	
  (Number	
  of	
  Reconstructed	
  Tracks)	
  /	
  (Number	
  of	
  True	
  Tracks)

32



Important figures of merit for reconstructed objects

• Efficiency !
–  how often do we reconstruct the object – e.g. tracking efficiency!

• Resolu-on	
  !
–  how accurately do we reconstruct it – e.g. energy resolution

Energy	
  resolution	
  =	
  (Measured_Energy	
  –	
  True_Energy)/	
  True_Energy

33

Electron	
  energy	
  resolution	
  from	
  simulation



Important figures of merit for reconstructed objects

• Efficiency !
–  how often do we reconstruct the object – e.g. tracking efficiency!

• Resolu-on	
  !
–  how accurately do we reconstruct a quantity – e.g. energy resolution!

• Fake	
  rate	
  !
–  how often we reconstruct a different  

object as the object we are interested  
in – e.g. a jet faking a electron 

Fake	
  rate	
  =	
  (Number	
  of	
  jets	
  reconstructed	
  as	
  an	
  electron)	
  /	
  (Number	
  of	
  jets)
34



Important figures of merit for reconstructed objects

• Efficiency !
–  how often do we reconstruct the object – e.g. tracking efficiency!

• Resolu-on	
  !
–  how accurately do we reconstruct a quantity – e.g. energy resolution!

• Fake	
  rate	
  !
–  how often we reconstruct a different object as the object we are 

interested in – e.g. a jet faking a electron 

• For physics analysis it is important 
to have high efficiency, good resolution, and low 
fake rates  

• to be able to measure the efficiencies, resolutions 
and fake rates and their uncertainties (not easy) 

• Robust against detector problems 
•Noise 
•Dead regions of the detector 

• Be able to run within the computing resources 
limitations 

•CPU time per event 
•Memory use

35



How to distinguish particles nature

36

Distinguishing Particles 

Particle ID

We have decided now to identify 
the particle species by a bar code

• Particle Identification (PID)  
is a crucial aspect of most High Energy Physics (HEP) experiments  

• We wish to reconstruct as fully as possible the resulting events, in 
which many particles emerge from the interaction point  

• Tracking detectors  
determine whether the particles are charged, and in conjunction with a magnetic field, measure 
the sign of the charge and the momentum of the particle
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• What other information do we need?  

• Since the interactions of charged hadrons are similar, the most direct 
way to distinguish them is to determine their (rest) mass 

• Their momentum is measured by the tracking system, so this is 
equivalent to determining their velocity, since  p = γm v, so   
m = p/γv = p/γβc  

• There are four main processes that depend on the velocity of a particle :  
1. Most direct is to measure the Time Of Flight (TOF) of the particles over a fixed 

distance 
2. Alternatively one can look at the detail of their interaction with matter  

The main source of energy loss is via Ionization (dE/dx) 
3. If the velocity of the particle changes compared to the local speed of light it will radiate 

photons, detected as Transition radiation 
4. If a particle travels at greater than the local speed of light, it will radiate Cherenkov 

radiation

Particle identification (2)

(for details clic  
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ID summary

• Particle identification is a crucial aspect of most high energy physics 
experiments, in addition to tracking and calorimetry 

• Short-lived particles are reconstructed from their decay products 

• Most long-lived particles seen in the experiment can be identified  
from their signatures in the various different detectors 

• Distinguishing the different long-lived charged hadrons (π, K, p)  
is more challenging, and usually requires dedicated detectors 

• Their identification is based on four main processes:  
TOF, dE/dx, Transition radiation and the Cherenkov effect



Towards detector definition

Lets look how were  build the LHC detectors

39



Non-destructive methods :  
charged particles ==> tracking

40

    SB  48 Instrumentation - 1 Petnica, 13-20.07.12 

Non-destructive methods: charged particles  Æ  tracking 

Measure: hit and/or drift time 
Î  Position resolution:  ~ 50 μm 
 Î  Tracks reconstruction 
    + Magnetic field  
 Î  Momentum 

Measure also: energy loss dE/dx 
Î  Particle ID 

Gaseous detectors 

Measure: hits and/or amplitude 
Î  Position resolution:  ~ 5 μm 
Î  Tracks & Vertices reconstruction 

Silicon detectors 
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 Æ
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Destructive methods 

41
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Destructive methods 

Measure: shower energy and/or shower shape 
Î  Energy resolution 
Î  Position resolution:   
  ~few mm   
Î  Particle ID 

Calorimeters: electromagnetic and hadronic 

Measure: Muon track after absorber 
 Î  Particle ID 

Muon detectors 

Muon in CMS Muons in ATLAS 
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ATLAS Cavern

9Split,	
  29-­‐Sep-­‐2008,	
  P	
  Jenni Status	
  of	
  ATLAS



The Compact Muon Solenoid (CMS)

44
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Summary

• Particle physics, ‘born’ with the discovery of radioactivity 
and the electron at the end of the 19thcentury, has become 
‘Big Science’ during the last 100 years. 

• A large variety of instruments and techniques were 
developed for studying the world of particles. 

• Imaging devices like the cloud chamber, emulsion and the 
bubble chamber took photographs of the particle tracks. 

• Logic devices like the Geiger Müller counter, the scintillator 
or the Cerenkov detector were (and are) widely used. 

• Through the electronic revolution and the development of 
new detectors, both traditions merged into the ‘electronics 
image’ in the 1970ies. 

• Particle detectors with over 100 million readout channels 
are operating now at LHC.

47



Questions (1)

48

❖ which particles are the most penetrating? depending on energy? 

❖ what particle qualities (mass, charge,..) are the most important for 
the interaction with matter 

❖ how to distinguish photons and electrons at 100 GeV in matter?



Questions (2) for home

49

❖ compare decay and interaction probability for GeV pion 

❖ compare λhadr and x0 sizes of e.m. and hadronic showers 

❖ multiple scattering angle vs. momentum of particle, vs. thickness of 
absorber 

❖ compare ratio of particle energies to masses in hadronic and e.m. 
showers 

❖ draw dE/dx from Bethe-Bloch for muons in iron in the range of 0.1 
to 100 GeV



Trigger and DAQ  
R. Fernow : Introduction to experimental particle physics (C.U.P. 1986) 
R. Frühwirth, M. Regler, R.K. Bock, H. Grote and D. Notz ; Data Analysis Techniques for High-Energy Physics (2nd ed.) 
(C.U.P. 2000) 
CERN-Latin American Schools of Physics : Usually an article on trigger and DAQ

To extend your knowledge

50

                                                         Text books (a selection)  
– C. Grupen, B. Shwartz, Particle Detectors, 2nd ed., Cambridge University Press, 2008  
– G. Knoll, Radiation Detection and Measurement, 3rd ed. Wiley, 2000  
– W. R. Leo, Techniques for Nuclear and Particle Physics Experiments, Springer, 1994  
– R.S. Gilmore, Single particle detection and measurement, Taylor&Francis, 1992  
– K. Kleinknecht, Detectors for particle radiation , 2nd edition, Cambridge Univ. Press, 1998  
– W. Blum, W. Reigler, L. Rolandi, Particle Detection with Drift Chambers, Springer, 2008  
– R. Wigmans, Calorimetry, Oxford Science Publications, 2000  
– G. Lutz, Semiconductor Radiation Detectors, Springer, 1999  

Review Articles 
– Experimental techniques in high energy physics, T. Ferbel (editor), World Scientific, 1991.  
– Instrumentation in High Energy Physics, F. Sauli (editor), World Scientific, 1992.  
– Many excellent articles can be found in Ann. Rev. Nucl. Part. Sci. 

Other sources 
– Particle Data Book Phys. Lett. B592, 1 (2008)          http://pdg.lbl.gov/pdg.html  
– R. Bock, A. Vasilescu, Particle Data Briefbook http://www.cern.ch/Physics/ParticleDetector/BriefBook/  
- ICFA schools lectures : http://www.ifm.umich.mx/school/ICFA-2002/ 
- O. Ullaland http://lhcb-doc.web.cern.ch/lhcbdoc/presentations/lectures/Default.htm 
– Proceedings of detector conferences (Vienna VCI, Elba, IEEE, Como) 
– Journals: Nucl. Instr. Meth. A, Journal of Instrumentation

http://www.ifm.umich.mx/school/ICFA-2002/
http://lhcb-doc.web.cern.ch/lhcbdoc/presentations/lectures/Default.htm


D. Bortoletto     Lecture 1

Useful material & acknowledgments

I have taken part of the content of these lecture from Werner Riegler’s summer 
student lectures in 2011 and Erika Garutti’s DESY lecture notes 
Useful books 

– Detector for particle radiation, Konrad Kleinknecht 
– Techniques for Nuclear and Particle Physics Experiments, W. R. Leo 
– Particle Detectors, Claus Grupen  
– Introduction to Experimental Particle Physics, R. Fernow 
– The Physics of Particle Detectors, D. Green 
– Review in data particle book on Passage of particles through matter 
– Review in data particle book on Particle Detectors at accelerators

51



To extend your knowledge (2)

52



BACKUP - More

53

•Definitions and Units 

•Time Of Flight 

•Ionization 

•Transition radiation 

•Particle Detection principle 

•About Cross Section 

•Electromagnetic Shower Development 

•Diffusion in gases 

•Particle ID - Distinguishing particles nature 

•Historical examples 

•Applications 

•Neutriono detectors

for details clic            

for details clic            

for details clic            

for details clic            

for details clic            

for details clic            

for details clic            

for details clic            

for details clic            

for details clic            
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Time Of Flight

• Simple concept:  measure the time 
difference between two detector planes  
 β = d / c Δt 

• At high energy, particle speeds are 
relativistic, closely approaching to c 

• For a 10 GeV K, the time to travel 12 m 
is 40.05 ns, whereas for a π it would be  
40.00 ns, so the difference is only 50 ps 

• Modern detectors + readout electronics  
have resolution σt ~ 10 ns, fast enough  
for the LHC (bunch crossings 25 ns apart)  
but need σt < 1 ns to do useful TOF 

• TOF gives good ID at low momentum 
Very precise timing required for p > 5 
GeV

Track

d

Detectors

TOF difference for d = 12 m

To Backup

Back
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Ionization

• Charged particles passing through matter  
can knock out electrons from atoms of  
the medium: ionization 

• Energy loss described by the Bethe-Bloch  
formula, which gives the universal velocity  
dependence:  dE/dx ∝ log(β2 γ2) / β2 

• This can be used to identify particles,  
particularly at low momentum where  
dE/dx varies rapidly  

• Advantage:  
uses existing detectors needed  
for tracking  

• Note:  these techniques all provide signals  
for charged leptons e, µ as well as π, K, p  
But mµ ≈ mπ, so they are not well separated 

[PDG]

To Backup
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Transition radiation
• Local speed of light in a medium with refractive index n is  cp = c/n  
• If its relative velocity v/cp changes, a particle will radiate photons: 

1. Change of direction v (in magnetic field) → Synchrotron radiation 
2. Change of |v| (passing through matter)     → Bremsstrahlung radiation 
3. Change of refractive index n of medium  → Transition radiation 

• Transition radiation is emitted whenever  
a relativistic charged particle traverses the  
border between two media with  
 different dielectric constants (n ~ √ε) 

• The energy emitted is proportional to  
the boost γ of the particle 

 → Particularly useful for electron ID  
Can also be used for hadrons at high energy

charged 

• Named after the Russian scientist P. Cherenkov who was the first to 
study the effect in depth (Nobel Prize 1958)

Cherenkov light BackBackTo BackuoTo Backup
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Particle Detection Principle

In order to detect a particle
 

	 	 - it must interact with the material of the detector
	 	 - transfer energy in some recognizable fashion 

i.e. The detection of particles happens via their 
energy loss in the material it traverses ...

Possibilities:

Charged particles

Hadrons
Photons
Neutrinos

Ionization, Bremsstrahlung, Cherenkov ...

Nuclear interactions
Photo/Compton effect, pair production
Weak interactions

Energy loss
by multiple reactions

Total energy loss
via single interaction

➛ charged particles

Back
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Particle Interactions – Examples

Charged 
Particle

Electron

Ionization:

γ

Pair 
production:

x

γ

Electron

Positron

Charged 
Particle

Atom

Electron

Photon

Electron

Positron

Nucleus

Nucleus

Compton 
scattering:

γ γ

Electron Electron

Photon

Photon

Electron
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Energy Loss by Ionization – dE/dx

For now assume:    Mc2 ≫ mec2

i.e. energy loss for heavy charged particles
[dE/dx for electrons more difficult ...] 

Charged 
Particle

Electron

γ

Interaction dominated
by elastic collisions with electrons ...

4 27. Passage of particles through matter
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Fig. 27.1: Stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a
function of βγ = p/Mc over nine orders of magnitude in momentum (12 orders
of magnitude in kinetic energy). Solid curves indicate the total stopping power.
Data below the break at βγ ≈ 0.1 are taken from ICRU 49 [4], and data
at higher energies are from Ref. 5. Vertical bands indicate boundaries between
different approximations discussed in the text. The short dotted lines labeled
“µ− ” illustrate the “Barkas effect,” the dependence of stopping power on projectile
charge at very low energies [6].

27.2.2. Stopping power at intermediate energies :
The mean rate of energy loss by moderately relativistic charged heavy particles,

M1/δx, is well-described by the “Bethe-Bloch” equation,

−
〈

dE

dx

〉
= Kz2Z

A

1
β2

[
1
2

ln
2mec2β2γ2Tmax

I2
− β2 − δ(βγ)

2

]
. (27.3)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for
intermediate-Z materials with an accuracy of a few %. At the lower limit the
projectile velocity becomes comparable to atomic electron “velocities” (Sec. 27.2.3),
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Bethe-Bloch Formula

∝ 1/β2 ⋅ ln (const⋅β2γ2) 

�
⌧

dE

dx

�

el.

= K
Z

A

1
�2


ln

me�2c2⇥2T

2I2
+ F (⇥)

�

Energy Loss of Electrons

Bethe-Bloch formula needs modification
	

	 Incident and target electron have same mass me

	 Scattering of identical, undistinguishable particles

Wmax = ½T

[T: kinetic energy of electron]

Remark: 	different energy loss for electrons and positrons at low energy as
	 positrons are not identical with electrons; different treatment ...
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dx
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=
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2
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2)
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2
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Z
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Z
E?

dx

v

=
2ze

2
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{

Bethe-Bloch – Classical Derivation2.2 Wechselwirkungen geladener Teilchen mit Materie 31

Abbildung 2.3: Kollision eines schweren geladenen Teilchens mit einem Hüllenelek-
tron im Medium.

Kollision sei das schwere Teilchen wegen der sehr viel größeren Masse (M ≫ me) nur
wenig von seiner ursprünglichen Bahn abgewichen, was einer der wichtigen Gründe
ist, bei diesen Wechselwirkungen zwischen Elektronen und schwereren einfallenden
Teilchen zu unterscheiden.

Es soll nun die vom Elektron gewonnene Energie über den vom schweren Teilchen
übertragenen Kraftstoß I = p bestimmt werden.

I =
∫

F dt = e
∫

E⊥ dt = e
∫

E⊥
dt

dx
dx = e

∫
E⊥

dx

v
(2.16)

wobei aus Symmetriegründen nur die zur Teilchentrajektorie senkrechte Kompo-
nente des elektrischen Feldes E⊥ berücksichtigt werden muss. Zur Berechnung des
Integrals

∫
E⊥ dx verwenden wir den Gauss’schen Satz, angewandt auf einen unend-

lich langen Zylinder entlang der Flugbahn des Teilchens:
∫

E⊥2πb dx = 4πze ⇒
∫

E⊥ dx =
2 z e

b
(2.17)

woraus folgt:

I =
2ze2

bv
(2.18)

und die gewonnene Energie des Elektrons wird dann zu

∆E(b) =
I2

2me
=

2z2e4

mev2b2
(2.19)

Sei nun Ne die Dichte der Elektronen dann wird der Energiverlust des Teilchen in
der Schichtdicke dx zwischen b ud b + db zu:

−dE(b) = ∆E(b)NedV =
4πz2e4

mev2
Ne

db

b
dx (2.20)

wobei dV = 2πb db dx ist. Um den gesamten Energieverlust zu erhalten, kann man
allerdings Gl. 2.20 aus physikalischen Gründen von b = 0 . . . b = ∞ integrieren, für
b = 0 liefert Gl. 2.19 einen unendlichen Beitrag und die Annahme kurzer Wechsel-
wirkungszeiten wird für große b falsch. Die Integration muss demnach innerhalb der
Grenzen bmin und bmax erfolgen, in denen Gl. 2.19 anwendbar ist:

−dE

dx
=

4πz2e4

mev2
Ne ln

(bmax

bmin

)
(2.21)

Bohr 1913

Particle with charge ze and velocity v moves 
through a medium with electron density n.

Electrons considered free and initially at rest.

Momentum transfer:

Interaction of a heavy charged particle  
with an electron of an atom inside medium.

Symmetry!

More elegant with Gauss law:
[infinite cylinder; electron in center]

and then ...
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�E(b) =
�p2

2me

�dE(b) =
�p2

2me
· 2�nb db dx =

4z2e4

2b2v2me
· 2�nb db dx =

4� n z2e4

mev2

db

b
dx

�dE

dx
=

4� n z2e4

m
e

v2

·
Z b

max

b
min

db

b
=

4� n z2e4

m
e

v2

ln
b
min

b
max

=
4� n z2e4

m
e

v2

ln
b
max

b
min

Bethe-Bloch – Classical Derivation

Aus dem Impulsübertrag kann der Energieübertrag auf das Elektron berechnet werden

∆p∥ =
∫ ∞

−∞
F∥dt = ze2

∫ ∞

−∞

vt√
v2t2 + b2

dt = 0 Symmetrie

∆p⊥ =
∫ ∞

−∞
F⊥dt = ze2

∫ ∞

−∞

b√
x2 + b2

dx

v
=

ze2

b2
︸ ︷︷ ︸

eff.F⃗

2b

v︸ ︷︷ ︸
eff. Zeit während der F⃗ wirkt

Der resultierende Energieübertrag bei festem Stoßparameter ist dann

∆E(b) =
∆p2

⊥
2m

=
2 z2e4

b2mv2
.

Diskussion
∆E(b) ∼ 1

m , diese Abhängigkeit rechtfertigt, daß bei der Berechnung der Energieübertrag auf den
Atomkern vernachlässigt wurde.
Bei der Rechnung haben wir angenommen, daß auf das Elektron zwar Energie übertragen wird,
gleichzeitig haben wir in den Ausdrücken für F⃗⊥ jedoch eventuell resultierende Ortsveränderungen
vernachlässigt. Dies ist dann gerechtfertigt, falls die Stoßzeiten τ ≈ b

v klein gegenüber der cha-
rakteristischen Schwingungsdauer 1

ν des ”gebundenen“Elektrons sind. ν ist die charakteristische
Frequenz/Energie des gebundenen Elektrons und damit eine Eigenschaft des Bremsmediums. Man
spricht von der Stoßapproximation (siehe N. Bohr [10]).

(II) Summation bei festem b über alle Elektronen eines Materieblocks

n = Z
Lρ

A
=

Anzahl der e−

V olumen

!!

!!

}!
"!

"#

$%

Die Anzahl der Elektronen im Materiezylindermantel zwischen b und b + db um die Teilchenbahn
ist

Ne = n · 2π · b · db · dx .

Der Energieverlust des geladenen Teilchens beim Durchgang durch die Materieschicht der Dicke
dx ist dann

dE =
2z2e4

b2mv2
2π · b · db · n · dx .

Summation über alle Stoßparameter liefert uns

dE

dx
= 4π

z2e4

mv2
n ℓn

bmax

bmin

bmax < ∞, da das Feld durch die anderen Atome abgeschirmt wird und die Energien der Atome
des Bremsmediums quantisiert sind.

17

Energy transfer onto single electron 
for impact parameter b:

Energy loss per path length dx for
distance between b and b+db in medium with electron density n:

Consider cylindric barrel   ➛   Ne  =  n⋅(2πb)⋅db dx

Cylindric barrel 
with Ne electrons

Diverges for b ➛ 0; integration only 
for relevant range [bmin, bmax]: 

Energy loss!

Bohr 1913 

Bohr 1913
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b
max

=
�v

h⇥
e

i

"
� =

1p
1� �2

#
;

�dE

dx
=

4⌅z2e4

me c2�2
n · ln

me c2�2⇥2

2⌅~ ⇥⇤e⇤

Bethe-Bloch – Classical Derivation
Bohr 1913

Determination of relevant range [bmin, bmax]: 
[Arguments: bmin > λe, i.e. de Broglie wavelength; bmax < ∞ due to screening ...]

Use Heisenberg uncertainty principle or
that electron is located within de Broglie wavelength ...

bmin = ⇥e =
h

p
=

2⇤~
�mev

Interaction time (b/v) must be much shorter than period 
of the electron (γ/νe) to guarantee relevant energy transfer ...

n 
= 
NA⋅ρ⋅Z/A !!
 I 
~
 h <νe>

Electron density:
Effective Ionization potential:      

Deviates by factor 2 
from QM derivation

[adiabatic invariance]
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Bethe-Bloch Formula

4 27. Passage of particles through matter
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Fig. 27.1: Stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a
function of βγ = p/Mc over nine orders of magnitude in momentum (12 orders
of magnitude in kinetic energy). Solid curves indicate the total stopping power.
Data below the break at βγ ≈ 0.1 are taken from ICRU 49 [4], and data
at higher energies are from Ref. 5. Vertical bands indicate boundaries between
different approximations discussed in the text. The short dotted lines labeled
“µ− ” illustrate the “Barkas effect,” the dependence of stopping power on projectile
charge at very low energies [6].

27.2.2. Stopping power at intermediate energies :
The mean rate of energy loss by moderately relativistic charged heavy particles,

M1/δx, is well-described by the “Bethe-Bloch” equation,

−
〈

dE

dx

〉
= Kz2Z

A

1
β2

[
1
2

ln
2mec2β2γ2Tmax

I2
− β2 − δ(βγ)

2

]
. (27.3)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for
intermediate-Z materials with an accuracy of a few %. At the lower limit the
projectile velocity becomes comparable to atomic electron “velocities” (Sec. 27.2.3),
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[see e.g. PDG 2010]

K 
 = 4π NA re
2

 me c2 = 0.307 MeV g-1 cm2 NA 
=
 6.022⋅1023

[Avogardo's number]

re
 =
 e2/4πε0 mec2 = 2.8 fm
[Classical electron radius]

me
=
 511 keV
[Electron mass]

β
 =
 v/c
[Velocity]

γ
 =
 (1-β2)-2

[Lorentz factor]

z	 :	 Charge of incident particle
M	 :	 Mass of incident particle

Tmax
 = 2mec2β2γ2/(1 + 2γ me/M + (me/M)2)
[Max. energy transfer in single collision]

Z	 :	 Charge number of medium
A	 :	 Atomic mass of medium

 I	 :	 Mean excitation energy of medium
δ
 :
 Density correction [transv. extension of electric field]

Validity:


 .05 < βγ < 500

   M > mμ

[⋅ρ]

density
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Energy Loss of Charged Particles
6 27. Passage of particles through matter

 1

 2

 3

 4

 5

 6

 8
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1.0 10 100 1000 10 0000.1

Pion momentum (GeV/c)

Proton momentum (GeV/c)

1.0 10 100 10000.1

1.0 10 100 10000.1

1.0 10 100 1000 10 0000.1

−
d
E
/d

x 
(M

eV
 g

−1
cm

2 )

βγ = p/Mc

Muon momentum (GeV/c)

H2 liquid

He gas

C
Al

Fe
Sn

Pb

Figure 27.2: Mean energy loss rate in liquid (bubble chamber) hydrogen,
gaseous helium, carbon, aluminum, iron, tin, and lead. Radiative effects,
relevant for muons and pions, are not included. These become significant for
muons in iron for βγ >∼ 1000, and at lower momenta for muons in higher-Z
absorbers. See Fig. 27.21.

as a function of βγ = p/Mc is shown for a variety of materials in Fig. 27.4.
The mass scaling of dE/dx and range is valid for the electronic losses described

by the Bethe-Bloch equation, but not for radiative losses, relevant only for muons
and pions.

For a particle with mass M and momentum Mβγc, Tmax is given by

Tmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (27.4)

In older references [2,7] the “low-energy” approximation
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Dependence on

Mass A
Charge Z
of target nucleus

Minimum ionization:

ca. 1 - 2 MeV/g cm-2

[H2: 4 MeV/g cm-2]
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dE

dx

=
E

X0
X0 =

A

4�NA Z2r2
e ln 183

Z
1
3

dE

dx
= 4�NA

Z2

A
r2
e · E ln

183
Z

1
3 E = E0e

�x/X0

Bremsstrahlung

Bremsstrahlung arises if particles 
are accelerated in Coulomb field of nucleus

dE

dx
= 4�NA

z2Z2

A

✓
1

4⇤⇥0

e2

mc2

◆2

E ln
183
Z

1
3
/ E

m2

i.e. energy loss proportional to 1/m2  ➙  main relevance for electrons ...

... or ultra-relativistic muons

Consider electrons:

with

[Radiation length in g/cm2]

After passage of one X0 electron has 
lost all but (1/e)th of its energy

[i.e. 63%]
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Total Energy Loss of Electrons
27. Passage of particles through matter 19

Bremsstrahlung
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Figure 27.10: Fractional energy loss per radiation length in lead as a
function of electron or positron energy. Electron (positron) scattering is
considered as ionization when the energy loss per collision is below 0.255
MeV, and as Møller (Bhabha) scattering when it is above. Adapted from
Fig. 3.2 from Messel and Crawford, Electron-Photon Shower Distribution
Function Tables for Lead, Copper, and Air Absorbers, Pergamon Press,
1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2, but we have modified
the figures to reflect the value given in the Table of Atomic and Nuclear
Properties of Materials (X0(Pb) = 6.37 g/cm2).

At very high energies and except at the high-energy tip of the bremsstrahlung
spectrum, the cross section can be approximated in the “complete screening case”
as [38]

dσ/dk = (1/k)4αr2
e{(4

3 − 4
3y + y2)[Z2(Lrad − f(Z)) + Z L′

rad]
+ 1

9(1 − y)(Z2 + Z)} ,
(27.26)

where y = k/E is the fraction of the electron’s energy transfered to the radiated
photon. At small y (the “infrared limit”) the term on the second line ranges from
1.7% (low Z) to 2.5% (high Z) of the total. If it is ignored and the first line
simplified with the definition of X0 given in Eq. (27.22), we have

dσ

dk
=

A

X0NAk

(
4
3 − 4

3y + y2
)

. (27.27)

This cross section (times k) is shown by the top curve in Fig. 27.11.
This formula is accurate except in near y = 1, where screening may become
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Fractional energy loss per radiation length in lead
as a function of electron or positron energy
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Energy Loss – Summary Plot for Muons
4 27. Passage of particles through matter
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Fig. 27.1: Stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a
function of βγ = p/Mc over nine orders of magnitude in momentum (12 orders
of magnitude in kinetic energy). Solid curves indicate the total stopping power.
Data below the break at βγ ≈ 0.1 are taken from ICRU 49 [4], and data
at higher energies are from Ref. 5. Vertical bands indicate boundaries between
different approximations discussed in the text. The short dotted lines labeled
“µ− ” illustrate the “Barkas effect,” the dependence of stopping power on projectile
charge at very low energies [6].

27.2.2. Stopping power at intermediate energies :
The mean rate of energy loss by moderately relativistic charged heavy particles,

M1/δx, is well-described by the “Bethe-Bloch” equation,

−
〈

dE

dx

〉
= Kz2Z

A

1
β2

[
1
2

ln
2mec2β2γ2Tmax

I2
− β2 − δ(βγ)

2

]
. (27.3)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for
intermediate-Z materials with an accuracy of a few %. At the lower limit the
projectile velocity becomes comparable to atomic electron “velocities” (Sec. 27.2.3),
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dE/dx and Particle Identification

Measured

energy loss
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[ALICE TPC, 2009]

Remember:
dE/dx depends on β!
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⇥ =
1
A

· �N

�t
=

Ṅin

A
Atar = � · Ntar

= ⇥ · � · Ad

m
mol

· N
A

A

d

⇢ : target density
m

mol

: molar mass

NA : 6.022 · 10

23
mol

�1

� =

Number of reactions (of given type) per unit time

Incoming flux · Number of target particles

=
Ṅ

reac

� · N
tar

=
Ṅ

reac

Ṅ
in

· N
A

· � · d/m
mol

Ṅreac = Ṅin
Atar

A
= � · Atar

= � · Ntar · �

Cross Section – Definition

Incoming flux:
Absorbing target area

Effective
cross section

with

Cross section:

Reaction rate:
Φ

Transition rate Wfi

Unit: [σ] = cm2
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Wfi = 2� |Mfi|2 · dN

dEf

g

1
q2

j(1)
µ

j(2)
µ

Mfi = �i

Z
j

(1)
µ ·

✓
1
q

2

◆
· j

(2)
µ d

4
x

� � |Mfi|2

� g4 ·
✓

1
q4

◆

Cross Section – Using Feynman Diagrams

g

Fermi's Golden Rule

Phase space

Matrix element
Transition
probability

4-vector current

Propagator



Cross Section - Magnitude and Units

72

Cross Section – Magnitude and Units

Standard 
cross section unit: [σ] = mb 
 
 with    1 mb = 10-27 cm2

or in

natural units: [σ] = GeV-2 
 
 with    1 GeV-2 = 0.389 mb


 
 
     
 with    1 mb = 2.57 GeV-2

using:	   hc 		 = 0.1973 GeV fm

         	  ( hc )2   	 = 0.389 GeV2 mb

-

-Estimating the

proton-proton cross section:

b

Effective 
cross section

2R

Proton radius: R = 0.8 fm
Strong interactions happens up to b = 2R

σ = π (2R)2 = π⋅1.62 fm2

= π⋅1.62 10-26 cm2

= π⋅1.62 10 mb

= 80 mb
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Proton-Proton Scattering Cross Section12 40. Plots of cross sections and related quantities
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Figure 40.11: Total and elastic cross sections for pp and pp collisions as a function of laboratory beam momentum and total center-of-mass
energy. Corresponding computer-readable data files may be found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group,
IHEP, Protvino, August 2005)
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Proton-Proton Scattering Cross Section

109 Events/sec
[1 Mbyte/Event]

~ 1010

10 Events/min
[mH ≈ 100 GeV]

Trigger !

with 
 0.2%
  H → γγ


     
1.5%
  H → ZZ

Efficient
rate reduction needed

[Storage rate: 100 Hz]
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Diffusion in gases (no E-field) 

!  In absence of other effects, at thermal energies, the mean 
speed of the charges (given by the Maxwell distribution of the 
energies) is: 

 where k is Boltzmann’s constant, T the temperature 
and m the mass of the particle 

!  The charges diffuse by multiple collisions, and a local 
distribution follows a Gaussian law: 

where N0 is the total number of charges,     

x the distance from the point of creation 
and D the diffusion coefficient 

!  Then the linear and volume r.m.s. of the spread are: 

For instance, the radial spread of ions in air in 
normal conditions is about 1 mm after 1 second 

v = 8kT
πm

dN
dx

=
N0

4πDt
exp −

x2

4Dt
⎛
⎝⎜

⎞
⎠⎟

σ x = 2Dt

σV = 6Dt
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Drift and mobility in gas 

!  In the presence of an electric field, electrons and ions will 
drift in the gas. The drift velocity for electrons can be 
much higher w.r.t. ions since they are much lighter. 

!  µ = v/E  is the mobility of a charge where v is the drift 
  velocity and E the electric field. 

!  Ions : 
-  Mean velocity v+ is proportional to E/P 
-   Mobility µ+ is constant (average energy of ions almost 

unmodified up to very high electric fields) 

!  Electrons: 
-  Drift velocity v- = (e/2m).E.τ where τ is the mean time 

between collision 
-  Typical value around 5 cm/µs are obtained (ions thousand 

times slower) 
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Electrons drift and diffusion 
Drift velocity and diffusion of electrons vary in a wide range, 
depending the gas mixture. 

Relation between mobility and diffusion: 

The minimum diffusion at a given field is given by the thermal value: 

D
µ

=
kT
e

≈  0.026 eV

σ x =
2kT
e

x
E

Drift velocity:  Diffusion:  
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Magnetic field 
The drifting electrons cloud is rotated by an angle θB in the plane 
perpendicular to E and B. 

 

E ⊥


B

 

E

vB θB

 

B tanθB =ωτ

vB =
E
B

ωτ
1+ω 2τ 2

τ : mean collision time 

ω=eB/m ! Larmor frequency 

 

E 

B

 

E

vB

σT

 

B

σ L

σT =
σ 0

1+ω 2τ 2

σ L = σ 0

vB = v0
Drift velocity unchanged 

Transverse diffusion is 
reduced 
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Transverse diffusion in magnetic field 
In some gases the transverse diffusion is strongly reduced  

 ! improves the precision of the projected  coordinate 
measurement in Time Projection Chambers 

200 V/cm 

600 µm 

50 µm 

 

E 

B
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Avalanche phenomenon 

!  One electron drifts towards the anode wire: 
-  Electric field is increasing 
-  Ionizing collisions ! pair multiplication 

!  Due to lateral diffusion and difference of velocity of electrons-ions, a 
drop-like avalanche develops near the wire 

!  UV photons are emitted ! risk of uncontrolled amplification (spark) 

!  Electrons are collected in a very short time (few ns) and ions drift slowly 
towards the cathode 

anode wire 
γUV 

+

+
-

+
-

+

+

+

+

+

+
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Charge multiplication 

!  α = 1/λ is the probability of ionization per unit length with λ the 
mean free path of the electron for a secondary ionizing collision 

!  For n electrons, there will be dn = nαdx new electrons created in a 
path dx 

!  Then n = n0 eαx with α: first Townsend coefficient 

!  And we can define a multiplication factor M: 

                                                     α is a function of x (non  
     uniform electric fields) 

!  Limitation of M: above 108, sparks occur (Raether limit) 

!  Calculating α (or gas gain) for different gases (model by Rose and 
Korff): 

                                                            where A and B depend on the gas 

M =
n
n0

= exp α x( )dx
r1

r2

∫
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

α
p
= Aexp −Bp

E
⎛
⎝⎜

⎞
⎠⎟
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Distinguishing Particles 

Particle ID

We have decided now to identify 
the particle species by a bar code
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Introduction

HEP detector: Measures particle momenta ... 
by means of a spectrometer (tracker and magnetic field)

Need second observable
to identify particle type:

Velocity:	 	 	 	 Time-of flight
	 	 	 	 	 	 	 Cherenkov angle
	 	 	 	 	 	 	 Transition radiation

Energy loss:	 	 	 Bethe-Bloch

Total energy:		 	 Calorimeter

⇥ / 1/�

cos ⇥ = 1/�n
� � 1000

dE

dx
/ z2

�2
ln(a�⇥)

E = �m0c
2

p = ⇥m0�c

γ,β

With p, γ, β calculate
particle mass m0 ...
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Introduction

Special signatures for neutrals:

Photons	 :	 	 Total energy deposited in electromagnetic shower; use 
	 	 	 	 	 	 energy measurement, shower shape and information on
	 	 	 	 	 	 neutrality (e.g. no track) ...

Neutrons	 :	 	 Energy in calorimeter or scintillator (Li, B, 3He) and
	 	 	 	 	 	 information on neutrality (e.g. no track) ...

K0, Λ, ...
 :
 
 Reconstruction of invariant masses ...

Neutrinos	 :	 	 Identify products of charged and neutral current 
	 	 	 	 	 	 interactions ...

Muons:

Minimum ionizing particles; penetrates thick absorbers; measure signal
behind complete detector ...
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Introduction

Particle ID [CMS Detector Slice]
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Time-of-Flight Method

Basic idea:

!"#$%&'()*+,+-&./0$!  

0&'($1&++(2(34($5(06((3$06*$1(0(40*27$6&0/$.**1$0&'($2(7*-80&*3$
970:20;$:31$970*<;$,$4*830(2
$$0=<&4:--=$74&30&--:0*2$*2$2(7&70&>($<-:0($4/:'5(2?$:-7*$4:-*2&'(0(2$@3(802*37A
$$4*&34&1(34($7(0,8<$*2$<80$:--$70*<,7&.3:-7$&30*$%BC$$@0&'(,0*,1&.&0:-$4*3>(20(2A$6&0/$
4*''*3$70:20$*2$70*<$+2*'$D5(:'D$*2$D&30(2:40&*3D

$$$EE$

particle

Scintillator I

Scintillator II

Start

Stop
multichannel 

analyzer

TDC

Discriminators

PMT PMT

Measure signal time difference between 
two detectors with good time resolution
[start and stop counter; also: beam-timing & stop counter]

Typical detectors:

	 Scintillation counter 
	 Resistive Plate Chamber (RPC)

Coincidence setup or TDC measurement 
with common start/stop from interaction time
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Time-of-Flight Method

Distinguishing particles with ToF:
[particles have same momentum p]

Relativistic particles,                         :E ' pc� mic
2

Example: 
Pion/Kaon separation ...
[mK ≈ 500 MeV, mπ ≈ 140 MeV]

�t = L

✓
1
v1
� 1

v2

◆
=

L

c

✓
1
�1
� 1

�2

◆

�t =
L

pc2
(E1 � E2) =

L

pc2

✓q
p2c2 + m2

1c
4 �

q
p2c2 + m2

2c
4

◆

�t ⇡ L

pc2


(pc +

m2
1c

4

2pc
)� (pc +

m2
2c

4

2pc
)
�

�t =
Lc

2p2

�
m2

1 �m2
2

�

Assume: 
p = 1 GeV ,  L = 2 m ...

For L = 2 m:

Requiring Δt ≳ 4σt K/π separation possible

up to p = 1 GeV if σt ≈ 200 ps ...

Cherenkov counter, RPC
 : σt ≈ 40 ps ...
Scintillator counter
 
 : σt ≈ 80 ps ...

➛

Particle 1 	 : velocity v1, β1; mass m1, energy E1

Particle 2 	 : velocity v2, β2; mass m2, energy E2

Distance L  : distance between ToF counters

⇡ 800 ps

�t ⇥ 2 m · c

2 (1000)2 MeV2/c2

�
5002 � 1402

�
MeV2/c4
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Specific Energy Loss

0.1
1.0

1.2

1.4

1.6 e

K

p

1.0 10 100

πµ

Use relativistic rise of dE/dx  
for particle identification ...

momentum p [GeV]

n
o
rm

a
liz

e
d

 d
E

/d
x

Average energy loss in 
a 1 cm layer of argon-methane

μ/π separation impossible,  but 
π/Κ/p generally be achievable

Key problem: Landau fluctuations
Need to make many dE/dx measurements
and truncate large energy-loss values ...

[determination of 'truncated mean']

0

0.2

πK  

2 3 4 5

0.1

0.3

Energy loss  [keV]

P
ro

b
a
b

ili
ty

Energy loss distribution;
50 GeV pions and kaons ...

[1 cm layer Ar/Methane]

p = 50 GeV
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Specific Energy Loss

Measured

energy loss
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[ALICE TPC, 2009]

Remember:
dE/dx depends on β!
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Specific Energy Loss

Truncated
energy loss distributions
for various momenta ...

[ALPEH TPC]

P = 0.425→0.45 [GeV/c]

P = 1.5→1.6 [GeV/c]
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Cherenkov Radiation

142 5 Main physical phenomena used for particle detection

photosensor – the so-called silicon photomultiplier. Such a device consists
of a set of pixel Geiger APDs with a size of 20–50 µm built on a common
substrate with the total area of 0.5–1 mm2. When the total number of
photons in a light flash is not too large, the output pulse is proportional
to this number with a multiplication coefficient of ≈ 106 [137].

5.6 Cherenkov counters

A charged particle, traversing a medium with refractive index n with a
velocity v exceeding the velocity of light c/n in that medium, emits a char-
acteristic electromagnetic radiation, called Cherenkov radiation [138, 139].
Cherenkov radiation is emitted because the charged particle polarises
atoms along its track so that they become electric dipoles. The time vari-
ation of the dipole field leads to the emission of electromagnetic radiation.
As long as v < c/n, the dipoles are symmetrically arranged around the
particle path, so that the dipole field integrated over all dipoles vanishes
and no radiation occurs. If, however, the particle moves with v > c/n, the
symmetry is broken resulting in a non-vanishing dipole moment, which
leads to the radiation. Figure 5.39 illustrates the difference in polarisation
for the cases v < c/n and v > c/n [140, 141].

The contribution of Cherenkov radiation to the energy loss is small
compared to that from ionisation and excitation, Eq. (1.11), even for
minimum-ionising particles. For gases with Z ≥ 7 the energy loss by
Cherenkov radiation amounts to less than 1% of the ionisation loss of
minimum-ionising particles. For light gases (He, H) this fraction amounts
to about 5% [21, 22].

θc

90

Bv > cnv < cn

C

particle

A

Fig. 5.39. Illustration of the Cherenkov effect [140, 141] and geometric
determination of the Cherenkov angle.
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photosensor – the so-called silicon photomultiplier. Such a device consists
of a set of pixel Geiger APDs with a size of 20–50 µm built on a common
substrate with the total area of 0.5–1 mm2. When the total number of
photons in a light flash is not too large, the output pulse is proportional
to this number with a multiplication coefficient of ≈ 106 [137].

5.6 Cherenkov counters

A charged particle, traversing a medium with refractive index n with a
velocity v exceeding the velocity of light c/n in that medium, emits a char-
acteristic electromagnetic radiation, called Cherenkov radiation [138, 139].
Cherenkov radiation is emitted because the charged particle polarises
atoms along its track so that they become electric dipoles. The time vari-
ation of the dipole field leads to the emission of electromagnetic radiation.
As long as v < c/n, the dipoles are symmetrically arranged around the
particle path, so that the dipole field integrated over all dipoles vanishes
and no radiation occurs. If, however, the particle moves with v > c/n, the
symmetry is broken resulting in a non-vanishing dipole moment, which
leads to the radiation. Figure 5.39 illustrates the difference in polarisation
for the cases v < c/n and v > c/n [140, 141].

The contribution of Cherenkov radiation to the energy loss is small
compared to that from ionisation and excitation, Eq. (1.11), even for
minimum-ionising particles. For gases with Z ≥ 7 the energy loss by
Cherenkov radiation amounts to less than 1% of the ionisation loss of
minimum-ionising particles. For light gases (He, H) this fraction amounts
to about 5% [21, 22].

θc

90

Bv > cnv < cn

C

particle

A

Fig. 5.39. Illustration of the Cherenkov effect [140, 141] and geometric
determination of the Cherenkov angle.

Reminder: 

Polarization effect ...
Cherenkov photons emitted if v > c/n ...

Cherenkov angle:

v < c/n

v > c/n

A
B

cos ⇥ =
1

n�c

A :   v < c/n
Induced dipoles symmetrically arranged 
around particle path; no net dipole moment;
no Cherenkov radiation

B :   v > c/n
Symmetry is broken as particle faster the 
electromagnetic waves; non-vanishing 
dipole moment; radiation of Cherenkov photons

Simple
Geometric derivation:

c/n⋅t

βc⋅t

θ

wavefront

fast particle

light

C

A
B

AB  = βc⋅t

AC  = c/n⋅t

cos θ = AC
 / AB = c/n⋅t/(βc⋅t) 

= 1/nβ

See: Lecture 3

To Backup
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Cherenkov Radiation – Application

Threshold detection:
Observation of Cherenkov radiation  ➛  β > βthr

π, K, p

[ momentum p ]➛
n1 n2 > n1

C1 C2

Choose n1, n2 in such a way that for:

n2 	:

n1 	:

βπ, βK > 1/n2 and βp < 1/n2

βπ > 1/n1 and βK, βp < 1/n1

Light in C1 and C2

Light in C2 and not in C1

Light neither in C1 and C2

➙

➙

➙

identified pion

identified kaon

identified proton

See: Lecture 3
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�min =
1
n

cos ⇥
max

=

q
1� sin

2 ⇥t = 1/n�
max

�
max

=
1p

n2 � 1

sin �t = 1/n

Cherenkov Radiation – Application

Differential Cherenkov detectors:

Selection of narrow velocity interval 
for actual measurement ...

particle track

Al-Mirror
Radiator

θ

air light
guide

PMT

Working principle of a 
differential Cherenkov counter

Threshold velocity:
[cos θ = 1]

Maximum velocity:
[θ = θmax = θt]

Cherenkov angle limited
by total reflection

Example:

Diamond, n = 2.42  ➛ βmin = 0.413, βmax = 0.454,
i.e. velocity window of Δβ = 0.04 ...

Suitable optic allows Δβ/β ≈ 10-7
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➛ � =

1

n cos(2r/Rs)

Cherenkov Radiation – Application

Ring Imaging Cherenkov Counter

Optics such that photons emitted
under certain angle form ring ...

Focal length of spherical mirror: f = Rs/2 ...
Cherenkov light emitted under angle: θC ...

Radius of Cherenkov ring: r = f⋅θC = Rs/2⋅θC ...

Detector 
surface RD

Spherical mirror 
with radius Rs

Particle 1

Particle 2

Interaction
point

r

Radiator

Working principle of a 
Ring Imaging Cherenkov Counter (RICH)

RD = Rs/2
Typical: 

Determination of β from r ....

Photon detection:
Photomultiplier, MWPC
Parallel plate avalanche counter ...

Gas detectors filled with photosensitive gas ...
[e.g. vapor addition or TMAE (C5H12N2)]
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Transition Radiation

Transition radiation occurs if a relativist particle (large γ) passes the 
boundary between two media with different refraction indices ...

[predicted by Ginzburg and Frank 1946; experimental confirmation 70ies]

Effect can be explained by
rearrangement of electric field ...

n1

n2

transition 
radiation

Energy deposit [keV]

N
u
m

b
e
r 

o
f 
E

ve
n
ts

Energy loss distribution for 15 GeV
pions and electrons in a TRD ...

See: Lecture 3

Rearrangement of electric field
yields transition radiation
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Historical examples
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Historical Development

Detection of
α-, β- and γ-rays

Image of Becquerel's photographic plate which has been 
fogged by exposure to radiation from a uranium salt.

1896

1896

An x-ray picture taken by Wilhelm Röntgen of Albert von 
Kölliker's hand at a public lecture on 23 January 1896.

β-rays

γ-rays
First
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Historical Development

Rutherford's
scattering experiment

Microscope +
Scintillating ZnS screen

Rutherford's original
experimental setup

Schematic view
of Rutherford experiment

1911
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pulse 
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Historical Development

Detection
of cosmic rays

1912
Victor F. Hess before his 1912 balloon flight
in Austria during which he discovered cosmic rays.

Cylinder
[2 cm diameter]

Strings

Microscope

Mirror

Natrium

Electrometer
from Wulf

[Hess 1912; Nobel prize 1936]
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Historical Development

Cloud chamber
in magnetic field

Discovery of antimatter
[Anderson 1932; Nobel prize 1936]

63 MeV positron passing through
lead plate emerging as 23 MeV positron.

The length of this latter pass is at least ten times 
greater than the possible length of a proton path of this curvature.

Positron

Positron

6 mm lead plate
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Historical Development

Discovery of the pion
Nuclear emulsion technique
[Powell 1947; Nobel prize 1950]

Pion

Muon

Pion 
at rest

Muon stopped 

π  ➛  μ ν
μ  ➛  e ν ν [not seen]



114

 Donald Glaser  

C
E

R
N

  Gargamelle bubble chamber  

e- e- 

Z0 

!
µ"

!
µ"

L
B

N
L
 I

m
a

g
e

 L
ib

ra
ry

 



115

Historical Development

First observed Ω– event
[BNL Bubble Chamber]
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Historical Development

Melvin Schwartz in front of the spark chamber 
used to discover the muon neutrino

Leon M. Lederman
Melvin Schwartz
Jack Steinberger

[Nobel prize 1988]

Discovery of the
muon neutrino (1962)

474 Physics 1988

The spark chamber is shown in Figure 3 and 4. It consisted of ten
modules, each of 9 aluminum plates, 44 in. x 44 in. x 1 in. thick separated
by 3/8 in. Lucite spacers. Anticoincidence counters covered the front, top
and rear of the assembly, as shown, to reduce the effect of cosmic rays and
muons which penetrate the shielding wall. Forty triggering counters were
inserted between modules and at the end of the assembly. Each triggering
counter consisted of two sheets of scintillator separated by 3/4 in. of
aluminum. The scintillators were put in electronic coincidence.

Single muon event from
original publication
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Historical Development

Discovery of the
W/Z boson (1983)

UA1
Detector

First Z0 particle seen by UA1

Carlo Rubbia
Simon Van der Meer

[Nobel prize 1984]
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Historical Development

1901
 

1903

1905
 

1908
 

1927

1935
 

1936

Wilhelm C. Röntgen
 

Antoine H. Becquerel
Marie Curie
Pierre Curie

Philipp Lenard
 

Ernest Rutherford
 

Charles T. R. Wilson

James Chadwick
 

Victor F. Hess 
Carl D. Anderson

Physics 
 

Physics 

Physics 
 

Chemistry
 

Physics 

Physics 
 

Physics 

X-rays (1896)
[Photographic plate] 

Radioactivity (1896/99)
[Photographic plate & electrometer]

 
Lenard window (1904)
[Phosphorescent material]

Atomic nucleus (1911)
[Scintillating crystals]

Cloud chamber (1912)

Neutron discovery (1932)
[Ionization chamber]

Cosmic rays (1912)
Positron discovery (1932)
[Electrometer & cloud chamber]

Some relevant Nobel Prizes
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Historical Development

1948
 

1950
 

1953

1958

1959

1960

1976

1980

Patrick M. S. Blackett
 

Cecil F. Powell
 

Walter Bothe

Pavel A. Cherenkov

Emilio G. Segrè
Owen Chamberlain

Donald A. Glaser

Burton Richter 
Samuel C.C. Ting
 

James Cronin 
Val Fitch

Physics
    

Physics 
  

Physics 

Physics 

Physics 

Physics 

Physics 

Physics 

e+e– Production ... (1933)
[Advanced cloud chambers]

Pion discovery (1947)
[Photographic emulsion]

Coincidence method (1924)

Cherenkov effect (1934)

Antiproton discovery (1955)
[Spectrometer; Cherenkov counter ...]

Bubble chamber (1953)

J/ψ discovery (1974)
[AGS Synchrotron; p Be collisions] 
[SLAC e+e– collider; MARK I]

CP violation (1963)
[Spark chamber; spectrometer]

Some relevant Nobel Prizes
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Historical Development

1984

1988

1990

1989

1992

2002

Carlo Rubbia, 
Simon Van der Meer

Leon M. Lederman
Melvin Schwartz
Jack Steinberger

Jerome I. Friedman 
Henry W. Kendall
Richard E. Taylor

Hans G. Dehmelt
Wolfgang Paul

Georges Charpak

Raymond Davis Jr.
Masatoshi Koshiba

Physics 

Physics 

Physics 

Physics 

Physics 

Physics 

W/Z discovery (1983)
[SPS; 4π multi-purpose detector]

Muon neutrino (1962)
[Neutrino beam; spark chambers]

Proton structure (1972+)
[ep scattering; spectrometer]

Electron g-2 (1986)
[Ion trap technique]

Multi-Wire Chamber (1968)

Cosmic neutrino (1986)
[Large area neutrino detector]

Some relevant Nobel Prizes

To Backup
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Application 1  
1/ Explain the difference between electrons and heavy 

ions when they interact with matter. Why the trajectory is 
different from the range in the case of electrons? 

2/ Which effect arises when an electron beam is passing 
through an absorber?  

3/ What is the critical energy for electrons in Pb (Z=82)? Are 
such electrons relativists? 

4/ Below which energy the Bremsstrahlung is <5%? In order 
to have a good protection against relativist electrons, is 
it worth to use light or heavy materials? 

5/ Calculate Ec for Carbon (Z=6). Calculate Bremsstrahlung 
ratio for 10 MeV electrons in carbone and compare with 
Pb. Then for 300 MeV. 
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1/ Heavy ions: collisions with electrons (no deviation, distance 
depending on the energy and material) then atomic collisions at 
low energy. The trajectory is almost equal to the path in the 
matter. 

Electrons: collisions with electrons (deviation, numerous collisions 
when energy decreasing). Atomic collisions (radiative losses) 
arise at high E. Due to the high number of deviations, the 
trajectory of electrons is larger than their range. 

2/ Bremsstrahlung is the major effect to take into account (for 
radioprotection purposes for instance). It is proportional to E and 
Z2. 

3/  

 

 

( )
( ) 2

0

2

800 MeV 82 1.2 9.62 MeV

E 1 m c   =19.8

1 1 0.9987

e
cE

v c

γ γ

β γ

= + =

= − ⇒

= = − =

Application 1 
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4/ If r is the Bremsstrahlung ratio then r = [brem] / [brem+coll] and 
1/r = 1+ [coll] / [brem] = 1+700/ZE  

! E = 449 keV 

In any cases, it is better to minimize the Bremsstrahlung and so to 
use a low Z material.  

5/ Z=6 so Ec = 111,1 MeV.  

For 10 MeV electrons the Brem. ratio is 7.9% in carbone and 54% 
in lead. 

For 300 MeV electrons the Brem. ratio is 72% in carbone and 97% 
in lead. 
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Application 2 
1/ In water, what is the minimum kinetic energy for an 
electron to undergo a Cherenkov effect? 

2/ Calculate this energy for a proton and an alpha. 

 

Water index of refraction: n=4/3 

 2
0

2
0

2
0

0,511 MeV

938,3 MeV

939,6 MeV

e

p

n

m c
m c
m c

=

=

=
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The velocity of the charged particle must be v > ¾ . c 

 

Electron kinetic energy is: 

 

  

 

So Ee > 0,26 MeV ; Ep > 480 MeV ; E� > 1,922 GeV  

 

0
2

2

2 2
0

1
  with  m

v
c

mT mc m c
−

== −

Application 2 
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Application 3 
Photons detection: 

A gamma source is located behind an aluminium plate of 0.5 cm 
thickness and detected by a counter at a distance of 4 cm with an 
effective detection area of 5 cm2. 

The source is emitting 3700 photons/sec with an energy of 0,95 MeV. 

For such photons, the mass attenuation coefficient of aluminium is 
0,1 cm2/g. 

If the detection efficiency of the counter is 90%, calculate the 
number of counts per second in the detector. 

 

 

Aluminium mass density: 2,7 g/cm3 



129

Number of photons detected is related to the solid angle fraction, the 
photons attenuation in the aluminium and the detection efficiency. 

 

 

Application 3 

N = N0 ×
Seff

4πr2 × exp(−µmρx)× efficiency

N = 3700× 5
4π42 × exp(−0,1× 2,7× 0,5)× 0,9 = 72,4  γ ⋅ s−1

To Backup
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Energy(loss(for(photons(

(((((Energy(loss(for(photons(((three(major(physics(mechanisms(:((

 ((Photo(electric(effect(:(absorpBon(of(a(photon(by(an(atom(ejecBng(an(electron(

(((((Strong(dependence(with(Z,(dominant(at(low(photon(energy((

 ((Compton(scaEering((

 ((Pair(creaBon((similar(to(bremsstrahlung)(:(dominant(for(E(>>(mec2(

Independent(of(energy(!(

Probability(of(pair(creaBon(in(1(X0(is(e=7/9,(mean(free(path(of(a(photon(before(creaBng(a(e
+e=(pair(is(Λpair(=(9/7(X0(((
Nicolas(Delerue,(LAL(Orsay( 22(Kyiv,(2012(

Back
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Energy(loss(for(photons(

Nicolas(Delerue,(LAL(Orsay( 23(Kyiv,(2012(
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Bethe=Bloch(for(heavy(parBcles(

Electron((positron)(

interacBon(with(maEer(

CriBcal(energy(E
c
((

IonizaBon(=(Bremsstrahlung(

Ec"

Define(RadiaBon(Length((Xo"((
(((((((as(the(RadiaBve(Mean(Path(:(

i.e.(the(distance(over(which(the(energy(of(

electron/positron(is(reduced(by(a(factor(e((
by(Bremsstrahlung.((

Measured(in(units(of([(g/cm2(](
Nicolas(Delerue,(LAL(Orsay( 24(Kyiv,(2012(Back



133

(Heavy)(charged(parBcle(interacBon(with(maEer(

Energy((kineBc)(loss(by(Coulomb(interacBon(of(charged(parBcles(with(the(atoms/
electrons(:(

 ((ExcitaBon(:(the(atom((or(molecule)(is(excited(to(a(higher(level(((((((((((((

((((((atom*((atom(+(γ"

((((((low(energy(photons(of(de=excitaBon(

(((((( ( (((light(detecBon((

 ((IonizaBon(:(the(electron(is(ejected(from(the(atom(

(electron(/(ion(pair((

( (((charge(detecBon(

 ((Instead(of(ionizaBon/excitaBon(real(photon(can(be(produced(under(certain(
condiBons((

( (((Cerenkov(or(TransiBon(radiaBon(

Contribute(very(liEle(to(the(energy(loss(((<(5%),((can(be(neglected(
but(they(are(used(for(parBcle(ID(

Nicolas(Delerue,(LAL(Orsay( 11(Kyiv,(2012(

Back
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Stopping(power((<<dE/dx>)(for(posiBve(muons(in(copper(as(a(funcBon(of(( ((((((βγ"=(p/Mc((over(
nine(orders(of(magnitude(in(momentum((12(orders(of(magnitude((in(kineBc(energy).(Solid(
curves(indicate(the(total(stopping(power.(

Bethe=Bloch:(

Nicolas(Delerue,(LAL(Orsay( 12(Kyiv,(2012(



135

""""Minimum"Ionizing"Par,cle":""

 ((Minimum(at(βγ(~(3(…(4(

 ((Similar(for(all(elements((~2(MeV/(g/cm2)(

Nicolas(Delerue,(LAL(Orsay( 13(Kyiv,(2012(Back





Neutrino(detectors(

Nicolas(Delerue,(LAL(Orsay( 45(Kyiv,(2012(





Super(Kamiokande(

•  One(of(the(most(successful(
neutrino(observatory(
(Nobel(prize(2002)((

•  50(000(tonne(of(pure(water(
•  Located(under(Mount(
Kamioka(in(Japan.(Nicolas(Delerue,(LAL(Orsay( Kyiv,(2012( 48(



Sudbury(Neutrino(Observatory(
•  1000(tonnes(of(heavy(
water.(

•  Located(in(Ontario,(Canada(
•  Because(heavy(water(
contains(a(lot(of(neutrons,(
SNO(is(sensiBve(to(both(
Neutral(currents(and(
charged(currents(
=>(unique(in(the(world.(
=>(Confirmed(solar(
neutrinos(oscillaBons(

Nicolas(Delerue,(LAL(Orsay( Kyiv,(2012( 49(



Antares(/(IceCube(

•  Because(neutrino(are((almost)(unaffected(by(maEer,(
they(may(give(a(different(picture(of(the(Universe(than(
photons(or(cosmic(rays(
=>(Neutrino(telescopes(in(sea,(lake((Baikal)(or(ice!(

Nicolas(Delerue,(LAL(Orsay( Kyiv,(2012( 50(
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Invariant mass
• From relativistic kinematics, the relation between energy E, 

momentum p, and (rest) mass m is:  E2 = p2 + m2  

• Consider a particle that decays and gives two daughter particles:  
 
 
 

• The invariant mass of the two particles from the decay:   
  M 2 = m1

2 + m2
2 + 2 (E1E2 − p1 p2 cosθ ) 

 → to reconstruct the parent mass a precise knowledge of the 
momentum and the angle θ of decay products is needed, there are 
obtained : 

• from the tracking system,  
• and their particle type, which determines their masses m1 and m2



Example of a Physics goal : find Higgs
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11Instrumentation - 1

Example: find Higgs boson via its decay :

p + p o H X o Z0 Z0* X o e+ e- P+ P- X

Compute (from the measured kinematics) :

Also for each Z0 compute (e.g. for  Z0 o P+ P-) :

The same for the other Higgs decay mode : H o JJ
In all cases we have to reconstruct tracks (EM clusters for photons) and 

measure momenta, energies and idetify particles (charge and mass

hypothesis). 

2

*

2

*

2
)()( 0000 ZZZZH ppEEm &&

��� 

222
)()(0 ���� ��� PPPP ppEEm

Z

&&

The goal : test validity of the theory. Example of the analysis
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• Given the characteristics of the collisions lets define some useful variables  

•Transverse momentum, pT (very useful)  
• Particles that escape detection (θ<3°) have pT ≈0  
• Transverse momentum conserved imply ∑ pTi≈0 
• Longitudinal momentum and energy, pz  (not useful)  

• If particles that escape detection have large pT  
• It imply that the visible ∑ pTi is not conserved 

•Polar angle, θ(very useful)  
• Not Lorentz invariant  
• Rapidity: y  
!
•Pseudorapidity: η 
!
!

!
•Azimuthal angle, φ(very useful) 
• Well measured since detectors have complete coverage  

and are azimuthally symmetric at a given η

Hadron Colliders: Kinematics 

!! Given the characteristics of the collisions we define useful variables 

!! Forward particles escape detection: transverse momentum ~ 0 

!! Transverse momentum, pT (very useful) 

!! Particles that escape detection (�<3°) have pT#0 

!! Visible transverse momentum conserved    pT
i#0 

!! Longitudinal momentum and energy, pz and E (not useful) 

!! Particles that escape detection have large pz 

!! Visible pz is not conserved 

!! Polar angle, �(very useful) 

!! Not Lorentz invariant 

!! Rapidity: y 

!! Pseudorapidity: � 

!! Azimuthal angle,  �(very useful) 

!! Well measured since detectors have complete coverage and are azimuthally 
symmetric and at a given eta 

16 

! 

"

! 

y =
1

2
ln
E + pz

E " pz

! 

y =" = #ln(tan
$

2
)

For m=0 

Hadron Colliders: Kinematics 

!! Given the characteristics of the collisions we define useful variables 

!! Forward particles escape detection: transverse momentum ~ 0 

!! Transverse momentum, pT (very useful) 

!! Particles that escape detection (�<3°) have pT#0 

!! Visible transverse momentum conserved    pT
i#0 

!! Longitudinal momentum and energy, pz and E (not useful) 

!! Particles that escape detection have large pz 

!! Visible pz is not conserved 

!! Polar angle, �(very useful) 

!! Not Lorentz invariant 

!! Rapidity: y 

!! Pseudorapidity: � 

!! Azimuthal angle,  �(very useful) 

!! Well measured since detectors have complete coverage and are azimuthally 
symmetric and at a given eta 

16 

! 

"

! 

y =
1

2
ln
E + pz

E " pz

! 

y =" = #ln(tan
$

2
)

For m=0 

Hadron Colliders: Kinematics



D. Bortoletto Lecture 2

Example of particle interactions

Ionization Pair production Compton scattering

145

Delta-electrons



146
������������	
����
�����

�
��
��

�
�
��
��

��
���

��
��
��
��
�
��

��
���

�
���

�	
��
�
�
��
�
� 
�

�
��
��
��
�

� 

��
��


������������������������������������!��
�����"��� #$AM

� "�����

�����!������

�/���,(��������

*����1���������

�+���(��������-��

���������3��!�

+!���������(��������-��

"���������(����/���������

��������������� ��

��!����������

��(�������������� ���������� �3���

������(����/��������������3��!��

0�
)
�(
��
��
� 
���
�
���
���
�!
��
(�
��
�� 

��
!�
�"
��
��
��
��
���
��

���
���
)
��
�"
��
��
��
��

��
!�
�!
��
��
��
���
 �
��

���
)
�!
��
��
��
���
 

���
�3
�(
��
��
� 
�∝
�A
��

%

��0�����(�
�T����O�����
��!��"���������
����3��!������/���
��!������!�����
�����������!��
������ ������
)������!���"������
�����������
,����(�
�������������

�$

γ

µP

"

���������� �����



SB  46 Instrumentation - 1 Zakopane, 8-14.07.09 

Non-destructive methods: charged particles 

Measure: hit and/or drift time 
"!  Position resolution:  ~ 50 µm 

 "  Tracks reconstruction 
    + Magnetic field  

 "  Momentum 

Measure: energy losses dE/dx 
"  Particle ID 

Gaseous detectors 

Measure: hits and/or amplitude 
"  Position resolution:  ~ 5 µm 

 "  Tracks & Vertices reconstruction 

Silicon detectors 

Cherenkov detectors 

Transition radiation detectors, … 

Measure: Cherenkov photons 
"  Particle ID 
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Detector Systems (I)



SB  47 Instrumentation - 1 Zakopane, 8-14.07.09 

Destructive methods 

Measure: shower energy and/or shower shape 
"  Energy resolution 
"!  Position resolution:  ~few mm   
"  Particle ID 

Calorimeters: electromagnetic and hadronic 

Measure: hits 
"  Muon track reconstruction after absorber 

 "  Particle ID 

Muon detectors 

Detector Systems (II)
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