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Outline:

o Instrumentation in HEP:
• ECAL (D. Lelas)
• Muon, HCAL (K. Cankocak)
• Tracker (A. Starodumov)
• Trigger/DAQ (S. Morović)

o Brief introduction
o Basics of electromagnetic calorimetry
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Wonders of the World
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Instrumentation in a nutshell

Large Hadron Collider 

(LHC) collisions and 

detectors

Trigger and data acquisition
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The CMS detector: transverse view

Electromagnetic 
Calorimeter (ECAL)
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• Measure both charge + neutral particles

• Obtain information fast
recognize and select interesting events in real time (trigger)

• Performance of calorimeters improves with energy
(E-1/2 if statistical processes are the limiting factor)

Important calorimeter features

▪ Energy resolution
▪ Position resolution (need 4-vectors for physics)
▪ Signal speed
▪ Particle ID capability

Why Calorimetry?
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Calorimetry: Basic Principles

• LHC beam: Total stored beam energy:
E = 1014 protons × 14·1012 eV ≈1·108 J

• Which mass of water Mwater could one heat up (ΔT = 100 K) with
this amount of energy (cwater = 4.18 J g-1 K-1) ?

Mwater = E / (cΔT) = 239 kg

• What is the effect of a 1 GeV particle in 1 liter of water (at 20° C)?
ΔT = E / (c· Mwater) = 3.8·10-14 K !

There must be more sensitive methods than measuring ΔT !
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Calorimetry: Basic Principles

• Basic mechanism for calorimetry in particle physics: formation of
- electromagnetic
- or hadronic showers.

• Finally, the energy is converted into ionization or excitation of the matter.

• Calorimetry is a “destructive” method. The energy and the particle get absorbed!

• Detector response ∝ E

• Calorimetry works both for:
charged (e± and hadrons)
and neutral particles (n,)

Cherenkov light

Charge Scintillation light

Complementary information to p-measurement

Only way to get direct kinematical
information for neutral particles
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Interaction of charged particles

• Detection of charged particles
Particles can only be detected if they deposit energy in matter.
How do they lose energy in matter ?

Discrete collisions with the atomic electrons of the absorber material.

Collisions with nuclei not important (me<<mN) for energy loss.

If are in the right range ionization.
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Interaction of charged particles: Bethe-Bloch formula

• Energy loss by ionization only: Bethe-Bloch formula

• dE/dx in [MeV g-1 cm2]

• Valid for “heavy”particles
(m ≥ m).

• dE/dx depends only on
β, independent of m !

• First approximation:
medium simply
characterized by Z/A ~
electron density
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Interaction of charged particles: Bremsstrahlung

• Energy loss by bremsstrahlung

Radiation of real photons in the Coulomb field
of the nuclei of the absorber medium:

Effect plays a role only for e± and ultra-relativistic μ (>1000 GeV)
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Interaction of charged particles: Critical energy Ec

• Critical energy Ec 

Unlike electrons, muons in multi-GeV range can travers thick layers of dense matter.
Find charged particles traversing the calorimeter?         most likely a muon       Particle ID
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Interaction of photons: Photo-electric effect

In order to be detected, a photon has to create charged 
particles and/or transfer energy to charged particles

D. Lelas, University of Split, FESB Instrumentation in HEP - ECAL 13



Interaction of photons: Compton scattering
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Interaction of photons: Pair production
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Interaction of photons: Summary
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Reminder: basic electromagnetic interactions



Electromagnetic cascades (showers)

Electromagnetic shower 
in a cloud chamber with 
lead absorbers



Electromagnetic shower development

D. Lelas, University of Split, FESB Instrumentation in HEP - ECAL 19



Calorimeter energy resolution
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Calorimeter types: Homogeneous calorimeters
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Homogeneous calorimeters: CMS ECAL
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Homogeneous calorimeters: CMS ECAL



Calorimeter types: Sampling calorimeters

Sampling calorimeters = Absorber + detector (gaseous, liquid, solid)

• MWPC, streamer tubes
• warm liquids (TMP =   

tetramethylpentane,
TMS = tetramethylsilane)

• cryogenic noble gases:
mainly LAr (LXe, LKr)

• scintillators, scintillation
fibres, silicon detectors
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Sampling calorimeters: ATLAS ECAL



• Determine relationship between  signal (pC, p.e.) and energy (GeV)
• Fundamental problem in sampling calorimeters:

Different shower components are sampled differently
Shower composition changes as shower develops

Sampling fraction changes with the shower age ( also E dependent)
How to intercalibrate the sections of a
longitudinaly segmented calorimeter? (quite of a chalange...)

Calibration Techniques:
o Test Beams
o Cosmic muons
o Laser/LED Monitoring
o Guided 60 Co sources
o Low-level, stable radioactive background
o Cell-weighting to optimize resolution, uniformity
o In situ physics:

- Electromagnetic part:  
- Hadronic part: 

 →→ −+ ,;/, 0eeJZ

',';, balancingjetZqqZW −→ 

Calibration of calorimeter systems
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Future - CMS High Granularity Calorimeter

The High Granularity Calorimeter

(HGCAL) will possess

unprecedented spatial granularity

• 3D visualization of showers

• Excellent energy resolution

• Enables identification of electrons,

photons, pions and even muons

• Timing capabilities allowing for the

distinction of between spatially

overlapping showers

ECAL

28 layers



Concluding remarks

Since the 1980's, calorimetric measurements have grown in importance with 
the expanding energy frontier in elementary-particle physics, becoming the 
precision instrument of choice due to their exploitation of high-statistics 
counting methods.

Intense R&D programs have improved quantitative understanding of the 
physics behind their operation and resulted in a huge variety of available 
calorimeter technologies.

Today's applications of calorimeters extend from medical diagnostics to 
neutrino astrophysics, from satellites to deep-sea arrays, from mountaintops 
to Antarctic ice.

Extensive detector-development programs are in preparation around the 
world, inspiring confidence in a bright future for progress in calorimetry and 
further expansion of its range of applications.  
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Materials based upon:

This presentation is widely based on:

C. Joram, Particle detectors : principles and techniques, Part 4, Calorimetry,
CERN Academic training lectures 2005,
http://indico.cern.ch/conferenceDisplay.py?confId=a042932

J. Crittenden, Calorimetry in High-Energy Elementary-Particle Physics,
Joint Dutch Belgian German Graduate School, Bad Honnef, 8-9 September 2006,

R. Wigmans, LHC luminosity upgrade: detector challenges (3/5),
CERN Academic training programme 2006,
http://indico.cern.ch/conferenceDisplay.py?confId=a056410 

http://indico.cern.ch/conferenceDisplay.py?confId=a042932
http://indico.cern.ch/conferenceDisplay.py?confId=a056410
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Interaction of charged particles: Multiple Scattering
• This process will turn out to be closely related to the transverse profile of electromagnetic 

showers.

• Coulomb-scattering scales with the squared charges, so scattering in matter is dominated by
scattering off nuclei (rather than off electrons), for Z>10. Scattering of spin 0 (Rutherford)
and spin 1/2 (Mott) particles are identical in a small-angle approximation.

• Result can be defined in terms of radiation length X0, to be defined later.
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