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Calorimetry 

ATLAS 
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Lectures 

To start: 
•  Introduction  
•  Detection mechanisms 
•  Review of particle interaction with matter 
•  Electromagnetic cascades 

The further sections will include: 
•  Hadronic cascades 
•  Resolution 
•  Signal treatment and calibration 
•  Clustering, jets   
•  Hadronic compensation 
•  Examples of (expected) performances 
•  Jet substructure 
•  Particle flow  
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Introduction 
Calorimetry 
From Wikipedia 
Calorimetry is the science of measuring the heat of chemical reactions or 

physical changes. Calorimetry involves the use of a calorimeter. The word 
calorimetry is derived from the Latin word calor, meaning heat. Scottish physician 
and scientist Joseph Black, who was the first to recognize the distinction between 
heat and temperature, is said to be the founder of calorimetry.[1] 
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Calorimetry in nuclear and particle physics: 
 
•  Measure the energy and properties of a particles by total absorption of their energy in 

a block of matter.  
•  Through a detection mechanism (scintillation light or ionization) a signal proportional 

to the energy of the incoming particle is obtained.  
•  The process is destructive. 
 
 
 
•  With the invention of the photomultiplier tube (PMT) the fluorescence in certain 

materials could be used to give quantitative measurements of particle properties in 
nuclear decays.  

•  Today we use calorimeters in a wide variety of experiments with varying resolutions. 
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The choice of technique depends on requirements on e.g.  
•  energy resolution  
•  energy range 
•  position resolution 
•  timing 
•  radiation environment 
•  volume 
•  cost  
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Detection mechanisms 
Measuring particle properties, i.e. how the particle loses its energy in the 
block of matter, requires some sort of detection mechanism. 
 
•  Scintillation light 
•  Ionization 
•  Cherenkov radiation 
•  Cryogenic phenomena 

The ”detection mechanism” introduces limitations and affects the design of 
the ”block of matter”. 
 
Some limitations and design aspect will be discussed later. 
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Detection mechanisms: scintillation light 

Traversing charged particles may bring atoms or molecules in an excited 
state.  
 
The excited state is unstable (or metastable) and usually returns to its ground 
state by emitting one or more photons. 
Visible photons: fluorescence or scintillation. 
 
Deexcitation timescale: typically 10-12 to 10-6 s 
 
Issues:   
•  deexcitation time 
•  wavelength 
•  light collection 
•  stability in time (aging) 
•  radiation hardness 
•  other possible environmental aspects like humidity 
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Detection mechanisms: ionisation 

Traversing charged particles may ionise atoms during its passages. 
The inonisation electrons are subsequently collected. 
 
Liquid media: often enough ionisation electrons. No amplification used. 

 Example: LAr, LKr. 
Gaseous media: use avalanche multiplication, e.g wirechamber or 

 driftchamber types 
Semiconductor detectors. 
 
Issues:   
•  electron collection efficiency (usually requires high purity media with low 

 oxygen contamination 
•  charge collection time 
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Detection mechanisms: cherenkov light 

Charged particles traversing a medium with a velocity v > c/n where n is the 
refractive medium emits chrenkov light.  
 
The emission angle is given by cos Θc= 1/(βn). 
Instantaneous. 
1/λ2 spectrum ⇒ blue light. 
 
Issues:   
•  light collection 
•  angular dependence 
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Detection mechanisms: cryogenic phenomena 

Specialised devices for dark matter searches, magnetic  monoploes etc still 
under development operating in the sub-Kelvin range. 
 
Some device types: 
•  Bolometers 
•  Superconducting tunnel junctions 
•  Superheated superconducting granules. 
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”Stopping power” (Bethe-Bloch) 

Minimum at  βγ ≈4 Logarithmic rise due to ln γ2 

Review of particle interactions with matter 

e+ and e- : 
modified 
B-B due to 
scattering 
and indist-
inguish-
ability of e-  
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Rewrite as:  Energy remaining for an e- after distance x 
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Bremsstrahlung (2) 

From PDG:   ( ) )/287ln(1
cmg4.716 2

0 ZZZ
A

X
+

=
−

1X0  =  
 
Al:  8.9 cm 
Fe: 1.76 cm 
Pb: 0.56 cm 
W:  0.35 cm 
Si:  8.9 cm 
LN2: 47.1 cm 
LAr: 14.0 cm 
LXe:  2.87 cm 
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Radiation length for a mixture of materials: 
 

    where Vi is the volume fraction and Xi the radiation length 
 
 
 
Similar for a compound material: 
 

   where mi is the mass fraction  (and Xi is in g/cm2) 
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For electrons one finds approximately: 

           
    density effect of    
                                       dE/dx(ionisation) ! 

 
Ec(e-) in Fe(Z=26) =  22.4 MeV 
 
 
For muons  
 
 
 
 
Ec(µ) in Fe(Z=26) ≈  1 TeV  
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Ec for some materials in MeV: 
 
Pb      9.51 
Fe    27.4 
Air (NTP)  102 
NaI    17.4 
H2O     92 

Critical energy 

(Definition) 
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Critical energy (2) 

Critical energy : 
Energy losses due to 
bremsstrahlung and 
ionisation are equal 
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Photon interactions with matter 

Photoelectric effect 

Compton scattering 
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Electromagnetic Cascade 
Very simplified model: 
•  e/γ with E> 1GeV mainly give secondary particlers in intercations  

 (brems + pairprod.)  
  - Ei > Ec: new e+e- pairs and γ are created but att lower and lower energy 
  - Ei < Ec: the energy is absorbed (over a short distance) by ionisation processes 
 

After nX0 the total number of e 
and γ is N(n)=2n

. 
Average particle energy: E0/2n 
 
When E(n) = Ec the shower 
development stops!!!! 
 
Shower length:  
   nmax=1/ln2 ln(E0/Ec)  
 
Increases with ln E0
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Examples of EM showers 

Electron shower in a 
cloud chamber with 

lead absorbers 
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Summary so far: 

Electrons, positrons and photons give rise to 
electromagnetic cascades in a calorimeter 
•  The shower depth increases only like lnE. 
•  Laterally contained to 90% in 1RM 
 

The shower is measured in homogeneous or sampling 
calorimeters.  
 
(Pros and cons for both.  
Take 5 mins to discuss in groups of 4).  
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This section: 

•  Hadronic cascades 
•  Hadronic compensation 
•  Signal treatment and calibration 
•  Resolution 
•  Examples of (expected) performances 

Towards the end we will discuss 
•  Clustering, jets   
•  Jet substructure 
•  Particle flow  
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Recombination and quenching effects may reduce signals in calorimeters 
 
•  Depends on dE/dx  

Birk 's law : dL
dx

= L0

dE
dx

1+ kB dE
dx
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Signal treatment and calibration 
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Example: ATLAS Barrel EM calorimeter. 

~2mm Lar gap è e- drift time ~400 ns 
Too long compared to LHC clock (25 ns) è use bipolar shaping    
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•  Measure amplitude every 25 ns (LHC clock). 
•  Each measurement contains information about the pulse height provided 

the pulse shape and phase of the measurement is known. 
Optimal filtering:  amplitude A and time τ  are obtained from 

A = ai (si − p)
i=1

5

∑ Aτ = bi (si − p)
i=1

5

∑
Where the optimal filtering coefficients ai and 
bi are computed from the pulse shape and the 
noise autocorrelation function. p is the 
pedestal and si the sampled signa.l 
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Calibration 
 
With electronic pulses: 
•  The pedestal is measured in “empty” pulse triggers 
•  Pulses of different amplitudes are injected before preamplifiers 

(e.g on summing boards)  
•  Shape of the pulse from the electronics chain can be obtained by 

delaying the pulse compared to the ADC clock. 

A conversion factor to energy is obtained from test beam 
measurements with electrons (starting from a calculated factor 
from charge to current conversion and relation to test pulse). 
The conversion factor can be improved from e.g. Z è ee 
 
This defines the electromagnetic  (EM) scale  
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ATLAS EM barrel (Module 0) 

•  Phase of pulse compared to 
readout clock  

•  Finite cluster size                (3 
x 3 EM cells) 

•  φ modulation due to 
accordion shape. 4 accordion 
shaped electrodes per φ cell 

Corrections can be applied for 
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ATLAS EM barrel (Module 0) 

Energy resolution at different η 
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ATLAS EM barrel (Module 0) 

Sampling frequency changes with the angle.    
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Position measurements 
 
•  finite size clusters are used è S-shape corrections 

cluster 

nominal 
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This section: 

•  Clustering, jets 
•  Jet energy scale   
•  Jet substructure 
•  Particle flow  
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Clustering can be based on 

Towers 
 
Sum calorimeter cells in a pointing grid in Δη x Δφ  
Used for EM clusters.  
Tower size depends on object and calo region 

Topological clusters 
 
•  Use fine cell granularity 
•  Only add cell energies that are 

significant compared to expected 
noise. E.g.: 

-  Start from seed cell with S/N > 4 
-  Add all neighbouring cells with S/N > 2 
-  Add direct neighbour cells with S/N > 0 
    (420 topo clusters)  

•  There are procedures to split cell energies 
between overlapping clusters 

(M Weber 2012) 

(M Weber 2012) 
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Build Jets from topo-clusters (or towers) 

•  Different algorithms exists 
•  Since jets may overlap and be large they must have split/merge criteria 

•  ATLAS uses anti-kT  with R=0.4 or R=0.6 
    (See e.g.: M. Cacciari, G. P. Salam and G. Soyez,  
      The anti-kt clustering algorithm, JHEP 2008  063. ) 
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(From Cacciari, Salam and Soyez) 
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(M Weber 2012) 
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(M Weber 2012) 
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(M Weber 2012) 
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(M Weber 2012) 
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(M Weber 2012) 
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(Ariel Schwartzman  SLAC) 



Nordic Research Training Course on Detector Technology: Calorimetry, B. Lund-Jensen 67 

Jet substructure 

At LHC energies 
•  Heavy new particles e.g. Z’ may appear                                      

Their decay products, although massive, may be Lorentz boosted 
•  For other reasons massive particles, e.g. Z, W, top may be 

boosted 
•  Jets from hadronic decays of boosted particles will be collimated 

and may appear as one 
•  We have multiple proton-proton interactions per bunch crossing 

For these reasons techniques to disentangle subjets or to “prune” 
less relevant energy are required.  
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Mass drop splitting and filtering 
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Jet triming 
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Jet pruning 
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