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Outline
1) What do we want to 

measure?

2) EM Calorimeters

3) Hadronic Calorimeters

4) Calibration

There is something wrong with this picture.  
There will be a test at the end of the lecture. !

Calorimetry in Subatomic Physics
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In addition to the first two references from the first lecture:

1) Fernow, Richard:  “Introduction to experimental particle physics”
Cambridge University Press; ISBN 0-521-37940-7

2) Grupen, Claus & Shwartz, Boris:  “Particle Detectors”
Cambridge Monographs;  ISBN 978-0-521-18795-4

3) Wigmans, Richard: “Calorimetry; Energy Measurement in Particle Physics”
Oxford University Press; ISBN 0-19-850296 6

Calorimetry in Subatomic Physics
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Various Energy Regimes

- Calorimeters measure the total energy of subatomic particles

- At low/intermediate energies (nuclear physics, TRIUMF), calorimeters are 
relatively simpler (e.g. no jets) 

- NaI, CsI, Ge, total absorption Cerenkov detectors.
We don’t even usually call these detectors calorimeters.

- Particle astrophysics and cosmology require yet other types of instrument, 
usually detecting very small signals (direct DM detectors) or very large 
energies (e.g. super high-E cosmic rays; air showers).

- You will hear about Ultra Cold Neutrons in another lecture.

- I will focus on what people usually think of when they hear “calorimeter”, 
i.e. total energy measurements in particle physics.
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What do we want to measure?

- Calorimeters measure the total energy of subatomic particles
- The measurement is destructive; the particle(s) is/are absorbed

- EM calorimeter: optimized for electrons, photons

- Hadronic calorimeter: optimized for
- single particles: p, n, !, d, etc.  (charged AND neutral particles)
- jets (quarks & gluons)
- taus (decay to pions)

- Missing Transverse Energy (neutrinos, new particles)
Infer the presence of something by measuring what is NOT there,
using conservation of momentum.  => hermetic calorimeter systems.
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What do we want to measure?

- Electrons, photons, and single particles 
are pretty straight-forward, but…
What is a jet exactly?
“A collimated stream of particles 

originating from a quark or a gluon 
following a parton shower”

- A “parton shower” is completely 
different from a “calorimeter shower”
(often confusing in meetings)

- (parton vs particle/truth vs calo) jet

- Theorists and experimentalists usually 
meet at the particle level.

=> VERY complicated!!
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The Situation is Different for Electrons/Positrons
Accelerated charged particles radiate photons  è Bremsstrahlung
Electrons are light and are therefore more affected by EM fields

è Main energy loss process for high-energy electrons 

Electrons in

Not really an issue for 
heavier particles

e- γ e-

Ecrit
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Bremsstrahlung

- Charged particles accelerated in an electric field radiate photons with wave 
number/momentum k (Bremsstrahlung). 

- Electrons are the lightest charged particles.  In practice, they are the only 
ones to radiate photons and this is the main energy-loss mechanism at 
high-energy.

(but at the LHC, we do have to worry
about brems for high-energy muons)

Goes as 1/(mass of incoming particle)2

[m(!)/m(e)]2 > 40,000
The cross-section drops off with 
increasing photon energy as 1/k
=> brems photons are mostly soft

Heavy elements are more efficient at 
producing brems
=> calo absorbers usually Cu, Pb, Fe.

Brems is forward peaked.
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Remember the Definition of a Radiation Length

- The radiation length LR is the distance over which the initial electron loses 
all but 1/e of its energy.

- It is also 7/9 of the mean-free-path for pair-production by a high-E photon.
=> Photons go further before the first interaction.

- The behavior of calorimeters made of different materials scales pretty
much with radiation length.  It’s like a unit of length.

Energy at which Erad = Ecoll

More often called X0
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Properties of Materials

Note the very wide 
variation in LR
between light and 
heavy elements
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10 MeV

Photon Interactions

High-energy photons produce
e+e- pairs

κnuc: pair production in the field
of a nucleus

κe: pair production in the field
of an atomic electron

γ e+e-
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A Simple EM Shower Model

Radiation Length

Assume:
- An electron travels 1 X0, then gives up 

half its energy to bremsstrahlung.
- A photon with E>Ec travels 1 X0 and 

undergoes pair production (E split equally 
between the e- & e+).

- Electrons with E<Ec lose all their 
remaining energy to collisions.
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A Simple EM Shower Model

Radiation Length

Assume:
- An electron travels 1 X0, then gives up 

half its energy to bremsstrahlung.
- A photon with E>Ec travels 1 X0 and 

undergoes pair production (E split equally 
between the e- & e+).

- Electrons with E<Ec lose all their 
remaining energy to collisions.

For an incident high-E electron (E0):
- After 1 X0, we have 1e- & 1! (E0/2)
- After 2 X0, we have 2e-, 1e+, & 1! (E0/4)
- And so on…
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A Simple EM Shower Model - Predictions

- Number of particles after t radiation lengths:

- Average energy of a particle at depth t:

- Depth for energy E’:
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A Simple EM Shower Model - Predictions

- Number of particles after t radiation lengths:

- Average energy of a particle at depth t:

- Depth for energy E’:

- Shower maximum at E(t) = Ec:

- Number of particles at maximum: 

After which there is no more 
multiplication; all ionization
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A Simple EM Shower Model - Predictions

- Number of particles after t radiation lengths:

- Average energy of a particle at depth t:

- Depth for energy E’:

- Shower maximum at E(t) = Ec:

- Number of particles at maximum: 

Monte Carlo simulations can clearly do better but these equations are not too bad.
Fits to data give:

After which there is no more 
multiplication; all ionization
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EM Shower Profiles

in Pb

Note the relatively slow decrease 
after the shower maximum in the 
MC simulation (abrupt in toy model)
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EM Shower Profiles

in Pb

Moliere Radius: Scale of the transverse 
shower development

Note the relatively slow decrease 
after the shower maximum in the 
MC simulation (abrupt in toy model)

Note the shower width increases with depth, 
but most of the shower (95%) is within 2 !";
Almost independent of incident energy.
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Homogeneous Calorimeters

- Some materials can generate EM showers (e.g. high-Z) but also detect the 
photons and the ionization.  Since the absorber and the detection medium are 
the same, these are called homogeneous calorimeters.

- Main advantage is resolution, but they are expensive and difficult to make on a 
large scale.

- Sensitive to: scintillation light (scintillator crystals, liquid noble gases), 
ionization (liquid noble gases), Cerenkov light (lead glass, heavy transparent 
crystals)

- Example #1: CMS EM calo
80,000 lead-tungstate (PbWO4 or PWO) crystals (barrel: 22 x 22 x 230 mm3)
X0 = 0.89 cm ; !" = 2.19 cm
radiation resistant, but relatively low light output (~50 photons/MeV)

(See slide 23)
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Materials for Homogeneous Calorimeters
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Homogeneous Calorimeters
Example #2: HERMES calo (27 GeV electrons on a fixed target at DESY)
2 x 420 F101 lead glass blocks [9x9 cm2 x 50 cm (18 X0)]
F101 is radiation resistant
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Sampling Calorimeters
- When the absolute best resolution is not needed, it is simpler and much 

cheaper to use a sampling calorimeter.
- Alternate the absorber (high-Z, high-

density material to efficiently produce
calo showers) and the detector.

- In this way you sample only a fraction
of the calo shower, but the signal is still
proportional to the initial particle energy.

- Some example geometries: 
- metal– scintillator sandwich
- metal – Liquid Argon (e.g. ATLAS)
- metal – proportional wire chambers

- Many geometries possible using light
guide/wavelength shifter to remove the
readout from the magnetic field if needed.
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Resolution

The resolution of a calorimeter has many components:

- Fluctuation in the fraction of the energy deposited in the active area 
(sampling fluctuations)

- Leakage of energy both laterally, but mostly out the back at higher E
- Noise in the active layers
- Photocathode statistics / gain variations
- Electronic noise
- Pileup (big at the LHC)

If the fluctuations follow Poisson statistics: 

a: sampling fluctuations / stochastic term
b: noise term (electronic noise, pileup)
c: overall calibration error (e.g. variation

of response from cell to cell
⊕means adding in quadrature



Simon Fraser M. Vetterli – TSI/GRIDS ; August ’18 – #24

Resolution
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Pion Rejection
- EM calorimeters want to identify/focus 

on electrons and photons.
- Sometimes a pion will deposit a lot of 

energy (e.g. a !-ray)
- However, this can usually be handled

by looking at the shower shape

Tail overlaps the 
electron peak
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Pion Rejection
- EM calorimeters want to identify/focus 

on electrons and photons.
- Sometimes a pion will deposit a lot of 

energy (e.g. a !-ray)
- However, this can usually be handled

by looking at the shower shape
- Neutral pions are a more difficult

problem ("0 ⟶$$).  calo segmentation!

Data

η-strips

ET~ 21 GeV

ET~ 32 GeV

Tail overlaps the 
electron peak
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Hadronic Calorimeters
- Because of the relatively large mass of the hadrons, they do not radiate bremsstrahlung.
- Hadrons lose energy through nuclear interactions, which create, among other things 

electromagnetic objects.
- All hadronic calorimeters, at least at high-energy, are sampling calorimeters.
- Hadronic calorimeters are placed behind the EM calorimeter.
- The hadronic shower properties are characterized

by ! the nuclear absorption length or the nuclear 
interaction length.  This is the equivalent of the 
radiation length for EM showers.

- Notice that the shower depth is a smaller number
of interaction lengths than radiation lengths for 
EM showers.  But the physical length is longer.

(e.g. for Pb: X0 = 0.5617 cm, !int = 17.59 cm,
"m = 1.6 cm)
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Hadronic Calorimeters
A simple model of a hadronic shower, say for a pion:
- the pion will undergo a nuclear reaction with a nucleus in the calorimeter absorber

(e.g. spallation reactions)
- in this process other hadrons are created/released (p, n, mostly !)
- however, energy is lost to overcoming the binding energy of the nucleons in the nucleus

This “invisible energy” is lost.  => the hadronic response cannot be 1.
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Hadronic Calorimeters
A simple model of a hadronic shower, say for a pion:
- the pion will undergo a nuclear reaction with a nucleus in the calorimeter absorber

(e.g. spallation reactions)
- in this process other hadrons are created/released (p, n, mostly !)
- however, energy is lost to overcoming the binding energy of the nucleons in the nucleus

This “invisible energy” is lost.  => the hadronic response cannot be 1.

- !+ !- and !0 are created in equal numbers on average (isospin symmetry)

- the charged pions will propagate and undergo further nuclear reactions
- however, the neutral pions will decay immediately to two photons, which will 

create mini EM-showers within the hadronic shower.
- higher-energy hadrons have more interaction steps so that the showers have more !0s;

the response for higher-energy hadrons is better.
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Energy Sharing in a Hadronic Shower
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Hadronic Calorimeters
A simple model of a hadronic shower, say for a pion:
- the pion will undergo a nuclear reaction with a nucleus in the calorimeter absorber

(e.g. spallation reactions)
- in this process other hadrons are created/released (p, n, mostly !)
- however, energy is lost to overcoming the binding energy of the nucleons in the nucleus

This “invisible energy” is lost.  => the hadronic response cannot be 1.

- !+ !- and !0 are created in equal numbers on average (isospin symmetry)

- the charged pions will propagate and undergo further nuclear reactions
- however, the neutral pions will decay immediately to two photons, which will 

create mini EM-showers within the hadronic shower.
- higher-energy hadrons have more interaction steps so that the showers have more !0s;

the response for higher-energy hadrons is better.
- the transverse momentum in nuclear reactions is much larger than for brems or

pair production
=>  hadronic showers are much wider than EM showers.
=>  can use this, along with longitudinal profile to distinguish them.



Simon Fraser M. Vetterli – TSI/GRIDS ; August ’18 – #32

Hadronic Shower Profiles vs Depth
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Hadronic Response vs pT

Note:  The rise at low-pt is 
an artifact of the jet 
reconstruction threshold
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Measurement of Total Energy
Electromagnetic 
Showers:

� e- γ + e-
� γ e+e-
� etc.         EM shower

� Short
� Narrow
� All energy deposited

Hadronic 
Showers:

Jets: π, K, p, n, etc.

Nuclear interactions
Ionization

� Long
� Broad
� “Invisible energy”

Sophisticated 
Computer Simulation

Shower shape, particularly 
longitudinal profile, can 
separate e-/γ from hadrons
è particle ID
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ATLAS Calorimeters in CERN Testbeam

Electrons deposit 
all their energy in 
the em calo

Pion energy is shared 
between em & hadronic

Muons don’t deposit 
much energy in either
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Calibration

- Test beams
- EM in-situ:  Z => e+e- and J/! => e+e-
- Hadronic in-situ:  transverse momentum balance in " + jet and Z + jet events
- Direct Balance and Missing ET Projection Fraction (MPF) techniques
- Response is different for quark-induced and gluon-induced jets.  The latter 

have more, softer particles from the parton shower.
- The hadronic in-situ techniques measure mainly quark jets but there are many 

more gluon-induced jets in the data.
- At ATLAS, we get a better than 1% uncertainty on the in-situ measurements 

themselves over most of the energy/momentum range.
But other effects increase the total/final uncertainty (e.g. flavour dependence)
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Summary

- Calorimeters measure the total energy of subatomic particles

- Two different types:  EM calos (EM interaction)
Hadronic calos (Nuclear and EM interactions)

- There are homogeneous and sampling calorimeters.  Each has 
different strengths and weakenesses.

- EM calorimeters have good E resolution and are calibrated to a 
response of 1.

- Hadronic calorimeters have poorer resolution because of invisible 
energy and larger fluctuations in the relevant processes.  Response 
is less than 1.

- Calorimeters not only measure energy, but they are also used for 
particle ID and in the trigger.
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The ATLAS Hadronic Endcap Calorimeter

Absorber:
Cu Plates

Detection medium:
Liquid Argon
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ATLAS Hadronic 
Endcap

In transport

Installed
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What is wrong with this diagram?
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Pions deposit substantial energy in the EM calo!


