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What is a calorimeter (in HEP)?

• In HEP calorimetry is the detection of particles through 
total absorption in a block of matter
• “Most particles end their journey in calorimeters”

• Calorimeters can measure both charged and neutrals
• Relative resolution improves with energy
• Complementary to tracking detectors



ATLAS



AMS

• AMS: experiment on the International Space Station
• Search presence of antimatter and dark matter
• Electromagnetic calorimeter

• Measure high energy electrons/positrons
• Discriminate against protons 

ECAL



Super-Kamiokande

• Tank of 50 ktons of ultrapure water in underground mine
• Scattering of neutrinos with electron or nuclei of water → Cerenkov light
• 11k photomultipliers

• Measurement of solar neutrinos flux deficit, discovery of neutrino 
oscillation, ...



HESS

• Explore cosmic gamma rays
• Interaction with the atmosphere
• Emission of Cerenkov light

• Telescopes record this Cerenkov light on the ground



Electromagnetic and 
hadronic showers



Electromagnetic interactions with matter
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Electromagnetic showers

• High energy particle creates a cascade of lower energy electrons and 
photons (bremsstrahlung and pair production)
• Number of particles proportional to E0

• When the critical energy is reached, secondary particles are slowly 
stopped (electrons) or absorbed (photons)



Electromagnetic showers: radiation length (X0)

Allows nearly material-independent shower parametrisation
• Electrons loose half of their energy in about 2/3×X0

• Photons convert in about 9/7×X0

• High-energy particle duplication at every X0
(e → eγ or γ→ ee)

Approximation:

𝑋- =
180 𝐴
𝑍4

𝑔. 𝑐𝑚94

Expressed in cm or g.cm-2

(conversion using density)

O(1 cm) for dense materials



EM shower properties

• Shower depth grows with log(E)
• EM calorimeters can be compact

(~15-30 X0, preferably high-Z materials)

• Lateral spread described by Molière radius
• ~90% of the energy in a cilinder of RM

(~95% in 2 RM)
• Few cm for typical materials used
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Some EM shower properties

 Number of particles proportional to the 
initial energy

○Energy per particle after depth t: 

○Shower maximum:

 Shower lateral extent

○Narrow core

– Early stage of the shower

– 90% of shower contained in “Moliere” 
radius

○Tails at larger angles

– Isotropic Compton scattering

– Beyond shower max

tmax∝ log(E0/Ec)

E=E0⋅2
−t

RM=
21MeV×X 0

Ec

≈
7 A

Z
g . cm

−2

Longitudinal profile

Lateral profile



Hadronic showers

• Many processes, depending on particle 
and material
• EM interactions
• Hadron production, nuclear de-excitation, 

spallation, muon and pion decays, ... 



Hadronic showers

• Many processes, depending on particle 
and material
• EM interactions
• Hadron production, nuclear de-excitation, 

spallation, muon and pion decays, ... 
• Described by nuclear interaction length λint,

mean free path between inelastic interactions

𝜆 ≈ 35 𝐴 ⁄? @ g B cm94

• λint > X0 -> hadronic showers 
start later and are more diffuse 
than EM ones



Hadronic shower properties

• Hadronic calorimeters usually have 5-8 λint

• Lateral shower spread from EM core and tails from non-EM components
• Well described by λint



Detection techniques 
and calorimeter types



Detection techniques

• Energy loss produces light
• Scintillation or Cerenkov
• Light converted to electric current

• Photomutipliers, photodiodes, etc
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Measurement principles

 Convert ionisation energy to light

○Scintillator (organic, inorganic)

 And then convert light to electric current

○Photomultipliers, photodiodes, etc.

 Directly collect charges

○From ionisation in gaz or noble liquids

○From electron/hole pairs in semiconductors

 One can also measure (very small) temperature increase

○e.g. Bolometers

○Not presented in this lecture
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One word on Cherenkov effect

 Collective effect when charged relativistic particle passes through matter at a 
speed higher than the speed of light (in the medium) 

 Propagation angle

 Very small loss of energy from the incoming particle

○e.g. ~400 eV / cm for a particle with β≃1 in water

Particle velocity

Light velocity in 
medium

cos(θ)=
1

nβ
Medium 
refractive index

β=v p/c

Spectrum in 1/�2 
 appears blue/violet in the visible spectrum→

Principle
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Detection techniques

• Energy loss produces light
• Scintillation or Cerenkov
• Light converted to electric current

• Photomutipliers, photodiodes, etc

• Directly collect charges
• From ionisation in gas or noble liquids
• From electron/hole pairs in semiconductors

• Measure (very small) temperature increase
• Bolometers, not covered in this lecture

• Dedicated electronics to collect signals in each case (not covered)
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Homogeneous and sampling calorimeters

• Homogeneous calorimeter
• Single medium for shower development

and signal collection
• “All” energy deposited is collected

• Excellent energy resolution
• Usually (very) expensive

• Sampling calorimeter
• Absorber (dense material) 

for shower development
• Active material for signal collection

• Only energy in active material is measured
• Cheaper but worse energy resolution
• All hadronic calorimeters (I know of) are of this type
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Two calorimeter types

 Homogeneous calorimeter

○Single medium for

– Shower development (dense material)

– Signal collection

○ “All” energy deposited is collected

 Sampling calorimeter

○Two materials

– One for shower development (absorber)

– One for signal collection (detectors / 
active material)

○Only energy deposited in active material is 
collected

– The shower is sampled
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active material)

○Only energy deposited in active material is 
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Energy measurement



Calibration and calorimeter response

• Calibration from signal to energy usually from known sources
• Light injection, radioactive decays, particle beams, ...
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Calorimeter response

 Response: average signal per unit of deposited energy

 A linear calorimeter has a constant response

○The signal is proportional to the deposited energy

 In general electromagnetic calorimeters are linear

○All energy deposited through ionization / excitation of absorber

 Hadronic calorimeters are not



Calibration and calorimeter response

• Calibration from signal to energy usually from known sources
• Light injection, radioactive decays, particle beams, ...

• A linear calorimeter has a constant response (<signal> / energy)
• The signal is proportional to the deposited energy

• In general electromagnetic calorimeters are linear
• Hadronic calorimeters are not, the response depends on the particle
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Calorimeter response

 Response: average signal per unit of deposited energy

 A linear calorimeter has a constant response

○The signal is proportional to the deposited energy

 In general electromagnetic calorimeters are linear

○All energy deposited through ionization / excitation of absorber

 Hadronic calorimeters are not



Energy resolution

Energy resolution determined by fluctuations of energy deposits and 
measurement process

• Stochastic term (Poisson fluctuations)
• E ∝ number of particles n: E!

F
= F

F
= ?

F
→E"

H
∝ ?

H

• Noise term: electronics or e.g. other particles
• Independent of particle energy

• Constant term
• Leakage, non-uniformities (construction, temperature, calibration, etc)
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Energy resolution: parametrization

 Stochastic term

○Everything with a Poisson-like statistics

○ Intrinsic particle fluctuations, sampling, quantum 
fluctuations

 Noise term

○ Internal (e.g., electronics) and external (e.g. pile-
up) noise

 Constant term

○Fluctuations due to leakage

○ Imperfections in construction, non-uniformity

– Local variations of temperature, light 
attenuation, material thicknesses, etc.

σ(E)
E

=
S

√E
⊕

N

E
⊕C ⊕ = quadratic sum

Stochastic

Noise

Constant

Energy resolution in EM ATLAS 
barrel calorimeter

N.B.: only a parametrisation, 
there can be other effects



Energy resolution of some EM calorimeters
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Homogeneous vs sampling calorimeters

Homogeneous

Sampling

TESHEP2016 Alexandre Zabi - LLR Ecole Polytechnique 

Scintillators: Commonly used to build homogenous calorimeters. 2 types: 
Organic (such as plastic/liquid) : scintillation mechanism implies excitations at 
molecular level which produce UV light. Need to combine with Wave Length 
Shifter (WLS, scintillating fibers) to produce visible light. Fast Decay time but not 
much light (1 photon/100 MeV). Not expensive : widely used in tracking and calo  

Inorganic (such as crystals, noble gas) : Scintillation mechanism implying 
ionization, re-absorption must be avoided! Light produced by luminescent 
centers through recombination. Decay time longer due to the time needed for 
the centers to drift. Lots of light produced but very expensive! 
Light depends on temperature!     

24 
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Sampling calorimeter

 Absorber with high-density material

 Interleaved with active readout devices

 Lower cost than homogeneous calorimeters

 And can have longitudinal segmentation

 But

○Only part of the shower energy is collected

○Fluctuation of energy deposited in active 
layers

– Proportional to number of charged 
particles

– And less charges deposited compared to 
homogeneous calorimeters 

σ(E)
E

∝
1

√nch

ATLAS Liquid Argon ECAL

ATLAS Pb – liquid argon ECal

“Particle Detectors at Accelerators”, https://pdg.lbl.gov/2020/reviews/contents_sports.html

https://pdg.lbl.gov/2020/reviews/contents_sports.html


Fluctuations in hadronic showers

• Electromagnetic energy fraction increases 
with energy and varies event-by-event
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Electromagnetic component

 Contributions 

○Electrons & photons from excitation, 
radiation, etc.

○Neutral pions (e.g. ⇧0  → ⌅⌅)

 First interaction  about 1/3 of → ⇧0

○Remaining hadrons may undergo neutral 
pions too

 On average, EM fraction increases with 
energy

⟨ f em⟩=⟨EEM /Etot ⟩=1−(E /E0)
k−1

EM fraction vs energy

Fluctuations in EM fraction

First hadronic interaction



Fluctuations in hadronic showers

• Electromagnetic energy fraction increases 
with energy and varies event-by-event 

• Large part of energy losses is invisible or late
• Nuclear binding and recoil (~15% in Fe, ~30% in Pb),

evaporation neutrons (5-10%), muons, neutrinos, ...



Fluctuations in hadronic showers

• Electromagnetic energy fraction increases 
with energy and varies event-by-event 

• Large part of energy losses is invisible or late
• Nuclear binding and recoil (~15% in Fe, ~30% in Pb),

evaporation neutrons (5-10%), muons, neutrinos, ...
• Non-linearity due to different response for 

EM and non-EM components
• Compensating calorimeters try to have e/h ~ 1

• High-Z absorbers (Pb/U), ideally hydrogen in 
active material to boost neutron response

• Large volume and long integration times (few 100 ns)
• Can achieve resolutions around 20%/ 𝐸

• Typical resolutions around 50-100%/ 𝐸



Beyond energy 
measurement



Higgs boson (→ 2μ2e) candidate at LHC

• 25 p+p collisions at the same time
• Up to ~60 in Run-2, 200 in HL-LHC

• Another event coming in 25 ns



Higgs boson (→ 2μ2e) candidate at LHC

• 25 p+p collisions at the same time
• Up to ~60 in Run-2, 200 in HL-LHC

• Another event coming in 25 ns

Depending on the environment, 
calorimeters need or provide:

• High granularity, precise position 
measurements

• Fast signals, trigger and timing
• Particle identification
• Radiation hardness



ATLAS ECal: particle identification and vertexing

Lateral and longitudinal segmentation

• 1st layer with 5 mm strips
• Distinguish γ from π0 →γγ



ATLAS ECal: particle identification and vertexing

Lateral and longitudinal segmentation

• 1st layer with 5 mm strips
• Distinguish γ from π0 →γγ

• 3 layers in depth
• Shower depth: improve energy resolution
• γ direction and vertex (H → γγ)



CMS ECal: transparency loss and laser monitoring

PbWO4 crystal transparency affected by radiation
Laser light injected into every crystal during LHC abort gap @ 100 Hz



CMS HGCal for High-Luminosity LHC

Radiation hard detector measuring energy and time (down to 30 ps)
• Silicon sensors (6M channels) in ECAL and part of HCAL
• Scintillating tiles + SiPM readout in low-radiation region

ECAL (CE-E):
28 layers, 25 X0, 1.3 λ
Pb, Cu, CuW absorbers

HCAL (CE-H):
22 layers, 8.5 λ
Steel, Cu absorbers



CMS HGCal pion shower
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