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Calorimetry in Particle Physics

This lecture draws heavily from the Review Article  
‘Calorimetry for Particle Physics’,   
C.W. Fabjan and F. Gianotti, Rev. Mod. Phys., Vol. 75, N0. 4, 
October 2003 

Much information was also taken from the massive Monograph 

‘Calorimetry, Energy Measurement in Particle Physics’,  
R. Wigmans, Oxford University Press, Second edition, 2017 

Training lectures at CERN by Werner Riegler
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Z2 electrons, q=-e0

M, q=Z1 e0

Bremsstrahlung
A charged particle of mass M and charge q=Z1e is deflected by a nucleus of charge Ze 
which is partially ‘shielded’ by the electrons. During this deflection the charge is 
‘accelerated’ and it therefore radiates → Bremsstrahlung. 

From Bethe’s theory the elastic scattering off the Nucleus is given by

where F(q) describes the partial shielding of the nucleus by the electrons. Effective 
values for F are used in the following expressions.
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Bremsstrahlung: Classical approach

A charged particle of mass 
M and charge q=Z1e is 
deflected by a nucleus of 
Charge Ze.  

Because of the acceleration 
the particle radiates EM 
waves → energy loss. 

Coulomb-Scattering 
(Rutherford Scattering) 
describes the deflection of 
the particle.  

Maxwell’s Equations 
describe the radiated energy 
for a given momentum 
transfer.  

→ dE/dx

“Rutherford Scattering”

p = Mv�
<latexit sha1_base64="uamKfRNrCVO589bjsVxqaLGdpec=">AAACAHicbVA9SwNBEN3zM8avqKXNYhCswp0K2ghBGxshgvmA5Axzm0lcsnt37M4FQkjjr7DVyk5s/ScW/hcv8QpNfNXjvRnmzQtiJS257qezsLi0vLKaW8uvb2xubRd2dms2SozAqohUZBoBWFQyxCpJUtiIDYIOFNaD/tXErw/QWBmFdzSM0dfQC2VXCqBUuo/5Bb/hA97qgdbQLhTdkjsFnydeRoosQ6Vd+Gp1IpFoDEkosLbpuTH5IzAkhcJxvpVYjEH0oYfNlIag0fqjaeoxP0wsUMRjNFwqPhXx98YItLVDHaSTGujBznoT8T+vmVD33B/JME4IQzE5RFLh9JAVRqZ1IO9Ig0QwSY5chlyAASI0koMQqZik/eTTPrzZ7+dJ7bjknZTc29Ni+TJrJsf22QE7Yh47Y2V2zSqsygQz7Ik9sxfn0Xl13pz3n9EFJ9vZY3/gfHwDfROV3A==</latexit>

Written in Terms of Momentum Transfer:Q2 = 2p2(1� cos ✓)
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q, M ZeX
q = Z1 · e
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Q = |~p� ~p0|
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!max =
E

~
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Radiated energy between 𝝎 and 𝝎’
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Bremsstrahlung: Quantum Mechanics
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<latexit sha1_base64="hbTCtyLg4dL9dtn7xJwIy8EDcJk="></latexit>

Proportional to Z2/A of the 
Material. 

Proportional to Z14 of the incoming 
particle. 

Proportional to ρ of the material. 

Proportional 1/M2  of the incoming 
particle. 

Proportional to the Energy of the 
Incoming particle → 

E(x)=e(-x/X0) – ‘Radiation Length’ 

X0 ∝ M2A/ (ρ Z14 Z2)
X0: Distance where the Energy E0 
of the incoming particle decreases 
E0 e-1=0.37E0

→ Highly Relativistic:

E(x) = E0 exp
� x

X0
<latexit sha1_base64="9GbMIhU0H9mnbqPu65G2Zck4l+U=">AAACFHicdVDLSgNBEJz1GeMr6tHLYBD0YJiooBchKIJHBfOAJC69Y0cHZx/M9Epk2auf4Fd41ZM38erdg//i5gUqWqeiqpvuKi/SypIQH87Y+MTk1HRuJj87N7+wWFhartkwNhKrMtShaXhgUasAq6RIYyMyCL6nse7dHPX8+i0aq8LgnO4ibPtwFaiOkkCZ5Bb48UZ3kx/wY1fwFnaji2Sr1TEgk26aNFyRpm6hKEqiDy5KuyOyPyDloVVkQ5y6hc/WZShjHwOSGqxtlkVE7QQMKakxzbdiixHIG7jCZkYD8NG2k36SlK/HFijkERquNO+L+H0jAd/aO9/LJn2ga/vb64l/ec2YOvvtRAVRTBjI3iFSGvuHrDQqqwj5pTJIBL3PkauASzBAhEZxkDIT46yzfNbHKDT/n9S2S+WdkjjbLVYOh83k2CpbYxuszPZYhZ2wU1Zlkt2zR/bEnp0H58V5dd4Go2POcGeF/YDz/gV7IZ1w</latexit>

X0 radiation length

q, M, E-E’

Z

q, M, E

q = Z1e1, E +Mc2 >> 137Mc2Z� 1
3
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Electron Momentum         5         50        500    MeV/c                     

6

Critical Energy

For the muon, the second 
lightest particle after the 
electron, the critical 
energy is at 400GeV. 

The EM Bremsstrahlung 
is much less  important 
for muons: at the LHC 
and in cosmic-rays 
experiments can be 
relevant

Critical Energy: If dE/dx (Ionization) = dE/dx (Bremsstrahlung) 

Muon in Copper:         p ≈ 400GeV 

Electron in Copper:    p  ≈ 20MeV
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Pair Production: Quantum Mechanics
For Eγ>>mec2=0.5MeV : λ = 9/7X0

Average distance a high energy 
photon has to travel before it 
converts into an e+e- pair is equal 
to 9/7 of the distance that a high 
energy electron has to travel 
before reducing its energy from 
E0 to E0*e-1 by photon radiation. 

The diagram is very similar to Bremsstrahlung

� +Nucl. ! e+ + e� +Nucl.
<latexit sha1_base64="nOaLZFYYUB9V5Qp9MLB1PCPzkF4="></latexit>

e� +Nucl. ! � + e� +Nucl.
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·G(E,E0)
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E >> 137mec
2Z� 1

3
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Crossing Symmetry: 
same cross-section
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Bremsstrahlung + Pair Production → EM Shower

Electromagnetic 
Shower → EM 

Calorimeter

X0
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Electro-Magnetic Shower of High Energy 
Electrons and Photons

N(n) = 2n
<latexit sha1_base64="hWZzqP1K38gChBTA/0249L70GsE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHBy2YXCI+DCdGLJ4OJgBGQzA4NTpid3cz0mhCCX+FVT96MV//Fg//igpio0TpVqrrT1eWFUhh0nDcrsbC4tLySXE2trW9sbqW3dxomiDSHOg9koC89ZkAKBXUUKOEy1MB8T0LTG55M/eYtaCMCdYGjEDo+GyjRF5xhLF2dZdUhPaK5a9VNZxw7Vy6WywXq2IVSJV/KxcQtVkr5AnVtZ4YMmaPWTb+3ewGPfFDIJTOm5TohdsZMo+ASJql2ZCBkfMgG0IqpYj6YzniWeEIPIsMwoCFoKiSdifB9Y8x8Y0a+F0/6DG/Mb28q/uW1IuyXO2OhwghB8ekhFBJmhwzXIq4CaE9oQGTT5ECFopxphghaUMZ5LEZxN6m4j6+n6f+kkbPdvO2cFzLV43kzSbJH9kmWuKREquSU1EidcKLIPXkgj9ad9WQ9Wy+fowlrvrNLfsB6/QCoCpRP</latexit>
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Ntr(n) = 2n
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<latexit sha1_base64="alAmpWyj3/hsuSkKocV0BLxoaQY="></latexit>

Number of  particles (e±,γ) after nX0

Average Energy of particles after nX0

Shower stops if E(n) = Ec

Shower length rises with lnE0

Number of e± track segments of length X0 after nX0

Total (charged) track length is proportional to the Energy of the particle 
→ Calorimeter Principle



NUST MISIS, Russia, Moscow10
Calorimetry: Energy Measurement by 
total Absorption of Particles

Only Electrons and High Energy 
Photons show EM cascades at 
current GeV-TeV level Energies. 

Strongly interacting particles like 
Pions, Kaons, produce hadronic 
showers in a similar fashion to the 
EM cascade → Hadronic 
calorimetry

The e± in the Calorimeter ionize and excite the 
material 

Ionization: e-, I+ pairs in the material 

Excitation: Photons in the material 

Measuring the total number of e-, I+ pairs or the total 
number of photons gives the particle Energy

If N is the total number of e-, I+ pairs 
or photons, N = c1E0:

�N =
p
N

<latexit sha1_base64="iSWVnGi2tBgFEahyYi8wQfYUefY=">AAACBnicdVA9TwJBEN3Db/xCLG02EhOryx0QwcKEqIUVwUTABAiZW0bcsPfh7pzREHp/ha1WdsbWv2Hhf/FATNToq17em8m8eV6kpCHHebNSM7Nz8wuLS+nlldW19cxGtmHCWAusi1CF+twDg0oGWCdJCs8jjeB7Cpve4GjsN69RGxkGZ3QbYceHfiAvpABKpG4m2z5GRcCr/IC3zZUmXu1mco6dL++Vy0Xu2MXSfqGUT4i7t18qFLlrOxPk2BS1bua93QtF7GNAQoExLdeJqDMETVIoHKXbscEIxAD62EpoAD6aznCSfcR3YgMU8gg1l4pPRPy+MQTfmFvfSyZ9oEvz2xuLf3mtmC7KnaEMopgwEONDJBVODhmhZVIK8p7USATj5MhlwAVoIEItOQiRiHHSUjrp4+tp/j9p5G23YDunxVzlcNrMItti22yXuazEKuyE1VidCXbD7tkDe7TurCfr2Xr5HE1Z051N9gPW6wd8/ZgN</latexit>
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<latexit sha1_base64="ha7x2nUO9+0dqVPAz8IwfTX2O7U="></latexit>

Radiation

(Poisson statistics)
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Calorimetry: Energy Measurement by total 
Absorption of Particles

Liquid Noble Gas 

(Noble Liquids)

Scintillating Crystals,  

Plastic Scintillators

The measurement is destructive. The particle cannot be studied further

Energy measurement by:

Collecting the 
produced charge

Measuring the photons 
produced by the 
collisions of the e± with 
the atom electrons of the 
material

Total amount of pairs or photons is proportional to the total 
track length and is proportional to the particle energy
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C.W. Fabjan and F. Gianotti, Rev. Mod. Phys., Vol. 75, N0. 4, October 2003

Calorimetry
Calorimeters are blocks of instrumented material in which particles to be 
measured are fully absorbed and their energy transformed into a measurable 
quantity. 

The interaction of the incident particle with the detector (through electro-
magnetic or strong processes) produces a shower of secondary particles with 
progressively degraded energy. 

The energy deposited by the charged particles of the shower in the active part 
of the calorimeter, which can be detected in the form of charge or light, serves 
as a measurement of the energy of the incident particle.
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C.W. Fabjan and F. Gianotti, Rev. Mod. Phys., Vol. 75, N0. 4, October 2003

Calorimetry
Calorimeters can be classified into: 

• Electromagnetic Calorimeters,   
to measure electrons and photons through their EM interactions. 

• Hadron Calorimeters,  
Used to measure hadrons through their strong and EM interactions. 

The construction can be classified into: 

• Homogeneous Calorimeters, 
that are built of only one type of material that performs both tasks, 
energy degradation and signal generation. 

• Sampling Calorimeters, 
that consist of alternating layers of an absorber, a dense material used 
to degrade the energy of the incident particle, and an active medium 
that provides the detectable signal.
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C.W. Fabjan and F. Gianotti, Rev. Mod. Phys., Vol. 75, N0. 4, October 2003

Calorimetry
Calorimeters are attractive in our field for various reasons: 

In contrast with magnet spectrometers, in which the momentum resolution 
deteriorates linearly with the particle momentum, on most cases the calorimeter 
energy resolution improves as 1/Sqrt(E), where E is the energy of the incident 
particle. Therefore calorimeters are very well suited for high-energy physics 
experiments. 

In contrast to magnet spectrometers, calorimeters are sensitive to all types of 
particles, charged and neutral. They can even provide indirect detection of 
neutrinos and their energy through a measurement of the event missing energy.  

Calorimeters are commonly used for trigger purposes since they can provide fast 
signals that are easy to process and interpret. 

They are space and therefore cost effective. Because the shower length increases 
only logarithmically with energy, the detector thickness needs to increase only 
logarithmically with the energy of the particles. On the contrary, for a fixed 
momentum resolution, the bending power BL2 of a magnetic spectrometer must 
increase linearly with the particle momentum.
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Claus Grupen, Particle Detectors, Cambridge University Press,  1996 
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Interaction of Particles with Matter

Any device to detect a particle must interact with it in some way  → almost 
… 

Neutrinos can be measured by missing transverse energy.  

E.g. p p collider ET=0,  

If the Σ ET of all collision products is ≠0 → neutrino escaped
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Approximate longitudinal shower development

Radiation Length X0 and Moliere 
Radius are two key parameters for the 
choice of calorimeter materials

EM Calorimetry
Approximate transverse shower development 

N(n) = 2n
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E0
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nmax =
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Number of  particles 
(e±,γ) after nX0

Average Energy of 
particles after nX0

Shower stops if E(n) = Ec

Shower length rises 
with lnE0

The traverse shower direction is mainly 
related to the Multiple Coulomb Scattering of 
the low Energy Electrons

Z1 = 1, � ⇠ 1
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Moliere Radius ρm = Lateral Shower Radius after 1X0

95% of Energy is in a Cylinder of 2ρm radius
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Simulation of longitudinal shower profile Simulation of transverse shower profile

Simulated EM Shower Profiles in PbWO4

In calorimeters with thickness ~ 25 X0, the shower leakage beyond the end of the active detector 
is much less than 1% up to incident electron energies of ~ 300 GeV (LHC energies).
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Crystals for Homogeneous EM Calorimetry

In crystals the light emission is related to the crystal structure of the 
material. Incident charged particles create electron-hole pairs and 
photons are emitted when electrons return to the valence band. 

The incident electron or photon is completely absorbed and the 
produced amount of light, which is reflected through the transparent 
crystal, is measured by photomultipliers (PM) or solid state photon 
detectors (SiPM)

Measuring the Photons produced by 
the collision of the e± with atom 
electrons of the material



NUST MISIS, Russia, Moscow19

CMS@LHC, 
25ns bunch 
crossing,  
high 
radiation 
dose

L3@LEP, 
25us 
bunch 
crossing,  
Low 
radiation 
dose

Babar@PEPII, 
10ms interaction 
rate, good light 
yield, good S/N

KTeV@Tevat
ron, 
High rate, 
Good 
resolution

Crystals for Homogeneous EM 
Calorimetry
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Crystals for Homogeneous EM 
Calorimetry
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Noble Liquids for Homogeneous EM 
Calorimetry

When a charge particle traverses these materials, about half the lost energy is 
converted into ionization and half into scintillation.  

The best energy resolution would obviously be obtained by collecting both the 
charge and light signal. This is however rarely done because of the technical 
difficulties to extract light and charge in the same instrument. 

Krypton is preferred in homogeneous detectors due to small radiation length and 
therefore compact detectors. Liquid Argon is frequently used due to low cost and 
high purity in sampling calorimeters. 
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I1

I2

q,ve-q, vI

Z=D

Z=0

E

I1(t)

T~1µs

Noble Liquids for Homogeneous EM 
Calorimetry

E.g. Liquid Argon, 5mm/μs at 1kV/cm, 
5mm gap → 1μs for all electrons to reach 
the electrode.  

The ion velocity is 103 to 105 times 
smaller → doesn’t contribute to the 
signal for electronics of   μs integration 
time.
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1% 

0.8% 

0.6%

1% 

0.8% 

0.6%

NA48 Liquid Krypton 
2cmx2cm cells 
X0 = 4.7cm 
125cm length (27X0) 
ρ = 5.5cm 

KTeV CsI 
5cmx5cm and 
X0 = 1.85cm 
2.5cmx2.5cm crystals 
50cm length (27X0) 
ρ = 3.5cm 

Homogeneous EM Calorimeters, 
Examples

NA48 Experiment at CERN 
and KTeV Experiment at 
Fermilab, both built for 
measurement of direct CP 
violation. Homogenous 
calorimeters with Liquid 
Krypton (NA48) and CsI 
(KTeV). Excellent and very 
similar resolution.
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Add in squares

Energy Resolution of Calorimeters
Stochastic term: 
Fluctuations related to the 
physics development of the 
shower.

Noise term: 
From electronics noise of the 
readout chain. For constant 
electronics noise → double 
signal = double S/N

Constant term: 
Instrumental effects 
that cause variations 
of the calorimeter 
response with the 
particle impact point.

For homogeneous calorimeters the noise term and 
constant term become dominant. 

For sampling calorimeters the stochastic term, then 
called ‘sampling’ term becomes dominant.
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Energy resolution of sampling calorimeters is in general worse than that of homogeneous 
calorimeters, owing to the sampling fluctuations – the fluctuation of ratio of energy deposited in 
the active and passive material.  
The resolution is in the range 5-20%/Sqrt[E(GeV)] for EM calorimeters. On the other hand they are 
relatively easy to segment longitudinally and laterally and therefore they usually offer better 
space resolution and particle identification than homogeneous calorimeters. 
Active medium can be scintillators, solid state detectors, emulsion films, gas detectors or liquids.   
Sampling Fraction = Energy deposited in Active/Energy deposited in passive material.

Sampling Calorimeters
Alternation of “passive” absorber plates and  

      “active” readout sections 
Advantage: 

• optimum choice of absorber 
material 

• optimum choice of signal readout 
• compact and cheap construction 

“passive”: Pb, Fe… 

“active”: Scintillator (signal → Photons) 

Noble Liquid, e.g. Ar (Signal → e-, I-) 

Wire Chambers (Signal → e-, I+) 
Emulsions (Signal —> tracks)
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Solid state detectors as active readout medium use mostly silicon. The 
advantage is very high signal to noise ratio (large signals). Often used on a 
small scale as luminosity monitors. 

The disadvantage is the high cost, preventing large calorimeters, and modest 
radiation resistance.

Gas sampling calorimeters have been widely 
employed at LEP because of their low cost and 
segmentation flexibility.  

They are not well suited to present and future 
machines because of their modest EM energy 
resolution ~ 20%/Sqrt[E(GeV)].

Gas and Solid State Sampling 
Calorimeters

ABSORBER

MWPC

ANALOGIC  
SIGNAL
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Wavelength shifters absorb photons from the 
scintillators and emit light at a longer 
wavelength which does not go back into the 
scintillator but is internally reflected along 

the readout plate to the photon detector → 
compact design.

KLOE EM calorimeter:

Scintillator Sampling Calorimeters

A large number of sampling calorimeters use organic scintillators arranged in 
fibers or plates.  
The drawbacks are that the optical readout suffers from radiation damage and non-
uniformities at various stages are often the source of a large constant term.

5%p
E(GeV )

<latexit sha1_base64="fgdQbpndQEZvyynGah/TmOGA9io="></latexit>

SCINTILLATOR

LIGHT GUIDE

PMT

SCINTILLATORABSORBERS

WAVELENGHT  
SHIFTER
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Liquids at room temperature do not require cryogeny but 
are characterized by poor radiation resistance and suffer 
from purity problems  
!Noble liquids at cryogenic temperatures. 
The advantages are operation in ‘ion chamber mode’, i.e. 
deposited charge is large and doesn’t need multiplication, 
which ensures better uniformity compared to gas 
calorimeters that need amplification. 
They are relatively uniform and easy to calibrate because 
the active medium is homogeneously distributed inside the 
volume. They provide good energy resolution (e.g. ATLAS 
10%/Sqrt[E(GeV)]) 
And stable operation with time. 
They are radiation hard. 
 With the standard liquid argon sampling calorimeters the 
alternating absorber and active layers are placed 
perpendicular to the direction of the incident particle. 

→ Long cables are needed to gang together the readout 
electrodes, causing signal degradation, dead spaces between 
the calorimeter towers and therefore reduced hermeticity.

Liquid Sampling Calorimeters

ABSORBER

HIGH  
VOLTAGE 

LIQUID  
ARGON 

CHARGE SENSITIVE 
AMPLIFIER
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For the ATLAS LAr Calorimeter this was solved by placing the 
absorbers in an accordion geometry parallel to the particle 
direction and the electrodes can be read out from the ‘back side’. 

ATLAS: Lead layers of 1.1-2.2mm, depending on the rapidity 
region, separated by 4mm liquid Argon gaps. 

Test beam results have shown  
10%/Sqrt[E(GeV)]   x  0.25/E(GeV)   x  0.3%

29

Liquid Argon Sampling Calorimeters
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Emulsion Cloud Chamber: a peculiar type 
of sampling calorimeter 

One brick: 
- 57 emulsion films 
- 56 Pb plates 
- a box with a removable pair of films 
called Changeable Sheets
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Electromagnetic showers as seen in an 
Emulsion Cloud Chamber: e/𝝅0 separation 

ELECTRON NEUTRINOS
ONE EVENT WITH A π0 AS SEEN IN THE BRICK

Interface 
films

35 candidates in the full data sample
45Giovanni De Lellis, CERN EP Seminar

JHEP 1307 (2013) 004

26/02/19

High sampling frequency, 6 active layers every X0  
—> high spatial resolution —> high purity in e/𝝅0 separation 



NUST MISIS, Russia, Moscow32

Electron neutrino interaction with a 𝝅0

Transverse plane                                           Side view
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Algorithms for shower and energy 
reconstruction 
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Variables Used to discard the 
Instrumental Background
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Different performance in different zones
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Variables used in the analysis of Zone 1 events

A cone with opening angle 50 mrad is 
defined, starting from the decay point 
for the τ→e decays, and from the 
primary vertex for νe events.
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Energy Resolution

Average number of BTs per event (Signal) = 160 

Average number of BTs per event (BG) = 17

�E

E
=

Etrue � Emeas

Etrue
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Analysis extended to the downstream brick

A volume of 20 films with a 
surface of 3x3 cm2 each is 
scanned to estimate the 
background
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Resolution using the downstream brick

Average number of BTs per event (Signal) = 218 

Average number of BTs per event (BG) = 18

�E

E
=

Etrue � Emeas

Etrue
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Hadronic Calorimetry
In Hadronic Cascades the longitudinal 
Shower is given by the Absorption Length λa 

I ⇠ exp�
x
�a
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Energy Resolution: 
• A large fraction of the Energy 

“disappears” into: 
• Binding Energy of the emitted 

Nucleons 
• π→μ+ν which are not absorbed 

• π0’s decaying into γγ start EM Cascade 
(τ~10-16s) 

Energy resolution is worse than for EM 
Calorimeters

In typical Detector materials λa is much larger 
than X0

𝛒 X0 λ
Fe 7,87 1.76cm ~17cm
Pb 11,35 0.56cm ~17cm

𝝅0 → γγ → Electromagnetic Component

Hadron

Approximate Energy Distribution

Strong Interaction

~50%
Nuclear 

Excitation

~20% ~30%
Slow 

Nucleons
5-30 MeV

p±, n,⇡±,K±,K0
<latexit sha1_base64="OAuVmXIEhw9QAGtrroA4G2+fFEo="></latexit>

⇡+,⇡�,⇡0
<latexit sha1_base64="N/RVh4mj9Yg0BIUpyCpJEcuiHho=">AAACDXicdVDLSgNBEJz1bXxFPYmXwSAI6jKbh0luQS8eIxgVkhhmxzYOmX0w0yvIEvwEv8KrnryJV7/Bg//i7hpBRetUVHXTXeWGShpk7M0aG5+YnJqemc3NzS8sLuWXV05MEGkBLRGoQJ+53ICSPrRQooKzUAP3XAWn7uAg9U+vQRsZ+Md4E0LX431fXkrBMZF6+bVOKM/j7eEOzcjuF2HDXr7AbFZ2qpUaZXapUnSclOzV65WqQx2bZSiQEZq9/HvnIhCRBz4KxY1pOyzEbsw1SqFgmOtEBkIuBrwP7YT63APTjbMIQ7oZGY4BDUFTqWgmwveNmHvG3HhuMulxvDK/vVT8y2tHeFnrxtIPIwRfpIdQKsgOGaFl0g3QC6kBkaefA5U+FVxzRNCSciESMUrKyiV9fIWm/5OTou2UbHZULjT2R83MkHWyQbaIQ6qkQQ5Jk7SIILfknjyQR+vOerKerZfP0TFrtLNKfsB6/QBHrps/</latexit>

⇡+,⇡�
<latexit sha1_base64="/SuipIFoGk4tthIc3Pu0ODloY9k=">AAACBHicdVDLSsNAFJ34tr6iLt0MFkFQQ9KHrTvRjUsFWwttLJPxqkMnD2ZuCiVk61e41ZU7cet/uPBfTGIFFT2rwzn3cs89XiSFRtt+MyYmp6ZnZufmSwuLS8sr5upaW4ex4tDioQxVx2MapAighQIldCIFzPckXHiD49y/GILSIgzOcRSB67ObQFwLzjCT+qbZi8RlspPu0oLspX2zbFt2zWnUm9S2qvWK4+Rk/+Cg3nCoY9kFymSM07753rsKeexDgFwyrbuOHaGbMIWCS0hLvVhDxPiA3UA3owHzQbtJkTylW7FmGNIIFBWSFiJ830iYr/XI97JJn+Gt/u3l4l9eN8brppuIIIoRAp4fQiGhOKS5ElklQK+EAkSWJwcqAsqZYoigBGWcZ2KcdVTK+vh6mv5P2hXLqVr2Wa18eDRuZo5skE2yTRzSIIfkhJySFuFkSO7JA3k07own49l4+RydMMY76+QHjNcPApGX3g==</latexit>

⇡0
<latexit sha1_base64="LmRXDYvtuxBv/L/UzJt0K5X1ays=">AAAB+XicdVDLTgJBEJzFF+IL9ehlIjHxtJnlIXAjevGIiTwSQDI7NDhh9pGZXhOy4SO86smb8erXePBf3EVM1GidKlXd6epyQyUNMvZmZVZW19Y3spu5re2d3b38/kHbBJEW0BKBCnTX5QaU9KGFEhV0Qw3ccxV03OlF6nfuQBsZ+Nc4C2Hg8Ykvx1JwTKROP5Q3MZsP8wVms7JTrdQos0uVouOk5Kxer1Qd6thsgQJZojnMv/dHgYg88FEobkzPYSEOYq5RCgXzXD8yEHIx5RPoJdTnHphBvIg7pyeR4RjQEDSVii5E+L4Rc8+Ymecmkx7HW/PbS8W/vF6E49ogln4YIfgiPYRSweKQEVomPQAdSQ2IPE0OVPpUcM0RQUvKhUjEKCkml/Tx9TT9n7SLtlOy2VW50DhfNpMlR+SYnBKHVEmDXJImaRFBpuSePJBHK7aerGfr5XM0Yy13DskPWK8fbZmUVA==</latexit>

⇡+,⇡�
<latexit sha1_base64="/SuipIFoGk4tthIc3Pu0ODloY9k=">AAACBHicdVDLSsNAFJ34tr6iLt0MFkFQQ9KHrTvRjUsFWwttLJPxqkMnD2ZuCiVk61e41ZU7cet/uPBfTGIFFT2rwzn3cs89XiSFRtt+MyYmp6ZnZufmSwuLS8sr5upaW4ex4tDioQxVx2MapAighQIldCIFzPckXHiD49y/GILSIgzOcRSB67ObQFwLzjCT+qbZi8RlspPu0oLspX2zbFt2zWnUm9S2qvWK4+Rk/+Cg3nCoY9kFymSM07753rsKeexDgFwyrbuOHaGbMIWCS0hLvVhDxPiA3UA3owHzQbtJkTylW7FmGNIIFBWSFiJ830iYr/XI97JJn+Gt/u3l4l9eN8brppuIIIoRAp4fQiGhOKS5ElklQK+EAkSWJwcqAsqZYoigBGWcZ2KcdVTK+vh6mv5P2hXLqVr2Wa18eDRuZo5skE2yTRzSIIfkhJySFuFkSO7JA3k07own49l4+RydMMY76+QHjNcPApGX3g==</latexit>

Hadron Cascade
γγ

γγ

p, n, γ

⇡0
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Hadron Calorimeters are large and heavy 

because the hadronic interaction length λ, 
the “strong interaction equivalent” to the 

EM radiation length X0, is large (5-10 

times larger than X0) 

Hadron Calorimeters are Large because 
λ is large 
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By analogy with EM showers, the energy degradation of hadrons proceeds through an 
increasing number of (mostly) strong interactions with the calorimeter material. 

However the complexity of the hadronic and nuclear processes produces a multitude of effects that 
determine the functioning and the performance of practical instruments, and make hadronic 
calorimeters more complicated instruments to optimize.   

The hadronic interaction produces two classes of effects: 

First, energetic secondary hadrons are produced. Their momenta are typically a sizable fraction 
of the primary hadron momentum i.e. at the GeV scale. 

Second, in hadronic collisions with the material nuclei, a significant part of the primary energy 
is consumed in nuclear processes such as excitation, nucleon evaporation, spallation etc., 
resulting in particles with characteristic nuclear energies on the MeV scale. 

Because part of the energy is therefore ‘invisible’, the resolution of hadron calorimeters is 
typically worse than in EM calorimeters 20-100%/Sqrt[E(GeV)] . 

C.W. Fabjan and F. Gianotti, Rev. Mod. Phys., Vol. 75, N0. 4, October 2003
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‘Deciphering this message becomes the story of 
hadronic calorimetry’ 

C.W. Fabjan and F. Gianotti, Rev. Mod. Phys., Vol. 75, N0. 4, October 2003
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Hadron Calorimeters
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Wavelength 
Shifter Wavelength 

Shifter

The signals from an electron or photon entering a hadronic calorimeter is typically 
larger than the signal from a hadron cascade because the hadronic interactions 
produce a fair fraction of invisible effects (excitations, neutrons …)

Electron 10GeVPion 10GeV
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Hadron Calorimeters

Wavelength 
Shifter
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Because a fair fraction of shower particles consists of 𝝅0 which instantly decay into two 
photons, part of the hadronic cascade becomes an EM cascade – ‘and never comes back’.  

Because the EM cascade had a larger response than the  Hadron cascade, the event/event 

fluctuation of produced 𝝅0  particles causes a strong degradation of the resolution. 

Is it possible to build a calorimeter that has the same response (signal) for a 10GeV electron 

and 10GeV hadron ? → compensating calorimeters.

EM fraction

Hadron fraction

45

Hadron Calorimeters
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In a homogeneous calorimeter it is clearly not possible to have the same response for 
electrons and hadrons. 

For sampling calorimeters the sampling frequency and thickness of active and passive 
layers can be tuned such that the signal for electrons and hadrons is indeed equal ! 

Using Uranium or Lead with scintillators, hadron calorimeters with excellent energy 
resolution and linearity have been built.     

Compensating calorimeter Compensating calorimeter
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Compensating Hadron Calorimeters

Linearity

Energy resolution
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Resolution and linearity of a hadron calorimeter is best if e/h=1. For all other values, the 
resolution in linearity is worse. 
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Compensating Hadron Calorimeters
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Particle ID
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Cherenkov Radiation

If the velocity of a charged particle is larger 
than the velocity of light in the medium 
v>c/n ( n = Refractive index of material) it 
emits Cherenkov radiation of a 
characteristic angle of cosθc= 1/nβ (β = v/c) 
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Ring Imaging Cherenkov Detector
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Measuring the neutrino energy:  
the OPERA experiment as an example
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Measuring neutrino energy in OPERA
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Measuring neutrino energy in OPERA

Muon charge comparison 
(momentum × charge): data 
(black dots with error bars) 
and MC (solid line) are 
normalized to 1.

before calibration
Energy deposit (before 
calibration) in the TT for 
events with at least one 
reconstructed muon. 
Dots with error bars 
correspond to data and solid 
lines to MC.  
MC distributions are 
normalized to data. 
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Measuring neutrino energy in OPERA

Bjorken-y variable reconstructed in data (dots 
with error bars) and MC (shaded areas) for all 
the events with at least one muon. 
The MC distributions are normalized to data.

Total reconstructed energy for events 
with at least one identified muon for 
data (dots with error bars) and MC 
(solid line). The MC distribution is 
normalized to data.

yB = 1� Eµ

E⌫µ

=
Ehad

Eµ + Ehad
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Measuring energy with a SHiP prototype
• Prototype of the SHiP 

Scattering and Neutrino 
detector to take data at the LHC 
in Run3 

• Combining electromagnetic 
(Emulsion + SciFi) and 
hadronic calorimeter (SciFi + 
Scintillating bars)  

!(#$%&) = (18.8 ± 0.2)%
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The story of modern calorimetry is a textbook example of physics 
research driving the development of an experimental method. 

The long quest for precision electron and photon spectroscopy 
explains the remarkable progress in new instrumentation 
techniques, for both sampling and homogeneous calorimeters. 

The study of jets of particles as the macroscopic manifestation of 
quarks has driven the work on hadronic calorimeters. 

Calorimeters largely used also in neutrino physics  

Conclusion


