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Overview

• This lecture is meant to introduce you to the main concepts in 
calorimetry and particle ID (PID) 

• I am a high-energy particle physicist and work on the ATLAS 
experiment at CERN’s LHC 

• This talk will inevitably be a bit biased towards my 
experience in this environment! I know a lot more about 
high energy than low energy calorimetry. 

• Max Swiatlowski gave this talk last year and made some 
updates to my slides, so shout out to him for portions of this 
content!
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Trackers: The Good and the Bad
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Trackers: The Good and the Bad

• Non-destructive measurement: 
measure trajectory → 
momentum from -field 

• Can be very high resolution!

B

• Only measures charged 
particles: no neutrals

• Difficult to build to  coverage4π
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Trackers: The Good and the Bad

• Non-destructive measurement: 
measure trajectory → 
momentum from -field 

• Can be very high resolution!

B

• Only measures charged 
particles: no neutrals

• Difficult to build to  coverage4π

• What’s the alternative to non-
destructive measurements? 

• Destructive!
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Calorimeters
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What’s a calorimeter?

• Calorimeters measure amount of 
energy output by some process 

• Simplest calorimeters measure the 
energy of some chemical process 

• Calorimeters in subatomic physics 
are destructive: incoming particle 
vanishes in reaction with material. If it’s a good calorimeter, 
nothing comes out the other side: all energy is absorbed  

• So put it after your tracker!!
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Goals and needs of a calorimeter

• Must be thick enough and as close to  to contain all of the energy 
you’re trying to measure 

• Must record a signal that gives you accurate information about how 
much energy was lost 

• Signal recorded by calorimeter should be predictably proportional 
(linear) to deposited energy 

• Must be sufficiently granular to tell you not just how much energy was 
deposited, but where: want to reconstruct 4-vectors 

• Additional practical concerns: small enough to fit in your detector, not 
too expensive, able to survive radiation conditions of your experiment, 
read-out fast enough for your event rate, …

4π
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Particles in matter

• A photon in space is pretty happy to just keep going! Atoms provide 
interaction potential that causes energy loss 

• Higher density of atoms and higher atomic number both lead to greater 
potential for interaction
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Glossary of terms

• Z = atomic number of detector material 

• A = mass number (~ 2 Z) 

• X0 = radiation length. Distance after which all but 
1/e of an electron’s energy is lost via 
bremsstrahlung 

• t = depth in radiation lengths 

• Critical energy = energy at which an electron 
interacts equally via bremsstrahlung and ionisation. 

• Shower maximum = depth of calorimeter shower 
where there is maximum particle multiplicity
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X0 ≃
180A

Z2
g/cm2

EC ≃
610 MeV
Z + 1.24

tmax = ln ( E
EC ) − [1.0, 0.5]

t = distance/X0

E = e-x/X0

e- γ

X0



Electron interactions
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33. Passage of particles through matter 19

Table 33.2: Tsai’s Lrad and L′
rad, for use in calculating the radiation length in an

element using Eq. (33.26).

Element Z Lrad L′
rad

H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71 5.924

Others > 4 ln(184.15 Z−1/3) ln(1194 Z−2/3)

Figure 33.11: Fractional energy loss per radiation length in lead as a function of
electron or positron energy. Electron (positron) scattering is considered as ionization
when the energy loss per collision is below 0.255 MeV, and as Møller (Bhabha)
scattering when it is above. Adapted from Fig. 3.2 from Messel and Crawford,
Electron-Photon Shower Distribution Function Tables for Lead, Copper, and Air
Absorbers, Pergamon Press, 1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2,
but we have modified the figures to reflect the value given in the Table of Atomic
and Nuclear Properties of Materials (X0(Pb) = 6.37 g/cm2).

33.4.3. Bremsstrahlung energy loss by e± :

At very high energies and except at the high-energy tip of the bremsstrahlung
spectrum, the cross section can be approximated in the “complete screening case” as [42]

dσ/dk = (1/k)4αr2
e
{

(4
3 − 4

3y + y2)[Z2(Lrad − f(Z)) + Z L′
rad]

+ 1
9 (1 − y)(Z2 + Z)

}

,
(33.29)

June 5, 2018 19:57
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Reminder: electron 
needs to accelerate 

to radiate
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Figure 33.15: Photon total cross sections as a function of energy in carbon and lead,
showing the contributions of different processes [50]:

σp.e. = Atomic photoelectric effect (electron ejection, photon absorption)
σRayleigh = Rayleigh (coherent) scattering–atom neither ionized nor excited
σCompton = Incoherent scattering (Compton scattering off an electron)

κnuc = Pair production, nuclear field
κe = Pair production, electron field

σg.d.r. = Photonuclear interactions, most notably the Giant Dipole Resonance [51].
In these interactions, the target nucleus is broken up.

Original figures through the courtesy of John H. Hubbell (NIST).
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• High-energy photons pair produce electrons and positrons, vanishing in the process 

• Lower energy photons measured by photoelectric effect 

• Electrons and positrons radiate photons via bremsstrahlung as they travel through matter, interacting 
with fields of atoms 

• Once electrons fall below critical energy, more energy lost via ionisation than bremsstrahlung and the 
shower stops growing 

• Shower maximum occurs where we have largest number of particles: E ~ EC

Electromagnetic showers  
in matter

11

in the same amount of material. This difference is illus-
trated in Figure 4. In the same amount of material (in
this case 5 X0), electrons lose on average a larger frac-
tion of their energy than photons, but the spread in the
energy losses by photons is larger.

FIG. 4. Distribution of the energy fraction deposited in the first

5 radiation lengths by 10 GeV electrons and γs showering in lead.

Results of EGS4 calculations [2].

Even though the em shower profiles scale, in first ap-
proximation, with X0 and ρM , this scaling is not per-
fect. This is illustrated in Figure 5. The differences
may be understood from the fact that the particle mul-
tiplication continues down to lower energies in high-Z
material and decreases more slowly beyond the shower
maximum. For example, a given high-energy electron
produces 3 times more positrons when showering in lead
than in aluminium. As a result, one needs more X0 of
lead than of aluminium to contain this shower at the 99%
level. Also, the shower maximum is located at a greater
depth in lead. These features are confirmed by Figure 5.

FIG. 5. Longitudinal profiles of 10 GeV e− showers developing

in aluminium (Z = 13), iron (Z = 26) and lead (Z = 82).

The material dependence of the calorimeter thickness
needed to contain electron showers is shown in Figure
6b. For 99% containment, the difference between high-Z

and low-Z absorber materials may be as much as 10X0.
And for reasons described above, it takes even more ma-
terial to contain γ induced showers.

FIG. 6. Average energy fraction contained in a block of matter

with infinite transverse dimensions, as a function of the thickness of

the absorber. Shown are results for showers induced by by electrons

of various energies in a copper absorber (a) and results for 100

GeV electron showers in different absorber materials (b). Results

of EGS4 calculations.

The energy dependence of the calorimeter thickness
needed to contain em showers is shown in Figure 6a.
For lateral shower containment, material differences are
smaller than longitudinally (Figure 7). In addition, there
is no energy dependence. A given (sufficiently long) cylin-
der will thus contain the same fraction of the energy from
1 GeV em showers as from 1 TeV ones.

FIG. 7. Average energy fraction contained in an infinitely long

cylinder of absorber material, as a function of the radius of this

cylinder. Results of EGS4 calculations in different absorbers. The

results do not depend on the energy of the showering electrons.

Deviations from scaling as observed in Figures 5 and 6 are
caused by phenomena that occur at energies below the

3

Wigmans

http://www.roma1.infn.it/people/rahatlou/labhep/material/Wigmans_ICFA2003_Lectures.pdf
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in the same amount of material. This difference is illus-
trated in Figure 4. In the same amount of material (in
this case 5 X0), electrons lose on average a larger frac-
tion of their energy than photons, but the spread in the
energy losses by photons is larger.

FIG. 4. Distribution of the energy fraction deposited in the first

5 radiation lengths by 10 GeV electrons and γs showering in lead.

Results of EGS4 calculations [2].

Even though the em shower profiles scale, in first ap-
proximation, with X0 and ρM , this scaling is not per-
fect. This is illustrated in Figure 5. The differences
may be understood from the fact that the particle mul-
tiplication continues down to lower energies in high-Z
material and decreases more slowly beyond the shower
maximum. For example, a given high-energy electron
produces 3 times more positrons when showering in lead
than in aluminium. As a result, one needs more X0 of
lead than of aluminium to contain this shower at the 99%
level. Also, the shower maximum is located at a greater
depth in lead. These features are confirmed by Figure 5.

FIG. 5. Longitudinal profiles of 10 GeV e− showers developing

in aluminium (Z = 13), iron (Z = 26) and lead (Z = 82).

The material dependence of the calorimeter thickness
needed to contain electron showers is shown in Figure
6b. For 99% containment, the difference between high-Z

and low-Z absorber materials may be as much as 10X0.
And for reasons described above, it takes even more ma-
terial to contain γ induced showers.

FIG. 6. Average energy fraction contained in a block of matter

with infinite transverse dimensions, as a function of the thickness of

the absorber. Shown are results for showers induced by by electrons

of various energies in a copper absorber (a) and results for 100

GeV electron showers in different absorber materials (b). Results

of EGS4 calculations.

The energy dependence of the calorimeter thickness
needed to contain em showers is shown in Figure 6a.
For lateral shower containment, material differences are
smaller than longitudinally (Figure 7). In addition, there
is no energy dependence. A given (sufficiently long) cylin-
der will thus contain the same fraction of the energy from
1 GeV em showers as from 1 TeV ones.

FIG. 7. Average energy fraction contained in an infinitely long

cylinder of absorber material, as a function of the radius of this

cylinder. Results of EGS4 calculations in different absorbers. The

results do not depend on the energy of the showering electrons.

Deviations from scaling as observed in Figures 5 and 6 are
caused by phenomena that occur at energies below the
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Let’s do some approximations!
• Interaction ~ once per X0: 

N(t) = 2t 

• Energy shared equally at 
each interaction: particle at 
t has  

E ~ E0/N(t) = E0/2t 

• Shower maximum occurs 
when E = EC: 

EC = E0/2tmax 

tmax = log2(E0/EC)

 

12

t = X/X0 
X0 = radiation length 

E0 = initial energy
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rises gradually both with Z and with E, to reach an
asymptotic value near ∼ 1 GeV.
The angular distribution is more or less isotropic for the
photo- and Compton electrons, but highly directional for
the e+e− pairs produced in pair production.

FIG. 2. The energy deposit as a function of depth for 1, 10, 100

and 100 GeV electron showers developing in a block of copper. In

order to compare the shower profiles, the integrals of these curves

have been normalized to the same value. The vertical scale gives

the energy deposit per cm of copper, as a percentage of the energy

of the showering electron. Results of EGS4 calculations.

At energies of 1 GeV and higher, electrons and pho-
tons initiate em showers in the materials in which they
penetrate. Electrons lose their energy predominantly by
radiation, the most energetic photons produced in this
process convert into e+e− pairs, which radiate more γs,
etc. The number of shower particles produced in this
particle multiplication process reaches a maximum (the
shower maximum) at a certain depth inside the absorber,
and gradually decreases beyond that depth (Figure 2).
The depth of the shower maximum increases (logarithmi-
cally) with the energy of the incoming electron. Because
of the particle multiplication, the total amount of ma-
terial needed to contain em showers is relatively small.
For example, when 100 GeV electrons enter lead, 90% of
their energy is deposited in only 4 kg of material.

The lateral development of em showers is governed by
two types of processes:

1. Electrons and positrons move a way from the
shower axis because of multiple scattering.

2. Photons and electrons produced in isotropic pro-
cesses (Compton scattering, photoelectric effect)
move away from the shower axis.

The first process dominates in the early stages of the
shower development, the second one is predominant be-
yond the shower maximum. Both processes have their
own characteristic, exponential scale. The two compo-
nents are distinctly visible in Figure 3, which shows the

radial energy density for electron showers developing in
copper, at three different depths inside the calorimeter.

FIG. 3. The radial distributions of the energy deposited by 10

GeV electron showers in copper, at various depths. Results of EGS4

calculations.

The shower development can be described more or less
independently of the details of the absorber material in
terms of the radiation length (for the longitudinal de-
velopment) and the Molière radius (for the lateral de-
velopment). Both units are defined for the asymptotic
energy regime (> 1 GeV). The radiation length (X0) is
the ratio of the electron energy and the specific energy
loss by radiation. Therefore, a high-energy electron loses
on average 63% (1− e−1) of its energy when it traverses
1X0 of material. The mean free path of a high-energy
photon amounts to 9X0/7. The Molière radius (ρM ) is
defined through the ratio of the radiation length and the
critical energy. Expressed in g/cm2, X0 scales as A/Z2

and ρM as A/Z. Therefore, ρM is much less material
dependent than X0. For example, copper and lead have
approximately the same value for ρM , while their radia-
tion lengths differ by a factor of 3.

The radiation length has a fundamentally different mean-
ing for electrons and photons. Therefore, showers initi-
ated by high-energy electrons and by photons develop
in the beginning quite differently. When they encounter
material, high-energy electrons start to radiate immedi-
ately. On their way through a few mm of material, they
may emit thousands of bremsstrahlung photons. On the
other hand, high-energy photons may or may not convert
in the same amount of material. In the latter case, they
do not lose any energy, and when they convert early on,
they may lose as much as, or even more than, electrons
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tmax proportional 
to E0

electrons in copper
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tion lengths differ by a factor of 3.

The radiation length has a fundamentally different mean-
ing for electrons and photons. Therefore, showers initi-
ated by high-energy electrons and by photons develop
in the beginning quite differently. When they encounter
material, high-energy electrons start to radiate immedi-
ately. On their way through a few mm of material, they
may emit thousands of bremsstrahlung photons. On the
other hand, high-energy photons may or may not convert
in the same amount of material. In the latter case, they
do not lose any energy, and when they convert early on,
they may lose as much as, or even more than, electrons
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in the same amount of material. This difference is illus-
trated in Figure 4. In the same amount of material (in
this case 5 X0), electrons lose on average a larger frac-
tion of their energy than photons, but the spread in the
energy losses by photons is larger.

FIG. 4. Distribution of the energy fraction deposited in the first

5 radiation lengths by 10 GeV electrons and γs showering in lead.

Results of EGS4 calculations [2].

Even though the em shower profiles scale, in first ap-
proximation, with X0 and ρM , this scaling is not per-
fect. This is illustrated in Figure 5. The differences
may be understood from the fact that the particle mul-
tiplication continues down to lower energies in high-Z
material and decreases more slowly beyond the shower
maximum. For example, a given high-energy electron
produces 3 times more positrons when showering in lead
than in aluminium. As a result, one needs more X0 of
lead than of aluminium to contain this shower at the 99%
level. Also, the shower maximum is located at a greater
depth in lead. These features are confirmed by Figure 5.

FIG. 5. Longitudinal profiles of 10 GeV e− showers developing

in aluminium (Z = 13), iron (Z = 26) and lead (Z = 82).

The material dependence of the calorimeter thickness
needed to contain electron showers is shown in Figure
6b. For 99% containment, the difference between high-Z

and low-Z absorber materials may be as much as 10X0.
And for reasons described above, it takes even more ma-
terial to contain γ induced showers.

FIG. 6. Average energy fraction contained in a block of matter

with infinite transverse dimensions, as a function of the thickness of

the absorber. Shown are results for showers induced by by electrons

of various energies in a copper absorber (a) and results for 100

GeV electron showers in different absorber materials (b). Results

of EGS4 calculations.

The energy dependence of the calorimeter thickness
needed to contain em showers is shown in Figure 6a.
For lateral shower containment, material differences are
smaller than longitudinally (Figure 7). In addition, there
is no energy dependence. A given (sufficiently long) cylin-
der will thus contain the same fraction of the energy from
1 GeV em showers as from 1 TeV ones.

FIG. 7. Average energy fraction contained in an infinitely long

cylinder of absorber material, as a function of the radius of this

cylinder. Results of EGS4 calculations in different absorbers. The

results do not depend on the energy of the showering electrons.

Deviations from scaling as observed in Figures 5 and 6 are
caused by phenomena that occur at energies below the
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EC ∝ 1/Z
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Shower width

• Multiple Coulomb 
scattering of electrons - 
elastic, but changes 
direction.  

• Dominant at high 
energies, used to 
derive Moliere radius  

• Compton scattering and 
photoelectric effect 
produce new particles 
isotropically  

• Relevant at lower 
energies

13

16 33. Passage of particles through matter

is from a fit to a Molière distribution, it is incorrect to add the individual θ0 contributions
in quadrature; the result is systematically too small. It is much more accurate to apply
Eq. (33.15) once, after finding x and X0 for the combined scatterer.
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Figure 33.10: Quantities used to describe multiple Coulomb scattering. The
particle is incident in the plane of the figure.

The nonprojected (space) and projected (plane) angular distributions are given
approximately by [34]
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where θ is the deflection angle. In this approximation, θ2
space ≈ (θ2

plane,x + θ2
plane,y), where

the x and y axes are orthogonal to the direction of motion, and dΩ ≈ dθplane,x dθplane,y.
Deflections into θplane,x and θplane,y are independent and identically distributed.

Fig. 33.10 shows these and other quantities sometimes used to describe multiple
Coulomb scattering. They are
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All the quantitative estimates in this section apply only in the limit of small θ rms
plane and

in the absence of large-angle scatters. The random variables s, ψ, y, and θ in a given plane
are correlated. Obviously, y ≈ xψ. In addition, y and θ have the correlation coefficient
ρyθ =

√
3/2 ≈ 0.87. For Monte Carlo generation of a joint (y plane, θplane) distribution,
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What happens at the end of the shower?
• In passive materials, not much! In a block of lead, energy ultimately dissipates as heat. For us, this 

constitutes lost information. 

• In active materials, well-defined processes makes this energy visible to us. 

• Particles are also ionizing/scintillating/radiating through the shower evolution: we don’t only 
measure the “end”!

14

Ionisation

Scintillation
Cherenkov 
radiation
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J. C. Street, 1939 

https://www.sciencedirect.com/science/article/pii/S0016003239908173


Materials for the detector
• Now to design a calorimeter to contain and measure shower energy! Two 

key (physics) features for the material we want to build it from. 

• Has to cause the shower to develop: favour high Z  

• Has to make deposited energy detectable and proportional to initial 
particle energy: needs to ionise or scintillate (see “end of the shower” 
slide!) 

• It’s possible to get a material that 
can do both! 

• Examples: solid lead tungstate 
crystals (CMS ECAL), large 
volume of liquid scintillator 
(KamLAND, Daya Bay)

16

Also important: high 
granularity, fast response, 

affordable…

http://cms.web.cern.ch/news/electromagnetic-calorimeter
https://arxiv.org/abs/hep-ex/0212021
https://arxiv.org/abs/hep-ex/0701029


Scale of a homogeneous calorimeter

• CMS EM calorimeter made of 
PbWO4 

• Each crystal 2.2 x 2.2 x 23 cm: 
equivalent to RM x RM x 25 X0 

• Therefore, contains 99% of shower 
depth and is sufficiently granular to 
measure shower’s position well 

17

Wigmans

Electron induced showers 
(photon requires a bit more)

99% of shower contained 
after 19-26 X0
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Homogeneous em calorimeters

Absorbing material  ≡  detection material
● Scintillating crystals (sodium iodide NaI, bismuth germanate BGO, 

caesium iodide CsI, lead tungstate PbWO
4
, etc.)

● Energy loss by ionization (noble liquids)
● Cherenkov (lead glass SF5)

Masciocchi

http://www.roma1.infn.it/people/rahatlou/labhep/material/Wigmans_ICFA2003_Lectures.pdf
https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf
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• Homogeneous calorimeters can be bulky or very expensive. More common 
to separate absorbing material from active material 

• Sampling calorimeters alternate an absorber to force showering with active 
material which ionises or scintillates 

• Only a fraction of deposited energy is recorded, but the fraction is predictable 
so the recorded signal is still proportional to incident particle energy

What if I don’t have enough space/money?

18
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Example of a sampling calorimeter

ATLAS EM calorimeter made 
of lead mixture as absorber (X0 
= 0.75 cm) and liquid argon 
active material (X0 = 14 cm)

19

Calorimeter thickness: 46 cm 
Lead layers: 1.1-1.5 mm 

LAr layers: 2.1 mm 
Total Pb thickness ~ 17 cm 

= 22.7 X0 
Total LAr thickness ~ 29 cm 

= 2.0 X0 
Total X0 is about 25 

… enough to contain 99% of 
an electromagnetic shower.

If we wanted the same X0 with 
LAr alone, the calorimeter 

would have to be 3.5 m deep!

Dimensions from 
ATL-COM-LARG-2008 

https://cds.cern.ch/record/1095009/files/ATL-COM-LARG-2008-002.pdf


Calorimeter resolution

• Homogeneous 
calorimeters have great 
resolution because all 
deposited energy is 
recorded 

• Sampling calorimeters 
have additional contribution 
from fluctuations in amount 
sampled

20

Resolution contributions

Resolution is better 
for higher E!

Showering fluctuations 
and  statistics1/ N

Noise

Shower leakage

∝ 1/E

∝ 1/ E

~ constant

σE

E
=

a

E
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b
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Calorimeter resolution

• Homogeneous 
calorimeters have great 
resolution because all 
deposited energy is 
recorded 

• Sampling calorimeters 
have additional contribution 
from fluctuations in amount 
sampled

20

Resolution contributions

Resolution is better 
for higher E!

Showering fluctuations 
and  statistics1/ N

Noise

Shower leakage

∝ 1/E

∝ 1/ E

~ constant

σE

E
=

a

E
⊕

b
E

⊕ c

a → a d/fsamp
d = active layer thickness 
fsamp = sampling fraction

~ 5 to 15%
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Grupen & Shwartz, 2008

• Nuclear spallation 
reactions release hadrons 
from target material nuclei, 
but binding energy is lost 
and won’t appear in 
calorimeter signal 

• Produced fission 
fragments can undergo β 
decays, creating non-
measured neutrinos

• Strongly charged particles 
generate much more 
complicated showers

Hadronic showers in matter

https://cds.cern.ch/record/1110991?ln=en


Non-compensation: 
 Response will always be < 1 

(Sometimes said: )e/h ≫ 1
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Grupen & Shwartz, 2008

• Main products of showering 
are pions. Produce π+, π-, 
π0 in roughly equal fractions 

• π0 decays to γγ which 
initiates electromagnetic 
sub-cascade. The more 
interactions take place in a 
shower, the more chances 
to create a π0 (no chance to 
convert back to hadron!)

• Strongly charged 
particles generate more 
complicated showers

Hadronic showers in matter

Non-linearity: 
 Response is higher (better)  

for higher-energy jets

https://cds.cern.ch/record/1110991?ln=en


Wigmans

Size of a hadronic shower

• Equivalent of radiation length is 
interaction length λint 

• Hadronic shower 99% contained 
within 9 λint longitudinally and 1 
λint transversely

23

λint ∼ 35g/cm2 ⋅ A1/3 for high Z

http://www.roma1.infn.it/people/rahatlou/labhep/material/Wigmans_ICFA2003_Lectures.pdf
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Size of a hadronic shower

• Equivalent of radiation length is 
interaction length λint 

• Hadronic shower 99% contained 
within 9 λint longitudinally and 1 
λint transversely

23

λint ∼ 35g/cm2 ⋅ A1/3 for high Z

→ Interaction length is a lot longer 
than X0 for most materials!

Material C Al Fe Pb
X0 (cm) 18.9 8.9 1.8 0.56
λint (cm)

(cm)
26.1 25.8 10.4 10.1

PDG 2019

λint /X0 ∝ A4/3

X0 ∝ 1/A λint ∝ A1/3If and , then 

http://www.roma1.infn.it/people/rahatlou/labhep/material/Wigmans_ICFA2003_Lectures.pdf
https://pdg.lbl.gov/2019/reviews/rpp2019-rev-particle-detectors-accel.pdf


Wigmans

Size of a hadronic shower

• Equivalent of radiation length is 
interaction length λint 
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25 X0: EM shower fully 
contained by here

http://www.roma1.infn.it/people/rahatlou/labhep/material/Wigmans_ICFA2003_Lectures.pdf
https://pdg.lbl.gov/2019/reviews/rpp2019-rev-particle-detectors-accel.pdf
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Hadronic calorimeter resolution

• Resolution worse for hadronic showers due to: 
• Fluctuations in lost energy (neutrinos, 

muons, nuclear excitation energy, …) 
• Fluctuations in EM fraction of showers 
• Varying degrees of shower leakage
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Hadronic versus electromagnetic showers

25

Simulations from 
CORSIKA of cosmic rays 

showering in air

100 GeV photon

100 GeV proton

https://www.ikp.kit.edu/corsika/


Two layered calorimeters, EM then hadronic

26

Discussed the LAr 
calorimeters earlier!

Iron absorbers, 
scintillating tiles

LAr is radiation 
hard: use it in 

forward regions

ATLAS experiment



Two layered calorimeters, EM then hadronic

27

CMS experiment



An aside: Parton showers versus particle showers

• Heads up: the word “shower” is confusingly overloaded when we talk about 
strongly charged particles interacting 

• In a high energy physics, the process by which a single quark or gluon produced in 
a Feynman diagram generates additional particles before forming stable hadrons is 
also often called parton showering 

• Consequence is the emergence of “jets”: when you produce a q or g at high 
energy, you get a large group of pions, kaons, etc arriving at your calorimeter 
together, and each of these will start a particle shower in the material

28

Parton showering

Hadronisation: partons bind 
together into stable states

Now they hit the calorimeter and 
each starts a particle shower

q q
g

π+

K
π0

p

p

q



High Granularity Calorimetry

• Take segmentation to the extreme: silicon readout at 0.5cm2! 

• Image individual portions of the shower evolution 

• Extremely high stochastic term: 22%! So why bother?
29

02/22/22 Moritz Wiehe - VCI 2022 - CMS HGCAL 18

Novel Reconstruction Methods

● The construction of a high granularity calorimeter is a unique opportunity to employ modern computing technologies

● Heterogeneous computing: GPUs can be used

● Machine learning: Use of Convolutional Neural Networks (CNN) e.g. for particle ID
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Particle Flow
• Calorimeter is not your only detector! 

• In HEP (and often nuclear) detectors, you have 
trackers as well: much better resolution for 
charged hadrons 

• And hadrons are ~2/3rds of particles striking 
calorimeter (particles in jets) 

• Combining tracker and calorimeter: “Particle Flow” 

• Main challenge: double counting  

• More granular calorimeter: less confusion!

30

Particle Flow

• Resolution of pions at low transverse (plane orthogonal to proton beam direction) momentum is far better with tracking 
detector than calorimeter.


• Particle Flow builds links between measurements in the two, for charged particles - uses the ID measurement when 
this is expected to be superior and when we are confident we can reasonably accurately remove the calorimeter cells, 
corresponding to that particles shower, from the topoclusters.


• Furthermore the ID measurement allows us to associate charged measurements to a specific vertex


• Can remove pileup charged objects from inputs to jet finding and suppress pileup noise.

ID

Calorimeter

1999 TDR

2

ATLAS TDR

ILD 

https://www-jlc.kek.jp/~miyamoto/evdisp/html/index.html


Digital Calorimetry

• Take granularity even more extreme: 

• Energy per read-out gets smaller and smaller 

• Eventually, just reading “presence of signal or not”: digital signal 

• Total number of cells  total number of MIP interactions  energy∝ ∝
31

CALICE



Dual Readout

• Mostly been talking about single-
readout calorimetry 

• (It’s cheaper) 

• But in many materials, you can get 
multiple signals 

• Can combine signals to 
compensate for  

• (Many other compensation 
techniques attempted: historically 
none super-successful)

e/h ≫ 1

32

EM-like

hadron-like

Wigman 

https://indico.cern.ch/event/34209/attachments/672302/923961/Calorimetry-Wigman.pdf


Particle ID

33

… with a calorimeter bias



Particle ID: what and why?
• Critical to be able to identify the particles involved in an interaction to understand the 

processes 

• Long-lived particles (on the timescale of the detector) are identified by their unique 
properties: mass, charge, interaction types, shower shapes, etc 

• Short-lived massive particles (W, Z, Higgs, etc) are identified by their decay products 

• Calorimeters can tell us a lot about particle ID, but need trackers for a full picture! PID is a full 
detector project. 

• Different experiments specialise in different physics, so detectors designed for range of PID 
specialties

34



Particle ID: what and why?
• Critical to be able to identify the particles involved in an interaction to understand the 

processes 

• Long-lived particles (on the timescale of the detector) are identified by their unique 
properties: mass, charge, interaction types, shower shapes, etc 

• Short-lived massive particles (W, Z, Higgs, etc) are identified by their decay products 

• Calorimeters can tell us a lot about particle ID, but need trackers for a full picture! PID is a full 
detector project. 

• Different experiments specialise in different physics, so detectors designed for range of PID 
specialties

34

General 
purpose: 
decent for 
everything



Particle ID: what and why?
• Critical to be able to identify the particles involved in an interaction to understand the 

processes 

• Long-lived particles (on the timescale of the detector) are identified by their unique 
properties: mass, charge, interaction types, shower shapes, etc 

• Short-lived massive particles (W, Z, Higgs, etc) are identified by their decay products 

• Calorimeters can tell us a lot about particle ID, but need trackers for a full picture! PID is a full 
detector project. 

• Different experiments specialise in different physics, so detectors designed for range of PID 
specialties

34

General 
purpose: 
decent for 
everything

B-physics requires 
distinguishing different 
mesons: K/π/Λ etc ID



Particle ID: what and why?
• Critical to be able to identify the particles involved in an interaction to understand the 

processes 

• Long-lived particles (on the timescale of the detector) are identified by their unique 
properties: mass, charge, interaction types, shower shapes, etc 

• Short-lived massive particles (W, Z, Higgs, etc) are identified by their decay products 

• Calorimeters can tell us a lot about particle ID, but need trackers for a full picture! PID is a full 
detector project. 

• Different experiments specialise in different physics, so detectors designed for range of PID 
specialties

34

General 
purpose: 
decent for 
everything

High 
granularity for 

busy ion 
collisions

B-physics requires 
distinguishing different 
mesons: K/π/Λ etc ID



Overview of ATLAS physics objects

35ATLAS Experiment

https://cds.cern.ch/record/1505342


Overview of ATLAS physics objects

35ATLAS Experiment

Hmmm….

https://cds.cern.ch/record/1505342
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photon

jet



ID-ing charged particles in material

• Energy loss via ionisation dominates 
for heavy (non-e) charged particles 
moving quickly in material 

• For relativistic particle, 

• And we can approximate the Beta-
Bloch (ionisation E loss) formula as:

38

1) Energy loss in material

dE/dx ∝ ln(β2γ2)/β2
Minimum ionising particle is 
one near bottom of its curve

β = v/c, γ = E/m, βγ = p/mc

G
ru

pe
n 

& 
Sh

w
ar

tz

For a given p, different 
expected dE/dx for 

different mass

https://doi.org/10.1017/CBO9780511534966.012


ID-ing charged particles in material

39

Performance of the ALICE Experiment The ALICE Collaboration
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Fig. 33: Distribution of the energy-loss signal in the ITS as a function of momentum. Both the energy loss and

momentum were measured by the ITS alone.

where β is the particle velocity, γ is the Lorentz factor, and P1−5 are fit parameters. Figure 34 shows
the measured dE/dx vs. particle momentum in the TPC, demonstrating the clear separation between
the different particle species. The lines correspond to the parametrization. While at low momenta
(p ! 1 GeV/c) particles can be identified on a track-by-track basis, at higher momenta particles can
still be separated on a statistical basis via multi-Gaussian fits. Indeed, with long tracks (" 130 samples)
and with the truncated-mean method the resulting dE/dx peak shape is Gaussian down to at least 3 orders
of magnitude.
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Fig. 34: Specific energy loss (dE/dx) in the TPC vs. particle momentum in Pb–Pb collisions at
√

sNN = 2.76 TeV.

The lines show the parametrizations of the expected mean energy loss.

In the relativistic rise region, the dE/dx exhibits a nearly constant separation for the different particle
species over a wide momentum range. Due to a dE/dx resolution of about 5.2 % in pp collisions and
6.5 % in the 0–5% most central Pb–Pb collisions8, particle ratios can be measured at a pT of up to

8The deterioration of the energy-loss resolution in high-multiplicity events is caused by clusters overlapping in z and/or
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1) Energy loss in material

In
t. 

J.
 M

od
. P

hy
s.

 A
 2

9 
(2

01
4)

 1
43

00
44

ALICE

https://cds.cern.ch/record/1648854?ln=en
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Flight time differences very small, but feasible!

ID-ing charged particles in material

2) Time of flight

β = v/c → β to p relationship indicates mass

Performance of the ALICE Experiment The ALICE Collaboration
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Fig. 38: Distribution of β as measured by the TOF detector as a function of momentum for particles reaching the

TOF in Pb–Pb interactions.

acceptance (dead space between sectors), the inactive modules, and the finite efficiency of the MRPCs
(98.5% on average).

Figure 38 illustrates the performance of the TOF detector by showing the measured velocity β distri-
bution as a function of momentum (measured by the TPC). The background is due to tracks that are
incorrectly matched to TOF hits in high-multiplicity Pb–Pb collisions. The distribution is cleaner in
p–Pb collisions (Fig. 39), showing that the background is not related to the resolution of the TOF de-
tector, but is rather an effect of track density and the fraction of mismatched tracks. This is also visible
in Fig. 40 where the β distribution is shown for a narrow momentum band. The pion, kaon, and proton
peaks are nearly unchanged but the level of background due to mismatched tracks is higher in Pb–Pb.
The fraction of mismatched tracks above 1 GeV/c in Pb–Pb events is closely related to the TOF occu-
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Fig. 39: Distribution of β as measured by the TOF detector as a function of momentum for particles reaching TOF

in p–Pb interactions. The background of mismatched tracks is lower than in Pb–Pb.
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• If you have a very 
good timing detector, 
can resolve two 
particles of the same 
energy but different 
masses by when they 
arrive:

tof = d/βc ∼ 3ns/β

Int. J. Mod. Phys. A 29 (2014) 1430044

ALICE

https://cds.cern.ch/record/1648854?ln=en


• Charged particle 
passing through 
material with 
refractive index n 
with v > c/n causes 
light emission at 
specific angle

41

cos θ = 1/βn

LHCb

ID-ing charged particles in material

3) Cherenkov radiation

https://arxiv.org/pdf/1211.6759.pdf


ID with the calorimeter: electrons and photons

• Expect only one energy deposit in EM 
calorimeter for electrons and photons: 
no jet-like parton shower 

• Full detector ID: match calo to a track 

• Use shower shape and width, energy 
ratios in layers, track to cluster 
matching information, track details to 
further discriminate
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γ
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in the same amount of material. This difference is illus-
trated in Figure 4. In the same amount of material (in
this case 5 X0), electrons lose on average a larger frac-
tion of their energy than photons, but the spread in the
energy losses by photons is larger.

FIG. 4. Distribution of the energy fraction deposited in the first

5 radiation lengths by 10 GeV electrons and γs showering in lead.

Results of EGS4 calculations [2].

Even though the em shower profiles scale, in first ap-
proximation, with X0 and ρM , this scaling is not per-
fect. This is illustrated in Figure 5. The differences
may be understood from the fact that the particle mul-
tiplication continues down to lower energies in high-Z
material and decreases more slowly beyond the shower
maximum. For example, a given high-energy electron
produces 3 times more positrons when showering in lead
than in aluminium. As a result, one needs more X0 of
lead than of aluminium to contain this shower at the 99%
level. Also, the shower maximum is located at a greater
depth in lead. These features are confirmed by Figure 5.

FIG. 5. Longitudinal profiles of 10 GeV e− showers developing

in aluminium (Z = 13), iron (Z = 26) and lead (Z = 82).

The material dependence of the calorimeter thickness
needed to contain electron showers is shown in Figure
6b. For 99% containment, the difference between high-Z

and low-Z absorber materials may be as much as 10X0.
And for reasons described above, it takes even more ma-
terial to contain γ induced showers.

FIG. 6. Average energy fraction contained in a block of matter

with infinite transverse dimensions, as a function of the thickness of

the absorber. Shown are results for showers induced by by electrons

of various energies in a copper absorber (a) and results for 100

GeV electron showers in different absorber materials (b). Results

of EGS4 calculations.

The energy dependence of the calorimeter thickness
needed to contain em showers is shown in Figure 6a.
For lateral shower containment, material differences are
smaller than longitudinally (Figure 7). In addition, there
is no energy dependence. A given (sufficiently long) cylin-
der will thus contain the same fraction of the energy from
1 GeV em showers as from 1 TeV ones.

FIG. 7. Average energy fraction contained in an infinitely long

cylinder of absorber material, as a function of the radius of this

cylinder. Results of EGS4 calculations in different absorbers. The

results do not depend on the energy of the showering electrons.

Deviations from scaling as observed in Figures 5 and 6 are
caused by phenomena that occur at energies below the

3
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ATLAS

https://indico.cern.ch/event/686555/contributions/2972257/


EM vs Hadronic Showers
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EM vs Hadronic Showers

• Most calorimeters are non-
compensating: e/h ≫ 1

• But we can use information about 
the shower to calibrate, after-the-
fact: “software compensation”

• Segmentation is key

• Utilize density+depth for 
simplest corrections
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EM vs Hadronic Showers

• Most calorimeters are non-
compensating: e/h ≫ 1

• But we can use information about 
the shower to calibrate, after-the-
fact: “software compensation”

• Segmentation is key

• Utilize density+depth for 
simplest corrections

• These days, utilize neural 
networks (which extract similar 
information)
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ATLAS

B-jets

• Hadrons containing b-quarks have a 
longer lifetime and can travel a non-
negligible distance before decaying 

• Presence of secondary vertex used 
to identify these jets → calorimetry 
not enough; tracking is critical! 

• Other distinguishing features: jets 
are usually wider with more 
constituent particles (tracks) than 
light jets 

• Strong machine learning use case!

M. Stoye
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayStandAlone#b_jet_events
https://ep-news.web.cern.ch/content/deep-learning-and-quest-new-physics-lhc


Identifying short-lived (heavy) particles

• Particles with lifetimes < a picosecond 
decay “promptly” on detector scales 

• W, Z, Higgs, top quarks, π0, certain 
mesons, (taus)  

• Identify by their decay products and 
rest of event in which you find them 

• Can reconstruct invariant mass as 
additional handle 

• When heavy particles produced at 
high momenta, decay products still 
end up nearby: this gives interesting 
calorimeter consequences

45

h →ZZ→4l
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Jet substructure

• Distribution of energy within a 
jet is a useful source of 
information! 

• Light jets: expect energy 
distribution in calorimeter to 
peak at centre, Gaussian-like  

• What if we had a boosted initial 
particle which split into two 
strongly charged particles, and 
each initiated its own sub-jet? 

• This can help us identify jets 
which came from the decays 
of particular parent particles
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Heavy bosons

• W and Z decay to qq most of the time! Need to be able to 
identify these cases to do effective physics with them.

47

PDG

http://pdg.lbl.gov/2019/tables/rpp2019-sum-gauge-higgs-bosons.pdf
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Heavy bosons

47

PDG

• Best identifying feature: mass. Treat constituents of large-
radius jet as 4 vectors and add to find their invariant mass

QCD W jets
or

http://pdg.lbl.gov/2019/tables/rpp2019-sum-gauge-higgs-bosons.pdf


Top tagging

48



Top tagging

• Like with W and Z, mass 
and distribution of energy 
inside the jet are the 
strong discriminants

48

t → Wb → qq̄b QCD



Top tagging

• Like with W and Z, mass 
and distribution of energy 
inside the jet are the 
strong discriminants

• With hadronic tops, 
expect ~three energy 
groups. Neural networks 
can identify the structure 
compared to QCD jets!

48

t → Wb → qq̄b QCD



Neutrino ID

• Neutrino interaction cross section is ridiculously small 

• If you are a dedicated neutrino experiment, get as large a volume as possible for 
the neutrinos to interact in to arrive at a visible rate 

• If you’re a collider experiment, you are out of luck! Neutrinos will pass all the way 
through the detector leaving no trace. 

• However, neutrinos carry momentum: p imbalance in transverse plane tells you 
some particle was not reconstructed

49

Sno+: 800 tonnes 
of scintillator
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MET 

Add together well-
calibrated electrons, 
muons, …

Add all jets 
passing some 
threshold criterion, 
properly calibrated

Add remaining activity 
(your input of choice) 
not associated to an 
object → “soft term”

Vector needed for sum to 
equal zero is the missing 

transverse momentum (MET): 
neutrino identification!



Fun with muons

51

4 33. Passage of particles through matter

with mean M0. Ne is either measured in electrons/g (Ne = NAZ/A) or electrons/cm3

(Ne = NA ρZ/A). The former is used throughout this chapter, since quantities of interest
(dE/dx, X0, etc.) vary smoothly with composition when there is no density dependence.
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Fig. 33.1: Mass stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a function
of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in
kinetic energy). Solid curves indicate the total stopping power. Data below the break at
βγ ≈ 0.1 are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical
bands indicate boundaries between different approximations discussed in the text. The
short dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping
power on projectile charge at very low energies [6]. dE/dx in the radiative region is not
simply a function of β.

33.2.2. Maximum energy transfer in a single collision :

For a particle with mass M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (33.4)

In older references [2,8] the “low-energy” approximation Wmax = 2mec2 β2γ2, valid for
2γme ≪ M , is often implicit. For a pion in copper, the error thus introduced into dE/dx
is greater than 6% at 100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron can
exceed 1 GeV/c, where hadronic structure effects significantly modify the cross sections.

June 5, 2018 19:57

Reminder 
βγ = p/Mc

PDG 2018
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accelerator energies
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accelerator energies

at 10 GeV, 
dE/dx ~2 MeV cm2/g 

ρ Fe ~7 g/cm3 

14 MeV/cm energy loss: 
μ can pass through 7 m 

of iron!
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Conclusions

• Detectors need to do two things well: 

• Identify particles entering them 

• Tell us as much as possible about their properties: energy, 
momentum, charge, mass, … 

• Every part of a detector is necessary to get this information! 

• We discussed calorimeters: for everything except muons and neutrinos, 
these give us a measure of the total energy carried by the particle 

• Careful calorimeter design lets you balance resolution, size, and expense 

• Calorimeters are key for particle identification at high energies!
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Student problems
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Problems

• Which of these particles will undergo hadronic interactions 
in my calorimeter? K0, π+, γ, μ, n, π0 

• If I want to make a homogeneous electromagnetic 
calorimeter out of CsI scintillating crystals (density 4.51 g/
cm3, X0 1.86) how thick does it have to be? If I want to 
instrument 3 m2 of surface area, how much will my 
detector weigh? 

• Using the approximations on slide 12, what’s the 
maximum number of particles in an electromagnetic 
shower?
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Backup
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Sources and references

• Calorimeter material and explanations taken with many thanks from lectures by M. 
Vetterli, M. Delmastro, D. Markoff, S. Masciocchi, E. Garutti, P. Loch, G. Gaudio, C. 
Jessop, M. Battaglieri, M. Nessi,  

• Most calorimeter related plots taken from the Particle Data Group or Wigmans’ 
Calorimetry, as noted in slides 

• PID info relies strongly on Particle Detectors, 2nd edition by Grupen & Shwartz 

• Non-jetty PID information taken with thanks from N. Proklova, S. Morgenstern, A. 
Kalinowski, R. Forty 

• Most particle ID plots and event displays taken from various ATLAS and ALICE 
public results 

• Some good quick reads on calorimeters and jets: Fabjan & Gianotti, Peter Loch’s 
lectures, Webber
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http://lappweb.in2p3.fr/~chefdevi/Detector_reports/Calorimetry/Fabjan.pdf
http://atlas.physics.arizona.edu/~loch/HFSL_spring2010.html
http://atlas.physics.arizona.edu/~loch/HFSL_spring2010.html
https://arxiv.org/pdf/hep-ph/9912292.pdf


Calorimetric properties of common materials

58

Electromagnetic Showers

X0 [cm] Ec [MeV] RM [cm]

   Pb 0.56 7.2 1.6

   Scintillator (Sz) 34.7 80 9.1

   Fe 1.76 21 1.8

   Ar (liquid) 14 31 9.5

   BGO 1.12 10.1 2.3

   Sz/Pb 3.1 12.6 5.2

   PB glass (SF5) 2.4 11.8 4.3

Typical values for X0, Ec and RM of materials 
used in calorimeter

Electromagnetic showers

Marco Delmastro Experimental Particle Physics 34Table from Marco Delmastro

https://indico.cern.ch/event/294651/contributions/671929/attachments/552041/760669/Delmastro_ESIPAP2014_3.pdf


Taus

• Taus are heavy enough to have a huge 
number of available decays!  

• Short lifetime: have to ID by decay 
products, not directly (though secondary 
vertex may be visible) 

• Two and three charged pion decay 
modes resemble low-ntrk jets 

• One-charged-pion decay mode 
resembles an electron 

• Use cluster width and radius, EM to 
hadronic fraction, ntrk, degree of isolation 
to identify taus

59

I would paste the PDG 
decay modes table, but 

it’s 6 pages long!

~ 17% each

~ 11%

+ 25% τ →π+ π0 ντ
+ 11% τ →3 charged π
+ 9% τ →π0π0π+ντ

Lost energy from ν complicates 
τ energy reconstruction
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ATL-PHYS-PUB-2015-045 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-045/


Compensating hadronic calorimeter

• Technically a compensating calorimeter just means EM 
response == H response. If you can lower EM response 
enough you get compensation 

• Also some crazier tricks you can pull. E.g. the ZEUS 
experiment built uranium calorimeter that let neutrons/
neutral pions trigger fission processes that released more 
energy 

• Result: e/h = 1
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