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What’s a calorimeter?

• Calorimeters measure amount of energy 
output by some process 

• Have discussed trackers already - these are 
critical to an all-purpose particle detector!  

• But with only momentum information you 
don’t have a full 4-vector. Need a 
calorimeter to tell you energy of your particle 

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

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

• Must be thick enough 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 to 
deposited energy 

• Must be sufficiently granular to tell you not just how much energy was 
deposited, but where 

• 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, …
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Glossary of upcoming 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. 
EC ~= 610 MeV/(Z+1.24) 

• Shower maximum = depth of 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



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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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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Photoelectric 
effect

33. Passage of particles through matter 23
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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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Electromagnetic showers  
in matter

• High-energy photons pair produce electrons and positrons, vanishing in the process 

• 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
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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

Wigmans

http://www.roma1.infn.it/people/rahatlou/labhep/material/Wigmans_ICFA2003_Lectures.pdf
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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)

 

�10

t = X/X0 
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

2

Wigmans

tmax proportional 
to E0

electrons in copper
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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

2

Wigmans

tmax proportional 
to E0

electrons in copper

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

EC varies with Z, 
so shower profile 
varies a bit too

http://www.roma1.infn.it/people/rahatlou/labhep/material/Wigmans_ICFA2003_Lectures.pdf


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

�11

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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Recall X0 ∝ A/Z2

→shower depth 
changes a lot 
with material, 
but RM only 

changes a little

http://www.roma1.infn.it/people/rahatlou/labhep/material/Wigmans_ICFA2003_Lectures.pdf


What happens at the end of the shower?

• In most materials, not much! In a block of lead, energy ultimately 
dissipates as heat. For us, this constitutes lost information. 

• In other materials, well-defined process makes this energy visible to us.

�12

Ionisation

Scintillation
Cherenkov 
radiation



�13
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)

�14

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 

�15

Wigmans

Electron induced showers 
(photon requires a bit more)

99% of shower contained 
after 19-26 X0

Electromagnetic calorimeters, June 28, 2017S.Masciocchi@gsi.de          24

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
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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?

�16
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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)

�17

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

�18

Resolution contributions

Resolution is better 
for higher E!

Showering fluctuations 
and statistics

Noise

Shower leakage

∝ 1/E

∝ 1/ E

~ constant

σE

E
=

a

E
⊕

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
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Resolution contributions

Resolution is better 
for higher E!

Showering fluctuations 
and statistics

Noise

Shower leakage

∝ 1/E

∝ 1/ E

~ constant

σE

E
=

a

E
⊕

b
E
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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 more 
complicated showers

Hadronic showers in matter

https://cds.cern.ch/record/1110991?ln=en
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Grupen & Shwartz, 2008

Non-compensation: 
 Response will always be < 1

• 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 more 
complicated showers

Hadronic showers in matter

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

• Strongly charged 
particles generate more 
complicated showers

Hadronic showers in matter

Non-linearity: 
 Response is different (better)  

for higher-energy jets

https://cds.cern.ch/record/1110991?ln=en
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Size of a hadronic shower

• Equivalent of radiation length is 
interaction length λint 

• Hadronic shower 95% contained 
within 9 λint longitudinally and 1 
λint transversely

�21

λint =
1

σtot ⋅ n
≈

A
σppA2/3 ⋅ NAρ

∼ 35g/cm2 ⋅ A1/3 for high Z

∼ σpp ⋅ A2/3

σtot = σel + σinel
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σtot ⋅ n
≈

A
σppA2/3 ⋅ NAρ

∼ 35g/cm2 ⋅ A1/3 for high Z

∼ σpp ⋅ A2/3

σtot = σel + σinel

→ 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 2014

λint /X0 ∝ A4/3

X0 ∝ 1/A λint ∝ A1/3If and , then 
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25 X0: EM shower fully 
contained by here
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Hadronic versus electromagnetic showers
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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
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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
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CMS experiment



Topoclusters and jets

• What we have in the calorimeter is a 
bunch of energy deposits at various 
positions and depths 

• What we want is a single unified 
statement about the incident particle 

• Make an “object” we can talk about: from 
energy depositions reclusters to get jets 
(electrons and photons expect to have 
only one cluster)
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(c) All clustered cells

Figure 6: Stages of topo-cluster formation in the first module (FCAL0) of the FCAL calorimeter for a simulated dijet
event with at least one jet entering this calorimeter. Shown in (a) are cells with signal significance |& EM

cell | > 4 that
can seed topo-clusters, in (b) cells with |& EM

cell | > 2 controlling the topo-cluster growth, and in (c) all clustered cells
and the outline of topo-clusters and topo-cluster fragments in this module. All clusters shown in (c) which do not
contain a seed cell from this module are seeded in other modules of the FCAL, or in other calorimeters surrounding
it. Pile-up is not included in this simulation, but electronic noise is modelled. Cells not colour coded but inside a
topo-cluster have a negative signal, while cells shaded grey are completely surrounded by clustered cells but not
part of a topo-cluster themselves. The cell and cluster boundaries are displayed on a dimensionless grid using the
polar angle ✓ and the azimuthal angle �. This view maintains the cell shapes and proportions. For the definition of
the cell signal significance & EM

cell see Eq. (2).
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Calibration of energy

• List of factors we’ve discussed that calibration needs to account for: 

• Sampling nature of calorimeter: energy deposited in absorber layers 
not exactly known 

• Non-compensation of calorimeter: smaller fraction of energy from 
hadronic interactions recorded than from EM 

• Dead material and particles leaking out of calorimeter 

• Truth particles falling outside the reconstructed jet 

• Noise thresholds/reconstruction efficiency 

• Can calibrate at calorimeter cluster level or at level of reconstructed object

�27
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Simulation-based calibration
• First step in e/γ/jet calibration uses ratio of reconstructed energy to particle-level 

energy taken from simulations 

• Goal is to return measured object energy in data to the “true” scale represented to 
the best of our knowledge by the MC
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Data-based calibration

Second stage corrects for residual differences between data and 
simulation: object in data after MC calibration is momentum-balanced 
against a well-calibrated standard candle
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Particle ID

�30

… with a calorimeter bias



Particle ID: what and why?
• If our detector observes an interaction, critical to be able to identify the particles involved to 

understand the processes 

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

• Promptly decaying particles (W, Z, Higgs, etc) are identified by their decay products 

• Calorimeters can tell us a lot about particle ID, but (for more than 1 type of expected particle) 
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
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Overview of physics objects

�32ATLAS Experiment

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


Overview of physics objects

�32ATLAS Experiment

Hmmm….

https://cds.cern.ch/record/1505342
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Electrons and photons
• Expect only one energy deposit in EM calorimeter in electrons and photons: no jet-like 

parton shower 

• Distinguish between the two by matching to a track 

• But discrimination against backgrounds still tricky 

• e ID backgrounds: mis-ID’d hadrons, non-prompt production, heavy flavour decays 

• γ ID backgrounds: jets with large EM fraction, π0 → γγ 

• Use shower shape and width, energy ratios in layers, track to cluster matching 
information, track details to further discriminate

�35
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Quarks and gluons

• Quarks and gluons showering immediately and 
hadronize shortly afterwards 

• Once anything reaches the detector, there’s no 
longer just one particle: track multiplicity ~ 6 to 10 

• Hard to tell quark and gluon jets apart! Gluon jets 
are a little wider and tend to include more particles. 
Ongoing q/g tagging efforts in ATLAS & CMS
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Figure 2: The four corners show the average quark (upper) and gluon (lower) jet images, from true constituents,
both charged and neutral, (left) and reconstructed tracks (right); the four plots on the edges show the di↵erence
between the adjacent plots, for example the top plot shows the di↵erence between the average quark jet for stable
particles and reconstructed tracks. Quark-jets are more collimated than gluon ones, and track images show slightly
less central activity than in the true jet.
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Figure 2: The four corners show the average quark (upper) and gluon (lower) jet images, from true constituents,
both charged and neutral, (left) and reconstructed tracks (right); the four plots on the edges show the di↵erence
between the adjacent plots, for example the top plot shows the di↵erence between the average quark jet for stable
particles and reconstructed tracks. Quark-jets are more collimated than gluon ones, and track images show slightly
less central activity than in the true jet.
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Example: 
use jet 

image in 
calorimeter 
to train NN

Average 
quark jet

Average 
gluon jet

ATL-PHYS-PUB-2017-017 
ATL-PHYS-PUB-2017-009 

https://cds.cern.ch/record/2275641/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-009/


ATLAS

B-jets

• Exception to the above: 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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ATLAS

B-jets

• Exception to the above: 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

Why do we care? 

- Heavy flavours could couple 
preferentially to new physics 

- Needed for identifying top quark 
events 

- Highest rate decay of the Higgs!
�37



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

�38



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.

�39

PDG

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


Heavy bosons

�39

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
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Top tagging

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

• With hadronic tops, expect ~three 
energy groups. Basic selection 
with mass and “n-subjettiness” 
does well, but adding extra 
substructure variables in a BDT or 
DNN can do better still 

• Extra useful: one of the decay 
products should be a b-jet!

�40ATLAS-CONF-2017-064 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-064/


Stop talking about calorimeters!

• Z decays to leptons are easy because resolution for leptons is good: if 
the invariant mass matches a Z, it’s probably a Z 

• W decays are harder: the ν escapes the detector, leaving missing energy.  

• Missing energy is transverse pT imbalance and is a 3-vector. If you have 
only 1 neutrino in your event, can reconstruct W transverse mass:

�41

PDG

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


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

�42

Sno+: 800 tonnes 
of scintillator
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MET 
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calibrated electrons, 
muons, …
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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)



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

�44

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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Longer-lived hadrons

• If jets aren’t enough info and you want to distinguish kaons, pions, and other 
longer lived mesons, you may need extra information to separate similar masses.  

• Sometimes make an entire dedicated detector (e.g. RICH Cherenkov detector 
in LHCb) 

• For a relativistic particle, 

• Cherenkov radiation is one of 
several ways to get extra 
information on β which can 
translate to mass information. 
Angle of radiated light directly 
related to β:

�45

β = v/c, γ = E/m = (1 − β2)−1/2

Total energy from calo can 
tell you about mass, but it 

isn’t terribly precise

cos θ = 1/βn
LHCb

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


Longer-lived hadrons, cont’d

�46

tof = d/βc Diff ~ picoseconds, but feasible!

• Bethe-Bloch energy 
loss: recall Bethe-
Bloch from previous 
lectures (I hope!)

• Time of flight: if you have a very good timing detector, can 
resolve two particles of the same energy but different masses: 

dE/dx ∝ ln(β2γ2)/β2

AT
LA

S-
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https://cds.cern.ch/record/1336519/files/ATLAS-CONF-2011-016.pdf


Fun with muons
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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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LHC 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!



Conclusions

�48



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 LHC 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 

• 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 

• 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 
public results 

• Some good quick reads on calorimeters and jets: Fabjan & Gianotti, 
Peter Loch’s lectures, Webber

�53

http://lappweb.in2p3.fr/~chefdevi/Detector_reports/Calorimetry/Fabjan.pdf
http://atlas.physics.arizona.edu/~loch/HFSL_spring2010.html
https://arxiv.org/pdf/hep-ph/9912292.pdf


Calorimetric properties of common materials

�54

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! 34!Table from Marco Delmastro

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

