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Disclaimer
Particle Detectors are very complex, a lot of 
physics is behind the detection of particles: 

particle physics 
material science 
electronics 
mechanics, …. 

To get a good understanding, one needs to 
work on a detector project ... 

This lecture can only give a glimpse at 
particle detector physics, cannot cover 
everything 
Biased by my favourite detectors !
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Maybe not the ideal detector 
physicist
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Overview

I. Detectors for Particle Physics 

II. Interaction with Matter     

III. Calorimeters 

IV. Tracking Detectors 
Gas detectors 
Semiconductor trackers 

I. Building an Experiment  

VI. Challenges for Future Experiments 

VII. And what can go wrong ….
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Part 1 
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Part 3
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I. Overview: 
Detectors for particle 

physics
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Particle Physics Detectors
There is not one type of detector which provides all measurements we need -> “Onion” 
concept -> different systems taking care of certain measurement 
Detection of collision production within the detector volume 

resulting in signals (mostly) due to electro-magnetic interactions

5
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ATLAS@LHC
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46 m
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 m

Weight: 7 000 t 
Central Solenoid: 2 T 
Muon-Toroid: 4 T
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Distinctive characteristics: 

the largest in
 HEP
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ATLAS Cross Section
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CMS@LHC
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Weight: 12 500 T 
Length: 21.5 m 
Diameter: 15 m 
Solenoid-Field: 4 T

Distinctive characteristics: 

extremely heavy and compact
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CMS Cross Section
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Size and Weight

CMS is 65% heavier than the Eiffel tower

Brandenburger Tor 
in Berlin

ATLAS
CMS

7300 t12500 t
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Size and Weight

CMS is 65% heavier than the Eiffel tower

Brandenburger Tor 
in Berlin

7300 t12500 t

ATLAS
CMS
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The Big Ones at LHC …. 

12

ATLAS CMS

LHCb ALICE
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The ZEUS Detector@HERA
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Weight: 3600 T 
Length: 19 m 
Diameter: 11 m 
Solenoid-Field: 1.5 T

Distinctive characteristics: 

Uranium calorimeter
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AMS@ISS
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Weight: 1200 T 
Length: 6 m 
Diameter: 6 m 
Solenoid-Field: 1.5 T

Distinctive characteristics: 

lost in space ….
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Example: ATLAS at CERN

16
© 2006 CERN

Full movie: ATLAS experiment - Episode 2 - The Particles Strike Back 
http://cds.cern.ch/record/1096390?ln=en  

Full movie: ATLAS experiment - Episode 2 - The Particles 
Strike Back 
http://cds.cern.ch/record/1096390?ln=en 

http://cds.cern.ch/record/1096390?ln=en
http://cds.cern.ch/record/1096390?ln=en
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HEP Detector Overview

17

Tracker: Precise measurement 
of track and momentum of 
charged particles due to 
magnetic field. 

Calorimeter: Energy 
measurement of photons, 
electrons and hadrons 
through total absorption

Muon-Detectors: Identification 
and precise momentum 
measurement of muons outside 
of the magnet

Radiation hard 
(hadron collider)

Good energy 
resolution up to 
highest energies

Vertex: Innermost 
tracking detector

Transverse slice 
through CMS
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II. The Basics of All 
Detection Processes: 

Interactions with 
Matter
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Analogy

Planes leave tracks in sky under certain conditions ….
19
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Particles Leave Signals in Matter 

20

heavy charged particles  
(with masses>melectron)

electrons/positrons

photons neutrons

http://www.particlezoo.net/

Different effects are involved when a particle passes through matter, depending 
on mass, charge and energy of the particle. 
Following the effects will be explained for

http://www.particlezoo.net/
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Heavy Charged Particle

Simple model (M>>me): 
consider energy transfer of particle to single electron 
(distance b) 
multiply with the number of independent electrons passed (Z) 
integrate over all distances b

21

Incoming particle interacts elastically with a target of nuclear charge Z.  

Cross section

Rutherford Formula

Heavy charged particles transfer energy mostly to the atomic electrons causing ionisation 
and excitation.
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Interactions of “heavy” Particles with Matter

Maximum kinetic energy which can be 
transferred to the electron in a single collision 

Excitation energy

Density term due to polarisation: leads to  
saturation at higher energies 

Shell correction term, only relevant  
at lower energies

Bremsstrahlung

 “minimum ionizing 
particles”  βγ ≈ 3-4 

“kinematic term”

Mean energy loss is described by the Bethe-Bloch formula
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dx

= 4⇡N
A

r

2
e

m

e

c

2
z

2Z

A

· 1

�

2
· [ 1
2
ln

2m
e

c

2
�

2
�

2
T

max

I

2
� �

2 � �

2
� C

Z

]

P
lo

t: 
P

D
G

, J
ul

y 
20

12

“relativistic rise”
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Particle Identification Using dE/dx

23

p = mc��
The energy loss as a function of 
particle momentum                     is 
depending on the particle’s mass. 

  
By measuring the particle 
momentum  (deflection in the 
magnetic field) and measurement of 
the energy loss on can measure the 
particle mass.   

➡    Particle Identification at low 
energies (p<2GeV/c)

Example: 
DELPHI@ LEP
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A Closer Account of Energy Loss
Bethe-Bloch displays only the average 

energy loss is a statistical process 
discrete scattering with different results depending 
on strength of scattering 
primary and secondary ionisation

Primary ionisation 
• Poisson distributed  
• Large fluctuations per 

reaction

Secondary ionisation 
‣ Created by high energetic 

primary electrons 
‣ sometime the energy is 

sufficient for a clear secondary 
track: δ-Electron

24

©
 1

98
2 

CE
RN

Liquid hydrogen bubble chamber 1960 (~15cm).

Example of a delta 
electron in a bubble 
chamber: visible path

Total ionisation = primary ionisation  
                          + secondary ionisation 
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Energy Loss in Thin Layers
In case of thin detectors the variation width within the energy transfer of the reactions leads 
to a large variation of the energy loss:  

A broad maximum: collisions with little energy loss 
A long tail towards higher energy loss: few collisions with large energy loss Tmax,  δ-
electrons. 

25

The Landau distribution is used in 
physics to describe the fluctuations in the 
energy loss of a charged particle passing 
through a thin layer of matter

Thin absorber: 
<dE> < ~10Tmax

most probable peak! 
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Bremsstrahlung

26

Incident electron and 
Bremsstrahlung photon.

Deflection of a charge in a strong nuclear E-field -> 
emission of a photon.
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Effect plays a role only for e± and ultra-relativistic µ (>1000 GeV).

Energy loss for anything heavier  
than an electron is  

dominated by ionisation.

Bremsstrahlung is dominating at high 
energies 
At low energies: ionisation, additional 
scattering
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Electrons: Energy Loss

27

dE

dx

(Ec) =
dE

dx

(Ec)

Esolid+liq

c =
610MeV

Z + 1.24
Egas

c =
710MeV

Z + 1.24

Critical energy: the energy at which the 
losses due to ionisation and Bremsstrahlung 
are equal

For electrons approximately:
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For electrons

Parameters only depending on material the electron is 
passing through. 

X0:Radiation length
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Electrons and Photons: Radiation Length

28

Radiation length: an important parameter for particle detectors 
Thickness of material an electron travels through  

until the energy is reduced by Bremsstrahlung to 1/e of its original energy

The radiation length is also an important quantity in multiple scattering 
A very important number when building detectors, one always has to keep in mind how 
much material is within the detector volume  

Usually quoted in [g/cm2], typical values are: 
Air: 36.66 g/cm2 ->~ 300 m 
Water: 36.08 g/cm2 -> ~ 36 cm 
Silicon: 21.82 g/cm2 -> 9.4 cm 
Aluminium: 24.01 g/cm2 -> 8.9 cm 
Tungsten: 6.76 g/cm2 -> 0.35 cm

empirical: X0 = 716.4 A
Z(1+Z) ln(287/

�
Z)

g
cm2 � A

Z2
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Multiple Scattering!

29

�0 = �rms
plane =

1�
2
�rms
space

⇥0 =
13.6 MeV

� c p
z

�
x/X0 [1 + 0.038 ln(x/X0)]

Charged particles are forced to deviate from a straight track when  moving through a medium: 
multiple scattering mostly due to Coulomb field. 
Cumulative effect of these small angle scatterings is a net deflection from the original particle 
direction.

the smaller the momentum the larger the effect 
kind of Gaussian around original direction

Gaussian approximation sufficient 
for many applications.
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Photons: Interactions

30

Photons appear in detector systems  
as primary photons,  
created in Bremsstrahlung and de-excitations 

Photons are also used for medical applications, both imaging and radiation treatment.

Photons interact via 6 mechanisms 
depending on the photon energy:   

< few eV: molecular interactions 
< 1 MeV: photoelectric effect 
< 1 MeV: Rayleigh scattering 
~ 1 MeV: Compton scattering 
> 1 MeV: pair production 
> 1 MeV: nuclear interactions 

27. Passage of particles through matter 23

Photon Energy

1 Mb

1 kb

1 b

10 mb
10 eV 1 keV 1 MeV 1 GeV 100 GeV

(b) Lead (Z = 82)
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10 mb

1 b

1 kb

1 Mb
(a) Carbon (Z = 6)

σRayleigh

σg.d.r.

σCompton

σCompton

σRayleigh

κnuc

κnuc

κe

σp.e.

- experimental σtot

Figure 27.15: Photon total cross sections as a function of energy in carbon and
lead, showing the contributions of different processes [48]:

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 Reso-
nance [49]. In these interactions, the target nucleus is broken up.

Original figures through the courtesy of John H. Hubbell (NIST).

February 16, 2012 14:08

Photo-electric

Rayleigh

Pair prod., nuclear field

Pair prod., electron field
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Photons: Interactions

31

~1.022 MeV

I(x) = I0e
�µx

➫ Reduction of photon intensity with passage through matter: 

A    is absorbed and photo-
electron is ejected. 
• the    disappears, 
• the photo-electron gets an 

energy  

Only possible in the Coulomb 
field of a nucleus (or an 
electron) if 

E� � 2mec
2E0

� =

1

1 + ✏(1� cos ✓�)

Elastic scattering of a photon 
with a free electron

e-

Photo-Effect

e-

e+

Nucleus

Pair creation
ν

ν’
e-

Compton-Scattering

� + e! �0 + e0

e-‘

Most dominating effects:

�

�

�

Ep.e = E� � Ebinding
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Interactions of Neutrons

Neutron interaction is based only on strong (and weak) nuclear force.  
To detect neutrons, one has to create charged particles. 
Possible neutron conversion and elastic reactions …

32

n+6 Li ! ↵+3 H

n+10 B ! ↵+7 Li

n+3 He ! p+3 H

n+ p ! n+ p

En < 20MeV

En < 1GeV

}
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6

n + p -> n + p                

In addition there are…  
inelastic reactions ! hadronic cascades En > 1 GeV  
same detection principals as for other hadrons  (calorimeter)
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Neutrons react very weakly 
with matter 
Cross section for                              
is around 10-43 cm-2. 

1m Iron: probability 10-17  

⌫e + n ! e� + p

In collider experiments fully hermetic detectors allow indirect detection 
Sum up all visible energy and momentum in detector 
Missing energy and momentum belong to neutrino(s)

A Short Word on Neutrinos…
C
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A short summary

34

The decay of a lambda particle in the 32 cm hydrogen bubble chamber © 1960 CERN

16 GeV

. 

. 

. 

. 

⇡� + p

⇡�

⇡+

⇡�

p

⇤0

⇡� + p ! K0
s + ⇤

Lifetime of lambda: 
2.6 10-10 sec 
-> a few cm

?

http://cds.cern.ch/record/39474
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Overview

I. Detectors for Particle Physics 

II. Interaction with Matter     

III. Calorimeters 

IV. Tracking Detectors 
Gas detectors 
Semiconductor trackers 

V. Building an Experiment  

VI. Challenges for future experiments 

VII. And what can go wrong ….
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III. Calorimeters
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Calorimetry

37
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Calorimetry: The Idea behind it ….

38

Ice-calorimeter from Antoine 
Lavoisier's 1789 Elements of 
Chemistry.

         

∆T= E / (c· Mwater)= 3.8·10-14K !
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Calorimetry originated in thermo-dynamics 
The total energy released within a chemical reaction 
can be measured by measuring the temperature 
difference 

In particle physics: 
Measurement of the energy of a particle by measuring 
the total absorption

• What is the effect of a 1 GeV particle in 1 
litre water (at 20°C)?  

http://en.wikipedia.org/wiki/calorimeter
http://en.wikipedia.org/wiki/Antoine_Lavoisier


Ingrid-Maria Gregor -  Detectors for HEP

Calorimetry: Overview
Basic mechanism for calorimetry in particle physics:  

formation of electromagnetic  
or hadronic showers.  

The energy is converted into ionisation or excitation of the matter. 

39

Charge Scintillation light
Cerenkov light

Calorimetry is a “destructive” method. 
The energy and the particle get absorbed!   
Detector response ∝E  

Calorimetry works both for charged (e± 
and hadrons) and neutral particles (n,γ) !
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Calorimeters
Calorimeters can be built as 4π-detectors, i.e. they can detect particles over almost the full 
solid angle 
Calorimeters can provide fast timing signal (1 to 10 ns); can be used for triggering [e.g. 
ATLAS L1 Calorimeter Trigger] 
Calorimeters can measure the energy of both, charged and neutral particles, if they interact 

via electromagnetic or strong forces [e.g.: γ, μ, Κ0, ...] 
Magnetic spectrometer: only charged particles! 

Segmentation in depth allows separation of hadrons (p,n,π±), from particles which only 
interact electromagnetically (γ,e) ... 

40

µ = n⇥ = �
NA

A
· ⇥pair

Electromagnetic Showers

Reminder:

X0

Dominant processes 
at high energies ...

Photons	 :   Pair production
Electrons	:   Bremsstrahlung

Pair production:
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Bremsstrahlung:

E = E0e
�x/X0

[X0: radiation length]
[in cm or g/cm2]

Absorption 
coefficient:

After passage of one X0 electron
has only (1/e)th of its primary energy ...

[i.e. 37%]
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[X0: radiation length]
[in cm or g/cm2]

Absorption 
coefficient:

After passage of one X0 electron
has only (1/e)th of its primary energy ...

[i.e. 37%]
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Photons: Electrons:
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Reminder

41

Electrons Photons

pair creation 
in electron 
field

X0 = 716.4 A
Z(1+Z) ln(287/

�
Z)

g
cm2 � A

Z2empirical:

Radiation length defines the amount of material a particle has to travel through 
until the energy of an electron is reduced by Bremsstrahlung to 1/e of its original 
energy ⇥Ee(x)⇤ � e

x
X0

Critical energy: the energy at which the losses due to ionisation and 
Bremsstrahlung are equal
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Electromagnetic Showers
High energetic particles: forming a shower if passing 
through (enough) matter. 
An alternating sequence of interactions leads to a 
cascade: 

Primary γ with E0 energy produces e+e- pair in 
layer X0 thick (probability: 54%) 
Each has E0/2 energy (average) 
If E0/2 > Ec, they lose energy by Bremsstrahlung 

42
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Cloud chamber photo of 
electromagnetic cascade 
between spaced lead plates.

Next layer X0: charged particle energy decreases to E0/(2e) 
Bremsstrahlung with an average energy between E0/(2e) 
and E0/2 is radiated 
Radiated γs produce again pairs 
After t radiation lengths 

number of particles  

each with average energy EN ' E0

2t

N ' 2t
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EM Shower Properties

43

Shower continues until energy of particles 
below critical energy.

Simple model only, for more details MC simulation required. 
Shower curve should rise rapidly to a peak value and then fall to zero.  
The broad peak of the experimental curve can be interpreted in terms of a energy 
spread of the incoming particles. 
Long tail due to muon interactions producing knock-on electrons capable of making 
a contribution to the cascade process.

Shower maximum at tmax

Electromagnetic cascades

Longitudinal shower development:

Shower maximum at

95% containment 

Example: 100 GeV in lead glass (Ec=11.8 MeV) → tmax ≈ 13, t95% ≈ 23

Size of a calorimeters grows only logarithmically with E

tet
dt

dE −∝ α

2ln

1
ln 0

max

cE

E
t =

6.908.0max%95 ++≈ Ztt

Transverse shower development:

95% of the shower cone is located in a cylinder with 

radius 2 RM

Example: lead glass RM = 1.8 X0 ≈ 3.6 cm (depends on glass type)

]/[
MeV21 2

0 cmgX
E

R
c

M =

longitudinal 

development scales 

with X0

(C. Fabjan, T. Ludlam, CERN-EP/82-37)

6 GeV/c e-

E(t
max

) =
E0

2tmax

= E
c

t
max

=
ln E0

Ec

ln 2
N

max

' E0

E
c
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EM Shower Properties

Example:  
E0= 100 GeV  
in lead glass Ec=11.8 MeV 
→Nc≈13, t95%≈23  
X0≈2 cm,  RM= 1.8·X0≈3.6 cm 

44

Longitudinal development governed by the radiation 
length X0. 

Lateral spread due to electron undergoing multiple 
Coulomb scattering: 

95% of the shower cone is located in a cylinder 
with radius 2 RM 
Beyond this point, electrons are increasingly 
affected by multiple scattering 

Lateral width scales with the Molière radius RM 

Important parameter for shower separation 

ES = mec
2
p

4⇡/↵ = 21.2MeV

RM = X0
ES

Ec
= 21.2MeV · ES

Ec

MC Simulation

transverse development 
for 10GeV electrons

9African School of Physics, Stellenbosch, South Africa, August 20109D. Froidevaux, CERN

Electromagnetic Cascades

A high-energy electron or photon incident on absorber initiates EM cascade 

Bremsstrahlung and pair production generate lower energy electrons and photons 

Shower  profile  strongly  depends  on  the  absorber’s  X0

Longitudinal shower profile Transverse shower profile
Width given by Molière radius :

0 Pb

21 MeV 600
,    7

1.2M c
c

R X E
E Z

Governed by high-energy part of cascade
[for E<Ec cascade  exhausts  by  ionisation,  Compton,  …]

~ 22 X0

~ 2 X0

Calorimeters aim at large X/X0 (20 – 30)

And prefer transparent material in front

Presampler corrects E for early showers

2RM



P = e�
x

�I

Wechselwirkungslänge: 
Wahrscheinlichkeit, dass keine hadronische 
Reaktion nach Wegstrecke x stattgefunden 
hat: 
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Hadronic Cascade
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The length scale of the shower is given in means of the nuclear reaction length λI 

�
l

=
A

N
A

�
total

total cross section for 
nuclear processes

Compare X0 for high-Z materials, we see that 
the size needed for hadron calorimeters is  
large compared to EM calorimeters.

Within the calorimeter material a hadronic cascade is build up: in inelastic nuclear 
processes more hadrons are created

λI X0

Polystyren 81.7 cm 43.8 cm

PbWO 20.2 cm 0.9 cm

Fe 16.7 cm 1.8 cm

W 9.9 cm 0.35 cm

heavy fragments
hadronic component

electromagnetic       
component
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Hadronic Cascade: The Details

Different processes are created by the impinging hadron:  
high energetic secondary hadrons taking a significant part of the momentum of the 
primary particle [e.g. O(GeV)] 
a significant part of the total energy is transferred into nuclear processes:  
nuclear excitation, spallation,  ... ➠ Particles in the MeV range  
neutral pions (1/3 of all pions), decay instantaneously into two photons ➠ start of em 
showers 
Breaking up of nuclei (binding energy) neutrons, neutrinos, soft γ’s, muons 
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 invisible energy  
-> large energy fluctuations  
-> limited energy resolution

absorber material

heavy fragments
hadronic component

electromagnetic       
component
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Hadronic showers are way 
more complicated than em 
showers. 
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Calorimeter Types

47

Two different types of calorimeters are commonly used: Homogeneous and Sampling 
Calorimeter

Read outAbsorber + Detector

long enough to absorb the cascade

Particle

Homogeneous Calorimeter 
• The absorber material is active; the overall deposited energy is converted into a 

detector signal 

• Pro: very good energy resolution 

• Contra: segmentation difficult, selection of material is limited, difficult to built compact 
calorimeters

Example: Crystal calorimeter 

P
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Sampling Calorimeter

48

Sampling Calorimeter 
A layer structure of passive material and an active detector material; only a fraction of the 
deposited energy is “registered”  
Pro: Segmentation (transversal and lateral), compact detectors by the usage of dense 
materials (tungsten, uranium,…) 
Contra: Energy resolution is limited by fluctuations

Important parameter:  
Sampling Fraction 

The fraction of the energy of a 
passing particle seen by the 
active material. 

Typically in the percent range

Example: ZEUS Uranium Calorimeter 

Passive material  
(high Z)Active material 

long enough to absorb the cascade

Particle

Read out
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Sampling Calos: Possible Setups
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Sampling Calorimeters

Absorber  Scintillator     

   Light guide   

             
Photo detector    

Scintillator
(blue light)         

Wavelength shifter

                     

electrodes   
Absorber as  

                Charge amplifier  

HV

Argon 

Electrodes   

Analogue
signal   

Scintillators as active layer;
signal readout via photo multipliers

Scintillators as active 
layer; wave length shifter 
to convert light

Active medium: LAr; absorber
embedded in liquid serve as electrods

Ionization chambers
between absorber 
plates

Possible setups
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Calorimeter: Important Parameter (1)
The relative energy resolution of a calorimeter is parametrised:

50

Stochastic term cs 
the resolution depends on intrinsic shower fluctuations, photoelectron statistics, dead 
material in front of calo, and sampling fluctuations  

Noise term cn 
Electronic noise, radioactivity, i.e. dependent of the energy 

Constant term cc 
Energy independent term contributing to the resolution: due to inhomogenities with in the 
detector sensitivity, calibration uncertainties and radiation damage

Shower not contained in detector → fluctuation of leakage energy; longitudinal 
losses are worse than transverse leakage. 
Statistical fluctuations in number of photoelectrons observed in detector.   
Sampling fluctuations if the counter is layered with inactive absorber. 
….

Losses of Resolution:

(
�E

E
)2 = (

csp
E
)2 + (

cn
E

)2 + (cc)
2
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Calos: Active Material

Detectors based on registration of excited atoms  

Emission of photons by excited atoms, typically UV to 
visible light.  

observed in noble gases (even liquid !)  
Polyzyclic Hydrocarbons (Naphtalen, Anthrazen, 
organic scintillators) -> Most important category.  

Large scale industrial production, mechanically and 
chemically quite robust. 

Inorganic Crystals -> Substances with largest light 
yield. Used for precision measurement of energetic 
Photons. Used in Nuclear Medicine.  
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• PbWO4: Fast, dense scintillator,  

• Density ~ 8.3 g/cm3  (!) 

• ρM 2.2 cm, X0 0.89 cm 

• low light yield: ~ 100 photons / MeV
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Active  
material 
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Scintillators to measure the energy

An incident photon or particle ionises the medium. 
Ionised electrons slow down causing excitation. 
Excited states immediately emit light.
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Inorganic scintillators 

Fluorescence is known in many 
natural crystals. 

UV light absorbed 
Visible light emitted 

Artificial scintillators can be made 
from many crystals. 

Doping impurities added 
Improve visible light emission

conduction band 

valence band 

hν"
impurity excited states 

impurity ground state 
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Scintillators to Measure the Energy
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Scintillators emit light when ionising particles pass the 
material 
Excited states radiate photons in the visible and UV 
spectra. 

Fluorescence is the fast component 
Phosphorescence is the slow component 

so
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Active  
material 

Organic scintillators 

Organic scintillators can be mixed with 
polystyrene to form a rigid plastic. 

Easy to mold 
Cheaper than crystals 

Used as slabs or fibers
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Light transport

The photons are being reflected towards the end of the scintillator 
A light guide brings the light to a Photomultiplier
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Typical Geometries: 

8 W. Riegler/CERN Scintillator Detectors 
From C. Joram 

UV light enters the WLS material 

Light is transformed into longer 

wavelength 
!!Total internal reflection inside the WLS 

material 

!! ‘transport’ of the light to the photo 

detector 

Typical Geometries: 

8 W. Riegler/CERN Scintillator Detectors 
From C. Joram 

UV light enters the WLS material 

Light is transformed into longer 

wavelength 
!!Total internal reflection inside the WLS 

material 

!! ‘transport’ of the light to the photo 

detector 

UV light enters the light guide material  
Light is transformed into longer wavelength (wavelength shifter)  
->  Total internal reflection inside the WLS material  
-> ‘transport’ of the light to the photo detector 
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Detecting the Light
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The classic method to detect photons are photomultipliers 
Conversion of a photon into electrons via photo-electric effect 
when the photon impinges on the photo cathode 
The following dynode system is used to amplify the electron 
signal 
Usable for a large range of wave lengths (UV to IR) 
good efficiencies, single photon detection possible 
large active area possible (SuperKamiokande O 46cm)
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Overview of Calorimeters
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ATLAS

CMS

In order to maximise the sensitivity for 
                  decays, the experiments 
need to have an excellent e/   
identification and resolution 

H ! ��
�
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CMS Calorimeter
ECAL: homogeneous calo 

high resolution Lead Tungsten crystal 
calorimeter -> higher intrinsic resolution 
80000 crystals each read out by a 
photodetector 
constraints of magnet -> HCAL absorption 
length not sufficient 
tail catcher added outside of yoke 

HCAL: sampling calo 
36 barrel “wedges”, each weighing 26 
tonnes 
brass or steel absorber 
plastic scintillators 
read out by hybrid photodetectors 
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CMS Lead tungsten crystals, each 1.5kg (CERN)

CMS ECAL during installation (CERN)
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Overview of Calorimeters
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ATLAS

CMS

In order to maximise the sensitivity for 
                  decays, the experiments 
need to have an excellent e/   
identification and resolution 

H ! ��
�
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ATLAS Calorimeter
ECAL + HCAL: sampling calo 

Liquid argon LAr calorimeter > high 
granularity and longitudinally 
segmentation (better e/ ID) 
Electrical signals, high stability in 
calibration & radiation resistant (gas can 
be replaced) 
Solenoid in front of ECAL -> a lot of 
material reducing energy resolution 
Accordion structure chosen to ensure 
azimuthal uniformity (no cracks)  
Liquid argon chosen for radiation 
hardness and speed 

Tile calorimeter: covering outer region  
“Conventional” steel absorber with plastic 
scintillators. 
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ATLAS Hadronic endcap Liquid Argon 
Calorimeter.   (CERN)

Peter Krieger, University of Toronto WRNPPC 2004 23

ATLAS Electromagnetic Barrel Calorimeter

Detector design dictated by physics goals:

e.g. 

Accordion structure chosen to ensure azimuthal uniformity (no cracks)

Liquid argon chosen for radiation hardness and speed

0 0, 4 ,H H ZZ e W e eeγγ ν′ ′→ → → → , Ζ →

|η| < 1.475

Copper/kapton
electrode

Honeycomb spacer 
to maintain LAr gap

Stainless-steel-clad 
Pb absorber plates
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ECALs at LHC

60
Source: LHC - the Harvest of Run 1

All LHC experiments have a calorimetric system with at least an electromagnetic 
and a hadronic part

3 The LHC Detectors 77

Table 3.5 Overview of the main properties of the electromagnetic calorimeters installed in the
main LHC detectors. The relative energy resolution for electrons and photons is given in terms of
the constants for the stochastic and constant term, according to (3.1)

Calorimeter Material Number of
channels

Angular
coverage

Energy resolution

cs (%) cc (%)

ATLAS EM barrel L Ar + Pb 109,568 |η| < 1.475 10 0.7
EM end-cap L Ar + Pb 63,744 1.375 <

|η| < 3.2
10 0.7

FCal L Ar + Cu 2016 3.1 < |η| <
4.9

28.5 3.5

CMS ECAL barrel PbW O4 61,200 |η| < 1.479 2.8 0.3
ECAL end-cap PbW O4 14,648 1.479 <

|η| < 3.0
2.8 0.3

LHCb ECAL Scint. + Pb 6016 0.756 <
ηx < 2.19

9 0.8

1.037 <
ηy < 2.19

ALICE PHOS PbW O4 17,920 |η| < 0.12,
220◦ <

φ < 320◦

3.3 1.1

EMCal Scint. + Pb 12,672 |η| < 0.7,
80◦ < φ <
187◦

10 2

via finely segmented electrodes. The CMS electromagnetic calorimetry [2] relies
on homogeneous PbW O4 crystals in which the charged shower particles produce
Cherenkov light. The light is converted to electrical signals by avalanche photo
diodes (APD) and vacuum phototriodes (VPT) in the barrel and end-cap sections,
respectively.

The LHCb electromagnetic calorimeter [4] is covering a more limited acceptance
range than those of the general-purpose detectors ATLAS and CMS. The calorimeter
modules are installed in planes perpendicular to the beam axis in such a way that they
cover the same angular range as the LHCb tracking system. The LHCb electromag-
netic calorimeter is built in lead-scintillator shashlik technology. The scintillator tiles
are made of polystyrene with 2.5 % pTP and 0.01 % POPOP admixture. Phototubes
convert the scintillator light, which is collected by wavelength-shifting fibers, into
amplified electrical signals which are proportional to the energy deposit.

Also ALICE [3] is using electromagnetic energy measurements only in a reduced
angular range. The high-resolution photon spectrometer (PHOS) aims at direct pho-
ton and π0 → γγ detection. It is made of PbW O4 crystals equipped with an APD
read-out. The electromagnetic calorimeter (EMCal) of ALICE is installed opposite in
azimuth to the PHOS detector. It is constructed as a Pb-scintillator sampling device

ingrid.gregor@desy.de
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As expected, the sampling based on lead as absorber have a  
slightly worse resolution than the homogeneous crystal calorimeters.
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Hadronic Calos at LHC 
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78 I.-M. Gregor and A. Straessner

with shashlik geometry. The scintillator tiles are made of polystyrene with 1.5 %
pTP and 0.4 % POPOP. The light produced is guided by wavelength-shifting fibers
to APD sensors.

A comparison of the detector resolutions is made in Table 3.5. As expected, the
sampling devices based on lead as absorber have a slightly worse resolution than the
homogeneous crystal calorimeters.

3.3.2 Hadronic Calorimeters

The energy measurements of the electromagnetic calorimeters are complemented by
measurements of hadronic calorimeters, which are all designed as sampling devices.
The measured hadrons may be produced in quark-initiated or gluon-initiated particle
jets, decays of τ leptons, or single hadron decays.

In the central region of ATLAS, a lead-scintillator tile calorimeter is installed,
which is complemented by a hadronic end-cap calorimeter (HEC) with a L Ar -copper
structure. Closer to the beampipe, the forward calorimeter (FCal) also has a hadronic
section using a combination of tungsten (W ) and L Ar , in order to reduce the lateral
shower width and improve the resolution. The acceptance ranges and resolution
parameters of the LHC calorimeters are summarised in Table 3.6.

The steel/brass-scintillator hadronic calorimeter (HCAL) of CMS is fully con-
tained within the solenoidal magnetic field. It is divided into barrel and end-cap
sections (HB and HE) and complemented by an outer hadronic calorimeter (HO),
which is integrated in the steel structure of the muon spectrometer and serves as
“tail catcher” for the hadronic showers that penetrate the superconducting solenoid.
The forward region is equipped with a steel-quartz-fiber detector. The choice of this
technology is motivated by the radiation tolerance of the active material.

Table 3.6 Detector technology, acceptance ranges, and energy-resolution parameters for the main
hadronic calorimeters of the LHC detectors (3.1)

Calorimeter Material Number of Angular coverage Energy resolution
channels cs (%) cc (%)

ATLAS Tile Scint. + Pb 9852 |η| < 1.7 52 3
HEC L Ar + Cu 5632 1.5 < |η| < 3.2 84 –
FCal L Ar + W 1508 3.1 < |η| < 4.9 94 7.5

CMS HB Scint. + steel/brass 2592 |η| < 1.3 90 9
HE Scint. + steel/brass 2592 1.3 < |η| < 3 90 9
HO Scint. + steel 2160 |η| < 1.4 – –
HF Quartz fibre + steel 1728 3 < |η| < 5.2 120 –

LHCb HCAL Scint. + steel 1488 |ηx | < 1.87 69 9
|ηy | < 2.07

ingrid.gregor@desy.de

3 The LHC Detectors 79

E [GeV] E [GeV]

E
/E

  [
%

]

E
/E

  [
%

]

0

0.005
0.01

0.015
0.02

0.025

0.03
0.035

0.04

0.045
0.05

CMS
ALICE PHOS

ALICE EMCAL

ATLAS
LHCb

EM calorimeters at the LHC
C. Lippmann - 2010

00 50 100 150 200 250 50 100 150 200 250

0.05

0.1

0.15

0.2

0.25

CMSATLAS end-cap
ATLAS barrel

LHCb

Hadronic calorimeter systems at the LHC
C. Lippmann - 2010

(a) (b)

Fig. 3.15 Relative energy resolution of the electromagnetic and hadronic calorimeters installed in
the LHC detectors. Adapted from [19]

A comparison of the relative energy resolution of the electromagnetic and hadronic
calorimeters of the LHC detectors is compiled in Fig. 3.15 [1–4].

3.3.3 Calibration and Performance

The calibration of the calorimeters is performed using dedicated calibration systems,
e.g. precision electronic or light pulsers, or radioactive sources with well-known
emission spectra. This initial calibration is further refined exploiting high-statistics
physics processes with known kinematics. Figure 3.16 shows an example of the cali-
bration steps of the CMS ECAL using the light-monitoring system and the precisely
known Z-boson mass in order to obtain a calibration of the energy of electrons. The
final energy scale is calibrated such that the invariant mass spectrum of e+e− pairs
in Z → e+e− events matches the line-shape of the Z resonance [20].

Reference signals like Z decays allow the assignment of uncertainties on the
energy scales of physics objects, like electrons, hadronically decaying τ leptons and
hadronic jets. The transverse momentum, pT, or transverse energy, ET, of these
objects, as well as their momentum direction, is, however, not only based on mea-
surements in the calorimeters—tracking information is obviously a crucial ingredient
in the object reconstruction. For electrons the available information on track momen-
tum, detection of bremsstrahlung along the particle track, and calorimetric energy
measurement is combined in the final electron energy determination. For τ leptons
and hadronic jets, the decay and hadronisation products, which can be both charged
and neutral, the calorimetric energy measurements are typically weighted with scale
factors depending on the assignment of a track, since neutral and charged particles
have a different response in the calorimeters.

Figure 3.17a shows an example of the energy-scale factor α for electrons as
a function of energy, where the calibrated energy, Ecali, is rescaled by a factor
(1+α) with respect to reconstructed energy Ereco, such that Ecali = (1+α)Ereco. A
value of α close to zero indicates that the final calibration corrections are not large.
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Current Hadron Calos ... And Dreams

62

Tower-wise readout: light from many 
layers of plastic scintillators is 
collected in one photon detector 
(typically PMT) 
O(10k) channels for full detectors

Extreme granularity to see shower  
substructure: small detector cells with 
individual readout for Particle Flow  
O(10M) channels for full detectors
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Summary Part 1

Ionisation and Excitation:  
Charged particles traversing material are exciting and ionising the atoms.   
Average energy loss of the incoming charged particle: good approximation 
described by the Bethe Bloch formula.   
The energy loss fluctuation is well approximated by the Landau distribution.   

Multiple Scattering and Bremsstrahlung:  
Incoming particles are scattering off the atomic nuclei which are partially shielded 
by the atomic electrons.   
Measuring the particle momentum by deflection of the particle trajectory in the 
magnetic field, this scattering imposes a lower limit on the momentum resolution of 
the spectrometer.   
The deflection of the particle on the nucleus results in an acceleration that causes 
emission of Bremsstrahlungs-Photons. These photons in turn produced e+e- pairs 
in the vicinity of the nucleus….

63



Ingrid-Maria Gregor -  Detectors for HEP

Summary Calorimeters

Calorimeters can be classified into:  

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

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

The construction can be classified into:  
Homogeneous Calorimeters,  

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

Sampling Calorimeters,  
that consist of alternating layers of an absorber, a dense material used to degrade 
the energy of the incident particle, and an active medium that provides the 
detectable signal. 
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electrons 
(27.5GeV)

protons 
(920GeV)

jets

scattered 
electrons 

Example: ZEUS Calo

A rather hostile environment in ZEUS at HERA   
bunch crossing every 96ns 
high beam gas rate 
very energetic particles produced

Requirements for the ZEUS calorimeter: 
hermeticity  
dead time free readout  
time resolution in nanosecond range  
uniform response  
radiation tolerance (15 years of running) 
electron-hadron separation  
good position resolution 
good electron and jet energy resolution Keep in mind: this 

was developed in the 
middle of the 80s!

65



Ingrid-Maria Gregor -  Detectors for HEP

The ZEUS Calorimeter - Solution

p 920 GeV

e ±  

27.5 GeV 

BCAL

RCAL
FCAL

CTD

SOLENOID

highly-segmented, uranium scintillator sandwich calorimeter read out with photomultiplier 
tubes (PMTs) 

Very hermetic: covering up to η<4.2 in the forward direction and η<-3.8 in the rear 
direction.  
Readout by 12,000 phototubes (PMTs)

Uranium + Scintillator: 
compensation 
high Z material -> more 
compact size of 
calorimeter 
natural radioactivity 
provides means of 
calibration

66
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Design

Layers:  

choice of active and passive thicknesses -> 
compensation (e/h = 1.0) 
uniformity in structure + natural radioactivity -
> good calibration 
F/B/RCAL with ~6000 cells 

EM cell size: 5x20 (10x20) cm2 in F/
BCAL (RCAL) 
HA cell size: 20x20 cm2 

Cell read out on both sides with wavelength 
shifters 

redundancy 
transverse position measurement within the cell

EMC   H
AC1    H

AC2 

67

stainless 
steel

3m x 5m x 0.2m, 12tons  
total of 80 modules

67
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Test beam at CERN
Operation characteristics were determined in test beams at 
CERN (prototype detector)

Electrons:

Hadrons:

prototype detector

Production modules were all calibrated at CERN

68



Ingrid-Maria Gregor -  Detectors for HEP

Calibration Methods 

Natural uranium activity provides absolute energy 
calibration in situ! 
" 98.1% U238 + 1.7% Nb + 0.2% U235 

" Half-Life of U238 is 4.5 *109 years 
Detectable uranium induced signal current  
Uranium noise signal  

~ 2MHz (EM Calo) 
 ~10MHz (Hadronic Calo) 

with Uranium noise calibration can be tracked very 
easy Uranium current versus 

channels of one module

shaper pipeline buffer

PMT

shaper pipeline buffer
CH

CL

RM

RH

RL

IUNO

QH

QL

8 bit DAC Vref

1

2
3

1

2

3

Uranium noise

Charge injection

Pedestals and Gains

HV
Channels out of range  
-> declared as “bad” until 
readjusted

69

Stable radioactivity 
- good for calibration 
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Hardware Performance 
Number of bad channels versus 
run number (over years) 
“Bad channels” are excluded from 
data taking -> reducing the calo 
performance in that area  
Read out from both sides -> bad 
channel is not complete loss of 
information  
Ups and downs visible in bad 
channel behaviour over the years

Front End Cards:  
About 1000 necessary for the running, ~10% spares 
Main failure mode: buffer or pipeline chip (socketed) 
Cards easy to debug and maintain 
Failure rate: <1/month (12 channels – one side) 
Very successful

At the time of the shutdown (30.06.2007):  
only ~ 2% bad channels (one side)  and only 2 holes (both sides failed) -> 0.3 per 
mille 

In general very stable and robust system

7012 channels!
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