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Calorimetry:

concept & examples
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A few points

Why build calorimeters ?
Calorimeters important properties 

Electromagnetic processes involved 

EM shower developments

Experimental techniques
Homogeneous calorimeters
Sampling calorimeters

Hadronic Showers
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What is a calorimeter?

Concept comes from thermo-dynamics:
A leak-proof closed box containing a substance 
which temperature is to be measured.

Temperature scale:
1 calorie (4.185J) is the necessary energy to increase 
the temperature of 1 g of water at 15°C by one degree

At hadron colliders we measure GeV (0.1 - 1000)
1 GeV = 109 eV ≈ 109 * 10-19J = 10-10 J = 2.4 10-9 cal
1 TeV = 1000 GeV : kinetic energy of a flying mosquito

Required sensitivity for our calorimeters is 
~ a thousand million time larger than 

to measure the increase of temperature by 1oC of 1 g of water
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Why calorimeters ?

First calorimeters appeared in the 70’s: 
 need to measure the energy of all    
particles, charged and neutral.

Until then, only the momentum of 
charged particles was measured using 
magnetic analysis.

The measurement with a calorimeter is 
destructive e.g.
          
     

π- + p → π0 + n
                          γ γ

Particles do not come out alive of a calorimeter

Magentic
analysis

CalorimetryE(p) (GeV)

σ
/E

(p
)
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General structure of a calorimeter in particle physics
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Important characteristic: Energy Resolution

High Purity Germanium crystal 

Scintillator detector
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Important characteristic: Energy Resolution 

Mass Reconstruction of W & Z0 in UA2
(years 80-90)
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Important characteristic: Linearity

Response: mean signal per unit of deposited energy
e.g. # of photons electrons/GeV, pC/MeV, µA/GeV

A linear calorimeter has a constant response

Electromagnetic calorimeters are in general linear. 
All energies are deposited via ionisation/excitation of the absorber.
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Important characteristic: Position Resolution

Higgs Boson search in ATLAS
if MH ∼ 120 GeV search in channel H→γγ
σ (MH) / MH = ½ [σ(Eγ1)/Eγ1 ⊕ σ(Eγ2)/Eγ2 ⊕ cot(θ/2) σ(θ)]

pp→H+x → γγ + x

θ
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Important property: Time Resolution

pp collisions will have a frequency of 25ns (now 50ns)
~20 interactions/bunch crossing when L=1034cm-2s-1

Some theoretical models predict existence of long lived particles

Time measurement 
Validate the synchronization between sub-detectors (~1ns)

Reject non-collisions background (beam, cosmic muons,..)
Identify particles which reach the detector with a non nominal time 
of flight (~5ns measured with ~100ps precision)



Important characteristic: Particle Identification

Particle Identification is particularly crucial at Hadron Colliders:
Large hadron background
Need to separate 

Electrons, photons, muons from 
Jets, hadrons 

Means
Shower shapes (lateral & longitudinal segmentations)
Track association with energy deposit in calorimeter
Signal time

11

e±/π±  rejection
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Important property: Particle Identification

Higgs boson search in ATLAS
if MH ∼ 120 GeV search in channel H→γγ
Background: π0 looking like a γ

pp→γ-jet→ γ+π0 + x

γ

π0γγ

γ/π0 rejection
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Radiation Hardness & Activation

At LHC, detectors, and in particular calorimeters, have to be radiation 
hard

Material (active material), glues, support structure, cables,…
Electronics installed on the detector

Dominant source of particles (for the calorimeter) is coming from 
particles produced by the pp collisions 

This was (and is still) one of the challenge when designing the 
calorimeters for LHC

Detailed maps produced by MC to assess expected level
Dedicated tests in very high intensity beam lines

Experiments have installed monitoring detectors which will allow (in the 
near future) to confront the models with measurements.

14
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Interaction with matter

Signal detection (light, electric charge)
Homogenous or sampling calorimeters

Calorimeters

Electronics
(conversion, amplification,

signal transmission)



Four steps
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Calorimeters have the following properties:
Sensitive to charged and neutral particles
Precision improves with Energy (opposite to magnetic 
measurements)
No need of magnetic field
Containment varies as ln(E): compact
Segmentation: position measurement and identification
Fast response
Triggering capabilities

General charaterictics

E



18

Electromagnetic 
showers

e GEANT shower
(PbWO4 crystal)



Electromagnetic showers result from electrons and photons
undergoing bremsstrahlung and pair creation

For high energy (GeV scale) electrons bremsstrahlung is the 
dominant energy loss mechanism
For high energy photons pair creation is the dominant absorption 
mechanism
Shower development is governed by these processes

Electromagnetic showers

19
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Which processes contributes for electrons ? 

Ec



Ionization

Interaction of charged particles with the atomic electronic cloud
Dominant process at low energy E<Ec

The whole incident energy is ultimately lost in the form of ionization 
and excitation of the medium
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σ ⧼ Z
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Ionization: detectable 

22

 Critical Energy Ec

Materials Z Ec (MeV) X0 (cm)

Liquid Argon  18 37 14

Fe 26 22 1.8

Lead 82 7.4 0.56

Uranium 92 6.2 0.32

Solide 

Liquide 

There are more ionizing particles (E<Ec) in a dense medium



Bremsstrahlung
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Real photon emission in the electromagnetic field of the atomic nucleus

(k)(E,p)

(E’,p’)
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Radiation Length

The radiation length is a “universal” distance, very useful to describe 
electromagnetic showers (electrons & photons)

X0 is the distance after which the incident electron has radiated (1-1/e) 
63% of its incident energy 
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E0

1X0

0,37 E0

1

3

2

Air Eau Al LAr Fe Pb PbWO4

Z - - 13 18 26 82 -

X0 (cm) 30420 36 8,9 14 1,76 0.56 0.89



Radiation Length
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Approximation

Energy loss by radiation

γ Absorption (e+ e- pair creation) 

For compound material
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Energy loss in matter: photons

Pair Production

Probability of conversion in 1 X0 is e-7/9

Can define mean free path:

Compton 
scattering 

Photo-electric effect



Pair production

Photon interaction with nucleus electric field or 
electrons if Eγ > 2.me.c2.

Cross-section is independent of Eγ (Eγ>1 GeV)

Conversion length λconv = 9/7 X0

e+e- pair is emitted in the photon direction
θ ~me/Eγ
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σpair ∼ 7/9 . A/NA . 1/X0
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Photo-electric effect

Photon extracts an electron from the atom 
γ+atom→e-+atom*

Cross-section 
strong function of the number of 
electrons
Dominant at very low energy

Electrons are emitted isotropically
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Compton scattering

Process dominant at Eγ ≃ 100 keV - 5 GeV
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scattered e- 
Eeʼ=√me

2c4+peʼ2c2

Peʼ=- pγʼ

Atomic e-

Ee=mec2

Pe~0Incident Photon
Eγ = h ν
pγ =h ν/c

Scattered photon
Eγʼ = h νʼ
pγʼ=h νʼ/cθ

φ

σcompton ∼ Z . ln(Eγ)/Eγ

QED cross-section for γ-e scattering



Angular distribution: γ
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Pair

Compton

Photo-electric
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Summary: electrons vs photon



Schematic shower development
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e- / e+Ee<Ec

e- / e+Ee>Ec

photon



34

Summary: development of EM showers 

The shower develops as a cascade by energy transfer from the 
incident particle to a multitude of particles (e± and γ).

The number of cascade particles is proportional to the energy 
deposited by the incident particle

The role of the calorimeter is to count these cascade particles

The relative occurrence of the various processes briefly described 
is a function of the material (Z)

The radiation length (X0) allows to universally describe the shower 
development
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EM shower description: simple model

The multiplication of the shower continues until the energies 
fall below the critical energy, Ec

A simple model of the shower uses variables scaled to X0 and Ec

Electrons loose about 2/3 of their energy in 1X0, and the 

photons have a probability of 7/9 for conversion: X0 ~ generation length

After distance t:

When E~ Ec  shower maximum:
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EM showers longitudinal development

Copper

t0=   -0.5 electrons
       +0.5 photons
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EM showers longitudinal development
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ATLAS combined 
testbeam 2004 setup

Electrons shower mean 
depth in X0 (MC)
1,2,3,5,9,20,50, 100 GeV

!"#$%&'()&*+,&-.// 01&23+456%&7$*$(#548 /9

t
etE

dt

dE !"
!#

"#$# #%!&%'

:5;<3=>?3;8@ A5;=83;4+;=B

#()*+, #-./ 0+!1!23+0+(14

"0&CD5E+FCB&@5;<3=>?3;8@ GF5H3@+

#-./ , 516 789%!&%':

! 48=+F38@&?+G+;?+;=

!" ! #$%
ICD5E+F 48J

ICD5E+F =83@

KD5E+F +;+F<L ?+G G8F84+=F368=35;B

"1:5;<5 M&71K+C=3@3

$70&/-'&N/)OPQ

!"#$%&'(&#)*+%')#&'
%+%,-&#./'#)'%.%&012

345'3445'6445'7448 9%:

;!

Ec ⧼ 1/Z
➝ Shower maximum
➝ Shower tails
t95% = tmax + 0.08Z + 9.6



38

           …….……

 Measurement made by ALEPH
e+e- ➝ e+e-

e+e- ➝ γγ

Electron/Photon longitudinal 
development: different
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EM showers lateral development

Molière radius, Rm, scaling factor for lateral extent, defined by:

Width of core controlled by
multiple scattering
of e±

Width of periphery controlled
by Compton photons

Gives the average lateral deflection of electrons of critical energy after 1X0 

• 90% of shower energy contained in a cylinder of 1Rm

• 95% of shower energy contained in a cylinder of 2Rm

• 99% of shower energy contained in a cylinder of 3.5Rm



EM showers simulations

Electromagnetic processes are well understood and can be very well 
reproduced by MC simulation:

A key element in understanding detector performance
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uncertainty due to the chosen fit range, results are also
considered where the range of the low energy side is
restricted to 1.5 and extended to 2.5 standard deviations.

The mean reconstructed energy divided by the beam
energy is shown in Fig. 16. The error bars indicate the
statistical uncertainty as obtained by the fit procedure.
Since the absolute calibration of the beam energy is not
precisely known, all points are normalised to the value
measured at E ¼ 100GeV. The inner band represents the
uncorrelated uncertainty on the knowledge of the beam
energy, while the outer band shows in addition the
correlated uncertainty added in quadrature (see Section
2). For energies E410GeV, all measured points are within
"0:1%. The point E ¼ 10GeV is lower by 0.7% with
respect to the other measurements.

10.2. Systematic uncertainties on the linearity results

The systematic uncertainties induced by various effects
on the reconstructed electron energy are shown in Fig. 17.
In order to evaluate the size of some of the systematic
uncertainties, dedicated Monte Carlo simulations have
been produced to calculate new sets of calibration
parameters. These samples were typically smaller than the
default one.

The uncertainty on the current to energy conversion
factor (see Section 5.4) of the PS has been studied using the
w2-distribution of the visible energy distribution for data
and Monte Carlo simulations for all energy points. The
uncertainty is estimated by the scatter for different
energies. The same procedure has been repeated by
studying the dependence of the mean reconstructed energy
on the PS energy in the data and in the Monte Carlo
simulations. A consistent result has been found. Since the
relative contribution for the PS is larger at low energies, the
systematic uncertainty rises towards low energies (see Fig.
17a). While the systematic uncertainty is negligible at
E ¼ 180GeV, it reaches about 0.1% at E ¼ 10GeV.
The uncertainty due to the relative normalisation

difference between the first and the second compartments
(see Section 5.4) is shown in Fig. 17b. This effect biases the
energy measurement by up to about 0.1%, mostly at low
energies.
The systematic uncertainty arising from the incomplete

knowledge of the amount of LAr between the PS and
the LAr excluder in front of it (see Section 4) is shown in
Fig. 17c. It introduces an uncertainty of about 0.05%.
Again, low energies are most affected.
Fig. 17d shows the effect of adding ad hoc

0:02X 0 additional material between the PS and the first
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M. Aharrouche et al. / Nuclear Instruments and Methods in Physics Research A 568 (2006) 601–623 617

ATLAS EM calorimeter 
testbeam



Properties for electromagnetic calorimeters
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Towards Electromagnetic Calorimeters

Detectable signal is proportional to the number of potentially detectable 
particles in the shower Ntot ⧼ E0/Ec 

Total track length T0 = Ntot . X0 ∼ E0/Ec . X0

Detectable track length Tr = fs . T0 where fs is the fraction of Ntot which 
can be detected by the involved detection process (Cerenkov light, 
scintillation light, ionization) Ekin > Eth

Converting back to materials (X0⧼A/Z2, Ec⧼1/Z) and fixing E

Maximize detection fs
Minimize Z/A
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Exemple

Take a Lead Glass crystal 
Ec = 15 MeV
produces Cerenkov light 
Cerenkov radiation is produced par e± with β > 1/n, i.e E > 0.7MeV

Take a 1 GeV electron
At maximum 1000 MeV/0.7 MeV e± will produce light
Fluctuation 1/√1400 = 3%

One then has to take into account the photon detection efficiency which 
is typically 1000 photo-electrons/GeV: 1/√1000 ~ 3%

Final resolution  σ/E ~ 5%/√E
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Homogeneous calorimeters
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All the energy is deposited in the 
active medium

Excellent energy resolution
No longitudinal segmentation

All e± with Ekin>Eth produce a signal

Scintillating crystals 
Eth ≂ β.Egap ∼ eV
➝ 102÷104 γ/MeV

σ/E ∼ (1÷3)%/√E (GeV)

Cerenkov radiatros 
β>1/n ➝ Eth ≂ 0.7 MeV

➝ 10÷30 γ/MeV
σ/E ∼ (5÷10)%/√E (GeV)



Sampling calorimeters

Absorber (high Z): typically Lead, Uranium
Active medium (low Z): typically Scintillators, Liquid Argon, Wire chamber

Energy resolution of sampling calorimeter dominated by fluctuations in 
energy deposited in the active layers
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Shower is sampled by layers of an 
active medium and dense radiator

Limited energy resolution
Longitudinal segmentation

Only e± with Ekin>Eth of the active 
layer produce a signal

σ(E)/E ∼ (10÷20)%/√E (GeV)



Sampling fluctuations

Most of detectable particles are produced in the absorber layers
Need to enter the active material to be counted/measured

Using the model of the track length
Tr = fsT0 ~ fs . E/Ecabs . X0abs

fs: sampling fraction
Number of detectable particles in active layer

Nr = Tr/d = fs . E/Ecabs . X0abs/d
Resolution scales like
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Resolution for sampling calorimeters
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↑fsamp ↓ resolution 

↓d ↓ resolution 



Energy Resolution

a the stochastic term accounts for Poisson-like fluctuations
naturally small for homogeneous calorimeters
takes into account sampling fluctuations for sampling calorimeters

b the noise term (hits at low energy)
mainly the energy equivalent of the electronics noise
at LHC in particular: includes fluctuation from non primary interaction 
(pile-up noise)

c the constant term (hits at high energy)
Essentially detector non homogeneities like intrinsic geometry, 
calibration but also energy leakage
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Noise term at LHC: example for ATLAS EM

Electronics noise vs pile-up noise

Electronics integration time was optimized 
taking into account both contributions for 
LHC nominal luminosity if 1034cm-2s-1

Contribution from the noise to an electron is 
typically ~ 300-400 MeV at such 
luminosity 
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The constant term

The constant term describes the level of uniformity of response of the 
calorimeter as a function of position, time, temperature and which are 
not corrected for.

Geometry non uniformity
Non uniformity in electronics response
Signal reconstruction
Energy leakage

Dominant term at high energy
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4.11.5. Energy reconstruction scheme
The energy reconstruction scheme involves a large

number of parameterizations and fits. Inaccuracies of these
parameterizations will impact the energy measurements
and can induce a non-uniform response. A measure of the
inaccuracies of the parametrization is the residual systema-
tic non-uniformity in the Monte Carlo simulation. As was
shown in Section 4.4, this effect amounts to 0.09%.

4.11.6. Module construction
The non-uniformities related to the construction of the

modules are the dominant source of non-correlated non-
uniformities. The main sources of the non-uniformity in
the construction of modules are the lead thickness and the
gap dispersion.

(i) The impact of the variations in lead thickness on the
EM energy measurements was assessed and a scaling
factor of 0.6 was found between the dispersion of the
lead thickness and the dispersion of the EM energies.

(ii) Similarly the impact of the variations of the gap were
studied and a scaling factor of 0.4 was found between
the dispersion of the gaps and that of the EM energy
measurements.

From the measurements presented in Section 1.4.1 the
expected non-uniformity obtained are displayed in Table 8.

4.11.7. Modulation corrections
The energy modulation corrections can impact the

calorimeter response to electrons at different levels either
by affecting the uniformity or the local constant term.

The modulation corrections were evaluated on the
module P13 only and were then applied to all other
modules. For this reason it is difficult to disentangle the

correlated from the non-correlated part of the correction.
For the sake of simplicity this effect will be considered as
exclusively non-correlated. To evaluate its impact both on
the uniformity and on the local constant term, the complete
analysis is done restricting the measurement to a small
region accounting for 20% of the cell around its center.
The differences found are of 0.14% and 0.10% for the
modules P13 and P15, respectively.

4.11.8. Time stability
In order to check the stability of the energy reconstruc-

tion, reference cells were periodically scanned with the
245GeV electron beam. Two cells were chosen for the
modules P13 and P15 both at a middle cell f index of 10
and at Z indices of 12 and 36. For the module M10 only
one reference cell was taken at an Z index of 34. The
variation of the energy reconstruction with time is
illustrated in Fig. 17.
From the observed variations, the impact on the energy

measurements is estimated to be 0.09%, 0.15% and 0.16%
for the modules P13, P15 and M10, respectively.

4.11.9. Summary
All known contributions to the non-uniformity are

summarized in Table 8. The good agreement achieved
between the data and the expectation illustrates that the
most sizable contributions to the non-uniformities have
been identified.
The module P15 displays a slightly better uniformity

than the other modules. None of the control measurements
support this observation. However, as shown in Section
1.4.1 the granularity of the control measurements was not
particularly high. Manufacturing differences within such
granularity may not be observable but could impact the
uniformity.
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P15 and in module M10, as a function of time. The !1% variation band is
also indicated.

Table 8
Detail of the expected contributions to the uniformity and to the constant
term

Correlated
contributions

Impact on uniformity

Calibration 0.23%
Readout electronics 0.10%
Signal reconstruction 0.25%
Monte Carlo 0.08%
Energy scheme 0.09%

Overall (data) 0.38% (0.34%)

Uncorrelated
contribution

P13 P15

Lead thickness 0.09% 0.14%
Gap dispersion 0.18% 0.12%
Energy modulation 0.14% 0.10%
Time stability 0.09% 0.15%

Overall (data) 0.26% (0.26%) 0.25% (0.23%)

The numbers indicated in bold are the measured correlated and
uncorrelated non-uniformities.

M. Aharrouche et al. / Nuclear Instruments and Methods in Physics Research A 582 (2007) 429–455448

ATLAS LAr EMB testbeam
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Interlude:
muons
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Muons interacting with matter

Muons are like electrons but behave differently when interacting with 
matter (at a given energy).
Bremsstralhung process is ~ 1/m2

me=0.519 MeV/c2

mµ=105,66 MeV/c2 

Contrary to electrons, muons (E<100GeV) loose energy mainly via 
ionization with

Ec(µ)=(mµ /me)2 x Ec(e)

Ec (µ)≈200 GeV in lead

mµ / me  ~ 200  (mµ / me )2 ~ 40000
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Muons in matter

dE/dx
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Energy deposit of muons in matter

 Muons energy deposit 
in matter is not simply 
proportional to their 
energy.

Cosmic μ in ATLAS LAr EM barrel



Muons for calorimeters

Muons deposit very little energy in calorimeter: dE/dx . x
Except for catastrophic energy loss (γ emission)

They are nice tools to assess calorimeter response uniformity
at low energy

They are nice clean probes to analyze the calorimeter geometry 
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in the other layers, which increases the statistical accuracy
of the measurement.

The drift time uniformity of the Tdrift (0.1× 0.1) dis-
tribution has an RMS of (2.7 ± 0.1)%. Correcting for the
dispersion within a 0.1× 0.1 cell, which in this case is not
negligible ((1.4±0.1)%), these numbers translate to a uni-
formity of the endcap calorimeter response due to intrinsic
gap variations of (0.53±0.02)%. Systematic effects as dis-
cussed in Section 9 increase the error to (0.53 ± 0.04)%.

7.3 Electrode shift

The distribution of the electrode shift as a function of the
azimuthal angle is presented in Figure 21 for layer 2. A
rather flat behavior is observed. Vertical dashed lines cor-
respond to the boundaries between consecutive modules.
With a finer binning no particular increase of the shift
is observed at these transitions, even when extending the
scale to 1000 µm. The average of about 146m is indepen-
dent of the layer.
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Fig. 21. Electrode shift as function of φ for layer 2 of the
endcap.

8 Drift time and velocity measurements

To quantify the consistency of the drift time measure-
ments, the drift velocity (Vdrift) is studied more closely.
The drift velocity can be extracted from drift time mea-
surements if the local gap values are accurately known
(see Equation 1) Both wgap and Tdrift are designed to
be constant for the barrel, but varying with pseudorapid-
ity for the endcap. The variation of the drift time Tdrift

(see Figure 22(a)) does not compensate for the variation
of wgap because Tdrift ∼ w1+α

gap . In addition, the different
high voltage regions in the endcap introduce steps in the
behavior of the drift velocity as a function of η.

In order to compare the drift velocities between barrel
and endcap and for each calorimeter layer, they are scaled
to a reference field of 1 kV/mm:

Vdrift(1 kV/ mm) =
wgap

Tdrift

(

2000 V · wgap

HV nom · 2 mm

)α

(16)
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Fig. 22. (a) Drift time and (b) Drift velocity (at E =
1 kV/mm) versus η in layer 2.

where HVnom is the nominal high voltage value and α is
the exponent introduced in Section 2. Figure 22(b) shows
the drift velocity at the same field 1 kV/mm for layer 2
of the entire calorimeter as a function of η. As expected,
a rather constant behaviour is observed over the entire
calorimeter. The deviations from a perfect horizontal line
is explained by local non-uniformities. Deviations are ob-
served at the transition regions at η=0 and |η| = 0.8 and
in the crack region between barrel and endcap at |η| = 1.4,
where the field is lower.

The temperature in the endcap A is slightly higher (by
about 0.3 K) than the temperatures of the barrel (88.5 K)
and endcap C (88.4 K). This can explain the larger drift
velocity measured in endcap C with respect to endcap A,
by ∼ 0.6%. This effect is clearly visible in Figure 22(b).
This temperature difference corresponds to an expected
difference in drift velocity of approximately 0.5%.

Figure 23 shows the comparison of Vdrift for the dif-
ferent layers of the barrel and endcaps. The mean values
of the distributions are also quoted; the statistical errors
on these means are much smaller than the systematic un-
certainties (see Section 9). According to Equation 16, the
uncertainty in the drift velocity depends on uncertainties
in both the gap size and the drift time. The former can
be extracted from an azimuthal uniformity study, giving
values smaller or equal to 1% and 2% for the barrel and
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End of interlude
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Hadronic Showers
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Hadron showers

Hadronic cascades develop in an analogous way to e.m. showers
Strong interaction controls overall development
High energy hadron interacts with material, leading to multi-particle 
production of more hadrons
These in turn interact with further nuclei
Nuclear breakup and spallation neutrons
Multiplication continues down to the pion production threshold

E ~ 2mπ = 0.28 GeV/c2

Neutral pions result in an electromagnetic component (immediate 
decay: π0→γγ) (also: η→γγ)

Energy deposited by:
Electromagnetic component (i.e. as for e.m. showers)
Charged pions or protons
Low energy neutrons
Energy lost in breaking nuclei (nuclear binding energy)



Hadronic Showers: Where does the energy go?
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Hadronic shower development

Simple model of interaction on a disk of radius R: σint = πR2 ∝ A2/3

 σinel ≈ σ0A0.7, σ0 = 35 mb

Nuclear interaction length: mean free path before inelastic interaction

Z ρ

(g.cm-3)
Ec

(MeV)
X0

(cm)
λint

(cm)
Air 30 420 ~70 000
Water 36 84
PbWO4 8.28 0.89 22.4
C 6 2.3 103 18.8 38.1
Al 13 2.7 47 8.9 39.4
L Ar 18 1.4 14.0 84.0
Fe 26 7.9 24 1.76 16.8
Cu 29 9.0 20 1.43 15.1
W 74 19.3 8.1 0.35 9.6
Pb 82 11.3 6.9 0.56 17.1
U 92 19.0 6.2 0.32 10.5
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Hadronic cascade

As compared to electromagnetic showers, hadron showers are:
• Larger/more penetrating

• Subject to larger fluctuations – more erratic and varied
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Hadron showers

• Individual hadron showers are quite dissimilar

1. 2.
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Hadronic shower and non compensation

Response to 
hadrons

fract. of detected
EM energy

shower
EM energy

fract. of detected
HAD energy

shower
HAD enerrgy

Rh = εeEe   +   εhEh

≈ 1 : compensating calorimeter

> 1 : non compensating calorimter
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Hadronic showers: non compensation

Ee >> EhEe <<Eh

Rh = εeEe   +   εhEh
εe > εh
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Hadron shower longitudinal profiles

Longitudinal profile
Initial peak from π0s produced in the first interaction
Gradual falloff characterized by the nuclear interaction length, 
λint

As with e.m. showers: depth to 
contain a shower increases with 
log(E)
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Hadron shower transverse profiles

0.5 1.0 1.5 2.0 λint

120 GeV π-

Lateral containment increases 
with energy

Mean transverse momentum from 
interactions, <pT> ~ 300 MeV, is about the

same magnitude as the energy lost
traversing 1λ for many materials
So radial extent of the cascade is well
characterized by λ
The π0 component of the cascade results in
an electromagnetic core



Hadronic Showers: EM fraction

Large fluctuation of the EM 
component from one shower 
to the other

Varies with energy

Energy resolution is degraded 
w.r.t. EM showers

50-100%/√E ⊕ a few %
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Jets

At Hadronic Colliders, quarks & gluons 
produced, evolves (parton shower, 
hadronisation) to become jets

In a cone around the initial parton: 
high density of hadrons
LHC calorimeters cannot separate all 
the incoming hadrons

Use dedicated calibration schemes 
(based on simulation in ATLAS)
Use tracking system to identify 
charged hadrons (Particle Flow in 
CMS)
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Examples
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CMS calorimeter



The CMS calorimeter

The CMS choices
Solenoidal Magnetic Field: 4T
Outside the calorimeter

“Compact” calorimeter
Very precise EM calorimeter

PbWO crystal (very dense)
“Thin” HAD calorimeter
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Coil
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CMS crystals: PbWO4

Excellent energy resolution
X0 = 0.89cm ➝ compact calorimeter (23cm for 26 X0)

RM = 2.2 cm ➝ compact shower development

Fast light emission (80% in less than 15 ns)
Radiation hard (105Gy)

But
Low light yield (150 γ/MeV)
Response varies with dose
Response temperature dependance 



CMS ECAL Construction
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Submodule 
 2x5 crystals

Supermodule
1700 crytsals

Total 36 Supermodules 

Module
400 crystals
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CMS ECAL: Performance in testbeam
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Sensitive to radiation dose

Large effect which needs to be corrected for
Laser system which sends light to each crystal 
during beam (LHC abort gap)
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Crystal calibration in CMS

Inter-calibration: several steps
testbeam (1/4 of barrel ECAL)
cosmic muons in situ
Laser pulsing: tracks variations during data 
taking
Temperature stability: ΔE/E = -2%/0C 
Using particles: π0, η0 
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Performance in-situ CMS
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CMS Hadronic calorimeter
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Central : |η| < 1.7 Cu/scintillator + 
WLS
2 + 1 (HO) layers
5.9 + 3.9 λ (|η| =0) 
Endcap 1.3< |η| < 3 Cu/scintillator 
+ WLS
2/3  layers

Forward 2.85 < |η| < 5.19
Fe/quartz fibers (radiations)

Copper: non magnetic material

Coil



CMS Hadronic Response

CMS is using a Particle Flow Technic to reconstruct Jets and Missing 
Transverse Energy

use the best measurement for each component
Tracker for charged hadron
ECAL for electrons & photons
HCAL for neutral hadrons
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CMS-Particle Flow Jet Reconstruction Performance
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ATLAS calorimeter



ATLAS EM calorimeter
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Accordion Pb/LAr |η|<3.2 ~170k channels
Precision measurement |η|<2.5

3 layers up to |η|=2.5 + presampler |η|<1.8
2 layers 2.5<|η|<3.2

Layer 1 (γ/π0 rej. + angular meas.)
Δη.Δφ = 0.003 x 0.1
Layer 2 (shower max)
Δη.Δφ = 0.025 x 0.0.25
Layer 3 (Hadronic leakage)
Δη.Δφ = 0.05 x 0.0.025

Energy Resolution: design for η~0
ΔE/E ~ 10%/√E ⊕ 150 MeV/E ⊕ 0.7%

Angular Resolution
50mrad/√E(GeV)



The cryostat structure
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The segmentation
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250 µm at η=0

550 µm at 
η=0

Electrons E= 245 GeV



Energy Resolution CMS vs ATLAS
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CMS (PbW04) / ATLAS (Pb/LAr)CMS (PbW04) / ATLAS (Pb/LAr)CMS (PbW04) / ATLAS (Pb/LAr)CMS (PbW04) / ATLAS (Pb/LAr)

10 GeV 100 GeV 1000 GeV

Stochastic
(GeV)

0.095 / 0.32 0.3 / 1 0.949 / 3.2

Noise
(GeV)

0.3 / 0.3 0.3 / 0.3 0.3 / 0.3

Constant
(GeV)

0.05 / 0.07 0.5 / 0.7 5 / 7

σ(E) 
(GeV)

0.30 / 0.44 0.65 / 1.26 5.1 / 7.7

σ(E)/E 
(%)

3 / 4.4 0.65 / 1.26 0.51 / 0.77



ATLAS LAr cell calibration

Cell to cell calibration from electronics calibration system
Inject a know signal amplitude
Correct for the difference between calibration signal and ionisation 
signal shapes
Correct for the sampling fraction
Apply calibration factor

89



ATLAS cluster correction
Make use of simulation

compare energy deposited in the calorimeter to the one reconstructed
takes into account un-detected energies in

dead region of the detector
energy deposited outside the cluster

parametrize corrections as a function of energy and η
dedicated correction factors for electrons, photons, jets

In situ, use precise knowledge of MZ to set absolute energy scale (correct to ~% from 
testbeam)

Method developed during testbeam campaigns and now applied in ATLAS
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in the range a1 ¼ "5# 10$6 GeV$1 are obtained. All
systematic uncertainties combined in quadrature give an
uncertainty of "9# 10$6 GeV$1. Based on purely statis-
tical uncertainties, the w2 per degree of freedoms for a
linear fits to the data points is w2=ndf ¼ 2:7. This, together
with the fact that the pull distribution is not Gaussian
(RMS is about 1.5), indicates that the measured data points
are not fully compatible with a straight line and that
systematic uncertainties affect the linearity.

In practical applications like the measurement of the
W"-boson mass, the shift of the measured (transverse)
energy spectrum with respect to a reference reaction like
that from the Z0-boson needs to be understood. Since the
transverse energy distribution is roughly peaked at half of
the boson mass and slowly decreases towards lower
transverse energies, one is interested in the control of the
linearity within a few GeV. To estimate the size of local
non-linearities for each energy measurement the local slope
is calculated from the measurement which have a beam
energy difference smaller than 20GeV. The result for the
default measurement and for the systematic variations

added in quadrature13 at each energy point (where the
slope can be calculated) is shown in Fig. 18. In the region
relevant for the measurement of the W"-mass the local
slope is known to a level of about "4# 10$5 GeV$1. This
translates roughly to an uncertainty of 15MeV on the W"-
mass.

10.4. The resolution results

The energy resolution is obtained from the standard
deviation of the Gaussian fit described in Section 10.1. The
relative resolution as a function of the electron beam
energy is shown as closed circles in Fig. 19.
Since the noise depends on the electronic gain of the

cells, the noise is subtracted for each energy point to obtain
the intrinsic resolution of the calorimeter. The noise is
evaluated as described in Section 4. The noise is about
250MeV and slightly increases towards higher energies.
The noise contribution to the resolution is shown in Fig. 19
as open squares. The data where the noise contribution and
in addition the beam spread has been subtracted are shown
in Fig. 19 as open circles. A function of the following form
is fitted:

sE
E

¼
affiffiffiffi
E

p % b; with a ¼ 10:1" 0:1% &
ffiffiffiffiffiffiffiffiffiffi
GeV

p
and

b ¼ 0:17" 0:04%. ð8Þ

The symbol % indicates that the two terms are added in
quadrature. The quoted errors are only statistical. The fit
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Fig. 15. Shape of the ratio of the first ðE1Þ over the sum of the second ðE2Þ
and of the third ðE3Þ calorimeter compartment. Shown are data (closed
circles) with E ¼ 10GeV (a) and E ¼ 50GeV (b) and Monte Carlo
simulations for electrons (dashed), pions (dotted) and an appropriate
mixture of electrons and pions (solid).
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Fig. 16. Ratio of the reconstructed electron energy to the beam energy as
a function of the beam energy. All points are normalised to the value
measured at E ¼ 100GeV. The inner band illustrates the uncorrelated
uncertainty of the beam energy measurement; in the outer band the
correlated uncertainty is added in quadrature to the inner band.

13Here, we only consider the systematics which are not related to the
uncertainty of the test-beam geometry, i.e., normalisation of the PS, the
strips and the middle, the timing, the fit range, the lateral extension of the
shower and using the different Monte Carlo simulations to extract the
calibration constants.

M. Aharrouche et al. / Nuclear Instruments and Methods in Physics Research A 568 (2006) 601–623620



Cluster Energy Reconstruction

91

• Erec: Need to correct Eacc for losses
• in matter in front of calorimeter 

(IDl + cryostat)
• Between Crysotat & Accordion
• Loss outside the cluster Eoutcluster

• Rear leakage Eleak

• Use MC



ATLAS Linearity with data
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ATLAS Hadronic calorimeters
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LAr/Cu 1.7 <|η| < 3.2 
4 layers in depth 

Forward: 1 layer EM, 2 HAD 
LAr/Cu or W 3.2 <|η| < 4.9

Tiles Calorimeter |η| < 1.7 
Fe / Scintillator
3 layers in depth 

Total thickness: ~ 8 -10 λ
Use of different technics: cope with radiations in forward region



ATLAS Hadronic Tiles calorimeter
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Barrel

Ext. Barrel



ATLAS LAr Hadronic Endcap + FCal
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Figure 5.19: Schematic diagram showing the
three FCal modules located in the end-cap
cryostat. The material in front of the FCal and
the shielding plug behind it are also shown.
The black regions are structural parts of the
cryostat. The diagram has a larger vertical
scale for clarity.

Figure 5.20: Electrode structure of FCal1 with
the matrix of copper plates and the copper tubes
and rods with the LAr gap for the electrodes.
The Molière radius, RM, is represented by the
solid disk.

copper tube separated by a precision, radiation-hard plastic fibre wound around the rod. The ar-
rangement of electrodes and the effective Molière radius for the modules can be seen in figure 5.20.
Mechanical integrity is achieved by a set of four tie-rods which are bolted through the structure.
The electrode tubes are swaged at the signal end to provide a good electrical contact.

The hadronic modules FCal2 and FCal3 are optimised for a high absorption length. This
is achieved by maximising the amount of tungsten in the modules. These modules consist of
two copper end-plates, each 2.35 cm thick, which are spanned by electrode structures, similar to
the ones used in FCal1, except for the use of tungsten rods instead of copper rods. Swaging of
the copper tubes to the end-plates is used to provide rigidity for the overall structure and good
electrical contact. The space between the end-plates and the tubes is filled with small tungsten
slugs, as shown in figure 5.21. The inner and outer radii of the absorber structure formed by the
rods, tubes and slugs are enclosed in copper shells.

Signals are read out from the side of FCal1 nearer to the interaction point and from the
sides of FCal2 and FCal3 farther from the interaction point. This arrangement keeps the cables
and connectors away from the region of maximum radiation damage which is near the back of
FCal1. Readout electrodes are hard-wired together with small interconnect boards on the faces
of the modules in groups of four, six and nine for FCal1, FCal2 and FCal3 respectively. The
signals are then routed using miniature polyimide co-axial cables along the periphery of the FCal
modules to summing boards which are mounted on the back of the HEC calorimeter. The summing
boards are equipped with transmission-line transformers which sum four inputs. High voltage
(see table 5.1) is also distributed on the summing boards via a set of current-limiting resistors, as
shown in figure 5.22 for the specific case of FCal1. The signal summings at the inner and outer
radii of the modules are in general different due to geometric constraints and higher counting rates
at the inner radius [122].
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Figure 5.16: Schematic view of a HEC mod-
ule, with a cut-away showing the readout struc-
ture and the active-pad electronics.

Figure 5.17: Schematic of the arrangement of
the HEC readout structure in the 8.5 mm inter-
plate gap. All dimensions are in mm.

optimum signal-to-noise ratio for the HEC. An important aspect of the HEC is its ability to detect
muons and to measure any radiative energy loss. The density of the electronics on the HEC wheels
with their rather modest number of read-out channels (5632 in total) and the power consumption of
the GaAs integrated circuits (15 mW for one preamplifier channel and approximately 200 mW for
the entire chip) are sufficiently low that the heating effect of the electronics on the liquid argon does
not produce bubbling. The outputs of the preamplifiers are summed on the same GaAs integrated
circuit to produce one signal from each cell. The signal sent to the feed-through for each cell is
thus comprised of the amplified and summed signals of the eight or sixteen pads with the same η
and φ within a readout section.

5.3.2.2 Wheel assembly and installation

Figure 5.18 shows a HEC wheel fully assembled on its assembly table. The geometrical precision
of the wheel is given by 32 datum pins on the assembly table. During the wheel assembly, each
module had to pass a series of quality-assurance tests: high-voltage reliability, capacitance control,
electronic cabling and signal reconstruction verification using the calibration procedures in warm
and in cold. These tests were repeated after the wheel assembly, after the wheel rotation, after the
wheel insertion, after the full cabling of the HEC1 and HEC2 wheels inside the cryostat and finally
through the feed-throughs of the cryostat.

After closing the end-cap cryostat, each end-cap has been cooled down, filled with LAr and
the final cold tests prior to the movement to the ATLAS cavern have been performed. For the HEC,

– 128 –

HEC  Cu/LAr
1.5< |η|<3.2 ~5600 channels
4 layers Δη.Δφ = 0.1 x 0.1 & 0.2x0.2

FCal Cu-W/LAr
3.1<|η|<4.9 ~3500 channels
3 layers Δx.Δy 3x2.6 cm2 - 5.4x4.7 cm2



Endcap cryostat view
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Electromagnetic end-cap calorimeter

Forward calorimeter

Feed-throughs and front-end crates

Hadronic end-cap calorimeter

Figure 5.25: Cut-away view of an end-cap cryostat showing the positions of the three end-cap
calorimeters. The outer radius of the cylindrical cryostat vessel is 2.25 m and the length of the
cryostat is 3.17 m.

the side of the end-cap cryostat pointing towards the interaction point, this is not possible and the
load is transferred through the inner radius of the extended calorimeter on a vertically adjustable
support.

5.4.2 Signal feed-throughs

The signal feed-throughs bring all the signal, monitoring, calibration and spare lines through the
insulating vacuum from the liquid-argon cold volume to the front-end crates located at room tem-
perature around and on the outside of the barrel and end-cap cryostats. A total of 64 feed-throughs
serve the 122,800 lines of the barrel electromagnetic calorimeter, whereas a total of 2× 25 feed-
throughs serve the 2× 48,000 lines of the two end-caps. In each end-cap, 20 feed-throughs are
used by the EMEC, four by the HEC and one by the FCal (the EMEC uses also part of the four
HEC feed-throughs).

A feed-through [123] consists primarily of a warm flange and a cold flange, with a flexible
bellows welded between them. The volume between the two flanges is under vacuum. Each flange
houses four gold-plated pin carriers, providing a total of 1920 signal connections per feed-through.
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ATLAS Jets Performance
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σ(E)/E (50 GeV) ~ 15 % 
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Dual readout for 
hadronic showers

DREAM



Intermezzo: DREAM (ongoing R&D)
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Quartz sensitive 
to em only 
(Cerenkov light)

Scintillator sensitive 
to visible energy only



DREAM: The principle
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DREAM: some results
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Back to LHC:
Taking data



Signal Readout: ATLAS LAr example

104



105

In the cavern

In the counting room

Monitoring in the 
control room
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Trigger



ATLAS Trigger chain
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Level 1 calorimeter trigger
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Calorimeter Trigger Efficiency

Trigger performance and “menus” are a key element towards physics results 
Balance between the various channels are regularly adjusted vs 
instantaneous luminosity
For calorimetry:

Get calibrated energy for L1  
Use “final” energy calibration (à la offline) for HLT
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ATLAS ETmiss calibration
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Calorimeters: behind 
the Inner Detector



Material in front of calorimeters

Electron Brem
Photon conversions

Proper description of material (ID weighting 
during construction)

Taken into account for event reconstruction
112
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Figure 4.45: Material distribution (X0, λ ) at the exit of the ID envelope, including the services and
thermal enclosures. The distribution is shown as a function of |η | and averaged over φ . The break-
down indicates the contributions of external services and of individual sub-detectors, including
services in their active volume.
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Figure 4.46: Material distribution (X0, λ ) at the exit of the ID envelope, including the services
and thermal enclosures. The distribution is shown as a function of |η | and averaged over φ . The
breakdown shows the contributions of different ID components, independent of the sub-detector.

at the interface of the barrel and end-cap regions. This includes cooling connections at the end of
the SCT and TRT barrels, TRT electrical connections, and SCT and TRT barrel services extending
radially to the cryostat, to the PPB1 patch-panel, and then along the cryostat wall. Another service
contribution is from the pixel services at |η | > 2.7, which leave the detector along the beam-
pipe; their extended range in |η | can clearly be seen. A large fraction of the service and structural
material is external to the active ID envelope, therefore deteriorating the calorimeter resolution but
not the tracking performance. Table 4.15 lists the contribution to X0 as a function of radius for
different elements of the ID and for straight tracks at |η | = 0 and |η | = 1.8.

The material breakdown is particularly important at small radius. The pixel barrel radiation
length for perpendicular incidence is approximately 10.7% for the three pixel layers. This can
be broken down into: electronics+bump-bonds (1.4%), sensors (1.1%), hybrids (1%), local support
structures with cooling (5.4%), cables (0.3%) and global supports (1.5%). The corresponding num-
ber for the SCT barrel layers is 11.8% when averaged over the active area. This amounts to 2.96%
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Understanding material in front of calorimeter
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Calorimeters R&D 
for Linear Colliders
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Boson-Boson scattering
Hadronic Decay of W & Z

Needs improved energy resolution
Higly granular calorimeters optimized for
particle flow 

Some ideas for future calorimeters (Linear Colliders)
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60%/√E 30%/√E

Δ(Mz,MW) ~ 10 GeV

c.f. R. Pöschl for the CALICE collaboration - SPSC January 2011 

https://indico.cern.ch/conferenceDisplay.py?confId=116661
https://indico.cern.ch/conferenceDisplay.py?confId=116661


Calorimeters developed for Linear colliders
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Tracking 
system

EM Cal HAD Cal
Muon 

system
VXD 
tag b,c 

jets



Calorimeter requirements
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Many ongoing testbeams (e.g. CALICE)

Linear Collider Calorimeters Development:
Fine segmentation (also for HAD)

Both longitudinal and lateral
Self-suporting calorimeter

Minimize dead zones
Semi-digital readout

Electronics embedded inside the calorimeter
Development of Power Pulsing 
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Some conclusions

Calorimeters are playing a critical role in the interpretation of events at 
LHC

Electron/Photon - Jet - ETmiss reconstruction
Background rejection e±/jets - γ/π0

Triggering 
Detector design & construction have (obviously) a direct impact onto 

the physics
Cell segmentation 0.1x0.1 at Tevatron, 0.025(0.003)x0.025 at LHC, 
semi-digital R/O for Linear Collider
More and more precise simulation (interaction with matter, detector 
geometry) allows to understand quickly and very efficiently the 
detector performance

LHC detectors and calorimeters in particular are performing already very 
close to designed specifications
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