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Composition vs Astronomy

• In the end CRs are the 4th substance of 
the visible Universe (after the matter, 
radiation and magnetic fields) 
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What we know of about cosmic rays

• The all particle spectrum  span over more than 14 
order of magnitude with an exponential decrease


• Acceleration and propagation folded! 
• They propagate through the 


• ISM -InterStellar Matter (ISM) 

• IGM - InterGalactic Magnetic (IGM)

• CMB (Cosmic Microwave Background) 

• EBL Extragalactic Background Light


• Features: KNEE & ANKLE, GZK cut-off
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1 particle/m2/year

1 particle/km2/year

1 particle/m2/second

1 particle/km2/century



What we can learn from γ-ray
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Gamma ray flux composition (0.1-1000 GeV)
superposition of resolved point and diffuse sources, and of  background diffuse emission of 
galactic/extragalactic origin

φExtragalactic
diffuse (E,Ω) = φExtragalactic

unresolved sources(E) + φExtragalactic
diffuse (E,Ω)
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E & ang. res, E range and threshold,  
n. of telescopes, waveform

Stability of PSF over FoV 
Large FoV, Duty Cycle

φγ(E,Ω) =
∑

j∈{Galactic}

φj(E,Ωj) +φGalactic
diffuse (E,Ω)

+
∑

j∈{Extragalactic}

φj(E,Ωj) +φExtragalactic
diffuse (E,Ω)
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Physics of Shower

• INTERACTION WITH MATTER OF 
CHARGED PARTICLE  - BETHE-BLOCK 

• ELECTRON ENERGY LOSS  
• Radiative Loss 

• PHOTON ENERGY LOSS 
• ELECTROMAGNETIC SHOWER MODEL 
• HADRONIC SHOWER MODEL
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Electromagnetic Interaction of (charged) Particles with Matter
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λ ≈ 1Å λ ≈ fm

λ ≈ !
p

Transition radiation 
When the particle crosses the boundary between two media, there 
is a probability of the order of 1% to produced and X ray photon.

Cherenkov Radiation 
In case the particle’s velocity is larger than the velocity of light in the 
medium, the resulting EM shockwave manifests itself as. 

Ionization losses 
The incoming particle loses energy interacting 
with atoms, which are excited or ionized.

Interaction with the atomic nucleus.  
The particle is deflected (scattered)  causing multiple scattering 
of the particle in the material.  
During this scattering a Bremsstrahlung photon can be emitted.
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Interaction with matter - Bethe Block Formula
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If we include also quantum mechanics and relativity we arrive at a more complete formula

€ 

Tmax = 2mec
2β 2γ 2

Tmax = 2mec2β2γ2

1+2γme/m+(me/m)2

K = 4πNAr
2
emec

2 = 0.307
MeV · cm2

g
z: Charged of incident particlee

m: Mass of incident particle

Z: Charge number of the medium

A: Atomic mass of the medium

I0: Mean excitation energy of the medium

δ: Density correction 

NA = 6.022 · 1023

re =
e2

4πεmec2
= 2.8 fm

me = 511 keV

0.5 < β < 500 m > mµValidity

2γme/m << 1

−
〈
dE

dx

〉
= Kzρ

Z

A

1

β2

[
1

2
ln

(
2meγ2β2c2Tmax

I20

)
− β2 − δ(βγ)

2

]
z2
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Energy Loss in a Plot
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Understanding the Bethe-Bloch

�9

Understanding Bethe-Bloch 

13 

dE
dx

∝
Z 2

β 2
ln aβ 2γ 2( )
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Understanding the Bethe-Bloch
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Understanding Bethe-Bloch 

13 

dE
dx

∝
Z 2

β 2
ln aβ 2γ 2( )

Cosmics rays: dE/dx α Z2
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Understanding the Bethe-Bloch
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Understanding Bethe-Bloch 
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π

π

π

Fast Particle 
Small Energy Loss

K

Slow Particle 
Large Energy Loss
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Dependence on the medium
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Dependence of A and Z  
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Minimum ionization: 
ca. 1 - 2 MeV/g cm-2 

[H2: 4 MeV/g cm-2] 
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Bethe-Block for Electrons

• Bethe-Block formula needs modification for electrons as incident and 
target electron (outer shells) have same mass
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τ = γ − 1
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Kinetic energy of the electron divided by mec2 

F (τ) = 1 − β2 +
τ2/8 − (2τ + 1) ln(2)

(τ + 1)2
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F (τ) = 2 ln(2) − β2

12

[
23 +

14

τ + 2
+

10

(τ + 2)2
+

4

(τ + 2)3

]
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for electrons

for positrons
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Energy loss for electrons
• Bethe-Block formula needs modification for electrons as 

incident and target electron (outer shells) have same mass.

• Scattering of identical indistinguishable particles 


• For energy greater than 10-30 MeV (#! ~ 20)  the radiative 
loss dominate


• Bremsstrahlung / Synchroton radiation

• QED process (Fermi 1924, Weizsäcker-Williams 1938) 

• electron is hit by plane electromagnetic wave (for large v) 

E ⊥ B and both ⊥ v; 

• quanta are scattered by electrons and appear as real 

photons in Coulomb field of nucleus 
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−
〈
dE

dx

〉

Ion

∝ ln(E)
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Electromagnetic Showers DOMINANT PROCESSES AT HIGH ENERGIES 
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PHOTONS: PAIR PRODUCTION 

σpair =
7

9

(
4αr2eZ

2 ln
183

z
1
3

)
=

7

9

A

NAX0
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Interaction Length λint =
9

7
X0
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ELECTRONS: BREMSSTRAHLUNG

After passage of one X0 electron has only 
(1/e)th  (37%) of its primary energy ... 

dE

dx
= 4αNA

Z2

A
r2eE ln

183

Z
1
3

=
E

X0

X0 =
A

Z(Z + 1)

716.4

ln(287/
√
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[ g
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]
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re =
e2

mec2
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EM shower model 
• Shower is characterised by


• Number of particle in the shower

• Location of shower maximum (Xmax)

• Longitudinal profile

• Trasversal profile


• Simplified model

• At each stage the energy is HALVED and number of particles 

DOUBLED

• Pair-production

• Bremsstrahlung


• After t stages
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0

E0

E 0  /2

1 2 3 4 5 6 7 8

E 0 /4 E 0 /8 E 0 /16

t [X0 ]

≈ (1 + t0) ·
E0

Ec
X0 ∝ E0

T =
E0

Ec
· X0 · F F < 1

T = X0

tmax−1∑

µ=0

2µ + t0 · Nmax · X0

= X0 · (2tmax − 1) + t0 ·
E0

Ec
X0

= X0 · (2log2
E0/Ec − 1) + t0 ·

E0

Ec
X0

Analytic Shower Model

Simple shower model:
[continued]

Longitudinal shower distribution increases only logarithmically with the
primary energy of the incident particle ...  

Some numbers: 
 Ec ≈ 10 MeV, 
E0 = 1 GeV 
 ➛  tmax = ln 100 ≈ 4.5; Nmax = 100

 
 E0 = 100 GeV 
➛  tmax = ln 10000 ≈ 9.2; Nmax =10000

Relevant for energy measurement (e.g. via scintillation light): 
total integrated track length of all charged particles ...

with t0: range of electron with energy Ec

[given in units of X0]

Energy proportional
to track length ...

As only electrons 
contribute ...

[ with ]

N(t) = 2t = ex/X0
<latexit sha1_base64="OVsJgyuwJZKmFmmcebPJiR9h7xk="></latexit>

Et =
E0

N(t)
= E0 · 2− t =⇒ t =

ln(E0/E)

ln 2
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Xmax = tmax ·X0 · ln(2) = X0 · ln(
E0

Ec
)
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Λ =
dXmax

d(logE0)
= ln(10) ·X0 = 2.3 · 37 g · cm− 2 ≈ 85 g · cm− 2
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Critical Energy
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Bremsstrahlung  

25 

After passage of one X0 
electron has lost all but  
(1/e)th of its energy (63%) 

−
dE
dx Brems

=
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Longitudinal Shower Shape - Energy dependence
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Electromagnetic shower profiles (longitudinal)

6

Longitudinal Shower Shape
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Energy deposit of electrons as a function of depth in a 
block of copper; integrals normalized to same value

[EGS4* calculation]

Depth of shower maximum increases 
logarithmically with energy

*EGS = Electron Gamma Shower

tmax ∝ ln(E0/Ec)

Xmax = tmax ·X0 · ln(2) = X0 · ln(
E0

Ec
)

<latexit sha1_base64="RqcjOfR3YWIEuHbIHBiN7ey2xMo="></latexit>

Λ =
dXmax

d(logE0)
= ln(10) ·X0 = 2.3 · 37 g · cm− 2 ≈ 85 g · cm− 2

<latexit sha1_base64="apvbPJTgpyAaPNP/u/h0F+U7f88="></latexit>

Elongation rate
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Longitudinal Shower Shape - Z dependence
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Scaling is NOT perfect

9

Pb Z = 82
Fe Z = 26
Al Z = 13

Longitudinal Shower Shape

Depth [X0]
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Lead
Iron
Aluminum

Energy deposit of electrons as a function 
of depth for different materials
[EGS4* calculation]

10 GeV electrons

Approximate scaling ....

•in high-Z Material, particles multiplication continues 
longer and decreased more slowly than in low-Z 
materials 

•The number of positrons strongly increases with the Z 
of the absorber material • Ex. Number of e+/GeV is 3 times larger in Pb than in Al 

  ↳ Need more X0 of Pb to contain 90% of shower

σ ∝ Z5, E−3

σ � Z, E−1

σ increases with E, Z
asymptotic at ∼ 1 GeV

Ec ∝
1
Z

Longitudinal Shower Shape

ElectronsPhotons

ZPhotons:

Photo-electric effect ...

Compton scattering ...

Pair production ...

Electrons:

Critical energy ...

In high Z materials 
particle multiplication ... 

   ... down to lower energies

   ➛ longer showers
	 	 [with respect to X0]
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Transversal Shower Shape
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‘Rules of Thumb’
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Ec =
550 MeV

Z

tmax = ln
E

Ec

R(95%) = 2RM

R(90%) = RM

− 1.0{

Some Useful 'Rules of Thumbs'

X0 =
180A

Z2

g
cm2

− 0.5− 1.0

[Attention: Definition of Rossi used]

Radiation length:

Critical energy:

Shower maximum:

e– induced shower

γ induced shower

Longitudinal

energy containment:

Transverse

Energy containment:

Problem:
Calculate how much Pb, Fe or Cu
is needed to stop a 10 GeV electron.

Pb
 :  Z = 82 , A = 207, ρ = 11.34 g/cm3

Fe
 :  Z = 26 , A = 56, ρ = 7.87 g/cm3

Cu
 :  Z = 29 , A = 63, ρ = 8.92 g/cm3

L(95%) = tmax + 0.08Z + 9.6 [X0]
RM =

21 MeV

EC
·X0

RM: Moliere Radius 
Ec: Critical Energy [Rossi]  
X0 : Radiation length

Transverse size of EM shower given 
by radiation length via Molière radius 
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Energy resolution
In High Energy Physics, calorimeters can be broadly classified in 2 types:


In both cases the energy resolution can be parametrised as 

�21

Homogeneous Calorimeters: 
The same medium (scintillating crystal, 
liquified gas , atmosphere(!)) act both 
as target (absorbing material and 
detectors)

Sampling Calorimeters: 
Slab of dense passive absorber (Lead , 
iron , high-Z materials) are interleaved 
with active detectors (silicon, 
scintillators, liquified gases) 

σE

E
= A√

E
⊕ B

E
⊕ C

Stochastic Term 
Shower fluctuation (intrinsic) 
Fluctuation in the detection 

Noise Term 
Electronic noise  
also effects like pile-up

Constant Term 
➡ Imperfections in calorimeter construction  
➡ non-uniformities in signal collection;  
➡ channel-to-channel calibration errors;  
➡ fluctuations in longitudinal energy containment;  
➡ fluctuations in energy lost in inert material, 

before or within the detection volume.
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Homogeneous Calorimeter
• In a homogeneous calorimeter the whole detector volume is filled by 

a high-density material which simultaneously serves as absorber as 
well as as active medium ... 


• Homogenous calorimeters are exclusively used for electromagnetic 
calorimeter, i.e. energy measurement of electrons and photons


ADVANTAGE: Optimal energy resolution 

DISADVANTAGE: Very expensive 
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Signal Material
Scintillation Light BGO, BaF2, CeF3, ... 
Cherenkov Light Lead Glass 
Ionization Signal Liquid nobel gases (Ar, Kr, Xe) 

aleakffi2.0%, resulting in an overall stochastic term:

a¼ape # aleak ¼3:0% ð23Þ

Noise term: The amplitude from a single channel of the ECAL
is calculated from up to 10 pulse height samples made at 25 ns
intervals, including measurements made immediately preceding
the signal pulse. This allows the baseline correction (or ‘‘pedestal
subtraction’’) to be made event-by-event and channel-by-chan-
nel. Using this method of signal reconstruction, it has been
observed that there is no correlation of the electronic noise in
adjacent channels. As a result, the total noise summed over the
cluster of crystals is just a factor Oncl greater than the noise in a
single channel, where ncl is the number of channels in the cluster.
Thus for clusters consisting of 3 & 3 arrays of crystals, the
electronic noise in the Barrel is expected to result in an initial
value of the noise term: b¼120 MeV.

During the course of the experiment, neutron irradiation will
cause the leakage currents in the APDs to rise, increasing the
electronic noise. The additional contribution is expected to be equi-
valent to 8 MeV/channel after one year of operation at 1033 cm2 s' 1

and 30MeV/channel after a further year at 1034 cm2 s' 1 [13].
During LHC operation at high luminosity, b will receive an

important contribution from event pile-up. The magnitude of this
will depend on the LHC luminosity and the chosen cluster size. It
will vary across the solid angle covered by the ECAL, being largest
in the forward regions. At a luminosity of 1034 cm2 s ' 1, the pile-
up noise in the central part of the Barrel (Z¼0)3 is expected to be
( 95 MeV and in the mid-region of the Endcaps (Z¼2) it is
expected to be 525 MeV for (5 & 5) clusters of crystals.

Constant term: Various potential contributions to the con-
stant term were listed in Section 3.1, for example the effect of
errors in the channel-to-channel inter-calibration. Before installa-
tion, nine of the 36 supermodules of the ECAL Barrel section were
exposed to high energy electrons (90 and 120 GeV), in a geome-
trical configuration that reproduced the incidence of particles
during CMS operation [14]. A repeat exposure of one of the
Supermodules indicated that the results are reproducible to
within 0.2%. In addition, all 36 Supermodules were operated in
turn on a cosmic ray stand for a period of about one week. A
muon traversing the full length of a crystal deposits energy of
approximately 250 MeV yielding further inter-calibration infor-
mation. A comparison of the cosmic ray and high energy electron
data demonstrates that the average precision of the cosmic ray
inter-calibration is 1.5%. For both the Barrel and the Endcap
sections, the final inter-calibration precision will be achieved
in situ with high energy electrons and photons from physics
events. Ultimately, the contribution to the constant term from the
inter-calibration error is expected to be of order 0.4%.

A potentially important contribution to the constant term can
arise from variations in light collection efficiency as a function of
depth in a crystal. Such effects could be caused by optical
absorption or be a consequence of the geometrical shape of the
crystals. In the presence of such longitudinal non-uniformities,
fluctuations in the depth of the shower maximum broaden the
measured width of the energy distribution. Monte Carlo model-
ling of the Barrel crystals has shown that variations in light
collection must be kept below 0.5%/X0 in the region of the shower
maximum ( ( 8 X0 from the front of the crystal) in order to keep
the associated contribution to the constant term less than 0.3%. It
has been found empirically that the required light-collection
uniformity is achieved by polishing three of the longitudinal faces
of the crystals and roughening the fourth face by a specified amount,

and by covering the inner surfaces of the sleeves supporting the
crystals with a highly reflective coating.

The lengths of the crystals used in CMS (25 X0 in the case of the
Barrel crystals) is sufficient to ensure that fluctuations in shower
leakage from the rear surface makes a negligible contribution to
the constant term.

The various contributions to the energy resolution function are
summarized in Table 1.

4.2.1.3. Measured energy resolution. Prior to installation in CMS, a
fully equipped Barrel supermodule was studied using a beam of
high energy electrons [15]. Measurements of the energy resolution
were made at 7 energies in the range from 20 to 250 GeV. Fig. 5
shows a typical set of results obtained for (3 & 3) clusters centred on
a number of different crystals, with the electron impact point
required to be within a 4 & 4 mm2 region at the centre of the central
crystal. The dashed curve overlying the solid curves has parameter
values: a¼2.8%, b¼125MeV and c¼0.3% for the stochastic, noise
and constant terms, respectively. These coefficients give a good
representation of the average trend observed for this set of crystals
and are in agreement with the expected values shown in Table 1,
taking into account the absence of pile-up and APD leakage con-
tributions to the noise, and the very good inter-calibration precision
possible in the test beam.

The results shown in Fig. 5 are important in demonstrating
that the energy resolution reaches the performance limits set by

Table 1
Contributions to the energy resolution function expected at high luminosity
(1034 cm2 s' 1), in the Barrel section of the ECAL (Z¼0), summing over (3 & 3)
clusters of crystals.

Stochastic term (a) Lateral containment 2.0%
Photoelectron statistics 2.3%
Total stochastic term 3.0%

Noise term (b) Electronics noise 120 MeV
APD Leakage noise 90 MeV
Pile-up noise 60 MeV
Total noise term 160 MeV

Constant term (c) Longitudinal non-uniformity 0.3%
Inter-calibration errors 0.4%
Total constant term 0.5%

Fig. 5. The relative energy resolution versus energy obtained with a fully equipped
Barrel supermodule exposed to a beam of high energy electrons. The energy is
summed over 3 & 3 arrays of crystals, with the electron impact point required to lie
within a 4 & 4 mm2 area, centred on the central crystal. Each curve corresponds to a
different central crystal. A fit of the form given by Eq. (14), to the average of the curves,
is given in the inserted panel. The horizontal dotted line indicates the CMS design goal
of an energy resolution of better than 0.5% for high energy photons.

3 Z is the pseudorapidity, defined by the relation: tanh Z¼cos y, where y is the
polar angle wrt the beam axis.

R.M. Brown, D.J.A. Cockerill / Nuclear Instruments and Methods in Physics Research A 666 (2012) 47–79 53

aleakffi2.0%, resulting in an overall stochastic term:

a¼ape # aleak ¼3:0% ð23Þ

Noise term: The amplitude from a single channel of the ECAL
is calculated from up to 10 pulse height samples made at 25 ns
intervals, including measurements made immediately preceding
the signal pulse. This allows the baseline correction (or ‘‘pedestal
subtraction’’) to be made event-by-event and channel-by-chan-
nel. Using this method of signal reconstruction, it has been
observed that there is no correlation of the electronic noise in
adjacent channels. As a result, the total noise summed over the
cluster of crystals is just a factor Oncl greater than the noise in a
single channel, where ncl is the number of channels in the cluster.
Thus for clusters consisting of 3 & 3 arrays of crystals, the
electronic noise in the Barrel is expected to result in an initial
value of the noise term: b¼120 MeV.

During the course of the experiment, neutron irradiation will
cause the leakage currents in the APDs to rise, increasing the
electronic noise. The additional contribution is expected to be equi-
valent to 8 MeV/channel after one year of operation at 1033 cm2 s' 1

and 30MeV/channel after a further year at 1034 cm2 s' 1 [13].
During LHC operation at high luminosity, b will receive an

important contribution from event pile-up. The magnitude of this
will depend on the LHC luminosity and the chosen cluster size. It
will vary across the solid angle covered by the ECAL, being largest
in the forward regions. At a luminosity of 1034 cm2 s ' 1, the pile-
up noise in the central part of the Barrel (Z¼0)3 is expected to be
( 95 MeV and in the mid-region of the Endcaps (Z¼2) it is
expected to be 525 MeV for (5 & 5) clusters of crystals.

Constant term: Various potential contributions to the con-
stant term were listed in Section 3.1, for example the effect of
errors in the channel-to-channel inter-calibration. Before installa-
tion, nine of the 36 supermodules of the ECAL Barrel section were
exposed to high energy electrons (90 and 120 GeV), in a geome-
trical configuration that reproduced the incidence of particles
during CMS operation [14]. A repeat exposure of one of the
Supermodules indicated that the results are reproducible to
within 0.2%. In addition, all 36 Supermodules were operated in
turn on a cosmic ray stand for a period of about one week. A
muon traversing the full length of a crystal deposits energy of
approximately 250 MeV yielding further inter-calibration infor-
mation. A comparison of the cosmic ray and high energy electron
data demonstrates that the average precision of the cosmic ray
inter-calibration is 1.5%. For both the Barrel and the Endcap
sections, the final inter-calibration precision will be achieved
in situ with high energy electrons and photons from physics
events. Ultimately, the contribution to the constant term from the
inter-calibration error is expected to be of order 0.4%.

A potentially important contribution to the constant term can
arise from variations in light collection efficiency as a function of
depth in a crystal. Such effects could be caused by optical
absorption or be a consequence of the geometrical shape of the
crystals. In the presence of such longitudinal non-uniformities,
fluctuations in the depth of the shower maximum broaden the
measured width of the energy distribution. Monte Carlo model-
ling of the Barrel crystals has shown that variations in light
collection must be kept below 0.5%/X0 in the region of the shower
maximum ( ( 8 X0 from the front of the crystal) in order to keep
the associated contribution to the constant term less than 0.3%. It
has been found empirically that the required light-collection
uniformity is achieved by polishing three of the longitudinal faces
of the crystals and roughening the fourth face by a specified amount,

and by covering the inner surfaces of the sleeves supporting the
crystals with a highly reflective coating.

The lengths of the crystals used in CMS (25 X0 in the case of the
Barrel crystals) is sufficient to ensure that fluctuations in shower
leakage from the rear surface makes a negligible contribution to
the constant term.

The various contributions to the energy resolution function are
summarized in Table 1.

4.2.1.3. Measured energy resolution. Prior to installation in CMS, a
fully equipped Barrel supermodule was studied using a beam of
high energy electrons [15]. Measurements of the energy resolution
were made at 7 energies in the range from 20 to 250 GeV. Fig. 5
shows a typical set of results obtained for (3 & 3) clusters centred on
a number of different crystals, with the electron impact point
required to be within a 4 & 4 mm2 region at the centre of the central
crystal. The dashed curve overlying the solid curves has parameter
values: a¼2.8%, b¼125MeV and c¼0.3% for the stochastic, noise
and constant terms, respectively. These coefficients give a good
representation of the average trend observed for this set of crystals
and are in agreement with the expected values shown in Table 1,
taking into account the absence of pile-up and APD leakage con-
tributions to the noise, and the very good inter-calibration precision
possible in the test beam.

The results shown in Fig. 5 are important in demonstrating
that the energy resolution reaches the performance limits set by

Table 1
Contributions to the energy resolution function expected at high luminosity
(1034 cm2 s' 1), in the Barrel section of the ECAL (Z¼0), summing over (3 & 3)
clusters of crystals.

Stochastic term (a) Lateral containment 2.0%
Photoelectron statistics 2.3%
Total stochastic term 3.0%

Noise term (b) Electronics noise 120 MeV
APD Leakage noise 90 MeV
Pile-up noise 60 MeV
Total noise term 160 MeV

Constant term (c) Longitudinal non-uniformity 0.3%
Inter-calibration errors 0.4%
Total constant term 0.5%

Fig. 5. The relative energy resolution versus energy obtained with a fully equipped
Barrel supermodule exposed to a beam of high energy electrons. The energy is
summed over 3 & 3 arrays of crystals, with the electron impact point required to lie
within a 4 & 4 mm2 area, centred on the central crystal. Each curve corresponds to a
different central crystal. A fit of the form given by Eq. (14), to the average of the curves,
is given in the inserted panel. The horizontal dotted line indicates the CMS design goal
of an energy resolution of better than 0.5% for high energy photons.

3 Z is the pseudorapidity, defined by the relation: tanh Z¼cos y, where y is the
polar angle wrt the beam axis.
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aleakffi2.0%, resulting in an overall stochastic term:

a¼ape # aleak ¼3:0% ð23Þ

Noise term: The amplitude from a single channel of the ECAL
is calculated from up to 10 pulse height samples made at 25 ns
intervals, including measurements made immediately preceding
the signal pulse. This allows the baseline correction (or ‘‘pedestal
subtraction’’) to be made event-by-event and channel-by-chan-
nel. Using this method of signal reconstruction, it has been
observed that there is no correlation of the electronic noise in
adjacent channels. As a result, the total noise summed over the
cluster of crystals is just a factor Oncl greater than the noise in a
single channel, where ncl is the number of channels in the cluster.
Thus for clusters consisting of 3 & 3 arrays of crystals, the
electronic noise in the Barrel is expected to result in an initial
value of the noise term: b¼120 MeV.

During the course of the experiment, neutron irradiation will
cause the leakage currents in the APDs to rise, increasing the
electronic noise. The additional contribution is expected to be equi-
valent to 8 MeV/channel after one year of operation at 1033 cm2 s' 1

and 30MeV/channel after a further year at 1034 cm2 s' 1 [13].
During LHC operation at high luminosity, b will receive an

important contribution from event pile-up. The magnitude of this
will depend on the LHC luminosity and the chosen cluster size. It
will vary across the solid angle covered by the ECAL, being largest
in the forward regions. At a luminosity of 1034 cm2 s ' 1, the pile-
up noise in the central part of the Barrel (Z¼0)3 is expected to be
( 95 MeV and in the mid-region of the Endcaps (Z¼2) it is
expected to be 525 MeV for (5 & 5) clusters of crystals.

Constant term: Various potential contributions to the con-
stant term were listed in Section 3.1, for example the effect of
errors in the channel-to-channel inter-calibration. Before installa-
tion, nine of the 36 supermodules of the ECAL Barrel section were
exposed to high energy electrons (90 and 120 GeV), in a geome-
trical configuration that reproduced the incidence of particles
during CMS operation [14]. A repeat exposure of one of the
Supermodules indicated that the results are reproducible to
within 0.2%. In addition, all 36 Supermodules were operated in
turn on a cosmic ray stand for a period of about one week. A
muon traversing the full length of a crystal deposits energy of
approximately 250 MeV yielding further inter-calibration infor-
mation. A comparison of the cosmic ray and high energy electron
data demonstrates that the average precision of the cosmic ray
inter-calibration is 1.5%. For both the Barrel and the Endcap
sections, the final inter-calibration precision will be achieved
in situ with high energy electrons and photons from physics
events. Ultimately, the contribution to the constant term from the
inter-calibration error is expected to be of order 0.4%.

A potentially important contribution to the constant term can
arise from variations in light collection efficiency as a function of
depth in a crystal. Such effects could be caused by optical
absorption or be a consequence of the geometrical shape of the
crystals. In the presence of such longitudinal non-uniformities,
fluctuations in the depth of the shower maximum broaden the
measured width of the energy distribution. Monte Carlo model-
ling of the Barrel crystals has shown that variations in light
collection must be kept below 0.5%/X0 in the region of the shower
maximum ( ( 8 X0 from the front of the crystal) in order to keep
the associated contribution to the constant term less than 0.3%. It
has been found empirically that the required light-collection
uniformity is achieved by polishing three of the longitudinal faces
of the crystals and roughening the fourth face by a specified amount,

and by covering the inner surfaces of the sleeves supporting the
crystals with a highly reflective coating.

The lengths of the crystals used in CMS (25 X0 in the case of the
Barrel crystals) is sufficient to ensure that fluctuations in shower
leakage from the rear surface makes a negligible contribution to
the constant term.

The various contributions to the energy resolution function are
summarized in Table 1.

4.2.1.3. Measured energy resolution. Prior to installation in CMS, a
fully equipped Barrel supermodule was studied using a beam of
high energy electrons [15]. Measurements of the energy resolution
were made at 7 energies in the range from 20 to 250 GeV. Fig. 5
shows a typical set of results obtained for (3 & 3) clusters centred on
a number of different crystals, with the electron impact point
required to be within a 4 & 4 mm2 region at the centre of the central
crystal. The dashed curve overlying the solid curves has parameter
values: a¼2.8%, b¼125MeV and c¼0.3% for the stochastic, noise
and constant terms, respectively. These coefficients give a good
representation of the average trend observed for this set of crystals
and are in agreement with the expected values shown in Table 1,
taking into account the absence of pile-up and APD leakage con-
tributions to the noise, and the very good inter-calibration precision
possible in the test beam.

The results shown in Fig. 5 are important in demonstrating
that the energy resolution reaches the performance limits set by

Table 1
Contributions to the energy resolution function expected at high luminosity
(1034 cm2 s' 1), in the Barrel section of the ECAL (Z¼0), summing over (3 & 3)
clusters of crystals.

Stochastic term (a) Lateral containment 2.0%
Photoelectron statistics 2.3%
Total stochastic term 3.0%

Noise term (b) Electronics noise 120 MeV
APD Leakage noise 90 MeV
Pile-up noise 60 MeV
Total noise term 160 MeV

Constant term (c) Longitudinal non-uniformity 0.3%
Inter-calibration errors 0.4%
Total constant term 0.5%

Fig. 5. The relative energy resolution versus energy obtained with a fully equipped
Barrel supermodule exposed to a beam of high energy electrons. The energy is
summed over 3 & 3 arrays of crystals, with the electron impact point required to lie
within a 4 & 4 mm2 area, centred on the central crystal. Each curve corresponds to a
different central crystal. A fit of the form given by Eq. (14), to the average of the curves,
is given in the inserted panel. The horizontal dotted line indicates the CMS design goal
of an energy resolution of better than 0.5% for high energy photons.

3 Z is the pseudorapidity, defined by the relation: tanh Z¼cos y, where y is the
polar angle wrt the beam axis.

R.M. Brown, D.J.A. Cockerill / Nuclear Instruments and Methods in Physics Research A 666 (2012) 47–79 53
Test beam result 

CMS Calorimeter
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Homogeneous Calorimeter
• In a homogeneous calorimeter the whole detector volume is filled by 

a high-density material which simultaneously serves as absorber as 
well as as active medium ... 


• Homogenous calorimeters are exclusively used for electromagnetic 
calorimeter, i.e. energy measurement of electrons and photons


ADVANTAGE: Optimal energy resolution 

DISADVANTAGE: Very expensive 
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Signal Material
Scintillation Light BGO, BaF2, CeF3, ... 
Cherenkov Light Lead Glass 
Ionization Signal Liquid nobel gases (Ar, Kr, Xe) 

aleakffi2.0%, resulting in an overall stochastic term:

a¼ape # aleak ¼3:0% ð23Þ

Noise term: The amplitude from a single channel of the ECAL
is calculated from up to 10 pulse height samples made at 25 ns
intervals, including measurements made immediately preceding
the signal pulse. This allows the baseline correction (or ‘‘pedestal
subtraction’’) to be made event-by-event and channel-by-chan-
nel. Using this method of signal reconstruction, it has been
observed that there is no correlation of the electronic noise in
adjacent channels. As a result, the total noise summed over the
cluster of crystals is just a factor Oncl greater than the noise in a
single channel, where ncl is the number of channels in the cluster.
Thus for clusters consisting of 3 & 3 arrays of crystals, the
electronic noise in the Barrel is expected to result in an initial
value of the noise term: b¼120 MeV.

During the course of the experiment, neutron irradiation will
cause the leakage currents in the APDs to rise, increasing the
electronic noise. The additional contribution is expected to be equi-
valent to 8 MeV/channel after one year of operation at 1033 cm2 s' 1

and 30MeV/channel after a further year at 1034 cm2 s' 1 [13].
During LHC operation at high luminosity, b will receive an

important contribution from event pile-up. The magnitude of this
will depend on the LHC luminosity and the chosen cluster size. It
will vary across the solid angle covered by the ECAL, being largest
in the forward regions. At a luminosity of 1034 cm2 s ' 1, the pile-
up noise in the central part of the Barrel (Z¼0)3 is expected to be
( 95 MeV and in the mid-region of the Endcaps (Z¼2) it is
expected to be 525 MeV for (5 & 5) clusters of crystals.

Constant term: Various potential contributions to the con-
stant term were listed in Section 3.1, for example the effect of
errors in the channel-to-channel inter-calibration. Before installa-
tion, nine of the 36 supermodules of the ECAL Barrel section were
exposed to high energy electrons (90 and 120 GeV), in a geome-
trical configuration that reproduced the incidence of particles
during CMS operation [14]. A repeat exposure of one of the
Supermodules indicated that the results are reproducible to
within 0.2%. In addition, all 36 Supermodules were operated in
turn on a cosmic ray stand for a period of about one week. A
muon traversing the full length of a crystal deposits energy of
approximately 250 MeV yielding further inter-calibration infor-
mation. A comparison of the cosmic ray and high energy electron
data demonstrates that the average precision of the cosmic ray
inter-calibration is 1.5%. For both the Barrel and the Endcap
sections, the final inter-calibration precision will be achieved
in situ with high energy electrons and photons from physics
events. Ultimately, the contribution to the constant term from the
inter-calibration error is expected to be of order 0.4%.

A potentially important contribution to the constant term can
arise from variations in light collection efficiency as a function of
depth in a crystal. Such effects could be caused by optical
absorption or be a consequence of the geometrical shape of the
crystals. In the presence of such longitudinal non-uniformities,
fluctuations in the depth of the shower maximum broaden the
measured width of the energy distribution. Monte Carlo model-
ling of the Barrel crystals has shown that variations in light
collection must be kept below 0.5%/X0 in the region of the shower
maximum ( ( 8 X0 from the front of the crystal) in order to keep
the associated contribution to the constant term less than 0.3%. It
has been found empirically that the required light-collection
uniformity is achieved by polishing three of the longitudinal faces
of the crystals and roughening the fourth face by a specified amount,

and by covering the inner surfaces of the sleeves supporting the
crystals with a highly reflective coating.

The lengths of the crystals used in CMS (25 X0 in the case of the
Barrel crystals) is sufficient to ensure that fluctuations in shower
leakage from the rear surface makes a negligible contribution to
the constant term.

The various contributions to the energy resolution function are
summarized in Table 1.

4.2.1.3. Measured energy resolution. Prior to installation in CMS, a
fully equipped Barrel supermodule was studied using a beam of
high energy electrons [15]. Measurements of the energy resolution
were made at 7 energies in the range from 20 to 250 GeV. Fig. 5
shows a typical set of results obtained for (3 & 3) clusters centred on
a number of different crystals, with the electron impact point
required to be within a 4 & 4 mm2 region at the centre of the central
crystal. The dashed curve overlying the solid curves has parameter
values: a¼2.8%, b¼125MeV and c¼0.3% for the stochastic, noise
and constant terms, respectively. These coefficients give a good
representation of the average trend observed for this set of crystals
and are in agreement with the expected values shown in Table 1,
taking into account the absence of pile-up and APD leakage con-
tributions to the noise, and the very good inter-calibration precision
possible in the test beam.

The results shown in Fig. 5 are important in demonstrating
that the energy resolution reaches the performance limits set by

Table 1
Contributions to the energy resolution function expected at high luminosity
(1034 cm2 s' 1), in the Barrel section of the ECAL (Z¼0), summing over (3 & 3)
clusters of crystals.

Stochastic term (a) Lateral containment 2.0%
Photoelectron statistics 2.3%
Total stochastic term 3.0%

Noise term (b) Electronics noise 120 MeV
APD Leakage noise 90 MeV
Pile-up noise 60 MeV
Total noise term 160 MeV

Constant term (c) Longitudinal non-uniformity 0.3%
Inter-calibration errors 0.4%
Total constant term 0.5%

Fig. 5. The relative energy resolution versus energy obtained with a fully equipped
Barrel supermodule exposed to a beam of high energy electrons. The energy is
summed over 3 & 3 arrays of crystals, with the electron impact point required to lie
within a 4 & 4 mm2 area, centred on the central crystal. Each curve corresponds to a
different central crystal. A fit of the form given by Eq. (14), to the average of the curves,
is given in the inserted panel. The horizontal dotted line indicates the CMS design goal
of an energy resolution of better than 0.5% for high energy photons.

3 Z is the pseudorapidity, defined by the relation: tanh Z¼cos y, where y is the
polar angle wrt the beam axis.
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aleakffi2.0%, resulting in an overall stochastic term:

a¼ape # aleak ¼3:0% ð23Þ

Noise term: The amplitude from a single channel of the ECAL
is calculated from up to 10 pulse height samples made at 25 ns
intervals, including measurements made immediately preceding
the signal pulse. This allows the baseline correction (or ‘‘pedestal
subtraction’’) to be made event-by-event and channel-by-chan-
nel. Using this method of signal reconstruction, it has been
observed that there is no correlation of the electronic noise in
adjacent channels. As a result, the total noise summed over the
cluster of crystals is just a factor Oncl greater than the noise in a
single channel, where ncl is the number of channels in the cluster.
Thus for clusters consisting of 3 & 3 arrays of crystals, the
electronic noise in the Barrel is expected to result in an initial
value of the noise term: b¼120 MeV.

During the course of the experiment, neutron irradiation will
cause the leakage currents in the APDs to rise, increasing the
electronic noise. The additional contribution is expected to be equi-
valent to 8 MeV/channel after one year of operation at 1033 cm2 s' 1

and 30MeV/channel after a further year at 1034 cm2 s' 1 [13].
During LHC operation at high luminosity, b will receive an

important contribution from event pile-up. The magnitude of this
will depend on the LHC luminosity and the chosen cluster size. It
will vary across the solid angle covered by the ECAL, being largest
in the forward regions. At a luminosity of 1034 cm2 s ' 1, the pile-
up noise in the central part of the Barrel (Z¼0)3 is expected to be
( 95 MeV and in the mid-region of the Endcaps (Z¼2) it is
expected to be 525 MeV for (5 & 5) clusters of crystals.

Constant term: Various potential contributions to the con-
stant term were listed in Section 3.1, for example the effect of
errors in the channel-to-channel inter-calibration. Before installa-
tion, nine of the 36 supermodules of the ECAL Barrel section were
exposed to high energy electrons (90 and 120 GeV), in a geome-
trical configuration that reproduced the incidence of particles
during CMS operation [14]. A repeat exposure of one of the
Supermodules indicated that the results are reproducible to
within 0.2%. In addition, all 36 Supermodules were operated in
turn on a cosmic ray stand for a period of about one week. A
muon traversing the full length of a crystal deposits energy of
approximately 250 MeV yielding further inter-calibration infor-
mation. A comparison of the cosmic ray and high energy electron
data demonstrates that the average precision of the cosmic ray
inter-calibration is 1.5%. For both the Barrel and the Endcap
sections, the final inter-calibration precision will be achieved
in situ with high energy electrons and photons from physics
events. Ultimately, the contribution to the constant term from the
inter-calibration error is expected to be of order 0.4%.

A potentially important contribution to the constant term can
arise from variations in light collection efficiency as a function of
depth in a crystal. Such effects could be caused by optical
absorption or be a consequence of the geometrical shape of the
crystals. In the presence of such longitudinal non-uniformities,
fluctuations in the depth of the shower maximum broaden the
measured width of the energy distribution. Monte Carlo model-
ling of the Barrel crystals has shown that variations in light
collection must be kept below 0.5%/X0 in the region of the shower
maximum ( ( 8 X0 from the front of the crystal) in order to keep
the associated contribution to the constant term less than 0.3%. It
has been found empirically that the required light-collection
uniformity is achieved by polishing three of the longitudinal faces
of the crystals and roughening the fourth face by a specified amount,

and by covering the inner surfaces of the sleeves supporting the
crystals with a highly reflective coating.

The lengths of the crystals used in CMS (25 X0 in the case of the
Barrel crystals) is sufficient to ensure that fluctuations in shower
leakage from the rear surface makes a negligible contribution to
the constant term.

The various contributions to the energy resolution function are
summarized in Table 1.

4.2.1.3. Measured energy resolution. Prior to installation in CMS, a
fully equipped Barrel supermodule was studied using a beam of
high energy electrons [15]. Measurements of the energy resolution
were made at 7 energies in the range from 20 to 250 GeV. Fig. 5
shows a typical set of results obtained for (3 & 3) clusters centred on
a number of different crystals, with the electron impact point
required to be within a 4 & 4 mm2 region at the centre of the central
crystal. The dashed curve overlying the solid curves has parameter
values: a¼2.8%, b¼125MeV and c¼0.3% for the stochastic, noise
and constant terms, respectively. These coefficients give a good
representation of the average trend observed for this set of crystals
and are in agreement with the expected values shown in Table 1,
taking into account the absence of pile-up and APD leakage con-
tributions to the noise, and the very good inter-calibration precision
possible in the test beam.

The results shown in Fig. 5 are important in demonstrating
that the energy resolution reaches the performance limits set by

Table 1
Contributions to the energy resolution function expected at high luminosity
(1034 cm2 s' 1), in the Barrel section of the ECAL (Z¼0), summing over (3 & 3)
clusters of crystals.

Stochastic term (a) Lateral containment 2.0%
Photoelectron statistics 2.3%
Total stochastic term 3.0%

Noise term (b) Electronics noise 120 MeV
APD Leakage noise 90 MeV
Pile-up noise 60 MeV
Total noise term 160 MeV

Constant term (c) Longitudinal non-uniformity 0.3%
Inter-calibration errors 0.4%
Total constant term 0.5%

Fig. 5. The relative energy resolution versus energy obtained with a fully equipped
Barrel supermodule exposed to a beam of high energy electrons. The energy is
summed over 3 & 3 arrays of crystals, with the electron impact point required to lie
within a 4 & 4 mm2 area, centred on the central crystal. Each curve corresponds to a
different central crystal. A fit of the form given by Eq. (14), to the average of the curves,
is given in the inserted panel. The horizontal dotted line indicates the CMS design goal
of an energy resolution of better than 0.5% for high energy photons.

3 Z is the pseudorapidity, defined by the relation: tanh Z¼cos y, where y is the
polar angle wrt the beam axis.
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within 0.2%. In addition, all 36 Supermodules were operated in
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maximum ( ( 8 X0 from the front of the crystal) in order to keep
the associated contribution to the constant term less than 0.3%. It
has been found empirically that the required light-collection
uniformity is achieved by polishing three of the longitudinal faces
of the crystals and roughening the fourth face by a specified amount,

and by covering the inner surfaces of the sleeves supporting the
crystals with a highly reflective coating.

The lengths of the crystals used in CMS (25 X0 in the case of the
Barrel crystals) is sufficient to ensure that fluctuations in shower
leakage from the rear surface makes a negligible contribution to
the constant term.

The various contributions to the energy resolution function are
summarized in Table 1.

4.2.1.3. Measured energy resolution. Prior to installation in CMS, a
fully equipped Barrel supermodule was studied using a beam of
high energy electrons [15]. Measurements of the energy resolution
were made at 7 energies in the range from 20 to 250 GeV. Fig. 5
shows a typical set of results obtained for (3 & 3) clusters centred on
a number of different crystals, with the electron impact point
required to be within a 4 & 4 mm2 region at the centre of the central
crystal. The dashed curve overlying the solid curves has parameter
values: a¼2.8%, b¼125MeV and c¼0.3% for the stochastic, noise
and constant terms, respectively. These coefficients give a good
representation of the average trend observed for this set of crystals
and are in agreement with the expected values shown in Table 1,
taking into account the absence of pile-up and APD leakage con-
tributions to the noise, and the very good inter-calibration precision
possible in the test beam.

The results shown in Fig. 5 are important in demonstrating
that the energy resolution reaches the performance limits set by
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(1034 cm2 s' 1), in the Barrel section of the ECAL (Z¼0), summing over (3 & 3)
clusters of crystals.

Stochastic term (a) Lateral containment 2.0%
Photoelectron statistics 2.3%
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Noise term (b) Electronics noise 120 MeV
APD Leakage noise 90 MeV
Pile-up noise 60 MeV
Total noise term 160 MeV

Constant term (c) Longitudinal non-uniformity 0.3%
Inter-calibration errors 0.4%
Total constant term 0.5%

Fig. 5. The relative energy resolution versus energy obtained with a fully equipped
Barrel supermodule exposed to a beam of high energy electrons. The energy is
summed over 3 & 3 arrays of crystals, with the electron impact point required to lie
within a 4 & 4 mm2 area, centred on the central crystal. Each curve corresponds to a
different central crystal. A fit of the form given by Eq. (14), to the average of the curves,
is given in the inserted panel. The horizontal dotted line indicates the CMS design goal
of an energy resolution of better than 0.5% for high energy photons.

3 Z is the pseudorapidity, defined by the relation: tanh Z¼cos y, where y is the
polar angle wrt the beam axis.
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Test beam result Homogeneous Calorimeters

Chapter 4

Electromagnetic Calorimeter

4.1 Description of the ECAL
In this section, the layout, the crystals and the photodetectors of the Electromagnetic Calor-
imeter (ECAL) are described. The section ends with a description of the preshower detector
which sits in front of the endcap crystals. Two important changes have occurred to the ge-
ometry and configuration since the ECAL TDR [5]. In the endcap the basic mechanical unit,
the “supercrystal,” which was originally envisaged to hold 6×6 crystals, is now a 5×5 unit.
The lateral dimensions of the endcap crystals have been increased such that the supercrystal
remains little changed in size. This choice took advantage of the crystal producer’s abil-
ity to produce larger crystals, to reduce the channel count. Secondly, the option of a barrel
preshower detector, envisaged for high-luminosity running only, has been dropped. This
simplification allows more space to the tracker, but requires that the longitudinal vertices of
H → γγ events be found with the reconstructed charged particle tracks in the event.

4.1.1 The ECAL lay out and geometry

The nominal geometry of the ECAL (the engineering specification) is simulated in detail in
the GEANT4/OSCAR model. There are 36 identical supermodules, 18 in each half barrel, each
covering 20◦ in φ. The barrel is closed at each end by an endcap. In front of most of the
fiducial region of each endcap is a preshower device. Figure 4.1 shows a transverse section
through ECAL.

y

z

Preshower (ES)

Barrel ECAL (EB)

Endcap

= 1.6
53

= 1.4
79

= 2.6
= 3.0 ECAL (EE)

Figure 4.1: Transverse section through the ECAL, showing geometrical configuration.
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4.1. Description of the ECAL 147

The barrel part of the ECAL covers the pseudorapidity range |η| < 1.479. The barrel granu-
larity is 360-fold in φ and (2×85)-fold in η, resulting in a total of 61 200 crystals.The truncated-
pyramid shaped crystals are mounted in a quasi-projective geometry so that their axes make
a small angle (3o) with the respect to the vector from the nominal interaction vertex, in both
the φ and η projections. The crystal cross-section corresponds to approximately 0.0174 ×
0.0174◦ in η-φ or 22×22 mm2 at the front face of crystal, and 26×26 mm2 at the rear face. The
crystal length is 230 mm corresponding to 25.8 X0.

The centres of the front faces of the crystals in the supermodules are at a radius 1.29 m.
The crystals are contained in a thin-walled glass-fibre alveola structures (“submodules,” as
shown in Fig. CP 5) with 5 pairs of crystals (left and right reflections of a single shape) per
submodule. The η extent of the submodule corresponds to a trigger tower. To reduce the
number of different type of crystals, the crystals in each submodule have the same shape.
There are 17 pairs of shapes. The submodules are assembled into modules and there are
4 modules in each supermodule separated by aluminium webs. The arrangement of the 4
modules in a supermodule can be seen in the photograph shown in Fig. 4.2.

Figure 4.2: Photograph of supermodule, showing modules.

The thermal screen and neutron moderator in front of the crystals are described in the model,
as well as an approximate modelling of the electronics, thermal regulation system and me-
chanical structure behind the crystals.

The endcaps cover the rapidity range 1.479 < |η| < 3.0. The longitudinal distance between
the interaction point and the endcap envelop is 3144 mm in the simulation. This location
takes account of the estimated shift toward the interaction point by 2.6 cm when the 4 T mag-
netic field is switched on. The endcap consists of identically shaped crystals grouped in
mechanical units of 5×5 crystals (supercrystals, or SCs) consisting of a carbon-fibre alveola
structure. Each endcap is divided into 2 halves, or “Dees” (Fig. CP 6). Each Dee comprises
3662 crystals. These are contained in 138 standard SCs and 18 special partial supercrystals
on the inner and outer circumference. The crystals and SCs are arranged in a rectangular

Scintillator	 : PBW04 [Lead Tungsten]

Photosensor	: APDs [Avalanche Photodiodes]

Number of crystals: ~ 70000
Light output: 4.5 photons/MeV

Example: CMS Crystal Calorimeter

CMS Calorimeter
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Sampling Calorimeters
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Sampling Calorimeters

Simple shower model

! Consider only Bremsstrahlung and (symmetric) pair 
production

! Assume X0 ! !pair

! After t X0:

! N(t) = 2t

! E(t)/particle = E0/2t

! Process continues until E(t)<Ec

! E(tmax) = E0/2tmax = Ec

! tmax = ln(E0/Ec)/ln2

! Nmax "  E0/Ec

5

Alternating layers of absorber and 
active material [sandwich calorimeter]

Absorber materials:
[high density]

Principle:

Iron (Fe)

Lead (Pb)

Uranium (U)
[For compensation ...]

Active materials:

Plastic scintillator

Silicon detectors

Liquid ionization chamber

Gas detectors

  passive absorber        

    shower (cascade of secondaries)

  active layers   

        incoming particle      

Scheme of a
sandwich calorimeter

Electromagnetic shower
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Gas detectors
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  active layers   
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Scheme of a
sandwich calorimeter

Electromagnetic shower

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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Sampling Calorimeters
ADVANTAGES:  
• OPTIMISED By separating passive and active layers the different layer materials 

can be optimally adapted to the corresponding requirements ...  
• VERY COMPACT choosing high-density material for the absorbers one can built 

very compact calorimeters ...  
• CHEAPER Sampling calorimeters are simpler with more passive material (cheap) 

a than homogeneous calorimeters ... 


DISADVANTAGES:  
• SAMPLING Only part of the deposited particle energy is actually detected in 

the active layers; typically a few percent [for gas detectors even only ~10-5]

• REDUCED ENERGY RESOLUTION Due to this sampling-fluctuations

�24
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ATLAS LAr Accordion (Sampling, Ionization)

�25

‣Sampling electromagnetic calorimeter  
‣Liquid argon calorimetry intrinsically linear response, stable over time and tolerant to 

high levels of radiation.  
‣The accordion geometry provides high granularity and good hermeticity.  
‣Excellent photon resolution 
‣uniform photon measurement and good γ/π discrimination 
‣Covering the pseudo-rapidity range |η|<3.2.
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Hadronic Interaction
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Weakly dependance 
with √s

A

M. Krammer: Detektoren, SS 05 Kalorimeter 44

In Absorbern aus schweren Elementen, z.B. 238U, kann es nach einer
Spallation mit einhergehender Kernanregung oder nach dem Einfang eines
langsamen Neutrons durch einen Targetkern zu einer Kernspaltung kommen.

Dabei zerfällt der Kern unter Energiefreisetzung in 2 (sehr selten auch 3)
annähernd gleich große Kernbruchstücke. Zusätzlich werden dabei typischer-
weise außerdem Photonen und Neutronen emittiert. Haben die Kernbruch-
stücke nach der Spaltung noch hohe Anregungsenergien, so können sie auch
andere Hadronen emittieren.

6.3.1 Hadronische Schauer
Kernspaltung (Fission)

Bild rechts: Schematische
Illustration der Kernspaltung
mit anschließender Emission
von Hadronen und Photonen.

π+ + π− + π0 + . . . + Nucleus∗
p + Nucleus →

p + Nucleus → p + Nucleus

Nucleus∗ � Nucleus A + n, p, α, ...
Nucleus� � Nucleus B + 5p, n, π, ...

Hadronic Showers

Hadronic interaction:

Elastic:

Inelastic:

Heavy Nucleus (e.g. U)  

Incoming        
hadron

Ionization loss                   Ionization loss     
                

Intranuclear cascade
(Spallation 10-22 s)

Intranuclear cascade
(Spallation 10-22 s)

              Internuclear cascade

� Nuclear fission

Inter- and 
intranuclear cascade 

M. Krammer: Detektoren, SS 05 Kalorimeter 43

Angeregte Kerne emittieren solange Kernbausteine, bis die verbliebene Anre-
gungsenergie geringer ist als die Bindungsenergie der Kernbausteine. Dieser
Prozess wird “Kernverdampfung” genannt. Die restliche Energie wird dann in
Form von Photonen abgestrahlt.

Die Kernverdampfung folgt in einem Kalorimeter typischerweise als Sekundär-
prozess auf eine Spallation.

6.3.1 Hadronische Schauer
Kernanregung, Kernverdampfung

Bild oben: Schematische Illustration der Kernverdampfung. Hochangeregte Kerne
verlieren typischerweise innerhalb von !"10-18"s einen Großteil ihrer Anregungsenergie
durch die Emission von Kernbausteinen.

Nuclear 
evaporation

B
Fission

C

σ

σElastic: 
p+Nucleus→p+Nucleus 
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Hadronic Showers
Shower Development:

1. p+N → $ + N* + ….

2. Secondary Particles…. 

undergo further inelastic collision until they fall 
below pion production threshold


3. Sequential decays .. 
$0 →%%: yield electromagnetic shower  
Fission fragment → %-decay, #-decay 
Neutron capture → fission 
Spallation …
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Hadronic shower

Ionisation Energy of charged particles 1980 MeV 40%

Electromagnetic Shower 760 MeV 15%

Neutrons 520 MeV 10%

Photons from nuclear de-excitation 310 MeV 6%

Non-detectable (nuclear binding, neutrinos) 1430 MeV 29%

Total 5000 MeV

fem ∼ ln(E)
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$0 →%% start EM Shower

Substantial Electromagnetic Fraction

[significant variations]

Mean number of 
secondaries ~ ln E 

Typical Transverse 
momentum: pt ~ ln E 

~90% is pion 
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Hadronic vs Electromagnetic Shower
EM Showers


• e± ⇒ continuous stream of ionisation + bremsstrahlung

• γ ⇒ can penetrate sizeable amount of material before losing energy

• all energy carried by incoming e or γ goes into ionisation


Hadron showers much more complex process than Electromagnetic ones

The extra complication in hadrons showers arises from the role played by the strong 
interaction. 


• Some ionisation (as for µ) then nuclear interactions

• Development similar to EM shower but with a different scale ( λ vs. X0)

• Many component in the showers (particle, muons. hadrons….)

• Invisible energy ⇒ a fraction of energy is undetectable (nuclear recoil, neutrons, etc )

�28Red EM component
Blu charged hadron component

• The Showers contains always an EM fraction fem 
(γ,π0,η0) which fraction largely fluctuate

Non compensation

Non Linearity
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Hadronic Showers
• A simple Model


• on average 1/3 of particles in first generation are π0

• π0’s productions by strong interacting particles is an irreversible process


• 1st generation fem =1/3

• 2nd generation fem =1/3 + 1/3*(1-1/3) =5/9

• 3rd generation fem =5/9 + 1/3*(1-5/9) = 19/27

• …the process stops when the available energy drops below pion production 

threshold.…

• n generation fem =1- (1-1/3)n


• n depends on the average multiplicity of mesons <m> produced per interaction  
↳ n increases by one unit every time E increase by a factor <m>

�29
Color coding gamma, e+/e-, µ+/µ-, hadrons.0 5 10 15 20 25 30

0.25

0.5

0.75

1 <m>=3
<m>=5

<m>=11

n

f e
m

fem increases with 
increasing hadron energy
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Pb -  (NIM A 316 1992)

Cu - (NIM A399 (1997)

Hadronic Showers
• Too simplistic model 


• other particle than pions are produced (factor 1/3 is wrong)

• multiplicity <m> is energy dependant

• baryon number conservation neglected ⇒ fem 

lower in proton induced showers than in pion induced ones.

�30

A more realistic Models gives  
 <fem> =1- (E/E0)(k-1) 


• E0 = average energy needed to produce a π0 

• (k-1) to take into account the average multiplicity

•

 This fraction increases with energy, since π0  production 
may also occur in subsequent shower generations.

< fem >= 1−
�
E

E0

�k− 1
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• <fem> slightly Z dependant
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Hadronic Showers - Where does energy goes?

• Energy deposit and 
composition of the non-EM 
component of hadronic 
showers in lead and iron.


• The listed numbers of particles 
are per GeV of non-EM energy

�31

Lead

Iron
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Hadronic Showers

�32

t =
x

λint

E(tmax) = Ethr

Ethr =
E

⟨n⟩tmax

⟨n⟩tm ax = E

Ethr

tmax =
ln (E/Ethr)

ln�n�

fem ≈ fπ0 ∼ ln E/(1 GeV)

Hadronic Showers

Hadronic shower development:
[estimate similar to e.m. case] Only rough estimate as ...

energy sharing between shower particles 
fluctuates strongly ...

part of the energy is not detectable (neutrinos, 
binding energy); partial compensation possible 
(n-capture & fission)

spatial distribution varies strongly; different 
range of e.g. π± and π0 ...

electromagnetic fraction, i.e. fraction of energy 
deposited by π0 ➛ γγ increases with energy ...

Explanation: charged hadron contribute to electromagnetic 
fraction via π–p ➛ π0n; the opposite happens only rarely as 
π0 travel only 0.2 μm before its decay ('one-way street') ...

At energies below 1 GeV hadrons loose their 
energy via ionization only ...

E(t) =
E

⟨n⟩t

Depth (in units of λint):

&
[with Ethr ≈ 290 MeV]

Energy in depth t:

Shower maximum:

But:

Number of particles 
lower by factor Ethr/Ec
compared to e.m. shower ...

Thus: need Monte Carlo (GEISHA, CALOR, ...)
to describe shower development correctly ...

Intrinsic resolution:
worse by factor √Ethr/Ec 

(FLUKA)
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Hadronic Showers 

�33

X0 ∼ A

Z2 ➛
λint

X0
∼ A

4/3

λint ≫ X0 a

λint � A
1/ 3

Hadronic Showers

Hadronic vs. electromagnetic
interaction length:

Hadronic calorimeter need more depth 
than electromagnetic calorimeter ...

Some numerical values for materials 
typical used in hadron calorimeters

[λint/X0 > 30 possible; see below]

 λint [cm] X0 [cm]

Szint. 79.4 42.2

LAr 83.7 14.0

Fe 16.8 1.76

Pb 17.1 0.56

U 10.5 0.32

C 38.1 18.8

Transverse size: one λint

Longitudinal size: 6 ... 9 λint

Typical

Typical
[95% containment]

[95% containment]

[EM: 15-20 X0]

[EM: 2 RM; compact]

The hadronic shower profiles are governed by the  
nuclear interaction length  (λint ) [g/cm2] 
i.e.  the average distance hadrons travel before inducing a nuclear interaction.


ZMaterial  A ρ [g/cm3] X0 [g/cm2] λI [g/cm2] 

Hydrogen (gas) 1 63 50.81.01 0.0899 (g/l)
2 Helium (gas) 4.00 94 65.10.1786 (g/l)

9.01  4 65.19 1.848
6

75.2 
12 .01 43 2.265 86.3

7 14.01 38 87.81.25 (g/l)
8 16.00 34 91.01.428 (g/l)

 13 26.98 2.7 24 106.4 
14 28 .09 2.33 22 106.0 
26 55 .85 7.87 131.9 13.9 
29 63 .55 8.96 134.912.9 
74 183.85 19.3 6.8 185.0
82 207.19 6.4 194.0  11.35
92 238.03 6.0 199.0  18.95

Beryllium
Carbon
Nitrogen (gas) 
Oxygen (gas) 
Aluminium
Silicon
Iron
Copper
Tungsten
Lead
Uranium

0.6

33
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Hadronic Showers Longitudinal Profile

�34

Hadronic Showers
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Longitudinal shower 
development: Strong peak near λint ...

followed by exponential decrease ....

Shower depth:

tmax ≈ 0.2 ln(E/GeV) + 0.7

L95 = tmax + 2.5λatt

λatt ≈ (E/GeV )0.3

Longitudinal shower profile for 300 GeV π– interactions in a block
of uranium measured from the induced 99Mo radioactivity ...

95% on 
average

with

Example: 300 GeV pion ...


 tmax = 1.85; L95 = 1.85 + 5.5 ≈ 7.4

 [95% within 8λint; 99% within 11 λint]

270 GeV Pion Longitudinal Profile 

• 90% of hadronic shower particles are pions. 

• Neutral pions decay in 2 γ,  
↳ develop EM showers.


• Nuclear reactions occurs releasing Neutrons 
and protons. The energy for this to occur 
does not generate any calorimeter signals.

• This is the invisible-energy  phenomenon

production of energetic π0s 
in the second/third 
generation of the shower 
development.

• Another important difference between EM and hadronic showers 
is the large variety of profiles for the latter. 
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Hadronic Showers Profile

�35

Transverse Shower profile 
Typical transverse momenta of secondaries: ⟨pt⟩≃ 350 MeV/c 

Lateral extend at shower maximum: R95% ≃λint 
Electromagnetic component leads to a relatively well-defined core R ≃ RM 
Exponential decay after shower maximum 

Lateral Profile for 300 GeV $- 

[target material 238U] 
[measured at depth 4 &int ] 

More $0 and % in core 
Energetic neutrons and charged pions form a wider core 
Thermal neutron generates broad tail 
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Physics of Air Shower

• ATMOSPHERE HYDROSTATIC 
APPROXIMATION 

• SHOWER FLUCTUATIONS 
• MUONS CONTENT 
• SUPERPOSITION MODEL 
• CHERENKOV RADIATION 
• FLORESCENCE
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The Atmosphere is a calorimeter
• When cosmic rays imping on the atmosphere they 

interact and produce shower exactly like into a 
calorimeter


• For a vertical shower, it is a calorimeter of about 26 X0 
(radiation length) and 15 ' (interaction length) 


• ATLAS calorimeter has 27 X0. and 11 ' ! 

• Atmosphere is a strongly  inhomogeneous material. Its 

density, and then X0, varies with altitude, atmospheric 
conditions (pressure, temperature).


• The density of air diminishes six orders of magnitude 
when the altitude goes from sea level (~ 1.0 kg/cm2, X0  
= 300m) up to 100 km, and another six orders in the 
range of 100 km to 300 km. 


• Many models exist and have been used/developed  by 
the experiment (HESS,VERITAS, AGASA, Pierre 
Auger,HiRes).

�37

300 GeV - ! 

300 GeV - p
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Heitler model of Gamma-Shower
• The model showed so far for EM shower is still 

‘usable’ for air shower. 

• Atmosphere can be approximate as a chemical 

element with Z~7 ⇒ Ec≈85 MeV. 


• Xmax is more or less ok (7.4 X0) BUT

• N =1340 is almost twice the measured value!


• Overestimate gamma/electron ratio Ne≈ 2/3 Nmax.

• A correction fact is used Ne≈ Nmax/g where  g ≈10 


• Nonetheless the model reproduces

• The maximum size of the shower is proportional E︎, 

• The depth of maximum increases logarithmically with 

energy, at a rate of 85 g/cm ︎2 per decade of primary 
energy. 


•

�38

d= kr ln2, where kr is the radiation length in the
medium. (Note that d is in fact the distance over
which an electron loses, on average, half its energy
by radiation.) After traveling the same distance, a
photon splits into an e+e! pair. In either instance,
the energy of a particle (electron or photon) is as-
sumed to be equally divided between two outgoing
particles. After n splitting lengths, a distance of
x = nkr ln2, the total shower size (electrons and
photons) is N ¼ 2n ¼ ex=kr .

Multiplication ceases when the energies of the
particles are too low for pair production or bre-
msstrahlung. Heitler takes this energy to be the
critical energy nec, below which radiative energy
loss becomes less than collisional energy loss. In
air, nec ¼ 85 MeV.

Consider a shower initiated by a single photon
with energy E#. The cascade reaches maximum size
N = Nmax when all particles have energy nec, so that

E# ¼ necNmax: ð1Þ

The penetration depth Xmax at which the shower
reaches maximum size is obtained by determining
the number nc of splitting lengths required for
the energy per particle to be reduced to nec. Since
Nmax ¼ 2nc , we obtain from Eq. (1) that
nc ¼ ln½E#=n

e
c'= ln 2, giving

Xc
max ¼ nckr ln 2 ¼ kr ln½E#=n

e
c': ð2Þ

The superscript ‘‘c’’ emphasizes that this expres-
sion is appropriate for purely electromagnetic
showers; the case for an air shower with hadronic
components is considered later. The elongation
rate K is the rate of increase of Xmax with E#, de-
fined as

K ( dXmax

dlog10E#
; ð3Þ

so that using Xmax from Eq. (2) yields
Kc = 2.3kr = 85 gcm!2 per decade of primary en-
ergy for EM showers in air.

Fig. 2 shows a detailed EGS4 simulation [5]of
an electromagnetic cascade in iron (kr =
13.8 gcm!2, nec ¼ 22:4 MeV). Heitler!s model pre-
dicts a maximum total size Nmax = 1340, about a
factor of two larger than the sum of electrons
and photons in the figure. It can be seen that the
shower has begun to attenuate before reaching

maximum. The model does not treat the loss of
particles as they range out. Also note that this sim-
ulation does not display particles below 1.5 MeV.
We conclude that the Heitler model predicts the
shower size fairly well, if it is interpreted carefully.
The predicted depth of maximum from Eq. (2) is
7.4kr, is in very good accord with the full
simulation.

Note that the final EM size Nmax predicted by
the model may differ significantly from what is
actually measuredby an experiment. The attenua-
tion of particle numbers is not accounted for in the
model, and in commonly used detectors such as
scintillators, e± give much stronger signals than
photons do. It is useful therefore to differentiate
e± and photons in the previous expressions.

The model overestimates the actual ratio of
electrons to photons (as was noted by Heitler
[1]). It predicts that after a few generations, the
electron size approaches N e ) 2

3
Nmax. This is much

too large for several reasons, mainly that multiple
photons are often radiated during bremsstrahlung.
Moreover, many e± range out in the air. Such de-
tails of the development of the shower near and be-
yond its maximum are beyond the scope of this
model, requiring careful treatment of particle pro-
duction and energy loss.

Simulations confirm that photons greatly out-
number electrons throughout the development of
the shower, as seen in Fig. 2. At their respective
maxima, the number of photons is more than a
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Fig. 2. EGS4 simulation of electromagnetic showering in iron.
Points are particles or photons, the curve shows energy
deposition in each layer.

J. Matthews / Astroparticle Physics 22 (2005) 387–397 389

FOR UHECR SOME OTHER EFFECT NEEDS TO BE TAKEN INTO ACCOUNT
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︸ ︷︷ ︸
A/NAX0

A UHE gamma ray crossing magnetic field 
lines can produce, e± pair which 
synchrotron-radiate in the magnetic field, 
producing additional high-energy gamma 
rays. 

A different cascade develops but the global 
effect  is similar to adding some radiation 
lengths above the atmosphere 


‣ at ultrahigh energies Landau Pomeranchuk Migdal effect: 

‣quantum mechanical interference between amplitudes 

from different scattering centers; 

‣ relevant scale formation length - length over which highly 

relativistic electron and photon split apart. 

‣ interference (generally) destructive → reduced cross 

section for a given, very high photon energy 

‣Effect visible for E(1-x)>ELPM  


‣ELPM=7.7 X0 TeV/cm

Landau-Pomeranchuk Migdal Effect Geomagnetic pre-Showering
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• Unique Signature

�40
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Heitler model of Hadron-Shower

�41
Matthew, Astroparticle Physics 22 (2005) 387–397 

• We already showed that we can model the hadronic shower 
similarly to what done for EM where we use interaction 
length &I as we use X0 for EM


• The ‘hadronization’ produce pions. They loose energy until 
they reach their Ec and decay in muons, so Nµ = Nπ .


• So in the end we will measure !/e± and µ.


• It was show by Matthew that reasonable assumptions are

• Ec(e)= 85 MeV ; Ec(π)= 20 GeV;  &I =120g/cm2; g=10; 


• Super position model 

• nucleus of mass A and energy E0 acts  like A independent 

nucleons with energy En = E0/A 

E0 = Ee
cNmax + Eπ

c Nµ = gEe
c

�
Ne +

Eπ
c

gEe
c

Nµ

�
≈ 0.85 GeV (Ne + 23.5 Nµ)

<latexit sha1_base64="nWa/cLt6D71HU55yke0lTYlz3+E="></latexit>

Nmax = E0/EC = AEn/Ec
<latexit sha1_base64="sddE8OVgJleLKJizE7WKaKrOse0="></latexit>

NA
µ = A

�
A
E0

Eπ
c

�α
= A1− αNµ

<latexit sha1_base64="ZPuHu5uImFPdxHs61z6AKou4m2Q="></latexit>

XA
max � λe ln(E0/A)

<latexit sha1_base64="CZTOpIJF777HEB7ITjsNnGrYH9Q="></latexit>
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What we would like to measure
• Energy

• Direction

• Separate Gamma/hadron

• Separate Different Nuclei

�42

• Charged Particle

• Ncharged

• Xmax

• Muon content

• Shower Lateral Density Profile LDF (transverse profile)


• Photons

• Cherenkov Light

• Fluorescent  Light

What can we  measure [estimate]
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Shower shapes has information But….

�43
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There are fluctuations

�44

Shower with an Ne = <Ne>

Shower with an Xmax = <Xmax>
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Some Parametrisation

�45

N(X) = Nmax

�
X −X0

Xmax −X0

�Xmax −X0

λ · e
Xmax −X

λ
<latexit sha1_base64="4XCStFkItPKSuehToo2BWsiWeys="></latexit>

N(X;Nmax, Xmax, X0,λ)GH = Nmax(1 + ϵ)ξ e− (ϵξ)
<latexit sha1_base64="hhmVQJYeJj5KMYZPm2JcJy0ZLzI="></latexit>

ε ≡ X −Xmax

Xmax −X0
<latexit sha1_base64="yvjUplnk9tbDPOeNL6BVYOZqYFI="></latexit>

ξ � Xm ax − X0

λ
<latexit sha1_base64="uYdt6i/CAhxAFVFVTpwTmbg9/dM="></latexit>

∫ ∞

0
N(X)GH dX = NmaxW ξ−(ξ+1) eξΓ(ξ + 1)

<latexit sha1_base64="ne/Bvwc20LlBP19/7euuaoLujXo="></latexit>

GAISSER-HILLAS

Ne(t) =
0.31
√
y

exp

�
t

�
1− 3

2
ln(s)

��
−→ Ne(t) =

0.31
√
y

�
E0

Ec

�

<latexit sha1_base64="h1IRW6rDOXjykSF98zy7WQm2sH0="></latexit>

s =
3t

t+ 2y
y = ln

�
E0

Ec

�

<latexit sha1_base64="iovrlmdJHlSDJM4/8aCgnr9gBg4="></latexit>

GREISEN E0 Tmax Alt(km) Ne(tmax)

30 GeV 216 12 50

1 TeV 345 8 1200

1 PeV 600 4.4 9x105

1019 eV 936 1.2 7.4 x 106s is the shower age
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Xmax Simulation & Data

• Xmax estimation relies on MC simulation

• Many model exists, but their tuning is 

complex

• Accelerator data helps, but we need to 

extrapolate to much higher energies where 
other process enter the games.


• Models still gives different result, but at the 
present they give correct behaviour, and all 
existing data are consistent
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LDF  - Lateral Distribution function 
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NISHIMURA–KAMATA–GREISEN (NKG) 

HAVERAH PARK 

GREISEN - MUON COMPONENT
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LDF  - Lateral Distribution function 
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GREISEN

HAVERAH PARK 

GREISEN - MUON COMPONENT
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LDF  - Lateral Distribution function 
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AKENO

HAVERAH PARK 

GREISEN - MUON COMPONENT


