
Calorimetry

Hadron Calorimeters



Hadron showers  

•  Extra complication: The strong interaction with detector material 
•  Importance of calorimetric measurement 

–  Charged hadrons: complementary to track measurement 
–  Neutral hadrons: the only way to measure their energy 

 
•  In nuclear collisions numbers of secondary particles are produced 

–  Partially undergo secondary, tertiary nuclear reactions ! formation 
of hadronic cascade 

–  Electromagnetically decaying particles (π,η ) initiate EM showers 
–  Part of the energy is absorbed as nuclear binding energy or target 

recoil (Invisible energy)  
•  Similar to EM showers, but much more complex 

 ! need simulation tools (MC) 
•  Different scale: hadronic interaction length 

�2

Hadronic Showers
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 



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.

�+ + �� + �0 + . . . + Nucleus⇤
p + Nucleus!

p + Nucleus! p + Nucleus

Nucleus⇤ ! Nucleus A + n, p, �, ...
Nucleus⇤ ! Nucleus B + 5p, n, �, ...

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
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Hadronic Showers
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 
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Hadronic Interactions
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 

Hadronic interactions 

1st stage: the hard collision 
•    

–  particle multiplication  
    (one example: string model) 

     

–  Multiplicity scales with E and particle type  
–  ~ 1/3 π0 ! γγ  produced in charge exchange processes: 

π+p " π0n   /  π�n " π0p 
–  Leading particle effect: depends on incident hadron type  

e.g fewer π0 from protons, barion number conservation 

Particle nucleus 
collision according 
to cross-sections 

Nucleon is split in quark di-quark 
Strings are formed 
String hadronisation (adding qqbar pair) 
fragmentation of damaged nucleus 

before first interaction: 
•  pions travel 25-50% longer than 
protons (~2/3 smaller in size) 
•  a pion loses ~100-300 MeV by 
ionization (Z dependent)  

average energy needed to produce a 
pion 0.7 (1.3) GeV in Cu (Pb)  

π, p, n, K 

N (A, Z) 

p 

p 

q-qbar pairs 



Hadronic interactions 

 2nd stage: spallation 
–  Intra-nuclear cascade 
   Fast hadron traversing the nucleus frees protons and  
    neutrons in number proportional to their numerical  
    presence in the nucleus. 
   Some of these n and p can escape the nucleus 

–  The nucleons involved in the cascade transfer energy to the nucleus 
which is left in an excited state   

3d stage: Nuclear de-excitation 
–  Evaporation of soft (~10 MeV) nucleons and α
–  + fission for some materials 

For   82Pb ~1.5 more cascade n than p 208 

dominating momentum 
component along incoming 
particle direction 

isotropic process 

The number of nucleons released depends on the binding E  
(7.9 MeV in Pb, 8.8 MeV in Fe)  
Mainly neutrons released by evaporation ! protons are trapped 
by the Coulomb barrier (12 MeV in Pb, only 5 MeV in Fe) 
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Hadronic Interactions
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 



Hadronic Showers

Ionization energy of charged particles (p,π,μ)    1980 MeV [40%]
Electromagnetic shower (π0,η0,e)       760 MeV [15%]
Neutrons	 	 	 	 	 	 	 	 	   520 MeV [10%]
Photons from nuclear de-excitation                       	  	   310 MeV [  6%]
Non-detectable energy (nuclear binding, neutrinos)	 	 1430 MeV [29%]

Shower development:

p + Nucleus  ➛  Pions + N* + ...

Secondary particles ...

1.

2.

undergo further inelastic collisions until they
fall below pion production threshold

Sequential decays ...3.

π0  ➛  γγ: yields electromagnetic shower
Fission fragments  ➛  β-decay, γ-decay
Neutron capture  ➛ fission
Spallation ... 

Cascade energy distribution:
[Example: 5 GeV proton in lead-scintillator calorimeter]

5000 MeV [29%]

N

KL

KS

n

ν

μ

μ

ν
 π0

 π0

Hadron
shower

Mean number of 
secondaries: ~ ln E

Typical transverse 
momentum: pt ~ 350 MeV/c

Substantial 
electromagnetic fraction

   fem ~ ln E
[variations significant]

�6

Hadronic Showers
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 



Comparison hadronic vs EM showers 
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Hadronic vs Electromagnetic Showers
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 
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Material Dependence
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 

Material dependence  
cm

 
λint: mean free path between nuclear collisions 
 
λint (g cm-2) � A1/3 
 
 

Hadron showers are much longer than EM ones – how much, depends on Z 

Z 

�int

X0
⇡ 0.37Z



Hadronic Showers
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99 10

Longitudinal shower 
development: Strong peak near λint ...

followed by exponential decrease ....

Shower depth:

tmax ⇡ 0.2 ln(E/GeV) + 0.7

L95 = tmax + 2.5�att

�att ⇡ (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]
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Longitudinal Shower Development
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 



Hadronic showers 

Electromagnetic → ionization, excitation (e±) 
  → photo effect, scattering (γ) 

Hadronic  → ionization (π±, p) 
  → invisible energy (binding, recoil) 

 

π0 production 
is a one way 
street: 
all energy 
deposited via 
EM processes 

fEM = fraction of hadron 
energy deposited via 
EM processes 
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Electromagnetic Fraction
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 



EM fraction in hadron showers 

Charge conversion of π+/� produces 
electromagnetic component of 
hadronic shower (π0) 

e = response to the EM shower component 
 
h = response to the non-EM component 
 
Response to a pion initiated shower: 
 
 
 
 
Comparing pion and electron showers: 
 
  

 π = feme + (1-fem ) h

e
π

 = e
feme + (1-fem ) h

=  e
h
⋅

1
1 + fem (e/h-1)

 

Calorimeters can be: 
•  Overcompensating  e/h < 1 
•  Undercompensating  e/h > 1 
•  Compensating  e/h = 1 
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Electromagnetic Fraction
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 



e/h: not directly measurable ! give the degree of non-compensation 
e/π: ratio of response between electron-induced and pion-induced shower 
 

e
π

 = e
feme + (1-fem ) h

=  e
h
⋅

1
1 + fem (e/h-1)

 

e/h is energy independent  
e/π depends on E via fem(E) ! non-linearity 
 
fem(E) approximately follows a power law: 
 
 
 
Approaches to achieve compensation:  

 e/h " 1 right choice of materials or  
 fem  " 1 (high energy limit) 

e/h and e/π 
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e/h and e/π
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 

fem ⇡ 1�
✓
1� 1

3

◆n

⇡ 1�
✓

E

E0

◆k�1
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Hadronic Response
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 

Hadronic response (I) 

•  Energy deposition mechanisms relevant for the absorption of the non-EM 
shower energy: 

•  Ionization by charged pions frel (Relativistic shower component). 
•  spallation protons fp (non-relativistic shower component).  
•  Kinetic energy carried by evaporation neutrons fn  
•  The energy used to release protons and neutrons from calorimeter nuclei, 

and the kinetic energy carried by recoil nuclei do not lead to a calorimeter 
signal. This is the invisible fraction finv of the non-em shower energy 

1  f  f  f  f

inv · f n  · f  p · f  rel · f h 

invnprel

invnprel

=+++

+++=

The total hadron response can be expressed as: 

Normalizing to mip: 

n/mip · f  p/mip · f  rel/mip · f
e/mip

h
e

nprel ++
=

The e/h value can be determined once we know the calorimeter response to the 
three components of the non-em shower 



Hadronic shower: energy fractions 

inv · f n  · f  p · f  rel · f h 

)hf(1efE

invnprel

ememp

+++=

−+=

EM 

invisible 

hadronic 

neutrons 

Fe U 

neutrons 

invisible 

EM 

hadronic 
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Hadronic Shower Energy Fractions
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 



Fluctuations in hadronic showers 

•  Same types of fluctuations as in EM showers, plus: 

•  1)  Fluctuations in visible energy 
 (ultimate limit of hadronic energy resolution) 

•  2)  Fluctuations in the EM shower fraction, fem 

–  Dominating effect in most hadron calorimeters (e/h >1) 
–  Fluctuations are asymmetric in pion showers (one-way street) 
–  Differences between p, π induced showers 
    No leading π0 in proton showers (barion # conservation) 

inv · f n  · f  p · f  rel · f h 

)hf(1efE

invnprel

ememp

+++=

−+=

Fluctuations
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 



Sampling fluctuations in EM and hadronic showers 

sampling fluctuations 
only minor contribution 
to hadronic resolution in 
non-compensating 
calorimeter 

EM resolution dominated 
by sampling fluctuations 
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Sampling Fluctuations
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 



A realistic calorimetric system 
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A Typical Calorimetric System
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 



Examples: jet energy resoltuion 

Stochastic term for hadrons was ~93% and 42% respectively 
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The CMS and ATLAS Calorimeters
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 



HCAL only 
σ/E = (93.8 ± 0.9)%/√E � (4.4 ± 0.1)% 
ECAL+HCAL 
σ/E = (82.6 ± 0.6)%/√E � (4.5 ± 0.1)% 

CMS Tile-CAL 

Examples: HCAL E resolution 

ATLAS 
Tile-CAL 

QGSP_Bertini 
data 

Improved resolution using full 
calorimetric system (ECAL+HCAL) 

HCAL only 

�19

The CMS and ATLAS Calorimeters
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 


